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RNA replicons derived from flavivirus genomes show considerable potential as gene transfer and immuni-
zation vectors. A convenient and efficient encapsidation system is an important prerequisite for the practical
application of such vectors. In this work, tick-borne encephalitis (TBE) virus replicons and an appropriate
packaging cell line were constructed and characterized. A stable CHO cell line constitutively expressing the two
surface proteins prM/M and E (named CHO-ME cells) was generated and shown to efficiently export mature
recombinant subviral particles (RSPs). When replicon NdAME lacking the prM/M and E genes was introduced
into CHO-ME cells, virus-like particles (VLPs) capable of initiating a single round of infection were released,
yielding titers of up to 5 X 107/ml in the supernatant of these cells. Another replicon (NdACME) lacking the
region encoding most of the capsid protein C in addition to proteins prM/M and E was not packaged by
CHO-ME cells. As observed with other flavivirus replicons, both TBE virus replicons appeared to exert no
cytopathic effect on their host cells. Sedimentation analysis revealed that the NdAME-containing VLPs were
physically distinct from RSPs and similar to infectious virions. VLPs could be repeatedly passaged in CHO-ME
cells but maintained the property of being able to initiate only a single round of infection in other cells during
these passages. CHO-ME cells can thus be used both as a source for mature TBE virus RSPs and as a safe and

convenient replicon packaging cell line, providing the TBE virus surface proteins prM/M and E in trans.

Subgenomic replicons of positive-stranded RNA viruses
contain all of the genetic elements needed to amplify them-
selves in susceptible host cells but lack some or all of the genes
coding for structural proteins. Consequently, these RNAs are
replicated in cells but are not packaged into viral particles.
Replicons have proven to be valuable tools for studying repli-
cation independently of virion assembly and maturation (4, 20,
30). Moreover, they have great potential as molecular tools for
gene expression and as vectors for therapeutic and prophylac-
tic purposes (15, 19, 40). The delivery of replicon RNAs to host
cells can be achieved in three different ways: (i) transfection
with in vitro-transcribed replicon RNA, (ii) transfection with
plasmid DNA encoding replicon sequences under the control
of a cellular RNA polymerase II promoter, and (iii) infection
with virus-like particles (VLPs) generated by encapsidation of
replicon RNA with viral structural proteins provided in frans.
VLPs are capable of initiating a single round of infection,
providing an efficient and easy way to deliver the replicon
vector into specific host cells, and are therefore particularly
useful tools in gene therapy or for immunization purposes (19).

Flaviviruses, members of the genus Flavivirus (family Flavi-
viridae), are positive-stranded RNA viruses and include impor-
tant human pathogens such as yellow fever virus, the four
serotypes of dengue virus, Japanese encephalitis virus, West
Nile virus, and tick-borne encephalitis (TBE) virus (45). Ma-
ture flavivirus virions are spherical in shape and consist of a
nucleocapsid surrounded by a lipid bilayer that contains two
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viral proteins, the glycosylated large surface protein E (enve-
lope; approximately 54 kDa) and the small, nonglycosylated
protein M (membrane; approximately 8 kDa) (29). In infected
cells, the latter is found as a glycosylated precursor protein
(prM; approximately 27 kDa) which is cleaved during the pro-
cess of virion maturation in the trans-Golgi network by the
cellular protease furin (43). The nucleocapsid is composed of
a single capsid protein (C; approximately 11 kDa) and contains
the viral genome, an unsegmented positive-stranded RNA of
approximately 11 kb. The only open reading frame is flanked
by 5" and 3’ noncoding regions and gives rise to a polyprotein
that includes the three structural proteins and the seven non-
structural proteins in the order C-prM/M-E-NS1-NS2A-NS2B-
NS3-NS4A-NS4B-NS5 (29).

A common characteristic of the flavivirus surface proteins
prM/M and E is their ability to assemble into subviral particles,
which are formed in variable amounts as a by-product of fla-
vivirus infection (23, 29). These subviral particles are smaller
than infectious virions and do not contain a nucleocapsid.
Recombinant subviral particles (RSPs) can also be generated
by coexpression of proteins prM/M and E in the absence of
protein C (2, 26) and have been shown to resemble whole
virions with respect to their structural and functional organi-
zation of the surface proteins (8, 39).

