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Abstract Recombinant baculovirus (BV) expression
systems are widely applied in the production of viral capsid
proteins and virus-like particles (VLPs) for use as immu-
nogens and vaccine candidates. Traditional density gradi-
ent purification of VLPs does not enable complete
elimination of BV-derived impurities, including live viru-
ses, envelope glycoprotein gp64 and baculoviral DNA. We
used an additional purification system based on ionic
strength to purify norovirus (NoV) GII-4 capsid-derived
VLPs. The anion exchange chromatography purification
led to highly purified VLPs free from BV impurities with
intact morphology. In addition, highly purified VLPs
induced strong NoV-specific antibody responses in BALB/
¢ mice. Here, we describe a method for NoV VLP purifi-
cation and several methods for determining their purity,
including quantitative PCR for BV DNA detection.

Introduction

Baculoviruses (BVs) are dsDNA viruses that naturally
infect insects and arthropods and are unable to replicate in
mammalian or other vertebrate cells [3, 8, 32]. The
recombinant BV expression system in insect cells was
developed for protein expression in the 1980s and has since
been used in a wide range of applications because many
proteins require folding, subunit assembly, and extensive
posttranslational modification to be biologically active [18,
54, 57]. This expression system is highly effective in
producing large quantities of recombinant viral capsid and
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envelope proteins that spontaneously assemble into virus-
like particles (VLPs) inside the cytoplasm of infected
insect cells [18, 33, 42, 54]. These VLPs are morphologi-
cally and antigenically similar to native viruses [33] but
lack the replicative capacity of the virus, are non-infec-
tious, and do not contain any genetic material. VLPs,
moreover, are commonly stable in storage and relatively
acid and heat stable [5, 19, 33]. VLPs provide a valuable
alternative in the development of diagnostic assays for
immunological and epidemiological studies.

Numerous types of VLPs have been produced for
various viruses, such as canine parvovirus, Ebola virus,
coronavirus, rotavirus, hepatitis B virus and human
immunodeficiency virus (HIV) [40, 41, 48, 53, 54, 62].
VLPs have been demonstrated to be highly effective in
stimulating adaptive B- and T cell immune responses in
mice [19, 37, 62]. Thus, there is considerable potential for
using VLPs as vaccine candidates. Indeed, two human
papilloma virus (HPV)-based VLP vaccines have been
licensed and are currently widely used [49, 51].

Human noroviruses (NoVs) belong to the family Cali-
civiridae. NoVs cause the second most common nonbac-
terial gastroenteritis after rotavirus in humans of all age
groups [21, 38, 44] and are associated with outbreaks of
gastroenteritis worldwide [12, 39]. NoVs cause approxi-
mately 1 million hospitalizations annually and more than
200,000 deaths worldwide in children under 5 years of age
[22, 46]. Most NoVs affecting humans belong to two
genogroups (GI and GII), and these two genogroups are
divided into at least 8 GI and 17 GII genotypes [66].
Despite this diversity, in recent years, genotype GII-4 has
primarily been responsible for the majority of sporadic
gastroenteritis cases and outbreaks [39, 56].

NoVs are difficult to study because they do not grow in a
cell culture system, and no animal model is available. The
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major capsid protein VP1 is the main target for neutralizing
antibodies to NoV [14, 25, 58]. The cloning and expression
of the NoV capsid gene VP1 in a BV expression system has
been shown to result in the assembly of VLPs that are
similar to native virus in size and appearance [33]. NoV
VLPs have been used to study protein interactions [25], and
virus assembly [50] and is also a source of antigen for
diagnostic serological assays and for the development of
candidate vaccines against NoVs gastroenteritis [6, 10, 20,
24, 29].

