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Abstract

The sub-genomic replicon of tick-borne encephalitis (TBE) virus (Far-Eastern subtype) was packaged into infectious particles by providing
the viral structural proteins in trans. Sequential transfection of TBE replicon RNA and a plasmid that expressed the structural proteins led to
the secretion of infectious particles that contained TBE replicon RNA. The secreted particles had single-round infectivity, which was inhibited
by TBE virus-neutralizing antibody. The physical structure of the particles was almost identical to that of infectious virions, and the packaged
replicon RNA showed no recombination with the mRNAs of the viral structural proteins. Furthermore, heterologous genes were successfully
delivered and expressed by packaging TBE replicon RNA with inserted GFP and Neo genes. This replicon packaging system may be a useful
tool for the molecular study of the TBE virus genome packaging mechanism, and for the development of vaccine delivery systems.

© 2005 Elsevier Ltd. All rights reserved.

Keywards: Tick-bome encephalitis virus; Replicon; Virus-like particles

1. Introduction

The genus Flavivirus (family Flaviviridae) contains im-
portant human pathogens, which include the tick-borne en-
cephalitis (TBE) virus, Japanese encephalitis virus, yellow
fever virus, Dengue virus, and West Nile virus. Flaviviruses
can be divided into three phylogenic and ecological groups:
a tick-borne group, a mosquito-borne group, and a vector-
unknown group [1-3]. The flavivirus genome consists of
a positive-polarity, single-stranded RNA of approximately
11kb, which encodes three siructural proteins, i.e. the core
(C), premembrane (prM), and envelope (E) proteins, and
seven non-structural (NS) proteins (NS1, NS2A,NS2B, NS3,
NS4A, N§4B, and NS5), within a single long open reading

* Corresponding author. Tel.: +81 11 706521 1; fax: +81 11 7065211,
E-mail address: takasima@vetmed.hokudai.ac.jp (I. Takashima).
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frame, which is co-translated and cleaved post-translationally
[4]. The 5'- and 3’-UTRs have predicted secondary structures
that are implicated in viral replication, translation, and pack-
aging of the genomes [5-8].

The TBE virus is a species of mammalian tick-borne fla-
vivirus that is prevalent over wide areas of Europe and Asia
[9,10]. It causes severe encephalitis in humans with serious
sequela and has a significant impact on public health in these
endemic regions [11,12]. The virus has been subdivided into
Far-Eastern, Siberian, and European subtypes [13-15]. The
Far-Eastern subtype, which was previously known as Russian
spring-summer encephalitis (RSSE) virus, causes severe clin-
ical manifestations and has a higher mortality rate (5-20%)
than the other TBE virus subtypes [9,16].

The subgenomic replicons of positive-stranded RNA
viruses contain genes that are necessary for viral amplifica-
tion in host cells, but they lack the genes for the viral structural
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proteins. Thus, the replicon RNAs can replicate in cells but
cannot be incorporated into virus particles. Therefore, these
replicons have been used as a tool for the study of genome
replication in various viruses [17-20]. Moreover, little is
known about the flavivirus genome packaging mechanism,
packaging signal(s), and nucleocapsid formation, mainly be-
cause it is difficult to reproduce the packaging of flavivirus
genome RNA into nucleocapsids. Therefore, the construc-
tion of a packaging system that uses these replicons could be
a useful tool for studying the flavivirus genome packaging
mechanism.

Another application of these replicon systems is the devel-
opment of vectors for gene expression and vaccines [20-22].
Replicon-based vectors of positive-strand RNA viruses are
becoming more popular for development of antiviral and an-
ticancer vaccines. By using replicon systems, a high level of
expression of heterologous genes can be expected, and the
inability of replicon RNA to spread from transfected cells
gives biological safety for the vaccine application. In several
replicon studies of the mosquito-borne flaviviruses, heterol-
ogous gene expression following the insertion of genes into
the deleted structural protein gene region or 3’-UTR has been
reported [23-25]. In a study of the Kunjin virus, the packag-
ing of replicon RNA into particles by providing the structural
protein in trans was developed and applied for heterologous
gene delivery vector and as a vaccine [26-30].