Replicons of flaviviruses have been constructed by the in-
troduction of in-frame deletions removing the coding regions
for proteins prM and E and in some cases also the majority of
protein C, and some of these constructs have been used for
heterologous gene expression. Replicons derived from Kunjin
virus, a close relative of West Nile virus, represent the most
extensively characterized system, and this has been used suc-
cessfully both to study flavivirus replication and to develop a
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TABLE 1. Primers used for the construction of cDNA clones

Primer Orientation Sequence, 5'-3'¢ Position”
P-ACME1 Sense CCGACGCGTGGAAGACGATCGGATCCTACAATGTCCATGAGCTTTCT 23922414
P-ACME2 Antisense GTGACCGAGCTTCTCCACAT 2659-2678
P-AME1 Sense ACGTGTTGAGAAAAAGACAG 91-110
P-AME2 Antisense ATCGGATCCGTCGCTGACCTCCTTTTC 411-431

“ Recognition sites for restriction enzymes are underlined (Mlul, ACGCGT; BamHI, GGATCC). Additional nucleotides introduced for plasmid constructions are

in italics.

® Position numbers of matching nucleotides correspond to the wild-type virus genome sequence (GenBank accession no. U27495).

promising new tool for heterologous gene expression (19, 20,
46, 47). Replicons have also been derived from West Nile virus,
dengue virus, and yellow fever virus (35, 36, 41).

An interesting potential advantage of flavivirus replicons is
that they seem to be naturally noncytopathic (reviewed in
reference 19). Packaging of flavivirus replicons into VLPs has
so far only been achieved in the Kunjin virus system by pro-
viding the structural proteins in frans by transient expression
from an alphavirus replicon (21). However, this procedure
yielded considerably lower VLP titers than can be achieved in
packaging of alphavirus replicons. Additional limitations were
imposed by the fact that this packaging protocol required two
successive transformations of the producing cells and by the
cytopathogenicity of the alphavirus replicons that were used to
supply the structural proteins in frans. The availability of a
packaging cell line could significantly facilitate the production
and enhance the yields of flaviviral VLPs, but to date no such
cell line has been described.

TBE virus is a well-characterized member of the genus Fla-
vivirus. Specific mutagenesis of the TBE virus genome by
means of an infectious cDNA clone has been performed in
several studies during past years (7, 23, 31), but no replicons of
this virus have so far been generated. RSPs of TBE virus
derived by transient expression have been extensively charac-
terized with respect to their structural, functional, and immu-
nochemical properties (1, 8, 11, 39), but as yet there is no
stable cell line for the production of such particles.

Here we report on the generation of a stable CHO cell line
(designated CHO-ME) that constitutively produces and re-
leases mature TBE virus RSPs. Furthermore, the construction
and characterization of subgenomic TBE virus replicons lack-
ing the coding sequence for essentially all of the structural
proteins (NdACME) or lacking the coding sequence for only
the surface proteins prM/M and E (NdAME) are described.
We provide evidence that CHO-ME cells are able to specifi-
cally encapsidate replicon NdAME into single-round infectious
VLPs and thus can be used as a packaging cell line for TBE
virus replicons.

MATERIALS AND METHODS

Virus. The wild-type virus in all of the experiments was Western subtype TBE
virus strain Neudoerfl, which has been characterized in detail, including the
determination of its genomic sequence (GenBank accession no. U27495) (33,
34). Purified virions and RSPs used in control experiments were prepared ac-
cording to established protocols (12, 39).

Cloning, sequencing, and RNA transcription. The desired deletions were
introduced into the genome of TBE virus strain Neudoerfl with the infectious
c¢DNA clone system described in detail elsewhere (32). The mutations were first
introduced into plasmid pTNd/5’, which carries cDNA corresponding approxi-
mately to the 5'-terminal one third of the TBE virus genome.

To construct plasmid pTNd/5’-ACME, a PCR fragment obtained with primers
P-ACMEI and P-ACME2 (Table 1) was generated. Primer P-ACME1 was de-
signed to introduce a deletion spanning from genome positions 213 to 2392 and
to add the coding sequence for an artificial NS2B/3 protease cleavage site and a
new BamHI site in place of the deleted sequence (Fig. 1). Taking advantage of
the unique recognition sites for the restriction enzymes Mlul and Xhol at genome
positions 208 and 2647, respectively, the wild-type sequence was replaced with
the PCR fragment. Plasmid pTNd/5'-AME is a derivative of pTNd/5'-ACME and
was constructed by adding back all of the coding sequence for capsid protein C
except for its 16 carboxy-terminal codons.

