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Immune responses against norovirus GII.4 virus-like particles in mice
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Summary. - Norovirus (NoV) is a causative agent of gastroenteritis in children and adults worldwide. To
evaluate the safety and effectiveness of a NoV vaccine candidate, 100 ug of GII.4 NoV-like particles (VLPs) was
challenged orally (oral and intrabuccal administration) and by subcutaneous injection without adjuvant in mice.
The subcutaneous injection induced IgG in sera, but not IgA in feces. The oral delivery method induced IgA in
both sera and feces, but not IgG in sera. However, challenging by the intrabuccal administration induced IgG in
sera and IgA in both sera and feces, especially by 2-dose immunization. The peak of specific immune responses
by the intrabuccal administration was detected later than that of the oral delivery method. Heterologous immune
responses against other genotypes were also recognized. NoV-specific IFN-y was detected after the intrabuccal
administration. These findings indicated that the administration of NoV VLPs by intrabuccal administration
could induce the best immune responses against NoV in mice.
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Introduction

Norovirus (NoV) is one of the most common patho-
gens that is associated with acute gastroenteritis (Glass et
al., 2009). Symptoms caused by NoV are usually mild and
self-limiting. However, NoV is highly contagious and easily
transmitted from person to person in hospitals, schools, and
restaurants (Glass et al., 2000). NoV is sometimes able to
cause severe illnesses, especially in young children, elderly
and immunocompromised patients (Bok and Green, 2012).
NoVs belong to the family Caliciviridae and contain a single-
stranded positive-sense RNA genome. Genome has 3 open
reading frames (ORFs); ORF1 encoding the nonstructural
proteins, ORF2 encoding major capsid protein (VP1), and
ORF3 encoding minor capsid protein (VP2) (Prasad et al.,
1999). NoV is divided into five genogroups (GI-GV). Of
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Abbreviations: dpi = days post infection; NoV = norovirus;
rNoV = recombinant NoV; VLP(s) = virus-like particle(s)

these, NoV GI and GII are commonly found in humans,
and are further subdivided into 9 and 22 different geno-
types, respectively (Kroneman et al, 2013). NoV GIL.4 is
responsible for more than 70% of sporadic (Fankhauser et
al., 2002) and epidemic NoV-associated outbreaks (Linde-
smith et al., 2012).

NoVs cannot grow in cell culture, but the expression
of VP1 in insect cells results in the formation of virus-like
particles (VLPs) that are morphologically and antigenically
similar to the native NoV (Okamae et al., 2007; Jiang et al.,
1992). Using human recombinant NoV (rNoV) VLPs, sero-
logical studies showed a high prevalence of NoV-specific IgG
and IgA in human sera (Gray et al., 1994; Parker et al., 1995).
Other studies reported the development of cross-reactive
antibodies after patients were infected with a specific NoV
type (Rockx et al., 2005; Parker et al., 1994). The mucosal
immunization of rNoV VLP induced systemic and mucosal
immune responses in mice (Ball et al., 1998; Guerrero et
al., 2001). IgA against rNoV VLPs increased by the oral
administration with or without cholera toxin (Periwal et
al., 2003). The clinical trial using rNoV GI.1 VLPs as a vac-
cine candidate had been examined in humans. The results
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indicated that the specific IgAs were induced in sera, and
gastroenteritis was reduced to 37% after administration of
an intranasal rNoV GI.1 VLPs-based vaccine with adjuvant
(Atmar et al., 2011).

For the safety and potential induction of mucosal immu-
nities, we tested the level of serum IgG, IgA, and intestinal
IgA in mice after oral immunizations (absorbed administra-
tion and oral delivery) and subcutaneous immunization by
using rNoV GII.4 VLPs without external adjuvants.

