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disease and the factors influencing protection in
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Rotaviruses (RV) are the leading cause of gastroenteritis in infants and children worldwide and are associated with high

mortalitypredominately in low-incomesettings. Thevirus isclassified intoGandPserotypesand further intoPgenotypes

based on differences in the surface-exposed proteins VP7 and VP4, respectively. Infection results in a variable level of

protection from subsequent reinfection and disease. This protection is predominantly homotypic in some settings,

whereas broader heterotypic protection is reported in other cohorts. Two antigenically distinct oral RV vaccines are

licensed and are being rolled out widely, including in resource-poor setting, with funding provided by the GAVI alliance.

First is a monovalent vaccine derived from a live-attenuated human RV strain, whereas the second is a pentavalent

bovine-human reassortment vaccine. Both vaccines are highly efficacious in high-income settings, but greatly reduced

levelsofprotectionare reported in low-incomecountries.Here, thecurrentchallenges facingmucosal immunologistsand

vaccinologistsaiming todefine immunological correlatesand tounderstand the variable levels of protectionconferredby

thesevaccines inhumans isconsidered.Suchunderstanding is critical tomaximize thepublichealth impactof thecurrent

vaccines and also to the development of the next generation of RV vaccines, which are needed.

INTRODUCTION

Rotaviruses (RV) are a leading cause of acute, often dehydrating
gastroenteritis in infants and young children worldwide.
Irrespective of the socioeconomic setting, virtually all children
will have been infected with RV by between 2 and 3 years of age,
with the age of first infection generally being lower in low-
income countries. Recent estimates suggest that the infection is
responsible for over 450,000 deaths per year in children under
the age of 5, with the greatest burden of mortality being focused
in a small number of low-income countries in sub-Saharan
Africa and South-East Asia.1–5

CLASSIFICATION AND STRAIN DIVERSITY

RV are non-enveloped, icosahedral particles, which are
composed of three layers (Figure 1). The outer capsid layer
consists of VP7, a glycoprotein, and the protease-sensitive VP4,
which forms protruding spikes. Both proteins elicit neutralizing
antibodies. The intermediate layer is made up of the
major structural protein VP6. The core is composed of VP2

(the scaffolding protein) with VP1 (the viral RNA-dependent
RNA polymerase), and VP3 (the capping enzyme), attached on
the inside. The core encloses the 11 genomic segments of
double-stranded RNA. The genome encodes six structural
proteins (VP1-VP4, VP6, and VP7) and 5/6 non-structural
(NS) proteins, NSP1-NSP5/6.6

Through proteolysis, VP4 is cleaved into two fragments
termed VP5* andVP8*.7 VP8*, which forms the head of the VP4
spike, interacts with receptors on host cells and is required for
virionattachment andhenceRV infection.7,8 Specifically,VP8* of
the major human RV interacts with human histo-blood group
antigens (HBGA), expressed onmucosal epithelial cells and other
cell types, leading to the possibility that genetic and develop-
mental variation in HBGA expression may result in variable
susceptibility to infectionwith differentRV strains (Figure 2).9–11

RV is classified serologically into at least seven species, also
termed ‘groups’ (A toG (H)) based on antigenic differences and
gene diversity of VP6.12,13 The majority of disease in humans
worldwide is caused by group A RV, which are further divided
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into subgroups I and II. Antibodies against VP7 define the G
serotype, which is synonymous with the G genotype. Anti-
bodies against VP4 define the P serotype, although, as more P
genotypes have been reported than P serotypes, the two are
reported separately. Thus, a particular A RVmay be defined by
its G serotype/genotype, its P serotype, and P genotype as, for
example, G1P1A.6,8,14

More than 70 combinations of VP7 andVP4 types have been
identified in RV infecting humans, although the combinations
G1, G3, G4, and G9 with P1A[8] and G2 with P1B[4] represent
around three quarters of strains circulating in humans
worldwide.14,15 However, a recent meta-analysis of the RV
co-circulating in Africa suggests that the common RV strains
mentioned above represent only one-third of the isolates,
causing disease in this setting. Indeed, RV diversity appears to
be very high in Africa, which is likely to reflect genome
reassortment between co-infecting RV as well as zoonotic
transmission events.14,16 However, a whole-genome-based
classification system has now been established.17,18 Using this
system, only twomajor genotype constellations (1 and 2) of the
non-G, non-P-encoding genes appear to be present in the
majority of RV circulating in humans, suggesting that the
genetic diversity of A RV infecting humans may, in fact, be
more limited than previously assumed.19

IMMUNITY TO ROTAVIRUS

Although the nature of the immune response generated by RV
infection (and vaccination) has been studied in detail in animal
models, mostly in infant or adult mice and gnotobiotic piglets
(reviewed in refs 20, 21), correlates of protection, and the
underlying cellular responses against RV in humans remain

incompletely understood. RV-specific antibodies, especially of
the immunoglobulin (IgA) class, are recognized as being
important.22 However, the efficiency of antibody transfer into
the gut varies between species and also with the age of an
animal. For example, in mice IgA is actively transported in the
bile, whereas in humans this is not thought to be the case.20

Similarly, mice are only susceptible to RV disease for the first 15
days of life, making it difficult to meaningfully evaluate the
mechanisms underlying homotypic and heterotypic immunity
from disease in this species, although an infection rather than
disease adult model has been used extensively.23,24 Differences
in the reactivity of different animal and human RV strains
further preclude the drawing of firm conclusions regarding
human protection based on animal data. Anti-VP6 antibodies
have a partially protective effect in mice,25 whereas they are not
protective in piglets despite their local production in the gut.26

Consequently, although the use of animal models to study RV
disease and immunity has played a critical role in current
understanding, the effective application of the latest techniques
in the immunologist’s toolbox to studies of RV immunity in
human infants must be the current goal.

