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Background. Rotavirus vaccine performance appears worse in countries with high rotavirus genotype diversity. Evidence
suggests diminished vaccine efficacy (VE) against G2P[4], which is heterotypic with existing monovalent rotavirus vaccine
formulations. Most studies assessing genotype-specific VE have been underpowered and inconclusive.

Methods. We pooled individual-level data from 10 Phase IT and III clinical trials of rotavirus vaccine containing G1 and P[8] antigens
(RV1) conducted between 2000 and 2012. We estimated VE against both any-severity and severe (Vesikari score >11) rotavirus
gastroenteritis (RVGE) using binomial and multinomial logistic regression models for non-specific VE against any RVGE, genotype-
specific VE, and RV1-typic VE against genotypes homotypic, partially heterotypic, or fully heterotypic with RV1 antigens. We
adjusted models for concomitant oral poliovirus and RV1 vaccination and the country’s designated child mortality stratum.

Results.  Analysis included 87 644 infants from 22 countries in the Americas, Europe, Africa, and Asia. For VE against severe RVGE,
non-specific VE was 91% (95% confidence interval [CI]: 87-94%). Genotype-specific VE ranged from 96% (95% CI: 89-98%) against
G1P[8] to 71% (43-85%) against G2P[4]. RV1-typic VE was 92% (95% CI: 84-96%) against partially heterotypic genotypes but 83%
(67-91%) against fully heterotypic genotypes. For VE against any-severity RVGE, non-specific VE was 82% (95% CI: 75-87%).
Genotype-specific VE ranged from 94% (95% CI: 86-97%) against G1P[8] to 63% (41-77%) against G2P[4]. RV1-typic VE was 83%

(95% CI: 72-90%) against partially heterotypic genotypes but 63% (40-77%) against fully heterotypic genotypes.

Conclusions.
Keywords.

RV1 VE is comparatively diminished against fully heterotypic genotypes including G2P[4].
rotavirus; vaccines; clinical trials; efficacy; genotypes.

Before rotavirus vaccine introduction, rotavirus caused sub-
stantial morbidity and mortality among children <5 years
old, with an estimated 2 million hospitalizations and 440 000
(interquartile range [IQR]:352000-592000) deaths annually
among children in this age group worldwide [1]. Although
nearly every child globally was infected by 5 years of age, nearly
all deaths occurred in countries in sub-Saharan Africa and
South Asia [1]. With the introduction of rotavirus vaccines
into national immunization programs in 87 countries by the
end of 2016 [2] , approximately 28 800 (95% uncertainty inter-
val: 14 600-46 700) deaths were prevented in 2016 because of
rotavirus vaccines [3]. However, children in low- and
middle-income countries in sub-Saharan Africa and South
Asia continue to be disproportionately affected by rotavirus
gastroenteritis (RVGE) [3, 4]. Rotavirus vaccine efficacy and
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effectiveness estimates are consistently lower in these high ro-
tavirus burden countries with high child mortality rates [5-7],
so vaccine-conferred protection is sub-optimal in higher-
burden settings. Rotavirus vaccines also appear less effective
against less severe disease [8].

In the pre-vaccine era, 5 rotavirus genotypes—GI1P[8],
G2P[4], G3P[8], G4P[8], and G9P[8]—were globally responsi-
ble for the bulk of human RVGE [9]. Importantly, 1 of these ge-
notypes—G2P[4]—features a different genetic constellation for
the other non-G and P rotavirus proteins (DS-1-like) than the
other 4 genotypes (Wa-like) [10]. After introduction of
GlaxoSmithKline’s (GSK) Rotarix (RV1) rotavirus vaccine,
which contains G1 and P[8] antigens [4], observational studies
reported increased presence of G2P[4] among RVGE cases in
vaccine-introducing  countries; however, other non-
introducing countries also reported a similar phenomenon
[11]. Because high burden settings also feature greater rotavirus
genotypic diversity, their higher prevalence of heterotypic
genotypes may contribute to regional differences in rotavirus
vaccine efficacy and effectiveness estimates [12]. In a meta-
analysis, the five common pre-vaccine era genotypes were de-
tected in >90% of rotavirus infections in North America,

Europe, and Australia but detected in only 68% of infections
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in South America and Asia and 50% in Africa [9]. Meanwhile,
uncommon, heterotypic genotypes like G2P[6] and G8P[6]
each accounted for ~10% of rotavirus detections in African
countries [13].

