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Human norovirus (HuNoV) is a major causative agent of food-borne gastroenteritis worldwide. Currently,
there are no vaccines or effective therapeutic interventions for this virus. Development of an attenuated vaccine
for HuNoV has been hampered by the inability to grow the virus in cell culture. Thus, a vector-based vaccine
may be ideal. In this study, we constructed a recombinant vesicular stomatitis virus (rVSV-VP1) expressing
VP1, the major capsid protein of HuNoV. Expression of the capsid protein by VSV resulted in the formation
of HuNoV virus-like particles (VLPs) that are morphologically and antigenically similar to native virions.
Recombinant rVSV-VP1 was attenuated in cultured mammalian cells as well as in mice. Mice inoculated with
a single dose of rVSV-VP1 through intranasal and oral routes stimulated a significantly stronger humoral and
cellular immune response than baculovirus-expressed VLP vaccination. Moreover, we demonstrated that mice
inoculated with rVSV-VP1 triggered a comparable level of fecal and vaginal IgA antibody. Taken together, the
VSV recombinant system not only provides a new approach to generate HuNoV VLPs in vitro but also a new
avenue for the development of vectored vaccines against norovirus and other noncultivable viruses.

Human norovirus (HuNoV), formerly called Norwalk-like
virus, was initially isolated in the outbreak of gastroenteritis in
an elementary school in Norwalk, OH, in 1968 (35). HuNoV,
a member of the Caliciviridae family, is a major causative agent
of food-borne gastroenteritis in both developed and develop-
ing countries. It has been estimated that over 90% of outbreaks
of acute nonbacterial gastroenteritis are caused by noroviruses
(14, 15, 37, 45). HuNoV is transmitted primarily through the
fecal-oral route, either by direct person-to-person contact or by
fecally contaminated food or water. HuNoV is highly conta-
gious, and only a few virus particles are thought to be sufficient
to cause an infection (12, 14, 37). Outbreaks frequently occur
in restaurants, hotels, day care centers, schools, nursing homes,
cruise ships, swimming pools, hospitals, and military installa-
tions (14, 15, 27, 37, 45). Despite the significant economic
impact and high morbidity caused by HuNoV, no vaccines or
antiviral drugs are currently available for this virus. This is due
in major part to the lack of a cell culture system and an animal
model for HuNoV (13, 15). For these reasons, HuNoV and
other caliciviruses have been classified as NIAID category B
priority biodefense pathogens.

HuNoV is a nonenveloped, positive-sense RNA virus. The
genome of HuNoV contains 7.3 to 7.7 kb and encodes three
open reading frames (ORFs) (29). ORF1 encodes a polypro-
tein that is cleaved to produce six nonstructural proteins, in-
cluding the RNA-dependent RNA polymerase (RdRp) (5, 29).
ORF2 encodes the major capsid protein (VP1) that contains

the antigenic and receptor binding sites (5, 10, 29, 30, 57, 58)
and plays an essential role in viral attachment and entry (57,
58, 62). ORF3 encodes a minor capsid protein (VP2) that may
play a role in stabilizing virus particles (5). It is known that the
expression of VP1 alone in cell culture yields self-assembled
virus-like particles (VLPs) that are structurally and antigeni-
cally similar to native virions (10, 30, 47). Consequently, most
HuNoV vaccine studies have focused on VLPs. To date,
HuNoV VLPs have been expressed in Escherichia coli (58),
Pichia pastoris (63), insect cells (1, 4, 25, 30), mammalian cell
lines (59), and plants (such as tobacco and potatoes) (64).
Immunization of mice with VLPs orally or intranasally induced
variable humoral, mucosal, and cellular immunities (1, 15, 21,
36, 63, 64). It was reported that human volunteers who re-
ceived 250 to 2,000 �g of VLPs developed significant increases
in IgA anti-VLP antibody-secreting cells, and 30 to 40% of
volunteers developed mucosal anti-VLP IgA (55). Although
these studies are very promising, there are several limitations
to the development of in vitro-expressed VLPs into a vaccine
candidate. Preparation of VLPs in vitro is time-consuming and
expensive. Immunization usually requires a high dose of VLPs
(usually more than 100 �g) and multiple booster immuniza-
tions (15, 53). The efficacy of VLP-based vaccines relies on the
addition of mucosal adjuvants such as cholera toxin (CT) and
E. coli toxin (LT), which may have side effects, such as neuro-
toxicity and induction of immune tolerance (11, 46). Also, the
duration of the antigen stimulation may be limited because
VLPs are actually proteins, a nonreplicating immunogen.

Generally, a live attenuated virus vaccine stimulates strong
systemic immunity and provides durable protection because
replication in vivo results in high level intracellular synthesis of
the full complement of viral antigens over a prolonged period.
However, such a vaccine is not realistic for viruses that cannot
be grown in cell culture. Given this limitation, the virus cannot
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be attenuated, and even if an attenuated strain were available,
it could not be mass produced. In this situation, a vectored
vaccine may be ideal to overcome this obstacle. Vesicular sto-
matitis virus (VSV) has been shown to be an excellent vector to
deliver foreign antigens (reviewed in references 41 and 50).
VSV is a nonsegmented negative-sense (NNS) RNA virus that
belongs to the virus family Rhabdoviridae. Recombinant VSV
can be recovered entirely from an infectious cDNA clone by a
reverse genetics system (38, 61). With this technique, an exog-
enous gene can be inserted into the VSV genome, and recom-
binant VSV expressing this antigen can be recovered. The
exogenous antigen is expressed continuously in vivo once the
recombinant viruses are inoculated into animals, and thus it
triggers specific immune responses. To date, VSV has been
successfully examined as a vaccine candidate for a number of
pathogens, including human immunodeficiency virus (HIV)
(23, 31, 51, 56), severe acute respiratory syndrome (SARS)
virus (17, 34), hepatitis C virus (HCV) (8, 16), influenza virus
(49, 50), papillomavirus (48), human respiratory syncytial virus
(33), poxvirus (7), arenavirus (19), Ebola virus, and Marburg
virus (20, 32). These studies have shown that VSV-based vac-
cines trigger strong immunity in animal models even after a
single immunizing dose. Particularly, the VSV-based HIV vac-
cine has been applied for clinical study through the HIV Vac-
cine Design and Development Teams (HVDDT) program at
NIAID in partnership with Wyeth Pharmaceuticals (54). How-
ever, the exploration of VSV as a vector to deliver vaccines
against noncultivable viruses has not been reported.