PROTECTION FOLLOWING NATURAL INFECTION

Available human data indicate that the immunity induced by
natural RV infection, while not sterilizing, can protect from
symptomatic disease. Furthermore, protection does not appear
to depend on whether the primary infection was symptomatic
or asymptomatic. This is significant as up to three quarters of
infections in children between 6 and 24 months of age have
been shown to occur asymptomatically, and this figure appears
even higher in those below the age of 6 months.27–30

VP6—intermediate capsid
- Target of antibodies defining
  rotavirus species (e.g., Species A)
- Possible target of non-neutralising
  antibodies conferring heterotypic
  protection

VP4—outer capsid
- Protease-sensitive—cleaved to VP5* and VP8*
- Target of neutralising antibodies
- Defines P serotype and distinct P genotype
- VP8* —responsible for virion attachment to receptors
  on host cells

VP7—outer capsid
- Target of neutralising antibodies
- Defines P serotype/genotype

11 genomic segments of
double-stranded RNA

VP1 and VP3
- Forming complex and interacting
  with dedicated RNA segment

VP2- core

Figure 1 Structure of the RV triple layer particle illustrating the known and potential targets of neutralizing antibodies. VP4 defines the P serotype and
distinct P genotype and is the target of P-type-specific (homotypic) neutralizing antibodies. VP7 defines the G serotype/genotype and is the target of
G-type-specific (homotypic) neutralizing antibodies. Conserved epitopes of both VP4 and VP7 may, in addition, be responsible for elements of the
heterotypic protection. VP6 defines the RV species. High levels of anti-VP6 antibodies are detected in humans following infection and vaccination and
may confer heterotypic protection (see also Figure 2).
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When assessing protection, recent data regarding potential
underlying genetic anddevelopmental susceptibility to infection
with a given RV strain should be considered (Figure 2). Thus,
for example, in a retrospective study, a common polymorphism
in the FUT2 gene, which blocks the synthesis of a1,2 fucosylated
carbohydrates on HBGA, appeared to result in resistance to
symptomatic p[8] RV infection.11 This may reflect a loss of the
interaction between VP8* from P[8] RV and the HBGA on
mucosal epithelium, which has been shown to occur in vitro.31

Similarly, it has been hypothesized that developmentally
regulated expression of specific carbohydrate moieties on
HBGA may be responsible for the predisposition of neonates
to infection with P[11] RV,9,32 although the importance of these
finding in vivo are yet to be determined.

In Mexico, infants followed from birth until 2 years of age
were shown to be completely protected from moderate-to-
severe diarrhoea, defined using the Vesikari score33 following
two episodes of infection.28 In contrast, in a study conducted in
India, 480% protection was conferred against the same
severity of illness by three infections.34 Protection was
predominantly although not exclusively against the homotypic
strain in the former cohort, while there was no evidence
that protectionwas homotype-specific in the study in India.28,34

In Guinea-Bissau, a single infection was shown to protect
two-thirds of infants from reinfection during the same
epidemic, but only around one-third remained protected in
subsequent epidemics. Whether this represented waning
immunity or the effects of inter-epidemic strain variation
was not determined.30

RV infection during the first 14 days of life has been shown to
reduce the severity but not the frequency of subsequent
episodes of gastroenteritis in an Australian study.35 In contrast,
infection with a bovine-human reassortment G10P[11] RV,
initially described in asymptomatic neonates in India, but
subsequently shown to cause symptomatic disease, appeared of
confer little protection in the largest studies conducted to date
although may provide a degree of protection in certain
settings.36–40 Thus, at least beyond the neonatal period, RV
infection, whether symptomatic or asymptomatic, has been
shown to protect against subsequent symptomatic disease. The
protection conferred is variable and is predominantly homo-
typic in some but not in other cohorts. It remains to be
determined whether this variability reflects solely differences in
the inoculum size of the subsequent RV challenge in different
settings or differences in the level of immunity generated by
natural infection in these different population groups.

