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a b s t r a c t

Coxsackievirus B3 (CVB3) is an important cause of acute and chronic viral myocarditis, and dilated car-
diomyopathy (DCM). Although vaccination against CVB3 could significantly reduce the incidence of seri-
ous or fatal viral myocarditis and various other diseases associated with CVB3 infection, there is currently
no vaccine or therapeutic reagent in clinical use. In this study, we contributed towards the development
of a CVB3 vaccine by establishing an efficient and scalable ion exchange chromatography-based purifica-
tion method for CVB3 virus and baculovirus-insect cell-expressed CVB3 virus-like particles (VLPs). This
purification system is especially relevant for vaccine development and production on an industrial scale.
The produced VLPs were characterized using a number of biophysical methods and exhibited excellent
quality and high purity. Immunization of mice with VLPs elicited a strong immune response, demonstrat-
ing the excellent vaccine potential of these VLPs.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction sense RNA genome consists of a single open reading frame (ORF)
Coxsackievirus B3 (CVB3) is an important human pathogen that
frequently causes mild infections (Melnick, 1996) but can also lead
to serious diseases affecting the heart, pancreas, or central nervous
system. CVB3 is among the most common causes of acute and
chronic viral myocarditis, which can lead to dilated cardiomyopa-
thy (DCM), often requiring heart transplantation (Selinka et al.,
2004; Maier et al., 2004). In addition, CVB3 is associated with men-
ingitis (Wong et al., 2011) and inflammatory diseases of the pan-
creas (Mena et al., 2000), and it is known to infect stem cells in
the neonatal central nervous system (Feuer et al., 2003).

CVB3 is a non-enveloped virus within the genus Enterovirus in
the Picornaviridae family. The 7.4-kb, single-stranded positive-
that is translated into a single long polypeptide containing the
P1–P3 regions. The P1 region is further processed by a viral prote-
ase to produce the four capsid proteins, VP0 (further cleaved to
give VP4 and VP2 during viral maturation), VP3, and VP1. The P2
and P3 regions are processed into seven nonstructural proteins
that have roles in polyprotein cleavage and RNA replication
(Krausslich et al., 1988; Klump et al., 1990). The single ORF is
flanked by a 50 non-coding region (50NCR) and a polyadenylated
30NCR.

Sixty copies of VP1–VP4 form the �30 nm capsid, which con-
tains canyon-like structures that allow viral attachment through
interactions with the host-cell proteins coxsackievirus and adeno-
virus receptor (CAR) and decay-accelerating factor (DAF) (Park
et al., 2009; Bergelson et al., 1994, 1997). Although the VP1 protein
contains the main antigenic determinants (Haarmann et al., 1994),
changes in the 50NCR of the genome (Tu et al., 1995; Dunn et al.,
2003), as well as in the VP2 and VP3 regions of the capsid, have
been found to attenuate the virulence of CVB3 (Knowlton et al.,
1996; Stadnick et al., 2004; Park et al., 2009). Potential
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CVB-specific T cell epitopes have been mapped to both VP1 and
VP2 regions (Huber et al., 1993; Voigt et al., 2010).

Although vaccination against CVB3 could significantly reduce
the incidence of serious or fatal viral myocarditis and various other
diseases associated with CVB3 infection, there is currently no vac-
cine or therapeutic reagent in clinical use. In the first attempt to
develop a CVB3-specific vaccine, a temperature-sensitive mutant
virus was found to elicit serum-neutralizing anti-CVB3 antibodies
in mice after vaccination (Godney et al., 1987). Since then, several
approaches have been used to demonstrate the potential useful-
ness of vaccination against CVB3, including a subunit vaccine
(Fohlman et al., 1990), several DNA vaccines (Henke et al., 1998;
Kim et al., 2005; Xu et al., 2004), and attenuated or inactivated
virus vaccines (See and Tilles, 1994; Zhang et al., 1997; Dan and
Chantler, 2005; Park et al., 2009; Kim and Nam, 2011). However,
these vaccines may have safety issues, or they might not stimulate
an ideal immune response (Goldman and Lambert, 2004). Virus-
like particles (VLPs) represent a new promising vaccine technology
that can overcome these disadvantages, as they offer equally effi-
cient but safer protection than inactivated or live-attenuated viral
vaccines.