In this study, we successfully recovered a recombinant VSV
expressing HuNoV capsid protein (rVSV-VP1) which was at-
tenuated in cell culture. Infection of mammalian cells with
recombinant rVSV-VP1 resulted in high-level production of
HuNoV VLPs. Importantly, we further demonstrated that
rVSV-VP1 was attenuated in mice and elicited a high level of
HuNoV-specific humoral, cellular, and mucosal immune re-
sponses in a mouse model. Thus, the VSV recombinant system
not only provided a new approach to generate HuNoV VLPs
but also resulted in a novel live vectored vaccine candidate for
HuNoV, and perhaps for other noncultivable food-borne vi-
ruses as well.

MATERIALS AND METHODS

Plasmid construction. Plasmids encoding VSV N (pN), P (pP), and L (pL)
genes, and an infectious cDNA clone of the viral genome, pVSV1(�), were
generous gifts from Gail Wertz (61). Plasmid pVSV1(�) GxxL, which contains
SmaI and XhoI at the G and L gene junction, was kindly provided by Sean
Whelan. The capsid VP1 gene of HuNoV genogroup II.4 strain HS66 (kindly
provided by Linda Saif) was amplified by high-fidelity PCR. The resulting DNA
fragment was digested with SmaI and XhoI and cloned into pVSV(�)GxxL at
the same sites. The resulting plasmid was designated pVSV1(�)-VP1, in which
the HuNoV VP1 gene was inserted into the G and L gene junction. The firefly
luciferase gene was amplified from the pGL2 luciferase reporter vector (Pro-
mega, Madison, WI) by PCR and cloned into pVSV1(�) at the gene junction
between the leader and N, resulting in construction of pVSV1(�)-Luc. All the
inserted genes contain VSV gene start and gene end sequences. The HuNoV
VP1 gene was also cloned into a pFastBac-Dual expression vector (Invitrogen,
Carlsbad, CA) at SmaI and XhoI sites under the control of the p10 promoter,
which resulted in of pFastBac-Dual-VP1. All constructs were confirmed by se-
quencing.

Recovery and purification of recombinant VSV. Recovery of recombinant
VSV from the infectious clone was carried out as described previously (61).
Briefly, recombinant VSV was recovered by cotransfection of pVSV1(�)-VP1,
pN, pP, and pL into BSRT7 cells infected with a recombinant vaccinia virus

(vTF7-3) expressing T7 RNA polymerase. At 96 h posttransfection, cell culture
fluids were collected and filtered through a 0.2-�m filter, and the recombinant
virus was further amplified in BSRT7 cells. Subsequently, the viruses were plaque
purified as described previously (39, 40). Individual plaques were isolated, and
seed stocks were amplified in BSRT7 cells. The viral titer was determined by a
plaque assay performed in Vero cells.

Single-cycle growth curves. Confluent BSRT7 cells were infected with individ-
ual viruses at a multiplicity of infection (MOI) of 10. After 1 h of absorption, the
inoculum was removed, the cells were washed twice with Dulbecco’s modified
Eagle’s medium (DMEM), fresh DMEM (supplemented with 2% fetal bovine
serum) was added, and the infected cells were incubated at 37°C. Aliquots of the
cell culture fluid were removed at the indicated intervals, and virus titers were
determined by plaque assay in Vero cells.

Analysis of protein synthesis. Confluent BSRT7 cells were infected with either
rVSV or rVSV-VP1 as described above. After 3 h postinfection, cells were
washed with methionine- and cysteine-free (M�C�) medium and incubated with
fresh M�C� medium supplemented with actinomycin D (15 �g/ml). After 1 h of
incubation, the medium was replaced with M�C� medium supplemented with
EasyTag 35S-Express (4 �Ci/ml; Perkin-Elmer, Wellesley, MA). After 4 h of
incubation, cytoplasmic extracts were prepared and analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as described previously
(39, 40). Labeled proteins were detected either by autoradiography or by using
a phosphorimager.

RT-PCR. Viral RNA was extracted from either rVSV or rVSV-VP1 by using
an RNeasy minikit (Qiagen, Valencia, CA) according to the manufacturer’s
instructions. Two primers (5�-CGAGTTGGTATTTATCTTTGC-3� and 5�-GT
ACGTCATGCGCTCATCG-3�) were designed to target the VSV G gene at
position 4524 and the L gene at position 4831 (numbering refers to the complete
VSV Indiana genome sequence), respectively. Reverse transcription-PCR (RT-
PCR) was performed using a One Step RT-PCR kit (Qiagen). The amplified
products were analyzed on 1% agarose gel electrophoresis.

Western blotting. BSRT7 cells were infected with either rVSV or VSV-VP1 as
described above. At the indicated times postinfection, cell culture medium was
harvested and clarified at 3,000 rpm for 15 min and further concentrated at
30,000 rpm for 1.5 h. In the meantime, cells were lysed in lysis buffer containing
5% �-mercaptoethanol, 0.01% NP-40, and 2% SDS. Proteins were separated by
12% SDS-PAGE and transferred to a Hybond enhanced chemiluminescence
nitrocellulose membrane (Amersham) in a Mini Trans-Blot electrophoretic
transfer cell (Bio-Rad). The blot was probed with guinea pig anti-HuNoV VP1
antiserum (a generous gift from Xi Jiang) at a dilution of 1:5,000, followed by
horseradish peroxidase-conjugated goat anti-guinea pig IgG secondary antibody
(Santa Cruz) at a dilution of 1:20,000. The blot was developed with SuperSignal
West Pico chemiluminescent substrate (Thermo Scientific) and exposed to
Kodak BioMax MR film.

Production and purification of VLPs by a baculovirus expression system. The
baculovirus expression plasmid encoding the HuNoV VP1 gene (pFastBac-VP1)
was transformed into DH10Bac. Baculovirus expressing the VP1 protein was
generated by transfection of bacmids into Spodoptera frugiperda (Sf9) cells with
a Cell-fectin transfection kit (Invitrogen), according to the instructions of the
manufacturer. Purification of VLPs from insect cells was as described previously
with some minor modifications (1, 30, 53). Sf9 cells were infected with baculo-
virus at an MOI of 10, and the infected Sf9 cells and cell culture supernatants
were harvested at 6 days postinoculation. The VLPs were purified from cell
culture supernatants and cell lysates by ultracentrifugation through a 40% (wt/
vol) sucrose cushion, followed by CsCl isopycnic gradient (0.39 g/cm3) ultracen-
trifugation. Purified VLPs were analyzed by SDS-PAGE, Western blotting, and
electron microscopy (EM). The protein concentrations of the VLPs were mea-
sured by using the Bradford reagent (Sigma Chemical Co., St. Louis, MO).

