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Abstract

As of May 2016, 81 countries have introduced Rotarix or RotaTeq rotavirus vaccines into their
national immunization program. Despite initially slow uptake in some countries and differences in
vaccine effectiveness (VE) between high-, low- and middle-income countries, impact of the
vaccines has been swift and striking in all settings, with good VE against vaccine-type and
nonvaccine-type strains. Newly published research indicates poor nutrition is associated with
decreased VE and breastfeeding at the time of vaccination does not affect vaccine response.
Vaccines in development and proposed alternate schedules also promise to address limitations of
the current vaccines and optimize rotavirus disease prevention.
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Current status

Two live attenuated oral rotavirus vaccines were licensed in 2006; RotaTeq (rotavirus
vaccine [RV] 5, Merck & Co.) is a three-dose pentavalent bovine-human reassortant
rotavirus vaccine and Rotarix (RV1, GSK Biologics) is a two-dose monovalent human
rotavirus vaccine. In 2009, the WHO recommended implementation of rotavirus vaccines
worldwide; rotavirus vaccine is recommended to be administered in infancy concurrently
with polio, diphtheria-tetanus-pertussis (DTP) and pneumococcal (PCV) vaccines as early as
6 weeks of age [1].
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Global use & coverage of rotavirus vaccines

As of May 2016, 81 countries have introduced rotavirus vaccine into their national
immunization program (Figure 1) [2]. WHO estimates that, globally, 23% of eligible infants
received a full course of rotavirus vaccine in 2015, with coverage nearly fourfold less than
the estimated global coverage for polio and DTP vaccines (86%) [3]. These substantial
differences in coverage at the global level are attributable to some countries with large birth
cohorts that have not introduced rotavirus vaccine nationally, including China, Democratic
Republic of Congo and India (which began phased introduction in 2016), and at the national
level to uneven coverage of routine vaccines within many countries. For example, in 2013
completion of the rotavirus vaccine series in the USA increased by nearly 30 percentage
points over 5 years to 73%. However, despite increasing uptake rotavirus vaccine, coverage
remained about 20 percentage points lower than DTP, polio and PCV vaccines [4]. Similarly,
rotavirus vaccination coverage in other early introducing countries in the Americas lagged
behind concurrently administered vaccines during the period immediately following
rotavirus vaccine introduction [5]; this trend continued at least 3 years after introduction [6].
This difference has not been observed in early introducing African countries. For example
rotavirus coverage and DTP coverage were 91% 1 year after rotavirus vaccine introduction
in Burkina Faso and 98 and 99%, respectively, 2 years after rotavirus vaccine introduction in
Rwanda [7].

Initially, RV1 and RV5 were the only infant vaccines licensed with upper age limits for
administration (15 weeks for dose 1 and 8 months for the full vaccine series), which was
identified as a partial explanation for coverage discrepancies with concurrently administered
vaccines [1,8]. These upper age limits were imposed because of concerns about a possible
increased risk of intussusception, a telescoping of the small intestine resulting in blockage
that was associated with a previously available rotavirus vaccine [9]. This association with
intussusception led to the withdrawal in 1999 of a rhesus-human reassortant rotavirus
vaccine, Rotashield (RRV-TV, Wyeth), that was licensed and implemented in the USA in
1998. Rotashield caused an estimated one excess case of intussusception for every 10,000
children vaccinated, and some evidence suggested an increased risk with older age at
vaccination [1,9-11]. In prelicensure trials for RV1 and RV5, no increased risk of
intussusception was detected with either vaccine; however, postlicensure evaluations in
Australia, Brazil, Mexico and the USA have found a risk of approximately 1-6 excess
intussusception cases per 100,000 vaccinated infants [12-14]; comparable intussusception
risk was documented in the UK, Singapore and in a meta-analysis of data from several
countries [15-17].

In 2012, mathematical models showed RV1 and RV5 coverage could be improved by
allowing for vaccination after the upper age limits of 15 weeks and 8 months, particularly in
developing countries where delays in the timing of childhood vaccination are common.
Furthermore, the benefits of preventing additional mortality due to severe diarrhea would
outweigh the excess risk of intussusception potentially associated with expansion of the age
of vaccination [8]. After reviewing these and other relevant data, WHO recommended that
national immunization programs administer rotavirus vaccine without the upper age limits at
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the same time as DTP while continuing to promote timely vaccination. The updated
recommendations allow rotavirus vaccination at any age up to 24 months [1].

