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ABSTRACT
The RV3-BB human neonatal rotavirus vaccine aims to provide protection from severe rotavirus
disease from birth. A phase IIa safety and immunogenicity trial was undertaken in Dunedin, New
Zealand between January 2012 and April 2014. Healthy, full-term (� 36 weeks gestation) babies, who
were 0–5 d old were randomly assigned (1:1:1) to receive 3 doses of oral RV3-BB vaccine with the first
dose given at 0–5 d after birth (neonatal schedule), or the first dose given at about 8 weeks after birth
(infant schedule), or to receive placebo (placebo schedule). Vaccine take (serum immune response or
stool shedding of vaccine virus after any dose) was detected after 3 doses of RV3-BB vaccine in >90%
of participants when the first dose was administered in the neonatal and infant schedules. The aim of
the current study was to characterize RV3-BB shedding and virus replication following administration
of RV3-BB in a neonatal and infant vaccination schedule. Shedding was defined as detection of
rotavirus by VP6 reverse transcription polymerase chain reaction (RT-PCR) in stool on days 3–7 after
administration of RV3-BB. Shedding of rotavirus was highest following vaccination at 8 weeks of age
in both neonatal and infant schedules (19/30 and 17/27, respectively). Rotavirus was detected in stool
on days 3–7, after at least one dose of RV3-BB, in 70% (21/30) of neonate, 78% (21/27) of infant and
3% (1/32) placebo participants. In participants who shed RV3-BB, rotavirus was detectable in stool on
day 1 following RV3-BB administration and remained positive until day 4–5 after administration. The
distinct pattern of RV3-BB stool viral load demonstrated using a NSP3 quantitative qRT-PCR in
participants who shed RV3-BB, suggests that detection of RV3-BB at day 3–7 was the result of
replication rather than passage through the gastrointestinal tract.
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Introduction

Rotavirus is the most common cause of severe diarrhea in chil-
dren under 5 y of age. Globally, rotavirus infection causes an
estimated 215,000 annual deaths.1 Two rotavirus vaccines,
Rotarix (GSK, Rixensart, Belgium) and RotaTeq (Merck,
Whitehouse Station, USA) have reduced hospital admissions
and child deaths from diarrhea in settings where vaccine has
been introduced in national immunisation programs.2-7 How-
ever, Rotarix and RotaTeq have lower vaccine effectiveness in
low income countries when compared with high-income coun-
tries.8-10 Several host and environmental factors have been sug-
gested to play a role in the lower vaccine effectiveness.
Rotavirus disease can occur earlier in life in low-income set-
tings, with 56% of children in a birth cohort from Vellore
infected by 6 months11 compared with 27% in Philadelphia.12

The administration of Rotarix and RotaTeq is recommended
from 6 weeks of age, with completion of a 2- or 3-dose schedule
at 4–6 months which may be too late to provide protection in
some infants.

The RV3-BB vaccine is currently in clinical development
with a birth dose vaccination schedule.13 A birth dose of a

rotavirus vaccine, given before the intestinal microbiota has
fully established and when breast milk intake is limited may
help to overcome some of the restrictions on vaccine take. The
RV3-BB vaccine is based on a naturally attenuated neonatal
G3P[6] rotavirus strain, first identified in Melbourne obstetric
hospitals in the 1970s. Neonatal strains replicate well in the
immature newborn intestine.14 Natural infection with this
strain was shown to protect against severe disease during rein-
fection with heterotypic rotavirus strains during the first 3 y of
life.14 A phase IIa immunogenicity study demonstrated vaccine
take (serum immune response or stool shedding of vaccine
virus after any dose) after administration of 3 doses of RV3-BB
vaccine in >90% of participants when the first dose was admin-
istered at 0–5 d after birth (neonatal schedule) or at »8 weeks
of age (infant schedule).13