A major challenge for vaccine development is purifi-
cation of VLPs from recombinant BVs [27, 52]. VLPs used
for research purposes are commonly purified by density
gradient centrifugation based on separation by size [5, 9,
16, 24, 28, 33, 50]. These methods result in particles with a
purity greater than 80 % [19] but do not readily discrimi-
nate between VLPs and BVs [17, 47]. Therefore, BV is
likely to be present in many of these preparations, and
moreover, BVs have been shown to have an adjuvant
effect—especially live BVs [27, 51]. Purification proce-
dures based on chromatography have been shown to
remove the contaminating BV in VLP preparations [35, 36,
43, 60, 61]. The purification technique affects the structural
characteristics, immunogenicity, morphological integrity,
antigenicity and functionality of purified VLPs [13, 28,
35, 45].

This study explores the effect of anion exchange chro-
matography purification on the homogeneity, morphology,
antigenicity and immunological properties of NoV VLPs.
In addition, several methods are applied for determining
their purity.

Materials and methods
Production of NoV VLPs and mock baculoviruses

The insect cell line Sf9 (Invitrogen, Carlsbad, CA) was
used to produce NoV GII-4 VLPs as described earlier [28].
A crude purification of VLPs was done using two discon-
tinuous sucrose gradients, and sucrose was removed by
overnight dialysis against phosphate-buffered saline (PBS)
(pH 7.2). VLPs were concentrated using an Amicon Ultra
30 kDa centrifuge filter device (Millipore Corporation,
Billerica, Germany).

Baculoviruses lacking the recombinant NoV gene (mock
BV) were produced in Sf9 cells using a baculovirus
expression kit (Invitrogen). The cells were seeded in
Multidish 6-well plates (Nunc, Thermo Fisher, Scientific,
Roskilde, Denmark) at a density of 1 x 10° cells/ml in
serum-free medium (Sf 900 SFM III; Invitrogen) and
transfected with bacmid DNA (1 pg) using Cellfectin
(Invitrogen). The cells were grown at 27 °C and harvested
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72 h post-transfection. The cell suspension was centrifuged
at 500 x g for 5 min, and the supernatant (P1 BV stock)
was collected and used to infect fresh Sf9 cells. Six days
postinfection (dpi) the cell suspension was centrifuged as
above, and the supernatant (P2 BV stock) was collected
and stored at 4 °C. P2 BV stock was used to infect 200-ml
cell cultures at a multiplicity of infection (MOI) of 1 and at
6 dpi, the culture was clarified by centrifugation at 3000 x g
for 20 min at 4 °C. Mock BVs were concentrated by ultra-
centrifugation (L8-60M ultracentrifuge, Beckman SW-32.1
Ti rotor) at 100,000 x gfor 1.5 hat4 °C and resuspended in
0.2 M Tris-HCI, pH 7.3. BVs were loaded onto a 10 %-
60 % discontinuous sucrose gradient and ultracentrifuged at
100,000 x g for 3 h at 4 °C. Fractions containing BVs
determined by SDS-PAGE as described below were pooled,
and sucrose was removed by overnight (o/n) dialysis against
1 liter of PBS. BVs were concentrated using an Amicon
Ultra 50 kDa centrifuge filter device (Millipore Corporation)
and stored at 4 °C in PBS.

Anion exchange chromatography purification of NoV
VLPs

Chromatographic purification of NoV GII-4 VLPs was
done using a column with anion exchangers (5 ml HiTrap
Q, GE Healthcare, Uppsala, Sweden). The column was
washed with start buffer consisting of 50 mM sodium
phosphate (pH 6.6) to remove preservatives. Next, the
column was washed with elution buffer consisting of 0.5 M
NaCl in 50 mM sodium phosphate (pH 6.6) and equili-
brated with start buffer. Crude purified NoV GII-4 VLPs in
PBS were dialyzed against the start buffer before loading
into the column (500 pg/column). Unbound VLPs were
washed out with start buffer, and column-bound proteins
were eluted using elution buffer. A total of 26 fractions
(500 pl) were collected and analyzed by SDS-PAGE. The
fractions containing NoV capsid were pooled and dialyzed
against start buffer. The chromatographic purification was
repeated using a fresh column. The fractions were col-
lected, and the identity of the protein was confirmed by
SDS-PAGE and immunoblotting. The fractions that were
free of BV gp64 protein were pooled, dialyzed against
PBS, and sterile filtered using a 0.2-um syringe filter
(VWR, Darmstadt, Germany).