Health benefits of rotavirus vaccination

Following rotavirus vaccine introduction, swift and striking declines in severe all-cause and
rotavirus diarrhea have been demonstrated in many countries [18,19]. Early estimates of the
reduction in all-cause diarrhea hospitalizations in high-income countries have ranged from
20 to 50% and from 17 to 55% in middle-income countries; the reduction in rotavirus
hospitalizations has ranged from 49 to 92% in high-income countries, 54-59% in middle-
income countries and 69-81% in low-income countries [19]. These reductions have been
sustained for several years after introduction. For example, in the USA, during the first 4
years postvaccine introduction, the number of rotavirus positive tests declined by 86% in
children <5 years of age [20]. Australian children <3 years of age experienced a 75%
decrease in acute gastroenteritis hospitalizations in the 3 years following introduction [21].
In Mexico, there has been a 53% reduction in all-cause diarrhea mortality among children
<5 years of age since rotavirus vaccine introduction in early 2007 [22].

Newly published articles have shown similar declines in many developing countries that
have implemented rotavirus vaccination programs more recently. For example, three years
after vaccine introduction, rotavirus hospitalizations in children <5 years of age declined by
69% in Armenia and 64% in Ghana, compared with their respective prevaccine rates [23,24].
Five years after introduction in South Africa, diarrhea hospitalizations in children <5 years
of age decreased by 53%, with the most significant reductions in children <12 months and,
to a lesser extent, children 12-23 months of age [25].

In addition to reductions in rotavirus and all-cause diarrhea among children who were
eligible for vaccination, some countries have reported indirect benefits of vaccination in age
groups not targeted for vaccination. Studies from the USA, Australia and Canada have
reported declines in rotavirus and all-cause diarrhea in older children and adults [26-30].
Recent data from the UK showed that the number of hospitalizations prevented in older age
groups following rotavirus vaccine introduction was higher than the number of
hospitalizations prevented in children <1 year of age [31]. However indirect effects of
rotavirus vaccination programs on age-ineligible children <5 years were not observed in
Zambia and South Africa [20,32]. Long-term follow-up is needed in low- and middle-
income countries to further assess indirect benefits of rotavirus vaccination.

In postlicensure evaluations, rotavirus vaccines have been shown to be effective in
preventing severe rotavirus disease, though less so in low- and middle-income countries than
high-income countries. Vaccine effectiveness (VE) in high-income countries has been
estimated as 79-100% [19]. New data continues to document lower VE in low- and middle-
income countries; recent point estimates for RV1 VE against hospitalization and other
healthcare encounters have been as high as 79 and 62% in Moldova and Armenia,
respectively, and between 50 and 60% in Bolivia, Botswana, Malawi and Zambia [24,33—
37]. For RV5, VE was recently estimated to be 80% in Rwanda and 45% in Nicaragua
[38,39]. Despite lower VE, countries with high burdens of disease have experienced
important decreases in absolute numbers of rotavirus hospitalizations and deaths.
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New information is also available about protection against vaccine and nonvaccine rotavirus
genotypes. As RV1 and RV5 are derived from one and five strains of rotavirus, respectively,
there has been concern that the vaccines would not protect against severe disease caused by
nonvaccine rotavirus strains and vaccine use could select for these strains, as has been
documented with pneumococcal and human papilloma-virus vaccines [18,40]. However,
reassuringly, a meta-analysis using data from upper and middle income countries found that
both vaccines protect against homotypic, partly heterotypic and fully heterotypic rotavirus
strains causing severe disease (Table 1 & 2) [40]. Two smaller primary analyses in
Nicaragua and Malawi assessed strain-specific VE and found promising but variable
protection against a variety of strains; parallel impact evaluations found dramatic overall
decreases in severe rotavirus disease and no selective pressure and no novel or breakthrough
strains in these two studies [33,38]. As predominant strains of rotavirus vary from year to
year and in different geographic locations, and since vaccine performance may differ in
countries with different socioeconomic status, ongoing surveillance is important to assess
vaccination impact against heterotypic rotavirus strains and monitor for selective pressure.

