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Rotaviruses cause severe diarrhea in infants and young children, leading to significant morbidity and
mortality. Despite implementation of current rotavirus vaccines, severe diarrhea caused by rotaviruses
still claims ~200,000 lives of children with great economic loss worldwide each year. Thus, new preven-
tion strategies with high efficacy are highly demanded. Recently, we have developed a polyvalent protein
nanoparticle derived from norovirus VP1, the S particle, and applied it to display rotavirus neutralizing
antigen VP8* as a vaccine candidate (S-VP8*) against rotavirus, which showed promise as a vaccine based
on mouse immunization and in vitro neutralization studies. Here we further evaluated this S-VP8*
nanoparticle vaccine in a mouse rotavirus challenge model. S-VP8* vaccines containing the murine rota-
virus (EDIM strain) VP8* antigens (S-mVP8*) were constructed and immunized mice, resulting in high
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Subunit vaccine titers of anti-EDIM VP8* IgG. The S-mVP8* nanoparticle vaccine protected immunized mice against chal-
Rotavirus lenge of the homologous murine EDIM rotavirus at a high efficacy of 97% based on virus shedding reduc-
Norovirus tion in stools compared with unimmunized controls. Our study further supports the polyvalent S-VP8*

Subviral particle

nanoparticles as a promising vaccine candidate against rotavirus and warrants further development.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Rotaviruses, members of the family Reoviridae, cause severe
diarrhea in infants and young children, resulting in dehydration
of patients with significant morbidity, mortality, and economic loss
[1]. Although several vaccines against rotaviruses have been
approved for commercial use in many countries, rotavirus-caused
severe diarrhea still leads to ~200,000 deaths, 2.3 million hospital-
izations, and 24 million outpatient visits among infants and chil-
dren younger than 5years of age globally each year [2-4].
Therefore, new control and prevention strategies against this
deadly human pathogen at higher efficacy than the current vacci-
nes are urgently needed.

The two mostly implemented rotavirus vaccines, RotaTeq®
(Merck) and Rotarix® (GlaxoSmithKline, GSK), are live attenuated
virus vaccines. While they have been shown highly effective in pro-
tecting children against severe diarrhea caused by rotavirus infec-
tions in developed countries [5,6], they did not show the same
efficacies in many developing countries in Africa and Asia [7-9],
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where most rotavirus infections, morbidity, and mortality occur
and where rotavirus vaccines are mostly needed. In addition, these
two live vaccines continue to be associated with an increased risk
of intussusception [10-16]. Furthermore, the two vaccines remain
costly for the low-income nations. These common limitations of
the live rotavirus vaccines prevent their wider implementation in
many developing countries and therefore, new vaccines with
improved cost-effectiveness and safety are highly demanded.

We have recently developed a polyvalent protein nanoparticle,
the norovirus S particle, that consist of 60 shell (S) domains of the
norovirus capsid protein [17]. When produced in an E. coli expres-
sion system, modified norovirus S domains that naturally build the
inner shells of norovirus capsids self-assemble into 60-valent S
particles with exposed C-termini on the surface. The unique fea-
tures of the S particle, including its self-formation nature, polyva-
lence, and the freely exposed C-terminus of each S domain, make
the S particle an excellent platform to display foreign antigens
for enhanced immunogenicity. We have proved the concept by
generating a chimeric S-VP8* nanoparticle that contains 60 dis-
played rotavirus neutralizing antigen VP8*s on the surface of the
self-assembled S particles [17]. A similar principle has also been
used for making S-HA1 particles that display the HA1 antigens of
the H7N9 influenza virus [18].
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The surface spike proteins or VP4s are the P genotype determi-
nants of rotaviruses. The distal VP8* heads of VP4 is responsible for
interacting with rotavirus glycan receptors to initiate a host-
specific infection. Therefore, the VP8* protein plays an important
role in rotavirus antigenic types and is an excellent vaccine target
against rotavirus infection [19]. Recent advancements on
rotavirus-host interactions have provided new insights into rota-
virus infection, host ranges, and epidemiology [20-24], strength-
ening our ability to develop P type-based rotavirus vaccines
targeting the VP8* antigen. Since the recombinant protein-based
S-VP8* nanoparticle vaccine is non-replicating and immunization
will be given parenterally, replication of live rotavirus in the intes-
tine will not occur and therefore, intussusception may not happen.
In addition, the E. coli expression system is known for its easy and
low-cost production of recombinant protein and thus will greatly
reduce the cost of our S-VP8* nanoparticle vaccine.

