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The Rotavirus Vaccine Story: From Discovery to the
Eventual Control of Rotavirus Disease
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Worldwide, rotavirus is the leading pathogen causing severe diarrhea in children and a major cause of under 5 years mortality. In
1998, the first rotavirus vaccine, RotaShield, was licensed in the United States but a rare adverse event, intussusception, led to its
withdrawal. Seven years passed before the next generation of vaccines became available, Rotarix (GSK) and Rotateq (Merck), and
11 years later, 2 additional vaccines from India, Rotavac (Bharat) and Rotasiil (Serum Institute), were recommended by World
Health Organization for all children. Today, these vaccines are used in more than 100 countries and have contributed to marked
decreases in hospitalizations and deaths from diarrhea. However, these live oral vaccines are less effective in low-income countries
with high under 5 years mortality for reasons that are not understood. Efforts to develop new vaccines that avoid the oral route are
in progress and will likely be needed to ultimately control rotavirus disease.

Keywords.

rotavirus; vaccine; child survival; childhood diarrhea.

One of the public health miracles of the 20th century has been
the prolongation of our life expectancy from about 40 years at
the turn of the 20th century to nearly 70 years by the beginning
of the 21st century [1]. This improvement has been attributed,
in part, to the 80% decline in under 5 years mortality (U5M)
from 1900, when about 1 in 5 children died before their fifth
birthday, until today when 24 of 25 (96%) survive. Survival is
still largely linked to economic status, where a child is born,
health care provided, education of the mother, income level
of the country, and war and civil unrest. These improvements
in life expectancy have not been shared equally. Even today in
some communities in the world’s poorest countries and com-
munities, these same statistics remain. Today, diarrhea remains
one of the most common illnesses of children younger than
5 years and in low-income settings it remains one of the top 2 or
3 causes of death [2].

In the 1970s, several groups interested in child survival made
crude estimates of the global burden of diarrhea in children
younger than 5 years [3-6]. While these estimates ranged
widely from 3 to 12 million deaths per year, they did focus at-
tention on the critical role that diarrhea played as a determinant
of child survival. The medical and public health communities
were challenged to improve child survival through research by
“taking science to where the problems were” [7]. A group of
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longitudinal studies documented that children in Bangladesh
[8], Guatemala [5], and Peru [9] had from 4 to 8 episodes of di-
arrhea per child per year during their first 5 years of life, 20-40
episodes in total, and these episodes ranged in duration from
2 days to more than 10 days [5]. A child would literally spend
several months of their first 5 years living with diarrhea and
these episodes were also associated with faltering growth. These
striking data focused the attention of pediatricians and public
health specialists on the prospect that the prevention and treat-
ment of diarrheal illnesses needed to be a key target to improve
child survival.

To bring science to the problem, researchers had to iden-
tify the causes of diarrhea by both their etiologies and their
distinct modes of transmission. At the time, a pathogen could
only be identified for fewer than 15% of these episodes—a few
bacteria (Vibrio cholerae, Shigella, Salmonella), several para-
sites (Entamoeba histolytica and Giardia lamblia), and some
environmental toxins. Cases left undiagnosed were considered
idiopathic, and often attributed to conditions such as malnutri-
tion or the introduction of weanling foods that might alter the
physiologic function of these children. Because these diseases
and deaths were more common in low-income countries— and
some like cholera and amebiasis were known to be transmitted
by fecally contaminated water, while others like Salmonella were
often spread by contaminated food—interventions to improve
hygiene, and the quality of food and water were considered the
most important control measures.

FROM DISCOVERY TO THE FIRST LICENSED
ROTAVIRUS VACCINE

A key breakthrough occurred in 1972 when Albert Kapikian
used immune electron microscopy (EM) to discover the
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Norwalk agent, the first virus identified to cause outbreaks of
acute diarrhea in children and adults alike [10]. One year later,
Ruth Bishop identified a wheel-shaped virus by EM in biopsy
tissue from the duodenum of children with acute diarrhea that
was later named rotavirus [11]. Over the next decade, more
than a dozen different pathogens—bacteria, parasites, and vir-
uses, and toxins—were discovered to cause acute diarrhea. For
each of these agents, research focused on developing the best
diagnostic tool, identifying the mode of transmission and the
reservoir of infection, and determining the best strategies to
prevent disease.