The mock BV preparation was applied to the anion
exchange chromatography column using the same method
as described above. The fractions (26 fractions, 500 ul
each) were collected and analyzed by SDS-PAGE.

SDS-PAGE and immunoblotting

Analysis of NoV capsid and BV proteins by SDS-PAGE
was done using polyacrylamide gels with 12 % acrylamide
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in the separating gel and 5 % in the stacking gel (Bio-Rad
Laboratories, Hercules, CA). Samples were boiled for
5 min in Laemmli sample buffer containing 2 % SDS, 5 %
B-mercaptoethanol, 62.5 mM Tris-HCl (pH 6.8), 25 %
glycerol and 0.01 % bromophenol blue (Bio-Rad). Gels
were stained with PageBlue™ Protein Staining Solution
(Fermentas, Vilnius, Lithuania). For higher sensitivity,
protein detection gels were stained with PageSilver™
Silver Staining Solution (Fermentas) according to the
manufacturer’s instructions. To determine the protein
purity of NoV VLPs, densitometric analysis of Page Blue-
stained SDS-PAGE gels was performed using AlphaEase®
FC software (Alpha Innotech, San Leandro, CA). Mock BV
and Sf9 cell lysate were used as controls.

For immunoblotting analysis, the proteins were trans-
ferred onto a nitrocellulose membrane (Trans-Blot transfer
membrane, Bio-Rad). The NoV capsid proteins were
detected using NoV GII-4 monoclonal antibody (Kim
Laboratories Inc., Illinois, USA) at a 1:4000 dilution in
1 % milk and 0.05 % Tween 20 in Tris-buffered saline
(TBS). The BV protein gp64 was detected using 1:400
dilution of anti gp64 monoclonal antibody (Santa Cruz
Biotechnology, Santa Cruz, USA) in 1 % milk, 0.05 %
Tween 20 in TBS. Horseradish peroxidase (HRP)-conju-
gated goat anti-mouse IgG (Sigma-Aldrich) was used as a
secondary antibody at a dilution of 1:10,000 to detect NoV
capsid proteins, and at a 1:1000 dilution to detect the BV
gp64 protein. The membranes were developed colorimet-
rically using an Opti-4CN detection kit (Bio-Rad) accord-
ing to the manufacturer’s instructions.

Determination of protein and total DNA content

The total protein content of the NoV VLPs was determined
by Pierce BCA Protein Assay (Thermo Science, Rockford,
USA) according to the manufacturer’s instructions, with
bovine serum albumin (BSA) used as a standard. The
optical density (OD) at 544 nm was determined using a
Victor? 1420 Multilabel Counter (Perkin Elmer, Waltman,
MA, USA).

The total dsDNA concentration was determined using a
Quant-it dsDNA Broad-Range Assay Kit (Invitrogen)
according to the manufacturer’s instructions, with A DNA
used as a standard. Fluorescence at excitation/emission
485/535 nm was determined using a Victor® 1420 Multi-
label Counter (Perkin Elmer).

Determination of endotoxin content and sterility test

Endotoxin levels in the purified VLP preparations were
quantified by Limulus amebocyte lysate (LAL) assay
(Lonza, Walkersville, MD, USA) according to manufac-
turer’s instructions.

In general, more than one culture medium is recommended
for sterility testing [64]. Fluid thioglycolate medium and
soybean-casein digest medium (both from Sigma-Aldrich)
were used for VLPs sterility testing according to manufac-
turer’s instructions.