New developments

Improving rotavirus vaccine performance in developing countries

While rotavirus vaccines have shown substantial impact in developing countries, their
modest VE in these settings leaves opportunity for further improvement of their
performance. Consequently, hypotheses for lower VE in low-income countries and practical
strategies to modify contributing factors are being explored.

In vitro studies suggested that breastfeeding at the time of administration of rotavirus
vaccination might adversely affect rotavirus vaccine performance, as breastmilk contains
antibody and other factors that could neutralize the vaccine virus [41]. Also, because levels
of maternal antibodies against rotavirus are greater in developing countries, potential
interference from breastfeeding could also be greater in these settings [42]. However, two
recent randomized control trials (RCTs) found no statistically significant difference in
antirotavirus immunoglobulin A seroconversion when breastfeeding was encouraged or
withheld at the time of vaccination. A third RCT reported statistically significantly higher
seroconversion among infants encouraged to breastfeed; the authors hypothesized breast
milk may act as an additional buffer to neutralize stomach acid and improve vaccine take
(Figure 2) [43-45].

Previously, evidence has shown that concurrent live oral polio vaccine (OPV) administration
reduces rotavirus vaccine replication in the gut, although decreased protection was not
observed [46]; this was well documented with trivalent OPV, and recent studies have
indicated similar interference with monovalent and bivalent OPV [47,48]. OPV is
administered primarily in low-income countries and could partially explain lower VE in
these settings. As part of the polio eradication ‘end-game’ strategy, it is anticipated that
inactivated poliovirus vaccine will completely replace OPV after eradication [49]; this
change is expected to improve rotavirus VE.
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Adding a dose to the current two-dose RV1 or three-dose RV5 schedule has also been
proposed to increase VE in low-income settings. One option is for a third primary dose of
RV1; for many countries with doses recommended at 6 and 10 weeks, a third dose would be
administered at 14 weeks of age. Programmatically, a three-dose schedule corresponds to the
existing polio, DTP, Haemophilus influenzae b (Hib), hepatitis B and PCV infant schedule in
many countries. A three-dose schedule was not found to significantly improve
immunogenicity compared with a 10- and 14-week two-dose schedule during prelicensure
trials in Malawi and South Africa (Figure 3) [25,50]; however in Ghana, statistically
significantly higher anti-rotavirus IgA levels were observed after a three dose schedule
versus a 6- and 10-week two-dose schedule in a postlicensure evaluation [23]. A similarly
designed analysis from Pakistan did not show a difference [51].

An additional dose of RV1 at 9 months of age, when the first dose of measles-containing
vaccine is recommended in many countries, is promising in mitigating waning VE in the
second year of life. In Bangladesh, an RCT found an increase in antirotavirus IgG with a 9-
month booster dose [52]. Results of an RCT in Mali evaluating a 9-month booster dose of
RV5 have not been published to date [53]. Real world effectiveness of 9-month booster
doses has not been evaluated and is needed before any recommendations can be made.

Suspicions that poor nutritional status reduces rotavirus VE have been supported by a recent
observational study in Botswana where VE following two doses of RV1 was statistically
significantly higher in children with no undernutrition as compared with children with
moderate or severe undernutrition [35]; however, additional evidence is needed to fully
understand the impact of malnutrition and to develop targeted interventions.

New rotavirus vaccines

Additional rotavirus vaccines are in development, including candidates with alternate
schedules and routes of administration to improve protection (Table 3). Administration
during the neonatal period could provide additional vaccine protection during the first 2
months of life and also may be less likely to pose a risk of vaccine-associated
intussusception, since naturally occurring intussusception is rare in the first 3 months of life
[10,54-55]. However, neonates have immature immune systems and higher levels of
maternal antibodies against rotavirus, which may decrease VE [54,55]. Two new rotavirus
vaccines had favorable results for a neonatal dose in stage 1l clinical trials. In New Zealand,
one neonatal dose with two additional infant doses of RV3-BB, a monovalent human
rotavirus vaccine, performed comparably to a three-dose infant schedule; however follow-up
was limited to the first 6 months of life [54]. In Ghana, one neonatal dose with one infant
dose of RRV-TV (Rotashield) had a vaccine efficacy of 64% [55].