Early Epidemiologic Studies

Establishing the epidemiology and burden of disease for ro-
tavirus became an early priority. Studies in Bangladesh exam-
ined the importance of rotavirus in 2 settings, the community
and the hospital. A longitudinal study following a birth co-
hort of Bangladeshi children found that these children re-
ported 15-25 episodes of diarrhea during their first 5 years
of life, but rotavirus was rarely detected more than once, rep-
resenting only 3%-5% of the total number of episodes [8].
However, among children hospitalized for diarrhea in the
same area, 20% were diagnosed with rotavirus, indicating
that rotavirus was the pathogen most likely to cause severe
disease. The availability of a simple enzyme immunoassay
with both high sensitivity and specificity and the high con-
centration of virus, >10'° per gram of stool [10-12], then per-
mitted laboratories around the world to regularly diagnose
rotavirus from children admitted for diarrhea. Consequently,
sentinel surveillance for rotavirus among children hospital-
ized for diarrhea was begun, is ongoing today in more than
60 countries, and has become a key measure to assess the
burden of rotavirus disease and monitor the impact of vacci-
nation programs. Worldwide, roughly 36% of these children
younger than 5 years have rotavirus detected as their path-
ogen (range, 24%-50%) [12]. Infection is nearly universal
and most children develop antibodies to rotavirus by the age
of 5 years [13]. Furthermore, unlike cholera, shigella, and
amebiasis, which occur primarily among children in low-
income settings, all children worldwide are infected with ro-
tavirus early in life, an observation that has led rotavirus to
be branded as a “democratic virus” affecting rich and poor,
and not sparing any geographic or social group. In the ab-
sence of a known mode of transmission, the winter season-
ality suggested that respiratory spread might be involved.

In Mexico, a study of the natural history of rotavirus dis-
ease by Velazquez and Ruiz-Palacios documented that once
children were infected with rotavirus, they were protected
against severe disease upon reinfection, evidence that natural
immunity was protective, thereby laying the groundwork for
the vaccine. In 1986, the Institute of Medicine convened a
group of experts to conduct a Delphi exercise to prioritize

infectious diseases suitable for vaccine development [14].
The group reviewed the epidemiology of rotavirus and di-
arrheal deaths in many countries and estimated that world-
wide, 873 000 (23%) of the 3.8 million diarrheal deaths per
year in children were attributable to rotavirus. They con-
cluded that the development of a rotavirus vaccine should
receive its highest priority.

Laboratory Studies Relevant to Vaccine Development

Between the discovery of rotavirus in 1973 and 1990, basic re-
search cleared the path for vaccine development. A critical ad-
vance was discovering how to grow the virus in tissue culture,
essential for determining serotypes by virus neutralization with
convalescent sera and for the preparation of live oral vaccines
[15]. Unravelling the molecular structure and gene coding as-
signments helped understand how in mixed infections, viral
segments can reassort to form new strains, a process later used
to develop more effective vaccines. Rotaviruses have been
found in many mammalian species and birds, but because these
strains or their genes can rarely be found in human strains, it
seems unlikely that we will ever be able to truly eradicate rota-
virus disease in humans.

The genome of rotavirus is composed of 11 segments of
dsRNA easily visible by gel electrophoresis (Figure 1). Each seg-
ment encodes a single protein, except VP4 which is cleaved in 2,
VPS5 that is anchored to the intermediate capsid shell (VP6), and
VPS8, the hemagluttinin spike that attaches to the epithelial cells
in the gut. These 11 segments are enclosed is a triple-layered
shell with VP2 encoding the core shell, VP6 the intermediate
capsid, and VP7 the outer capsid that is decorated with the VP4
spikes protruding from its surface. Classification of strains was
initially based upon the 2 neutralization proteins, VP7, a gly-
coprotein or G-protein, and VP4, the protease-cleaved protein
or P-protein with the most abundant strain being characterized
by neutralization serotypes initially (eg, serotype 1 (G1,P8))
and subsequently by genotype indicated with brackets (eg, G1,
P[8]). Viral segments can be reassorted in the laboratory and
this has allowed reassortant vaccine strains to be constructed
using rotavirus strains from animals, which are naturally atten-
uated for humans, with segments inserted that represent the
major G- and P- serotypes found in humans [17-20]. Despite
the opportunities for reassortment, the diversity of strains is rel-
atively limited with clusters of gene segments that stick together
and variants from animal rotaviruses that only occasionally
find their way into strains infecting humans. Overall, there are
only 5 generally common strains worldwide defined by their G-
and P-type, but there can be a much greater variety, especially
among children living in low-income settings.