In our previous study, a sub-genomic replicon of the Far-
Eastern subtype TBE virus strain Oshima 5-10, which was
isolated in Japan [31], was constructed, and heterologous
genes were inserted into the 3'-UTR [32]. The heterologous
genes were expressed appropriately, and the host cells that
were transfected with the replicon RNA showed no cyto-
pathic effect (CPE). In this study, a TBE virus replicon pack-
aging system was developed using the expression of the viral
C/prM/E proteins in trans. C-prtM-E processing was carried
out correctly by NS proteins that were produced from the
replicon, and replicon RNAs were incorporated into single-
round infectious particles without recombination between the
replicon RNA and the mRNAs for the structural proteins. Fur-
thermore, heterologous genes were delivered and expressed
using this packaging system, whereby, for the first time with a
tick-borne flavivirus TBE virus, replicons were inserted with
heterologous genes. These data suggest that this newly de-
veloped packaging system is a useful tool for the molecular
study of the TBE virus genome packaging mechanism, and
for the development of gene delivery vectors using the TBE
virus replicon.

2. Materials and methods
2.1. Cells and viruses
The baby hamster kidney (BHK)-21 cell line was grown

at 37 °C in Eagle’s minimum essential medium (MEM) that
was supplemented with 8% FCS and r-glutamine. For the se-

lection of cells that expressed the neomycin resistance gene,
G418 (1 mg/ml) was added to medium. TBE virus was pre-
pared from the infectious virus recovered from TBEV in-
fectious cDNA O-IC-pt, in which the full-length ¢cDNA of
TBE virus Oshima strain (Far-Eastern subtype) was cloned,
as described previously [33].

2.2. Antibodies

For the detection of TBE virus E proteins in the ELISA,
the mouse monoclonal anti-E antibodies 1H4 and 4H8 [34]
were used. Rabbit polyclonal anti-prM, anti-E, and anti-NS3
antibodies were prepared by immunization with recombi-
nant prM, E, and NS3 proteins, respectively, which were
expressed in the pET43 system (Novagen, Madison, WI).
FITC-conjugated anti-mouse IgG antibodies and anti-rabbit
IgG antibodies (Jackson Immunoresearch, West Grove, PA)
were used as secondary antibodies in immunofiuorescence
assay.

2.3. Plasmid construction

The derivation of the recombinant plasmid pCAGprME,
which expresses both prM and full-length protein E de-
rived from the Oshima 5-10 strain of TBE virus (GenBank
accession no. AB062063), has been described previously
(Fig. 1A) [35]. For the construction of pTBECprME, TBE
viral RNA was extracted from a virus-inoculated suckling
mouse brain, and RT-PCR was performed as described pre-
viously [31]. PCR for the amplification of the DNA frag-
ment that contains the gene for protein C and part of the prM
gene was carried out with Platinum 7ag DNA polymerase
(Invitrogen, Carlsbad, CA), using the following primers:
forward, 5'-AGCGCTAGCAGATTTTCTTGCACGTGCAT-
3’; and reverse, 5'-GTGTCCCCTTCCTGTGAGAT-3. The
PCR products were digested with Nhel and Agel, and in-
serted into the pCAGprME plasmid, which was predigested
with Nhel and Agel.

TBE replicon RNA transcripts were prepared form Os-
hima REPpt, Oshima REP-GFP, and Oshima REP-NEO plas-
mids, as described previously [32]. For the construction of
Oshima REPpt, the NS5 region spanning residues 7881 to
9829 (between the restriction sites for AfIII to Ascl) in Oshima
REP, which has two amino acid mutations in the NS5 gene,
was replaced with the parental NS5 gene. The Oshima REP-
GFP and Oshima REP-NEO plasmids, in which the GFP and
neomycin-resistance genes were inserted into the 3'-UTR,
have been described in our previous study {32].

2.4. Cell transfection

Cells that were grown to 60-70% confluence in 6-well
tissue culture plates (Becton Dickinson, Franklin Lakes, NJ)
were transfected with 2 ug of pCAGprME or pTBECprME
that was complexed with the TransIT-LT1 reagent (Pan-
Vera Corp., Madison, WI) in Opti-MEM (Invitrogen) without



3948

pCAGprME

CAG promoter

K. Yoshii et al. / Vaccine 23 (2005) 3946-3956

B globulin poly A

- prM E
mtron
pTBECprME
CAG promoter B globulin poly A
(A) prM E
Oshima REPpt
5’UTR 3’UTR
| - o = H NS1 ﬂzAlzBl 3 I4A|4B| 5
SP6 promoter \
Oshima REP-GFP IRES | GFP
(B) Oshima REP-NEQO IRES | NEO