Baculovirus DNA genome analysis

The amount of baculoviral DNA quantity was determined
using a BacPAK™ gPCR Titration Kit (Clontech, CA,
USA) according to manufacturer’s instructions. Briefly,
DNA was extracted using the NucleoSpin® Virus Kit
included in the BacPAK™ gPCR Titration Kit. SYBR
Green detection technology was used to determine bacul-
oviral DNA genome content using the BV AcMNPV vector
as a standard (detection range from 1.4 x 10° to
1.4 x 10® copies/ul). Pure NoV VLPs, crudely purified
NoV VLPs (positive control) and Sf9 insect cell lysate
(negative control) were serially diluted 10°-1072. Forty-
cycle PCR was run in a 7900HT Fast Real-Time PCR
machine (Applied Biosystems, California, USA) using the
96-plate format with the following conditions: primary
denaturation at 95 °C for 30 s, denaturation at 95 °C for
3 s and annealing/extension at 60 °C for 30 s. Because of
DNA extraction and dilution of samples, a starting copy
number value for the samples was back-calculated by the
corresponding dilution factors according to manufacturer’s
instructions.

Baculovirus titer determination

Live BV titers were determined using a BacPAK™ Rapid
Titer Kit (Clontech). Early log-phase Sf9 cells were seeded
on a 96-well microtiter plate (NuncTM, Roskilde, Denmark)
in Sf900 cell medium (6.5 x 10* cells/well) and infected
with serially diluted test samples. After a 1-hour incuba-
tion, the samples were aspirated from the wells, and the
cells were covered with methyl cellulose. After incubation
for 43-47 h at 27 °C, the cells were fixed with 4 % para-
formaldehyde (Sigma Aldrich), stained with monoclonal
gp64 antibody and detected with HRP-conjugate provided in
the kit. Using an inversion microscope (Nikon, Badhoeve-
dorp, The Netherlands), the foci of infection (clusters of
infected cells) were counted in duplicate wells. Plaque-
forming units per ml (ifu/ml) were calculated by multiplying
the average number of foci per well by the corresponding
dilution factors.

Electron microscopy (EM)
The VLP preparations were negatively-stained with 3 %

uranyl acetate (UA) (pH 4.6). Three pl of the VLP sample
was applied to a carbon-coated grid for 30 s. The grid was
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dried with filter paper and 3 pl of UA was applied to the
grid for 30 s. Excess liquid was removed, and the grid was
examined using an FEI Tecnai F12 electron microscope
(Philips Electron Optics, The Netherlands) operating at
120 kV.

Immunization of mice

Female BALB/c mice, aged 7 weeks (4 mice/group), were
immunized twice intradermally (ID) with pure NoV VLPs
at weeks 0 and 3. The doses were 1 pg and 10 pg per
immunization point. Blood samples were drawn at study
weeks O (pre-bleed), 2, 3 and 4, mice were euthanized
2 weeks after the second immunization, and whole
blood was collected. Negative control mice were left
unvaccinated.

Enzyme-linked immunosorbent assay (ELISA)

Sera from immunized and control mice were tested for
NoV GII-4 VLP-specific IgG, IgGl, and IgG2a antibodies
by enzyme-linked immunosorbent assay (ELISA) as
described in detail elsewhere [10, 58]. Briefly, GII-4 VLPs
were coated at 0.2 pg/ml (100 pl/well). Serum samples
were used at 1:200 dilution or twofold dilution series were
utilized. Analyses of IgG1 and IgG2a antibodies were done
using pooled sera from mice. Horseradish peroxidase
(HRP)-conjugated anti-mouse IgG (Sigma-Aldrich) was
used at a dilution of 1:4000. IgG subtypes were determined
using goat anti-mouse IgGl or IgG2a HRP conjugates
(Invitrogen) at a dilution of 1:6000.

