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We have previously developed replicon vectors derived from the Australian flavivirus Kunjin that have a
unique noncytopathic nature and have been shown to direct prolonged high-level expression of encoded
heterologous genes in vitro and in vivo and to induce strong and long-lasting immune responses to encoded
immunogens in mice. To facilitate further applications of these vectors in the form of virus-like particles
(VLPs), we have now generated a stable BHK packaging cell line, tetKUNCprME, carrying a Kunjin structural
gene cassette under the control of a tetracycline-inducible promoter. Withdrawal of tetracycline from the
medium resulted in production of Kunjin structural proteins that were capable of packaging transfected and
self-amplified Kunjin replicon RNA into the secreted VLPs at titers of up to 1.6 � 109 VLPs per ml.
Furthermore, secreted KUN replicon VLPs from tetKUNCprME cells could be harvested continuously for as
long as 10 days after RNA transfection, producing a total yield of more than 1010 VLPs per 106 transfected cells.
Passaging of VLPs on Vero cells or intracerebral injection into 2- to 4-day-old suckling mice illustrated the
complete absence of any infectious Kunjin virus. tetKUNCprME cells were also capable of packaging replicon
RNA from closely and distantly related flaviviruses, West Nile virus and dengue virus type 2, respectively. The
utility of high-titer KUN replicon VLPs was demonstrated by showing increasing CD8�-T-cell responses to
encoded foreign protein with increasing doses of KUN VLPs. A single dose of 2.5 � 107 VLPs carrying the
human respiratory syncytial virus M2 gene induced 1,400 CD8 T cells per 106 splenocytes in an ex vivo gamma
interferon enzyme-linked immunospot assay. The packaging cell line thus represents a significant advance in
the development of the noncytopathic Kunjin virus replicon-based gene expression system and may be widely
applicable to the basic studies of flavivirus RNA packaging and virus assembly as well as to the development
of gene expression systems based on replicons from different flaviviruses.

Subgenomic replicon vectors of positive-strand RNA viruses
offer great potential as gene expression vectors and for devel-
opment of vaccines (12). They possess a number of unique
advantages over other viral vector systems, which are used for
vaccine development. These are the following: (i) high-level
expression of encoded heterologous proteins due to efficient
amplification of replicon RNA; (ii) no DNA intermediates and
replication exclusively in the cell cytoplasm, thereby eliminat-
ing any problems associated with integration into the cell ge-
nome; (iii) a single infection cycle, and thus, replicon RNA
cannot escape from cells they are delivered to, eliminating any
possibility of uncontrolled virus spread in vaccinees; and (iv)
the relative ease of constructing replicon-based vaccines.

Kunjin virus (KUN) is a member of the Japanese encepha-
litis subgroup of the genus Flavivirus in the family Flaviviridae
(41). Unlike the majority of other human pathogens from the
Flavivirus genus, KUN appears to be naturally attenuated in
the human population, with infections nearly always asymp-

tomatic. KUN is endemic only in the northern parts of Aus-
tralia and neighboring islands, with no preexisting immunity in
the rest of the world. In addition, KUN is genetically stable,
and its epidemiology and virus replication strategy are well
understood (38), making KUN an attractive candidate for vac-
cine vector development. The KUN genome consists of a pos-
itive-polarity single-stranded RNA encoding a large polypro-
tein that is cotranslated and posttranslationally cleaved into
three structural proteins, i.e., core (C), premembrane (prM),
and envelope (E), and seven nonstructural proteins, i.e., NS1,
NS2A, NS2B, NS3, NS4A, NS4B, and NS5 (3, 13). We previ-
ously constructed the first flavivirus replicons based on KUN
cDNA by deleting the majority of the genomic region encoding
structural genes and retaining only the first 20 codons of the C
gene and the last 22 codons of the E gene (14). KUN replicons
have been extensively used as vectors for expression of heter-
ologous genes in vitro and in vivo and for the development of
vaccines (1, 9, 14, 16, 36, 37). Replicons have also recently been
developed for other flaviviruses, e.g., dengue type 2 virus
(DEN2) (27, 28), West Nile virus (WN) (33), yellow fever
virus(25), and most recently for tick-borne encephalitis virus
(TBE) (5). The unique feature of flavivirus replicons is their
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low cytopathicity, which allows prolonged expression of en-
coded heterologous genes (1, 9, 14, 27, 28, 33, 36, 37).