Fig. 1. Schematic representation of the plasmids used in this study. (A) Mammalian expression vector that encodes the TBE virus structural proteins. The TBE
virus prM/E and C/prM/E regions were cloned into the pCAGGS vector [52] and designated pCAGprME and pTBECprME, respectively. The transmembrane
domain and signal sequence are indicated by a gray box. The intracellular protease cleavage sites are indicated by black triangles, and the NS2B-3 protease site
is indicated by an open triangles. (B) Constructs of TBE replicon. TBE replicon regions with or without the IRES GFP/NEO gene in the 3'-UTR were inserted
under the control of the SP6 promoter, as described previously for the Oshima REP plasmid [32].

serum or antibiotics. Twenty-four hours post-transfection
(unless stated otherwise), the cells and supernatants were har-
vested and used for further experiments.

2.5. SDS-PAGE and Western blotting

Transfected cells were Iysed with Laemmli buffer [36]
and electrophoresed in 8% and 15% polyacrylamide-sodium
dodecyl sulfate (SDS) gels under non-reducing condition.
The protein bands on the gels after SDS-PAGE were trans-
ferred onto polyvinylidene difluoride (PVDF) membranes,
and incubated with 1% Gelatin in 25 mM TBS that contained
0.01% Tween-20 (TBST), for 30 min at room temperature.
After washing with TBST, the membranes were reacted with
the anti-E and anti-prM rabbit IgG for 1 h, and then with alka-
line phosphatase-conjugated anti-rabbit IgG (Fc) (Promega,
Madison, WI) for 30 min at room temperature. The protein
bands were visualized with the AP Detection Kit (Novagen).

2.6. Preparation of encapsidated particles

Oshima REPpt was digested with Spel and extracted using
the QIAquick Gel Extraction Kit (QIAGEN, Hilden, Ger-

many). The mMESSAGE mMACHINE SP6 Kit (Ambion
Inc., Austin, TX) was used to in vitro-transcribe infectious
RNA in a 20-l reaction mixture that contained an additional
1wl of GTP solution. After transcription at 37 °C for 2 h, the
DNA template was removed by DNase I digestion at 37 °C
for 15 min. The RNA was precipitated using lithium chloride,
washed with 70% ethanol, resuspended in RNase-free water,
quantitated by spectrophotometry, and stored at —80°C in
aliquots.

Approximately 5 x 106 BHK cells in 0.5ml cold PBS
were electroporated with 10 g of RNA in 0.4-cm cuvettes
using the GenePulser apparatus (Bio-Rad Laboratories, Her-
cules, CA), with two separate pulses, without the pulse con-
troller at settings of 1.3kV, 25 wF, and at maximum resis-
tance. The transfected cells were aliquoted into 24-well cul-
ture plates. After 24 h, the cells were transfected with 2 pg
of pTBECprME per well. At 36h post-transfection, the su-
pernatant was harvested and cleared by low-speed centrifu-
gation at 1000 x g for 10 min. The particles in the cleared
supernatant were precipitated with 10% polyethylene glycol
(PEG; MW =8000) and 1.9% NaCl for 2h at 4 °C, and pel-
leted at 10,000 x g for 20 min. The pellets were resuspended
in PBS that was supplemented with RNase A (20 p.g/ml),
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left to dissolve overnight at 4 °C, and then used in further
experiments.

2.7. Infectivity assays

In order to determine the titers of the encapsidated parti-
cles, BHK cells were grown on 16-well Lab-Tek chamber
slides (Nalge Nunc International, Rochester, NY) and in-
fected with serially diluted encapsidated particle solutions for
1.5h at 37 °C. In the particle neutralization test, 1000 infec-
tious units of encapsidated particles were incubated with at a
1:100 dilution of the anti-TBE E protein monoclonal antibody
1H4, which has neutralizing activity against the TBE virus,
prior to infection of BHK cells. The culture supernatant was
replaced with fresh medium and incubated for 24 h at 37 °C.
The cells were rinsed with phosphate-buffered saline (PBS),
subjected to fixation with 4% paraformaldehyde for 10 min,
and permeabilized with 0.2% Triton X-100 for 4 min at room
temperature. After blocking with 2% BSA for 30 min, the
cells were incubated at room temperature for 1 h with anti-
NS3 rabbit IgG antibodies, at a dilution of 1:100, in antibody-
dilution buffer (PBS that contained 0.1% Triton X-100 and
2 mg/ml BSA). After extensive washing with PBS, the cells
were incubated at room temperature in the dark for 1 h with
fluorescence-labeled secondary antibodies, which were di-
luted 1:200. The cells were washed three times with PBS, fol-
lowed by mounting of the coverslips on glass slides. The im-
ages were viewed and recorded using confocal microscopy.