VLPs are formed by the self-assembly of recombinant viral
structural proteins. VLPs are structurally and antigenically similar
to the parental infectious virus, but lack viral nucleic acid and
are therefore noninfectious. Consequently, they do not carry the
risk of reversion to a virulent form. In addition, VLPs lack the safety
concerns related to inactivation failures, which may occur when
inactivated virus-based vaccines are used. VLPs are highly immu-
nogenic because they present viral epitopes in an authentic confor-
mation and because their receptor binding properties are similar to
those of the infective virus (Grgacic and Anderson, 2006; Roy and
Noad, 2008). Importantly, the size of VLPs allows uptake by den-
dritic cells (Fifis et al., 2004). Therefore, VLP vaccines are able to
stimulate both humoral and cellular immune responses, overcom-
ing a common major drawback encountered with traditional sub-
unit vaccines (Grgacic and Anderson, 2006). VLPs have emerged
as a safe and effective strategy for vaccine development targeting
viral diseases (reviewed in Grgacic and Anderson (2006) and
Jennings and Bachmann (2008)). Since the first VLP-based vaccines
were licensed for clinical use against human papillomavirus
(Gardasil, Cervarix) and hepatitis B virus (Recombivax HB, Enge-
rix), VLP vaccine candidates have been developed for many differ-
ent types of viruses, including enteroviruses (Zhang et al., 2012; Liu
et al., 2012; Chung et al., 2008; Rombaut and Jore, 1997). In this
study, a scalable and efficient chromatographic production method
was developed for CVB3 VLPs. The potential of the resulting high-
quality particles to serve as a vaccine was studied by immunizing
Fig. 1. Cloning of the CVB3 VLP cassettes into the
mice, which resulted in strong immune responses and high titers of
neutralizing antibodies.

2. Materials and methods

2.1. Design and construction of the CVB3 VLP transfer vector and
generation of the VLP-producing recombinant baculovirus

Baculoviral transfer vector pFastBac™ Dual (Invitrogen, Carls-
bad, CA) containing the desired inserts was ordered from GENEART
AG (Regensburg, Germany). The fully sequenced CVB3 strain (Gen-
Bank accession number M33854.1) was chosen as a template. The
construct contained two separate cassettes (Fig. 1). The first cas-
sette contained the P1 region of the CVB3 strain M33854.1 and
the second cassette contained the whole CVB3 genome with the
exception of the P1 region, which was replaced with a mCherry
coding sequence followed by an artificial recognition site for the
enteroviral 3A protease.

The recombinant baculovirus was generated according to the
instructions given with the Bac-to-Bac� Baculovirus Expression
System (Invitrogen) with the exception that the cassettes were
transferred into the F-bacmid baculovirus genome (Karkkainen
et al., 2009). An empty pFastBac™ Dual baculoviral transfer vector
was used for the generation of empty baculoviruses.

2.2. Production and purification of the CVB3 VLPs

The CVB3 VLPs were expressed in baculovirus-transformed Spo-
doptera frugiperda insect cells (Sf9; Invitrogen) and harvested 5–
6 days post-infection. After clarification by centrifugation
(10,409�g at 4 �C for 20 min), CVB3 VLPs were concentrated from
the clarified cell culture supernatant by polyethylene glycol (PEG)
precipitation and detergent-treated as previously described
(Abraham and Colonno, 1984). The precipitated VLPs were then
recovered by centrifugation (10,409�g at 4 �C for 5 min) and
diluted 1:10 with 20 mM Tris–HCl (pH 7.5) prior to loading onto
the chromatography column.

Chromatographic ion exchange purification (IEX) of the pre-
treated VLPs was performed using monolithic columns (6.7 mM
ID � 4.2 mM, V: 1 ml) based on CIM Convective Interaction Media�

technology from BIA Separations (Ljubljana, Slovenia) with either
quaternary amine (QA) or sulfate (SO3) chemical functionalization.
The details of the purification protocol are described in the Supple-
mentary data.

Sf9 insect cells infected with the empty baculovirus were sub-
jected to the same purification process, and the product served
as the negative control antigen in the mouse immunization studies.
pFastBac™ Dual baculoviral transfer vector.



Table 1
Primers and probes used in the study.