The packaging system developed previously for production
of KUN replicon virus-like particles (VLPs) (16) required two
consecutive electroporations, first with KUN replicon RNA
and then, after a delay, with a cytopathic Semliki Forest virus
(SFV) replicon RNA encoding KUN structural genes (SFV-
MEC105). This procedure produced a single harvest of VLPs
with titers reaching 1 � 106 to 5 � 106 VLPs per ml (36) or a
total of 2.5 � 106 to 7.5 � 106 VLPs per 106 transfected cells.
KUN replicons have also been developed for delivery in plas-
mid DNA form (37). Our recent comparative analyses of vac-
cine potential of KUN replicons delivered as plasmid DNA, as
naked RNA, and as VLPs showed a significantly better induc-
tion of immune responses to an encoded immunogen after
VLP delivery than with other delivery modalities (1, 9). How-
ever, the rather cumbersome procedure required for KUN
replicon VLP production and the relatively low titers of har-
vested VLPs complicates the current and future studies on
evaluation of KUN replicon vectors and makes large-scale
commercial manufacture of KUN replicon VLP-based vac-
cines unattractive. We therefore developed a simplified and
more efficient system for production of KUN replicon VLPs by
generating a tetracycline-inducible BHK cell line with a stably
integrated KUN structural gene cassette that allows produc-
tion and multiple harvesting of high titers of KUN replicon
VLPs for up to 10 days after transfection with KUN replicon
RNA. This cell line was also shown to be capable of packaging
other flavivirus replicon RNAs.

Establishment of the tetracycline-inducible BHK cell line,
tetKUNCprME, capable of packaging KUN replicon RNA into
VLPs. To our knowledge, no stable cell lines simultaneously
expressing all three flavivirus structural proteins have been
reported to date. We have previously generated a Vero cell
line stably expressing the KUN C protein; however, the level of
expression was low (40). Previous attempts to generate a stable
cell line continuously expressing all three KUN structural
genes under control of separate promoters (expressing C, prM,
and E separately), using standard (noninducible) DNA expres-
sion vectors, resulted in great instability of expression, produc-
ing only 10 to 20% positively expressing cells after a few cell
passages (A. N. Varnavski and A. Khromykh, unpublished
data). Attempts to use these cell lines to produce KUN repli-
con VLPs resulted in very low VLP titers (Varnavski and
Khromykh, unpublished).

Several inducible systems for regulating transgene activity
have been described for many cell types (32). Of these, the
tetracycline system (6, 42) holds the greatest appeal. The sys-
tem is commercially available from Clontech in Tet-On and
Tet-Off formulations, allowing induction of gene expression
either by addition or by the removal of tetracycline (http:
//www.clontech.com/techinfo/manuals/PDF/PT3001-1.pdf). In
view of the intended use of KUN replicon VLPs in vaccine or
protein production applications, it was logical to choose the
Tet-Off system in order to avoid the presence of antibiotic in
VLP preparations. To generate a packaging cell line that al-
lows tetracycline-inducible expression of the KUN structural
gene cassette (CprME), we first established a BHK cell line,
BHK-Tet-Off, stably expressing the tetracycline transactivator.
Thus, BHK21 cells were transfected with pEF-tTA-IRESpuro

plasmid DNA (kindly provided by Rick Sturm, University of
Queensland), a derivative of pEFIRES-P (10) containing a
sequence coding for the tetracycline transactivator (Fig. 1A).
Two days following transfection, the antibiotic puromycin
(Sigma) was added at a concentration of 10 �g/ml for selection
of cell clones. Five cell clones were isolated and cultured suc-
cessfully from this transfection. These clones were then ana-
lyzed for induction of expression by transfection with the plas-
mid, pTRE2luciferase (Clontech), in the presence (0.5 �g/ml)
or absence of doxycycline (an antibiotic of the same spectrum
as tetracycline but with higher specific activity and a longer
half-life). Established BHK-Tet-Off cell clones demonstrated
various degrees of induction of expression and background
levels (results not shown). Two BHK-Tet-Off cell clones dis-
playing the highest fold induction of luciferase expression com-
pared to uninduced cells were used to establish a stable BHK
cell line expressing the KUN structural gene cassette CprME.
The cells were transfected with pTRE2CprME-IRESNeo plas-
mid DNA (Fig. 1A) constructed by subcloning the KUN
CprME gene cassette and the encephalomyocarditis virus in-
ternal ribosomal entry site-neomycin phosphotransferase gene
cassette (IRESNeo) into the pTRE2 vector (Clontech, North
Ryde, Australia). Transfected cells were subjected to selection
with 0.5 mg of Geneticin (G418)/ml in medium that also con-
tained 10 �g of puromycin/ml and 0.5 �g of doxycycline/ml. To
select the most efficient packaging cell line, a number of cell
clones conferring resistance to G418 and puromycin were elec-
troporated with KUN replicon RNA (RNAleu) (1) and cul-
tured without doxycycline to determine whether they were able
to produce infectious KUN replicon VLPs. The titers of infec-
tious VLPs (in infectious units [IU] per milliliter) present in
harvested culture fluids (CFs) were determined by infection of
Vero cells followed by immunofluorescence analysis with anti-
NS3 antibodies as described previously (15, 39). Four cell
clones, i.e., #A3, #A8, #E1, and #E5, were capable of VLP
production, with efficiencies varying from 5 � 104 to 2 � 108

