
REVIEW
 CURRENT
OPINION Current and new rotavirus vaccines
0951-7375 Copyright � 2019 The A
a a b
Rachel M. Burke , Jacqueline E. Tate , Carl D. Kirkwood ,
A. Duncan Steeleb, and Umesh D. Parashara
Purpose of review

As of 2019, four rotavirus vaccines have been prequalified by the WHO for use worldwide. This review
highlights current knowledge regarding rotavirus vaccines available, and provides a brief summary of the
rotavirus vaccine pipeline.

Recent findings

Data generated from use of currently available products supports their effectiveness and impact in diverse
settings. Rotavirus vaccines have a favorable risk–benefit profile, but previous associations of rotavirus
vaccination with intussusception necessitate continued monitoring for this rare but serious adverse event.
Implementation of rotavirus vaccines was jeopardized in late 2018 and 2019 by a shortage of vaccine
supply. Fortunately, with the prequalification of two additional vaccines in 2018, countries have increased
choice in products with different characteristics, pricing, and implementation strategies. Other vaccines
currently in development may open up further immunization strategies, such as neonatal vaccination
schedules or parenteral administration.

Summary

Rotavirus vaccines have demonstrated impact in reducing diarrheal morbidity and mortality worldwide. As
countries begin to introduce the newly prequalified vaccines, additional data will become available on the
safety and effectiveness of those products. Products in the pipeline have distinct profiles and could be an
essential part of the expansion of rotavirus vaccine use worldwide.
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Rotavirus is one of the leading causes of severe
pediatric diarrhea globally, and is associated with
�125 000–200 000 deaths each year in children
under 5 years [1

&&

,2,3]; approximately half of all
rotavirus-associated deaths occur in just four coun-
tries (India, Nigeria, Pakistan, and the Democratic
Republic of the Congo) [3]. The WHO recommends
rotavirus vaccination as part of an integrated pack-
age of prevention-oriented and treatment-oriented
interventions to reduce diarrheal morbidity and
mortality [4]. In 2006, two rotavirus vaccines –
Rotarix (GlaxoSmithKline Biologicals SA, Rixensart,
Belgium) and RotaTeq (Merck & Co., Inc., West
Point, PA, USA) – were licensed and almost imme-
diately introduced into the national immunization
programs of several countries. In 2009, after the live-
attenuated, oral vaccines had been shown to be
efficacious in developing countries in Africa and
Asia, WHO recommended rotavirus vaccines for
priority inclusion in national immunization pro-
grams worldwide [4]. Currently, rotavirus vaccines
are in wide use globally, and have made a demon-
strable impact on the burden of disease [5].
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coverage remain. The prequalification of two prod-
ucts previously available only on a national level
may help to alleviate global rotavirus vaccine supply
constraints [6

&

,7]. This review provides a brief sum-
mary of the current status of rotavirus vaccine intro-
ductions globally, available knowledge on the
impact and safety of rotavirus vaccines, and future
directions in rotavirus vaccine development.
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KEY POINTS

� Rotavirus is one of the leading causes of severe
pediatric diarrhea, and vaccination against rotavirus is
an important component of prevention strategies.

� As of the end of 2018, 98 countries had introduced
rotavirus vaccine on a phased, regional, or national
basis, and four rotavirus vaccines had been
prequalified by the WHO.

� Rotavirus vaccines have been shown to have significant
impact on diarrheal morbidity and mortality in diverse
geographies, though effectiveness tends to be higher in
higher resource settings.

� Although rotavirus vaccines are generally well
tolerated, rotavirus vaccine has been associated with a
temporally limited increase in the risk of
intussusception; this risk may vary by setting, infant
age, or product, and ongoing evaluation across
products and geographies is critical.

� Several rotavirus vaccines are under development, with
some pursuing new strategies, such as neonatal dosing
or parenteral administration.

Gastrointestinal infections
CURRENT STATUS OF ROTAVIRUS
VACCINE INTRODUCTIONS GLOBALLY

By the end of 2018, 92 countries worldwide had
introduced rotavirus vaccine into their national
FIGURE 1. Map of rotavirus vaccine introduction worldwide. The
with dark green for universal (national) introduction, and light gre
that have not introduced rotavirus vaccine into their national immu
be available via the private market in some countries.
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immunization programs, and an additional 6 coun-
tries had introduced rotavirus vaccine on a phased or
regional basis [8] (Fig. 1). In many lower income
countries, rotavirus vaccine introduction is supported
by Gavi, The Vaccine Alliance. Of the original 73 Gavi-
eligible countries, 46 have received Gavi support for
rotavirus vaccine introduction as of 2019, whereas 8
had been currently Gavi-approved and were planning
for introduction in the near future [8].

Four rotavirus vaccines are prequalified by WHO:
Rotarix (GlaxoSmithKline Biologicals;prequalified in
2009), RotaTeq (Merck & Co., Inc.; prequalified in
2008), Rotavac (Bharat Biotech, Hyderabad, India;
prequalified in 2018), and ROTASIIL (Serum Institute
of India PVT. LTD., Pune, India; prequalified in 2018)
[9]. However, the most recently prequalified vaccines
– Rotavac and ROTASIIL – are currently only in use in
India (both vaccines) and Palestine (Rotavac only).
Elsewhere, as of the end of 2018, 74 countries were
using Rotarix in their national immunization pro-
grams, 14 were using RotaTeq, and 9 were using both
Rotarix and RotaTeq [8].