Several large epidemiological studies have demonstrated that
natural infection provides protection from subsequent severe
disease.14,15 The mechanisms responsible for generating protec-
tive immunity following vaccination or natural infection are
not completely understood. Serological responses such as
serum neutralizing antibodies and anti-rotavirus antibodies are
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important host responses following infection and vaccination,16

but are imperfect correlates of protection against disease.
Therefore using RV3-BB shedding as a surrogate for virus
replication may be useful in understanding protection follow-
ing rotavirus vaccination. The phase IIa immunogenicity trial
provided an opportunity to investigate the characteristics of
replication and shedding of this novel human neonatal vaccine.
In the present study, we used a rotavirus specific quantitative
reverse-transcription polymerase chain reaction (qRT-PCR) to
investigate if the schedule or dose of vaccine was associated
with differences in stool viral load and if there was a relation-
ship between stool viral load and serological response. In
addition, we investigated the kinetics of rotavirus shedding to
provide insights into the replication of RV3-BB in the intestine
following vaccination.

Results

Rotavirus shedding in stool following administration
of RV3-BB

In the neonatal schedule group, RV3-BB was administered at
0–5 days, 8 weeks and 15 weeks (Fig. 1). The proportion of
tested stool samples that were rotavirus positive by RT-PCR
was 66/277 (24%). Rotavirus was detected on days 3–7 in stool
after at least one vaccine dose in 70% (21/30) participants. The
proportion of participants shedding rotavirus at day 3–7 was
highest (19/30) following RV3-BB dose 2 (8 weeks) (Table 1).
Collectively, 20% (6/30) participants shed rotavirus after any
one dose, 40% (12/30) after 2 doses and 10% (3/30) after all 3
doses of RV3-BB.

In the infant schedule group, RV3-BB was administered at
8 weeks, 15 weeks and 24 weeks (Fig. 1). The proportion of
tested stool samples that were rotavirus positive by RT-PCR
was 66/258 (26%). Rotavirus shedding was detected at days 3–7
following each dose of RV3-BB, with the highest proportion
(17/27) of shedding detected at RV3-BB dose 1 (8 weeks)

(Table 1). Rotavirus shedding occurred after any one dose of
RV3-BB in 26% (7/27) participants, 33% (9/27) after any 2
doses and 19% (5/27) after all 3 doses. Rotavirus was detected
in stool after at least one vaccine dose in 78% (21/27) of infant
schedule participants. In the placebo group, the proportion of
tested stool samples that were rotavirus positive by RT-PCR
was 2/307 (0.65%). Rotavirus shedding was detected in a single
participant at IP dose 3 (15 weeks).

Rotavirus shedding was lower in the neonatal schedule
following RV3-BB dose 1 (age 0–5 days) when compared with
dose 1 in the infant schedule (8 weeks) (4/30 vs 17/27,
difference in proportions 0.49, 95% CI 0.32–0.74, p D 0.0001).
The proportion of participants who shed rotavirus following
RV3-BB dose 2 in the neonatal (8 weeks) and infant (15 weeks)
schedules was not significantly different (19/30 vs 13/27, differ-
ence in proportions 0.15, 95% CI ¡0.10 to 0.38, p D 0.292).
Similarly, there was no significant difference in the proportion
of participants who shed rotavirus following RV3-BB dose 3 in
the neonate (15 weeks) and infant schedules (24 weeks)
(16/30 vs 10/27, difference in proportions 0.16, 95% CI ¡0.11
to 0.41, p D 0.289) (Table 1).

Sequence analysis of VP6 RT-PCR amplicons was
performed on 71 stool samples from participants who shed
rotavirus at day 3–7 post IP administration. The RV3-BB

Figure 1. Study design and sample collection. IP, investigational product.

Table 1. Rotavirus shedding in stool on days 3-7 post administration of RV3-BB or
placebo. Neonate and Infant schedule participants received RV3-BB vaccine accord-
ing the dosing schedule described in Material and methods.

IP dose 1
(0-5 days)

IP dose 2
(8 weeks)

IP dose 3
(15 weeks)

IP dose 4
(24 weeks)

Neonate
Schedule

13.3% (4/30) 63.3% (19/30) 53.3% (16/30) 0% (0/30)�

Infant
Schedule

0% (0/27)� 62.9% (17/27) 48.1% (13/27) 37.0% (10/27)

Placebo 0% (0/32)� 0% (0/32)� 3.1% (1/32)� 0% (0/32)�

�Placebo given at IP dose.
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vaccine VP6 sequence was detected in 69/71 episodes of rotavi-
rus shedding tested (data not shown). Wild-type rotavirus was
detected in stool following IP dose 4 in 2 participants from the
infant schedule group. Sequencing was unsuccessful on the
rotavirus detected following IP dose 3 in the placebo group.