IU per ml at 53 h after RNA electroporation. The most effi-
cient cell clone, #A8, producing 2 � 108 IU of VLPs/ml, was
designated tetKUNCprME and used in all further studies. The
identity of the KUN CprME sequence encoded in the mRNA
produced in tetKUNCprME cells to that of the wild-type KUN
CprME sequence was confirmed by sequencing the entire
CprME region after reverse transcription-PCR amplification
of total RNA isolated from tetKUNCprME cells. No nucleo-
tide changes from the sequence present in the plasmid DNA
pTRE2CprME-IRESNeo were found.

CprME expression and optimization of production of se-
creted KUN replicon VLPs in tetKUNCprME cells. To exam-
ine levels of secreted KUN proteins and KUN VLPs in the
culture fluid of tetKUNCprME cells, we used an antigen cap-
ture enzyme-linked immunosorbent assay (ELISA) (11). CFs
collected from induced and uninduced tetKUNCprME cells
that were cultured for 48 h prior to analysis showed no detect-
able levels of KUN E protein in both CF samples (Fig. 1B).
However, when the cells were electroporated with RNAleu
replicon RNA, a dramatic increase in ELISA readings was
noticed by 45 h after RNA electroporation in the CF sample
from induced cells, while only a marginal increase in ELISA
readings was detected in the CF sample from uninduced cells
(Fig. 1B). When VLPs in these CF samples were titrated on
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FIG. 1. Generation and characterization of stable packaging cell line tetKUNCprME. (A) Schematic representation of the plasmid constructs
used for generation of the stable packaging cell line tetKUNCprME. The pEF-tTA-IRESpuro plasmid was used to generate a first stable BHK
cell line, BHK-Tet-Off, continuously expressing the tetracycline transactivator (tTA) from the human elongation factor 1� promoter (pEF-1a).
tetKUNCprME, expressing KUN structural genes C, prM, and E (KUN CprME) from the tetracycline-inducible cytomegalovirus promoter
(PminCMV), was established by transfection of pTRE2CprME-IRESNeo plasmid DNA into BHK-Tet-Off cells and selection or cells growing in the
presence of G418 and puromycin (see the text). In uninduced tetKUNCprME cells, doxycycline (DOX) (a form of tetracycline with higher specific
activity) binds to tTA and prevents its binding to the tetracycline-responsive element (TRE) and subsequent activation of CprME mRNA
transcription from the cytomegalovirus promoter. To induce expression of KUN CprME genes, DOX is removed from the medium, resulting in
the release of tTA, its binding to TRE, and activation of CprME mRNA transcription from the cytomegalovirus promoter. tetR, Tet repressor
protein; VP16, herpes simplex virus VP16 activation domain; IRES, EMCV internal ribosome entry site; puro, puromycin N-acetyltransferase;
Neo, neomycin resistance gene; SV40 poly A, SV40 transcription terminator/poly(A) signal; �-globin poly A, �-globin transcription terminator/
poly(A) signal. (B) Production of secreted E protein and VLPs in induced and uninduced tetKUNCprME cells in the presence and absence of
KUN replicon RNA. –– RNA graph (left part) shows the results of an experiment without replicon RNA transfection; � RNA graph (right part)
shows the results of another experiment with electroporation of RNAleu. Results are shown for tetKUNCprME cells either electroporated with
KUN replicon RNA (� RNA) or not electroporated (– RNA) and maintained for 48 h in the medium with (�) or without (–) 0.5 �g of
doxycycline/ml. Detection of secreted KUN E protein (white bars) by antigen capture ELISA and determination of VLP titers (black bars) (in
infectious units per milliliter) by infectivity assay on Vero cells were performed as described in the text. Negative controls in both experiments
(Cont) were culture fluids from normal BHK cells. The titers of KUN positive controls (KUN) used in each experiment were determined by plaque
assay on BHK cells.
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Vero cells, the titers of VLPs correlated well with the ELISA
results (Fig. 1B). For example, �500 IU of VLPs per ml de-
tected in the CF samples collected from uninduced cells pro-
duced an ELISA reading of an optical density at 450 nm of
�0.11, while 2.1 � 108 IU of VLPs per ml in the CF sample
from induced cells gave an ELISA reading of �0.63 (Fig. 1B).
The observed dramatic increase in the levels of secreted E
protein and VLPs after transfection with KUN replicon RNA
is in accord with the current model of processing of flavivirus
structural proteins and virus assembly, which requires cleavage
by viral NS2B-3 protease (expressed from replicon RNA) at
the cleavage site in C-prM junction for the proper cleavage of
the prM signal sequence by cellular signal peptidase and se-
cretion of prM and E particles (22).