Two additional rotavirus vaccines are available
on a national basis: Rotavin-M1 [Center for Research
and Production of Vaccines and Biologicals (POLY-
VAC), Hanoi, Vietnam], available on the private
market in Vietnam, and the Lanzhou Lamb Rotavi-
rus (LLR) vaccine (Lanzhou Institute of Biological
Products Co., Ltd., Lanzhou, China), available on
the private market in China [10]. Each vaccine has a
status of rotavirus vaccine introduction is indicated by color,
en for introduction on a phased or regional basis. Countries
nization schedules are shown in gray; rotavirus vaccine may
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Table 1. Characteristics of currently licensed, live, oral rotavirus vaccines

Product Manufacturer WHO PQ? Doses Composition Formulation/storage Presentation

Globally licensed

Rotarix GSK Y 3 G1P[8] Liquid
2–8 8C for 36 months

One-dose plastic tube j Strip of 5-
single-dose plastic tubes

RotaTeq Merck Y 2 G1, G2, G3,
G4, P[8]

Liquid
2–8 8C for 24 months

One-dose plastic tube

Rotavac Bharat Biologicals Y 3 G9P[11] Liquid frozen
�20 8C long-term j 2–8 8C for 7

monthsa

5-dose or 10-dose glass vial, with
dose dropper

ROTASIIL Serum Institute of India Y 3 G1, G2, G3,
G4, G9

Lyophilized
< 25 8C for 30 months j <40 8C

for 18 monthsb

One-dose or two-dose glass vial,
with vial of diluent, adapter, and

syringe

Nationally licensed

Rotavin-M1 POLYVAC N 3 G1P[8] Liquid frozen
-20 8C for 24 months j 2–8 8C for

2 months

One-dose vial

Lanzhou Lamb
Rotavirus Vaccine

Lanzhou Institute of
Biological Products

N 1 annually age
2 months to 3 years

G10P[15] Liquid Vial

aNonfrozen presentation expected in 2020 but not yet prequalified.
bLiquid presentation expected in 2020 but not yet prequalified.
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unique presentation and profile, resulting in dis-
tinct considerations for introduction (Table 1).
ROTAVIRUS VACCINES IN GLOBAL USE
AS OF MID-2019: ROTARIX AND
ROTATEQ

Impact and effectiveness

In 2019, we will mark 10 years since WHO first
recommended rotavirus vaccination for children
worldwide [4]. Since that time, data on the impact
and effectiveness of rotavirus vaccines have contin-
ued to be generated in diverse settings. These data
are especially important for countries transitioning
from Gavi support to self-financing, as they provide
evidence-based rationale for continued support of
rotavirus vaccination.

The Americas, on the basis of existing efficacy
data for the region and consequent WHO recom-
mendation, began to introduce rotavirus vaccines
soon after licensure in 2006 [11

&

]. A 2018 meta-
analysis of studies from Latin America estimated a
vaccine effectiveness of 71% (95% confidence inter-
val (CI) 61–79%) against rotavirus hospitalization in
children less than 12 months of age in the region
[11

&

]. This same review calculated a median reduc-
tion of 43% [interquartile range (IQR) 37–50%] in
acute gastroenteritis death rates in children less than
1 year in low-mortality countries, and 45% (IQR:
30–55%) in high-mortality countries. The authors
further estimated that in 2015, rotavirus vaccination
averted a median of �123 000 rotavirus-associated
hospitalizations and �660 rotavirus-associated
deaths in the 15 Latin American countries that
have introduced rotavirus vaccine, and �2260 rota-
virus-associated hospitalizations and 180 rotavirus-
0951-7375 Copyright � 2019 The Author(s). Published by Wolters Kluwe
associated deaths in the two rotavirus vaccine-using
Caribbean countries. A review and meta-analysis of
rotavirus vaccine impact and effectiveness in the
United States found a median vaccine effectiveness
of 84% (IQR: 83–91%) against rotavirus-associated
hospitalizations or emergency department visits
[12

&

]. Vaccine effectiveness estimated via meta-anal-
ysis (using mixed effects models) were similar for
RV5 (84%) and RV1 (83%).

Although rotavirus vaccines are available on the
private market in many countries in the WHO Euro-
pean region, only 18 of 53 have introduced rotavirus
into their national vaccine program [8]. Vaccine
effectiveness estimates for the region vary, with the
highest effectiveness seen in higher resource coun-
tries [e.g. 86% (95% CI: 83–89%) against rotavirus
hospitalization in German children less than 5 years
[13], and 94% (95% CI: 80–98%) against rotavirus
hospitalization in Finnish children eligible for vacci-
nation [14]), and lower effectiveness seen in lower
resource countries [e.g. 62% (95% CI: 36–77%)
against rotavirus hospitalization in Armenian chil-
dren less than 2 years [15], and 79% [95% CI: 62–
88%] against rotavirus hospitalization in children
less than 2 years in the Republic of Moldova [16]].

In the WHO African region, 35 of 47 countries
have introduced rotavirus vaccine into their national
immunization schedules as of 2018, and several more
are planning for imminent introduction [8]. Of seven
African countries in the WHO Eastern Mediterranean
region (EMRO), four have introduced the vaccine
[17]. In 2005, the African Rotavirus Surveillance Net-
work was established to document the rotavirus dis-
ease burden in Africa; by 2013, there were 22
countries participating in the network [18

&

]. Data
from this network were recently analyzed to compare
rotavirus burden in countries thathad introduced the
r Health, Inc. www.co-infectiousdiseases.com 437
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vaccine before 2013, versus those countries who had
yet to introduce rotavirus vaccine by 2015 [18

&

].
Rotavirus positivity declined significantly over time
in countries that wereearly introducers of the vaccine
(35% in 2010 to 19% in 2015 for countries introduc-
ing before 2013); the decline was less marked for
countries introducing after 2013 (44% in 2010 to
25% in 2015). Countries that had not introduced
the vaccine by the end of the study period showed
no significant change in rotavirus positivity (32% in
2010 and 30% in 2015) [18

&

]. Other recently pub-
lished data from the region showed estimates of
vaccine effectiveness ranging from 49 to 86%, with
the greatest effectiveness observed against severe dis-
ease and in younger infants [19–22].

In Asia, only eight countries have introduced
rotavirus vaccine on a national basis; two additional
countries (India and Pakistan) have begun a phased
introduction [23

&

]. A recent review and analysis of
data from this region found a median vaccine effec-
tiveness of 94% in low child mortality countries, 64%
inmedium child mortality countries, and49% inhigh
child mortality countries [23

&

]. This analysis further
estimated that universal introduction of rotavirus
vaccine in all 43 countries in the studied region could
avert 710000 rotavirus hospitalizations and 35000
rotavirus deaths annually, assuming an achieved
coverage equal to that of the third dose of diphthe-
ria–tetanus–pertussis (DTaP) vaccines [23

&

]. Other
recently published studies from this region found
vaccine effectiveness in similar ranges by child mor-
tality stratum: 80% in Japan[24] (low childmortality),
60% in the Philippines [25] (high child mortality).
Safety