CORRELATES OF PROTECTION FOLLOWING NATURAL

INFECTION

In the context of vaccine development, correlates of the
protection induced by natural infection have been studied,
although absolute correlates remain elusive.21,41,42 Data
regarding the RV-type-specific neutralizing antibody titres
induced by infection suggest that the degree of cross-protection
conferred does not depend solely on the RV serotype.21,43

Furthermore, initial exposure to RV induces a predominantly
homotypic antibody response, whereas broader heterotypic
responses are induced by repeated exposure, even if the

α-1-2 fucosylated
carbohydrate

Mucosal epithelium

Binding

Human blood
group antigen

Binding blocked

1. Rotavirus virion attachment
    to histo-blood group antigens
    expressed on the mucosal
    epithelium

2. Genetic polymorphisms or
    developmentally regulated
    expression of histo-blood
    group antigens

3. Blocking antibodies

Figure 2 VP8 and human blood group antigen (HBGA) interaction. (1) Certain human RV bind to HBGA expressed in mucosal epithelial cells through
the interaction of VP8* with a 1-2 fucosylated carbohydrate motifs in the HBGA. (2) Genetic polymorphisms in genes responsible for the addition of such
carbohydrate motifs (e.g., the FUT2 gene) may be responsible for resistance to symptomatic VP8-type-specific RV infection. Similarly, developmentally
regulated expression may confer resistance to infection in certain groups (e.g., newborns). Both these effects remain to be conclusively demonstrated
although are an avenue of exploration. (3) It has also been hypothesized, based on findings with norovirus, that RV antibodies may block RV—HBGA
interaction and thus preventing virion attachment and playing a role in heterotypic RV protection.
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individual infections themselves comprise of only a restricted
number of G-types.21,44 This suggests that responses are first
primed against the surface exposed VP7 and VP4 epitopes,
whereas only on repeated exposure are antibodies induced
against either non-neutralizing, conserved epitopes of the same
proteins or against entirely different RV-encoded proteins. In
addition, although RV infection originates in the intestinal
mucosa, both antigenaemia and viraemia frequently occur in
children with RV gastroenteritis and thus, systemic as well as a
mucosal immune responses are induced.45–47

In an early study conducted in a Japanese orphanage,
neutralizing antibody titres of greater than 1:128 appeared to be
protective against homotypic RV gastroenteritis, although
heterotypic G1 and G4 responses were also induced despite the
infections themselves being solely due to a G3 strain.48 In a
case–control study conducted in Bangladesh, children devel-
oping RV-associated diarrhoea had significantly lower baseline
homotypic as well as heterotypic neutralizing antibody titres
than age-matched controls although, of note, only heterotypic
antibody levels were associated with protection on multi-
variant analysis.49 In a cohort of 200 infants inMexico, a serum
anti-RV IgA titre of greater than 1:800 offered around 80%
protection against RV disease.50 The same titre offered
complete protection against MSD, although even titres of
greater than 1:6400 were not sterilizing. In the same study,
serum IgG titres of greater than 1:6400 offered 50% protection
against RV infection. Higher IgG titres did not increase the level
of protection and IgG did not appear to offer significant
protection against disease.50 In contrast, a study conducted in
Texas reported that not only IgA but also IgG titres correlated
with reductions in both infection and diarrhoea.51 In a Danish
study, neither IgA nor IgG titres in the serum influenced the
frequency of diarrhoea associated with infection, although the
IgA titres did reduce disease severity.52 The authors of this
study also demonstrated a correlation between serum IgA
bound to the secretory fragment (RV-SIg) and duodenal IgA,
suggesting that this fraction of the serum IgA was intestinal in
origin.53 Although healthy breast feeding infants have RV-
SIg—transferred in breast milk—in the duodenum and stool,
the antibody is only detected in the serum following infection.54

Consequently, available data suggest serum-neutralizing anti-
body and IgA titres are associated with a degree of protection
from RV and also that the latter may reflect the induction of
local immunity in the intestine.

A number of studies have gone on to examine the protective
effect ofRV-specific copro-IgA in the stool directly.AlthoughRV
infects the small intestine, fecal IgA has been shown to
consistently predict the IgA levels in the duodenum and, as
such, can be used as a surrogate for the antibody present at this
site.55 Data from adult challenge studies suggested that fecal IgA
decays more rapidly than antibody in the serum.56 In a study
undertaken in the United States, the levels of copro-IgA in
children under 18months of age whowere exposed to RVwithin
the environment of a day-care centre, andwhowent ontodevelop
infection, were significantly lower at baseline than in those who
remained un-infected. Similarly, the symptomatic, infected

grouphad lower titers than theasymptomatic infected children.57

A study in Australia also demonstrated an inverse relationship
between the level of RV-specific copro-IgA and the likelihood of
developing symptomatic disease associated with infection.58

Although infection has been shown to boost fecal antibody titres,
in a study following children who developed a second RV
infection in the same season, fecal antibody levels were shown to
have returned to near baseline in the 2–4-month period between
infections, reinforcing the relative transience of the copro-IgA
response. Furthermore, at an individual level, high titres do not
ensure that a child is protected or that an infection will be
asymptomatic, and similarly not all children with low titres will
develop symptomatic disease after exposure. Thus, even at the
level of local humoral immunity, the correlation is inconsistent.57