In order to optimize VLP production, studies were per-
formed with the harvesting of culture fluid and the removal of
doxycycline from the media at different time points. Following
electroporation of KUN replicon RNA (RNAleu), medium
containing doxycycline (0.5 �g/ml) was added to the cells for a
further 16 or 30 h and then replaced with fresh medium with-
out doxycycline. A 60-mm2-diameter dish of electroporated
cells was maintained continually without doxycycline for com-
parison. The culture fluid was harvested from each dish at 53
and 68 h postelectroporation and examined by infectivity assay
with Vero cells. The results showed that the optimal time for
removal of doxycycline to induce CprME expression for VLP
production was immediately after RNA electroporation (data
not shown). A delay in the removal of doxycycline from the
medium resulted in a substantial decrease in the amount of
VLPs produced.

To determine the optimal VLP harvesting protocol and the
ability of tetKUNcprME cells to produce high levels of VLPs
encoding various heterologous genes, KUN replicon RNA
RNAleu and replicon RNAs encoding different heterologous
genes, such as murine polytope (RNAleuMpt), HIV-1 gag
(KUNgag), puromycin acetyltransferase (repPAC), puromycin
acetyltransferase, �-galactosidase (repPAC�-gal), and green
fluorescence protein (repGFP) (1, 9, 14, 24, 36, 37) were elec-
troporated into tetKUNCprME cells. VLPs were harvested at
different times after RNA electroporation, and the medium

was replaced with fresh medium every time VLPs were har-
vested to allow multiple harvesting of VLPs (Table 1). Nearly
all the VLP titers from day 3 onwards after electroporation
were in the range of 107 to 109 IU per ml, and they remained
high even in the third or fourth consecutive harvests up to 10
days after transfection, depending on the nature of the repli-
con RNA and the VLP harvesting protocol (Table 1). The total
production of VLPs from the initially transfected 3 � 106

tetKUNCprME cells using the most optimal VLP harvesting
protocol reached 5.4 � 1010 infectious particles (repPAC�-gal
RNA experiment 2 in Table 1) and was in the range from 1.1
� 109 to 1.3 � 1010 infectious particles per 3 � 106 electro-
porated cells when other harvesting protocols and different
KUN replicon RNAs were used (Table 1).

To examine whether KUN replicon VLPs can be amplified
by spread in tetKUNCprME cells but not in normal BHK cells,
the cells were infected with RNAleuMpt VLPs at a low mul-
tiplicity of infection (MOI) (0.1) and incubated in the medium
without doxycycline. Immunofluorescence (IF) analysis of in-
fected cells with KUN anti-NS3 antibodies showed a significant
increase in the size of positive cell foci from day 2 to day 3
postinfection (Fig. 2, panels 1 and 2), demonstrating amplifi-
cation and spread of VLPs in tetKUNCprME cells. In contrast,
only individual positive cells were detected in infected normal
BHK21 cells at both day 2 and day 3 after VLP infection (Fig.
2, panels 3 and 4). In a separate experiment, an approximately
10-fold increase in VLP titers from day 3 to day 5 of incuba-
tion after infection of tetKUNCprME cells with 0.1 MOI of
RNAleuMpt VLPs was detected (results not shown), thus fur-
ther confirming amplification of VLPs by spread in the pack-
aging cells. This relatively modest increase (10-fold) of VLP
titer observed from day 3 to day 5 of infection could be due to
the impaired ability of newly infected aged (3- to 5-day-old
confluent) BHK cells to support efficient KUN RNA replica-
tion and not necessarily represent inefficient spread of VLPs.
We have previously observed a lower efficiency of KUN RNA
replication in aged BHK cells compared to that in actively
dividing BHK cells in many experiments (data not shown). It is,
however, evident from the results of prolonged production of
VLPs (Table 1) that in those aged (confluent) BHK cells where