Materials and Methods

Recombinant NoV (rNoV) VLPs preparation and characteriza-
tion. NoV GI.1, GIL.11, GIIL.2, GII3, GII.4 and GII.6 were detected
in feces of Japanese patients with gastroenteritis. NoV RNA was
extracted, and the entire NoV capsid gene was amplified by RT-
PCR with primers Mex20attB1S and attB2TX30SXN (Jiang et al.,
1992). The amplicons were sequenced and compared with other
NoV reference strains available in EMBL/GenBank database. The
recombinant plasmids containing capsid gene were constructed by
inserting the NoV capsid sequence to pDONR221 and pDEST-8
vectors, and then transformed into DH10Bac™ competent
Escherichia coli by Bac-to-Bac Baculovirus expression system
(Invitrogen, Life Technologies, Japan), according to the manufac-
turer's instructions. The Spodoptera frugiperda 9 (Sf9) insect cell
lines were transfected by recombinant bacmid, and then cultured
in TC100 medium at 27°C. After 4-5 days post infection (dpi), the
culture supernatant was harvested and used as a seed baculovirus.
The Tn5 cells were infected with the seed baculovirus at 27°C, and
harvested after 6 dpi. The secreted VLPs in cell culture medium
were separated by ultracentrifugation and the obtained viral pellet
was resuspended in PBS pH 7.2. The VLPs were purified by a CsCl
equilibrium gradient ultracentrifugation. Purified VLPs were
analyzed by SDS-PAGE to confirm their protein composition, and
then examined by negative-staining electron microscopy. Protein
concentration was determined by a commercial Bradford assay
kit (Thermo Fisher Scientific Inc., USA). Antigenicity of rNoV
VLP preparations were confirmed by Western blot analysis using
hyperimmune antisera against NoV.

Immunization and sample collection. (1) Immunization. Female
5-week-old BALB/c mice were obtained from Saitama Experimental
Animal Supply Co. Ltd (Saitama, Japan). Mice were allowed to
acclimate for 1 week under constant conditions. This study was
carried out according to the guideline for Animal Study, and all
animal experiments were approved by the Institutional Animal
Care and Use, Japan (permission No. H24-001 IP). Mice were im-
munized subcutaneously or orally with NoV GII.4 VLPs in PBS on
day 0. For oral immunization, VLPs were challenged with a gastric
gavage using a stainless steel incubation needle or by an intrabuc-
cal administration using a dropper. One hundred pg of VLPs were
administered to mice once without adjuvant. For a booster chal-
lenge, mice were re-inoculated on day 21. Mice receiving only PBS

were used as controls. (2) Sample collection. Blood samples were
collected by tail bleed. Fecal samples were obtained from individual
mice by a fecal collection cage, and resuspended in 5% w/v of 25%
Immuno Block (DS Pharma Biomedical Co., Japan) with PBS-T.
Each suspension was thoroughly vortexed, and centrifuged for 10
min at 18,000 x g. The supernatant was collected, and fetal bovine
serum (FBS) was added to make the final concentration of 10%.
The samples were stored at -80°C until tested. Individual serum
and fecal samples were collected before the first immunization
(pre-immune samples) for comparison.

Detection of immune response by ELISA. (1) Serum anti-NoV
IgG, IgA ELISAs. NoV-specific IgG titers in sera from immunized
mice were determined by ELISA as described previously (Tacket
et al., 2003). The plates (Maxisorp, Nunc, Denmark) were coated
with 1 pug rNoV VLPs in carbonate-bicarbonate buffer (pH 9.6),
and then incubated for 4 hr at RT, then washed 3 times with PBS-T,
and blocked with 25% Immuno Block™ in PBS containing 0.05%
Tween-20 (PBS-T), and kept overnight at 4°C. The plates were
washed 3 times with PBS-T, and then a 1:500 diluted immunized
serum with PBS-T was added to each well, and incubated at 37°C
for 1 hr. After washing, horseradish peroxidase (HRP) conjugated
rabbit anti-mouse IgG (H+L) (Zymax, Invitrogen, Life Technologies
Co., Japan) or HRP conjugated goat anti-mouse IgA (Bethyl Labo-
ratories, Inc. USA) was added to each well at a dilution of 1:20,000
and 1:40,000, respectively. The secondary antibody was incubated
for 1 hr at 37°C and then O-phenylenediamine dihydrochloride
substrate (Sigma-Aldrich, Tokyo, Japan) was added. After 30 min,
the color reaction was stopped with 2 mol/l sulphuric acid (H,SO,).
Optical density at the 492 nm with a reference wavelength of 630
nm was measured (Sjeia Auto Reader II; Sanko Junyaku Co. Ltd.,
Japan). Background signal (mean OD value from blank wells) was
subtracted from all readings on the plates. (2) Fecal anti-NoV IgA
ELISA. After the 96-well plates were coated with rNoV antigen,
the fecal supernatants were added to test the NoV specific IgA by
ELISA. The plates were incubated for 2 hr at 37°C. After washing
with PBS-T 4 times, the HRP conjugated goat anti-mouse IgA
diluted at 1:40,000 in PBS-T containing 25% Immuno Block” was
added to each well. The conjugated antibody was incubated for 1 hr
at 37°C. The substrate was added, and OD was measured.