The protective effect of maternal antibodies, transferred to
the infant either across the placental or in breast milk has also
been explored. The peak incidence of diarrhoea associated with
RV infection occurs at between 7 and 15 months of age
dependent on setting. In the first twomonth of life as few as one
in five infants with RV infection develop symptoms and
infections in neonates are commonly asymptomatic.59 In
contrast, 60% of infections have been shown to be symptomatic
between 9 and 14 months of age.30 In a study conducted in
India, over one-third of newborns shed RV in their stool over
the first 72 h of life and, in infants remaining in hospital for 5
days or more, this figure rose to well over two-thirds. Despite
these remarkable rates of viral shedding, less than one-fifth of
those studied developed symptoms and these were generally
mild.60 Although not proven, these data suggest a protective
effect for maternal antibodies in the newborn period. More
specifically, in studies conducted across Mali, Kenya and
Ghana, high G1, G2, G3, G4, and P1-neutralizing antibody
titres have been reported in unvaccinated infants, and have
been taken to reflect the passage of antibodies across the
placenta.61 In addition, their protective effect against homo-
typic RV strains has been demonstrated in some studies,
whereas in other cohorts the level of neutralizing antibodies in
cord blood appear to confer no protection.60,62

RV-specific IgA54,63–70 and neutralizing antibodies64–70 are
also present in breast milk. The levels are at their highest in
colostrum and fall significantly as breast feeding is estab-
lished.54,65,67,68 In a case–control study conducted in rural
Bangladesh, exclusive breast feeding offered significant protec-
tion against severe rotavirus gastroenteritis over the first year of
life, although there was no overall reduction in disease over the
2-year follow-up period, and any association with antibodies in
the breast milk was not investigated.71 In a study in India, the
breast milk IgA titres in the mothers of infants who became
infected with RV in the first 5 days of life were significantly
lower than the titres present in those who remained uninfected
over the same period.63 In a study conducted in Mexico, no
difference in the breast milk-neutralizing antibody titres was
demonstrated between infant infected with RV over the first
year of life and those who remained uninfected.69 In addition,
non-antibody components of breast milk including both
lactoferrin and lactadherin have been shown to possess
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RV-neutralizing capacity and may be responsible for some of
the protection conferred by breast feeding in certain
settings.66,68

CURRENT ROTAVIRUS VACCINES

Despite the lack of an established correlate of the protection
generated by infection, two, antigenically distinct live-attenu-
ated, oral RV vaccines have been licensed since 2006. The
monovalent Rotarix (RV1) contains an attenuated human
G1P1A[8] RV strain and is given as a two-dose schedule in
infancy.41 In contrast, Rotateq (RV5) is a pentavalent vaccine
composed of five bovine-human mono-reassortment strains
containing genes encoding the human G1, G2, G3, G4 and
P1A[8] antigens along with the genes encoding the bovine G6
and P7[5] proteins and all other bovine RV proteins. All the P
and G gene products induce neutralizing antibodies, and
therefore, the vaccine may more accurately be considered to be
heptavalent.41 The vaccine RV5 is given as a three-dose
schedule.41 In 2009, the Strategic Advisory Group of Experts on
Immunization at theWHO recommended that RV vaccination
should be included in the national immunization schedules of
all member states. These recommendations were reinforced in
January 2013, and the vaccines are now being increasingly used
worldwide, having been made available to eligible countries
through the GAVI Alliance.72–75

PROTECTION INDUCED BY VACCINATION

Despite such progress, important questions remain regarding
both the correlates and determinants of the protection induced
by RV vaccines, given that their efficacy appears to depend, at
least in part, on the socioeconomic status of the countries in
which studies have been conducted.22,73,76–78

Details of the efficacy trials undertaken for RV1 are
summarized in Table 1. In trials conducted in the high-
income settings of Hong Kong, Singapore, Taiwan, and Japan,
as well as in a trial conducted across six European countries, the
vaccine consistently provided greater than 95% protection
against severe diarrhoea over the first year of life and greater
than 90% protection up to the end of the second year.79–83

In both Hong Kong and in Europe, efficacy of greater than
95% against homotypic G1-containing strains was maintained
up to the end of the second year, whereas a minimum of 85%
protection against strains expressing other G-types was
reported over the same period.79–81 In studies conducted in
middle-income countries of Latin America and also in Finland,
the same vaccine provided between 80 and 85% protection
against severe RV diarrhoea over the first year of life andB80%
protection up to the end of the second year.84–86 In these
studies, comparable levels of protection were demonstrated
against either G1 strains or P[8]-expressing strains although
protection against a heterotypic G2P[4] strain was not
consistently demonstrated in these studies.84–86

In contrast to these figures, trials of the same vaccine
conducted in the low-income settings of South Africa and
Malawi reported efficacies, against severe RV gastroenteritis of
o75% in South Africa ando50% in Malawi over the first year

of life following the standard two-dose regimen.78,87 There was
no evidence of ongoing protection in the second year of life in
either country, and overall, the efficacy over the first 2 years of
life was consequently below 35%.87,88 In both cases, data
suggested the efficacy of a three-dose regimen was likely to be
greater in the second year of life.87,88 Although G1 strains were
significantly underrepresented in Malawi, the difference in
efficacy at year 1 remained even when the protection conferred
against G1 strains was examined in isolation, suggesting that
strain diversity was not solely responsible for the difference.
Indeed, in bothMalawi and SouthAfrica, homotypic protection
against G1 strains, at 43% and 69% respectively, was lower than
the 50% and 85% protection reported against heterotypic non-
G1-expressing strains.78,87–90