Primer/probe Sequence (50–30)

50NCR-for CGG CCC CTG AAT GCG GCT AA
50NCR-rev GAA ACA CGG ACA CCC AAA GTA
50NCR-probe FAM-TCT GCA GCG GAA CCG ACT A-TAMRA
mCherry-for CAC TAC GAC GCT GAG GTC AA
mCherry-rev TAG TCC TCG TTG TGG GAG GT
mCherry-probe VIC�-TGT GGG AGG TGA TGT C-MGB
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2.3. Culturing and purification of the CVB3 virus

The CVB3 virus (a Moldova strain variant, GenBank:
AY896763.1), was propagated in green monkey kidney cells
(GMK) cultured at 37 �C with 5% CO2 in HyClone SFM4MegaVir
protein-free medium (Thermo Fisher Scientific) containing 2 mM
L-glutamine and 0.1% penicillin–streptomycin. A MOI of 0.5 pla-
que-forming units (PFU)/cell was used for the infections. After
2 days of incubation, the viruses were harvested by repeated
freeze–thaw cycles and centrifugation (9605�g at 4 �C for
20 min). The viruses were precipitated with PEG and detergent-
treated as described in Section 2.2. The precipitated viruses were
further purified by ultracentrifugation with a 20–5% (w/v) discon-
tinuous sucrose gradient (103,864�g at 4 �C for 4 h). The virus-
containing fractions were pooled, pelleted, and resuspended in
200–300 ll of Dulbecco’s PBS (DPBS) containing Ca/Mg.

The chromatographic purification of the precipitated viruses
was performed using a monolithic column (6.7 mM ID � 4.2 mM,
V: 1 ml) based on CIM Convective Interaction Media� technology
from BIA Separations with the quaternary amine (QA) chemistry.
Details of the purification protocol are described in the Supple-
mentary data. The virus titers were determined based on the cyto-
pathic effect (CPE) in infected GMK cells.

2.4. Characterization of the CVB3 VLPs and virus

VLPs and virus samples were run on 12% SDS–PAGE gels and
analyzed by Western blotting using either the mouse anti-entero-
virus clone 5-D8/1 (DAKO, Glostrup, Denmark) or the mouse anti-
baculovirus gp64 clone AcV5 (Santa Cruz Biotechnology Inc., Hei-
delberg, Germany) at a dilution of 1:3000 and 1:1000, respectively,
followed by incubation with an HRP-labeled horse antibody
against mouse immunoglobulins (Vector Laboratories Inc., Burlin-
game, CA) diluted 1:20,000. The samples were visualized using
the ECL detection substrate (Thermo Scientific). For assessment
of the total protein content, the samples were run on 12% SDS–
PAGE gels and subsequently visualized by silver staining (Pierce
Silver Stain Kit, Thermo Scientific). The total protein concentrations
of the fractions were analyzed using the Pierce BCA Protein Assay
kit (Thermo Scientific). The total DNA concentrations of the VLP
fractions were analyzed using Quant-iT™ dsDNA Broad-Range As-
say Kit (Invitrogen), and the number of baculovirus genomes in the
fractions was determined using a qRT-PCR kit (BacPAK™ qPCR
titration kit, Clontech Laboratories, Mountain View, CA).

Dynamic light scattering (DLS) analysis was performed with a
Zetasizer Nano ZS instrument (Malvern Instruments Ltd., Worces-
tershire, UK). The hydrodynamic diameter was determined using
three 10 � 10-second datasets at 25 �C in 20 mM Tris, 20 mM NaCl,
and 5 mM MgCl2 (pH 7.5). The samples were further subjected to
stepwise heating. Starting at 25 �C, each sample was heated in
5 �C increments and equilibrated for 5 min at each temperature be-
fore analysis. The samples were heated to a final temperature of
90 �C, after which they were cooled back to 25 �C.

For the transmission electron microscopy (TEM) analysis, a
small aliquot of CVB3 VLPs or infective virus was briefly bound
to formvar-coated copper grids that had been glow-discharged just
before use. The excess liquid was blotted away, after which a drop
of 1% phosphotungstic acid (prepared in water, pH 7) or 2% uranyl
acetate was applied to the grid for 1 min and blotted away. The
grid was air-dried before visualization with a JEM-1400 (JEOL, To-
kyo, Japan) or a Tecnai 10 (FEI, Hillsboro, OR) transmission electron
microscope. The scanning electron microscopy (SEM) analysis is
presented in the Supplementary data.

To determine if the VLPs contained the modified genome, a
20-ll aliquot was digested with 25 U of RNase If enzyme (New
England Biolabs) in 1� NE buffer at 37 �C for 2 h. Then the enzyme
was inactivated at 70 �C for 20 min. Another 40-ll aliquot of VLPs
was digested at RT for 20 min with 2.7 Kunitz units of DNase I
(Qiagen) in 1� RDD buffer. Both digestions were followed by
nucleic acid extraction (Qiagen Viral RNA Kit), and samples were
analyzed by enterovirus- and mCherry-specific PCR with and
without a preceding reverse transcriptase reaction. The PCR run
was performed using the primers and probes shown in Table 1
according to the instructions provided with the Quantitect Probe
kit (Qiagen) using Taqman chemistry.