Our previous study [17] showed that the S-VP8* nanoparticle
vaccine elicited significantly higher antibody responses in mice
toward the displayed VP8* antigens compared with that induced
by free VP8* antigens. The mouse sera after immunization with
S-VP8* nanoparticle vaccine strongly blocked attachment of rota-
virus VP8* protein to its glycan ligands and neutralized rotavirus
replication in culture cells [17]. To further evaluate the protective
efficacy of the vaccine, we constructed new S-VP8* nanoparticle
vaccines containing the VP8* antigens of murine rotavirus EDIM
(epizootic diarrhea of infant mice) strain [25], referred as S-
mVP8* vaccine, and assessed their immune responses and protec-
tive efficacy in mice against challenge with EDIM rotaviruses. The
results indicated that the S-mVP8* nanoparticle vaccine protected
immunized mice against EDIM rotavirus challenge at a high effi-
cacy (97%) based on a reduction of viral shedding in the stools of
S-mVP8* nanoparticle vaccine-immunized mice compared with
unimmunized controls.

2. Materials and methods
2.1. Plasmid constructs

The DNA constructs for expressions of the S-mVP8* vaccines
were created using the previously made plasmids for expression
of the SRGQA‘VPg* and SRGQA/V57C/Q58C/S]36C'VP8* proteins []7] as
templates. These two pET-24b (Novagen)-based plasmids contain
a DNA fragment encoding a modified shell (S) domain with the
hinge of norovirus VA387 (GIl.4, GenBank accession no.
AY038600.3; residues 1-221) with either a single mutation
(R69A) or four mutations (R69A, V57C, Q58C, and S136C) and a
DNA fragment encoding the VP8* antigen of a human P[8] rota-
virus BM14113, equivalent to the amino acid sequences from 64
to 231 of the VP8* protein of Wa strain (G1P[8], GenBank accession
no. VPXRWA) [17]. A Hisx6 tag was added at the end of the VP8*
antigen for purification purpose (Fig. 2A and D).

To generate the two new plasmid constructs (Fig. 2A and D) for
production of the S-mVP8* vaccines, the human rotavirus VP8*-
encoding fragments of the above two plasmids were replaced with
DNA sequences encoding the VP8* antigen of a murine rotavirus
EDIM strain (residues L65-L222, GenBank accession no.
AF039219) [25], respectively. This resulted in two vaccine con-
structs (Fig. 2A and D). One was a fusion of the murine rotavirus
VP8* (mVP8*) to the S domain with a R69A mutation, referred as
Sr/a-mVP8*(Fig. 2A), while a second construct was a fusion of the
mVP8* to the S domain with quadruple mutations (R69A, V57C,
Q58C, and S136C), referred as Sgja-3c-mVP8* (Fig. 2D). The previous
study [17] suggested that the two versions of the S-mVP8* proteins
may differ in their particle formation and thus their immune
responses. A DNA construct for production of a glutathione

S-transferase (GST)-tagged mVP8* protein was also made via the
GST Gene Fusion System (GE Healthcare Life Sciences) using the
vector pGEX-4T-1 as described elsewhere [26-29].

2.2. Production of recombinant proteins

The hisx6-tagged S-mVP8* vaccines were expressed in E. coli
(BL21, DE3) and purified by TALON CellThru Resin (ClonTech)
according to the instruction of the manufacturer as described pre-
viously [17,30,31]. The GST-tagged mVP8* protein that was also
expressed in same E. coli strain was purified using resin of Glu-
tathione Sepharose 4 Fast Flow medium (GE Healthcare Life
Sciences) according to the manufacturer’s instructions as described
elsewhere [32-34].

