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Rotavirus capsid VP6 protein acts as an adjuvant in vivo for norovirus virus-like
particles in a combination vaccine
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ABSTRACT
Rotavirus (RV) and norovirus (NoV) are the 2 leading causes of acute viral gastroenteritis worldwide. We
have developed a non-live NoV and RV vaccine candidate consisting of NoV virus-like particles (VLPs) and
recombinant polymeric RV VP6 protein produced in baculovirus-insect cell expression system. Both
components have been shown to induce strong potentially protective immune responses. As VP6
nanotubes are highly immunogenic, we investigated here a possible adjuvant effect of these structures on
NoV-specific immune responses in vivo. BALB/c mice were immunized intramuscularly with a suboptimal
dose (0.3 mg) of GII.4 or GI.3 VLPs either alone or in a combination with 10 mg dose of VP6 and induction
of NoV-specific antibodies in sera of experimental animals were measured. Blocking assay using human
saliva or synthetic histo-blood group antigens was employed to test NoV blocking antibodies. Suboptimal
doses of the VLPs alone did not induce substantial anti-NoV antibodies. When co-administered with the
VP6, considerable titers of not only type-specific but also cross-reactive IgG antibodies against NoV VLP
genotypes not included in the vaccine composition were induced. Most importantly, NoV-specific
blocking antibodies, a surrogate for neutralizing antibodies, were generated. Our results show that RV VP6
protein has an in vivo adjuvant effect on NoV-specific antibody responses and support the use of VP6
protein as a part of the NoV-RV combination vaccine, especially when addition of external adjuvants is not
desirable.
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Introduction

Some viral capsid proteins are highly polymorphic with ability to
self-assemble into different types of structures including sheets,
nanotubes and icosahedra used in vaccine design as well as chi-
meric delivery platforms.1-4 Rotaviruses (RV) are nonenveloped
dsRNA viruses with triple-layered concentric capsid composed of
VP2, VP6, VP7 and VP4 proteins.5 The middle layer is composed
of 780 molecules of VP6 protein approximately 45 kD in size,
which are distributed as trimers. VP6 self-assembles into poly-
meric tubular or spherical structures when expressed in baculovi-
rus (BV)6 or bacterial recombinant expression systems.7, 8 The
assembly conformation depends on various conditions such as
pH, ionic strength and divalent cation concentration.9 The poly-
meric protein structures, in contrast to the soluble monomeric
proteins, are highly immunogenic because of their particulate
nature and size (~20 nm to 2 mm) which readily activate antigen
presenting cells (APC), as well as multivalent expression of anti-
genic epitopes to the immune cells.10-13

RV VP6 protein is highly conserved, abundant and the most
immunogenic protein in humans naturally infected with
RV.6,14-16 Antibodies directed against VP6 interfere with the
replication cycle of RV17-19 making it a promising next genera-
tion vaccine candidate against RV.15,20-22 Licensed live oral RV
vaccines are part of the routine childhood immunization in
many countries. However, for various reasons including safety

and low efficacy in developing countries, alternative non-live
RV vaccines are being considered.23-27 We have developed sub-
unit protein based combination vaccine candidate consisting of
norovirus (NoV) virus-like particles (VLPs) and RV VP6 nano-
tubes, against both NoV and RV gastroenteritis.28,29 Most
NoVs infecting humans belong to 2 heterologous and distant
genogroups, namely GI and GII, that induce hardly any inter-
genogroup immunity.30 Although there are more than 30 geno-
types within the GI and GII genogroups, the variants of GII.4
genotype have dominated since the mid 1990s,31,32 being
responsible for >70% of NoV infections worldwide. To induce
broader NoV-specific immune responses, GII.4 and GI.3 VLPs
as representatives of both genogroups have been included into
our vaccine candidate.29 We have previously published that
NoV-RV combination vaccine induced strong type-specific
and cross-reactive NoV- and RV-specific B and T cell immune
responses and protected mice against murine RV chal-
lenge.28,29,33 These earlier studies also suggested a possible adju-
vant effect of RV VP6 on NoV-specific immune responses.28 In
addition, other investigators have reported that RV VP6 spheric
formations used as an immunological carrier improved
responses to the heterologous peptides or proteins delivered.34-36