Results

To identify the impurities in the NoV VLP preparation
after crude purification with two successive sucrose gra-
dients [28], various analyses were performed. First, NoV
capsid proteins were analyzed by 12 % SDS-PAGE and
Page Blue staining (Fig. 1A). As seen from the gel, NoV
capsid protein appeared as a doublet protein band (58 and
64 kDa), which is typical for the capsid GII-4 protein [28].
In addition, a weaker band in the preparation of NoV
capsid VLPs and mock BV, indicated by an arrowhead,
was detected, corresponding to the size of the BV envelope
gp64 protein (Fig. 1A, lanes a and b). No other proteins
derived from BV or Sf9 cells were observed in the VLP
preparation. Confirmation of protein identity in the VLP
preparation was performed by immunoblotting using NoV
GII-4-specific and BV gp64-specific monoclonal antibod-
ies (Fig. 1B). The specificity of the staining was confirmed
using a mixture of these monoclonal antibodies to stain a
Sf9 cell lysate, with a negative result. In addition, EM
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analysis of the protein samples (Fig. 1C), in addition to
NoV VLPs of approximately 40 nm in size, revealed the
presence of residual rod-shaped BVs in the preparation.

To determine the elution times for NoV VLPs and mock
BV, both samples were applied to the anion exchange
chromatography columns under identical conditions.
Examination of the fractions collected (500 pl each)
showed that an apparent peak (fractions 15-17, respec-
tively) of the NoV capsid protein (Fig. 2A) was eluted just
prior to the BV protein (Fig. 2B). Fractions 15-17 were
completely negative when analyzed by immunoblot using
BV gp64-specific monoclonal antibody, indicating the
absence of BV contamination (data not shown). Further
optimization of the steps of the purification process were
undertaken to improve the yield of the pure NoV capsid
protein. First, different concentrations of NaCl (0.5 M, 1 M
and 1.5 M) were used to test the effect of the ionic strength
of the elution buffer (50 mM Na,HPO,). Second, the
concentration of the protein sample loaded onto the column
was also optimized. The best purity and yield were
obtained with 50 mM Na,HPO,4-0.5 M NaCl buffer, and
the optimum amount of crude purified VLPs was 500 pg/
column (data not shown). After the first anion exchange
chromatography step, fractions 15-17 were pooled and
applied to the second, fresh column. The analysis of col-
lected fractions of the second anion exchange chromatog-
raphy is shown in Fig. 3A. The three fractions (15-17)
containing NoV VLPs were collected, pooled, dialyzed
against PBS and sterile-filtered. Immunoblotting of each
fraction confirmed the lack of BV gp64 impurities
(Fig. 3B).

From the starting material (2 mg crude purified VLPs),
0.226 mg anion-exchange-chromatography-purified NoV
capsid VLPs was obtained and subjected to several anal-
yses (Figs. 4, 5; Table 1). The identity of the NoV VLPs
was demonstrated by immunoblotting using an NoV GII-4-
specific monoclonal antibody (Fig. 4A). The results
showed doublets of NoV capsid proteins [28] without
detectable degradation products. Probing with a BV-gp64-
specific monoclonal antibody did not detect any BV gp64
protein (Fig. 4B). Densitometric analysis of the SDS-
PAGE confirmed that the NoV VLPs were >90 % pure.
The presence of live BV was analyzed as well. As seen in
Fig. 4C, duplicate wells of the purified VLP sample com-
pletely lacked live BVs in contrast to the mock BV sample
wells, which contained ~ 10° pfu/ml live BV, as deter-
mined using a BacPak Rapid Titer Kit. The total DNA
content in the pure VLP sample was also quantified, and
some residual DNA was detected, but the DNA content
was very low (0.41 ng/ul). In addition, the genomic BV
DNA was quantified using BV Q-PCR. BacPAK control
BV DNA template was used to create a standard curve
(Fig. 5). Purified NoV VLPs contained only a few copies of
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Fig. 1 Analysis of the identity A B

and purity of sucrose-gradient- kDa m a b ¢
purified NoV capsid VLPs. kDa m a b ¢

(A) Protein analysis by 12 % 130 —
SDS-PAGE. Lane m, protein 130 — 95 —
molecular weight marker; lane 95

a, NoV capsid protein VLPs; - 72 —
lane b, mock BV; lane c, Sf9 72 — 55 —
insect cell lysate. 55 —