The infectious titer of the packaged particles was calcu-
lated using the following formula: titer (infectious unit [1U]
per ml)=N x (SW/SIA) x 1/V x 10", where N is the aver-
age number of anti-NS3 positive cells in the image area, as
calculated from 12 image areas in different regions of the
coverslips; SW is the surface of the well in a 16-well plate
(70 mm?); SIA is the surface of the image area (3.6 mm?); V
is the total volume of the diluted particle solutions; and 10"
is the dilution factor.

2.8. Particle analysis

Recombinant subviral particles (RSPs) were prepared
from pCAGprME-transfected cells, and encapsidated par-
ticles were precipitated with PEG (as described above),
and then subjected to equilibrium density centrifugation at
35,000 rpm in a 10-50% sucrose gradient at 4°C for 14h
(P45AT rotor; Hitachi Koki Co., Ltd., Tokyo, Japan). Frac-
tions of 0.5ml were collected from the tops of the tubes.
Aliquots of the fractions were treated with 1% Triton X-
100, and added to MAb 1H4-coated wells of 96-well mi-
crotiter ELISA plates, which were blocked with 3% BSA.
TBE virus-specific antigen in the fractions was detected
using the biotinylated MAb 4HS8 and horseradish peroxi-
dase (HRP)-conjugated streptavidin (Sigma Chemical Co.,
St. Louis, MO). HRP activity was detected by adding 100 pl
of O-phenylenediamine dihydrochloride (Sigma) in the pres-
ence of 0.03% HO».

2.9. RT-PCR

RNA was extracted from the encapsidated particles, which
were purified by centrifugation in sucrose gradients, us-
ing the Isogen Kit (Nippon Gene, Toyama, Japan). The re-
verse transcription (RT) reaction was carried out with Su-
perscript IT reverse transcriptase (Invitrogen) and the primer
HO, (5'-AGCGGGTGTTTTCCGAGTC-3'). PCR was car-
ried out as described previously [31] using the following
primers: for amplification of the region between the 5'-UTR
and NSI1, (forward) 5'-AGATTTTCTTGCACGTGCAT-3’
and (reverse) 5'-GTATGCATAATTGTCATACC-3’; and for
amplification of the partial prM gene and E gene,. (for-
ward) 5'-TCTGCAAAGACGTGGCAAAA-3’ and (reverse)
5'-CATTGAGGGCTTCCCCTCAG-3'.

3. Results

3.1. Expression of the TBE virus structural proteins by
the pTBECprME plasmid

For the expression of the TBE virus structural proteins
that were used to package the TBE replicon RNA, the TBE
C-prM-E region was cloned into the pCAGGS expression
vector, thereby generating pTBECprME (Fig. 1A). To exam-
ine the expression of the viral structural proteins and cleavage
by the signal peptidase, BHK cells were transfected with pT-
BECprME, and viral structural protein expression was de-
tected by specific immune sera in Western blots (Fig. 2).
In the pTBECprME-transfected cells, E proteins with the
same molecular size as those expressed in cells that were
transfected with pCAGprME, which encodes the TBE prM-
E gene, were detected. On the other hand, a band larger than
that in prM was detected by the TBE prM-specific antibodies,
while the prM band was detected in pCAGprME-transfected
cells. This band corresponds to the C-prM polyprotein,
which is not cleaved by the ER signal peptidase. It has
been reported previously that the C-prM junction is first
cleaved by the NS3 protein on the cytoplasmic side, and
then cleaved continuously by the ER signal peptidase on the
ER luminal side [37-39]. Therefore, in this case, the C-prM
polyprotein was not cleaved due to the absence of the NS3
protease.

It is known that the expression of the flavivirus envelope
proteins prM and E leads to the secretion of recombinant
subviral particles (RSPs). E protein that was derived from se-
creted RSPs was detected in the supernatants of pCAGprME-
transfected cell cultures, as described previously [35]. How-
ever, E protein was not detected in the culture supernatants
of cells that were transfected with pTBECprME. This was
due to a failure to digest the C-prM junctions. Thus, the viral
envelope proteins were unable to assemble into RSPs.