Due to the highly immunogenic properties of RV VP6, we
investigated in the present study whether VP6 in the form of
nanotubes has an adjuvant effect on the generation of NoV-

CONTACT Vesna Blazevic, PhD vesna.blazevic@uta.fi Vaccine Research Center, University of Tampere Medical School, Biokatu 10, FI-33520 Tampere, Finland.
© Vesna Blazevic, Maria Malm, Daisuke Arinobu, Suvi Lappalainen, and Timo Vesikari. Published with license by Taylor & Francis.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0/), which permits unre-
stricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The moral rights of the named author(s) have been asserted.

HUMAN VACCINES & IMMUNOTHERAPEUTICS
2016, VOL. 12, NO. 3, 740–748
http://dx.doi.org/10.1080/21645515.2015.1099772

http://creativecommons.org/licenses/by-nc/3.0/
http://dx.doi.org/10.1080/21645515.2015.1099772


specific immunity in mice. For the first time, using suboptimal
doses of NoV GII.4 and GI.3 VLPs, our results show that VP6
acts as a strong adjuvant sparing the dose of NoV VLPs in a
NoV-RV combination vaccine.

Results

Identity and purity of proteins used for immunization

Assembly and integrity of highly purified GII.4, GI.3 and
VP6 proteins were confirmed by electron microscopy (EM)
(Fig. 1). NoV VLPs 30 – 40 nm in size and VP6 tubes with
the length of »0,2 to 1 mm were observed. Each product was
>90% pure when analyzed by silver staining and densitome-
try (data not shown). Moreover, no impurities such as DNA
(<10 ng dsDNA/10 mg of protein) or endotoxin (<0.1 endo-
toxin unit/10 mg of protein) were detected. Importantly, the
protein preparations did not contain live BV (0 pfu/ml) or
BV gp64 protein.

RV VP6 adjuvant effect on NoV type-specific serum
antibodies

Groups of BALB/c mice were immunized according to the
experimental design shown in Table 1 and NoV type-specific
IgG antibodies were analyzed from the termination sera
(Fig. 2). Very high and uniform antibody responses were
induced with 3 mg doses of GII.4 (geometric mean antibody
titer, GMT 22,807) (Fig. 2B) or GI.3 VLPs (GMT 91,228)
(Fig. 2D) alone. In contrast, suboptimal 0.3 mg doses of GII.4
(Fig. 2A, B) or GI.3 VLPs (Fig. 2C, D) alone induced very low
levels of IgG antibodies. When the suboptimal doses of the
VLPs were co-administered with RV VP6 protein (groups III
and VII, Table 1) the antibody responses were raised to the
similar levels as detected with the 3 mg VLP doses and signifi-
cantly higher compared to the responses obtained with 0.3 mg
VLP dose (Fig. 2) (all p < 0.002). Similar adjuvant effect on the
NoV antibody responses was seen when 30 mg dose of VP6
(Table 1, group IV) was used instead of 10 mg (data not
shown). Serum samples of the groups receiving GII.4 VLPs in a
combination with VP6 were further analyzed for GII.4-specific
IgG subtypes. The adjuvant effect was seen on both, GII.4-spe-
cific IgG1 antibodies (GMT 11,404) as well as IgG2a antibodies

(GMT 6,400). All six control mice were completely negative for
NoV-specific antibodies (Fig. 2).

RV VP6 adjuvant effect on NoV cross-reactive serum
antibodies

Cross-reactive serum antibodies to NoV VLPs not used for
immunization were also tested (Fig. 3). The sera of NoV
GII.4 immunized mice were analyzed for the responses to
the most novel GII.4 variants, GII.4 New Orleans (NO)
(Fig. 3A) and GII.4 Sydney (Fig. 3B) and sera of GI.3
immunized mice to the prototype NoV GI.1 (Fig. 3C). Con-
siderable levels of cross-reactive NoV IgG antibodies were
detected in groups of mice immunized with the combina-
tion of the NoV VLPs and VP6 but not with the suboptimal
NoV VLP doses alone.