(B) Immunoblotting of NoV

capsid protein shown in panel A 36 —

with NoV GII-4- (lane a) and
BV gp64-specific (lane b) 36 —
monoclonal antibodies. An Sf9
insect cell lysate (lane c) served
as a negative control and was
probed with both NoV- and BV-
specific monoclonal antibodies.
An arrowhead in panels A and B
indicates the major band of the
BV gp64 protein. (C) Electron
microscopic analysis of a C
gradient-purified VLP

preparation at a magnification of

x18,500. The arrow indicates

an NoV VLP, and the

arrowhead, residual BV

28 —

Fig. 2 Anion exchange A B
chromatography fractions 15-21 kDa kDa
analyzed by 12 % SDS-PAGE 1516 m 17 18 19 20 21 1516 m 17 18 19 20 21
and visualized by silver 250 250
staining. (A) Fractions from 130 188
NoV capsid VLPs and (B) 95 >
fractions from control mock BV g% 55
run through the chromatography
columns. m, protein molecular
weight marker 36 36
2

8 28
the BV DNA (Table 1; Fig. 5). From the copies of BV EM examination of the purified samples revealed that the
DNA in a pure sample, the amount of BV DNA was cal-  structural characteristics (protein assembly into VLPs) and
culated to be <0.001 pg/pl. morphological integrity were not affected by the purification

@ Springer



938

L. Huhti et al.

Fig. 3 Anion exchange A
chromatography fractions 15-21 kDa
of NoV capsid VLPs after the

second column purification

analyzed by SDS-PAGE and 250
visualized by Page Blue 130
(A) Immunoblotting of fractions 95
15-17 using BV-gp64-specific 72
monoclonal antibodies 55

(B) Mock BV was used as
positive control (lane c). An
arrowhead indicates BV. m,
protein molecular weight
marker

36

28

m 15 16 17 18 19 20 21 kDa m 15 16 17 ¢

130
95

72
55

36

28

Fig. 4 Identity, purity and morphology of anion-exchange-chroma-
tography-purified NoV capsid VLPs. Immunoblot analysis of (A) pure
NoV VLPs detected by GlI-4-capsid-specific and (B) BV-gp64-
specific monoclonal antibodies. Sucrose-gradient-purified NoV VLPs
were used as a control (lane ¢). An arrowhead indicates BV. m,
protein molecular weight marker. (C) Live BV detection using a

process (Fig. 4D) and were similar to those of the gradient-
purified VLPs (Fig. 4E). Chromatographically purified NoV
VLPs of approx. 40 nm in size were seen in every grid square.
NoV VLPs were not contaminated with bacterial endotoxin,
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BacPAK™ Rapid Titer Kit. Replicate wells al and a2 contain an
anion-exchange-chromatography-purified NoV VLPs sample. Dark
spots (foci) in the bl and b2 wells indicate a sample positive for live
BV (mock BV). EM of chromatographically purified NoV VLPs
(D) and sucrose gradient purified NoV VLPs (E) observed at a
magnification of x30000. Bar, 100 nm

as we detected <0.1 EU/10 pg of protein; an amount that is
below the international standard of <30 EU/20 ng of protein
[41]. The purified VLPs were sterile and stable for at least
5 months at 4 °C in PBS, pH 7.4 (data not shown).
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36 1
32 ¢ standard
A A Pure NoV VLPs
28 - X Positive control
<
24 4

Ct

20 A

16

12 ~

8 T T T T T T T ]
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08

Initial quantity (copies)

Fig. 5 Baculovirus Q-PCR. Standard curve created using serial
dilutions of the BacPAK control template (1.4 x 10°%-1.4 x 10%,
demonstrating a strong correlation between Ct values and the DNA
copy number (log scale) with R2 = 0.975, slope = —3.20, y-Inter-
cept = 34.15. Pure NoV VLP samples, positive control samples
(crude purified NoV VLPs) and negative control sample (Sf9 insect
cell lysate) were serially diluted 10°~1072. The number of copies BV
DNA in the negative control sample were under the detection limit of
the assay