Production and purification of VLPs by a VSV vector. Recombinant rVSV-
VP1 was inoculated into 10 confluent T150 flasks of BSRT7 cells at an MOI of
0.01 in a volume of 2 ml of DMEM. At 1 h postabsorption, 15 ml of DMEM
(supplemented with 2% fetal bovine serum) was added to the cultures, and
infected cells were incubated at 37°C for 24 to 48 h. Cell culture fluids were
harvested when extensive cytopathic effect (CPE) was observed. Cell culture
fluids were clarified by centrifugation at 3,000 rpm for 30 min. Virus was con-
centrated through a 40% (wt/vol) sucrose cushion by centrifugation at 30,000
rpm for 2 h at 4°C in a Ty 50.2 rotor (Beckman). The pellet was resuspended in
TNC buffer (0.05 M Tris-HCl, 0.15 M NaCl, 15 mM CaCl2 [pH 6.5]) and further
purified through a CsCl isopycnic gradient by centrifugation at 35,000 rpm for
18 h at 4°C in an SW55 rotor (Beckman). The final pellet was resuspended in 0.3
ml of TNC buffer. Purified VLPs were analyzed by SDS-PAGE, Western blot-
ting, and EM. The protein concentrations of the VLPs were measured by using
the Bradford reagent (Sigma Chemical Co., St. Louis, MO).
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Transmission electron microscopy. Negative-staining electron microscopy of
purified VLPs was performed as described previously (35). Briefly, 20 �l of VLP
suspension was fixed in copper grids (Electron Microscopy Sciences, Inc.) and
negatively stained with 1% ammonium molybdate. Virus particles were visual-
ized by using a FEI Tecnai G2 Spirit transmission electron microscope (TEM) at
80 kV at the Microscopy and Imaging Facility at The Ohio State University.
Images were captured on a MegaView III side-mounted charge-coupled-device
camera (Soft Imaging System, Lakewood, CO), and figures were processed using
Adobe Photoshop software (Adobe Systems, San Jose, CA).

Animal experiment. Twenty-five 4-week-old specific-pathogen-free female
BALB/c mice (Charles River laboratories, Wilmington, MA) were randomly
divided into five groups (five mice per group). Mice in groups 1 to 3 were
inoculated with 106 PFU of rVSV, rVSV expressing luciferase (rVSV-Luc), or
rVSV-VP1, respectively. Mice in group 4 were inoculated with 100 �g of VLPs
(purified from the baculovirus expression system). Mice in group 5 were inocu-
lated with 200 �l of DMEM and served as unimmunized controls. All mice were
inoculated through the combination of intranasal and oral routes. Half of the
antigens were inoculated intranasally, and the other half was administrated
orally. After inoculation, the animals were evaluated on a daily basis for mor-
tality, weight loss, and the presence of any symptoms of VSV infection. Blood
samples were collected from each mouse weekly by facial vein bleed, and serums
were isolated for IgG antibody detection. Fecal and vaginal homogenate samples
were isolated weekly for the detection of norovirus specific IgA. At 5 weeks
postinoculation, all mice were sacrificed. The spleens were isolated from each
mouse, and mononuclear cell (MNC) suspensions were prepared for a T cell
proliferation assay.

T cell proliferation assay. Ninety-six-well plates were coated with 50 �l of
highly purified HuNoV VLPs (10 �g/ml) in 200 mM NaCO3 buffer (pH 9.6) at
4°C overnight. After homogenization, spleen cells were washed twice with phos-
phate-buffered saline (PBS) and plated in triplicate at 5 �105 cells/well in a
96-well-plate in RPMI 1640 medium with 2% naive mouse serum. After 48 h of
incubation at 37°C, 0.5 �Ci of [3H]thymidine was added to each well, and 16 h
later cells were harvested onto glass filters and counted with a Betaplate counter
(Wallac, Turku, Finland). The stimulation index (SI) was calculated as the mean
of the following ratio: proliferation of HuNoV VLP-stimulated cells/prolifera-
tion of cells in medium (in cpm).

Serum IgG ELISA. Ninety-six-well plates were coated with 50 �l of highly
purified HuNoV VLPs (7.5 �g/ml) in 50 mM NaCO3 buffer (pH 9.6) at 4°C
overnight. Individual serum samples were tested for HuNoV-specific IgG on
VLP-coated plates. Briefly, serum samples were 2-fold-serially diluted and added
to VLP-coated wells. After incubation at room temperature for 1 h, the plates
were washed five times with PBS–Tween (0.05%), followed by incubation with 50
�l of goat anti-mouse IgG horseradish peroxidase-conjugated secondary anti-
bodies (Sigma) at a dilution of 1:80,000 for 1 h. Plates were washed and devel-
oped with 75 �l of 3,3�,5,5�-tetramethylbenzidine (TMB), and the optical density
(OD) at 450 nm was determined using an enzyme-linked immunosorbent assay
(ELISA) plate reader. End point titer values were determined as the reciprocal
of the highest dilution that had an absorbance value greater than background
level (DMEM control).

Fecal IgA ELISA. For each stool sample, HuNoV-specific and total fecal IgA
were determined as described previously (21). Fecal pellets were diluted 1:2
(wt/vol) in PBS containing 0.1% Tween and a Complete EDTA-free proteinase
inhibitor cocktail tablet (Roche). Samples were vortexed twice for 30 s and
clarified twice by centrifugation at 10,000 � g for 10 min. Ninety-six-well plates
were coated with 50 �l of highly purified HuNoV VLPs (1 �g/ml) in 50 mM
NaCO3 buffer (pH 9.6) at 4°C overnight for detection of HuNoV-specific IgA,
while total fecal IgA was determined by capturing all fecal extract IgA molecules
with 1 �g/ml sheep anti-mouse IgA (Sigma). To block nonspecific protein bind-
ing, the plates were incubated for 4 h at 4°C with 10% (wt/vol) dry milk in PBS
(10% BLOTTO). The level of IgA was calculated from a standard curve that was
determined by the absorbance values of the mouse IgA standard (Sigma). The
HuNoV-specific IgA level was expressed in nanograms per milliliter, and each
corresponding total IgA level was expressed in micrograms per milliliter.

Vaginal HuNoV-specific IgA ELISA. Ninety-six-well plates were coated with
HuNoV VLPs in selected columns as described above. After an overnight block-
ing at 4°C with 5% BLOTTO, 75 �l of an undiluted vaginal sample per well or
a 1:5 dilution of the sample was added, the sample was serially diluted 2-fold
down the plate and incubated for 2 h at 37°C. The remaining protocol was
identical as described above for the HuNoV-specific fecal IgA ELISA or the
serum IgG ELISA.

Quantitative and statistical analyses. Quantitative analysis was performed by
either densitometric scanning of autoradiographs or by using a Typhoon
PhosphorImager (GE Healthcare) and ImageQuant TL software (GE Health-

care, Piscataway, NJ). Each experiment was performed three to six times. Sta-
tistical analysis was performed by a paired Student’s t test. A P value of �0.05
was considered statistically significant.