In order to determine success of immunization with recom-
binant VP6 protein, serum VP6-specific IgG antibodies were
measured. Each mice receiving 10 mg dose of VP6 in a combi-
nation with NoV GII.4 or GI.3 VLPs developed considerable
high antibody titer to VP6 (Fig. 4). The 30 mg dose of VP6 in a
combination with GII.4 VLPs induced similar titer of antibod-
ies (GMT 32,253) compared to 10 mg dose (GMT 36,203).
None of the control mice developed VP6-specific antibodies
(Fig. 4).

RV VP6 adjuvant effect on NoV-specific blocking
antibodies

Serum antibodies of all immunized and control mice were
tested for blocking of NoV VLP binding to the saliva type A
(Fig. 5A and C). To confirm the results, sera of all GII.4 VLP
immunized mice were also tested for blocking synthetic H type
1 binding (Fig. 5B) and sera of GI.3 immunized mice for block-
ing Lewisa (Lea) histo-blood group antigen (HBGA) binding
(Fig. 5D). None of the controls or mice immunized with subop-
timal 0.3 mg VLP dose developed any blocking antibodies
(Fig. 5A–D). In contrast, mice receiving 0.3 mg GII.4 or GI.3
VLPs combined with the 10 mg VP6 generated antibodies able
to block binding of GII.4 VLPs (Fig. 5A, B) and GI.3 VLPs
(Fig. 5C, D) to the saliva and synthetic HBGAs.

Figure 1. Electron micrographs of the highly purified NoV GII.4 VLPs (A), GI.3 VLPs (B) and recombinant RV VP6 protein (C) examined by FEI Tecnai F12 electron
microscope (Philips Electron Optics, Holland) following negative staining with 3% uranyl acetate (pH 4.6).
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RV VP6 induces high levels of IL-4 and IFN-g cytokine
production

Splenocytes of the mice immunized with VP6 in combination
with GII.4 (Fig. 6A) or GI.3 VLPs (Fig. 6B) produced consider-
able quantities of interleukin (IL) ¡4 when stimulated in vitro
with RV Wa cell culture antigen or recombinant VP6 but not
the mock cell culture MA104 nor the culture medium (CM).
Mice receiving NoV VLPs alone or control mice did not pro-
duce any VP6-specific IL-4 (Fig. 6A, B). Furthermore, RV-spe-
cific interferon (IFN) -g production was tested from the cells of
mice immunized with suboptimal dose of GII.4 VLPs in the
presence or absence of VP6. Strong RV-specific IFN-g
responses were observed only in mice that received VP6
(Fig. 6C).

Discussion

RV VP6 protein forms polymeric structures including nano-
tubes and nanospheres, when produced in BV or E. coli recom-
binant expression systems.7-9,38 We and others15,16,28,38 have
recently shown that these structures are extremely potent
inducers of B and T cell immune responses in animal models.
Moreover, among different nanostructures VP6 tubes were
shown to be the most immunogenic.7 Our group has been
working on the development of a combination vaccine candi-
date consisting of NoV VLPs and RV VP6 against acute child-
hood gastroenteritis.28,29 The vaccine candidate induced strong
NoV- and RV-specific B and T cell immune responses and pro-
tected mice against RV challenge validating the combination
vaccine concept.28,29,33 The earlier studies additionally sug-
gested an adjuvant effect of RV VP6 on NoV-specific cross-
reactive antibody responses.28 In here, we hypothesized that in
contrast to the current NoV VLP vaccine candidates in clinical
trials, which contain external adjuvants,39-41 in our vaccine can-
didate external adjuvants might be substituted by extremely
immunogenic VP6 protein. The experimental design using sub-
optimal doses of highly purified NoV VLPs enabled us to evi-
dently address the adjuvant effect of VP6.

We first determined high purity of VP6 as well as NoV
VLPs used for immunization of animals, to exclude an adju-
vant effect of impurities related to the BV expression system
such as DNA, live BV, gp64 and endotoxin.42,43 Additionally,
EM images showed that protein assemblies similar to those
of sucrose gradient purified products previously described by

Table 1. Experimental and control groups of immunized mice. Mice were immu-
nized intramuscularly (IM) at day 0 and 21 with the indicated dose and terminated
at day 35.