The efficacy of RV5 has similarly been examined in trials
conducted in a number of different settings, the details of which
are provided in Tables 2 and 3. In studies conducted in
the high- and middle-income countries of Europe, North
American, and Latin America, RV5 reduced severe RV
gastroenteritis caused by homotypic G1, G2, G3, and G4
strains by 98% in the first RV season and by 88% in the
subsequent season.91 In the same setting, greater than 90%
protection against either hospitalization or the requirement for
emergency department review was demonstrated following
vaccination.92A comparable trial of RV5 conducted inVietnam
and Bangladesh,middle- and low-income settings, respectively,
reported an efficacy up to 2 years of age of 64% against severe
gastroenteritis in Vietnam and under 43% in Bangladesh.77

Here again, as 100% of strains were covered by the vaccine in
Vietnam and 92% in Bangladesh, circulating heterotypic
viruses did not explain either the low or differential efficacy
reported.42,77

Trials of RV5 conducted in the low-income settings of
Ghana, Kenya, andMali reported a cumulative vaccine efficacy
against severe RV gastroenteritis of just below 40%percent over
2 years of follow-up. Although B65% protection was
demonstrated over the first year of life, this figure fell to
under 20% over the second year of life.42,93 However, overall,
the efficacy of the vaccine was between 55% and 65% in Ghana
and Kenya, but was o20% in Mali despite 97% of the
circulating strains being homologous in Mali compared with
78% and 89% in Ghana and Kenya, respectively.93,94 In
addition, although the number of heterologous infections was
low, when the combined data from the three countries was
analyzed, vaccine efficacy against severe diarrhoea caused by
RV expressing G and P types contained within the vaccine was
34% compared with an efficacy against non-vaccine G-types of
over 81% and non-vaccine P-types of over 40%.95

Following the introduction of these vaccines, such variable
efficacy data have translated into differences in vaccine
effectiveness, which similarly appear to be context-dependent
(Table 4). Thus, in case–control studies undertaken in the
United States, Australia, and Israel, RV5 had a demonstrated
effectiveness of between 85 and 90% in preventing hospitaliza-
tion or emergency department attendance over the first year of
life.96–98 Similarly, studies undertaken in Brazil following RV1
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introduction, and in Austria following the introduction of a
combination of RV1 and RV5, reported effectiveness figures of
over 90% in year 1.99,100 In Mexico, RV1 was demonstrated to
be greater than 94% effective against hospitalization up to 2
years of age with an emerging heterotypic G9P[4] strain,
whereas the same vaccine was 77% effective up to 1 year of age
against a G2P[4] strain in Brazil.101,102 Finally, in Nicaragua,
the lowest income country from which effectiveness data are
currently available, figures of between 46 and 76% effectiveness
have been reported against hospitalization or emergency
department presentation.103,104

Thus, in summary, high levels of vaccine efficacy have been
reported for both RV1 and RV5 in high-income settings and
such protection is well maintained until 2 years of age.
Although homotypic protection may predominate, high levels
of heterotypic protection are also induced by both vaccines. In
contrast, lower and more variable levels of protection are
generated in low-income settings in sub-Saharan Africa and
Asia, and these findings are not explained solely by strain
variation in these environments. In fact, in those resource-poor
setting examined so far, heterotypic protection may predo-
minate (perhaps generated through recurrent exposure).
Moreover, the duration of protection appears to be reduced
in these environments, with striking reductions in efficacy
being reported in year 2, particularly in sub-Saharan Africa.
Further effectiveness data from low-income countries are
critically needed before the implications of the limited efficacy
reported in these setting can be reliable quantified.

CORRELATES OF HOMOTYPIC AND HETEROTYPIC

VACCINE-INDUCED PROTECTION

Research aimed at understanding the variable levels of
protection conferred by the two licensed RV vaccines in
different settings is currently hindered by the lack of an
established correlate of vaccine-induced protection.105 Such an
absence is also likely to impair the development of the next
generation of RV vaccines by necessitating large-scale and
time-consuming efficacy studies in relevant resource-limited
settings.105 Although variable, the level of heterotypic protec-
tion induced by the vaccines indicates that type-specific
antibodies directed against neutralizing VP7 or VP4 epitopes
are not solely responsible for their protective effect.42 Indeed,
the comparable efficacy of RV1 and RV5 reinforces this
conclusion and neutralizing antibody titres induced by RV5
consistently underestimate the type-specific protection the
vaccine confers.77,91,93,106 Furthermore, limited strain diversity
worldwide suggests that neutralizing antibodies are not driving
the long-term selective pressure, which would favor antigenic
drift or the emergence of novel genotypes.20 Nonetheless, a
cyclical pattern of individual genotypes has been reported,
which would be consistent with some build-up of homotypic
immunity against a predominant strain within the popula-
tion.107 However, even in this context, the introduction of novel
strains, expressing distinct G and P antigens, does not appear to
be associated with unduly severe disease, further supporting theT
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existence of cross-reactive protective mechanisms beyond
those conferred by type-specific neutralizing antibodies.20,108