Some evidence suggests that rotavirus vaccines are generally
less effective against heterotypic genotypes (G- and/or
P-protein different from vaccine antigens) [12], but other
data are conflicting or inconclusive [14]. Estimates of lower ef-
fectiveness against heterotypic genotypes are imprecise, even in
meta-analyses, possibly stemming from a lack of power for
genotype-specific analyses in individual studies. Furthermore,
many studies assessing genotype-specific protection either oc-
curred in regions with low genotype diversity or had only a
few genotypes circulating during the study’s conduct [15]. To
date, studies reporting genotype-specific vaccine protection
have not been definitive. We accessed and pooled multi-
country data from 10 Phase II and III RV1 clinical trials to ad-
dress the lack of power from individual studies and estimate
type-specific rotavirus vaccine efficacy (VE).

METHODS

We pooled individual-level data collected on infants enrolled in
10 GSK Phase II and III clinical trials of RV1 conducted
between 2000 and 2012. The randomized, double-blind,
placebo-controlled trials all enrolled only healthy infants and
used similar inclusion/exclusion criteria, vaccination sched-
ules, definitions for the acute gastroenteritis outcome, stool
sample collection timings, and stool sample testing and geno-
typing procedures (Supplementary Table 1). Four trials collect-
ed stool samples for all episodes of acute gastroenteritis
(any-severity trials), 5 trials collected stool samples for episodes
of acute gastroenteritis resulting in hospitalization and/or ad-
ministration of oral rehydration therapy, and 1 trial collected
stool samples for medically-attended acute gastroenteritis epi-
sodes. One trial included multiple RV1 treatment arms with
different CCIDs, concentrations, but infants assigned to an
RV1 arm with CCIDs, < 10%° were excluded from analysis.

Protocol-specified follow-up ranged from 1 to 2 years after
receipt of the final study dose, so, for consistency across trials,
we restricted analysis to data collected during the first year of
life. We created 2 pooled datasets: 1 including data from all tri-
als and 1 including data only from any-severity trials. Data were
deidentified and obfuscated by GSK before sharing. The Emory
University Institutional Review Board determined this study
did not meet the definition of human subjects research requir-
ing approval. Data management and analyses were conducted
in R software (version 4.0.3).

Statistical Analysis
We included infants in VE analyses if they received 2 study dos-
es per their assigned treatment arm, did not experience RVGE

until at least 14 days after the second study dose, and attended
at least 1 study visit after the second study dose. For the 2 trials
featuring a 3-dose regimen of 1 placebo dose followed by 2 RV1
doses, we considered the 2 RV1 doses as the 2 relevant doses.
Our 2 outcomes of interest were any-severity RVGE, defined
as an episode of gastroenteritis where the collected stool sample
was rotavirus-positive by both enzyme-linked immunosorbent
assay (ELISA) and polymerase chain reaction (PCR), and se-
vere RVGE, defined as the subset of any-severity RVGE with
a Vesikari score >11 [16].

For type-specific VE analyses, RVGE episodes were classified
in 2 ways: based on the specific G- and P-protein detected (ge-
notype classification) and based on whether the G- and
P-proteins detected were the same as those in RV1
(RV1-typic classification). Genotype categories used were
G1P[8], G2P[4], G9P[8], and non-G1P[8] detections (which
included other single G-proteins detected in combination
with P[8] alone). RV1-typic categories used were homotypic
(G1P[8] detected, since RV1 only contains G1 and P[8] anti-
gens), partially heterotypic (either G1 or P[8] detected in com-
bination with a single non-P[8] protein or non-Gl1 protein,
respectively), and fully heterotypic (no G1 or P[8] detected).