Group Immunogen Dose (mg) # mice/group

I GII.4 VLP 0.3 6
II GII.4 VLP 3 6
III GII.4 VLP C VP6 0.3C 10 6
IV GII.4 VLP C VP6 0.3C 30 4
V GI.3 VLP 0.3 6
VI GI.3 VLP 3 6
VII GI.3 VLP C VP6 0.3C 10 6
VIII PBS� - 6

�PBS, phosphate-buffered saline

Figure 2. NoV GII.4 (A, B) and GI.3 (C, D) genotype-specific serum IgG antibody responses induced with 0.3 mg or 3 mg of GII.4 or GI.3 VLPs alone or with 0.3 mg doses in a
combination with 10 mg of RV VP6. Control (Ctrl) mice received carrier (PBS) only. OD490nm values of GII.4- (A) and GI.3-specific (C) antibodies in 1:100 diluted sera of indi-
vidual mice are shown with the horizontal line representing the mean OD490nm value of the experimental group. GII.4- (B) and GI.3-specific (D) end-point titers of the
groups of mice expressed as the geometric mean titers of the reciprocal of the highest sample dilution giving a positive reading. Error bars represent 95% confidence
intervals, CIs. Groups were compared by Mann-Whitney U-test or Fisher’s exact test and p values determined.
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our group29 were obtained, and that polymeric nature of
these proteins was not affected by the rigorous purification
process.

It was recently shown that NoV uses HBGAs, complex car-
bohydrates present on red blood cells and epithelial cell surface
and as free antigens in body secretions, as cellular attachment
factors or receptors.44-46 NoV-specific antibodies, which block
binding of NoV VLPs to the HBGAs, are considered surrogate
for neutralizing antibodies and the only correlate of protection
from NoV infection identified so far.44,47-49 Therefore, in the
present study we primarily investigated in vivo adjuvant effect

of RV VP6 on NoV-specific antibody responses. Due to the
lack of cross-reactive immune responses between NoV GI and
GII, it is thought that NoV vaccine should contain at least one
representative of each genogroup.29,50,51 In addition to the
type-specific antibodies, induction of cross-reactive antibodies
within the genogroup is considered important. When highly
purified VP6 was administered to mice in a combination with
suboptimal doses (0.3 mg respectively) of NoV GII.4 or GI.3
VLPs, it exerted an adjuvant effect by inducing significant NoV
type-specific and cross-reactive antibody responses, as well as
blocking antibodies.

Figure 3. Cross-reactivity of serum IgG antibodies to NoV GII.4 NO (A), GII.4 Sydney (B) and GI.1 (C) in mice immunized with 0.3 mg of GII.4 or GI.3 VLPs alone or in a
combination with 10 mg of RV VP6. Control (Ctrl) mice received carrier only (PBS). Mean ODs of the experimetal groups with standard errors are shown.

Figure 4. RV VP6-specific IgG antibody responses in sera of mice immunized with 0.3 mg of GII.4 (A) or GI.3 (B) VLPs in a combination with 10 mg VP6. End-point titration
curves of each immunized mice and mean curve of the control (Ctrl) mice are shown.
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Figure 5. Blocking of NoV GII.4 VLP (A and B) and GI.3 VLP (C and D) binding to human type A saliva (A and C) and synthetic HBGAs (B and D) by the sera of mice immu-
nized with 0.3 mg or 3 mg of GII.4 or GI.3 VLPs alone or with 0.3 mg doses in a combination with 10 mg of RV VP6. Synthetic HBGA H type 1 was employed for GII.4 (B)
and Lea HBGA for GI.3 VLP (D) binding. Serum from mice receiving PBS was used as a negative control (Ctrl). Results are shown as the mean % blocking with standard
errors of 2 – 3 independent experiments. A dashed line indicates 50% cut-off.47

Figure 6. RV VP6-specific IL-4 and IFN-g production by T-cells. RV Wa cell culture antigen and recombinant VP6 protein were used to stimulate IL-4 ((A)and B) and IFN-g
(C) production from the splenocytes of mice immunized with 0.3 mg of GII.4 or GI.3 VLPs alone or in a combination with 10 mg of RV VP6. Control (Ctrl) mice received car-
rier only (PBS). Results are expressed as the mean spot forming cells (SFC)/106 cells of the duplicate wells with standard errors. The experiments were repeated 2 or more
times with similar results. A dashed line indicates the cut-off limit>50 SFC/106 splenocytes.