RESULTS

Recovery of recombinant VSV expressing HuNoV capsid
protein. The feasibility for the delivery of VLPs using VSV as
a vector is poorly understood, although many antigens have
been successfully expressed by VSV. Since the abundance of
gene expression decreases with distance from the 3� end to the
5�end of the VSV genome (28), we attempted to recover re-
combinant VSV harboring the VP1 gene at the 3�-proximal
end of the genome. Unfortunately, after multiple attempts, we
failed to recover recombinant viruses with the VP1 gene in-
serted in any of the following gene junctions: leader-N, N-P,
P-M, or M-G. However, recombinant VSV expressing HuNoV
VP1 was successfully recovered when the VP1 gene was in-
serted at the gene junction G-L in the VSV genome (Fig. 1A).
Recombinant rVSV-VP1 formed much smaller plaques than
rVSV (Fig. 1B). After 24 h of incubation, rVSV formed
plaques that were 4.3 � 0.8 mm (mean � standard deviation)
in diameter. However, the average plaque size for rVSV-VP1
was 1.7 � 0.6 mm even after 48 h of incubation, suggesting that
rVSV-VP1 may have a defect in viral growth. To confirm that
the recovered virus indeed contained the VP1 gene, viral
genomic RNA was extracted followed by RT-PCR using two
primers annealing to the VSV G and L genes, respectively. As

FIG. 1. Recovery of recombinant VSV expressing HuNoV VP1
(rVSV-VP1). (A) Insertion of VP1 into the VSV genome at the gene
junction between G and L. Le, VSV leader sequence; N, nucleocapsid
gene; P, phosphoprotein gene; M, matrix protein gene; G, glycoprotein
gene; L, large polymerase gene; Tr, VSV trailer sequence. (B) The
plaque morphology of recombinant viruses compared to rVSV.
Plaques of rVSV-VP1 developed after 48 h of incubation compared to
rVSV, which developed plaques after 24 h of incubation. (C) Ampli-
fication of the VP1 gene from recombinant rVSV-VP1 by RT-PCR.
Genomic RNA was extracted from each of the viruses, and the VP1
gene was amplified by RT-PCR using two primers annealing to the G
and L genes.
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shown in Fig. 1C, a 2.0-kb cDNA band containing the VP1
gene was amplified from genomic RNA extracted from rVSV-
VP1, while a 300-bp cDNA was amplified from rVSV. The
cDNA was purified and sequenced, confirming that VP1 of
HuNoV was indeed inserted into the VSV genome. We also
sequenced the entire rVSV-VP1 genome to confirm that no
additional mutation was introduced. By using a similar strat-
egy, we also recovered rVSV expressing firefly luciferase
(rVSV-Luc), in which luciferase was inserted between the
leader and N gene junction (data not shown).

The replication of rVSV-VP1 is delayed in cell culture. To
further characterize recombinant rVSV-VP1, we monitored
the kinetics of release of infectious virus by using a single-step
growth assay in BSRT7 cells. Briefly, BSRT7 cells were in-
fected with each of the recombinant viruses at an MOI of 10,
and viral replication was determined at time points from 0 to
48 h postinfection. As shown in Fig. 2, rVSV-VP1 had a sig-
nificant delay in viral replication compared to that of rVSV.
Wild-type rVSV reached a peak titer (4.6 � 109 PFU/ml) at
12 h postinfection. However, rVSV-VP1 reached a peak titer
of 4.0 � 109 PFU/ml at approximately 30 h postinfection. At an
MOI of 10, recombinant rVSV exhibited significant CPE by 6 h
postinfection (data not shown), and cells were completely
killed by 14 h postinfection. However, rVSV-VP1 first showed
mild CPE after 12 h postinfection, most cells were still healthy
at 24 h, and most cells were killed by 36 h postinfection. These
results suggested that rVSV-VP1 had delayed replication and
was attenuated in cell culture.

High-level expression of HuNoV VP1 protein by the VSV
vector. To examine the expression of HuNoV VP1 by VSV, we
first determined protein synthesis in virus-infected cells by
metabolic labeling as described in Materials and Methods.
Briefly, BSRT7 cells were infected with either rVSV or rVSV-
VP1 and, at 3 h postinfection, the cells were incubated with
[35S]methionine-cysteine for 4 h. After incubation, cytoplasmic
extracts were prepared, and total protein was analyzed by SDS-
PAGE. As shown in Fig. 3A, rVSV synthesized five viral pro-
teins, L, G, P, N, and M. In rVSV-VP1-infected cells, an
additional protein band with a molecular mass of approxi-
mately 58 kDa was detected. This protein is the correct size for
the HuNoV capsid protein VP1. The abundance of this protein
increased when cells were infected with a higher MOI of
rVSV-VP1 (data not shown). Significantly less VSV proteins

FIG. 2. Single-step growth curve of recombinant VSV in BSRT7
cells. Confluent BSRT7 cells were infected with individual viruses at an
MOI of 10. After 1 h of incubation, the inoculum was removed, the
cells were washed with DMEM, and fresh medium (containing 2%
fetal bovine serum) was added, followed by incubation at 37°C. Sam-
ples of supernatant were harvested at the indicated intervals over a
48-h time period, and the virus titer was determined by plaque assay.
Titers are expressed as the mean � the standard deviation of three
independent single-step growth experiments.

