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There is substantial evidence for broad 
cross-reactive immunity and hetero-

typic protection among human rotavirus 
strains in children with natural infection 
or with monovalent Rotarix vaccina-
tion. In this commentary, we addressed 
this same topic by testing sera of guinea 
pigs and gnotobiotic piglets that were 
intramuscularly immunized with an 
inactivated human rotavirus vaccine and 
also demonstrated a broad cross-protec-
tive immunity among human rotavi-
rus strains. Our findings from a single 
human strain in animal studies bode 
well for a low cost and efficacious inacti-
vated vaccine to protect children against 
rotavirus disease throughout the world.

The two currently licensed oral rotavirus 
vaccines, RotaTeq and Rotarix, which are 
very effective in reducing cases of severe 
diarrhea among children in developed 
and middle income countries,1,2 are much 
less efficacious (~50%) in low income 
countries of Africa and Asia.3-5 This same 
gradient of lower immune responses and 
protection linked to low socio-economic 
status of the population is similar to 
published data from other live oral vac-
cines tested previously, including early 
rotavirus vaccines, polio vaccine (OPV) 
and a cholera vaccine.6 Consequently, the 
impact of vaccination on rotavirus dis-
ease and death in low-income countries 
of Africa and Asia has not been estab-
lished. In addition, the two current rota-
virus vaccines have been associated with 
a low risk (1:~50 000) of intussusception 
among vaccinated infants7,8 and diarrhea 
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in vaccinated and unvaccinated children 
although the incidence and significance of 
this vaccine-acquired diarrhea remain to 
be determined.9,10

To improve the safety and efficacy of 
oral rotavirus vaccines, we have pursued 
development of an inactivated rotavirus 
vaccine (IRV).11 An IRV administered par-
enterally could avoid some of the problems 
potentially inherent with live oral vaccines 
—neutralization from antibodies and other 
antiviral substances in breast milk, trans-
placental antibody secreted onto the small 
intestine or interference from other micro-
organisms that diminish the efficacy of live 
oral vaccines. Consequently, a parenteral 
rotavirus vaccine could be more efficacious 
for all children, rich and poor. As a paren-
teral vaccine, an IRV might not be expected 
a priori to cause intussusception or gastro-
enteritis or to harbor porcine circoviruses, 
both issues identified in past licensure 
studies with oral rotavirus vaccines. If an 
IRV were able to be combined with other 
pediatric vaccines (e.g., DTaP, IPV), the 
incremental cost of vaccine administration 
would be nil and there would be no need 
for a separate supply or cold chain, both 
advantages given the current volume of oral 
vaccines in the present cold chain.

We have developed a candidate human 
strain CDC-9 that was isolated from fecal 
specimen of a child in the United States. 
The strain is a single gene reassortant with 
the VP3 gene derived naturally from a 
G2P4 virus and the other 10 genes from 
a G1P8 virus, the most common geno-
type throughout the world.12 The strain 
was selected by serial passages and plaque 
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or very low levels of IgG and neutraliz-
ing activity in pre-bled and post-dose 1 
sera. Animals that received two doses of 
IRV developed significantly higher titers 
of IgG (mean = 3,040) and neutralizing 
activity against the two human strains—
homotypic Wa (mean = 320) and hetero-
typic MW333 (mean = 176). By contrast, 
animals that received two doses of IRV 
developed only slightly elevated neutral-
izing activity against the bovine WC3-
human WI79 (G1P5) reassortant (mean 
= 28) and undetectable or low levels of 
neutralizing activity against the bovine-
human WC3-WI79 (G6P8) reassortant 
(mean < 20) and the parent WC3 bovine 
strain (mean = 20). A third dose of IRV 
further significantly boosted IgG (mean 
= 23 040) and neutralizing activity titers 
against the strains Wa (mean = 2048) and 
MW333 (mean = 704) as well as the G1P5 
reassortant (mean = 176). A third dose of 
IRV only slightly increased neutralizing 
titer against the WC3 strain (mean = 44) 
but evoked no detectable neutralizing titer 
against the G6P8 reassortant virus (mean 
< 20).