With primers P-AME1 and P-AME2 (Table 1), a PCR fragment harboring
recognition sites for the restriction enzymes Milul (position 208) and BamHI
(artificially introduced at the carboxy-terminal end of the deletion; see above)
was generated and introduced into pTNd/5’-ACME DNA, resulting in a deletion
spanning from genome positions 431 to 2392 and the introduction of a single
nucleotide (T) which was necessary to maintain the correct BarmHI site and
reading frame (Fig. 1). These mutations were introduced into the full-length
c¢DNA clone pTNd/c by swapping a fragment generated by cleavage at unique
restriction sites for the enzymes Sall (site located upstream of the TBE virus 5’
end) and Clal (position 3155), generating the final plasmids pTNd/ACME and
pTNd/AME, respectively.

All plasmids were amplified in Escherichia coli HB101 and purified with
commercially available systems (Qiagen). Sequence analysis of all PCR-derived
fragments and surrounding recognition sites for restriction enzymes was per-
formed with an automated DNA sequencing system (ABI) and confirmed the
presence of only the desired mutations.

In vitro transcription of genomic RNA was performed with a commercially
available system (Ambion) as reported previously (32).

Cell cultures. CHO-DG44 cells (44) were grown in Ham’s F12 medium sup-
plemented with 10% fetal calf serum. CHO-ME cells were grown in selective
medium (minimal essential medium alpha supplemented with 10% dialyzed fetal
calf serum). Vero cells were grown in Dulbecco’s modified Eagle’s medium with
4500 mg of glucose per liter and 5% fetal calf serum. BHK-21 cells were grown
in minimal essential medium supplemented with 5% fetal calf serum.

Generation of cells continuously expressing TBE virus surface proteins. The
selection system employed in this experiment was the dihydrofolate reductase
(DHFR) system described in detail elsewhere (18). Briefly, this system employs
the cotransfection of DHFR-deficient CHO-DG44 cells with plasmid pSV2-dhfr
(ATCC 37146), from which functional DHFR is expressed, and an expression
plasmid harboring the desired gene(s). Plasmid pCMV-prM+E was constructed
from the original expression plasmid SV-PEwt (2) as described in a previous
study and contains the entire prM/E coding sequence of TBE virus strain Neu-
doerfl under the control of the cytomegalovirus immediate-early promoter-en-
hancer (1). Subconfluent CHO-DG44 cells were harvested from 75-cm? tissue
culture flasks, and approximately 107 cells were transfected with 10 ug of plasmid
pCMV-prM+E (linearized with EcoRI) and 0.5 pg of pSV2-dhfr (linearized with
Pvul) by electroporation with a Bio-Rad Gene Pulser (two subsequent pulses;
setup values: 1.5 kV, 25 pF, and resistance [()] set to infinite). Transfected cells
were grown for 24 h in Ham's F12 medium, transferred to petri dishes (13.5-cm
diameter; Nunclon), and selected for a DHFR™ phenotype for 14 days in selec-
tive medium (minimal essential medium alpha supplemented with 10% dialyzed
fetal calf serum).

Single-cell clones were picked with sterile toothpicks and transferred to 2-cm?
wells for further propagation. Protein E-expressing cultures were identified by
testing aliquots of the supernatants in a four-layer enzyme-linked immunosor-
bent assay (ELISA) (14). Two subcloning steps at limiting dilution conditions
were performed to produce a clonal cell line, designated CHO-ME, with 100%
of the cells expressing protein E, as determined by an immunofluorescence assay.
For quantitation of protein E expression, 2 X 10° cells were seeded into 9.6-cm?
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FIG. 1. Structure of TBE virus replicons. (A) Schematic of the TBE virus genome (top) and the locations of the introduced deletions (below,
double-headed arrows together with the corresponding plasmid designations). The open reading frame is represented by an open box, with only
the structural protein coding region drawn to scale. Internal signal sequences are shown as black bars. Positions of cleavage sites of restriction
enzymes used during cloning (nucleotide numbers refer to the wild-type genome of TBE virus) and amino acid residues flanking the deletions
(numbering starts with the first amino acid residue of protein C or protein E) are indicated above and below the schematic, respectively. NCR,
noncoding region. (B) Sequence details of the junction regions. Nucleotide and amino acid residues of the wild-type TBE virus sequence flanking
the deletions are marked above and below the sequences, respectively. Recognition sites for restriction enzymes are underlined (Miul, ACG CGT;
BamHI, GGA TCC). In the case of plasmid pTNdACME, 15 nucleotides coding for an artificial NS2B/3 protease cleavage site and creating the
BamHI restriction site were introduced. The insertion of a T residue in plasmid pTNdAME created a BamHI cleavage site (underlined) and
maintained the authentic residue 100 (Asp) of protein C. Arrows depict the sites at which the amino acid sequences are presumed to be cleaved

by the viral protease NS2B/3.