2.5. Vaccination and sampling of the mice

The vaccination trial was performed according to the guidelines
of the Tampere University Animal Welfare program under the ap-
proval number ESAVI/4588/04.10.03/2012 from the Regional State
Administrative Agency. Twelve female Balb/c mice, 6–8 weeks old
were randomly divided into two groups of six. The first group was
administered 5 lg of CVB3 VLPs, and the second group was given
an identical volume of negative control vaccine (see Section 2.2).
In addition, positive control experiment was performed by admin-
istering formalin-inactivated CVB3 virus to a group of six mice. All
vaccine preparations were mixed with an equal volume of either
complete (primary vaccination) or incomplete (booster vaccina-
tions) Freund’s adjuvant (Sigma–Aldrich) immediately before
administration.

The primary vaccination was given in a volume of 100 ll s.c.
and the two booster vaccinations (at day 21 and day 42) were gi-
ven in volumes of 200 ll i.p. Blood samples were collected before
vaccination, at days 21 and 42, and by heart puncture at day 63
when the mice were sacrificed. Spleens were collected, disrupted
mechanically, and used to prepare into single-cell suspensions as
follows: cells were washed with PBS, and red blood cells were
lysed by incubating them for 1 min in ACK lysing buffer (Lonza).
Splenocytes were suspended in 50 ml of 2% FBS, 0.5% penicillin–
streptomycin, and 1% L-glutamine supplemented RPMI-1640 med-
ium (Lonza).

2.6. ELISA and neutralization assays

For the ELISA assay, 96-well plates were coated with 150 ng/
well of either purified CVB3 VLPs or virus. The wells were blocked
at room temperature for 30 min using PBST supplemented with
0.1% (w/v) BSA, followed by incubation at 37 �C for 1 h with day
63 mouse antisera serially diluted in PBST containing 1% BSA
(50 ll/well). HRP-conjugated horse anti-mouse IgG (Vector) di-
luted 1:2300 in 1% BSA in PBST (50 ll/well) was used as a second-
ary antibody, and the antibodies were detected using O-
phenylenediamine dihydrochloride (Sigma–Aldrich) as a substrate.
The reaction was stopped with 0.5 M sulfuric acid after a 30-min
incubation at 37 �C, and the OD values were measured at 490 nm
using an ELISA plate reader (Victor2 1420 Multilabel counter, Per-
kin Elmer, Waltham, MA). The values were reported as the mean
OD values for each dilution of the antisera. Statistical significance
was determined by the unpaired two-tailed t-test using GraphPad
Prism version 6.
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The presence of neutralizing antibodies in mice against the
ATCC reference strain Nancy (ATCC number VR-30) was analyzed
using a plaque seroneutralization assay (Roivainen et al., 1998).
The details of the neutralizing assay are described in the Supple-
mentary data.

2.7. Immunological assays

To analyze immune cells using flow cytometry, mouse spleens
were disrupted mechanically. Single-cell splenocyte suspensions
(2 ml of per mouse) in RPMI medium were analyzed. The cells were
washed with 0.1% BSA in PBS and stained for 20 min at +4 �C with
the following antibodies (dilution, 1:400): CD3-APC (a pan-T cell
marker), CD4-PerCP/Cy5.5 (a CD4+ T cell marker), CD8-FITC (a
CD8+ T cell marker), CD44-APC/eFluor780 (a differentiated T cell
marker), CD62L-PE (a naïve T cell marker), and B220-PE/Cy7 (a B
cell marker). All antibodies were from eBioscience (San Diego,
CA, USA). The cells were then filtered with cell strainer cap FACS
tubes (BD, Franklin Lakes, NJ, USA) and washed with 0.1% BSA in
PBS. The FACS analysis was performed using a FACSCanto™II flow
cytometer (BD). Flow cytometric data was analyzed using FlowJo
(Tree Star, Ashland, OR, USA). A total of 50,000 cells was analyzed
for each sample. Live cells were gated, and the number of live cells
was confirmed to be similar in each of the sample groups. Among
the live cells, the CD3+/CD4+ and CD3+/CD8+ T cell populations
were gated by plotting CD3-positive cells vs. CD4- or CD8-positive
cells. The effector-memory (EM) T cell populations in these two
populations were examined by plotting CD62L vs. CD44.
3. Results

3.1. Ion exchange purification resulted in highly purified CVB3 VLPs
and CVB3 virus that were recognized by enterovirus-specific
antibodies