Early Vaccine Development
By 1983, only 10 years after the discovery of the virus, the first
rotavirus vaccine entered clinical testing [21]. The vaccine, RIT
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Figure 1. Rotavirus capsid structure and dsRNA genome. A, Intact triple-layered virion with VP4 spikes projecting from the VP7 outer capsid shell. B, Cut-away of the virion
revealing the 3 protein layers of the virion: VP2, VP4, and VP7. C, A VPG hexamer, VP7 hexamer, and embedded VP4 spike with the VP8* and VP5* regions identified. 0, Eleven
double-stranded RNA segments of the rotavirus genome resolved by gel electrophoresis. Segments are labeled as g1-g11 (g = gene) and their protein products are listed.
Associated functions or properties of the products are given (genotype name). The underlined letter identifies the segment in the gene constellation acronym: for common
assignment of serotypes (genotypes), only the Gx and Px are used (eg, G1,P8). Reprinted from Patton with permission [16].

4237, derived from a bovine strain of rotavirus was tested in
only 178 infants and proved to be safe, immunogenic, and pro-
vided significant protection against severe disease [21]. This
groundbreaking trial identified 4 enduring principles for the
development of live oral rotavirus vaccines: the vaccine was ef-
fective in children; efficacy was greatest against the most severe
disease versus milder disease; the immune response measured
by immunoglobulin A (IgA) antibodies to rotavirus did not pre-
dict vaccine efficacy (ie, it was not a correlate of protection); and
like Jenner observed with smallpox, a bovine strain (cowpox)
could protect humans against disease. Because the bovine
strain contained neither the VP7 or VP4 segments of human
strains, the proteins responsible for neutralizing activity against
human rotaviruses, immunity to rotavirus must therefore reside
on multiple gene segments and with many different epitopes.
Unfortunately, RIT 4237 and 2 other early monovalent vaccine
candidates based upon single animal strains, WC3, a bovine
strain, and Rhesus rotavirus (RRV), a monkey strain, demon-
strated variable efficacy in children and were discarded from

further development. However, investigators recognized that
because these animal strains did not cause disease in humans,
they were naturally attenuated and might be rendered more
protective if they were reassorted to carry the G- and P-gene
segments, VP7 and VP4, commonly found in strains from hu-
mans that were responsible for virus neutralization [22]. Other
live oral rotavirus vaccines were developed either from strains
pathogenic in humans that were attenuated by serial passage in
cell culture or naturally attenuated when isolated from infected
newborns who did not develop diarrhea.

The first live oral vaccine to be licensed was a tetravalent
Rhesus reassortant vaccine (RRV-TV) composed of a rotavirus
strain obtained from a rhesus monkey, RRV, that was combined
with 3 reassortant strains each containing 10 segments from the
original RRV strain plus a single VP7 outer capsid gene seg-
ment encoding the glycoprotein from 1 of the 3 common rota-
virus strains in humans, serotypes G1, G2, and G4, while RRV
carried the G3 VP7 gene [23]. RRV-TV, licensed as RotaShield
(Wyeth Lederle), demonstrated significant protection against
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rotavirus diarrhea of any severity (range, 49%-68%) and greater
protection against severe rotavirus diarrhea (range, 61%-91%)
[24-28]. Following its licensure in 1998, RotaShield was imme-
diately recommended for use in all American children as 3 oral
doses given at 2, 4, and 6 months of age [29].