wells and grown to confluent monolayers corresponding to approximately 10°
cells per well. The amount of protein E released into the supernatant was
determined with a quantitative four-layer sodium dodecyl sulfate (SDS)-ELISA
(13) 72 h after seeding of the cells.

Purification and analysis of particles released from CHO-ME cells. To harvest
subviral particles from CHO-ME cells, the culture medium of a subconfluent cell
layer was replaced with serum-free Ultra-CHO medium (Bio-Whittaker), and
cells were cultivated further. After 48 h the culture fluid was removed and
cleared from insoluble material by low-speed centrifugation. Particles were pre-
cipitated with 10% polyethylene glycol (molecular weight 8,000) with protocols
described elsewhere (8). To determine the buoyant density of recombinant
subviral particles, the concentrate was subjected to rate zonal centrifugation (5 to
20% sucrose, Beckman SW40 rotor, 38,000 rpm, 4°C, 90 min) and a subsequent
equilibrium density gradient centrifugation (20 to 50% sucrose, Beckman SW40
rotor, 38,000 rpm, 4°C, 15 h). All gradients were fractionated with an ISCO 640
gradient fractionator, and the concentration of protein E and hemagglutination
(HA) activity in each fraction was determined. HA activity was determined with
goose erythrocytes at pH 6.4 by the method of Clarke and Cassals (6). The
sucrose density of the peak fraction of the equilibrium density gradient was
measured in an Abbé refractometer (Atago) with corrections for temperature
made with standard tables (ISCO).

The antigenic structure of RSPs was analyzed with a set of monoclonal anti-
bodies as in previous studies (14, 39). For gel electrophoresis, RSPs were pre-
cipitated from the corresponding equilibrium density gradient fractions with
deoxycholate and trichloroacetic acid and fractionated under denaturing condi-
tions on 15% polyacrylamide (27). Protein bands were visualized with Coomassie
PhastGel Blue R (Pharmacia) or by immunoblotting onto a polyvinylidene di-
fluoride membrane with a Bio-Rad Trans-blot semidry transfer cell and immu-
noenzymatic detection as described previously (39).

RNA transfection, passaging, and infectivity titration experiments. In vitro-
transcribed RNA was introduced into cells by electroporation with a Bio-Rad
Gene Pulser (BHK-21 cells: two subsequent pulses; setup values: 1.8 kV, 25 pF,
and 200 (2, CHO-DG44 and CHO-ME cells: one pulse at 0.45 kV, 960 nF, and
resistance [()] set at infinite) as described in detail in a previous study (32). For
infection studies, 200-ul aliquots of cleared supernatants were transferred to
fresh cells in 24-well cluster plates. Expression of protein E and protein NS1 was
visualized 72 h after transfection or infection by immunochemical staining as

described below. For the quantitative determination of VLP titers, replicon RNA
was introduced into CHO-ME cells by electroporation, and then 2 X 10° cells
were seeded into a 2-cm? surface area well of a 24-well cluster plate or 2 X 107
cells were seeded into a tissue culture flask with an enlarged surface area of 225
cm? (Iwaki) and 1 ml or 35 ml of medium was added, respectively. Supernatants
harvested 72 h after transfection were cleared, sequentially diluted in 0.5 log,,
steps, and 200-pl aliquots of this dilution series were used to infect Vero cells
grown in 24-well tissue culture plates. Cells were analyzed for NS1 expression by
immunofluorescence 96 h later. Titers were determined by counting the number
of positive cells in the last three positive wells and calculating an average.

Immunochemical staining. To visualize intracellular expression of protein E
or NS1, cells were fixed with acetone-methanol (1:1) and dried. After rehydra-
tion with phosphate-buffered saline, the monolayers were treated with a poly-
clonal rabbit anti-protein E serum or a monoclonal antibody directed against
NS1 (17). Antibody-antigen reactions were visualized with fluorescein isothio-
cyanate-conjugated anti-rabbit immunoglobulin (Jackson Immune Research
Laboratory) or anti-mouse immunoglobulin (Sigma) antibody.