TABLE 1. Production of secreted KUN replicon VLPs encoding different heterologous genes in the tetKUNCprME packaging cell line

VLP type
Titer of VLPs (IU/ml)c Total VLP

production per
3 � 106 cellsd2d 3d 4d 5d 6d 8d 10d

RNAleuMPta 3.1 � 107 5.5 � 107 3.8 � 108 — 2.9 � 108 1.3 � 108 — 5.3 � 109

KUNgaga 1 � 107 3.9 � 107 1.2 � 108 1.6 � 107 — — — 1.1 � 109

RNAleua 1.8 � 108 1.9 � 108 — 2.5 � 106 — — — 2.2 � 109

repGFPa 1.6 � 108 2.6 � 108 3.7 � 108 2 � 108 — — — 5.0 � 109

repPACa — — 1.6 � 108 — 2.2 � 108 — 1.9 � 108 6.7 � 109

repPAC�-gala exp 1 4 � 105 — 1.1 � 108 — 2.3 � 108 — — 3.4 � 109

repPAC�-galb exp 2 1.2 � 106 — 1.6 � 109 — 1.1 � 109 — — 5.4 � 1010

repPAC�-galb exp 3 5 � 106 — 1.3 � 108 — 1.8 � 108 3.3 � 108 — 1.3 � 1010

a Cells (3 � 106) were electroporated with �20 �g of RNA, seeded onto one 10-cm culture dish, and incubated in different volumes of medium and for different
times prior to harvesting VLPs. Six (RNAleuMPt, KUNgag, and RNAleu), five (repGFP), or 10 (repPAC�-gal exp 1) ml or of medium in each dish were used for initial
VLP harvest and to replace harvested VLPs to allow further VLP production and harvests. For repPAC, 10 ml of medium was harvested and replaced at days 4 and
6 and 15 ml of medium was harvested at day 10. exp, experiment.

b Electroporated cells (3 � 106) were seeded onto two 10-cm culture dishes, and cells in each dish were incubated in 10 ml of medium that was replaced with 10 ml
of fresh medium at each indicated harvest day.

c —, VLPs were not harvested at this time and the medium remained unchanged until the next harvest; d, days.
d Total VLP production was calculated by combining amounts of VLPs obtained in each harvest.
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the replication of KUN RNA has already been established, it
continues to replicate and is packaged into secreted VLPs for
a long period of time.

The results convincingly demonstrate that the tet-
KUNCprME cell line is able to produce substantially larger
(�1,500-fold) amounts of KUN replicon VLPs compared to
our previously published protocol using the cytopathic SFV
replicon for expression of KUN structural genes (36). Most
recently a paper describing the generation of a CHO cell line
stably expressing tick-borne encephalitis (TBE) prME genes
and its use for packaging of TBE replicon RNA deleted in
prME genes has been published (5). The highest titer of se-
creted TBE replicon VLPs obtained in prME-expressing CHO
cells was 5 � 107 IU/ml, about 30–fold lower than the highest
titer of KUN replicon VLPs obtained in tetKUNCprME cells
(1.6 � 109 IU/ml) (Table 1). Moreover, the total maximum
amount of TBE replicon VLPs produced per 106 transfected
cells was �108 IU, which is about 180-fold less than that ob-
tained for KUN replicon VLPs (1.8 � 1010 IU) (Table 1). It is
difficult, however, to do any further comparison of the pack-
aging efficiencies between these two systems in view of the

differences in cell lines used (CHO for TBE and BHK for
KUN), replicon RNAs (with core gene for TBE and without
core gene for KUN), electroporation conditions (i.e., number
of transfected cells, RNA quantities not reported for TBE
RNA, and electroporator settings), and protocols for harvest-
ing VLPs. Clearly, both TBE and KUN replicon packaging cell
lines represent a substantial improvement over our previously
published KUN replicon RNA packaging protocol (16, 36).
tetKUNCprME cells, however, offer the flexibility of inducible
expression, apparently higher titers, continuous harvesting,
and higher total amounts of produced replicon VLPs. In ad-
dition, tetKUNCprME cells were capable of packaging repli-
con RNAs from different flaviviruses (see below).