2.3. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and protein quantitation

Purified proteins were analyzed by SDS-PAGE using 10% sepa-
rating gels and were quantitated by SDS-PAGE using serially
diluted bovine serum albumin (BSA, Bio-Rad) with known concen-
trations as standards on same gels [25].

2.4. Gel filtration chromatography

This was carried out as described elsewhere [33,35,36] through
an AKTA Fast Performance Liquid Chromatography System (AKTA
Pure 25L, GE Healthcare Life Sciences) via a size exclusion column
(Superdex 200, 10/300 GL, GE Healthcare Life Sciences) to assess
the size of the S-mVP8* vaccines and to further purify the GST-
tagged mVP8* protein as the capture antigen for EIAs to determine
the mVP8*-specific IgG titers. The column was calibrated using gel
filtration calibration kits (GE Healthcare Life Sciences) and the pre-
viously made norovirus P particles (~830 kDa) [36,37], small P par-
ticles (~420 kDa) [38], and P dimers (~69 kDa) [35] as described
previously [39].

2.5. Electron microscopy

The S-mVP8* proteins were inspected by electron microscopy
(EM) for particle formation using 1% ammonium molybdate as
the staining solution as described elsewhere [36]. Specimens were
observed under an EM10 C2 microscope (Zeiss, Germany) at 80 kV
at magnifications between 10,000x and 40,000 x.

2.6. Immunization of mice

Rotavirus-specific-antibody-free BALB/c mice (Harlan-Sprague-
Dawley, Indianapolis, IN) at 3-4 weeks of age were randomly
divided into four groups (n=6) and each group was immunized
with one of the following three immunogens or their diluent: (1)
Sr/a-3c-mVP8* nanoparticle vaccine in 5 pg/dose; (2) monomeric/
dimeric Sgja-mVP8* vaccine in 15 pg/dose; (3) the S nanoparticles
without mVP8* antigen in 15 pug/mouse/dose as a negative control,
and (4) phosphate buffer saline (PBS, pH 7.4) that was the diluent
of the above immunogens as a further negative control. These
immunogens or PBS in same volumes (100 uL) were immunized
to mice subcutaneously using Inject Alum adjuvant (Thermo Scien-
tific, 50 pL/dose). 15 pg/dose was selected based on our previous
study [25], while 5 ug/dose was selected due to the facts that the
Sr/a-3c-mVP8* particle vaccine has low yields and that the particle
vaccine can generally induce strong immune response [40]. Mice
were immunized three times in 2-week intervals as described pre-
viously [25,33]. Bloods were collected two weeks after the final
immunization via tail vein before viral challenge (Fig. 1). Sera were
processed from blood via a standard protocol [25].
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Fig. 1. Mouse vaccination and rotavirus challenge experiment design. Mice were
immunized with various immunogens for three times indicated by (1), (2), and (3)
in two week-intervals. Blood samples (B) were collected to determine immune
responses. Immunized mice were then challenged (C) with EDIM rotavirus and stool
samples were collected each day for seven days, from post challenge day (PCD) 1 to
7, to examine rotavirus shedding. All the experiments are outlined based on the
time line of PCDs.