744 V. BLAZEVIC ET AL.



As the adjuvant effect of RV VP6 was observed on both NoV
VLP-specific IgG1 and IgG2a antibody responses, we next
investigated if RV VP6 immunization induced IL-4 and IFN-
g cytokine production, hallmarks of CD4C Th2 and Th1 cells
immunity.37,52,53 The ELISPOT assay showed that when the
cells of immunized mice were stimulated in vitro with the RV
Wa cell culture antigen or theVP6 protein they produced
remarkable amount of both cytokines. Strong induction of
VP6-specific CD4C Th2 cells is of significance, as soluble cyto-
kine IL-4 produced by these cells may help antibody generation
by promoting proliferation and differentiation of NoV antigen
primed B lymphocytes into antibody secreting plasma cells and
memory B cells. The concept of intermolecular help for RV
neutralizing antibody generation by VP6-specific Th2 cells has
been suggested by Esquivel et al. in a mouse RV challenge
study.54 However, to prove the above hypothesis, in vivo cell
depletion or CD4C T cell transfer experiments should be
performed.

Future studies to identify the molecular mechanisms of VP6
adjuvant action are required. When bluetongue virus (BTV)
nanotubes of nonstructural protein NS1 or RV VP6 nano-
spheres were used as an antigen carrier in chimeric delivery
platforms, the humoral response to the foreign antigen was
improved,34,35,55 suggesting an adjuvant role for the 2 proteins.
The tubular structures of the BTV, which are similar in size
and morphology to the VP6 tubes, appear favorable for APC
uptake via macropinocytosis and endocytosis.4 Recent findings
by Rodriguez et al.56 showed that RV VP6 nanotubes were also
internalized by macrophages. The uptake process might acti-
vate and mature professional APCs, which play a central role in
activating adaptive immune responses.11,57 Our preliminary
findings (unpublished observation) indicate that RV VP6 is
internalized by macrophages and immature dendritic cells, and
induces activation and maturation of these APCs by upregulat-
ing expression of cell surface antigen presenting and costimula-
tory molecules and production of pro-inflammatory cytokines
(IL-6 and TNF-a). Pro-inflammatory cytokines are important
for APC migration and recruitment to the injection site,58

thereby RV VP6 may create a milieu for adequate antigen pre-
sentation of co-delivered antigens at the site.

The results in this study show that RV VP6 protein, in addi-
tion to being a subunit RV vaccine candidate, has in vivo adju-
vant properties providing dose-sparing advantages for
induction of antibody responses against NoV, when co-admin-
istered with NoV VLPs. These findings support the use of VP6
protein as a part of the NoV-RV combination vaccine, espe-
cially when the use of external adjuvants is not desirable, such
as in the vaccines for pediatric population.

Materials and Methods

Recombinant proteins production and purification

NoV GI.1 (Reference strain accession no. AY502016), GI.3
(AF414403), GII.4–1999 (AF080551), called GII.4, GII.4–2009
New Orleans (NO) (GU445325), and GII.4–2012 Sydney
(AFV08795.1) VLPs as well as human RV VP6 protein
(GQ477131) used in analytical methods were produced in a
BV-insect cell expression system (Invitrogen, Cat. 10359–016)