Within 9 months, 600 000 children had received the vac-
cine and it seemed like the worldwide distribution of a rota-
virus vaccine would soon follow. Then, intussusception (IS), a
troubling adverse event, was detected that altered vaccine his-
tory [30]. Postlicensure data identified a small increase in the
number of cases of IS in the week following administration of
the first dose, an excess of approximately 1 IS case per 10 000
vaccinated infants [31]. The Centers for Disease Control and
Prevention (CDC) halted the use of the vaccine during the in-
vestigation and the company withdrew the product from the
market several months later [32]. Small studies to test the plau-
sibility of the association have found that rotavirus infection is
associated with increased distal ileum wall thickness and lym-
phadenopathy during the acute illness period [33]. However,
epidemiologic studies found no seasonality of intussusception
that matched the distinct winter seasonality of rotavirus in tem-
perate climates [34]. Consequently, the mechanism for this as-
sociation has never been determined but the fact that risk was
greatest in the first week following the first dose of the vaccine
suggested that it was related to intestinal replication of the live
vaccine virus.

CURRENT LICENSED ROTAVIRUS VACCINES

The abrupt and unanticipated withdrawal of RotaShield
was a major setback to global rotavirus prevention efforts.
Furthermore, given the lack of a clear biologic mechanism for
the association of RotaShield with IS, 2 manufacturers of other
candidate live oral rotavirus vaccines faced the daunting pros-
pect of conducting large and expensive clinical trials to demon-
strate whether their candidates were safer. In 2006, 2 new live
oral rotavirus vaccines were licensed in the United States—a
monovalent 2-dose vaccine based on an attenuated strain of
human rotavirus G1P[8] (Rotarix; GlaxoSmithKline) and a
3-dose pentavalent bovine rotavirus based vaccine containing
5 single-gene reassortant strains bearing capsid proteins for
human serotypes G1, G2, G3, G4, and P[8] (RotaTeq; Merck)
(Table 1) [35, 36]. The trials were massive, more than 60 000
infants, and sized to ensure the safety of each vaccine against IS.
Efficacy of 85%-95% was documented against severe disease or
hospitalization but both were less effective against milder ill-
ness. Following licensure and introduction of RotaTeq in the
United States in 2006, the World Health Organization (WHO)
recommended rotavirus vaccine for routine use in children in
high- and middle-income countries where efficacy had been
demonstrated [37]. Many countries in these regions, beginning
with the United States, implemented programs for the routine
immunization of all children against rotavirus.

The WHO also suggested that both vaccines be tested in low-
income settings before they could issue their recommendation
for use worldwide. They reasoned that other live oral vaccines
against polio, typhoid, and cholera had performed less favor-
ably in low-income settings. Each company conducted addi-
tional clinical trials to secure WHO's global recommendation.
In Africa and Asia, these studies demonstrated distinctly lower
efficacy (50%-64%) compared with that seen in more affluent
settings [38, 39, 40]. Several factors were hypothesized to be re-
sponsible—neutralization of the vaccines titer due to rotavirus
antibodies from the placenta, interference from simultaneous
oral polio vaccine immunization, other enteric pathogens or
the microbiome, or factors that might alter the infants’ ability to
mount a protective immune response such as malnutrition or
other infections [41]. However, given the public health benefits
from a moderately effective rotavirus vaccine against a disease
that killed so many children in low-income settings, the WHO
in 2009 issued a recommendation for rotavirus to be included
in the immunization programs for all children worldwide [42].