In randomized controlled trials, rotavirus vaccines
have been well tolerated [26–31]; a Cochrane review
of available data found no increase in serious
adverse events associated with Rotarix, RotaTeq,
or Rotavac [32

&&

]. However, one consideration with
all live-attenuated, oral rotavirus vaccines is the
potential risk of intussusception, a rare but serious
cause of bowel obstruction in which one portion of
the intestine invaginates into another portion, in
some cases necessitating surgery. The first rotavirus
vaccine, RotaShield, was withdrawn from the US
market in 1999 after it was found to be associated
with risk of intussusception [33]. Further, the natu-
ral incidence of intussusception peaks during the
same ages as rotavirus vaccination is given in many
countries [34]. Although currently available rotavi-
rus vaccines did not show an association with intus-
susception during clinical trials, the rarity of this
outcome makes it difficult to evaluate without
extremely large numbers of participants.
438 www.co-infectiousdiseases.com
Postmarketing surveillance in high-income and
middle-income countries has detected a temporally
limited but significant increase in the risk of intus-
susception in the 1–7 days following administration
of Rotarix or RotaTeq [35–40], on the order of 1 to 6
excess cases per 100 000 infants vaccinated. However,
results from high-income and middle-income coun-
tries may not be fully generalizable to low-income
and lower middle-income countries, which demon-
strate important differences in access to healthcare as
well as rotavirus vaccine effectiveness, as previously
discussed. Further, the baseline incidence and epide-
miology of intussusception may also vary by country.
Lastly, it cannot be assumed that the risk profile will
be the same across all rotavirus vaccines.

Recent data from an intussusception surveil-
lance network in seven Rotarix-using African coun-
tries showed no significant increase in
intussusception risk following rotavirus vaccination
[41

&

]. Infants were enrolled if they were less than
12 months of age and had an intussusception meet-
ing the Brighton Collaboration level 1 diagnostic
criteria. Information on clinical characteristics,
demographics, and vaccination dates and status
were collected, and the self-controlled-case series
method was used for analysis. Overall, no excess
risk of intussusception was detected following the
first or second doses of rotavirus vaccine, in any of
the risk windows studied (up to 21 days postvacci-
nation). Although it is unknown why these results
differ from previous studies in other settings, the
authors propose several hypotheses. Rotavirus vac-
cines are known to be less efficacious in lower
resource settings. If intussusception following rota-
virus vaccination is related to the replication of the
vaccine, and thus, efficacy, then this could explain
differences in intussusception risk. In low-income
countries, rotavirus vaccine is given concurrently
with oral polio vaccine (OPV), which has been
shown to inhibit immune response to rotavirus
vaccine [42–44]. If vaccine-associated intussuscep-
tion is associated with vaccine immunogenicity,
this could again be a factor given that OPV is no
longer used in high-income countries. In the major-
ity of countries in this study, the immunization
schedule calls for vaccination at 6 and 10 weeks of
age – earlier than many high-income countries,
which often schedule the vaccine at 2 and 4 months
of age. Given that the natural incidence of intussus-
ception is extremely rare in very young infants, this
schedule difference could play a role in the contrast-
ing results. The authors acknowledge that there may
be other differences in the study settings that could
play a role through as-yet-unknown mechanisms –
for instance, infant microbiome, feeding and wean-
ing practices, or maternal antibody levels.
Volume 32 � Number 5 � October 2019
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Given the importance of this research question,
the wide variability in intussusception epidemiol-
ogy by geography, and the possibility that associa-
tions could vary by vaccine product, ongoing
investigation is necessary. In this vein, surveillance
is ongoing in two multicountry networks: postin-
troduction intussusception surveillance is currently
underway in several African countries using RotaTeq
[45], whereas baseline (preintroduction) and post-
introduction intussusception surveillance is ongo-
ing in several Asian countries, including in India (for
the newly prequalified vaccines) [46,47]. Results
from these evaluations will be helpful in further
understanding the risk–benefit profile of rotavirus
vaccines globally.
NEWLY WHO-PREQUALIFIED ROTAVIRUS
VACCINES

The availability of more affordable rotavirus vac-
cines will be an important part of ensuring contin-
ued coverage into the future. In 2018, two new
rotavirus vaccines were prequalified by WHO: Rota-
vac and ROTASIIL. These vaccines will soon be
available for use globally, but are currently only in
routine use in India. This section will, thus, focus on
the safety and efficacy data available from random-
ized controlled trials.
Rotavac (Bharat Biotech)

Rotavac is a monovalent G9P[11] naturally attenu-
ated, live oral rotavirus vaccine. A randomized, dou-
ble-blind, placebo-controlled trial evaluated the
safety and efficacy of this vaccine in more than
6500 infants enrolled from three sites in India
[30]. Infants were randomized to receive either vac-
cine or placebo at a target schedule of 6–7, at least
10, and at least 14 weeks of age, and were followed
up to 2 years of age for adverse events and gastroen-
teritis. Infants received routine immunizations as
regularly scheduled (i.e. on the same day as the
study vaccine). The estimated efficacy of Rotavac
against severe rotavirus gastroenteritis requiring
hospitalization or supervised rehydration was 56%
(95% CI: 37–70%) in the first year of life [30] and
49% (95% CI: 17–68%) in the second year of life
[48]. The occurrence of adverse events was not sig-
nificantly higher in the vaccine group as compared
with the placebo group; however, there was insuffi-
cient power to evaluate an association with intus-
susception [30,48]. In a noninterference trial (also
randomized, double-blind, and placebo-controlled),
no difference was seen in the immune response to
pentavalent or OPV vaccines when comparing Rota-
vac recipients to placebo recipients [49].
0951-7375 Copyright � 2019 The Author(s). Published by Wolters Kluwe
ROTASIIL (Serum Institute of India)