A number of the proposedmechanisms of protection against
RV infection in humans are outlined inFigure 3. Inmany of the
efficacy studies reported to date, the induction of RV-specific
serum IgA has been used as a marker of vaccine
response61,77,78,80–82,85–87,91,93,94,109,110 and type-specific
neutralizing antibody titres have been reported in addition
in some trials61,77,91,93,109,111 (Tables 1–3). Seroresponse rates,
either the percentage of infants undergoing seroconversion
(‘negative’ to ‘positive’) or the percentage of infants with a
given, generally at least threefold rise in titre are reported to
indicate a response to a given vaccine. A systematic review
examining the value of anti-RV serum IgA as a correlate of RV

vaccine efficacy demonstrated that both the level and
maintenance of protection following RV vaccination was
lower in those setting from which lower IgA seroresponse rates
were reported and, consistent with this, that under-five
mortality rates, in countries of different WHO mortality
strata, inversely correlated with IgA titres.22 An additional
study has recently demonstrated a correlation between RV-
specific immunoglobulin bound to the secretory fragment
(both IgA and IgM) and protection against RV disease, thus
providing a more direct link between mucosal immunity and
disease.112 Although such figures serve to define the proportion
of a given population inwhich a response to a vaccine or vaccine
series is observed, the lack of discrete serological and outcome
data from individual vaccine recipients prevents the definition
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Figure 3 Proposed mechanisms of antibody-mediated RV immunity. (1) Plasma cells present in the mucosa (e.g., the lamina propria in the intestine)
include populations (2) secretingmonomeric IgAand IgGwhich canbemeasured in the blood streamaswell as a high proportion (3) secreting dimeric IgA
(linked by the J-chain), which can similarly be measured in the blood. (4) Dimeric IgA (and also pentameric IgM) interact with the poly-immunoglobulin
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released into the intestinal lumen following proteolytic cleavage, while remaining bound to the secretory component of the pIgR-generating secretory IgA
in the intestinal lumen. This binds to RV resulting in virus exclusion from themucosa thus preventing infection. (6) Copro-IgA can be detected in the stool
and correlateswith the levels in the duodenumproviding amarker of immunity at the site of infection. (7) Secretory immunoglobulin can also bemeasured
in serum following presumed retro-transcytosis across the mucosal epithelium and may more accurately reflect intestinal immunity. (8) During
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the placenta, andmay have a role in immunity in neonates. (13) RV-specific secretory antibodies are transferred in breastmilk,most notably in colostrum,
although these antibodies cannot be detected in the serum in the same way as the infant’s own secretory antibody.
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of correlates predictive of protection in the individual.22

Furthermore, the measurement of total anti-RV IgA titres does
not provide any information regarding the RV protein targets
of heterotypic protection. Such information would be valuable
in directing future vaccine development.

The mechanisms and the antigenic targets underlying
heterotypic protection induced by the vaccines, through which
more effective correlates might be derived, are currently not
well understood. The presence of antibodies against non-
neutralizing cross-reactive VP4 and VP7 epitopes or against
commonRV antigens including VP6 has been suggested. T-cell
responses to conserved protein epitopes is another possibility.42

In humans, high levels of VP6-specific antibodies have been
demonstrated following both natural RV infection and
vaccination.113,114 Indeed, conserved anti-VP6 specific anti-
bodies are the most common antibodies produced by
RV-specific B cells, including those expressingmucosal homing
receptors.115–117 Recently, a sensitive method in which recom-
binant VP6 has been used to study the antibody response
induced by human RV infection has been described.118 In
mouse models, non-neutralizing anti-VP6 polymeric IgA
antibodies have demonstrated antiviral and partially protective
effects. These appear to bemediated through the capacity of the
antibodies, acting intra-cellularly, to block the passage of RV
across the mucosal cell layer and subsequently to ‘expulse’ the
virus into the gut.20,25 Consistent with this, the effect of the VP6
antibodies is dependent on their production and subsequent
transcytosis across the basolateral surface of the gutmucosa and
is not replicated when the antibodies are delivered directly into
the lumen.20,25 Antibodies against VP6 have also been shown to
inhibit intracellular viral transcription, which likely also
explains their antiviral effect.119,120 Human anti-VP6 IgA
neutralizes transcriptionally active RV intracellularly and the
binding site for these conserved antibodies has recently been
defined.121 In contrast to these findings, anti-VP6 antibodies
are not protective in piglets despite their local production in the
gut, and although present, their functional role in heterotypic
immunity in humans should now be determined.26 Similarly,
antibodies against the viral enterotoxin NSP4 have been shown
to confer protection in mice, even following oral administra-
tion, but do not provide protection in piglets.122,123 Finally,
antibodies that block the interaction between the virus particle
and HBGA, thus blocking initial viral attachment in the
intestinal mucosa, have been shown to confer protection from
norovirus infection124 and should be explored in the context of
identifying correlates of protection from RV infection.