The disappearance of RotaShield also encouraged sev-
eral emerging manufacturers to develop their own rotavirus
vaccines with an eye to markets in low- and middle-income
countries where 95% of the fatal cases occurred. In 2018, 2
Indian-made rotavirus vaccines—Rotavac (Bharat Biotech)
and Rotasiil (Serum Institute) —were prequalified by the WHO,
allowing their procurement by the United Nations Children's
Fund (UNICEF) and the Global Alliance for Vaccines and
Immunization (GAVI) and use in low-income countries [43].
Rotavac is a monovalent vaccine based on a naturally attenu-
ated G9P[11] neonatal human rotavirus strain that was tested
in infants in India and demonstrated an efficacy against se-
vere rotavirus gastroenteritis of 56% (95% confidence interval,
37%-70%) for the first 2 years of life [44]. Rotasiil is a penta-
valent bovine rotavirus reassortant vaccine based upon a dif-
ferent rotavirus strain than in RotaTeq (UK vs WC3 strains,
respectively) that contains 5 single-gene reassortants with VP7
capsid proteins for human serotypes G1, G2, G3, G4, and G9.
In clinical trials in India and Niger, Rotasiil demonstrated an
efficacy of 36% (95% confidence intervals (CI), 12%-49%) and
67% (95% CI 50%-78%), respectively, against severe rotavirus
gastroenteritis [45, 46]. While an increased intussusception risk
was not seen in clinical trials of either Rotavac or Rotasiil, these
trials enrolled <10 000 infants each and were not adequately
powered to examine a low-level risk.

An important and unique feature in the development of
Rotavac was the creative financial agreement between the
Government of India, the Bill and Melinda Gates Foundation,
and PATH with the manufacturer, Bharat Biotech, to ensure the
availability of the vaccine at an affordable price for India and
low-income countries [47]. The manufacturer received major
funding to conduct the expensive phase 3 trial and some of the
development costs in return for their commitment to provide
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the vaccine to India and GAVTI in large volume and at low cost,
tagged at approximately $1 per dose. Ultimately, both Rotavac
and Rotasill are being provided to the Government of India and
to GAVTI at the lowest prices (<$1.00 per dose) and have entered
into the global markets of low- and middle-income countries.

Other rotavirus vaccines have been nationally licensed for
domestic use [48]. Rotavin-M1, a monovalent vaccine based
on an attenuated G1P[8] human rotavirus strain, is in the pri-
vate market in Vietnam [49]. In a prelicensure trial, 73% of
vaccinees seroconverted and further effectiveness trials are
being evaluated in a pilot studies in 2 Vietnamese provinces
[49]. China has licensed the Lanzhou lamb rotavirus vaccine
(LLR) vaccine, which is based on a monovalent lamb rotavirus
strain (G10P[12]) [50]. Since its licensure in 2000, more than 60
million doses of LLR have been distributed in the local private
market in China. Although no efficacy data from prelicensure
trials are available, LLR has shown effectiveness of 35%-77%
in several case-control evaluations conducted post licensure
[51-53]. A trivalent formulation of LLR using reassortant tech-
nology is in development [48].

GLOBAL IMPLEMENTATION AND IMPACT OF
ROTAVIRUS VACCINES

By 2020, over 100 countries had introduced rotavirus vaccines
into their national routine immunization programs, a rapid
uptake assisted both by the tiered pricing offered to middle-
income countries by the manufacturers and subsidized funding
from GAVT for low-income countries (ie, <$1026 per capita in-
come) [54] (Figure 2). By region, vaccine uptake has been high

in the Americas, Africa, and the Eastern Mediterranean region
and lowest in Southeast Asia and Eastern Europe. Introduction
in middle-income countries has lagged behind high- and low-
income countries because despite its cost-effectiveness, in some
settings, the price of this single vaccine exceeds the cost of most
of the other childhood vaccines [55].

When the effectiveness of these live oral vaccines has been
compared by countries based on their per capita income [56]
and U5M, a troublesome trend was observed [57] (Figure 3A
and 3B). Similar to earlier data on efficacy and immunogenicity
from the clinical trials, a gradient was apparent. Effectiveness
was greatest in countries with the lowest Under 5 mortality
(Deaths/1000) (median 87%), intermediate (median 75%) in
countries between 10 and 20 U5M, and lowest (median 60%) in
countries with the highest U5SM who could most benefit from
the vaccine (Figure 3B). Vaccines were uniformly effective (me-
dian 89%) in all high-income settings (per capita > $12 375),
but there was no difference in the median effectiveness (median
range, 60%-62%) by income strata ranging from the countries
with the lowest income (<$1026) to those in upper-middle in-
come bracket ($3996-$12 375), although there was great varia-
bility in this range (Figure 3A).