Recombinant CVB3 VLPs were recovered from clarified insect
cell culture supernatants by PEG precipitation and then subjected
to further purification with either anion or cation exchange chro-
matography. The VLPs eluted from the QA anion exchange column
at a NaCl concentration of 100 mM and from the SO3 cation
exchange column between 410 and 550 mM NaCl (Fig. 2A). The
Fig. 2. Characterization of the chromatography-purified CVB3 VLPs. (A) PEG-precipitated
with a linear gradient using 1 M NaCl, 20 mM Tris–HCl, and 5 mM MgCl2 (pH 7.4) as the
shading) eluted from the column between 410 and 550 mM NaCl. A: absorbance at 28
showed that the VLPs were efficiently purified and concentrated during the chromatogra
input sample; lane 3: flow-through sample; lane 4: VLP-containing elution sample; lane
of chromatography-purified CVB3 VLPs revealed that the VLPs were recognized by
chromatography input sample; lane 3: flow-through sample; lanes 4 and 5: VLP-contain
yield was approximately 0.5 mg of VLPs per liter of insect cell
culture.

Isolation of CVB3 virus by PEG precipitation and purification by
sucrose gradient ultracentrifugation resulted in approximately
1.4 mg CVB3 virus per liter of cell culture with an infectivity of
2.8 � 1010 PFU. The PEG-precipitated virus that was further puri-
fied by anion exchange chromatography and eluted from the QA
column at 60 mM NaCl (Fig. 3A) resulted in a yield of approxi-
mately 2 mg of viruses per liter of cell culture with an infectivity
of 5.6 � 1010 PFU.

SDS–PAGE analysis and subsequent silver staining of CVB3 virus
samples showed the presence of four proteins of approximately
34 kDa, 30 kDa, 26 kDa, and 8 kDa in size (Fig. 3B, lanes 4 and 5).
These molecular weights correspond well with the estimated
molecular weights of the four CVB3 capsid proteins, VP1, VP2,
VP3, and VP4, respectively (Cunningham et al., 1992). The purified
VLP sample contained three protein bands in the silver-stained
SDS–PAGE gel (Fig. 2B, lane 4) that correlated with the molecular
weights of the capsid proteins VP0, VP1, and VP3. VP0 appears
not to undergo cleavage to yield the VP4 and VP2 proteins in insect
cells. The purity confirmed by silver staining was very high for all
the purified material (Fig. 2B, lane 4; Fig. 3B, lanes 4 and 5) and was
estimated to be >95% for both CVB3 VLPs and CVB3 virus. No resid-
ual protein impurities were detected in any of the purified materi-
als. The total DNA content of the purified VLPs was very low
(0.82 ± 0.38 ng/ll), measured from three independent purifica-
tions. The baculovirus genome content of the samples was
0.02 ± 0.02 ng/ll, measured from three independent purifications.
Both the virus and the VLPs were recognized by an antibody
against enterovirus VP1 (Figs. 2C and 3C). None of the proteins
were recognized by an antibody against baculovirus (Supplemen-
tary Fig. S5).
3.2. The assembly and homogeneity of the IEX-purified CVB3 VLPs and
viruses were confirmed by dynamic light scattering and electron
microscopy

DLS analysis showed that a majority (98.2%) of the particles in
the VLP sample purified using SO3-based ion exchange chromatog-
raphy had an average diameter of 30.7 nm, and the sample was rel-
atively monodisperse (polydispersity index, PdI = 0.316) (Fig. 4A).
VLPs were loaded onto a cation exchange column and were eluted from the column
elution buffer. A flow rate of 1 ml/min was used. The peak fractions (indicated by

0 nm, V: volume, C: conductivity. (B) Analysis of the silver-stained SDS–PAGE gel
phy purification process. Lane 1: molecular weight marker; lane 2: chromatography
5: ultracentrifugation-purified CVB3 virus control sample. (C) Western blot analysis

an anti-enterovirus VP1 antibody. Lane 1: molecular weight marker; lane 2:
ing elution samples.



Fig. 3. Chromatographic purification of the CVB3 virus and comparison of the purified virus with the ultracentrifugation-purified virus. (A) PEG-precipitated viruses were
loaded onto an anion exchange column and were eluted from the column using a combination of stepwise and linear gradients as shown in the figure. A flow rate of 1 ml/min
was used, and the elution buffer contained 2 M NaCl, 20 mM Tris–HCl, and 5 mM MgCl2 (pH 7.4). The peak fractions (indicated by shading) eluted from the column at a NaCl
concentration of 60 mM. A: absorbance at 280 nm, V: volume, C: conductivity. (B) Analysis of silver-stained SDS–PAGE gels showed that the viruses were efficiently purified
by both chromatography and ultracentrifugation. Lane 1: molecular weight marker; lane 2: chromatography input sample; lane 3: flow-through sample; lane 4: virus-
containing elution sample; lane 5: ultracentrifugation-purified CVB3 virus sample. (C) Western blot analysis of chromatography-purified CVB3 viruses revealed that the
viruses were recognized by an anti-enterovirus VP1 antibody. Lane 1: chromatography input sample; lane 2: molecular weight marker; lane 3: flow-through sample; lanes 4
and 5: virus-containing elution samples.