Interferon gamma ELISPOT assay. Erythrocyte-depleted splen-
ocytes in the immunized mice were assessed by enzyme-linked
immunosorbent spot (ELISPOT) assay. The ELISPOT assay was
used to measure NoV specific T-cell responses by quantification
of IFN-y production from splenocytes by using BD™ ELISPOT
mouse [FN-y ELISPOT kit (BD Bioscience, USA). One hundred
ul of cell suspension with 10° cells/ml was added to each well. The
NoV GII.4 VLPs and a negative control RPMI buffer were added
to the well at a concentration of 1 ug /100 pl. Assay plates were
incubated overnight for 24 hr at 37°C, 5% CO, and 95% humidity.
The plates were washed six times with PBS containing bovine se-
rum albumin and 0.005% Tween-20 (ELISPOT wash buffer). A bi-
otinylated anti-mouse recombinant IFN-y antibody was diluted
and 50 pl per well were added. After incubation for 2 hr at 37°C,
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the plates were washed 6 times with ELISPOT wash buffer. The  buffer, and 3 times with PBS. One hundred pl of 1-step nitro blue
streptavidin-alkaline phosphatase was added, and incubated at RT  terazolium-5-bromo-4-chloro-3-indolylphosphate substrate was
for 1 hr. The plates were washed 3 times with ELISPOT washing  added to each well, and spots were developed for 5 to 10 min at
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Fig. 1

Immune responses by the subcutaneous injection in mice
Serum IgG (a) and fecal IgA (b) responses after the subcutaneous injection of rNoV GIL.4 VLPs. The VLPs were injected via the subcutaneous route at
day 0. Serum and fecal samples were collected 7, 14, 21, and 35 dpi. Antibody titers were determined by ELISA.
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Fig. 2

Immune responses by gavage in mice
The rNoV VLPs were administered by gavage in mice. Serum and fecal samples were collected 7, 14, 21, and 35 dpi. Serum IgG (a), serum IgA (b), and
fecal IgA (c) antibody titers were determined by ELISA.
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RT. Substrate was discarded and each well was rinsed with water
to stop the reaction. The plates were allowed to air dry, and spots
were enumerated by counting under a dissecting microscope.
To determine the cell specificity, either CD4+ or CD8+ T-cell
populations were depleted with magnetic Dynabeads (Veritas,
Life Technologies Co.) coated with rat monoclonal antibody
against mouse CD4 or CD8. Erythrocyte-depleted mixed cells
were incubated with anti CD4 antibodies or anti CD8 antibodies
coated magnetic beads on ice, washed, and then passed through
a MiniMacs column. Then, the columns were washed with buffer,
and unbound cells were collected. The collected cells were resus-
pended in RPMI buffer, and ELISPOT assays were performed
according to the protocol mentioned above. For comparison,
CD4+ T cells were also purified using the Miltenyi Biotec CD4+
T-cell isolation kit (Miltenyi Biotec, USA) or the Dynal™ mouse
CD4-negative isolation kit (Dynal Biotech, Invitrogen, Norway)
according to the manufacturer's instructions with the minor
modifications in order to increase percentage of the purity. The
only change from manufacturer's instructions while using the
commercial kits was washing the cells with additional buffer after
incubation with antibody cocktails and beads.

Statistical analyses. The differences between groups were deter-
mined by using one-way analysis of variance (ANOVA). A p-value
of less than 0.05 (two-tailed) was considered significant.

Results
Immune responses by the subcutaneous immunization

Mice were immunized subcutaneously with 100 pg of
rNoV GIL.4 VLPs. Their sera and feces were collected at
day 7, 14, 21, and 35 after injection. The specific IgG against
rNoV GIL4 VLPs in sera had increasing tendency from day
7 as shown in Fig. 1a (p <0.05). We did not see any increase
of the specific IgA in feces (Fig. 1b).

Immune responses by gavage
The VLP immunization by gavage using the intubation

needle did not induce specific IgG response in sera (p >0.05)
(Fig. 2a). The specific IgA in both sera and feces was induced
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Fig. 3

Immune responses by the intrabuccal administration in mice
Serum IgG (a), serum IgA (b), and fecal IgA (c) responses after the intrabuccal administration 7, 14, 21, 35, and 49 dpi.
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Boost responses by the intrabuccal administration in mice
The rNoV VLPs were administered to mice by the intrabuccal route on days 0 and 21. 1-dose administration 0; 2-dose administration m.

at days 7, 14,21, and 35 in feces. The highest level of IgA was
detected after 14 dpi (p <0.05) (Fig. 2b,c).