Many studies have sought to determine why this is so.
Malnutrition and stunting were significant factors [57, 59-61]
but coinfection with other enteric pathogens did not appear to
play a major role. Recent studies indicate that environmental
enteropathy and alterations of the microbiome that impact nu-
trition can impact vaccine effectiveness [62-64]. Initially, age at
vaccination seemed to be important with older children having
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a better immune response but this observation has not been
consistently observed in postlicensure effectiveness studies
[65-68]. Finally, the diversity of circulating rotavirus strains
does not appear to be a major contributor [69, 70].

Despite a gradient in estimates of rotavirus vaccine effective-
ness by setting, the impact of vaccine programs to decrease the
burden of rotavirus disease has been substantial in countries
across the mortality strata [71] (Figure 3B). Among countries
that have introduced rotavirus vaccine into their routine immu-
nization programs, rotavirus hospitalizations among children
<5 years of age have been reduced by a median of 59%, acute
gastroenteritis hospitalizations by 36%, and diarrhea mortality
by 36% [71]. Reductions in hospitalizations and severe dis-
ease have been greatest in countries with low child mortality,

among younger age groups where the rotavirus disease burden
is greatest, and in countries with higher rotavirus vaccine
coverage.

Some of the consequences from the introduction of rotavirus
vaccines have been surprising. We have observed changes in the
age distribution of rotavirus cases, changes in seasonal onset of
disease, a marked reduction in the seasonal peak, and changes
in the length of hospital stay. In hospitals, the proportion of di-
arrhea admissions for diarrhea due to rotavirus among children
<5 years of age has decreased from approximately 40% in the
prevaccine era to 20%-25% in the postvaccine introduction
era, and these reductions have been sustained for 4 to 10 years
postvaccine introduction [71, 72]. In some countries after ro-
tavirus vaccine programs were introduced, indirect herd or
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community protection was observed early on as a reduction in
rotavirus hospitalizations among older children who were not
eligible to be vaccinated [71] and in adults [73, 74]. An unan-
ticipated benefit of rotavirus vaccination has been a reduction
in seizures following rotavirus vaccine introduction in several
countries [75-79].

Although no increased risk of IS following rotavirus vacci-
nation was observed in clinical trials, postlicensure monitoring
was recommended. In several postlicensure evaluations of ro-
tavirus vaccine in high- and middle-income countries, an in-
creased risk of IS was observed in the 1-7 days after the first
dose of rotavirus vaccine, resulting in 1 to 6 excess cases per
100 000 vaccinated infants [80, 81, 82, 83, 84, 85, 86]. However,
no increased risk of IS has been seen following rotavirus vacci-
nation in high-mortality countries in sub-Saharan Africa or in
India [87, 88, 89, 90]. Reasons for this difference are unknown
but may be due to several factors including lower immunoge-
nicity of rotavirus vaccines in these settings, differences in age
at administration, or interference by oral polio vaccine. No in-
creased long-term risk of IS has been observed following rota-
virus vaccine introduction [91].

WHO?’s Global Advisory Committee on Vaccine Safety and
the national immunization advisory committees in many coun-
tries have reviewed these data and all have reaffirmed their rec-
ommendation of rotavirus vaccine use stating the documented
benefits of rotavirus vaccine far outweigh the small, short-term
increased risk of IS following rotavirus vaccination [92].

THE PIPELINE FOR NEW ROTAVIRUS VACCINES

Other candidate live oral vaccines are in development with the
most advanced being RV 3, a neonatal strain from Australia that
is now in clinical trial (Table 1) [93]. An important and perhaps
distinguishing feature of this vaccine has been its good immu-
nogenicity when administered in the newborn period allowing
for a birth dose. While rotavirus is less common in the first
2-3 months of life, infants do get rotavirus in this period and a
birth dose could further decrease their ultimate risk of disease
in their first 5 years of life.