Fig. 4. Dynamic light scattering (DLS) analysis of the CVB3 VLPs and viruses. (A) Chromatography-purified VLP sample contained 98.2% particles (determined by particle
volume) with a hydrodynamic diameter of 30.7 nm (solid gray line). After gradual heating of the sample to 90 �C, followed by cooling of the sample to 25 �C, the particles were
aggregated with an average particle size of 1191 nm (dotted line). (B) Volume-% of the 30-nm particle population in the VLP sample over the temperature range analyzed (25–
90 �C). (C) DLS analysis of the CVB3 virus as described in (A). The virus sample contained 100% particles with an average hydrodynamic diameter of 29.8 nm. (D) Heating of
the virus sample indicated the onset of thermal denaturation at 60 �C, and an increase in the average particle diameter (40.8 nm) was observed (+). Further heating to 65 �C
led to an increase in the average size to 82.0 nm (++), after which larger aggregates were formed (200–500 nm). When the sample was cooled to 25 �C, 898.7 nm particles
were observed (C, dotted line).
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A sample of chromatography-purified CVB3 virus contained mainly
(99.9%) particles with an average diameter of 28.2 nm (Fig. 4C). The
sample was homogenous, with a PdI of 0.173.

The heating of both the VLPs and the virus from 25 �C to 95 �C
led to aggregation of the sample, resulting in particles of 600–
1000 nm in diameter (Supplementary Figs. S6 and S7). After cool-
ing to 25 �C, a further increase in the particle size was observed,
indicating irreversible thermal unfolding. A difference between
the VLPs and the virus was observed in the temperature at which
they aggregated. The VLPs showed signs of thermally induced
aggregation at 50 �C and were completely aggregated at 55 �C
(Fig. 4B), whereas the virus sample showed the first signs of aggre-
gation at 60 �C and was completely aggregated at 75 �C (Fig. 4D).
Therefore, the thermally induced events occurred over much
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broader temperature range in case of CVB3 virus and the midpoint
of the thermal aggregation was 10–15 �C higher than in the case of
the VLPs.

Examination of the CVB3 VLP and virus samples by both trans-
mission and scanning electron microscopy showed the presence of
intact and uniform particles with the correct size (approximately
30 nm in diameter) and morphology (Figs. 5 and 6), although in
the SEM images, the VLPs appeared somewhat smaller in size than
the virus particles.

To determine whether modified viral RNA or baculoviral DNA
was packaged into the VLPs, RNase If or DNase I digestions for
the supernatant aliquots were performed. Nucleases will digest
RNA or DNA in the supernatant, but not inside the VLP. Digestion
was followed by nucleic acid extraction and PCR amplification with
and without reverse transcriptase (RT-) step to control whether
PCR signal originates from RNA or DNA. The supernatant DNase
I-digested samples were negative indicating that the supernatant
was free of viral RNA, and that the VLP particles did not contain
RNA or DNA, both of which would have given signals in the RT-
PCR and/or in the PCR if positive. Therefore, the DNA in the super-
natant was digested. The VLP supernatants digested with RNase If
were positive with and without the RT-step, which demonstrated
that the samples contained traces of baculovirus-derived DNA out-
side the particle.

3.3. CVB3 VLP vaccination generated a strong antibody-mediated
immune response in mice

The antibodies generated in immunized mice were quantified
using an ELISA (Fig. 7). The negative control vaccine did not elicit
any reactivity against either inactivated CVB3 (ATTC, Nancy strain)
or the VLP proteins. In contrast, the sera of the VLP-vaccinated
mice reacted strongly to both antigens, and high IgG titers were
generated in all but one mouse (mouse no. 11, Supplementary
Fig. S8). The mean titers were slightly higher when the VLPs were
Fig. 5. Transmission electron micrographs of (A) S03 chromatography-purified VLPs, (B)
QA chromatography-purified viruses. Scale bars, 200 nm and 50 nm (close-up).

Fig. 6. Scanning electron micrographs of (A) the S03 chromatography-pu
used as an antigen rather than when intact CVB3 particles were
used.