These data suggest that the TBE C-ptM-E proteins are
expressed in an appropriate manner following pTBECprME
transfection. These cassettes were used in further studies to
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Fig. 2. Expression of TBE virus structural proteins. BHK cells were transfected with pCAGprME (lane 1), pTBECprME (lane 2), or the control pCAGGS
plasmid (lane 3). At 24 h post-transfection, the cells and PEG-precipitated supernatant samples were separated by 12% SDS-PAGE under non-reducing condition
and subjected to Western blotting. The viral proteins were visualized using anti-E (upper panel) and anti-prM (lower panel) rabbit polyclonal antibodies. The
positions of the individual proteins are marked, and the molecular size (in kDa) is indicated at the side.

construct a system for packaging the TBE replicon RNA into
infectious particles.

3.2. Packaging of the TBE replicon RNA into
single-round infectious particles by
trans-complementation

For the RNA packaging experiment, TBE virus replicon
RNA was prepared from the Oshima REPpt plasmid, which
was constructed from the Oshima REP plasmid with two mu-
tations in NS5 region, as described previously [32]. It was
necessary to use a TBE replicon with high transfection ef-
ficiency for packaging in doubly transfected cells (i.e., cells
transfected with the TBE replicon and pTBECprME plas-
mid that expresses the TBE structural proteins). This replicon
construct showed high efficiency of transfection into BHK21
cells, with 90-100% of the cells being positive in the IFA tests
(data not shown). Consequently, the Oshima REPpt replicon
was used in the subsequent packaging studies.

In preliminary experiments, transfection of pTBECprME,
which expresses the TBE structural proteins, prior to Oshima
REPpt replicon electroporation gave no secretion of infec-
tious particles. This result was in accordance with the finding
of the Kunjin virus study, which showed that the replicon had
to accumulate before the structural proteins were expressed
[30]. Therefore, in subsequent experiments, the BHK?21 cells
were first electroporated with TBE replicon Oshima REPpt,
and then 12h or more later, transfected with pTBECprME,
thus ensuring the secretion of infectious particles.

The culture supernatants from the BHK21 cells that were
transfected with pTBECprME and replicon Oshima REPpt
were cleared by low-speed centrifugation and precipitated
with PEG 8000. The precipitated pellets were resuspended
in PBS that contained RNase A, and used for further study. In
the BHK?21 cells that were infected with PEG-precipitated su-
pernatant from pTBECprME- and replicon-transfected cells,

the production of TBE NS3 proteins was detected by the im-
munofiuorescence assay (Fig. 3A), in contrast to the lack of
viral protein production observed in cells that were infected
with the supernatant of replicon-transfected cells (Fig. 3B).
A second passage, in which the supernatants of the infected
BHK?21 cell cultures were transferred to fresh BHK?21 cells,
resulted in infection in the case of the wild-type control of
RNA transfection from TBE virus infectious cDNA O-IC
(authentic virus particles; Fig. 3F) but not in the case of
transfection with pTBECprME and replicon Oshima REPpt
(Fig. 3D). These data demonstrate that the particles (virus-
like particles; VLPs) secreted by pTBECprME- and TBE
replicon Oshima REPpt-transfected cells have only single-
round infectivity potential.

To optimize the conditions for efficient packaging of repli-
con RNA into VLPs, various time-points between the trans-
fections (Fig. 4A), and between the second transfection and
harvesting the VLPs (Fig. 4B), were examined. First, the
optimal time period between replicon RNA electroporation
and pTBECprME transfection was determined. BHK21 cells
were electroporated with Oshima REPpt RNA, and seeded
into cell culture dishes at 40-50% confluency for the second
plasmid transfection. After incubation for 12, 18, 24, or 30 h,
the cells were transfected with pTBECprME, and the cul-
ture supernatant was recovered from each dish 48 h after the
second transfection. The recovered supernatants were sub-
Jected to PEG precipitation and used for the titration of VLPs
by IFA with anti-NS3 antibodies. As shown in Fig. 4A, the
highest titer of VLPs was obtained from cells that were trans-
fected with the 24-h interval (6.2 x 10° IU/ml). This time
delay for optimal transfection was also observed in the Kun-
jin virus study [30]. This increase in VLP titer with time
between transfections indicates that viral RNA and/or viral
non-structural proteins are required for the efficient packag-
ing of replicon RNA by trans-complementation of structural
proteins. Second, the optimal time for VLP harvesting after
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Fig. 3. Secretion of single-round infectious particles. Fresh BHK cells were infected with the culture supernatants of BHK cells transfected with in vitro-
synthesized Oshima REPpt RNA and pTBECprME (A); Oshima REPpt alone (B); or O-IC pt RNA (C); and incubated for 24 h (A to C). Panels D to F show
re-infection of fresh BHK-21 cells, as indicated by the arrows. Expression of the viral NS3 proteins was visualized by immunofluorescence using anti-NS3

antibodies.