Characterization of single-round infectious particles. Supernatants of trans-
fected CHO-ME cells were cleared from insoluble material by low-speed cen-
trifugation, concentrated with polyethylene glycol as described above, and re-
solved on a 10 to 50% sucrose gradient (Beckman SW40 rotor, 38,000 rpm, 4°C,
180 min). Fractions of 0.6 ml were collected and analyzed for protein E by
SDS-ELISA (13), HA activity (6), and amount of virus or replicon RNA by
reverse transcription (RT)-PCR (see below).

Semiquantitative RT-PCR. For RT-PCR analysis, RNA was extracted with a
QIAamp viral RNA kit (Qiagen, Hilden, Germany) and reverse transcribed with
200 U of Moloney murine leukemia virus reverse transcriptase (Invitrogen,
Lofer, Austria) after addition of 50 ng of random primers (PE Applied Biosys-
tems, Vienna, Austria) and 20 U of RNase inhibitor (Roche, Vienna, Austria).
The reaction mixture was incubated at 42°C for 25 min and than heated to 99°C
for 5 min. Then a real-time TagMan PCR (10) was performed with the TagMan
universal PCR master mix (PE Applied Biosystems), and 25 pmol of both
forward and reverse primers and 10 pmol of TagMan probe. The sequences of
the primers and probes were specific for a region of the E gene or the NS5 gene
(Eorwaras 3'-TCA GGG GAC TAC GAG GGT CA-3'; E verser 5'-CGT CAA
GCC ACA CAT CCA TT-3'; Etaqman proves 9'-FAM-CAT CCA CCC AGT
TCC AGC ACC AAG-TAMRA-3"; NS5 wara» 5'-GAA GCG GAG GCT
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GAA CAA CT-3'; NS5,cerses 5'-TTG TCA CGT TCC GTC TCC AG-3';
NS5 agMan probes 3 -FAM-CAT CCA CCC AGT TCC AGC ACC AAG-TAMR
A-3"). Amplification and detection were done on the i-cycler iQ (Bio-Rad Labor
atories, Hercules, Calif.) under the following conditions: 10 min at 95°C and 45
cycles of 15 s at 95°C, 30 s at 55°C, and 30 s at 72°C. Results were evaluated with
a standard curve prepared from a log,, dilution series of a purified preparation
of TBE virus.

RESULTS

Construction of subgenomic TBE virus replicons. Replicons
of TBE virus were constructed by introducing two different
deletions into plasmid pTNd/c, which harbors full-length
cDNA of prototypic strain Neudoerfl. In one case, essentially
all of the coding sequence for proteins prM and E was deleted,
yielding plasmid pTNd/AME, and in another construct, the
coding sequences for proteins prM, E, and most of protein C
were removed (plasmid pTNd/ACME). Specific details of the
resulting constructs are illustrated in Fig. 1. To ensure correct
membrane integration of the primary translation product of
the corresponding RNAs, the last 23 amino acid residues of
protein E, which function as an internal signal sequence for the
subsequent protein NS1 (29), were retained in both constructs.
In plasmid pTNd/AME, this sequence was amino-terminally
fused to the protein C coding region lacking only the carboxy-
terminal 16 codons specifying the hydrophobic internal signal
sequence for protein prM. Notably, the authentic cleavage site
recognized by the viral protease NS2B/3, which in a natural
infection cleaves mature protein C from this carboxy-terminal
hydrophobic domain (29), was preserved in this construct. In
plasmid pTNd/ACME, only the first 27 codons of the protein C
coding sequence were retained. In addition, an artificial
NS2B/3 cleavage site was engineered between this short frag-
ment of protein C and the signal sequence for protein NS1.

To obtain evidence for the ability of these constructs to
replicate and translate viral proteins in cells, the corresponding
in vitro-synthesized RNAs (NdAME and NdACME) were in-
troduced into BHK-21 cells by electroporation, and protein
expression was monitored by immunofluorescence with a spe-
cific monoclonal antibody against protein NS1. Expression of
protein NS1 was readily detected 24, 48, and 72 h posttrans-
fection in both deletion mutants and the full-length wild-type
RNA control (data from the 72-h time point are shown in Fig.
2). No significant cytopathic effect was observed in these cells
even 72 h posttransfection. A replication-deficient negative
control RNA, NdANSS, carrying a major deletion in the coding
region of the viral polymerase NS5 did not express detectable
amounts of protein NS1.