2.7. Murine rotavirus challenge and determination of virus shedding

The established murine rotavirus challenge model [25,41-43]
was used to examine the protective efficacy of the S-mVP8* parti-
cle vaccine. Two weeks after the last immunization with the S-
mVP8* vaccine or negative controls, mice were challenged by oral
gavage with the murine rotavirus EDIM strain at a dose of 8 x10°
focus-forming units (FFU), which is equivalent to 2 x 10° 50%
shedding doses. Two fecal pellets were collected from each mouse
each day for 7 days after EDIM challenge (Fig. 1). The fecal pellets
were kept in 1 ml of Earle’s balanced salt solution (EBSS) and
stored frozen. At the time of analysis, fecal pellets were homoge-
nized and centrifuged to remove debris. Rotavirus antigen in the
fecal samples (ng/ml) were determined by an enzyme-linked
immunosorbent assay (ELISA) as described previously [43]. To this
end, a standard curve was generated using purified EDIM double-
layer particles with known rotavirus antigen concentration
(180 pg/ml). The purified EDIM particles were diluted between
37.5 and 4800 ng/ml. The clarified stool samples were diluted 20
folds to produce OD readings in the range of the standard curve.
The stool samples with OD < 0.1, which represent an undetectable
value of rotavirus antigen by the ELISA were arbitrarily set to a low
value of 20 ng/ml that was considered a negative value.

2.8. Enzyme immunoassays (EIAs)

EIA assays were performed to determine the rotavirus VP8*-
specific IgG titers in the mouse sera after immunization as
described previously [25]| using the gel-filtration-purified GST-
mVP8* protein as capture antigen. The GST-mVP8* antigen at
1 pg/ml was used to coat 96-well microtiter plates and then incu-
bated with serially diluted mouse sera. Bound antibodies were
measured by incubations with goat-anti-mouse IgG HRP (horse-
radish peroxidase) conjugated (MP Biomedicals, Inc). The anti-
mVP8* IgG titers were defined as an end-point dilution with a cut-
off signal of ODyso=0.15. Sera samples that did not produce an
OD > 0.15 at 1:20 dilution were arbitrarily given a value of 10.

2.9. Statistical analysis

Statistical differences among data sets were assessed by soft-
ware GraphPad Prism 7 (GraphPad Software, Inc) using an
unpaired ¢ test. P-values were set at 0.05 (P < 0.05) for significant
difference, 0.01 (P<0.01) for highly significant difference, and
0.001 or 0.0001 (P<0.001/P<0.0001) for extremely significant
difference.

2.10. Ethics statement

This study was carried out in accordance with the recommen-
dations in the Guide for the Care and Use of Laboratory Animals

(23a) of the National Institutes of Health (NIH). All protocols were
approved by the Institutional Animal Care and Use Committee
(IACUC) of the Cincinnati Children’s Hospital Research Foundation
(Animal Welfare Assurance no. A3108-01).

3. Results
3.1. Production of two S-mVP8* vaccines

Two S-mVP8* vaccines were made in this study, the Sg/a-mVP8*
vaccine was a fusion of the murine rotavirus VP8* (mVP8*) to the S
domain with a R69A mutation, while the Sga.3c-mVP8* vaccine
was a fusion of the mVP8* to the S domain with quadruple muta-
tions (R69A, V57C, Q58C, and S136C) (Fig. 2A and D). Both fusion
proteins were produced as soluble proteins in the E. coli system,
but the yield of the Sgja-mVP8* vaccine (~2 mg/liter bacteria cul-
ture) was higher than that of the Sga-3c-mVP8" vaccine
(~0.8 mg/liter bacteria culture) (Fig. 2, compared B and F).

As found previously [17], SDS PAGE analyses of the two vaccines
revealed both monomer (~41 kDa) and dimer (~82 kDa) forms.
Higher ratio of dimeric proteins was seen in the Sgja-3c-mVP8* con-
struct than that of the Sga-mVP8* construct, which is consistent
with the higher inter-S domain interaction of the Sgja-3c-mVP8*
proteins due to the introduction of the inter-S domain disulfide
bonds. Accordingly, gel-filtration chromatography of the two pro-
teins showed that the Sg;.-mVP8* protein was a mixture of mono-
mers and dimers without assembling into nanoparticles (Fig. 2C)
based on their typical elution positions [17]. By contrast, majority
of the Sga3c-mVP8* protein appeared to form nanoparticles
(Fig. 2G), which was supported by the observed particle formation
via electron microscopy (Fig. 2H). Therefore, the Sga-3c-mVP8*
protein was a nanoparticle vaccine, while the Sga-mVP8* protein
was a monomer/dimer vaccine.