Beyond these serological measures, the effect of RV infection
on the innate immune system and on both the T-cell and B-cell
compartments are increasingly well described, although these
largely mechanistic studies have yet to determine the influence
of these responses on protection in humans. In mice, RV
replication is inhibited by type III and to a lesser degree type I
interferons.125 Reflecting this, the virus has mechanisms,
demonstrated in human intestinal cell lines and mediated
through transcription factor degradation by NSP-1, to inhibit
interferon secretion.126 Nonetheless, the expression of type I

interferons as well as of pro-inflammatory cytokines (TNF-a,
IL-1b, IL-6) in humans has been shown to be upregulated in
cells isolated from individual infected with RV compared with
healthy controls.127

The virus has also been shown to drive the secretion of
TGF-b by a human intestinal cell line in vitro, resulting in an
inhibition of Th1 responses by dendritic cells.128,129 In addition,
the transcription of genes, associated with T-cell development
and activation, is lower in children with acute RV infection
compared with healthy controls.127 In fact, the virus does not
appear to induce efficient CD4þ or CD8þ T-cell responses in
humans, and any responses induced in children are generally at
a lower frequency than those induced in adults.127,130–132

Nonetheless, RV-specific CD4þ T cells expressing the
mucosal homing receptors a4b7 and CCR9 have been detected
using RV-specific tetramer staining following RV vaccination
in children.133 The transcription of genes associated with B-cell
development and activation is increased in association with RV
infection in childhood.127 RV infects human intestinal memory
B cells in vitromore efficiently than those present in the blood
stream.134 Furthermore, the virus inhibits the differentiation
of memory B cells into plasma cells and also reduces the
production of IL-6 and IL-8, promoting its own replication.134

Aweak correlation between the number of RV-specific isotype-
switched memory B cells, with a mucosal homing phenotype
(a4b7

þ CCR9þ ) and protection from disease, has been
reported.135 Recently, it has also been shown that IgMmemory
B cells predominate within the RV specific B-cell pool in
humans and that the adoptive transfer of this population into
mice results in lower levels of viraemia as well as in the
induction of both IgM and IgG responses on RV challenge.136

Thus, building in part on findings from animal models,
important data have been accumulated regarding the inter-
action between RV and the human immune system, including
at the mucosal level. The correlation of such findings with
serological responses and ultimately with protection in humans
represent important next steps of research.

DETERMINANTS OF VACCINE-INDUCED PROTECTION

The variable levels of protection reported in different settings
are not unique to the RV vaccines as both the oral polio and the
oral cholera vaccines also show reduced efficacy in resource-
limited environments.137 Although the reasons for these
observations are likely to be multi-factorial and to include
environmental, viral and host factors, the identification of key
determinants should allow strategies to be designed, which,
even if resulting in only modest improvements in effectiveness
individually, could nonetheless have significant public health
impact overall. A number of interrelated factors have been
considered and are illustrated in Figure 4.137

Environmental enteropathy is a sub-clinical condition,
which is characterized by histological as well as function
abnormalities in the small intestine and which appears to be
almost ubiquitous in children living in resource-poor set-
tings.138 The condition is thought to reflect chronic exposure to
fecal pathogens in the environment due to poor sanitation,
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resulting in chronic intestinal inflammation.139 The inflam-
mation is likely to be mediated through the stimulation of
innate pattern-recognition receptors by conserved bacterial
components; for example lipopolysaccharide from Gram-
negative organisms. This is reflected initially in an increase
in the release of pro-inflammatory cytokines and by inflam-
matory cell infiltration of the gut and subsequently enteric
T-cell stimulation and a cell-mediated enteropathy.138,140,141

Such pathology leads to increases in intestinal permeability and
bacterial translocation along with malabsorption and growth
faltering. Reflecting this, in Gambian infants, increases in
lipopolysaccharide-specific antibodies (EndoCab), associated
with gut translocation of Gram-negative bacteria, have been
used to study the condition in parallel with the lactose–
mannitol urinary excretion test, the most widely accepted
surrogatemarker of the condition.142,143 Furthermore, a several
fold higher number of activated lymphocytes in the gut of
Gambian infants has been reported comparedwithUK controls
associated with a progressive switch away from a regulatory
cytokine environment, preventing pathological responses to
commensal species, towards a pro-inflammatory one.138

Although the importance of environmental enteropathy in
undernutrition and poor growth is increasingly well described
and the immunological effects of the condition are recognized,
its role in the reduced efficacy of RV and other oral vaccines in a
low-income setting remains speculative. Nonetheless, the
histological changes associated with environmental entero-
pathy occur within the first few months of life, and therefore, it
is reasonable to imagine that the condition could alter the
response to RV vaccination even at this early age.144 Conse-
quently, the need for research in this area is urgent, given some
potential for intervention.137,141

Inextricably linked with environmental enteropathy are
differences in the colonizingmicrobiota of the gut when infants
in high- andmiddle-income countries are compared with those

born in low-income settings. The microbiota of children living
in low-income countries has been shown to be distinct in its
composition, as well as being more diverse and more variable
over time, when compared with the microbiota of children
living in high-income countries.145–147 Mode of delivery and
infant-feeding practices have also been shown to independently
modify microbial composition in infancy.148 Although current
data are largely derived from animal models, the influence of
the intestinal microbiota on the immune system is increasingly
well described and must now be translated to humans if public
health impact is to be felt.149,150 Inmurinemodels, the nature of
the colonizing species influences the quality of innate immune
responses as well as the development of lymphoid structures
and lymphocyte subsets, including Th17 and regulatory T cells,
both of which have important roles in mucosal immune
responses.151,152 These effects are not limited to the mucosal
compartment, but also extend to the systemic immune
system.153–156 Moreover, germ-free mice have significantly
reduced the levels of IgA-producing cells in the intestine,157 and
a number of different mechanisms, acting predominately
through the triggering pattern recognition receptors, appear to
influence the induction of intestinal IgA production by
commensal organisms.158–161 In humans, intestinal coloniza-
tion with Escherichia coli or bifidobacteria at 4 weeks of age has
been associated with significant differences in memory B-cell
numbers when the infants reached 18 month162 Given such
findings, it is easy to imagine that the documented differences
in colonizing species in early life between high- and low-income
settings163 could significantly influence the subsequent
immune responses generated by oral vaccination by modifying
both innate and adaptive immune development and function.
One would hypothesize that such effects would be magnified in
infants suffering with significant pro-inflammatory enteric
infections before the receipt of their first RV vaccine, and in
those in whom enteric co-infections were present at the time of
vaccine administration. In fact, treatment of the intestinal
helminth, Ascaris lumbricoides, with albendazole prior to the
administration of an oral cholera vaccine has already been
shown to enhance the seroresponse rates to this vaccine.164