Because live oral rotavirus vaccines are only approximately
60% protective in low-income countries with high U5M, and
because vaccine coverage in many of these countries remains
at approximately 70%, it has become clear that in these settings,
live oral vaccines alone will not be able to completely control
rotavirus disease [94]. This critical observation has led to new
efforts to develop next-generation vaccines that might be de-
livered by injection or skin patches. If effective, these new vac-
cines could have several additional advantages [95]. For one,
a concern for IS might not be shared with a parenteral or skin
vaccine that is neither live nor oral. Parenteral vaccines could
be combined with other injectable vaccines, such as IPV, or
pentavalent or hexavalent vaccines, that would simplify ad-
ministration, increase coverage, and alleviate administrative

concerns for a separate supply chain or a greater volume of
cold chain storage and decrease time in clinics. A combination
2 dose IPV—parenteral rotavirus vaccine could be used when
oral polio vaccine is phased out. In the interim, as long as the
IPV supply is limited, a single combination IRV-IPV might be
used to boost the immune responses to both oral polio vaccine
and oral rotavirus vaccines [96]. Finally, advances in the use of
microneedles and skin immunization could provide an alterna-
tive, injection-free means of delivery, an approach that is now
under investigation [97]. In short, research on next-generation
vaccines will be essential if we hope to ultimately control the
continuing burden of severe rotavirus disease in the future.

Several candidate parenteral rotavirus vaccines are cur-
rently in different stages of development [48] (Table 2). The
most advanced is the nonreplicating rotavirus vaccine, (NRRV)
patented by Hoshino at the National Institutes of Health and
being developed by PATH and SK Biologics in Korea. The vac-
cine consists of a truncated VP8 subunit protein expressed in
Escherichia coli and fused to the P2 epitope from tetanus toxin
[98]. In trials in South African toddlers and infants, a mono-
valent formulation based upon the VP8 subunit from the P[8]
rotavirus strain Wa generated robust neutralizing antibodies to
the homologous P[8] strain but relatively modest responses to
heterologous P[4] and P[6] strains [98]. Consequently, a triva-
lent vaccine formulation (P2-VP8-P[4],[6],[8]) was developed,
which appears to have better neutralizing antibodies against
each of the 3 vaccines P types [99]. In the initial phase 2 dosing
studies, infants immunized intramuscularly with varying doses
of NRRV were subsequently challenged with the live oral vac-
cine, Rotarix, to determine if their immunity would be sufficient
to halt shedding of the live virus and whether the reduction
in shedding could serve as an independent indicator of vac-
cine take. For Rotarix, shedding is common following the first
dose but greatly reduced or eliminated after the second dose, a
clear predictor of vaccine take. For NRRV, shedding following
2 doses of the subunit vaccine was only partially reduced and
this reduction was not dose dependent. This may suggest either
that additional antigens, presumably from other gene segments,
may be required to improve the performance of this vaccine or
that this parenteral vaccine does not provide the local immunity
required to reduce shedding. A phase 3 trial is ongoing to de-
termine the efficacy of this candidate as well as whether or not
shedding could be a true correlate of protection.

Another nonreplicating rotavirus candidate initially devel-
oped at the US CDClis a fully inactivated rotavirus vaccine (IRV)
strain (CDC-9) that has demonstrated proof of principle in the
gnotobiotic piglet model [100]. Unlike NRRV, IRV has the full
complement of genes from a most common rotavirus strain,
G1P[8]. This unique human strain grows to high titer in Vero
cells and remains relatively intact throughout the purification
process. Tests in the gnotobiotic piglet model demonstrated the
intramuscular immunization gave broad neutralizing activity
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and significantly reduced shedding and diarrhea from a live
rotavirus challenge [101]. IRV has also been formulated to be
administered by skin immunization using a microneedle patch.
The patch induced an immune response comparable to the in-
tramuscular injection with substantial sparing of antigen in
animal studies [97]. Phase 1 trials for intramuscular and intra-
dermal immunizations are due to begin in 2021. Another IRV
strain (ZTR-68) is also under development in China [102].

Virus-like particles (VLPs) with multiple gene segments
have been prepared as candidates by 2 groups [48]. In Japan,
researchers at Mitsubishi Tanabe Pharma have incorporated
genes encoding 3 gene segments, VP2, VP6, and VP7, into to-
bacco (Nicotiana benthamiana) using Agrobacterium vectors
transfected with the rotavirus genes and have purified the VLPs
into a parenteral vaccine. Phase 1 studies have demonstrated
both safety and immunogenicity. At Baylor, different combin-
ations of gene segments (VP2/6/7 and VP2/4/6/7) have been
expressed in baculovirus to produce VLPs. These candidates
when administered by both the intramuscular and intranasal
route induced a good immune response and protected animals
from homotypic challenge [103].