3.2. Immune responses of the S-mVP8* vaccines in mice

The Sga-mVP8* and Sgja-3c-mVP8" vaccines were used to
immunize mice along with previously made S nanoparticles [17]
and vaccine diluent (PBS) as negative controls. After three immu-
nizations, mVP8*-specific IgG responses of the immunized mice
were evaluated. To this end, GST-mVP8* protein was produced
and further purified via gel-filtration chromatography to reach a
purity nearly 100% (Fig. 3A-C, lanes P3) to be used as capture anti-
gens in EIA assays. Our results showed that, while both S-mVP8*
vaccines elicited antibody responses, the mVP8*-specific IgG titer
elicited by the Sg/a-3c-mVP8” particle vaccine was ~4.6 folds higher
than that elicited by the monomeric/dimeric Sgja-mVP8* vaccine
and this difference was statistically extremely significant
(P<0.0001, Fig. 3D). As negative controls, the S particle without
mVP8* antigen and PBS did not elicit any detectable mVP8*-
specific IgG response.

3.3. Virus shedding of vaccinated mice after EDIM challenge

The vaccinated mice were challenged with EDIM rotavirus and
virus shedding was determined for seven days, from post challenge
day (PCD) 1 to 7 (Fig. 4A). The results showed that after EDIM chal-
lenge the control mice that were immunized with the S particle or
PBS without mVP8* antigens shed viral antigens in large amounts,
reaching a maximum shedding on PCD 2 over 26,000 ng/ml of
detectable viral antigen. Then virus shedding decreased and
reached undetectable levels on PCD 6 or 7. Most viral shedding
occurred from PCD 2 to 5. In contrast, both S-mVP8* vaccines
reduced virus shedding dramatically with a peak virus shedding
at 8000 ng/ml on PCD 2 for the Sg;a-mVP8* vaccine group and only
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Fig. 2. Production and characterization of the S-mVP8* vaccines. (A-G) Schematic illustrations of the expression constructs (A and D), SDS-PAGE analyses (B and F), and
elution curves of gel-filtration chromatography (C and G) of the Sg;a-mVP8* (A-C) and Sg/a-3c-mVP8* (D-G) proteins. In (A and D) Sga represents the modified norovirus S
domain with the R69A mutation, while Sg/a-3c represents the modified norovirus S domain with the quadruple mutations of R69A, V57C, Q58C, and S136C. mVP8* represents
the VP8* antigen of murine rotavirus. The hinge at the end of the S domain and the Hisx6 tag at the end of the mVP8* are indicated. In (B and F), the monomer (~41 kDa) and
dimer (~82 kDa) of the S-mVP8* proteins are indicated, while lane M is the prestained protein markers with indicated molecular weights. In (C and G), elution curves of gel
filtration chromatography of the two S-mVP8* vaccines through the size-exclusion column Superdex 200 (10/300 GL, GE Healthcare Life Sciences) are shown. The typical
elution positions of the particle, dimer, and monomer of the S-VL8* proteins are indicated. (H) EM images of the Sg/a-3c-mVP8* protein. Typical chimeric particles are shown

by arrows.

0.85 pug/ml on PCD 3 for the Sgja-3c-mVP8* vaccine group (Fig. 4A),
indicating the significantly reduced virus shedding after immu-
nization with the two S-mVP8* vaccines.

3.4. Protective efficacy of the S-mVP8* particle vaccines

We then calculated and compared the cumulative virus shed-
ding of individual mice in each experimental group during the peak
shedding period (PCD 2-5) (Fig. 4B). The results showed that the
Sr/a-3c-mVP8* particle vaccine group revealed the mostly reduced
virus shedding, exhibiting 97% and 96% reduction compared with
the S particle (P=0.0136) and PBS (P=0.009) control groups,
respectively (Fig. 4B). The Sgja-3c-mVP8* particle vaccine also
showed 85% reduction compared with the Sga-mVP8* group
(P=0.0085). By contrast, the difference between the two control
groups was not significant (P = 0.5400). These data indicated a high

(96-97%) efficacy of the Sg/a-3c-mVP8* particle vaccine in protect-
ing immunized mice against murine rotavirus shedding.