ROTASIIL, a pentavalent bovine-human reassor-
tant live attenuated oral vaccine, has the unique
feature of being heat-stable in its lyophilized form,
retaining stability for up to 18 months at 40 8C [50].
This vaccine was evaluated in two randomized,
double-blind, placebo-controlled trials: one in
Niger [51] and one in India [29]. In each trial,
infants were randomized to receive either vaccine
or placebo at a target schedule of 6, 10, and 14 weeks
of age, in coordination with any other vaccines
recommended by the Expanded Program on Immu-
nization (EPI) schedule. In Niger, the vaccine was
transported and stored centrally at up to 25 8C until
distribution to health centers, at which time it was
stored at ambient temperature. In both trials, chil-
dren were followed for serious adverse events and
episodes of acute gastroenteritis; primary analyses
were conducted after a target number of cases had
been reached. In Niger, the vaccine efficacy against
severe rotavirus gastroenteritis was 67% [95% CI:
50–78%; per-protocol analysis at the time of
primary analysis (event-driven cut-off)], and no
significant differences in adverse event rates were
noted in the vaccine as compared with the placebo
group, though the study was not powered to eval-
uate differences in the risk of intussusception
[28,51]. In India, the vaccine efficacy against
severe rotavirus gastroenteritis in the first year of
life was 33% (95% CI: 12–49%; per-protocol anal-
ysis). The proportion of infants experiencing
adverse events was similar in the vaccine and pla-
cebo populations; however, the study was not pow-
ered to detect significant differences in the risk of
intussusception [29]. No evidence was found of
interference with routinely administered EPI vac-
cines [52].
Current usage of Rotavac and ROTASIIL in
India

Both Rotavac and ROTASIIL are being introduced
on a phased basis in India. As of 2019, Rotavac has
been introduced into the Expanded Program on
Immunization (EPI) schedule in 10 states: 4 in
2016, 5 in 2017, and 1 in 2018 [53]. Approximately
50 million doses have been procured by the Minis-
try of Health and Family Welfare so far [54]. In
2018, ROTASIIL was introduced into one state,
and over one million doses have been distributed
since then [55]. Postmarketing studies to evaluate
the safety of the vaccines with respect to intussus-
ception and the vaccine effectiveness are under-
way, and the expansion of routine use of both
vaccines is anticipated with country-wide rollout
projected by late 2019.
r Health, Inc. www.co-infectiousdiseases.com 439
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NATIONALLY LICENSED VACCINES

Rotavin-M1 (POLYVAC)

Nationally licensed vaccines can play an important
role in broadening the affordability and availability
of rotavirus vaccination, particularly in countries
with the desire and ability to pursue local manufac-
ture. For instance, in Vietnam, the government has
made a concerted effort to foster the development
and local manufacture of vaccines, to enable self-
sufficiency [56]. Rotavirus-focused efforts led to the
development of Rotavin-M1, a live, attenuated, fro-
zen oral vaccine derived from a human rotavirus
strain (G1P[8]) isolated from a child hospitalized for
diarrhea in Nha Trang, Vietnam [56,57]. This vac-
cine was shown to be well tolerated and immuno-
genic (73% seroconversion) in a trial of Vietnamese
infants [57]. Rotavin-M1 has been licensed on this
immunogenicity data in Vietnam since 2012 and is
available in the private market, with a two-dose
schedule at 2 and 4 months of age. This vaccine is
currently being introduced into the EPI schedule on
a pilot basis in selected districts of two provinces:
Nam Dinh and Thua Thien Hue. Vaccine effective-
ness and impact evaluations are ongoing. A phase III
immunogenicity trial of a liquid, nonfrozen presen-
tation of the vaccine is being planned [58].
Lanzhou lamb rotavirus vaccine (Lanzhou
Institute of Biological Products)

The Lanzhou lamb rotavirus vaccine (LLR) is a live,
attenuated oral vaccine based on a lamb rotavirus
strain (G10P[15]) first isolated in 1985, and is
licensed exclusively in China [59,60]. LLR has been
available in China since 2000, and more than 60
million doses have been distributed [61]; however,
the vaccine is not part of the country’s national
immunization program, and consequently, cover-
age is relatively low [62]. Further, coverage is highly
variable by geography. LLR is recommended to be
given once annually for children 2 months to 3 years
of age. Although no efficacy data are available, as no
placebo-controlled phase III trials were performed
for this vaccine, several case–control studies have
estimated vaccine effectiveness against rotavirus
gastroenteritis. These studies, from different time
periods and different geographies, generated vac-
cine effectiveness estimates ranging from 35 to
77% [59,63–65]. More recently, an ecological anal-
ysis suggested that the incidence of rotavirus gastro-
enteritis among young children was reduced in
districts with higher as compared with lower rotavi-
rus vaccine coverage [62]. Further research could be
useful in evaluating the performance of and optimal
schedule for this vaccine.
440 www.co-infectiousdiseases.com
ROTAVIRUS VACCINE PIPELINE

Several rotavirus vaccine candidates are in the pipe-
line [66], including further development of licensed
products or strains, as well as new strategies to
overcome some of the challenges associated with
live, attenuated, oral infant vaccines (Fig. 2). This
section will provide a brief overview of products
actively under development.
RV3-BB

The candidate that is furthest along in development
is RV3-BB (PT BioFarma, Bandung, Indonesia), an
oral vaccine based on a naturally attenuated neona-
tal strain of G3P[6] rotavirus and initially developed
by the Murdoch Children’s Research Institute [67

&&

].
RV3-BB, because of its ability to replicate in the
newborn gut even in the presence of maternal anti-
bodies, is intended to be given on a neonatal sched-
ule with the goal of providing early protection
against rotavirus [67

&&

]. The most recent data for
this vaccine is from a Phase 2b, randomized, pla-
cebo-controlled trial that took place in Indonesia
from 2013 to 2016. Full-term infants (N¼1649)
were randomly assigned to one of three arms: pla-
cebo, neonatal schedule (0–5 days, 8–10, and 14–16
weeks of age), or infant schedule (8–10, 14–16, and
18–20 weeks of age); all infants received either
placebo or vaccine, according to their trial arm, at
each of the four time points. Infants were followed
up to 18 months of age for severe rotavirus gastro-
enteritis. The per-protocol vaccine efficacy against
severe rotavirus was 94% (56–99%) at 12 months of
age for infants receiving vaccine on the neonatal
schedule, and 77% (31–92%) at 12 months of age for
infants receiving vaccine on the infant schedule.
Immune responses were also noted in both groups,
and the vaccine was well tolerated in both vaccine
groups [67

&&

]. Further, no evidence was noted of
interference by or with OPV in the neonatal sched-
ule group [68]. This vaccine is being further evalu-
ated in a dose ranging study in African neonates and
infants [69]. Biofarma are currently driving clinical
development, with the aim to introduce the vaccine
into the Indonesian national immunization pro-
gram by 2021 and eventually pursue a product for
the global market.
Nonreplicating rotavirus vaccines

Another strategy currently being investigated is
the development of parenterally administered
rotavirus vaccines. Such vaccines could have the
potential to overcome some of the challenges asso-
ciated with oral vaccines, such as interference by
neutralizing antibodies present in breast milk, and
Volume 32 � Number 5 � October 2019



FIGURE 2. Rotavirus vaccine products in active development. Rotavirus vaccine products are shown by stage of development
(horizontal position corresponding to labeled chevrons) and type (color). Oral vaccines are shown in green, whereas
parenterally administered vaccines are shown in orange. Dashed lines indicate completely new products under development,
whereas solid lines indicate licensed products pursuing new formulatons.