Two vaccine candidates have been developed from single-
gene segments from rotavirus expressed in nanoparticles de-
rived from subunits of norovirus protein [48]. In Cincinnati,
P24-VP8 nanoparticles expressing VP8 fragments of P[6] and
P[8] serotypes have demonstrated good immune response and
proof of principle in piglet studies and are in further develop-
ment [104]. In Finland, a nanoparticle construct derived from
self-assembled norovirus capsid proteins has been engineered
to carry a VP6 structural gene. This candidate induced both
humoral and T-cell immunity and protection in small animal
studies [105]. Both of these candidates are intended to provide
dual protection against both rotavirus and norovirus but proof
of principle against norovirus has not yet been tested. Neither
has been in phase 1 trials in humans.

THE FUTURE CONTROL OF ROTAVIRUS DIARRHEA

In the nearly 5 decades since the discovery of rotavirus, the
estimated childhood mortality from diarrhea has decreased
markedly, from approximately 3.6 million deaths in 1986 to
approximately 500 000 in 2018 (Figure 4). Much of this im-
provement came in the approximately 35 years before rota-
virus vaccines were introduced. Mathematical models have
estimated that these declines in mortality in the poorest coun-
tries can be attributed to improved treatment with rehydration
therapy, breastfeeding, birth-spacing, education and delayed
pregnancies of the mothers, smaller family sizes, and improve-
ments in water, sanitation, and hygiene [106]. Since 2009, the
WHO has recommended that rotavirus vaccine be used in all
countries and GAVI has subsidized vaccine purchase by low-
income countries. Since 2018, the ramping up of production by
the 2 new Indian manufacturers has made rotavirus vaccines

available today to an estimated 54% of the world’s children in
approximately 100 countries. The world has now witnessed a
major decrease in the global burden of severe rotavirus disease.
By 2018, estimates of the annual number of deaths from rota-
virus have been reduced to approximately 150 000 to 200 000
[107] and the percent of severe diarrhea attributed to diarrheal
hospitalizations has fallen from approximately 34%-40% to
20%-24% with a wide range by country.

What can be done to further reduce the burden of rota-
virus diarrhea going forward? To fully control rotavirus disease
worldwide, several strategies will be required. First, rotavirus
vaccine needs to be implemented in the approximately 90 coun-
tries hosting approximately 46% of the world’s children where
rotavirus immunization has not yet been introduced into the
national immunization programs. This will require that policy
makers reassess the local burden of disease and determine the
price point at which implementing a national program would
be worthwhile and for manufacturers to lower vaccine cost over
time as volume expands.

At the same time, a robust research agenda is underway to
develop the next generation of parenteral or skin patch rota-
virus vaccines that might be more effective and ultimately re-
place the oral vaccines. If these vaccines prove to be safe, more
effective, easier to administer in a combined vaccine formula-
tion, and affordable to all, the eventual control of the disease
could be achieved.

The vision to control rotavirus diarrhea as a means to im-
prove the health and survival of all children has come a long
way since the discovery of the virus in 1973, from a global aspi-
ration to today when 4 globally licensed vaccines are being used
routinely in more than 100 countries. At the same time, while
low-income countries that have introduced rotavirus into their
national immunization programs have benefitted greatly from
this intervention, they remain today with rotavirus still the first
or second most common cause of diarrheal hospitalizations
and diarrheal deaths. A continued effort to develop more effec-
tive vaccines will be essential to ultimately control this disease
on a worldwide basis, especially in those countries with high
mortality from diarrhea that will need these vaccines the most.

Supplementary Data

Supplementary materials are available at The Journal of Infectious
Diseases online. Consisting of data provided by the authors to
benefit the reader, the posted materials are not copyedited and are
the sole responsibility of the authors, so questions or comments
should be addressed to the corresponding author.

The complete references are available as online Supplemental
Material.
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