Immune responses by the intrabuccal administration

Serum IgG, IgA, and fecal IgA against NoV GII.4 VLPs
were measured after the intrabuccal immunization using
adropper. The titers of serum IgG, IgA, and fecal IgA signifi-
cantly increased from 28 to 49 dpi (p <0.05) (Fig. 3).

Immune responses for boost challenge by the intrabuccal
administration

Immune responses after the 1-dose and 2-dose admin-
istrations of NoV VLPs by the intrabuccal administration
were examined. Mice were immunized with NoV VLPs
twice on days 0 and 21 with 100 pg of NoV GII.4 VLPs.
The serum IgG and IgA titers were significantly higher in
the 2-dose group compared to the 1-dose group. The levels
of immune responses significantly increased at 28, 35, and
49 dpi (p <0.05) (Fig. 4a,b). There were no significant dif-
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Cross-reactive fecal IgA to NoV GII.4, GIL.3, GII.2, GI.1, GI.11
derived VLPs
Mice were immunized by the intrabuccal administration with rNoV GII.4
VLPs, and fecal IgA were challenged by homologous and heterologous VLPs
and evaluated by ELISA.

ferences in the fecal IgA titers between 1-dose and 2-dose
groups (Fig. 4¢).
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Norovirus-specific IFN-y response after the intrabuccal administration
Splenocytes from immunized or naive mice were stimulated with rNoV VLPs, and analyzed for IFN-y production with ELISPOT. Number of spots =

antibody-forming cells in 10° cells.

Cross reactivity to other genotypes of NoV VLPs

Fecal immune responses induced by NoV GII.4 VLPs
were examined for the cross reactivity with other NoV
genotypes including VLPs of NoV GI.1, GI.11, GIL.2, and
GIL3. It was found that fecal samples at 49 dpi after 2-dose
immunization cross-reacted with other genotypes of NoV
VLPs (Fig. 5).

ELISPOT assay for kinetics of IFN-y positive cell response
after boost challenge by the intrabuccal administration

We examined the types and proportions of the IFN-y
positive cells in splenocyte suspensions from mice that were
intrabuccally inoculated once or twice with NoV GIL.4 VLPs.
The cells were assessed by IFN-y positive ELISPOT assay.
It was found that the number of induced IFN-y secreting
splenocytes increased after 14 dpi by NoV GIIL.4 VLPs (Fig.
6a). The levels of CD4 positive T cells or CD8 positive T cells
were also examined in the immunized mice. At 14 and 35 dpi,

splenocytes were depleted with magnetic beads against CD4
positive cells and CD8 positive cells. Mainly CD4 positive
cells were decreased (Fig. 6b,c).

Discussion

Many papers reported that NoV VLPs are an effective
immunogen (Atmar et al., 2011; Ball et al., 1998; LoBue
et al., 2006; Guerrero et al., 2001; Tacket et al., 2003). We
first demonstrated that NoV GII.4 VLPs challenged by the
subcutaneous route induced strong serum IgG responses
in mice, but failed to induce fecal IgA responses. The de-
velopment of a vaccine against mucosal infections that can
induce secretory IgA had been reported mainly through the
oral route (Atmar ef al., 2011; Holmgren and Svennerholm,
2012; Tacket et al., 2003). Our present study demonstrated,
that titers of serum and fecal IgA after using an intubation
needle for oral immunization (gavage injection) in mice
without adjuvant which significantly increased, were consist-
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ent with the previous reports (Ball ef al., 1998; Periwal et al.,
2003). Interestingly, the intrabuccal administration induced
both serum and fecal IgA, and serum IgG. In addition, the
intrabuccal administration increased antibody titers in the
boost trial, especially in the IgG titer. From our results, the
intrabuccal VLPs-absorbing route might be in CD4+ T cells
dependent manner. In live oral norovirus vaccine studies in
mouse model, CD4 T cells, CD8 T cells, and B cells showed
broad spectrum of immune responses (Cerutti, 2008). We
have showed that NoV VLPs are effective immunogen for
IgG, IgA, and CD4+ T cells induction, even if they are not
in form of live vaccine. The IgA induced by NoV GII.4 VLPs
have shown to cross react with VLPs of other genotypes,
especially the GII.3 genotype. Our data support the previous
study about heterologous immune responses to norovirus
shown in mice (LoBue et al., 2010). Although neutralizing
antibodies could not be defined due to an unavailability of
any effective animal model or cell culture system, our results
demonstrated that norovirus VLPs were able to enhance im-
mune responses in mice and could be used as a candidate
vaccine in humans.
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