Sera from mice immunized with CVB3 VLPs and the negative
control vaccine were further evaluated for their ability to neutral-
ize infective CVB3 in vitro. The end-point neutralizing titers (up to
1:4096) were determined for sera collected on day 0 and day 63.
The negative control vaccine failed to elicit any neutralization at
1:4, whereas high neutralizing antibody titers were induced in
mice immunized with CVB3 VLPs (Table 2). The mean neutralizing
titer in the VLP-vaccinated group at day 63 was over 1:1100, but
considerable variations were observed between individual mice.
One mouse (mouse no. 7) generated neutralizing antibodies only
after the second booster dose; however the final end-point anti-
body titer was higher than those seen in other mice. Additionally,
one mouse (mouse no. 11) failed to generate neutralizing antibod-
ies after vaccination. The mean neutralizing titer of the mice in-
fected with purified formaldehyde-inactivated CVB3 virus, which
was used as a positive control was 1:2200 at day 63 (n = 6).

3.4. CVB3 VLPs induced cell-mediated immunity in mice

The spleen cells of CVB3 VLP- and negative control-vaccinated
mice were analyzed for markers of immune activation (Supple-
mentary Table 1). Initially, when the numbers of B cells, CD4+ T
cells, and CD8+ T cells were determined, there was no statistically
significant expansion of effector B or T cells, nor differences be-
tween the study groups. When activated by virus infection, EM-T
cells expanded in number and modulated their expression of cell
surface molecules such as CD62L and CD44. Upon EM-generation,
T cells down-regulate CD62L and up-regulate CD44 (Sprent,
1997). Thus, the numbers and proportions of the memory cell pop-
ulations of CD3 and CD4/CD8 double-positive cells were measured
based on the expression of CD44 and CD62L. We found that
9 weeks after the initial VLP immunization, the numbers of
CD62Llow CD44high cells in both the CD4 and CD8 cell populations
QA chromatography-purified VLPs, (C) ultracentrifugation-purified viruses, and (D)

rified viruses and (B) VLPs. Scale bars, 200 nm and 50 nm (close-up).



Fig. 7. Mean antibody responses elicited in mice by CVB3 VLP immunization. Two
groups of mice were injected on days 0, 21, and 42 with 5 lg of CVB3 VLPs or an
equivalent amount of negative control vaccine. The immunized mice were
sacrificed on day 63, and serum samples were collected. The results represent the
mean of three replicate experiments. (A) The binding activity of the antisera to a
CVB3 VLP antigen. (B) Binding activity of the antisera to a CVB3 virus.

Table 2
Neutralizing titers analyzed by seroneutralization assay.

Vaccination group Neutralizing titera

Day 0 Day 21b Day 42b Day 63

Negative control
Mouse 1 – – – –
Mouse 2 – – – –
Mouse 3 – – – –
Mouse 4 – – – –
Mouse 5 – – – –
Mouse 6 – – – –

CVB3 VLP
Mouse 7 – – 1:16 1:4096
Mouse 8 – 1:16 1:16 1:256
Mouse 9 – 1:16 1:16 1:1024
Mouse 10 – 1:16 1:16 1:1024
Mouse 11 – – – –
Mouse 12 – 1:16 1:16 1:256

a Titers were determined against ATCC reference strain Nancy (ATCC number VR-
30). –, no detectable neutralizing antibodies (titer <1:4).

b Neutralizing titers were analyzed only at dilutions of 1:4 and 1:16.
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were consistently higher than in control mice. For CD4 cells, the
induction was from �500 to 700 cells, and for CD8 cells, the induc-
tion was from�30 to 45 cells. No significant differences in the total
number of CD4+ or CD8+ T cells were observed between the study
groups.
4. Discussion

In this article, we describe a technology that allows the produc-
tion of high-quality enterovirus VLPs for different applications. We
have shown herein that the produced VLPs were stable and highly
purified. The preparations were determined to be free of contami-
nating proteins by silver stain, which has a detection limit of
0.25 ng for proteins, thus verifying purity >95%. In addition, the
VLP samples were virtually free of contaminating DNA
(0.82 ± 0.38 ng/ll). The VLPs were indistinguishable from the na-
tive virus in size, composition, and appearance, as determined by
SDS–PAGE, Western blotting, and transmission electron micros-
copy. Moreover, the VLPs were also almost as stable as native
viruses when exposed to elevated temperatures, and they also
withstood a year-long storage at �20 �C without declining (data
not shown). Most importantly, VLPs were highly immunogenic,
as shown by the vaccination experiments in mice.