To confirm that the deletions introduced in the structural
region of the TBE virus genome abolished the ability to pro-
duce infectious particles, supernatants of BHK-21 cells trans-
fected with either NdAACME, NdAME, NdANSS, or wild type
virus RNA were cleared from insoluble material by low-speed
centrifugation and transferred to fresh BHK-21 cells. Immu-
nofluorescence analysis revealed no detectable NS1 expression
in these new cells in the cases of NAACME, NdAME, and
NdANSS (Fig. 2). As expected, the wild-type virus control
efficiently infected the new cell cultures. These results indi-
cated that NAAME and NdACME represented functional TBE
virus replicons capable of replication and protein expression
but lacking the ability to form infectious particles.
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Establishment of a cell line constitutively expressing mature
TBE viral RSPs. For the generation of a cell line constitutively
expressing the surface proteins of TBE virus, we took advan-
tage of the established CHO-DG44/DHFR selection system
(18). This approach depended on the cointegration of two
expression plasmids, plasmid pSV2-dhfr, encoding DHFR, and
plasmid pCMV-prM+E, encoding the TBE virus envelope
proteins prM/M and E, into the genome of CHO-DG44 cells,
which are deficient for the enzyme DHFR. Two weeks after
transfection of the two plasmids into CHO-DG44 cells, 36
viable cell colonies were isolated and cultivated further. As
revealed by immunochemical methods, 11 of these 36 cell
cultures expressed protein E, but none of the cultures con-
tained more than 70% protein E-expressing cells. The amount
of protein E released into the cell culture supernatants was
quantified by SDS-ELISA, and those cells showing the highest
expression level were subjected to two rounds of limiting dilu-
tion and isolation of single-cell-derived cell colonies. As sum-
marized in Fig. 3, this procedure allowed the expression level
to be increased from 0.6 pg initially to 1.5 pg of protein E
released from approximately 10° cells and generated a cell line
that consisted exclusively of protein E-expressing cells (Fig.
4A). This cell line, designated CHO-ME, was shown to main-
tain high-level expression of protein E for at least 15 additional
passages.

The physical form in which viral proteins were released from
CHO-ME cells was analyzed and compared with the estab-
lished properties of TBE viral RSPs produced in COS-1 cells
by transient expression. CHO-ME cells were grown for 48 h in
serum-free medium, and particles were harvested from the
supernatants by polyethylene glycol precipitation and purified
by rate zonal centrifugation. These particles were then sub-
jected to equilibrium density gradient centrifugation, and in-
dividual fractions were assayed for the presence of protein E by
quantitative SDS-ELISA and for hemagglutination (HA) ac-
tivity (Fig. 4B), which is a characteristic of mature flavivirus
particles and subviral particles (39, 43). The buoyant density
derived from this analysis (1.14 g/cm®) was exactly the same as
that determined previously for RSPs produced in COS-1 cells
(39). Furthermore, purified particles derived from CHO-ME
cells were fractionated by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE), and proteins were visu-
alized by staining with Coomassie blue or Western blotting
(Fig. 4C). This analysis revealed that these particles contained
proteins M and E but provided no evidence for the presence of
uncleaved precursor protein prM.

Analysis of the antigenic structure by means of a panel of
monoclonal antibodies is an established method to check the
structural integrity of TBE viral and subviral particles and to
distinguish between mature and immature (prM-containing)
particles (13, 39). The reaction profile obtained for particles
purified from CHO-ME cells was found to be identical to the
one observed with mature RSPs prepared from COS-1 cells
(data not shown). In summary, all of these results indicated
that CHO-ME cells released mature RSPs that were indistin-
guishable from previously characterized RSPs prepared by
transient expression.

Production of single-round infectious particles by trans-
complementation. To address the question of whether
CHO-ME cells were able to package TBE virus replicons, the
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FIG. 2. Protein expression (left column) and attempted cell culture passage (right column) of TBE virus replicons. Wild-type (WT, A),
NdACME (B), NdAME (C), and replication-deficient mutant NdAANS5 (D) RNAs were synthesized in vitro and transfected into BHK-21 cells.
Expression of protein NS1 was tested 72 h posttransfection by immunofluorescence. (E to H) Supernatants were passaged (as indicated by arrows)
onto fresh BHK-21 cell cultures, and the expression of protein NS1 was determined 72 h postinoculation by immunofluorescence.

in vitro-synthesized replicon RNAs NdACME and NdAME
were introduced into these cells by electroporation. Full-length
wild-type RNA and NdANSS5 were transfected in parallel as
positive and negative controls, respectively. Expression of pro-
tein NS1 was detected in approximately 60% of the cells trans-
fected with either NdACME, NdAME, or the wild-type control
24 h posttransfection (data not shown). In the cases of NdAAME
and the wild-type control, the percentage of NS1-expressing
cells determined at 72 h posttransfection (shown in Fig. 5) had

increased to approximately 90% and 100%, respectively,
whereas no increase in the number of expressing cells was
observed for replicon NdACME.