the second transfection was examined. BHK cells were trans-
fected with pTBECprME 24 h after electroporation with the
Oshima REPpt RNA. The culture supernatant was harvested
24,36, 48, or 60 h after the second transfection and used for
the titration of VLPs, as described above. The VLP titer in-
creased gradually with time and peaked 48 h after the second
transfection. At 60h after the second transfection, the titer
was relatively reduced.

3.3. Characterization of single-round infectious
particles :

To analyze the secretion of VLPs from the cells that
were (ransfected with pTBECptME and the Oshima
REPpt replicon, the transfected cells and supernatant
were subjected to Western blot analysis (Fig. 5). In the
pTBECprME-transfected cells, E protein bands were
detected by the E-specific antibodies, regardless of replicon
RNA electroporation. When the C-prM-E viral structural
proteins were expressed alone, the C-prM polyprotein bands
were detected by prM-specific antibodies, due to the absence
of the viral NS3 protease, as shown in Fig. 2. On the other
hand, bands corresponding to prM were detected in the cells
that expressed the viral structural proteins with the Oshima

REPpt replicon RNA (Fig. 5; cell lysate, lane 1), which
indicates that the C-prM junctions were partially cleaved
by viral NS3 protease that was derived from the expression
of the TBE replicon RNA. Moreover, E protein secretion
was observed in the culture supernatants of cells that were
transfected with pTBECprME and Oshima REPpt replicon,
whereas E protein was not secreted from cells that were
transfected with pTBECprME alone (Fig. 5; supernatant).
This means that viral envelope proteins are incorporated into
VLPs and secreted into the culture supernatant following
appropriate cleavage of the C-prM junctions.

To confirm that the infectious particles were actually
packaged by TBE structural proteins, a virus neutralization
test was performed. Prior to infection of the BHK cells, the
VLPs (1000 IU) were incubated with the anti-TBE E protein
monoclonal antibody 1H4 (at 1:100 dilution), which has neu-
tralizing activity against the TBE virus; this led to loss of in-
fectivity, as revealed by IFA (Fig. 6). To elucidate the physical
structures of the VLPs, equilibrium density gradient centrifu-
gation in a 10-50% sucrose gradient was performed (Fig. 7).
The VLPs that were secreted from the cells transfected with
pTBECprME and Oshima REPpt RNA were precipitated
with PEG, subjected to centrifugation in the sucrose gradient,
and the fractions were collected and assayed by ELISA for the
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Fig. 4. Optimization of conditions for packaging of TBE replicon RNA.
(A) Culture supernatants of cells that were transfected with replicon RNA
and pTBECprME were collected 48 h after the second transfection, either
at different time intervals between the RNA and plasmid transfections. (B)
BHK cells were transfected with replicon RNA and pTBECprME at 24 h
interval and the supernatant samples were collected at different times after
the second transfection. The collected samples were precipitated with PEG,
suspended in PBS that contained RNase A, and then used for the infection
of the BHK cells. The infectious titers were calculated by counting the IFA-
positive cells using anti-NS3 antibodies, as described in Section 2.
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Fig. 6. Inhibition of replicon particle infectivity by virus-neutralizing anti-
body. Prior to infection, the virus particles were incubated with (A) or with-
out (B) monocional antibody 1H4, which has neutralizing activity against
the TBE virus. At 24 h post-infection, the cells were stained by IFA using
anti-NS3 antibodies.
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Fig. 5. Cleavage of the C-prM junctions by replicon NS3 protease, and secretion of viral proteins into the culture supernatant. BHK cells were transfected with
Oshima REPpt RNA and pTBECprME (lane 1), pTBECprME (lane 2), or Oshima REPpt RNA (lane 3). At 24 h post-transfection with the pTBECprME plasmid,
the cells and PEG-precipitated supernatant samples were separated by 12% SDS-PAGE under non-reducing condition and subjected to Western blotting. The
viral proteins were visualized using the anti-E (upper panel) and anti-prM (lower panel) rabbit polyclonal antibodies. The positions of the individual proteins