Kinetics of rotavirus shedding following administration
of RV3-BB

Rotavirus viral load was quantitated in stool collected on days
1–7 following vaccine administration in a subset of participants
from the neonatal and infant schedules. In participants who
shed RV3-BB on days 3–7, rotavirus viral load was highest
(range 106.1 – 108.5 NSP3 copies/g) on day 1 following RV3-BB
administration and remained positive until day 4–5 after
administration (Fig. 2a, b). In contrast, participants who did
not shed RV3-BB either had undetectable viral load at days 1–7
or a viral load at day 1 which became undetectable after day 2

(Fig. 2a, b). Similar trends were observed in participants from
both the neonatal and infant schedules.

Stool rotavirus viral load following administration
of RV3-BB

We next sought to understand if vaccination schedule or dosing
time was associated with differences in rotavirus viral load at
days 3–7 in participants which shed rotavirus (Fig. 3a, b). The
maximum viral load detected on day 3–7 identified for each
participant was used in the analysis. The subset of participants
who shed rotavirus (VP6 RT-PCR positive) which had a viral
load undetectable in the NSP3 qRT-PCR and were assigned an
arbitrary value of 10 copies/g stool. In the neonate schedule the
median rotavirus viral load was similar following RV3-BB dose
1 (105.9 NSP3 copies/g), dose 2 (106.7 NSP3 copies/g) and
dose 3 (106.9 NSP3 copies/g). In the infant schedule group, the
median rotavirus viral load was similar following RV3-BB dose

Figure 2. Kinetics of rotavirus shedding in stool following RV3-BB vaccination of participants from the neonatal (a) and infant (b) schedules. Participants who shed RV3-BB
on day 3–7 post vaccination are shown in black. Participants who did not shed RV3-BB on day 3–7 post vaccination are shown in gray. Data points represent the mean
assay duplicates. Figure legend identifies unique trial participant number.

Figure 3. Viral load in stool of participants who shed rotavirus on day 3–7 following each dose of RV3-BB in neonatal (a) and infant (b) schedules. Data points represent
the mean of assay duplicates, horizontal line represents the median value. Participants who shed rotavirus (VP6 RT-PCR positive) which had a viral load undetectable in
the NSP3 qRT-PCR and were arbitrary assigned a value of 10 copies/g stool.
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1 (106.0 NSP3 copies/g), dose 2 (106.8NSP2 copies/g) and dose 3
(106.6 copies/g). In both the neonatal and infant schedules the
maximum viral load was variable post RV3-BB administration.
However, there was no significant difference in the maximum
viral load post RV3-BB dose 1, 2 or 3 when given in either the
neonatal or infant vaccination schedule.

Relationship between stool viral load and serological
response following administration of 3 doses of RV3-BB

The maximum detected rotavirus viral load on day 3–7 follow-
ing any dose of RV3-BB vaccine was not associated with a sero-
logical response (Fig. 4a, b). In both the neonatal and infant
vaccine schedules, there were a subset of participants who dem-
onstrated an IgA serological response following 3 doses of
RV3-BB despite not shedding detectable RV3-BB. Conversely,
a subset of participants who shed RV3-BB did not demonstrate
an IgA serological response following 3 doses of RV3-BB.
Similar data was demonstrated in a comparison of maximum
detected viral load and IgG serological response in both vaccine
schedules (data not shown).

Discussion

Our findings show significant rotavirus shedding in both
neonatal and infant schedules following vaccination with
RV3-BB, with cumulative vaccine shedding detected in
>70% of vaccine recipients in either schedule. In this trial,
detection of RV3-BB in stool on days 3 or later after vac-
cine administration was considered evidence of vaccine
virus replication rather than passage of the vaccine through
the gut. This assumption is based on the reported stool fre-
quency and the normal physiology of gastrointestinal transit
in newborns and young infants.17-19 Using these parameters
an oral dose of vaccine is likely to be passed within
24 hours. We have accounted for a greater than doubling of
the mean transit time by defining replication at day 3
(> 72 hours) and/or later. The distinct pattern of prolonged
detectable rotavirus stool viral load in participants who shed
RV3-BB on day 3 post vaccination when compared with
participants who did not shed RV3-BB supports the
assumption that this reflects vaccine virus replication.