We first estimated non-specific VE against any-severity
RVGE (using only the any-severity trial data) and against se-
vere RVGE (using first the any-severity trial data, then the en-
tire pooled dataset) using binomial logistic regression models.
We estimated type-specific VE against any-severity RVGE (us-
ing only the any-severity trial data) and severe RVGE (using
first the any-severity trial data, then the entire pooled dataset)
using multinomial logistic regression models. We additionally
conducted a multinomial logistic regression sieve analysis, as
described by Gilbert et al [17], to estimate VE against G2P[4]
and GIP[8] relative to G1P[8]. Outcome categories for multi-
nomial models were unordered.

In all of these models, we included covariates for RV1 vacci-
nation (yes or no), oral poliovirus vaccination concomitant
with RV1 vaccination (yes or no), and the country’s child mor-
tality stratum (high, low, or very low); countries were assigned
to a stratum using the 2002 World Health Report [18]. This var-
iable was included to control for unmeasured confounders of
the relationship between RV1-conferred immunity and sus-
ceptibility to RVGE, as many of these confounders are correlat-
ed with a country’s child mortality stratum.

We conducted 4 sensitivity analyses for our modeling ap-
proaches. In the first sensitivity analysis, we estimated
genotype-specific VE using a series of binomial logistic regres-
sion models to assess if the multinomial regression forced VE
against some genotypes to be lower based on the non-specific
VE. In the second sensitivity analysis, we used the country’s
WHO region in lieu of the country’s child mortality stratum.
Because child mortality stratum and WHO region were perfect-
ly correlated in the any-severity trial data, this analysis was only
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necessary for estimation of VE against severe RVGE using all
pooled data. For the third sensitivity analysis, we slightly
changed how the RV1-typic categories were defined. In our
main analyses, GXP[6] detections (ie, G-type uncharacterized)
composed a substantial number of RVGE episodes and were
classified as fully heterotypic, representing the assumption
that no G1 co-occurred with P[6]. We classified GXP[6] as
only partially heterotypic in our sensitivity analysis, represent-
ing the other extreme assumption that these were all G1P[6].
The fourth sensitivity analysis followed the main analysis and
also included model adjustment for specific trial.

RESULTS

A total of 87 644 infants from 22 countries and 10 RV1 trials
were included in our analysis of VE against severe RVGE
using the entire pooled dataset. Just under half of participants
(n =42947) were female, 62% (n = 54 663) were from countries
with low child mortality rates, and 23% (n =19 818) were from
countries with high child mortality rates. Classification of
countries into strata by child mortality rates are in
Supplementary Table 2. The distribution of these characteris-
tics did not appear to differ by treatment group (Table 1).
Among infants assigned to RV1 (n=46649), 17% received
oral poliovirus vaccine on the same day that RV1 was adminis-
tered (concomitant OPV) (Table 1).

A total of 12 003 infants were included in our analysis of VE
against any-severity RVGE. Infants came from 9 countries and
4 RV1 trials where stool samples were collected and tested for
all episodes of gastroenteritis (any-severity trials). Almost half
(n=5832) were female, 41% (n=4893) were from countries
with high child mortality rates, and 33% (n=3932) were
from countries with very low child mortality rates. The distri-
bution of infants in the RV1 group between child mortality
strata was similar to the overall distribution, but placebo group
infants were split more evenly between strata (Table 1). Child
mortality stratum was also highly correlated with WHO region
(Supplementary Table 2). Among infants assigned to RV1 (n=
7527), 46% received OPV concomitant with RV1 (Table 1).