3.5. Daily virus shedding reductions caused by the Sg/a-3c-mVP8*
particle vaccine

Finally, we calculated the daily virus shedding reductions
caused by the Sgja-3c-mVP8* particle vaccine during the virus shed-
ding period after virus challenge compared with other control
groups (Fig. 5). The data showed that such virus shedding reduc-
tions were correlated positively with the corresponding virus shed-
ding levels of the negative controls. For example, compared with
the PBS control group, the Sgja-3c-mVP8* particle vaccine caused
smaller virus shedding reduction (7.2 folds) on PCD 1, but reached
the largest reduction on PCD 2 (68.8 folds). Then the shedding
reduction went down along with the decrease of virus shedding
in the PBS control group. Similar scenarios were also seen when
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Fig. 3. Immune responses of the S-mVP8* vaccines in mice. (A-C) production and purification of GST-mVP8* protein as capture antigens for EIA to assess the mVP8*-specific
IgG titers. (A) Three affinity column-eluted fractions (1-3) of the GST-mVP8* proteins were analyzed on an SDS PAGE gel. (B and C) The GST-mVP8* protein was further
purified by gel-filtration chromatography (B) and the four observed peaks (P1, P2, P3, and P4) were analyzed by SDS-PAGE (C), in which three eluted fractions from P3 were
loaded. Lanes M are prestained protein markers with indicated molecular weights. Arrows indicate the GST-mVP8* proteins. (D) Both S-mVP8* vaccines elicited mVP8*-
specific IgG responses, in which the Sg/a-3c-VP8* particle vaccine elicited significantly higher mVP8*-specific IgG titer than that elicited by the Sg/s-VP8* monomeric/dimeric
vaccine. As negative controls the S particle without the mVP8* antigen and PBS did not induce such immune response. Data are shown by columns (mean values) with error
bars (standard deviations). The statistical differences between the data groups are shown by star symbols with indicated P values (* P < 0.05, **** P < 0.001).

compared with the other negative control (S particle) or the mono-
meric/dimeric Sg;a-mVP8* vaccine group (Fig. 5). These data fur-
ther supported the notion that Sga3c-mVP8* particle vaccine
protects immunized mice against murine rotavirus infection at
high efficacy.

4. Discussion

The norovirus S particle, a 60 valent protein nanoparticle, was
developed previously and we demonstrated that human rotavirus
VP8* antigens can be displayed by the S particles, forming chimeric
S-VP8* nanoparticles [17]. Further study showed that the polyva-
lent S-VP8* nanoparticles elicited enhanced immune responses in
mice toward the displayed VP8* antigens compared with those
induced by the free VP8* antigens [17]. The mouse sera after
immunization with the S-VP8* particles strongly blocked the

attachment of rotavirus VP8* protein to its glycan ligands and sig-
nificantly reduced rotavirus replication in cell culture [17]. In this
study, we provide new evidence to show that the S-mVP8*
nanoparticle is a useful vaccine candidate that protected vacci-
nated mice against homologous murine rotavirus challenge at high
efficacy with 97% reduction in virus shedding compared to nega-
tive control mice. These new data further support the notion that
the S-VP8* nanoparticle vaccine is a promising approach against
rotavirus illness and thus warrants further development for pre-
vention of human rotavirus disease and epidemics.