Stable expression of KUN structural proteins in tet-
KUNCprME cells. To determine the stability of expression of
the KUN CprME genes, tetKUNCprME cells were cultured
for 12 passages without puromycin and G418 and then elec-
troporated with KUN replicon RNA (RNAleu) to determine
the efficiency of VLP production. Doxycycline was present in
the medium during passaging to ensure suppression of CprME
expression. tetKUNCprME cells that were cultured for 12 pas-

FIG. 2. Amplification and spread of KUN replicon VLPs in tetKUNCprME cells. Coverslips of tetKUNCprME and BHK21 cells were infected
with 0.1 MOI of RNAleuMpt VLPs and analyzed by IF with KUN anti-NS3 antibodies at 2 and 3 days after infection.
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sages in the presence of all three antibiotics, i.e., puromycin,
G418, and doxycycline, were electroporated in parallel to com-
pare VLP production efficiency. Doxycycline was removed
from the medium immediately after electroporation of a rep-
licon RNA to induce expression of CprME and enable VLP
production. Titers of VLPs collected at 48 h after replicon
RNA transfection from cells that were maintained under pu-
romycin and G418 selection during passaging were similar to
the titers of VLPs collected at the same time from cells that
were maintained without puromycin and G418 selection (2.2 �
106 and 1.7 � 106 IU/ml, respectively). Although the VLP
titers in this particular experiment were lower than in the
majority of the other packaging experiments, the results clearly
demonstrate the stability of expression of KUN structural pro-
teins in tetKUNCprME cells after at least 12 passages in the
absence of antibiotic selection and thus indicate stable integra-
tion of the KUN structural gene cassette into the cell genome.

Absence of infectious KUN in replicon VLP preparations.
The presence of overlapping sequences in the C-terminal re-
gion of the C gene and the N-terminal region of the E gene of
KUN replicon RNA and of CprME mRNA produced in tet-
KUNCprME cells may potentially promote homologous re-
combination that may lead to production of infectious KUN in
VLP preparations. In our previously developed packaging sys-
tem, we eliminated any possibility of this potential recombina-
tion by separating expression of the C gene and prM and E
genes from two different mRNAs produced from the SFV
replicon vector (16). However, our numerous complementa-
tion experiments with KUN RNAs (for a summary, see refer-
ence 17) as well as complementation experiments with yellow
fever virus RNAs (20, 21), where extended regions of comple-
mentarity were present between defective and helper RNAs,
failed to detect infectious viruses that could have been gener-
ated by homologous recombination. To examine whether any
recombined replication-competent KUN was produced during
production of KUN replicon VLPs in tetKUNCprME cells,
CFs harvested at 2 days after transfection with RNAleu RNA
were used to infect Vero cells grown on coverslips. The in-
fected cells were incubated for 5 days and examined for ex-
pression of E protein by immunofluorescence. The tissue cul-
ture fluid from the infected coverslips was then passaged again
on fresh cultures of Vero cells for a further 5 days and exam-
ined by IF with anti-E antibodies. No E-positive cells were
detected in both passages (results not shown). Parallel labeling
with anti-NS3 antibodies showed numerous positive cells in the
first passage but no positive cells in the second passage (results
not shown), demonstrating that VLPs deliver replicon RNA
only in the first round of infection. Similarly, packaging of TBE
replicon RNA in CHO cells stably expressing prM and E genes
failed to produce any replicating TBE virus even after several
passages in the packaging cell line, despite the overlap in viral
genomic sequences between prM and E mRNA and replicon
RNAs (5).