Since the launch of polio vaccines in 1950s, no other enterovirus
vaccines have been developed and registered for human use. One
reason for the lack of enterovirus vaccines is due to the large num-
ber of different enterovirus serotypes (over 100), which circulate
around the world and are rapidly and continuously recombining
and evolving. It has not, therefore, been easy to identify causal
serotype-disease relationships. There are, however, certain virus-
disease associations that are currently well established which
make the development of novel vaccines worthy of consideration.
Among such enteroviruses are EV71 and CVB3, both of which com-
monly cause severe infections that can be fatal (McMinn, 2012;
Maier et al., 2004). The recent progress in the development of an
EV71 vaccine has been encouraging. Several vaccine formulae have
been studied in animal models, and human clinical trials have
yielded promising results (Liang et al., 2013). However, to date,
such breakthroughs in the development of a CVB3 vaccine have
not been made.

In research settings, enteroviruses are routinely purified by su-
crose gradient ultracentrifugation. Although meticulously per-
formed ultracentrifugation generates high-quality virus material,
the procedure is cumbersome, and the yields are modest consider-
ing the laborious nature of the method. On the industrial scale,
other methods such as tangential flow filtration, ultrafiltration,
and chromatography-based purification are more feasible
(Morenweiser, 2005). In response to this demand, we developed
an easily scalable ion exchange chromatography-based purification
system for the CVB3 VLP vaccine. We also developed an analogous
ion exchange chromatography-based purification method for the
CVB3 virus. The single-step chromatography procedure yielded
highly pure and stable CVB3 VLP and virus preparations, and the
developed methodology is therefore an easily scalable purification
system for industrial-scale vaccine production.

Most importantly, the anti-VLP sera raised by CVB3 VLP vacci-
nation exhibited a strong neutralizing capacity against the homol-
ogous CVB3 strain. In addition, we showed by ELISA that mice
immunized with CVB3 VLPs had a strong serum IgG antibody re-
sponse and that the generated antibodies reacted with both VLP
and virus antigens within the same genogroup. There are several
previous studies showing the efficacy of enteroviral VLPs as immu-
nogens (Zhang et al., 2012; Liu et al., 2012; Lin et al., 2012). All of
these studies measured immune responses by ELISA and/or sero-
neutralization as part of their main analyses, and our results are
very similar. Closely analogous to our study is the work performed
by Zhang et al. (2012), who obtained neutralizing titers against
their CVB3 VLPs of up to 1:320. In comparison, our titers had an
average over 1:1100. Zhang et al. used a similar vaccination regime
and similar adjuvants as to those used in the present study, but in
contrast to the 5 lg dose used in the present study, they used one
of 20 lg. We therefore were able to generate comparable or even
higher neutralizing titers with smaller doses, thus highlighting
the purity and high immunogenicity of the chromatography-puri-
fied VLPs. The efficacy of the VLP vaccine was also found compara-
ble to the positive control, formaldehyde-inactivated virus. The
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small difference in the efficacy of these two formulations may be
due to the formaldehyde used to inactivate the virus or the lack
of VP0 maturation cleavage in VLP. One mouse vaccinated with
VLP did not generate measurable amounts of neutralizing antibod-
ies, and may represent somehow immunocompromised animal.

Our analysis of the B cell, CD8+, and CD4+ T cell responses in-
duced by CVB3 VLPs revealed a limited degree of activation. How-
ever, the effector-memory T cell populations were consistently
increased by CVB3 VLPs indicating that an immunological response
to the VLP was obtained. These findings are consistent with similar
studies carried out with CVB3 virus (Slifka et al., 2001; Kemball
et al., 2008). When comparing the increase in the size of the EM-
T cell pool with the efficacy of neutralizing antibody production,
the degrees of the responses appear to be consistent. A future chal-
lenge will be to construct a tetramer that could indicate that CD8+

and CD4+ memory T cells have been induced specifically by CVB3
VLPs.

In conclusion, we present the construction, production, and
purification of an immunologically efficient and safe vaccine candi-
date for CVB3-related diseases in the form of VLPs. The introduced
purification system in particular is highly relevant for industrial-
scale vaccine production, which enables a smooth shift from pre-
clinical studies to human clinical trials. The produced VLP vaccine
was able to induce a strong immune response in mice, as deter-
mined by seroneutralization and ELISA assays and also by immune
cell assay. In addition, we developed an efficient and scalable puri-
fication method for the CVB3 virus, which will facilitate its further
characterization and provides the possibility of using the virus as
the basis of a conventional attenuated or killed vaccine.
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