Supernatants from the transfected CHO-ME cells were
cleared by low-speed centrifugation from insoluble material
and transferred to fresh Vero cells to test for the presence of
infectious particles. As shown in Fig. 5, only supernatants from
CHO-ME cells transfected with either wild-type virus RNA or
NdAME RNA were able to initiate a further round of infection
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FIG. 3. Monitoring of protein E release (A) and proportion of
protein E-producing cells (B) during the derivation of CHO-ME cells.
Protein E was quantified 72 h postseeding of cells by SDS-ELISA.
Protein E-producing cells were identified by immunofluorescence
staining. 1, cells derived from a single-cell colony after transfection of
CHO-DG44 cells with the expression plasmids; 2, cells after the first
subcloning step; 3, CHO-ME cells as derived after a second subcloning
step.

in these cells. No infectivity was detected in the case of
NdACME. A second passage in which supernatants from the
infected Vero cells were transferred to fresh Vero cells re-
sulted in infection only in the case of the wild-type control but
not NdAME (data not shown), demonstrating that the particles
produced by the CHO-ME cells transfected with the replicon
had been capable only of initiating a single round of infection.
Identical results were obtained when BHK-21 cells or CHO-
DG44 cells were used instead of Vero cells in equivalent pas-
saging experiments (not shown).

On CHO-ME cells, however, the NdAME-derived infectious
particles could be passaged repeatedly. Examination of the
nucleotide sequence of NAAME after five passages on
CHO-ME cells by RT-PCR sequence analysis revealed no
changes from the original replicon sequence. If aliquots from
any of these passages were used to infect cells other than
CHO-ME cells (Vero, CHO-DG44, or BHK-21), they consis-
tently initiated only a single round of infection and could not
be propagated any further. Taken together, these experiments
demonstrated that CHO-ME cells were capable of comple-
menting NdAME replicons, resulting in the formation of sin-
gle-round infectious particles. There was no evidence for spon-
taneous mutations or the regeneration of infectious virus in
any of these cell culture assay systems even after several pas-
sages in the CHO-ME packaging cell line.

Infectivity titers of supernatants of CHO-ME cells trans-
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FIG. 4. Characterization of CHO-ME cells and released particles.
(A) Cell morphology and protein E expression of low-passage cells
(left) and after 15 passages (right) as examined by immunofluores-
cence. (B) Determination of buoyant density of secreted particles.
Particles were precipitated from supernatants of CHO-ME cells puri-
fied by rate zonal centrifugation and then subjected to sucrose density
gradient centrifugation. Individual fractions were tested for their pro-
tein E content by SDS-ELISA (open circles) and the presence of
hemagglutination activity (open boxes). The buoyant density, as deter-
mined for the peak fraction, is indicated above the graph. (C) Protein
analysis of purified particles by fractionation on a 15% denaturing
polyacrylamide gel. Proteins were visualized by Coomassie blue stain-
ing (left) or immunoblot analysis (right). 1, CHO-ME derived parti-
cles; 2, wild-type virus. The positions of viral structural proteins are
indicated on the right.

fected with NAAME were determined by limiting dilution (in
0.5 log,, steps) infection experiments on Vero cells. This typ-
ically yielded a titer of 5 X 10° IU/ml if supernatants from cells
grown in 24-well tissue culture plates were analyzed. If cells
were seeded into tissue culture flasks with an increased sur-
face-to-volume ratio (225 cm? surface area, 35 ml of growth
medium), supernatants containing up to 5 X 107 IU/ml were
obtained. Infectivity titers could not be increased further by
subsequent passages in CHO-ME cells.