Table 1 Specification and analysis of expression system impurities
in the NoV GII-4 capsid VLPs purified by anion chromatography

Test Specification Detection assay
Protein 0.452 mg/ml Pierce BCA Protein Assay
concentration
Yield* 0.226 mg
Identity 58-64 kD protein ~ SDS-PAGE and
detected** immunoblot
Purity >90 % Densitometric analysis

Plaque-forming
units (pfu)***

0 pfu/ml BacPAK Rapid Titer Kit

Morphology VLPs (~40 nm)  Electron microscopy
(EM)
Quant-it dsDNA Broad-

Range Assay Kit

DNA content 0.41 ng/ul

BV DNA 3.31 copies/pl BacPAK ¢PCR titration
(<0.001 pg/ul) kit

Endotoxin <0.1 EU/10 pg of Limulus amebosyte lysate
protein assay

Bioburden No growth Sterility test
observed

* Total yield after chromatographic purification of 2 mg staring
material

#% 28]
*#*% Live BV titer

To determine the effect of anion exchange chromato-
graphic purification on the immunogenicity of the VLPs,
BALB/c mice were immunized with pure NoV GII-4 VLPs
at 1 and 10 pg doses without external adjuvants. NoV-GII-

4-specific serum antibody responses were induced by each
dose of pure NoV VLP (Fig. 6). The IgG response was
already quite high after the first immunization and was
increased after the second dose at three weeks (Fig. 6A).
NoV-specific IgG subtypes were measured to determine the
Thl and Th2 responses [10]. All test groups had similar
levels of NoV-specific IgG1 (Fig. 6B) and IgG2a (Fig. 6C)
antibodies. Negative control mice lacked detectable NoV-
specific antibodies.

Discussion

NoV VLPs are commonly used in different serological
assays and animal immunogenicity studies [7, 24, 25, 30].
Density gradient purification of VLPs based on size dis-
crimination is most commonly used in laboratory research
[28, 52]. These gradient-purified VLPs contain recombi-
nant BVs and other impurities originating from the
expression system [19]. BVs are multiplied to very high
titers in suspension culture, complicating the purification
procedure. We used two successive anion exchange chro-
matography steps to purify the VLPs. Our data demonstrate
that chromatographically purified VLPs derived from NoV
genotype GII-4 possess excellent purity, morphology,
antigenicity and immunogenicity.

An adjuvant effect on the immune system of live BVs
present in the VLPs has been suggested, specifically in
parvovirus and influenza virus VLP preparations [26, 27,
52]. We investigated BV-derived impurities in the sucrose-
gradient-purified NoV GII-4 VLPs. The major protein
impurity (close to 10 %, determined by densitometric
analysis) came from envelope glycoprotein gp64 of BV.
The BV gp64 is also linked to adjuvant behavior [2, 23].
gp64 contains a mannose-binding residue, which is
expressed on macrophages and dendritic cells. Abe et al.
[2] have suggested that gp64 recognizes a Toll-like
receptor (TLR) and activates the immune response by
inducing inflammatory cytokines such as tumor necrosis
factor-y (TNF-y) and interleukin-6 (IL-6). The anion-
exchange-chromatography-purified NoV VLP preparations
were examined for expression-vector-related protein
impurities. Densitometrical SDS-PAGE analyses as well as
immunoblotting identified NoV capsid protein with >90 %
purity and without the traces of BV gp64 protein.