Rotavirus Types

In all pooled data, the homotypic genotype (ie G1P[8]) was de-
tected in 41% of the 232 severe single-genotype RVGE cases in
the placebo group and in 37% of the 63 severe single-genotype
RVGE cases in the RV1 group (Figure 1, Supplementary
Table 3). Similar proportions of G2P[4] and non-G1P[8] oc-
curred in the two groups (placebo: 18% and 14%, respectively;
RVI: 21% and 14%, respectively) (Figure 1, Supplementary
Table 3). Homotypic, partially heterotypic, and fully heterotyp-
ic genotypes occurred in similar proportions among the 265 se-
vere RVGE cases in the placebo group, but the 85 cases in the
RVI1 group had a greater proportion of fully heterotypic

genotypes (Figure 1, Supplementary Table 3). Similar distribu-
tions of genotype categories and RV 1-typic categories occurred
for the 595 single-genotype any-severity cases and the 233
single-genotype severe cases in the any-severity trial data
(Figure 2, Supplementary Table 3). RVGE cases with multiple
G- or P-types detected are not included in the total case num-
bers above and were excluded from all analyses; for this reason,
14 cases (11 in the placebo group) were excluded from all
pooled data. Twenty-one cases (12 in the placebo group)
were excluded from the any-severity trial data. Classifications
of rotavirus genotypes into homotypic and heterotypic catego-
ries are located in Supplementary Table 4. Genotypic and
RVI1-typic distributions varied by trial (Supplementary
Figures 1 and 2), child mortality stratum (Supplementary
Figures 3 and 5), and WHO region (Supplementary Figures 4
and 5).

RV1 Efficacy

Non-specific VE against severe RVGE was 91% when estimated
using all pooled data and when estimated using only any-
severity trial data (all pooled data 95% confidence interval
[CI]: 87-94%; any-severity trial data 95% CI: 85-96%).
Genotype-specific VE estimates from the model fit to all pooled
data ranged from 96% (95% CI: 89-98%) against G1P[8] and
92% (95% CI: 81-97%) against G9P[8] to 71% (95% CI:
43-85%) against G2P[4] (Figure 3, Supplementary Table 5).
Based on the sieve analysis, RV1 protection against severe
RVGE caused by G9P[8] was similar to its protection against
homotypic GI1P[8] (odds ratio [OR]: 1.61; 95% CI: 0.41-
6.37). Vaccinated infants who experienced severe RVGE were
9.18 times (95% CI: 2.14-39.34) more likely to be infected by
G2P[4] than by G1P[8].

VE against severe RVGE caused by partially heterotypic ge-
notypes (92% [95% CI: 84-96%]) was similar to VE against the
homotypic genotype, but VE against fully heterotypic geno-
(83% [95% CI: 67-91%])(Figure 3,
Supplementary Table 5). Genotype-specific and RV1-typic
VE estimates from the model fit to any-severity trial data fol-
lowed a similar pattern (Supplementary Table 5). Similar esti-

types was lower

mates of type-specific VE against severe RVGE were obtained
when adjusting for WHO region in lieu of child mortality stra-
tum (Supplementary Table 6).

Non-specific VE against any-severity RVGE was 82% (95%
CI: 75-87%). Genotype-specific VE estimates ranged from
94% (95% CI: 86-97%) against GI1P[8] to 79% (95% CI: 60—
89%) against GOP[8] and 63% (95% CI: 41-77%) against
G2P[4] (Figure 4, Supplementary Table 5). VE estimates were
precise (ie narrow 95% CI width) for VE against G1P[8] but
less so for VE estimates against all other genotypes. Based on
the sieve analysis, RV1 was more protective against any-
severity RVGE caused by G1P[8] than by either GOP[8]- or
G2P[4]-caused RVGE (G9P[8] OR: 3.43 [95% CI:1.22-9.62];
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Table 1. Characteristics of Infants Included in Vaccine Efficacy Analyses