FIG. 3. Expression of HuNoV VP1 by the VSV vector. (A) Viral protein synthesis in BSRT7 cells. BSRT7 cells were infected with rVSV or
rVSV-VP1 at an MOI of 10. After 3 h postinfection, proteins were metabolically labeled by incorporation of [35S]methionine-cysteine in the
presence of actinomycin D. After 4 h of incubation, cytoplasmic extracts were harvested, and proteins were analyzed by SDS-PAGE and detected
by using a phosphorimager. The identities of the proteins are shown on the left. (B) Quantitative analysis of VSV structural proteins between rVSV
and rVSV-VP1. Data were generated in three independent experiments. For each protein the mean � the standard deviation is shown as a
percentage of that observed for rVSV. (C) SDS-PAGE analysis of total cell lysate from virus-infected cells. A total of 2 � 105 of BSRT7 cells in
60-mm dishes were infected with rVSV, rVSV-VP1, or rVSV-Luc at an MOI of 10, cells were lysed in 500 �l of lysis buffer at 8 h postinfection,
and 10 �l of lysate was analyzed by SDS-PAGE. (D) Analysis of VP1 expression in cell lysate by Western blotting. Identical samples from those
shown in panel C were blotted with guinea pig anti-HuNoV VP1 antiserum. (E) Analysis of VP1 protein in cell culture medium by Western
blotting. BSRT7 cells were infected with rVSV or rVSV-VP1, and cell culture medium was harvested at 54 h postinfection. After ultracentrifu-
gation at 29,000 rpm, the pellets were subjected to Western blotting. Lys, cell lysate; Sup, cell culture supernatant; cVP1, cleaved VP1 protein.
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were synthesized from rVSV-VP1-infected cells than from
rVSV-infected cells (Fig. 3A, compare lanes 1 and 2). Quan-
titative analysis of three independent experiments showed that
there is approximately 25 to 50% as much of the VSV proteins
synthesized by rVSV-VP1 relative to the wild type (Fig. 3B).
The combination of decreased viral plaque size, delayed single
step viral replication, and reduced protein synthesis suggests
that rVSV-VP1 is attenuated in cell culture. To further char-
acterize the expression of the VP1 protein, we performed a
Western blot analysis using a polyclonal antibody against the
VP1 protein. Briefly, BSRT7 cells were infected with rVSV,
rVSV-VP1, or rVSV-Luc at an MOI of 10, and cell lysates
were harvested at 8 h postinfection. The cell lysates were an-
alyzed by SDS-PAGE, followed by Western blotting. As shown
in Fig. 3D, a 58-kDa protein band was visualized in rVSV-VP1,
but not in rVSV or rVSV-Luc lysates. For comparison, cell
culture medium was harvested at 54 h postinfection. After
30,000 rpm ultracentrifugation, the pellets were analyzed by
Western blotting. Interestingly, two protein bands with molec-
ular masses of 58 and 52 kDa were detected from the super-
natant by Western blotting (Fig. 3E). If the 58-kDa protein is
the native full-length VP1 protein, the 52-kDa protein must be
a cleaved form of VP1 (cVP1) protein. However, in the cell
lysate, the majority of VP1 remained uncleaved. This was con-
sistent with the earlier observation that HuNoV VP1 can be
cleaved when expressed in mammalian and insect cells (4, 25).
Taken together, these results demonstrated that (i) expression
of VP1 by VSV resulted in two forms of VP1 protein and (ii)
the expressed VP1 protein was antigenic and reacted with
anti-HuNoV VP1 antibody.

We also monitored the kinetics of VP1 expression in BSRT7
cells. Briefly, BSRT7 cells were infected with rVSV-VP1 at an
MOI of 10, and cell culture medium and cell lysates were
harvested separately at the indicated times. The expression of
VP1 was determined by Western blotting. In the cell lysate,
VP1 expression was detected at 4 h postinfection, gradually
increased, and reached a peak at 30 h postinfection (Fig. 4A
and C). VP1 protein was secreted into cell culture medium but
was not detectable until 24 h postinfection (Fig. 4B and C). A
high level of VP1 protein was released to the supernatant after
24 to 48 h postinfection. Thus, VP1 protein was not only
expressed in the cytoplasm but also released into cell culture
medium.

Characterization of HuNoV VLPs expressed by the VSV
vector. To determine whether expression of VP1 from VSV
leads to the assembly of VLPs, BSRT7 cells were infected with
rVSV-VP1 and the cell culture medium was harvested at 48 h
postinfection. The expressed VP1 protein was purified as de-
scribed in Materials and Methods. Crude cell culture medium
(unpurified) and purified VP1 proteins were subjected to neg-
ative-stain EM. HuNoV VLPs purified from insect cells by
baculovirus were used as a control. As shown in Fig. 5A,
particles of two sizes (35 to 38 and 18 to 20 nm) were observed
in baculovirus-expressed VLPs. In unpurified cell culture me-
dium, two types of virus particles, VSV and HuNoV VLPs,
were found (Fig. 5B). VSV is a bullet-shaped particle around
120 nm in length and 70 nm in diameter, while HuNoV VLPs
are small round structured particles, 38 nm in diameter. After
CsCl isopycnic gradient purification, a large number of
HuNoV VLPs were obtained. The size of a majority of the

VLPs expressed by VSV had a diameter of approximately 38
nm, although 20 nm-particles were also found (Fig. 5B and C).
Therefore, these results confirm that expression of VP1 pro-
tein by the VSV vector resulted in the assembly of VLPs that
are structurally similar to native virions.

Recombinant rVSV-VP1 is attenuated in a mouse model. It
has been well documented that wild-type rVSV Indiana strain
is highly virulent for mice (2, 41). To test the safety of rVSV-
VP1, mice were inoculated with 106 PFU of either rVSV or
rVSV-VP1 through a combination of intranasal and oral
routes. After inoculation, animals were evaluated daily for
weight loss and the presence of any clinical symptoms. Consis-
tent with previous reports (2), mice infected with rVSV had
severe weight loss (Fig. 6) and exhibited typical clinical signs,
including ataxia, hyperexcitability, tremors, circling, and paral-
ysis. At 10 days postinoculation, two of the five mice were dead
in the rVSV group. At day 16, we euthanized the remaining
three mice in the rVSV group, since they were extremely sick.
Mice inoculated with rVSV-VP1 also showed a significant
weight loss (P � 0.05) within the first week postinoculation but
started to gain weight after 10 days postinoculation (Fig. 6).
After 3 weeks postinoculation, there was no significant differ-
ence in weight compared to DMEM controls (P 	 0.05). Mice
inoculated with rVSV-Luc exhibited similar dynamics of
weight changes. However, mice inoculated with rVSV-Luc had
significantly more weight loss (P � 0.05) than those in rVSV-

FIG. 4. Kinetics of VP1 expression by the VSV vector. (A) Dynam-
ics of VP1 expression in cell lysate by Western blotting. BSRT7 cells
were infected with rVSV or rVSV-VP1 at an MOI of 10. Cytoplasmic
extracts were harvested at the indicated time points. Equal amounts of
total cytoplasmic lysate were analyzed by SDS-PAGE, followed by
Western blot analysis using guinea pig anti-HuNoV VP1 antiserum.
(B) Analysis of the dynamics of VP1 expression in cell culture medium
by Western blotting. Cell culture supernatants were harvested at the
indicated time points. VP1 proteins were pelleted from cell culture
supernatants through ultracentrifugation at 29,000 rpm and resus-
pended in 200 �l of NTE (0.1 M NaCl, 1 mM EDTA, 0.01 M Tris [pH
7.4]). Equal amounts of suspensions were subjected to Western blot-
ting. (C) Quantitative analysis of VP1 expression in cytoplasmic lysate
and cell culture supernatants. Three independent experiments were
used to generate the quantitative analysis shown. Data are expressed as
the means � the standard deviations.
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VP1 group at days 8 to 12 postinoculation. After 12 days
postinoculation, mice in the rVSV-VP1 group gained slightly
more weight than those in the rVSV-Luc group, although there
was no significant difference between these two groups (P 	
0.05). In addition, mice inoculated with rVSV-VP1 and rVSV-
Luc showed no significant clinical signs, although some mice in
the rVSV-Luc group had a ruffled coat at days 6 to 10 posti-
noculation. Mice inoculated with DMEM did not have any
weight loss or clinical signs. This experiment suggests that both
rVSV-VP1 and rVSV-Luc were attenuated in mice. Overall, it

appears that rVSV-VP1 was more attenuated in mice than
rVSV-Luc.