and purified on sucrose gradients as described in details
elsewhere.28,29,38,59

Highly purified GII.4 VLPs, GI.3 VLPs and VP6 proteins used
for immunization of animals were generated using multistep
chromatography purification process (UMN Pharma Inc., Japan;
unpublished data and Patent application no. 2013–146240). The
purity, identity and morphology of the protein preparations were
confirmed as previously described.28,60 In brief, the total protein,
dsDNA concentration and purity were determined with the
Pierce BCA protein assay (Thermo Scientific, Cat. 23227),
Quant-it dsDNA Broad-Range Assay Kit (Invitrogen, Q33120)
and Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis
(SDS-PAGE) followed by densitometric analysis after silver stain-
ing (PageSilverTM silver staining kit, Fermentas, Cat. K0681). EM
after negative staining with 3% uranyl acetate pH 4.6 was used to
identify protein morphology. Infectious BV and endotoxin level
were determined with BacPAKTM RapidTiter Kit (Clontech labo-
ratories, Cat. 631406) and Limulus Amebocyte Lysate assay
(Lonza, Cat. N184–25). To verify the absence of BV proteins, the
products were further analyzed with SDS-PAGE followed by
immunoblotting with anti-BV gp64 antibody (Santa Cruz Bio-
technology, Cat. sc-65499).

Immunization of mice

Table 1 shows experimental and control immunization groups
of mice. Two doses (0.3 and 3 mg) of NoV GII.4 and GI.3 VLPs
in sterile phosphate-buffered saline (PBS) were administered to
female 7-week-old BALB/c mice (Harlan Laboratories, Horst,
Netherlands) intramuscularly. The 0.3 mg dose was adminis-
tered either alone or in a mixture with RV VP6 protein. The
10 mg dose of the VP6 protein was previously identified to be
optimal for induction of RV VP6-specific immune responses in
mice.20,29 Mice were immunized twice, at day 0 and day 21, and
terminated at day 35. Control mice received carrier (sterile
PBS) only. Animals were anesthetized prior to immunization
and euthanasia with a formulation of medetomidine (Dorbene®
vet, Laboratorios SYVA S.A., Cat. 067632) and ketamine (Keta-
minol® vet, Intervet International B.V., Cat. 511485). Blood
samples and spleens were collected at the time of termination
as previously described.61 All the procedures were approved by
the Finnish Animal Experiment Board.

NoV- and RV VP6-specific serum IgG ELISA

Induction of anti-NoV and anti-VP6 antibody responses was
determined measuring NoV type-specific (GII.4 and GI.3,
respectively) and cross-reactive (GII.4 NO, GII.4 Sydney and
GI.1) as well as RV VP6-specific IgG antibody levels in serum
samples of experimental and control mice. Serially diluted
(two-fold dilution series starting at 1:100) sera of each animal
were analyzed by enzyme-linked immunosorbent assay
(ELISA) according to the previously published proce-
dures.28,29,38,62 Briefly, Costar High Binding half area plates
(Corning Inc., Cat. 3690) were coated with 0.4 to 1.0 mg/ml of
GI.1, GI.3, GII.4, GII.4 NO, GII.4 Sydney VLPs or VP6 protein
in PBS. The bound antibodies were detected with horseradish
peroxidase (HRP)-conjugated goat anti-mouse IgG (Sigma-
Aldrich, Cat. A4416), IgG1 (Invitrogen, Cat. A10551) or IgG2a
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(Invitrogen, Cat. A10685), followed by a reaction with the SIG-
MAFAST o-phenylenediamine dihydrochloride (OPD) sub-
strate (Sigma-Aldrich, Cat. P9187). Optical density at 490 nm
(OD490) was measured with Victor2 1420 microplate reader
(Wallac, Perkin Elmer, Waltham, MA). The wells of control
mouse sera were used to determine the cut-off value (mean
OD490 C 3 standard deviations). Specimens with a net OD490

above the set cut-off value and >0.1 were considered positive.
The end-point antibody titers of sera were defined as the high-
est sample dilution with an OD490 above the set cut-off value.