Current and new rotavirus vaccines Burke et al.
other barriers associated with reduced efficacy
[70

&

]. Further, parentally administered vaccines
could be combined with other infant immuniza-
tions. One such nonreplicating rotavirus vaccine
(NRRV) under development is the subunit
vaccine P2-VP8-P[8], most recently assessed in
South African toddlers and infants [71]. During a
dose-escalation phase, 90 toddlers and infants were
randomized to receive vaccine or placebo; doses of
30 and 60 mg were tolerated and selected for further
study in an expanded group of 114 infants, again
randomized to receive vaccine or placebo. The
vaccine was well tolerated, and vaccinated infants
0951-7375 Copyright � 2019 The Author(s). Published by Wolters Kluwe
demonstrated strong IgG response (>98% serocon-
version) compared with placebo (9% seroconver-
sion) [71]. More recently, a trivalent subunit
vaccine (VAC 041, P2-VP8-P[4]P[6]P[8]) was stud-
ied using a similar design [72]. Strong IgG responses
were demonstrated, and neutralizing antibody
response to several strains of rotavirus was also
noted.

There is also a VP6 subunit vaccine under
development that incorporates norovirus virus-like
particles (VLPs) to form a combination vaccine [73–
76]. This candidate has demonstrated good immunor-
esponse in mice models [75,76]. An inactivated
r Health, Inc. www.co-infectiousdiseases.com 441
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rotavirus vaccine (IRV) has also been developed by
CDC for parenteral administration [77]. This candi-
date, based on aG1P[8] strain,has beentrialed inmice,
rats, rabbits, and pig models and demonstrated het-
erotypic neutralizing antibody response [78,79]. Sys-
temic and mucosal immunity were shown in mice
after administration by injection and by microneedle
patch [77]. Further, this candidate was efficacious
against oral rotavirus challenge in piglets [80]. A com-
bined inactivated polio vaccine (IPV)–IRV product is
also underdevelopment with this same strain, and has
been tested in mice, with no evidence of interference
of the immune response to either component [81].
Other early-stage candidates include an inactivated
G1P[8] strain isolated from a hospitalized Chinese
infant [82] and a truncated VP4 based on the LLR
strain [83].
CONCLUSION

Now, with four WHO-prequalified oral rotavirus
vaccines available, and several more products
nationally licensed or in development, we are at
an unprecedented time of choice in the history of
rotavirus vaccines. However, rotavirus disease
remains a large burden worldwide, and numerous
countries have yet to introduce rotavirus vaccines
into their national schedules. Rotavirus vaccines
have a proven track record of impact, balanced
with a favorable risk–benefit profile. With new
products in the pipeline, and several countries
poised to introduce vaccines formerly available only
in a single market, we look forward to the continu-
ation of an exciting era in the use of rotavirus
vaccines.

Acknowledgements

None.
Disclaimer: The findings and conclusions of this report
are those of the authors and do not necessarily represent
the official position of the Centers for Disease Control
and Prevention (CDC). Names of specific vendors,
manufacturers, or products are included for public
health and informational purposes; inclusion does
not imply endorsement of the vendors, manufacturers,
or products by the Centers for Disease Control and
Prevention or the US Department of Health and Human
Services.

Financial support and sponsorship

None.

Conflicts of interest

There are no conflicts of interest.
442 www.co-infectiousdiseases.com
REFERENCES AND RECOMMENDED
READING
Papers of particular interest, published within the annual period of review, have
been highlighted as:

& of special interest
&& of outstanding interest
1.
&&

Troeger C, Khalil IA, Rao PC, et al. Rotavirus vaccination and the global
burden of rotavirus diarrhea among children younger than 5 years. JAMA
Pediatr 2018; 172:958–965.

This article, drawing on the Global Burden of Disease Study, provides updated
estimates of annual rotavirus-specific mortality and morbidity, as well as estimated
deaths averted by rotavirus vaccination, by country.
2. GBD Diarrhoeal Diseases Collaborators. Estimates of global, regional, and

national morbidity, mortality, and aetiologies of diarrhoeal diseases: a sys-
tematic analysis for the Global Burden of Disease Study 2015. Lancet Infect
Dis 2017; 17:909–948.

3. Tate JE, Burton AH, Boschi-Pinto C, Parashar UD; World Health Organiza-
tion-Coordinated Global Rotavirus Surveillance Network. Global, regional,
and national estimates of rotavirus mortality in children<5 years of age, 2000-
2013. Clin Infect Dis 2016; 62(Suppl 2):S96–S105.

4. Rotavirus vaccines. WHO position paper - January 2013. Wkly Epidemiol Rec
2013; 88:49–64.

5. Burnett E, Jonesteller CL, Tate JE, et al. Global impact of rotavirus vaccination
on childhood hospitalizations and mortality from diarrhea. J Infect Dis 2017;
215:1666–1672.

6.
&

Steele AD, Victor JC, Carey ME, et al. Experiences with rotavirus vaccines: can we
improve rotavirus vaccine impact in developing countries? Hum Vaccin Immunother
2019; 1–13; doi: 10.1080/21645515.2018.1553593. [Epub ahead of print]

This review discusses the challenges to rotavirus vaccine effectiveness as well as
potential strategies under investigation to surmount these challenges.
7. Gavi. Rotavirus Supply and Procurement Roadmap: Public Summary. The

Market Shaping Goal. 27 April 2017. 2016. Available at: gavi.org. [Accessed
9 March 2019]

8. International Vaccine Access Center (IVAC). Johns Hopkins Bloomberg
School of Public Health. Available at: www.view-hub.org. [Accessed 14
March 2019]

9. WHO Prequalified Vaccines. WHO. Available at: https://extranet.who.int/
gavi/PQ_Web/Default.aspx?nav=1. [Accessed 14 March 2019]

10. Kirkwood CD, Steele AD. Rotavirus vaccines in China: improvement still
required. JAMA Netw Open 2018; 1:e181579.

11.
&

Chavers T, De Oliveira LH, Parashar UD, Tate JE. Postlicensure experience
with rotavirus vaccination in Latin America and the Caribbean: a systematic
review and meta-analysis. Expert Rev Vaccines 2018; 17:1037–1051.