Intranasal and oral administration of rVSV-VP1 induces a
strong serum IgG immune response in mice. To evaluate
whether rVSV-VP1 induces antibodies against HuNoV, blood
samples were isolated from each mouse and the serum IgG
antibody response was determined by ELISA as described in
Materials and Methods. The geometric mean titers (GMT)
were calculated for each group of mice and compared. Prior to
inoculation, all mice were negative (titer, �10) for HuNoV-
specific IgG (data not shown). As shown in Fig. 7, mice inoc-
ulated with rVSV-VP1 triggered a much higher serum IgG
response than the mice that received baculovirus-produced
VLPs during the 5-week experimental period (P � 0.05). At 1
week postinoculation, all mice inoculated with rVSV-VP1 had
a high level of serum IgG with a GMT of 10,809. The IgG

FIG. 5. Electron microscope analysis of purified VLPs. Twenty microliters of VLP suspension was fixed in copper grids and negatively stained
with 1% ammonium molybdate. Virus-like particles were visualized by using a FEI Tecnai G2 Spirit transmission electron microscope. (A) VLPs
purified from insect cells by baculovirus. (B) Cell culture supernatant. BSRT7 cells were infected with rVSV-VP1, and cell culture supernatants
were harvested at 48 h postinfection. The larger VLPs, 38 nm in diameter, are indicated by arrows. The smaller VLPs, 19 nm in diameter, are shown
inside the box (with a magnified image provided). (C) VLPs purified from BSRT7 cells infected by rVSV-VP1.

FIG. 6. Dynamics of mouse body weight after inoculation with re-
combinant viruses. Five BALB/c mice in each group were inoculated
with 106 PFU of rVSV, 106 PFU of rVSV-VP1, or 100 �g of VLPs
(purified from insect cells by baculovirus) through a combination of
the intranasal and oral routes. The body weight for each mouse was
evaluated every other day. The average body weights of five mice are
shown. At day 10, two out of five mice were dead in the rVSV group.
The remaining three mice were euthanized at day 16 because of severe
illnesses.

FIG. 7. Serum IgG immune responses to HuNoV vaccine. Groups
of five BALB/c mice were inoculated with either 106 PFU of rVSV-
VP1 or 100 �g of VLPs through a combination of intranasal and oral
routes. Serum samples were collected weekly and analyzed by ELISA
for HuNoV-specific serum IgG antibody. Data are expressed as the
GMT of five mice. Error bars at each time point represent the standard
deviation between mice.
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antibody gradually increased at week 2 postinoculation with a
GMT of 32,768 and remained at a high level through week 5.
Mice inoculated with 100 �g of baculovirus-produced VLPs
had a similar level of HuNoV-specific IgG antibodies at week
1 postinoculation. However, the IgG antibody in the VLP
group had decreased by week 2 postinoculation. Moreover,
from weeks 2 to 5, the GMT in rVSV-VP1 group was signifi-
cantly higher than that of the VLP group (P � 0.05). As
controls, mice inoculated with rVSV-Luc and DMEM lacked
HuNoV-specific serum IgG antibody responses during the ex-
perimental period. Thus, this experiment demonstrates that (i)
a single-dose inoculation of mice with recombinant rVSV-VP1
stimulated a high level of serum IgG antibody response and (ii)
the IgG antibody response induced by rVSV-VP1 was signifi-
cantly stronger than that of the baculovirus-produced VLP-
based vaccine candidate.

Immunization of mice with rVSV-VP1 induces a strong cel-
lular immune response in mice. To determine the cellular
immune response of the VSV-based HuNoV vaccine, spleens
were isolated from each mouse at week 5 postinoculation, and
the cellular immune responses were measured by a T cell
proliferation assay. As shown in Fig. 8, mice inoculated with
rVSV-VP1 stimulated much higher HuNoV-specific T cell pro-
liferation than that of traditional VLP-based vaccines (P �
0.05). All mice in the rVSV-VP1 group had strong HuNoV-
specific T cell responses, with an average stimulation index of
9.7. However, only three out of the five mice in the VLP group
had a T cell immune response, with an average stimulation
index of 4.8. Mice inoculated with rVSV-Luc and DMEM had
no HuNoV-specific T cell immune responses. Therefore, these
data demonstrate that rVSV-VP1 stimulates a significantly
stronger T cell immune response than the VLP-based vaccine
candidate.

Immunization of mice with rVSV-VP1 induces a mucosal
immune response in mice. Norovirus causes gastroenteritis; it
is likely that mucosal antibodies play an important role in
protection from infection. To measure the mucosal immune
response, HuNoV-specific and total IgA in fecal and vaginal
extracts were assayed by ELISA. The level of IgA response was
expressed as the ratio between HuNoV-specific IgA and total
IgA. Prior to antigen inoculation, there was no HuNoV-spe-
cific IgA in either fecal or vaginal samples in any mice. Figure
9 shows the fecal IgA antibody response from weeks 1 to 5. In
week 1, only one and two out of five mice had an IgA response
in the rVSV-VP1 group and VLP groups, respectively. At week
2, all mice in the VLP group developed HuNoV-specific IgA,
while four out of five mice in the rVSV-VP1 group exhibited an
IgA response. At week 3, the IgA antibody started to decrease
in both the rVSV-VP1 and the VLP group. There was no
significant difference in IgA response between these two
groups at weeks 2 and 3 (P 	 0.05). At weeks 4 and 5, the VLP
group had a higher IgA antibody response than that of the
rVSV-VP1 group. However, the number of mice that had de-
tectable IgA in the VLP group (two and three mice) was less

FIG. 8. T cell proliferative responses to HuNoV vaccine. Spleen
cells were harvested from all mice in each group at week 5 postinocu-
lation and stimulated with HuNoV VLPs. T cell proliferation was
measured by [3H]thymidine incorporation. The SI was calculated as
the mean of the ratio of the proliferation of HuNoV VLP-stimulated
cells versus proliferation of cells in medium (in cpm). Data are ex-
pressed as the means of five mice � the standard deviations.