Blocking assay of NoV VLP binding to HBGA

Blocking assay measuring NoV-specific serum antibodies
which block binding of NoV VLPs to the HBGAs is considered
a surrogate neutralization assay.44,47 The method has been
described in details elsewhere.28,61-63 In brief, serial two-fold
dilutions starting at 1:50 were prepared from serum samples of
experimental and control mice. For the blocking assay using
synthetic HBGAs, sera were pre-incubated with 0.4 mg/ml of
NoV GII.4 or GI.3 VLPs prior to plating on biotin-conjugated
synthetic HBGA (all from GlycoTech Corporation)-coated
NeutrAvidin plates (Pierce, Cat. 15508). Synthetic H type 1
(Led (H type 1)-PAA-Biotin, Cat. 01–037) HBGAs were used
for binding of GII.4 VLPs, whereas GI.3 VLPs were tested on
Lewisa (Lea-PAA-Biotin, Cat. 01–035) HBGAs. For the saliva
blocking assay, Costar half-area plates were coated with secre-
tor-positive human type A saliva prior to adding the mixtures
of serum with 0.1 mg/ml of GI.3 or GII.4 VLPs. The HBGAs
used in the present study were chosen based on the binding
profiles of these VLPs published by our group.63 Maximum
binding of VLPs to the HBGAs was determined in wells with
VLPs in the absence of serum sample. Bound VLPs were
detected with human NoV antiserum followed by anti-human
IgG-HRP antibody (Invitrogen, Cat. 62–7120) and OPD sub-
strate. The blocking % was calculated as follows: 100% -
[(OD490 of wells with VLP and serum/OD490 of wells with VLP
without serum) £100%].

RV VP6-specific ELISPOT IL-4 and IFN-g assay

T cell responses specific for RV were analyzed using previously
published enzyme-linked immunospot (ELISPOT) IFN-g
assay.29,38 Multiscreen 96-well HTS-IP filter plates (Millipore,
Cat. MSIPN4W50) were coated either with 5 mg/ml of anti-
mouse IL-4 monoclonal antibody 11B11 (Mabtech AB, Cat.
3311–3) or monoclonal anti-mouse IFN-g antibody AN18 (Mab-
tech AB, Cat 3321–3). Splenocytes (0.4 £ 106 cells/well for IL-4,
0.1 £ 106 cells/well for IFN-g) from experimental and control
mice were stimulated in duplicate wells with human RV Wa cell
culture antigen (containing VP6 protein at 0.5 mg/ml) or with
VP6 protein (5 mg/ml). MA104 mock cell culture was used as a
negative control. Splenocytes incubated in culture media (CM)
alone served as a background control and splenocytes stimulated
with 10 mg/ml of concanavalin A (Sigma-Aldrich, Cat. C5275) as
a cell viability control. Following incubation of 45 h for IL-4 or
20 h for IFN-g at 37�C, cytokine secretion was detected with
0.5 mg/ml of biotin-conjugated anti-mouse IL-4 monoclonal
antibody BVD6–24G2 (Mabtech AB, Cat. 3311–6) or

biotinylated anti-mouse IFN-g monoclonal antibody (Mabtech
AB, Cat. 3321–6) and 1:1000 diluted streptavidin-alkaline phos-
phatase (Mabtech AB, Cat. 3310–10). After development with
BCIP/NBT substrate (Mabtech AB, Cat. 3650–10) the spots were
counted with ImmunoSpot® automatic CTL analyzer (CTL-
Europe GmbH, Bonn, Germany). The results were expressed as
mean spot forming cells (SFC)/106 splenocytes of duplicate wells.

Statistics

A nonparametric Mann-Whitney U-test and Fisher’s exact test
were employed to assess the statistical differences between non-
parametric observations of 2 independent groups. Data was
analyzed with IBM SPSS Statistics -software (SPSS Inc., Chi-
cago, IL) version 22.0 and a statistically significant difference
was defined as p � 0.05.

Abbreviations

RV rotavirus
NoV norovirus
VLPs virus-like particles
BV baculovirus
APC antigen presenting cells
GI genogroup I
GII genogroup II
EM electron microscopy
GMT geometric mean titer
GII.4 NO GII.4 New Orleans
Le Lewis
HBGA histo-blood group antigen
IL interleukin
IFN-g interferon-gamma
CM culture medium
BTV bluetongue virus
TNF-a tumor necrosis factor-alpha
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel

electrophoresis
PBS phosphate-buffered saline
ELISA enzyme-linked immunosorbent assay
HRP horseradish peroxidase
OPD o-phenylenediamine dihydrochloride
OD optical density
ELISPOT enzyme-linked immunospot
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