This meta-analysis provides an estimate of rotavirus vaccine effectiveness in the
Latin American and Carribean region, by child mortality stratum. An estimate of
overall impact was also calculated.
12.
&

Pindyck T, Tate JE, Parashar UD. A decade of experience with rotavirus
vaccination in the United States - vaccine uptake, effectiveness, and impact.
Expert Rev Vaccines 2018; 17:593–606.

This review summarizes the data available on rotavirus vaccine coverage, impact,
and effectiveness in the United States, from 2006 to 2017.
13. Pietsch C, Liebert UG. Rotavirus vaccine effectiveness in preventing hospi-

talizations due to gastroenteritis: a descriptive epidemiological study from
Germany. Clin Microbiol Infect 2019; 25:102–106.

14. Hemming-Harlo M, Vesikari T, Uhari M, et al. Sustained high effectiveness of
RotaTeq on hospitalizations attributable to rotavirus-associated gastroenter-
itis during 4 years in Finland. J Pediatric Infect Dis Soc 2017; 6:317–323.

15. Sahakyan G, Grigoryan S, Wasley A, et al. Impact and effectiveness of
monovalent rotavirus vaccine in Armenian children. Clin Infect Dis 2016;
62(Suppl 2):S147–S154.

16. Gheorghita S, Birca L, Donos A, et al. Impact of rotavirus vaccine introduction
and vaccine effectiveness in the Republic of Moldova. Clin Infect Dis 2016;
62(Suppl 2):S140–S146.

17. WHO Status of new vaccines introduction. Immunization Data Repository
with contributions from WHO, UNICEF and other partners. World Health
Organization. [Accessed March 2019]

18.
&

Weldegebriel G, Mwenda JM, Chakauya J, et al. Impact of rotavirus vaccine on
rotavirus diarrhoea in countries of East and Southern Africa. Vaccine 2018;
36:7124–7130.

This article summarizes sentinel hospital surveillance data from multiple countries
in the WHO East and Southern Africa sub-region to show differences in rotavirus
positivity by timing of rotavirus vaccine introduction. Vaccine coverage is also
discussed.
19. Bonkoungou IJO, Aliabadi N, Leshem E, et al. Impact and effectiveness of

pentavalent rotavirus vaccine in children <5years of age in Burkina Faso.
Vaccine 2018; 36:7170–7178.

20. BennettA,PollockL, JereKC,etal.,VacSurvConsortium.Directandpossible indirect
effects of vaccination on rotavirus hospitalisations among children in Malawi four
years after programmatic introduction. Vaccine 2018; 36:7142–7148.
Volume 32 � Number 5 � October 2019

http://www.view-hub.org/
https://extranet.who.int/gavi/PQ_Web/Default.aspx?nav=1
https://extranet.who.int/gavi/PQ_Web/Default.aspx?nav=1


Current and new rotavirus vaccines Burke et al.
21. Jani B, Hokororo A, McHomvu J, et al. Detection of rotavirus before and after
monovalent rotavirus vaccine introduction and vaccine effectiveness among
children in mainland Tanzania. Vaccine 2018; 36:7149–7156.

22. Mwenda JM, Parashar UD, Cohen AL, Tate JE. Impact of rotavirus vaccines in
Sub-Saharan African countries. Vaccine 2018; 36:7119–7123.

23.
&

Burnett E, Tate JE, Kirkwood CD, et al. Estimated impact of rotavirus vaccine
on hospitalizations and deaths from rotavirus diarrhea among children <5 in
Asia. Expert Rev Vaccines 2018; 17:453–460.

This article modeled the estimated impact on hospitalizations and deaths if
rotavirus vaccines were to be introduced in all countries in Asia, predicting a
substantial decrease.
24. Araki K, Hara M, Tsugawa T, et al. Effectiveness of monovalent and pentavalent

rotavirus vaccines in Japanese children. Vaccine 2018; 36:5187–5193.
25. Lopez AL, Daag JV, Esparagoza J, et al. Effectiveness of monovalent rotavirus

vaccine in the Philippines. Sci Rep 2018; 8:14291.
26. Vesikari T, Matson DO, Dennehy P, et al., Rotavirus Efficacy and Safety Trial

(REST) Study Team. Safety and efficacy of a pentavalent human-bovine
(WC3) reassortant rotavirus vaccine. N Engl J Med 2006; 354:23–33.

27. Ruiz-Palacios GM, Perez-Schael I, Velazquez FR, et al., Human Rotavirus
Vaccine Study Group. Safety and efficacy of an attenuated vaccine against
severe rotavirus gastroenteritis. N Engl J Med 2006; 354:11–22.

28. Coldiron ME, Guindo O, Makarimi R, et al. Safety of a heat-stable rotavirus
vaccine among children in Niger: Data from a phase 3, randomized, double-
blind, placebo-controlled trial. Vaccine 2018; 36:3674–3680.

29. Kulkarni PS, Desai S, Tewari T, et al., SII BRV-PV author group. A randomized
Phase III clinical trial to assess the efficacy of a bovine-human reassortant
pentavalent rotavirus vaccine in Indian infants. Vaccine 2017; 35:6228–6237.

30. Bhandari N, Rongsen-Chandola T, Bavdekar A, et al., India Rotavirus Vaccine
Group. Efficacy of a monovalent human-bovine (116E) rotavirus vaccine in
Indian infants: a randomised, double-blind, placebo-controlled trial. Lancet
2014; 383:2136–2143.

31. John J, Kawade A, Rongsen-Chandola T, et al. Active surveillance for in-
tussusception in a phase III efficacy trial of an oral monovalent rotavirus
vaccine in India. Vaccine 2014; 32(Suppl 1):A104–A109.