During this study we noted both difference and similarity of the
VP8* antigens between human (a Wa-like P[8] strain) and murine
(EDIM strain) rotaviruses in terms of S-VP8* nanoparticle forma-
tion. The two VP8* antigens share only 57% amino acid identity
and this low homology implies their difference in protein property.
Indeed, unlike the Sg;a-VP8* fusion protein containing the human
rotavirus VP8* antigens that formed chimeric particle at an
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Fig. 5. Reduction of viral antigen shedding in the Sg/a-3c-mVP8* immunized mice after EDIM challenge. The daily viral antigen shedding in each experimental group are
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efficiency of ~50% [17], the Sga-mVP8* fusion protein that con-
tains the murine rotavirus VP8* antigens did not form particles,
but forming dimers and monomers. As was observed previously

[17], introduction of the inter-S domain disulfide bonds through
the quadruple mutations of R69A, V57C, Q58C, and S136C
enhanced the particle formation of Sgja-3c-mVP8* dramatically.
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Another difference was the production yield of the soluble S-
mVP8* protein containing the murine rotavirus VP8* antigens
(0.8-2.0 mg/liter bacteria culture) that was significantly lower
than those (up to 40 mg/liter bacteria culture) of the S-VP8* pro-
tein containing the human rotavirus VP8* antigen [17]. We also
noted that production yield of the Sgja-3c-mVP8* particle vaccine
(~0.8 mg/liter bacteria culture) was clearly lower than that of the
Sr/a-mVP8* vaccine (~2.0 mg/liter bacteria culture), a scenario that
was also observed in our previous study when compared the pro-
duction yields of the S-VP8* proteins without the inter-S domain
disulfide bonds with those with the inter-S domain disulfide bonds
[17]. The low yield of the Sgja-3c-mVP8* vaccine was the reason for
its lower dose (5 pg/dose) that was used to immunize mice com-
pared with that of the Sg/a-mVP8* vaccine (15 pg/dose).

This study also provided additional evidence to support the
notion that the polyvalent nanoparticle formation of the S-VP8*
vaccines is a critical factor to elicit improved immune responses
[17]. For example, the Sg/a.3c-mVP8* particle vaccine elicited sig-
nificantly higher titer of mVP8*-specific IgG compared with that
elicited by the monomeric/dimeric Sga-mVP8* proteins, even
though less dose of the Sgja.3c-mVP8* particle vaccine (5 pg/dose)
than that of the Sga-mVP8* proteins (15 pg/dose) was used.
Accordingly, our study further showed that the Sgja_3c-mVP8* par-
ticle vaccine protected the immunized mice at a significantly
higher efficacy than that provided by the monomeric and dimeric
Sr/a-mVP8* proteins, indicating the importance of the polyvalent
nanoparticle formation in the S-VP8* vaccines.

This project was based on our previous study showing that the
S-VP8* nanoparticles induced strong immune responses in mice
and the resulted mouse sera exhibited strong neutralization activ-
ity against human rotavirus (Wa, G1P[8]) replication in culture
cells [17]. Thus, this study focused on the determination of the pro-
tective efficacy of the S-VP8* nanoparticle vaccine as further evi-
dence to warrant the future development of the vaccine. For this
reason, we did not assess the neutralization of the vaccine because
this has been studied thoroughly previously [17], which showed
that the levels of the VP8*-specific IgG titers are well correlated
with the level of neutralizing activity against rotavirus replication
in cell culture.

Finally, the question on whether the S-VP8* vaccine may offer
protection against norovirus remains elusive. The S-VP8* nanopar-
ticle vaccine contains the S domain of norovirus VP1 that naturally
forms the interior, icosahedral shell of norovirus capsid [44]. Nor-
ovirus protrusions that are formed by the P domains are known to
interact with the host attachment factors or receptors to initiate
viral infections and therefore the P domain is an important noro-
virus neutralizing antigen and an ideal vaccine target. On the other
hand, the interior shell builds the icosahedral structure of the virus
and its role in norovirus infection and replication cycle remains
unknown, due to the lack of an effective cell culture or a small ani-
mal model for norovirus to test whether the S particle offers pro-
tection against norovirus infection and replication. Thus, this
issue need to be clarified by future studies.
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