A number of other factors have also been proposed to
influence the protective efficacy of RV vaccines in resource-
poor settings and require additional exploration.137 Indepen-
dently of environmental enteropathy, nutritional deficiencies
including zinc, vitamin A, and vitamin D have documented
effects on the immune system, which may influence the
protection that these vaccines induce. In addition, although
maternal antibodies may offer protection from disease, both
transplacental and breastmilk antibodiesmay also compromise
the effectiveness of the vaccines given in early life.70

FUTURE DIRECTIONS

Defining the correlates of protection against RV disease
induced by vaccination will allow the impact of the current
vaccine roll-out to be better predicted on the basis of
immunogenicity rather than large-scale effectiveness studies
and will also provide a benchmark for the testing and licensure
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Figure 4 Possible modifiers of rotaviruses protection in resource-poor
settings.
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of the next generation of RV vaccines. Such correlates are
needed with increasing urgency as the size of efficacy trials,
undertaken in the context of already partially effective vaccines,
will become increasingly prohibitive.

The nesting of suitably powered prospective case–control
studies, designed to define immunological correlates, within
forthcoming vaccine effectiveness trials in resource-limited
settings should be viewed as a key opportunity with this regard.
Planned effectiveness trials will systematically collect clinical
and RV type-specific virological outcome data on vaccinated
infants. The additional measurement of candidate serological
correlates and RV-specific cellular parameters from the same
infants within a defined, generally 4–6 week time window
following vaccination, provides an opportunity to determine
protective thresholds. On the basis of existing data, and also
considering the ease of assay standardization and future
applicability, the definition of a serological correlate should be
prioritized, whereas RV-specific cellular response should be
examined in order to gain mechanistic insight. The definition
of an absolute or relative threshold of RV-IgA-associated
individual protection from RV-associated MSD (or other
disease end point) would represent an important step.165,166 In
addition, the concurrent measurement of RV-SIg and copro-
IgA may establish either as more sensitive markers.53,58 The
application of novel assays to quantify anti-VP6, anti-NSP4,
and HBGA-blocking antibodies would further provide an
opportunity to understand their relative role in heterotypic
protection when examined in the context of RV type-specific
disease outcome data.118,167

RV-specific B-cell andT-cell responses can now bemeasured
by flow-cytometry using fluorescently labels virus-like-
particles and RV-specific CD4þ tetramer staining, respec-
tively.133,168 Human CD8 epitopes from VP7 have also been
defined facilitating the identification of CD8 responses on the
basis ofMHC class Imultimer staining.169 Themeasurement of
these adaptive cellular readouts alongside serological and
clinical outcome data would provide a key opportunity to
further understand the importance of these populations in
human RV immunity.

Finally, understanding the dominant factors responsible for
the reduced efficacy of RV vaccines in resource-limited settings
will be an important step towards improving vaccine efficacy in
the future. With this regard, the application of increasingly
powerful systems vaccinology approaches to dissecting the
complex interplay of factors has the potential to provide unique
new insights.170,171 The identification of the transcriptomic
(and other ‘-omic’) signatures, including the dominant innate
and adaptive signalling pathways, and pathways involved
in other metabolic processes activated over a time-course
following vaccination, should provide amore global view of the
response induced by RV vaccines than that available using
conventional techniques. Comparison of such signatures in
serological responders and non-responders as well as in infants
in different socio-economic settings will be hypothesis
generating and should direct further confirmatory studies
and interventional trials towards areas of interest. The

examination of the intestinal microbiome alongside conven-
tional microscopy- and culture-based techniques for bacterial
and parasite identification will provide additional informa-
tion.163 It should be noted that the techniques to effectively
interrogate the large combined data sets that both the above
approaches generate are rapidly progressing but are still in their
relative infancy.172

In conclusion, huge strides have been made in the fields of
rotavirus immunology and vaccinology culminating in the
current global roll out of two RV vaccines. The vaccines are
highly effective in resource-rich settings and will offer a level of
protection in resource-limited settings which is yet to be
determined in effectiveness trials. In addition, the next
generation of RV vaccines, including parenterally adminis-
tered, non-replicating rotavirus vaccines, are in various stages
of pre-clinical and clinical development.173 Nonetheless, key
questions must be addressed by mucosal immunologists and
vaccinologists, if the future impact of vaccination on RV-
associated morbidity and mortality is to be maximized.
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