In the neonatal and infant schedules vaccine shedding
was highest when a dose was given at 8 weeks of age. How-
ever, vaccine shedding was noted in a subset of neonatal
schedule participants following a birth dose (IP dose 1,
0–5 days). This demonstrates that the RV3-BB vaccine
strain is capable of replication in the neonatal and
the infant intestine. Asymptomatic neonatal infection with
the progenitor strain of the RV3-BB vaccine conferred pro-
tection against clinically severe rotavirus disease during the
first 3 y of life.14 This may suggest that infection or tran-
sient passage with the RV3-BB strain in a neonate may act
to prime the immune response at this early stage to protect
against subsequent severe disease. Demonstration of anti-
rotavirus serum IgA response in 10% participants following
a single birth dose of RV3-BB supports this conclusion.13

The proportion of participants shedding the vaccine virus
was higher when compared with clinical trials for Rotarix and
RotaTeq where ELISA or plaque assay detection of stool shed-
ding was used (reviewed in ref. 20). In the Rotavirus Efficacy
and Safety Trial, RotaTeq was shed in the stools 12.7% of vac-
cine recipients tested after dose 1, 0% vaccine recipients tested
after dose 2; and 0% of vaccine recipients after dose 3.21 Most
pre-licensure studies of Rotarix detected shedding in approxi-
mately 50% (range 21–80%, dependent on dose and study
parameters) following the first dose and approximately 15%
following second dose (range 11–21%) (reviewed in20).
However, our RT-PCR method is more sensitive when com-
pared the ELISA or plaque assays. A post-licensure study com-
paring vaccine shedding on days 2–28 following Rotarix or
RotaTeq vaccination using RT-PCR demonstrated shedding in
33/35 and 17/18 of participants following dose 1 in both
groups respectively, with shedding peaking on day 4–5.22 The
maximum stool viral of RV3-BB was more than 10-fold lower
when compared with the studies examining the shedding of
Rotarix and RotaTeq.22,23 In addition, the duration of shedding
of RV3-BB was shorter than in previous studies with Rotarix
and RotaTeq, with several reporting a large proportion of par-
ticipants shedding vaccine strain after day 7.22-25 This suggests
that a similar proportion of participants shed rotavirus follow-
ing vaccination, however, the duration of shedding and maxi-
mum stool viral load of RV3-BB may be less when compared
with Rotarix and RotaTeq.

Figure 4. Scatter plot of maximum stool viral load on day 3–7 after any dose of RV3-BB against serum IgA response after 3 doses of RV3-BB (log scale) in neonatal (a) and
infant (b) schedules. Participants with a viral load undetectable in the NSP3 qRT-PCR and were arbitrary assigned a value of 10 copies/g stool. Participants without an
IgA serological response were assigned a titer of 10 U/ml. Gray circle identify participants without serological and/or stool viral load.
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Study limitations

Our study was undertaken in a Dunedin, New Zealand in
neonates and infants with access to a high standard of
healthcare and low infant mortality. The vaccine shedding
and viral load data may not be directly applicable to the
use of RV3-BB in other socioeconomic and geographic set-
tings. As in the development of other rotavirus vaccines,25 a
combination of serological (IgA, IgG or SNA) and stool
shedding endpoints were used to assess RV3-BB vaccine
take. However, we were unable to demonstrate a clear cor-
relation between vaccine shedding or viral load and serolog-
ical response following vaccination. A subset of both
neonates and infants without detectable shedding demon-
strated an IgA serological response. Similar data has also
been reported in immunogenicity trials of Rotarix, with
higher combined vaccine take than IgA serological response
alone.25,26 The lack of understanding of serological corre-
lates of protection and immaturity of the neonatal immune
system present a challenge to the assessment of immune
response after a birth dose. In addition, our study was lim-
ited by the small sample size which provided limited power
to identify an association between viral load and immuno-
logical responses. Further studies, including the results of
an efficacy trial of RV3-BB vaccine recently completed in
Indonesia (ACTRN12612001282875), will assist in address-
ing these important questions.