FIG. 9. Fecal IgA responses to HuNoV vaccine. Fecal samples were collected from all mice in each group weekly. Samples were diluted in PBS,
vortexed, and clarified by centrifugation, and HuNoV-specific and total IgA antibodies were determined by ELISA. The ratio between HuNoV-
specific IgA and total IgA was calculated for each mouse. Data are expressed as the average titer of IgA-positive mice � the standard deviation.
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than that of the rVSV-VP1 group (four and five mice). Overall,
these results demonstrated that rVSV-VP1 was able to trigger
a HuNoV-specific mucosal IgA immune response in the intes-
tine. The recombinant rVSV-VP1 group showed a comparable
level of IgA at weeks 1 to 3 but had a lower IgA level at weeks
4 and 5 compared to the VLP group. None of the mice in the
rVSV-Luc and DMEM groups showed HuNoV-specific IgA
antibody over the entire experimental period.

Using an identical approach, the vaginal IgA antibody re-
sponses were also determined. Interestingly, the ratio between
HuNoV-specific IgA and total IgA in vaginal samples was
much higher than that of fecal samples. Thus, the level of IgA
response was expressed as the log10 of the ratio between
HuNoV-specific IgA and total IgA. As shown in Fig. 10, both
the rVSV-VP1 and VLP groups triggered a high level of vag-
inal IgA antibody. At week 1 postinoculation, all mice in the
VLP group had vaginal IgA antibody. However, four out of five
mice in the rVSV-VP1 group had an IgA response. In the
following 4 weeks, all mice developed an IgA response in both
the rVSV-VP1 and VLP groups. In weeks 1 and 2, the average
IgA titer in the VLP group was higher than in the rVSV-VP1
group (P � 0.05). In weeks 3 to 5, however, there was no
significant difference in vaginal IgA response between these
two groups (P 	 0.05). Mice inoculated with rVSV-Luc and
DMEM did not have any HuNoV-specific IgA antibody in
vaginal samples during the 5-week experimental period. Over-
all, these results demonstrated that mice inoculated with
rVSV-VP1 and VLPs stimulated a comparable vaginal IgA
antibody response. We concluded that the VSV-based HuNoV
vaccine is capable of inducing a high level of mucosal immunity
in mice, in both the intestinal and vaginal extracts.

DISCUSSION

In this study, we recovered a recombinant rVSV expressing
the HuNoV VP1 protein. We demonstrated that the VP1 pro-
tein was not only highly expressed by the VSV vector but also
self-assembled into VLPs that were morphologically and anti-
genically similar to the native virions. Recombinant rVSV-VP1

was attenuated in cell culture as well as in a mouse model. We
further demonstrated that mice inoculated with the VSV-
based HuNoV vaccine responded with a high level of HuNoV-
specific humoral, cellular, and mucosal immunities. These re-
sults showed that VSV is an excellent vector to deliver HuNoV
VLPs and that it is a novel vaccine candidate against HuNoV.
To our knowledge, this is the first demonstration using VSV as
the vector to deliver VLPs of noncultivable viruses in vitro as
well as in vivo.

A new approach to generate HuNoV VLPs using VSV as the
vector. VSV is one of the most attractive viral vectors for
vaccines, oncolytic therapy, and gene delivery (reviewed in
references 41 and 60). Since the establishment of the reverse
genetics system for VSV in 1995, hundreds of exogenous genes
have been expressed by using VSV as a vector. However, the
feasibility of using VSV as the vector to express and deliver
VLPs has not been well studied. To date, there has only been
one report which demonstrated use of VSV to generate VLPs.
Specifically, it demonstrated that the expression of the HCV
core, E1, and E2 proteins by VSV assembled to form HCV-like
particles in BHK-21 cells which were similar to the ultrastruc-
tural properties of HCV virions (16). However, Blanchard et
al. in 2003 argued that these particles may be the endogenous
viruses of BHK-21 cells, such as intracisternal R-type particles,
but not the complete budded HCV-like particles (6). Later, it
was shown that expression of HCV E1 and E2 by propagating
and nonpropagating (G-protein-deleted) VSV vectors resulted
in correctly folded E1/E2 heterodimers (44). However, de-
tailed characterization of these HCV-like particles was lacking
in their studies.

In contrast to HCV, expression of HuNoV VP1 alone led to
the formation of VLPs (30). We initially inserted the VP1 gene
into the 3�-proximal end of the VSV genome. However, re-
combinant VSV expressing VP1 was recovered only when the
VP1 gene was inserted between the gene junction of G and L,
which is located at the 5�-proximal end of the VSV genome. It
was likely that the high expression level of VP1 at the 3�-
proximal end of the VSV genome inhibited the recovery of the
virus. Indeed, recovery of rVSV was inhibited when a plasmid

FIG. 10. Vaginal IgA responses to HuNoV vaccine. Vaginal samples were collected weekly from each mouse, and HuNoV-specific and total
IgA antibodies were determined by ELISA. The level of vaginal IgA is reported as the log10 of the ratio between HuNoV-specific IgA and total
IgA. Data are expressed as the GMT of IgA-positive mice � the standard deviation.
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encoding the VP1 gene was cotransfected with a VSV infec-
tious clone (data not shown). We found that recombinant
rVSV-VP1 showed diminished plaque sizes in Vero cells and
delayed replication in BSRT7 cells. In addition, there was
significantly less VSV protein synthesized in rVSV-VP1-in-
fected cells than in cells infected with rVSV (P � 0.05). How-
ever, a high level of VP1 protein was found in cell lysates at
early time points in rVSV-VP1-infected cells. At later times, a
high level of VP1 was also found in cell culture supernatants.
The expressed VP1 was antigenic, as shown by Western blot-
ting with a polyclonal antibody against VP1. While the expres-
sion of VP1 occurs in the cytoplasm, it is likely that some VP1
protein is secreted into the medium across the cell membrane,
since most cells were healthy at 24 h postinfection. At late
times postinfection, the release of VP1 protein may due to the
loss of cell membrane integrity and cell lysis. EM analysis
confirmed that the expressed VP1 protein assembled into
VLPs. These results demonstrated that VSV-expressed VLPs
are structurally and antigenically similar to native virions. In
our study, we used BSRT7 cells, since VSV grew to a higher
titer in this cell line. The delayed replication of rVSV-VP1 and
the formation of VLPs were also observed in other cell lines,
such as BHK-21 (data not shown). In addition, there are a
number of advantages of using VSV as the vector to express
HuNoV VLPs. First, VSV grows to a high titer in a wide range
of mammalian cells. It is easy to grow VSV and thus facilitate
the large-scale production of VLPs. Second, it is a time-saving
approach. It only took 2 days to generate VLPs using VSV as
the vector. However, it took 6 days when a baculovirus system
was used. Third, it is a highly productive system. A large num-
ber of VLPs can be found by EM analysis using cell culture
supernatants (without purification). Therefore, a VSV vector is
a novel and efficient approach to generate HuNoV VLPs.