Three oral rotavirus vaccines are currently licensed in national markets: Lanzhou lamb
rotavirus vaccine (LLR, Lanzhou Institute of Biological Products, China), Rotavin-M1
(POLYVAC, Vietnam) and ROTAVAC (Bharat Biotech, India) [56,57]. ROTAVAC is the first
to be introduced into a public vaccination program as of April 2016 when it was introduced
in four states in India, and postlicensure VE evaluations are ongoing [58]; LLR and Rotavin-
M1 are only available on the private market. Several postlicensure case—control studies of
LLR vaccine have documented effectiveness against diarrhea hospitalizations and
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laboratory-confirmed rotavirus disease [59,60]. Improved access to these locally
manufactured vaccines would improve rotavirus disease prevention and vaccine coverage in
countries with large populations and high burden of severe disease. Four additional live
attenuated oral vaccines are in stage 11 clinical trials [56,57].

Nonreplicating rotavirus vaccines are in stage Il clinical trials and earlier stages of
development (Table 3). These injectable rotavirus vaccines offer several advantages over
existing oral vaccines. An injectable vaccine would bypass poor absorption or interference in
the gut, could be included in a combination product with concurrently administered
injectable vaccines, which would increase coverage and may eliminate the risk of
intussusception [61]. However, there are questions about how well these vaccines will
generate immunity and mucosal immunity compared with the current live oral vaccines,
since nonreplicating rotavirus vaccines contain either viral components or inactivated whole
virus and will be administered parenterally.

Conclusion & future perspective

Rotavirus vaccines have been shown to dramatically reduce severe rotavirus disease caused
by homotypic and heterotypic vaccine strains in a range of socioeconomic settings. The
potential impact has not been fully realized as rotavirus vaccines have not been universally
introduced into national immunization programs. To date, relatively few countries in Asia
have introduced rotavirus vaccine, though several countries in the region are planning to add
rotavirus vaccine to their national routine immunization schedules in the next 5 years. While
VE is lower in low- and middle-income settings compared with high-income settings,
research continues to demonstrate modifiable factors that may contribute to this disparity.
Over the next decade, new rotavirus vaccines and vaccines currently in development may
overcome some of the barriers to maximize the impact of current rotavirus vaccines.
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Current status

New developments

EXECUTIVE SUMMARY

Eighty-one countries have introduced RotaTeq (RV5, Merck & Co.),
which is a three-dose pentavalent bovine-human reassortant rotavirus
vaccine, and/or Rotarix (RV1, GSK Biologics), which is a two-dose
monovalent human rotavirus vaccine, into their national vaccination
schedule since 2006.

Large and sustained reductions in all-cause diarrhea and rotavirus
hospitalizations have been reported in many early introducing
countries.

Similar to data from prelicensure trails, postlicensure vaccine
effectiveness point estimates are generally higher in high-income
countries than low- and middle-income countries. There are several
hypothesized, modifiable reasons for this difference.

Both vaccines have been shown to be effective in preventing severe
rotavirus disease due to homotypic and heterotypic rotavirus vaccine
strains, but long-term monitoring is needed to assess possible selection
pressure.

Three recent randomized control trials (RCTs) found that breastfeeding
immediately after oral rotavirus vaccine administration did not inhibit
IgA seroconversion.

Alternate rotavirus vaccine schedules have been proposed as a way to
improve vaccine effectiveness. A third primary dose at 14 weeks of age
of RV1 had mixed impact on overall IgA seroconversion, resulting in
significant improvement in Ghana but not in Pakistan. In an RCT in
Bangladesh, administering an additional dose of RV1 at 9 months of
age following a two-dose primary RV1 series did not affect the immune
response to concomitantly administered measles and rubella vaccines
and resulted in boosting of the immune response to rotavirus vaccine.

Two Phase |1 trials with neonatal dosing schedules have shown
promising results.

There are three nationally licensed rotavirus vaccines, including one
that was introduced into the infant vaccination schedule in four states in
India earlier this year.

Several other rotavirus vaccines are currently in development, including
nonreplicating rotavirus vaccines that are parenterally administered and
have the potential to overcome the barriers to orally administered
vaccines in developing countries.
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Figure 1.
Rotavirus vaccines used in countries that have introduced rotavirus vaccine into their

national immunization programs.
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Antirotavirus immunoglobulin A seroconversion among infants after receiving two doses of

Rotarix vaccine in three postlicensure randomized control trials.
tStatistically significant.
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Antirotavirus immunoglobulin A seroconversion of infants after receiving two or three doses
of Rotarix vaccine in two prelicensure and two postlicensure randomized control trials.
tStatistically significant.
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Table 1

Vaccine effectiveness of RV1 against homotypic and heterotypic rotavirus genotypes.