are marked, and the molecular size (in kDa) is indicated at the side.
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Fig. 7. (A) Sedimentation analysis of particles that were harvested from
the culture supernatants of BHK cells that were transfected with in vitro-
synthesized Oshima REPpt RNA and pTBECprME. The particles were pel-
leted with PEG and loaded onto a 10-50% sucrose gradient (squares). The
E proteins in each coliected fraction were analyzed by ELISA. Control gra-
dients, which were loaded with purified RSPs (diamonds), were analyzed
in parallel. The densities of the peak fractions are indicated by arrows. (B)
RT-PCR analysis with TBE-specific primers located between the 5'-UTR
and the NS1 regions of RNA that was extracted from the infectious parti-

cles. RNA was extracted from fractions 16-18 (in panel A), and subjected
to RT-PCR (lane 2). PEG-precipitated supernatants of cells that were trans-

fected with O-IC-pt (lane 1) and Oshima REPpt RNA (lane 3) were used as
controls.

detection of TBE virus E proteins. The highest ODysq values
for the E proteins were detected in fractions 16-18 (density
of approximately 1.186 g/cm?), which closely resemble the
characteristics of the authentic TBE virus, as compared to
the recombinant subviral particles (RSPs) (fractions 11-13;
1.14 g/cm?), which were secreted from the pCAGprME-
transfected cells. Furthermore, infectivity measured by IFA
was observed only for fractions 16 to 18 (~6.5 x 10° IU/ml;
data not shown). The RNA extracted from the VLPs in frac-
tions 16-18 was reverse-transcribed and PCR-amplified us-
ing TBE-specific primers for the region between the 5-UTR
and NS1 gene. As shownin Fig. 7B, while a DNA fragment of
2500 bp (5'-UTR-NS1) was observed as the RT-PCR product
of the authentic TBE virus (lane 1), a DNA fragment of the
expected size (500 bp) was detected as the RT-PCR product of
the VLP (lane 2), which indicates deletion of the region that
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encodes the viral structural gene and the absence of recombi-
nation with the mRNA of the viral structural gene provided by
pTBECprME. No RT-PCR product was obtained from RNA
that was extracted from the PEG-precipitated supernatant of
cells that were transfected with Oshima REPpt RNA alone.
In addition, no DNA fragment was amplified from the VLPs
by RT-PCR for the partial prM and E genes, which indicates
that the mRNA of the viral structural gene from pTBECprME
was not incorporated into the particles. Combined with the
data about single-round infectivity shown in Fig. 3, these
data suggest that the replicon RNA was packaged into
single-round infectious particles by trans-expressed viral

structural proteins, without the regeneration of infectious
viruses.

GFP fluorescence

Fig. 8. Packaging of recombinant TBE replicon RNA that expresses a het-
erologous gene. (A) Culture supernatants from BHK cells that were se-
quentially transfected with Oshima REP-GFP RNA and pTBECprME were
precipitated with PEG and used to infect fresh BHK cells. GFP fluorescence
was observed at 60h post-infection. (B) BHK cells in which the Oshima
REP-NEO replicon RNA replicated persistently were transfected with pT-
BECprME. At 48 h post-transfection, the culture supernatants were precip-
itated with PEG and used to infect fresh BHK cells. The infected cells were

cultured in the presence of G418 for 30 days, after which time the cells were
stained by IFA using anti-NS3 antibodies.
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3.4. Expression and delivery of heterologous gene by
TBE replicon-based pseudoinfectious particles

In our previous study, a heterologous gene was inserted
into the 3’-UTR of the TBE virus replicon [32]. Heterolo-
gous gene products were expressed in the replicon RNA-
transfected cells, and none of the cells exhibited CPE. There-
fore, the application of the replicon packaging system for
gene delivery was examined. BHK cells were transfected
with the Oshima REP-GFP replicon RNA, which expresses
the GFP gene, and pTBECprME. At 48 h post-transfection
with the pPTBECprtME plasmid, the culture supernatant was
harvested, precipitated by PEG, and used to infect BHK cells.
At 60 h post-infection, GFP expression in the infected cells
was observed by confocal microscopy (Fig. 8A), which indi-
cated that Oshima REP-GFP RNA is packaged into VLPs by
trans-complementation of viral structural proteins, and that
itacts as a vector for the expression of GFP as a heterologous
gene. BHKrepTBE cells, which persistently harbor the TBE
virus replicon, have been established previously by trans-
fection of Oshima REP-NEO (containing the Neo gene in
the 3'-UTR), followed by G418 selection. The pTBECprME
plasmid was transfected into BHKrepTBE cells, and at 48 h
post-transfection, the supernatant was precipitated with PEG
andused to infect fresh BHK cells. At this point, the infectious
titer had increased to 7.2 x 107 IU/ml, and the infected cells
grew in the presence of G418 for at least 30 days (five pas-
sages), and produced viral non-structural proteins (Fig. 8B).
These data indicate for the first time the application of the
TBE replicon as a gene delivery vector.