32.
&&

Soares-Weiser K, Bergman H, Henschke N, et al. Vaccines for preventing
rotavirus diarrhoea: vaccines in use. Cochrane Database Syst Rev 2019;
3:CD008521.

This Cochrane systematic review summarizes the randomized clinical trial (RCT)
data for Rotarix, Rotateq, and Rotavac.
33. Centers for Disease Control and Prevention. Withdrawal of rotavirus vaccine

recommendation. MMWR Morb Mortal Wkly Rep 1999; 48:1007.
34. Tate JE, Simonsen L, Viboud C, et al. Trends in intussusception hospitaliza-

tions among US infants, 1993-2004: implications for monitoring the safety of
the new rotavirus vaccination program. Pediatrics 2008; 121:e1125–e1132.

35. Weintraub ES, Baggs J, Duffy J, et al. Risk of intussusception after monovalent
rotavirus vaccination. N Engl J Med 2014; 370:513–519.

36. Carlin JB, Macartney KK, Lee KJ, et al. Intussusception risk and disease
prevention associated with rotavirus vaccines in Australia’s National Immu-
nization Program. Clin Infect Dis 2013; 57:1427–1434.

37. Patel MM, Lopez-Collada VR, Bulhoes MM, et al. Intussusception risk and
health benefits of rotavirus vaccination in Mexico and Brazil. N Engl J Med
2011; 364:2283–2292.

38. Stowe J, Andrews N, Ladhani S, Miller E. The risk of intussusception following
monovalent rotavirus vaccination in England: a self-controlled case-series
evaluation Ref. No: JVAC-D-16-01124. Vaccine 2016; 34:6115.

39. Yih WK, Lieu TA, Kulldorff M, et al. Intussusception risk after rotavirus
vaccination in U.S. infants. N Engl J Med 2014; 370:503–512.

40. Yung CF, Chan SP, Soh S, et al. Intussusception and monovalent rotavirus
vaccination in Singapore: self-controlled case series and risk-benefit study. J
Pediatr 2015; 167:163.e1–168.e1.

41.
&

Tate JE, Mwenda JM, Armah G, et al., African Intussusception Surveillance
Network. Evaluation of intussusception after monovalent rotavirus vaccination
in Africa. N Engl J Med 2018; 378:1521–1528.

This article reports the results of an evaluation of the risk of intussusception
following Rotarix administration in a network of seven African countries, using the
self-controlled case series method. The authors found no association of Rotarix
vaccination with intussusception in any risk period studied.
42. Emperador DM, Velasquez DE, Estivariz CF, et al. Interference of monovalent,

bivalent, and trivalent oral poliovirus vaccines on monovalent rotavirus vaccine
immunogenicity in rural Bangladesh. Clin Infect Dis 2016; 62:150–156.

43. Steele AD, De Vos B, Tumbo J, et al. Co-administration study in South African
infants of a live-attenuated oral human rotavirus vaccine (RIX4414) and
poliovirus vaccines. Vaccine 2010; 28:6542–6548.

44. Ramani S, Mamani N, Villena R, et al. Rotavirus serum IgA immune response in
children receiving Rotarix coadministered with bOPV or IPV. Pediatr Infect Dis
J 2016; 35:1137–1139.

45. Mandomando I, Weldegebriel G, de Deus N, Mwenda JM. Feasibility of using
regional sentinel surveillance to monitor the rotavirus vaccine impact, effec-
tiveness and intussusception incidence in the African Region. Vaccine 2017;
35:1663–1667.

46. Burnett E, Van Trang N, Rayamajhi A, et al. Preparing for safety monitoring
after rotavirus vaccine introduction - Assessment of baseline epidemiology of
intussusception among children <2years of age in four Asian countries.
Vaccine 2018; 36:7593–7598.
0951-7375 Copyright � 2019 The Author(s). Published by Wolters Kluwe
47. Reddy S, Nair NP, Giri S, et al., Indian Intussusception Surveillance Network.
Safety monitoring of ROTAVAC vaccine and etiological investigation of
intussusception in India: study protocol. BMC Public Health 2018; 18:898.

48. Bhandari N, Rongsen-Chandola T, Bavdekar A, et al., India Rotavirus Vaccine
Group. Efficacy of a monovalent human-bovine (116E) rotavirus vaccine in
Indian children in the second year of life. Vaccine 2014; 32(Suppl
1):A110–A116.

49. Chandola TR, Taneja S, Goyal N, et al. ROTAVAC(1) does not interfere with
the immune response to childhood vaccines in Indian infants: a randomized
placebo controlled trial. Heliyon 2017; 3:e00302.

50. Naik SP, Zade JK, Sabale RN, et al. Stability of heat stable, live attenuated
Rotavirus vaccine (ROTASIIL1). Vaccine 2017; 35:2962–2969.

51. Isanaka S, Guindo O, Langendorf C, et al. Efficacy of a low-cost, heat-stable
oral rotavirus vaccine in niger. N Engl J Med 2017; 376:1121–1130.

52. Desai S, Rathi N, Kawade A, et al. Noninterference of Bovine-Human
reassortant pentavalent rotavirus vaccine ROTASIIL1 with the immunogeni-
city of infant vaccines in comparison with a licensed rotavirus vaccine.
Vaccine 2018; 36:5519–5523.

53. Nair NP, Reddy NS, Giri S, et al. Rotavirus vaccine impact assessment
surveillance in India: protocol and methods. BMJ Open 2019; 9:e024840.

54. Prasad S. Rotavac: product development and programmatic implementation.
international rotavirus symposium. Minsk, Belarus. 2018.

55. Desai S. Updates on Rotasiil Development. International Rotavirus Sympo-
sium. Minsk, Belarus. 2018.

56. Luan le T, Trang NV, Phuong NM, et al. Development and characterization of
candidate rotavirus vaccine strains derived from children with diarrhoea in
Vietnam. Vaccine 2009; 27(Suppl 5):F130–F138.

57. Dang DA, Nguyen VT, Vu DT, et al. A dose-escalation safety and immuno-
genicity study of a new live attenuated human rotavirus vaccine (Rotavin-M1)
in Vietnamese children. Vaccine 2012; 30(Suppl 1):A114–A121.