Our findings of IRV testing in piglets 
and guinea pigs should provide guidance 
for the development of new parenteral 
rotavirus vaccines and inform the decision 
concerning whether a single human strain 
could protect against diverse human sero-
types. First, the choice of strains matters. 
We demonstrated that a monovalent human 
IRV induced broad and high-titer cross 
neutralizing activity against homotypic 
and heterotypic human strains, but much 
lower or no detectable neutralizing activity 
against the bovine-human reassortants or 
the bovine strain. Second, the number of 
doses is critical. We showed that two doses 
of IRV were needed to induce elevated neu-
tralizing activity against homotypic and 
heterotypic human strains, while three 
doses of IRV induced low levels of neutral-
izing activity against the WC3-WI79 G1P5 
reassortant or the WC3 virus. Third, we 
observed a 4-fold higher neutralizing titer 
against the WC3-WI79 G1P5 reassortant 
than the WC3 virus in sera of guinea pigs 
that received three doses of IRV. However, 
we were not able to detect neutralizing titer 
against the WC3-WI79 G6P8 reassortant 
in the same sera, suggesting possible poor 
expression or antigenicity of the human 

Figure 1. Inactivation of rotavirus us-
ing β-propiolactone. purified live (A) and 
β-propiolactone inactivated (B) rotavirus par-
ticles were stained with phosphatungstic acid 
and examined with an electron microscope. 
Live and inactivated rotavirus particles were 
analyzed on a 12% polyacrylamide gel fol-
lowed by silver staining (C). Lanes 1, molecular 
mass markers and 2 and 3, live and killed 
rotavirus, respectively. note: major structural 
rotavirus proteins are seen in lane 2 but are no 
longer observed in lane 3.

purification, grows to high titer (up to 108 
ffu/ml) in Vero cells and produces pre-
dominantly (> 90%) triple-layered virus 
particles which demonstrate robust sta-
bility during upstream production and 
downstream purification processes. These 
unique characteristics have not been 
found with other rotavirus strains and 
could have added value in producing a low 
cost and efficacious IRV.

We then developed a novel, ther-
mal method for inactivation. We used 
this approach because inactivation with 
β-propiolactone (BPL), an agent com-
monly used for the inactivation of many 
viruses, has been shown to cause severe 
damage to the integrity and biochemical 
composition of rotavirus particles (Fig. 1). 
In addition, BPL-treated rotavirus showed 
reduced viral hemagglutinating activ-
ity and intramuscular injection with this 
material in mice evoked less neutralizing 
antibody than immunization with live 
virus.13 By contrast, we showed that inac-
tivation by heat was rapid, simple, and 
maintained the integrity and preserved the 
antigenicity of virus particles.14 We fur-
ther demonstrated that CDC-9 IRV when 
adjuvanted with AlPO4 and administered 
intramuscularly was highly immunogenic 
and protected piglets from oral challenge 
with a virulent homotypic human strain.15

To answer the question whether or 
not a single strain would induce cross-
reactive immunity to different rotavirus 
genotypes or if a vaccine would need to 
include multiple strains, we analyzed sera 
from piglets vaccinated with G1P8 IRV 
to assess heterotypic neutralizing activ-
ity against non-G1P8 human strains, 
including a G8P4 MW333 strain with a 
short RNA electropherotype (Fig. 2). Six 
piglets that received three doses of IRV 
developed high neutralizing titers (GMT 
= 403) against the homotypic Wa strain. 
These vaccinated piglets also developed 
low to moderate levels of neutralizing titer 
against the semi-homotypic WI61 strain 
(GMT = 28) and the heterotypic MW333 
strain (GMT = 90).