Conclusions

Our findings show virus shedding in >70% following
administration of the human neonatal rotavirus vaccine
(RV3-BB) delivered in either the neonatal and infant
administration schedules. The distinct pattern of RV3-BB
stool viral load noted in participants who shed RV3-BB,
suggests that detection of RV3-BB at day 3–7 was the result
of replication rather than passage through the gastrointesti-
nal tract. The duration of shedding and stool viral load of
RV3-BB was lower when compared with previous studies
using Rotarix and RotaTeq.

Materials and methods

Study design and participants

The study design and recruitment of the Phase IIa safety
and immunogenicity of RV3-BB vaccine has been described
previously.13 Briefly, a randomized, double-blind, 3-arm,
placebo-controlled trial in 96 participants at Dunedin Hos-
pital, New Zealand. The trial had a 2-stage recruitment pro-
cess. Pregnant women were approached and preliminary
written informed consent was obtained for eligibility assess-
ment and cord blood collection. Final written informed
consent was confirmed after verification of eligibility status
by the site doctor after birth. Babies were eligible if they
were healthy, full term (� 36 weeks gestation), weighed at
least 2500 g, and were 0–5 d old at the time of randomiza-
tion. Eligible participants were randomly assigned into one
of 3 treatment groups (neonatal vaccine schedule group,
infant vaccine schedule group, or placebo) in a ratio of

1:1:1 according to a concealed block randomization sched-
ule. During the recruitment process, 231 pregnant women
were approached, 187 gave preliminary consent, 100 gave
final consent and screened for eligibility, 96 neonates were
randomized. The final primary analysis included 30 partici-
pants in the neonatal schedule, 27 in the infant schedule
and 32 in the placebo schedule.

The investigational product (IP) consisted of RV3-BB
vaccine (»8.3 £ 106 FCFU/ml) or Placebo (cell culture
medium, DMEM). The primary objective was to assess
cumulative vaccine take after administration of 3 doses of
RV3-BB vaccine. A positive vaccine take was defined as a
serum immune response of anti-rotavirus IgA or serum
neutralising antibodies (defined as �threefold increase in
titer from baseline) 28 d after administration of vaccine or
placebo; or detection of RV3-BB virus in stool, on days 3–7
after administration of vaccine or placebo. Participants
received 4 oral doses of IP (either RV3-BB vaccine or pla-
cebo) according to the treatment group randomization
schedule, with doses administered at 0–5 d (dose 1), 8 weeks
(dose 2), 14 weeks (dose 3) and 22 weeks of age (dose 4).
In the neonatal arm, dose 1, 2 and 3 consisted of RV3-BB
vaccine while dose 4 was placebo. In the infant arm dose 1
was placebo while dose 2, 3 and 4 consisted of RV3-BB vac-
cine. In the placebo arm all 4 doses given were placebo
(Fig. 1). Each dose of IP was given orally as a 1 ml dose. IP
dose 2, 3 and 4 were administered separately from routine
immunisations by at least 10 d.

Stool specimens and viral RNA extraction

Stool samples were collected routinely following each dose
of IP once per day on day 1–7 (Fig. 1). Stool samples were
obtained using faecal spatulas from the skin or nappy, and
placed into a specimen container and frozen in a domestic
freezer. Stool specimens were subsequently aliquoted, frozen
at ¡70�C and shipped on dry ice to the enteric virus group
at the Murdoch Childrens Research Institute (MCRI). Stool
suspensions (20% wt/vol) were prepared in virus dilution
buffer (0.01 M Tris-HCl pH7.5, 0.15 M NaCl, 0.01 M
CaCl2). Viral RNA extracted using the QIAamp� Viral
RNA Mini Kit (QIAGEN Cat# 52906) as according to the
manufacturer’s instructions. To validate the RNA extraction
an internal RNA control, RNA Extraction Control 670
(Bioline Cat# BIO-38040), was added to each sample during
the extraction process.