RV1 Leshem et al. (2014)

High-income countries % 95% ClI)  Middle-income countries % (95% Cl)

Bar-Zeev et al. (2016)
Malawi % (95% CI)

Fully homotypic’ 94 (80-98) 59 (36-73) 82 (45-94)
Partially heterotypic? 71 (39-86) 72 (58-81) 71 (20-89)
Fully heterotypic$ 87 (76-93) 47 (28-61) 47 (-22-77)
"c1p (8).
7

G1 (any P type) or P (8) (any G type).
§Any non-G1 and non-P (8) type.

RV: Rotavirus vaccine.
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Table 2

Vaccine effectiveness of RV5 against homotypic and heterotypic rotavirus genotypes.

RV5 Leshem et al. (2014) Patel et al. (2016)
Nicaragua % (95% CI)

High-income countries % (95% Cl)  Middle-income countries % (95% Cl)

Fully homotypic’ 83 (78-87) 35 (~1-58)
Partially heterotypic? 82 (70-89) 37 (10-56) 50 (26-66)
"61-4p ).

¢G1—4 (P other type) or P (8) (other G type).

RV: Rotavirus vaccine.
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Table 3

Rotavirus vaccine that are regionally used, recently licensed or in development.

Page 16

and GIl VLPs

Stage of development Name/type Composition Route of Organization/company
administration
Licensed for use in LLR Live attenuated lamb rotavirus strain,  Oral Lanzhou Institute of Biological
China G10P (12) Products, China
Licensed for use in India  ROTAVAC Live attenuated neonatal rotavirus Oral Bharat Biotech, India and PATH,
strain, G9P (11) USA
(aka 116E)
Licensed for use in Rotavin-M1 Live attenuated human rotavirus Oral POLYVAC, Vietham
Vietnam strain, G1P (8)
Phase I11 LLR reassortants  Live attenuated lamb-human Oral Lanzhou Institute of Biological
reassortant rotavirus Products, China
strains, G2, G3, G4
Phase I11 RotaShield Live attenuated rhesus-human Oral International Medica Foundation
reassortant rotavirus and PATH, USA
strains, tetravalent
Phase 111 SIl BRV-PV Bovine-human reassortant rotavirus Oral Serum Institute of India, India
vaccine (G1, G2, and PATH, USA
G3, G4, G9)
Phase I1 RV3 Live attenuated neonatal rotavirus Oral Murdoch Children’s Research
strain, G3P (6) Institute, Australia
and Biofarma, Indonesia
Phase I1 Subunit Truncated VP8 of P4, P6, P8 Intramuscular National Institutes of Health and
PATH, USA
Phase 11 UK reassortants ~ BRV tetravalent (G1-G4) Oral Shantha Biotech, India
Phase | NF-R7 Live attenuated lamb-human Oral Shenzhen Kangtai Biological
reassortant strain, G4 Products
Company, China
Phase | UK reassortants Bovine UK Human G1, G2, G3, G4,  Oral Instituto Butantan, Brazil
G9 reassortants 5V
Phase | UK reassortants Live attenuated bovine-human Oral Wuhan Institute of Biological
reassortant strains, Products, China
tetravalent to hexavalent and PATH, USA
Preclinical IRV Inactivated G1P (8), G2P (4) Intramuscular or ~ US CDC
intradermal
Preclinical Subunit VLPs: VP 2/6/7 and VP 2/4/6/7 To be determined  Baylor College of Medicine,
USA
Preclinical Subunit Truncated VP8 in norovirus P To be determined ~ Cincinnati Children’s Hospital
particles Medical Center,
USA
Preclinical UK reassortants Live attenuated bovine-human Oral Minhai Biotechnology Co.,
reassortant strains, China
tetravalent to hexavalent
Research Subunit VP6 combined with norovirus G1 To be determined  University of Tampere School of

Medicine,
Finland

BRV: Bovine rotavirus; IRV: Inactivated rotavirus vaccine; LLR: Lanzhou lamb rotavirus; PV: Pentavalent vaccine; VLP: Virus-like particle; VP:

Viral protein.

Reproduced with permission from [56].
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