We further investigated homotypic 
and heterotypic immunity by examin-
ing the kinetics of antibody and neutral-
izing activity responses to our IRV in a 
second mammalian species, guinea pigs  
(Table 1). All animals had undetectable 
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challenge study of IRV in gnotobiotic 
piglets, Stan Cryz of PATH for sponsor-
ing the immunogenicity testing of IRV 
in guinea pigs and Charles Humphrey 
for performing the analysis of live and 
inactivated rotavirus particles by electron 
microscopy.

The finding and conclusions in this 
report are those of the authors and do not 
necessarily represent to the views of CDC.
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rotavirus strain are similar to those from 
studies of the natural history of rotavirus 
and from experience with the monovalent 
rotavirus vaccine. Following first rotavirus 
infection, children often are protected or 
develop less severe disease on subsequent 
infections with the same or heterologous 
rotavirus genotypes.16,17 Similarly, infants 
vaccinated with the monovalent Rotarix 
are protected from subsequent infections 
with homologous or heterologous human 
strains.18 These data from natural infec-
tion and Rotarix vaccination studies pro-
vide clear evidence for broad cross-reactive 
immunity and heterotypic protection 
among human strains in children. Our 
findings that a human strain could induce 
broad cross-reactive neutralizing antibody 
to different human genotypes in ani-
mal studies bode well for a single strain 
approach to develop an IRV, which may 
lead to an effective and low cost vaccine to 
protect children against rotavirus disease. 
However, whether an IRV based on a single 
animal strain or a more complicated mix-
ture of animal-human reassortant strains 
would be equally effective in inducing 
broad cross-reactive immunity and protec-
tion in children remains to be determined.
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These findings confirm the importance of 
rotavirus VP7 in the induction of high-titer 
cross-reactive neutralizing antibody and 
suggest that a human strain could mediate 
better protection against rotavirus infec-
tion than an animal strain in humans.

Our findings of heterologous immu-
nity developing from exposure to a single 

Figure 2. rotavirus-specific neutralizing 
activity in sera of gnotobiotic piglets vac-
cinated with heat-inactivated cDc-9 strain. 
Six animals were intramuscularly immunized 
three times with IrV and neutralizing activity 
in serum was measured using a microneutral-
ization assay.15 Individual neutralization titers 
and gmt of each group are shown by the 
characters “▲” and “▂” respectively. In con-
trol, four piglets that received three doses of 
placebo vaccine all had undetectable titers (< 
20) of neutralizing activity against the three 
strains (data not shown).

Table 1. rotavirus-specific Igg and neutralizing activity in IrV-vaccinated guinea pigs

Pre Post dose 1 Post dose 2 Post dose 3

(day 0) (day 30) (day 60) (day 74)

Igg < 100 < 100 3,040 ± 960 23,040 ± 2,560

neutralizing activity against

Human Wa (g1p8) 21 ± 12.4 20 320 ± 88 2048 ± 314

Human mW333 (g8p4) < 20 < 20 176 ± 39 704 ± 157

Bovine Wc3-human WI79 (g1p5) < 20 < 20 28 ± 5 176 ± 39

Bovine Wc3-human WI79 (g6p8) < 20 < 20 < 20 < 20

Bovine Wc3 (g6p5) < 20 < 20 < 20 44 ± 10

Five guinea pigs were bled and intramuscularly immunized three times on days 0, 30, and 60 with 
50 μg of heat-inactivated cDc-9 formulated in 800 μg of Al(oH)3 (Accurate chemical and Scientific 
corporation), with a 1-mo interval between immunizations and were exsanguinated two weeks 
after the third injection. rotavirus-specific Igg and neutralizing activity in sera of IrV-vaccinated 
guinea pigs were measured by eIA and a microneutralization assay.15 each serum specimen was 
tested at an initial dilution of 1:100 and 1:20 for Igg and neutralizing activity, respectively. Igg or 
neutralizing titers (mean ± 3 standard errors) in a group are shown.
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