Additional evidence of the absence of infectious KUN in
VLP preparations was sought by the most sensitive method for
virus detection, intracranial injection of suckling mice. Groups
of 10 2- to 3-day-old BALB/c suckling mice were inoculated
intracranially with 4 � 106 IU of KUN-MPt VLPs or with 1
PFU of wild-type KUN (strain MRM61C) as a positive control.
All 10 mice injected with 1 PFU of wild-type KUN developed

paralysis of the hind legs at 4 days postinoculation and had to
be sacrificed. In contrast, all VLP-injected mice remained
healthy and demonstrated normal development for the dura-
tion of the experiment (21 days). These in vitro and in vivo
results with KUN replicon VLPs and the in vitro results with
TBE replicon VLPs (5) clearly demonstrate that production of
flavivirus replicon VLPs in packaging cells expressing contin-
uous structural gene cassettes does not lead to the generation
of any recombinant infectious virus despite the presence of
overlapping regions. In comparison, 108 IU of Sindbis virus
replicon VLPs produced in a BHK packaging cell line express-
ing a continuous Sindbis virus structural gene cassette, con-
tained �105 PFU of infectious viruses generated by recombi-
nation (30). Splitting the structural genes into two separate
expression cassettes in the packaging cell line appeared to
remove contamination with infectious viruses to an undetect-
able level, but at the same time, it reduced the titers of replicon
VLPs to 5 � 106 to 1 � 107 VLPs per ml (30).

Packaging of WN and dengue virus replicons. To examine
whether tetKUNCprME cells can be used to package replicon
RNAs derived from other flaviviruses, we used replicon RNAs
from a closely related New York 99 strain of WN and from a
distantly related DEN2. The WN replicon construct Replicon,
with a deletion of greater than 92% of the structural region,
was described previously (33). The DEN2 replicon constructs
pDEN�CprME and pDEN�prME were derived from the plas-
mid pDVWS601, which contains a full-length cDNA clone
corresponding to the genome of the New Guinea C strain of
DEN2 (31) by creating large in frame deletions in the struc-
tural region. The deletions were designed so that
pDEN�CprME retained only the first 27 codons of the C gene
and the last 24 codons of the E gene, while pDEN�prME
retained the entire C gene, the first 7 codons of the prM gene,
and the last 24 codons of the E gene.

Electroporation of WN replicon RNA into tetKUNCprME
cells resulted in detection of �70 to 80% cells positive in IF
analysis with cross-reacting KUN NS3 antibodies and produc-
tion of 7 � 107 IU of secreted VLPs/ml by 4 days postelectro-
poration. Electroporation of KUN replicon RNA RNAleu per-
formed in the same experiment resulted in detection of �80 to
90% NS3-positive cells and production of 108 IU of VLPs/ml
by day 4 postelectroporation. In a separate experiment, elec-
troporation of DEN�CME or DEN�ME replicon RNAs into
tetKUNCprME cells resulted in �80 and 95% cells, respec-
tively, that were positive in IF analysis with cross-reacting
KUN NS3 antibodies. Transfection of KUN replicon RNA
RNAleu in the same experiment resulted in �95% NS3-posi-
tive cells. The titers of secreted VLPs produced in CF at 2 days
after transfection with DEN�ME and DEN�CprME replicon
RNAs were 8 � 104 and 1.8 � 105 IU/ml, respectively. The
KUN replicon RNA in the same experiment produced VLPs
with a titer of 2.2 � 107 IU/ml. The VLP titers both for DEN2
and for KUN replicons in this experiment did not increase with
extension of the incubation periods to 3 and 6 days.

The successful generation of chimeric flaviviruses by replac-
ing structural genes from one virus with those from other
flaviviruses (8, 26, 29) demonstrates that structural proteins
from one flavivirus are capable of packaging RNA of another
flavivirus when they are expressed in cis from the same RNA
molecule. Our results represent the first demonstration of
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packaging of different flavivirus replicon RNAs by the KUN
structural proteins provided in trans. Given very high homology
between KUN and NY99 strain of WN virus (19, 23) and their
relatively similar replication efficiencies (13, 23, 34), the similar
packaging efficiencies of KUN and WN replicon RNAs ob-
served here are not surprising. The �100-fold-lower packaging
efficiency of DEN2 replicon RNAs compared to that of KUN
replicon RNA could be attributed to a number of factors,
including significant sequence differences between these two
viruses and lower replication efficiencies of dengue viruses in
general. Previous experiments with full-length infectious
DEN2 cDNA showed relatively inefficient production of se-
creted DEN2 virus directly after RNA transfection into BHK
cells (7). Although we did not compare the efficiencies of
replication of DEN2 and KUN replicon RNAs in tet-
KUNCprME cells, it is likely that replication of DEN2 replicon
RNAs would be less efficient than that of KUN replicon RNA,
leaving less RNA available for packaging. Optimal packaging
may also require specific interactions between RNA and core
protein of the same virus; however, no signals or motifs in
flavivirus RNA or core protein that determine specificity of
packaging have yet been defined. The packaging system devel-
oped in this study is likely to contribute to future studies of
packaging signals and increase understanding of how flavivirus
virions are assembled and secreted.