Severe RVGE Analysis

Any-severity RVGE Analysis

Characteristic, n (%)? Placebo (n=40995) RV1 (=46 649) Placebo (n=4476) RV1 (n=7527)
Sex
Female 20058 (49) 22889 (49) 2205 (49) 3627 (48)
Male 20937 (51) 23760 (51) 2271 (51) 3900 (52)
Country’s child mortality stratum
High 9001 (22) 10817 (23) 1564 (35) 3329 (44)
Low 26193 (64) 28470 61) 1586 (35) 16592 (21)
Very low 5801 (14) 7362 (16) 1326 (30) 2606 (35)
Country’s WHO region
African Region 1569 (4) 3337 (7) 1564 (35) 3329 (44)
Region of the Americas 30034 (73) 32354 (69) 0 (0) 0 (0)
European region 2321 (6) 3620 (8) 1326 (30) 2606 (35)
Western Pacific region 7071 (17) 7338 (16) 1586 (35) 1692 (21)
Concomitant OPV and RV1
Yes 0 (0) 7758 (17) 0 (0) 3480 (46)
No 40995 (100) 38891 (83) 4476 (100) 4047 (54)

Data from all 10 trials were included in the severe RVGE analysis. Data from the 4 trials that collected stool samples for gastroenteritis of any severity were included in the any-severity RVGE

analysis.

Abbreviations: OPV, Oral poliovirus vaccine; RV1, Monovalent rotavirus vaccine; RVGE, rotavirus gastroenteritis; WHO, World Health Organization.

#Percentages may not sum to 100 due to rounding.

G2P[4] OR: 4.52 [95% CI: 1.15-17.71]). VE against any-
severity RVGE was lower (83% [95% CI: 72-90%]) against
partially heterotypic genotypes compared to the homotypic
genotype but lowest (63% [95% CI: 40-77%]) against fully
heterotypic genotypes (Figure 4, Supplementary Table 5).
Our sensitivity analyses for genotype-specific VE estimated
with a series of binomial logistic regressions (Supplementary
Table 7), for RVI-typic
(Supplementary Table 8), and for adjustment for specific trial

recategorization of GXP[6]

(Supplementary Table 9) yielded similar type-specific estimates
for VE against both any-severity and severe RVGE.

DISCUSSION

Our results provide robust evidence from controlled trials that
RV1 is less efficacious against heterotypic rotavirus genotypes
and, specifically, G2P[4], than against G1P[8]. RV1 was simi-
larly effective against severe RVGE caused by homotypic and
partially heterotypic genotypes. G1P[8]-specific VE estimates
against any-severity RVGE and against severe RVGE were sim-
ilar, although protection against other genotypes follows the
documented phenomenon of lower VE against less-severe
RVGE.
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Figure 1. Percent of severe (Vesikari score >11) RVGE cases in each genotype category (/eff) and RV1-typic category (right) by treatment arm. Abbreviations: RV1-typic,

similarity to monovalent rotavirus vaccine antigens; RVGE, rotavirus gastroenteritis.
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Figure 2. Percent of any-severity RVGE cases in each genotype category (/eft) and RV1-typic category (right) by treatment arm. Abbreviations: RV1-typic, similarity to

monovalent rotavirus vaccine antigens; RVGE, rotavirus gastroenteritis.

Our results are consistent with prior pooled analyses and
meta-analyses, but ours might be considered more conclusive
because of the quantity of data we analyzed from several studies
occurring over a broad span of time. In a previous pooled anal-
ysis of 5 RV1 trials encompassing either the first year of life or a
full rotavirus season, VE against G2P[4] was slightly lower than
VE against G1P[8] [19]. However, the prior analysis and the in-
dividual studies were underpowered to reach firm conclusions
about diminished VE against the G2P[4] genotype, and some of
the trials (which we did not include in our pooled data) used a
lower viral titer than the current commercialized formulation.

Results from a meta-analysis of genotype-specific vaccine ef-
fectiveness from post-licensure case-control studies were simi-
larly suggestive of lowered effectiveness against G2P[4] and

other heterotypic genotypes for both RV1 and Merck’s
RotaTeq formulation (RV5), which contains G1, G2, G3, G4,
and P[8] antigens [20]. However, this meta-analysis was also
limited by the small sample sizes and imprecise estimates
from individual studies. Given our results for RV1 VE against
G2P[4], RV5 VE may also be diminished against G2P[4], al-
though perhaps less so since the G2 antigen is in its
formulation.