4. Discussion

Subgenomic replicon vectors of positive-stranded RNA
viruses have great potential in gene expression and vaccine
applications [20,21,40]. Their advantages over other viral
vector systems are following: (i) high level expression of
encoded heterologous genes due to amplification of replicon
RNA; (ii) cytoplasmic replication of replicon, which exclude
the possibility of chromosomal integration; (iii) inability of
replicon RNA to escape from transfected cells, which limits
the spread of vaccine vectors; (iv) easy manipulations due to
the relatively small genome size of replicon. In our previous
study, we showed that the heterologous GFP gene and Neo
gene with the IRES sequence could be inserted into the 3/-
UTR of the TBE virus replicon and expressed without any
apparent CPE [32]. To apply this TBE replicon to a gene de-
livery vector, we examined the packaging of replicon RNA
into particles by sequential transfection with a plasmid that
expresses the TBE virus structural proteins (C-prM-E). We
then applied this packaging system to heterologous gene de-
livery vectors by packaging replicons that carried inserted
heterologous genes, such as GFP and Neo. This is the first
report about the application of a tick-borne flavivirus replicon
packaging system to gene delivery. By using replicon encod-

ing viral antigen and tumor specific antigen, TBE VLPs can
be expected to induce protective antiviral and anticancer im-
munity.

Currently available flavivirus replicon-based vectors have
certain advantages, such as their ability to replicate effi-
ciently in a broad range of host cells without any apparent
CPE and their genetic stability without spontaneous recom-
bination [20,21]. It has been reported that alphavirus ex-
pression vectors have potential problems in terms of their
cytopathic effects on host cells. In contrast, TBE replicons
have no significant cytopathic effects. Thus, TBE replicon-
based vectors facilitate longer-lasting expression of heterol-
ogous genes. Furthermore, no spontaneous regeneration of
infectious viruses has been observed in the TBE replicon
packaging system. In studies with alphaviruses, such as SFV
and SIN, co-packaging of replicon RNA with helper RNA
produced homologous recombination between the two RNA
species, which led to regeneration of the infectious virus
[41,42]. In our system, although the C/prM/E mRNA and
replicon RNA contain overlapping elements of the viral
genome, which raises the possibility of homologous recombi-
nation, neither co-packaging nor recombination between the
two RNAs was observed in any of the experiments. These
features of non-cytopathogenicity and genetic stability are
important for the applicability of this tool to more-sensitive
host systems.

In our packaging system, the titers of infectious particles
reached 6.2 x 10° IU/ml following sequential transfection of
pTBECprME and Oshima REPpt replicon RNA into BHK
cells; 7.2 x 107 TU/ml VLPs were obtained by transfection
of pTBECprME into BHKrepTBE cells when the cells were
seeded into 24-well tissue culture plates. These titers are
higher than those observed in the Gehrke study, in which par-
ticles were prepared by electroporation of the replicon into
CHO-ME cells that continuously expressed the TBE virus
prM/E proteins [43]. These titers are still below the maximum
titers of alphavirus vectors [42,44], but are almost equivalent
to those obtained with three-component alphavirus systems,
using alphavirus packaging cell lines that have been designed
to reduce the regeneration of infectious particles [45-48].

In addition to the vaccine and gene delivery systems, this
TBE replicon packaging system can be applied to the study
of genome RNA packaging and the rapid mapping of packag-
ing signal(s) in TBE virus RNA and genomic RNA-binding
domain(s) in the C protein. Compared to a full-length infec-
tious clone, this packaging system has the advantage that it
can separate replication events from assembly and genome
RNA packaging events. Furthermore, while C and prM/E
have been expressed separately in another packaging sys-

tem [43], in our system, C/prM/E are provided from a single

polyprotein, which is expressed by a plasmid that encodes
all the viral structural protein genes. Thus, processing of the
viral structural proteins is carried out as for the native virus,
followed by the sequential events of genome packaging and
particle assembly. Another advantage of this system is that
particles cannot be secreted unless the viral structural proteins