A new live vaccine candidate against noncultivable viruses.
Noroviruses are responsible for more than 90% of nonbacte-
rial gastroenteritis worldwide and cause up to 200,000 deaths
in children of less than 5 years of age in developing countries
(14, 15, 27, 37). Many attempts have been made to develop an
effective vaccine against this biodefense agent. To date, most
studies have focused on the VLPs purified from the baculovi-
rus expression system. It has been shown that HuNoV VLP
vaccination induces humoral and cellular immune responses in
both humans and mice (1, 15, 21, 36, 63, 64). Since HoNoV is
noncultivable, live vectored vaccines may provide a novel and
effective vaccine strategy. Two live viral vectors, Venezuelan
equine encephalitis virus (VEE) and adenovirus, have been
shown in studies to deliver HuNoV VLPs in vivo. It was shown
that the VEE replicon expressing HuNoV VLPs induced
HuNoV-specific systemic, mucosal, and heterotypic immunity
in mice (3, 26). By using cultivable murine norovirus (MNV) as
a model, it was shown that a VEE-adjuvanted vaccine induced
homotypic and heterotypic humoral and cellular immunity and
protected mice from MNV challenge (42, 43). Most recently, it
was reported that a recombinant adenovirus expressing
HuNoV capsid protein stimulated a specific immune response
in mice (22). These studies demonstrated the feasibility of
using vectored vaccine against HuNoV. However, there are
some potential disadvantages to use of VEE and adenovirus as
vectors. Although the VEE replicon is a single-cycle replicating
vector, the biosafety of VEE has been questioned, since VEE

is a biodefense pathogen, and the use of functional VEE genes
is restricted. For adenovirus, in vivo delivery of the vectored
vaccine may be hampered by the host immune response, since
a large portion of the global population has preexisting immu-
nities against the adenovirus vector. In fact, recent clinical
trials suggest that adenovirus has performed poorly as a vac-
cine vector (52).

In this study, we developed a VSV-based vaccine candidate
against HuNoV. We first demonstrated that recombinant
rVSV-VP1 was attenuated in mice. Since VSV transcription
results in a gradient of mRNA and protein expression, it would
be expected that an exogenous gene inserted at 3�-proximal
end of the VSV genome will have more impact on virus atten-
uation than a gene inserted at the 5�-proximal end. However,
it appears that rVSV-VP1 was more attenuated in mice than
rVSV-Luc despite the fact that the luciferase and VP1 genes
were inserted at the leader-N and G-L gene junctions, respec-
tively. This suggests that the insertion of the VP1 gene had
more impact on VSV virulence than that of the luciferase gene.
Excitingly, this VSV-based HuNoV vaccine stimulated approx-
imately 10 times more serum IgG than the traditional VLP-
based vaccine. High levels of serum antibody lasted at least 5
weeks postinoculation. However, antibody induced by tradi-
tional VLP-based vaccines began to decline at only 2 weeks
postinoculation. The VSV-based HuNoV vaccine stimulated a
strong T cell proliferation with an average stimulation index of
9.7, which was more than two times higher than that of the
VLP groups. Since HuNoV causes acute gastroenteritis, it is
likely that mucosal immunity plays an important role in pro-
tecting humans from disease. Thus, we used a combination of
intranasal and oral routes for vaccination. Consistent with ear-
lier observations (1, 21), we also found that not all of the mice
developed IgA responses in fecal extracts despite the high dose
of VLPs used. There were five mice that had a fecal IgA
response at weeks 2 and 3, but only two to three mice had a
detectable fecal IgA response at weeks 4 and 5. However, four
to five mice from the rVSV-VP1 group had a fecal IgA re-
sponse from weeks 2 to 5. Mice inoculated with rVSV-VP1 and
VLPs stimulated a comparable fecal IgA antibody response at
weeks 1 to 3, although the rVSV-VP1 group had a lower level
of fecal IgA antibody at weeks 4 and 5. Interestingly, all mice
in both the VLP and rVSV-VP1 groups had vaginal IgA anti-
body. Moreover, the rVSV-VP1 group had an equivalent level
of vaginal IgA response as with VLP vaccination at weeks 4
and 5. Taken together, these results suggest that the VSV-
based HuNoV vaccine induced a significantly stronger humoral
and cellular immunity than the traditional VLP-based vaccine.
In addition, rVSV-VP1 was able to trigger a comparable level
of mucosal immunity. Thus, our data demonstrated that mice
inoculated with a single dose of rVSV expressing HuNoV
VLPs triggered a high level of humoral, cellular, and mucosal
immunity. This is likely related to the extremely high level
of intracellular synthesis of VLPs in infected cells once inoc-
ulated into mice. Furthermore, VLPs may be continuously
expressed in vivo by the VSV vector, which in turn stimulated
long-lasting immune responses. In contrast, conventional pu-
rified VLPs are nonreplicating antigens, and thus the duration
of the immune response may be limited. A VSV-based vaccine
offers a number of other distinctive advantages, including ge-
netic stability, expression of multiple antigens, simplicity of
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production, multiple routes of administration, and ease of ma-
nipulation. Unlike adenovirus vector, human infection with
VSV is very rare (18, 24), and the general population is free of
preexisting immunity against VSV (41). Therefore, these ad-
vantages will facilitate the clinical trials of a VSV-vectored
vaccine in the future.

Unfortunately, there is no robust small animal model for
HuNoV infection. In this study, we did not show any protection
data, since the mouse is not susceptible to HuNoV infection.
Recently, it was shown that gnotobiotic pigs infected with
HuNoV genogroup II.4 strain HS66 developed diarrhea, viral
shedding, and histopathological lesions in their intestines (9).
Subsequently, vaccination of gnotobiotic pigs with baculovirus-
expressed VLPs generated systemic immune responses and
provided protection against viral shedding and diarrhea (53). It
will be of great interest to determine whether a VSV-based
HuNoV vaccine can protect such animal models from virulent
challenge.

In summary, our study highlights a major gap in our under-
standing of whether VSV can be used as a vector to deliver
VLP in vitro as well as in vivo. Our study has three important
applications for the development of (i) a highly productive
bioreactor to facilitate large-scale purification of HuNoV
VLPs using VSV as a vector, (ii) a high titer of HuNoV-specific
antibody for virus detection, disease diagnosis, and therapy,
and (iii) a VSV-based vaccine as a novel vaccine candidate
against HuNoV as well as other noncultivable viruses.
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