VP6 RT-PCR

Rotavirus shedding was assessed in stool samples, collected
on days 3–7 following IP dose administration by a rotavirus
VP6 specific reverse transcription polymerase chain reaction
(RT-PCR). Briefly, 5 ml of RNA was denatured at 97�C for
4 min and quenched on ice. The denatured RNA, was
added to a 20 ml PCR mixture containing 1x Reaction mix,
1 ml SuperScript II RT/Platinum Taq (Invitrogen Cat#
12574026) and 0.2 mM Rot3 and Rot5 oligonucleotide pri-
mers.27 RT-PCR conditions consisted of reverse transcrip-
tion at 40�C for 30 min, denaturation at 94�C for 2 min,
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followed by 40 cycles of denaturation at 94�C for 30 s,
annealing at 45�C for 30 s, extension 68�C for 30 s. A final
extension at 68�C for 5 min was included. PCR products
were analyzed by electrophoresis in a 1.2% (wt/vol) agarose/
TBE gel and Red Safe (Intron Biotechnology Cat# 21141).
Rotavirus positive samples were identified with a 308 bp
amplicon. A total of 1889 stool samples were collected fol-
lowing IP administration, 609 from neonatal, 601 from
infant and 679 placebo schedule participants. VP6 RT-PCR
was performed on 842 samples collected on days 3–7, 277
from neonatal, 258 from infant and 307 from placebo
schedule.

Nucleotide sequencing

The presence of rotavirus in stool samples was confirmed by
nucleotide sequence analysis. The VP6 RT-PCR products were
purified using QIAquick gel extraction kit according to the
manufacturer’s protocol (QIAGEN Cat# 28706). The purified
DNA was sequenced in both directions using Rot3 and Rot5
oligonucleotide primers. Purified DNA and primers were sent
to the Australian Genome Research Facility, Melbourne, for
sequence analysis using an Applied Biosystems 3730xl DNA
Analyser (Applied Biosystems, Foster City, CA, USA). The
resulting sequence was analyzed and contigs generated using
the Sequencher� Software program version 4.1 (Gene Codes
Corp Inc., An Arbor, MI, US) and identity determined using
the BLAST server on the GenBank database at the National
Centre for Biotechnology Information, USA (www.ncbi.nlm.
nih.gov). RV3-BB vaccine VP6 sequences were reported with
>99% nucleotide identity to RV3 VP6 (GenBank ID:
FJ998275.1).

Generation of NSP3 ssRNA control

A control RV3-BB NSP3 ssRNA was generated by in vitro
transcription. Initially, the NSP3 gene of RV3-BB was
amplified using RT-PCR. A 25 ml PCR mixture contained
2.5 ml of denatured RV3 RNA, 1x reaction mix, 1 ml Super-
Script III RT/Platinum Taq (Invitrogen Cat# 12574026) and
0.2 mM NSP3F (50-GGCTTTTAATGCTTTTCAGTG-30)
and NSP3R (50-ACATAACGCCCCTATAGC-30). RT-PCR
conditions consisted of reverse transcription at 45�C for
30 min, denaturation at 95�C for 15 min, followed by 34
cycles of denaturation at 95�C for 45 s, annealing at 60�C
for 45 s, extension 70�C for 60 s. A final extension at 70�C
for 7 min was included. PCR product was purified using
QIAquick gel extraction kit and cloned into pCR2.1 (Invi-
trogen Cat#K2000–01) according to the manufacturer’s
instructions. Purified pCR2.1-NSP3 plasmid was digested
with HindIII (NEB Cat# R0104S) and used as a template
for in vitro transcription reaction consisting of 1mg HindIII
digested pCR2.1-NSP3, 1x transcription buffer (Promega
Cat# P118B), 10 U T7 RNA polymerase (Promega Cat#
P207B), 20 U RNasin (Promega Cat# N2111), 2.5 mM each
rNTP (Roche Cat# 11277057001) and 10 mM DTT (Prom-
ega Cat# P1171). Reaction was incubated at 37�C for 2 h
and subsequently treated with 10 U recombinant DNase I
(Roche). The NSP3 ssRNA was purified by Sodium acetate/

ethanol precipitation and resuspended in nuclease free
water. Purified NSP3 ssRNA was quantitated using 2200
TapeStation (Agilent Technologies). The calculated MW of
NSP3 ssRNA transcript was 386420 g/mol. Copy number
was calculated by using the formula:

Copy number molecules 6 mLð Þ
D ½concentration ng 6 mLð Þ £ 6:022£1023

molecules 6 molð Þ� 6 ½MW ssRNA transcript £ 109 ng 6 gð Þ�

NSP3 qRT-PCR

Quantitative real-time RT-PCR (qRT-PCR) was used to
determine rotavirus NSP3 copy number using TaqMan
Fast Virus 1-Step (Life Technologies Cat# 444432) in an
Applied Biosystems 7500 HT qPCR system in 96 well for-
mat. The assay was multiplexed, with primers and probes
used to amplify and detect rotavirus NSP3 as described
previously,28,29 and an exogenous control RNA (Bioline
Cat# BIO-38040). Extracted RNA template was denatured
with NSP3 primers at 95�C for 5 min and cooled on ice.
The 25 ml reaction mixture consisted of 1x TaqMan Fast
buffer, 0.2 mM NSP3 primers, 0.15 mM NSP3 probe, 1x
Control Mix and 5 ml template RNA. The cycling condi-
tions consisted of reverse transcription at 48�C for 30 min,
denaturation at 95�C for 20 s, and 45 amplification cycles
consisting of 94�C for 15 s and 60�C for 1 min. All sam-
ples were tested in duplicate. A 10-fold dilution series (108

to 101 copies/reaction) of the ssRNA standard was pre-
pared in nuclease free water. A standard curve was gener-
ated by plotting the log of copy number against Ct values.
The average efficiency amplification was calculated as
95.2%. The lower limit of detection was determined as 102

copies/reaction. The final concentration in each sample
was calculated as viral NSP3 copies per gram of stool and
expressed on a Log10 scale. Samples that were VP6 RT-
PCR positive with a viral load <102 copies/reaction were
assigned the arbitrary value of 10 NSP3 copies per gram of
stool.

Serological assays

The serological assays to assess serum immune response
were performed as described previously.13 Blood was col-
lected from the umbilical cord and from all participants
28 d after IP dose 1, 28 d after IP dose 3, and 28 d after IP
dose 4 (Fig. 1). Serum samples were stored at –70�C until
analyzed. Baseline was defined as cord blood for the neona-
tal schedule comparison and after IP dose 1 for the infant
schedule comparison. Serum rotavirus IgA antibody titres
were measured by ELISA, with rabbit anti-RV3 polyclonal
antisera as the coating antibody and RV3-BB virus or Vero
cell lysate as the capture antigen. The antigen–antibody
complexes were detected with biotinylated anti-human IgA
and streptavidin-horseradish peroxidase. Concentrations of
rotavirus-specific IgA were measured with a standard curve
generated from known positive serum samples arbitrarily
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assigned a titer of 250 000 units (U/mL). The lower detec-
tion limit of the assay was 20 U/mL. If rotavirus IgA was
not detected in a sample, the concentration assigned
corresponded to 50% of the lower limit (i.e., 10 U/mL).
Serum rotavirus IgG antibody titres were measured as above
except a biotinylated anti-human IgG was used.

Statistical methods

Differences in the proportion of participants shedding rotavirus
by dose and vaccine schedule were assessed using Fisher’s exact,
with the 95% confidence interval estimated by Newcombe/Wil-
son method. Differences in viral load on day 3–7 post dose
were compared by Kruskal-Wallis followed by Dunn’s post-
test. All statistical tests were performed in GraphPad Prism ver-
sion 7.01.

The analysis of the relationship between maximum viral
load, IgA and IgG serological response included participants
who received 3 doses of RV3-BB vaccine according to the
MCRI-RV3-BB-002 trial protocol, with serological data
available post RV3-BB dose 3 and stool excretion following
at least one dose of vaccine. A number of participants did
not have a detectable serum response (10 U/ml) or viral
load (10 NSP3 copies/g) and were arbitrary assigned the
minimum assay value. Due to arbitrary assignment it was
not appropriate to perform statistical tests on the correla-
tion between variables and data analysis was descriptive
only.
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