Several countries have reported increased detection of
G2P[4] after RVI1 introduction [21-23], although whether
this is inherent evolutionary mechanism or
vaccine-induced selective pressures is unclear. G12P[8] has
also become more common globally in the post-vaccine era
[24]. A recent full-genome analysis of 13 years of G2P[4] strains

due to
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Figure 3. Vaccine efficacy against severe RVGE caused by specific rotavirus genotypes (/eft) and genotypic similarity to monovalent rotavirus vaccine antigens (right). All
pooled data were used for these estimates. Gray lines represent the overall efficacy (solid line) and its associated 95% Cl (dashed lines). I-bars represent 95% Cls for each
type-specific efficacy estimate. Abbreviations: Cl, confidence interval; RVGE, rotavirus gastroenteritis.
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Figure 4. Vaccine efficacy against any-severity RVGE caused by specific rotavirus genotypes (/eft) and genotypic similarity to monovalent rotavirus vaccine antigens (right).
Only any-severity trial data were used for these estimates. Gray lines represent the overall efficacy (solid line) and its associated 95% Cl (dashed lines). I-bars represent 95%
Cls for each type-specific estimate. Abbreviations: Cl, confidence interval; RVGE, rotavirus gastroenteritis.

collected in South Africa suggested that the distinct pre- and
post-vaccine era lineages were a consequence of natural evolu-
tionary dynamics [25]. If G2P[4] and other heterotypic
genotypes become more and more prevalent and existing vac-
cines are less effective against them, rotavirus immunization
programs may experience diminishing returns. Our findings
highlight the need for continued development of more cross-
protective rotavirus vaccines.

Our results are subject to several limitations. We were unable
to estimate VE against more than three specific rotavirus geno-
types due to limited genotypic diversity in the pooled data and
small case numbers for some genotypes. The non-G1P[8] geno-
type category was an attempt to mitigate this limitation, as this
category was only partially heterotypic with the G1 and P[8]
antigens in the RV1 formulation. VE against genotypes com-
mon in the post-vaccine era, but not pre-vaccine era, could
not be evaluated because of the time during which the trials
were conducted. Further work should evaluate VE against new-
er, common genotypes like G12P[8] as more genotypes emerge
but vaccine formulations remain the same. We also could not
evaluate enteric co-infections, which would result in underesti-
mated VE [26, 27]. However, as our goal is comparing
genotype-specific and RV1-typic VE, the general trends of
our comparisons likely hold even with underestimation.
Finally, the 2 types of models that we fit (binomial and multi-
nomial logistic regression models) both make strong assump-
tions about the nature of RV1 efficacy. Binomial regression to
estimate non-specific VE assumes that VE is the same against
all genotypes. Meanwhile, because multinomial regression esti-
mates VE for every rotavirus type separately, robust data for
each genotype of interest are necessary for model specification
and narrow confidence intervals. An ideal balance between the
2 approaches would shrink VE estimates for genotypes with
sparse data towards the overall VE estimate, whereas VE

estimates for genotypes with more robust data would align
closely with their respective estimates from a multinomial
model.

CONCLUSIONS

Overall, our findings indicate that RV1 is meaningfully less ef-
fective against fully heterotypic genotypes and G2P[4] specifi-
cally than it is against G1P[8] and partially heterotypic
genotypes. Because many of the non-G1, P[8] genotypes (the
majority of partially heterotypic-genotypes detected) feature
the same Wa-like genetic backbone as circulating G1P[8], al-
though G2P[4] features the distinctly different DS-1-like genet-
ic backbone [10], our results could be a manifestation of
diminished efficacy against DS-1-like rotaviruses. Whether
the outer capsid proteins (the G- and P-proteins) or the entirety
of the genotype constellation (Wa-like or DS-1-like) matters
more for rotavirus VE is unclear. Regardless, our use of a large,
pooled data set resolves the primary obstacle of insufficient
power when attempting to draw conclusions about VE against
different rotavirus genotypes. The notably reduced VE against
the G2P[4] genotype is unambiguous.
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