Immunization with higher doses of KUN replicon VLPs
prepared in tetKUNCprME cells improves CD8�-T-cell re-
sponses to encoded immunogens. The packaging cell line al-
lowed production of KUN replicon VLPs with �100-fold-
higher titers, thus enabling testing of increasing doses of VLPs
in immunization experiments. A 10-fold increase in the dose of
KUN replicon VLPs encoding murine polytope (KUN-Mpt
VLPs) from 106 to 107 IU of VLPs induced threefold to four-
fold more SIINFEKL epitope-specific CD8 T cells as mea-
sured by an ex vivo gamma interferon (IFN-	) enzyme-linked
immunospot (ELISPOT) assay (Fig. 3A). A further 10-fold
increase from 107 to 108 IU of VLPs resulted in only a mar-
ginal increase in the number of SIINFEKL-specific CD8 T
cells induced (Fig. 3A). In a separate experiment, BALB/c
mice were immunized once with 2.5 � 107 IU of KUN VLPs
encoding the respiratory syncytial virus (RSV) M2 gene. A
KUN replicon encoding the RSV M2 gene was constructed by
cloning into the RNAleu vector (1) a DNA fragment contain-
ing an RSV M2 cDNA sequence that was prepared by reverse
transcription and PCR amplification of RNA isolated from
cells infected with the RSV A2 isolate (kindly provided by Paul
Young, University of Queensland). Highly potent CD8�-T-cell
responses specific for the RSV M2 epitope, SYIGSINNI, were
generated, with ELISPOT analysis showing an average of 1,400
spots per 106 splenocytes (Fig. 3B, KUN-M2 VLP) and a
standard chromium release showing more than 45% specific
lysis after effectors were diluted to an effector/target ratio of
2:1 (Fig. 3C, KUN-M2 VLP). These responses exceeded those
reported following vaccination with a replication-competent
recombinant vaccinia virus encoding RSV M2 (2, 18, 35). As
expected, a control KUN VLP failed to induce significant spe-
cific responses (Fig. 3B and C, KUN VLP control), and a
peptide-vaccine formulated with SYIGSINNI peptide induced
severalfold-lower responses (Fig. 3B and C, SYIGSINNI/TT/
M720).

In summary, we have generated a stable packaging cell line
allowing production of large amounts of high-titer secreted
KUN replicon virus-like particles free of infectious virus and
have demonstrated that immunization with these particles in-
duced a potent immune response to the encoded immunogen.
The packaging cell line thus should prove to be useful for the
manufacture of KUN replicon-based vaccines. In addition, the
packaging cell line was also capable of packaging replicons
from other flaviviruses and should prove to be useful in basic
studies on flavivirus RNA packaging and virus assembly and in

FIG. 3. CD8-T-cell responses in mice immunized with high-titer
KUN VLP replicons. (A) C57BL/6 mice (n 
 4 per group) were
immunized intraperitoneally with phosphate-buffered saline (Naive),
108 IU of KUN VLPs not encoding a recombinant antigen (KUN VLP
Control), or the indicated dose of KUN VLPs encoding the murine
polytope (2) (KUN-Mpt VLP). After 2 weeks, splenocytes were re-
moved and analyzed for H-2kb-restricted SIINFEKL-specific responses
by IFN-	 ELISPOT. (B and C) BALB/c mice (n 
 3 per group) were
immunized intraperitoneally with 2.5 � 107 IU of KUN VLPs encod-
ing respiratory syncytial virus matrix 2 protein (KUN-M2 VLP), 2.5 �
107 IU of KUN VLP not encoding a recombinant antigen (KUN VLP
Control), or subcutaneously with a peptide vaccine containing the
H-2Kd-restricted RSV M2 epitope, SYIGSINNI, formulated with tet-
anus toxoid in Montanide ISA 720 (SYIGSINNI/TT/M720) as de-
scribed previously (4) After 2 weeks splenocytes were removed and
analyzed for SYIGSINNI-specific responses by IFN-	 ELISPOT
(B) and by standard chromium release assay (C) (black squares, P815
target cells sensitized with SYIGSINNI peptide; white squares, P815
target cells without peptide) as described previously (1).
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the development of gene expression systems based on different
flavivirus replicons.
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