To obtain extremely pure VLPs, several chromatography
steps are required [35, 45, 63], but repeated chromatography
steps can affect the conformation of VLPs [11]. Purification
procedures that preserve the intact conformation of VLPs are
important because recombinant VLPs are inherently unsta-
ble and tend to denature and aggregate in solution [11, 55].
We used a purification procedure with a combination of two
anion exchange chromatography steps in order to minimize
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Fig. 6 NoV capsid-specific antibody responses of BALB/c mice
immunized twice intradermally (ID) with 1 pg or 10 pg of pure NoV
GII-4 VLPs. (A) Serum samples collected at study weeks O (pre-
bleed), 2, 3, 4 and 5 were tested by ELISA for NoV-specific IgG. The
arrows indicate immunization points at study weeks 0 and 3. NoV-
specific serum IgG1 (B) and IgG2a (C) subtype antibody responses.
Mean ODs of the groups with standard errors are shown. Control mice
were left unvaccinated
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impurities and to obtain structurally intact NoV VLPs. Our
results show that NoV VLPs purified by two anion exchange
chromatography steps retain the structure of the icosahedral
capsids and show excellent stability, comparable to density-
gradient-purified VLPs (Fig. 4D, E).

It has been reported that ion exchange chromatography
is the process of choice for removing to the flowthrough
pool host-cell protein and DNA [34, 60, 65]. The anion
exchange chromatography method is based on adsorption
and reversible binding of charged samples. The major
DNA impurities in the VLP preparations come from the
baculoviral DNA and not the host cells [27]. Abe and
colleagues [1] have shown that BV DNA contains unme-
thylated CpG motifs that induce proinflammatory cyto-
kines through the TLR-9/MYDS88-dependent signaling
pathway. Another group has also reported that BV DNA
may be responsible for the adjuvant properties of BVs [27].
Our results show that the number of copies of BV DNA
was extremely low (Fig. 5; Table 1) in the pure NoV VLP
preparation. To the best of our knowledge, this is the first
study to determine the number of copies of BV DNA in an
NoV VLP preparation by the quantitative BV Q-PCR
method. The total dsDNA content in the pure NoV VLP
preparation was low (0.9 ng/1-pg dose). In the case of
VLP-based vaccine production, the residual DNA needs to
be removed to reach acceptable threshold values, typically
10 ng/dose [15]. One group has shown that only live BV
was able to stimulate innate immunity, which was not due
to the presence of viral DNA [23]. Therefore the presence
and quantity of live BVs in the pure VLP preparation were
determined. The infectious BV titer was 0 pfu/ml, con-
firming the complete absence of recombinant live BV in
the preparations of pure NoV VLP.

BALB/c mice were immunized with pure NoV VLPs
with two relatively low doses. A strong NoV-GII-4-specific
immune response was induced. Balanced Thl-type and
Th2-type immune response (reflected as IgG2a and IgG1
antibody production) [10] was generated with the VLPs in
the absence of external adjuvants. Although we performed
no head-to-head comparison of immunogenicity of classi-
cal density-gradient-purified and chromatographically
purified NoV VLPs, the results obtained in the present
study are comparable to those obtained previously with a
crude preparation of purified VLPs [10, 58]. These results
indicate that pure NoV VLPs are extremely potent immu-
nogens. Others have also shown that compared to soluble
individual proteins, multivalent structures of VLPs induce
strong B cell and T cell responses in the absence of adju-
vants [19, 31].

Finally, we have described a relatively straightforward
chromatography method for purification of NoV VLP and
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methods to confirm their purity. The purified VLPs were
tested for impurities including BV protein, DNA, live BV
and other impurities related to the expression system. Most
significantly, the purified NoV capsid VLPs retained their
morphological and antigenic features as well as their
immunogenicity. Recombinant NoV VLP vaccine candi-
dates are in the early phases of development [4, 10, 59].
Some research groups have used intranasally delivered
NoV VLPs in small animals as well as in human challenge
studies [4, 59]. In addition, a vaccine against acute gas-
troenteritis in young children containing a combination of
NoV VLPs and rotavirus VP6 protein is under development
[10]. We suggest that this small laboratory-scale purifica-
tion procedure may potentially be applied for large-scale
production of NoV VLPs.
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