58. Phase III Study of Liquid Formulation of ROTAVIN. Available at: https://
clinicaltrials.gov/ct2/show/NCT03703336. (Accessed 9 May 2019)

59. Fu C, Wang M, Liang J, et al. Effectiveness of Lanzhou lamb rotavirus vaccine
against rotavirus gastroenteritis requiring hospitalization: a matched case-
control study. Vaccine 2007; 25:8756–8761.

60. Li D, Xu Z, Xie G, et al. Genotype of Rotavirus vaccine strain LLR in China is
G10P[15]. Bing Du Xue Bao 2015; 31:170–173.

61. Li JS, Cao B, Gao HC, et al. Faecal shedding of rotavirus vaccine in Chinese
children after vaccination with Lanzhou lamb rotavirus vaccine. Sci Rep 2018;
8:1001.

62. Fu C, Dong Z, Shen J, et al. Rotavirus gastroenteritis infection among children
vaccinated and unvaccinated with rotavirus vaccine in Southern China: a
population-based assessment. JAMA Netw Open 2018; 1:e181382.

63. Fu C, He Q, Xu J, et al. Effectiveness of the Lanzhou lamb rotavirus vaccine
against gastroenteritis among children. Vaccine 2012; 31:154–158.

64. Fu C, Tate JE, Jiang B. Effectiveness of Lanzhou lamb rotavirus vaccine
against hospitalized gastroenteritis: further analysis and update. Hum Vaccin
2010; 6:953.

65. Zhen SS, Li Y, Wang SM, et al. Effectiveness of the live attenuated rotavirus
vaccine produced by a domestic manufacturer in China studied using a
population-based case-control design. Emerg Microbes Infect 2015; 4:e64.

66. Kirkwood CD, Ma LF, Carey ME, Steele AD. The rotavirus vaccine develop-
ment pipeline. Vaccine 2017. [Epub ahead of print]

67.
&&

Bines JE, At Thobari J, Satria CD, et al. Human neonatal rotavirus vaccine
(RV3-BB) to target rotavirus from birth. N Engl J Med 2018; 378:719–730.

This article reports on a randomized controlled trial of RV3-BB, an oral rotavirus
vaccine under development. The trial compared placebo to an infant schedule of
RV3-BB and a neonatal schedule of RV3-BB, finding efficacy more than 50% in
each RV3-BB arm.
68. Bines J. RV3-BB Rotavirus vaccine protects against severe, very severe, and

all-severity rotavirus gastroenteritis. International Rotavirus Symposium.
Minsk, Belarus. 2018.

69. A phase II dose-ranging study of oral RV3-BB rotavirus vaccine. Clinical-
Trials.gov. Available at: https://clinicaltrials.gov/ct2/show/NCT03483116.
(Accessed 9 May 2019).

70.
&

Velasquez DE, Parashar U, Jiang B. Decreased performance of live attenu-
ated, oral rotavirus vaccines in low-income settings: causes and contributing
factors. Expert Rev Vaccines 2018; 17:145–161.

This review discusses the hypothesized causes of the decreased performance of
rotavirus vaccine in low-income settings. The authors discuss the available
research on each potential contributing factor.
71. Groome MJ, Koen A, Fix A, et al. Safety and immunogenicity of a parenteral

P2-VP8-P[8] subunit rotavirus vaccine in toddlers and infants in South Africa:
a randomised, double-blind, placebo-controlled trial. Lancet Infect Dis 2017;
17:843–853.

72. Groome MJ, Fairlie L, Morrison J, et al. Safety and immunogenicity of a
parenteral P2-VP8 subunit rotavirus vaccine. International Rotavirus Sympo-
sium. Minsk, Belarus. 2018.

73. Blazevic V, Lappalainen S, Nurminen K, et al. Norovirus VLPs and rotavirus
VP6 protein as combined vaccine for childhood gastroenteritis. Vaccine
2011; 29:8126–8133.

74. Blazevic V, Malm M, Arinobu D, et al. Rotavirus capsid VP6 protein acts as an
adjuvant in vivo for norovirus virus-like particles in a combination vaccine. Hum
Vaccin Immunother 2016; 12:740–748.
r Health, Inc. www.co-infectiousdiseases.com 443

https://clinicaltrials.gov/ct2/show/NCT03703336
https://clinicaltrials.gov/ct2/show/NCT03703336
https://clinicaltrials.gov/ct2/show/NCT03483116


Gastrointestinal infections
75. Lappalainen S, Pastor AR, Malm M, et al. Protection against live rotavirus
challenge in mice induced by parenteral and mucosal delivery of VP6 subunit
rotavirus vaccine. Arch Virol 2015; 160:2075–2078.

76. Tamminen K, Lappalainen S, Huhti L, et al. Trivalent combination vaccine
induces broad heterologous immune responses to norovirus and rotavirus in
mice. PLoS One 2013; 8:e70409.

77. Resch TK, Wang Y, Moon SS, et al. Inactivated rotavirus vaccine by parenteral
administration induces mucosal immunity in mice. Sci Rep 2018; 8:561.

78. Wang Y, Azevedo M, Saif LJ, et al. Inactivated rotavirus vaccine induces
protective immunity in gnotobiotic piglets. Vaccine 2010; 28:5432–5436.

79. Jiang B, Wang Y, Glass RI. Does a monovalent inactivated human rotavirus
vaccine induce heterotypic immunity? Evidence from animal studies. Hum
Vaccin Immunother 2013; 9:1634–1637.
444 www.co-infectiousdiseases.com
80. Wang Y, Vlasova A, Velasquez DE, et al. Skin vaccination against rotavirus
using microneedles: proof of concept in gnotobiotic piglets. PLoS One 2016;
11:e0166038.

81. Wang Y, Zade J, Moon SS, et al. Lack of immune interference
between inactivated polio vaccine and inactivated rotavirus vaccine co-
administered by intramuscular injection in two animal species. Vaccine
2019; 37:698–704.

82. Wu JY, Zhou Y, Zhang GM, et al. Isolation and characterization of a new
candidate human inactivated rotavirus vaccine strain from hospitalized chil-
dren in Yunnan, China. World J Clin Cases 2018; 6:426–440.

83. Li Y, Xue M, Yu L, et al. Expression and characterization of a novel truncated
rotavirus VP4 for the development of a recombinant rotavirus vaccine. Vaccine
2018; 36:2086–2092.
Volume 32 � Number 5 � October 2019