The physical structure of the particles released from
CHO-ME cells after transfection with NdAME replicon RNA
was analyzed by centrifugation through 10 to 50% sucrose
gradients (Fig. 6). Different from the result obtained with un-
transfected CHO-ME cells, which released only particles cor-
responding to mature RSPs (see above), this sedimentation
analysis revealed, in addition to RSPs, the presence of a second
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FIG. 5. Formation of infectious particles in CHO-ME cells transfected with in vitro-synthesized wild-type (A), NdAACME (B), NdAME (C), and
NdANSS (D) RNAs. Expression of protein NS1 was visualized by immunofluorescence 72 h posttransfection. (E to H) Supernatants were passaged
onto fresh Vero cell cultures as indicated by the arrows, and the expression of protein NS1 was determined 96 h postinoculation.

particle species that banded almost at the same position (max-
imum in fraction 13) as a purified wild-type virus control that
was analyzed in a parallel gradient (maximum in fraction 14).
To test for the presence of replicon RNA, all of the fractions
were analyzed by semiquantitative PCR with primers that were
specific for a region within the NS5 gene. This analysis indi-
cated that RNA was significantly associated with the second
(virus-like) particle species with approximately 50% of the
total RNA detected in the peak fraction 13 (Fig. 6). Control
PCRs performed with primers recognizing a region of the E

gene were negative in all fractions, indicating that no detect-
able prM-E mRNA was packaged into any of the particles.

In summary, the results suggest that CHO-ME cells are able
to specifically package NAAME RNA into VLPs that closely
resemble wild-type TBE virus particles. The small difference
(one fraction) in sedimentation behavior may simply reflect the
somewhat lower density of VLPs caused by the fact that
NdAME RNA is approximately 20% smaller than the wild-
type RNA and does not necessarily suggest a relevant struc-
tural difference between VLPs and wild-type virions.
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FIG. 6. Sedimentation analysis of particles harvested from super-
natants of CHO-ME cells transfected with in vitro-synthesized
NdJAME replicon RNA. Particles were precipitated with polyethylene
glycol and applied to a 10 to 50% sucrose gradient. The protein E
concentration of individual fractions (open circles) was determined by
SDS-ELISA. The presence of replicon RNA in individual fractions was
assessed by a semiquantitative RT-PCR and is shown as a percentage
of the total from all of the fractions (open diamonds). Control gradi-
ents loaded with purified preparations of RSPs and wild-type TBE
virus were analyzed in parallel (peak fractions indicated by arrows).

DISCUSSION

This report presents a novel flavivirus encapsidation system
consisting of a replicon of TBE virus that lacks the coding
region for the two surface proteins prM and E (NdAME) and
stably transformed CHO cells providing these two proteins in
trans (CHO-ME) that can be used as a packaging cell line.
Several studies have demonstrated the suitability of flavivirus
replicons as vectors for heterologous gene expression (22, 36,
41). The first flavivirus replicons were derived from Kunjin
virus and have subsequently been developed into a well-char-
acterized expression system for which a packaging protocol
based on transient expression of the structural proteins has
also been developed (21, 47). Although the currently available
flavivirus vectors do not match the efficiency and utility of the
widely used alphavirus systems, they nevertheless seem to ex-
hibit certain features, such as their natural noncytopathogenic-
ity, which enables a longer-lasting expression of the heterolo-
gous genes, and the apparent lack of spontaneous recombination
events during packaging that might make them especially use-
ful for some applications (19, 40). Drawbacks of the Kunjin
flavivirus system have been that the transient packaging system
yielded a relatively low titer (1.3 X 10° VLPs/ml) (21) com-
pared to other systems, e.g., alphaviruses (19) and the unavail-
ability of a convenient stable packaging cell line.

This work now for the first time describes a packaging cell
line that represents a convenient encapsidation tool for a TBE
virus-derived replicon. The VLP titers achieved with this sys-
tem amounted to 5 X 10° VLPs/ml when the cells were seeded
into 24-well tissue-culture plates but a titer of 5 X 107 VLPs/ml
could be achieved when cells were seeded into tissue-culture
flasks with an increased surface-to-volume ratio. This value still
remains well below the maximum titers that can be achieved
with alphavirus vectors (10® to 10° VLPs/ml) (5, 28). However,
it approaches the level obtained with three-component alpha-
virus systems or alphavirus packaging cell lines designed to
overcome the inherent problem of regeneration of infectious
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particles, which typically yield titers in the range of 107 to 10®
VLPs/ml (9, 37, 38, 42). A comparison between the Kunjin and
the TBE virus packaging systems based on the number of
originally transfected cells indicates that the former yielded 1
X 107 VLPs per 2 X 10° cells whereas the TBE virus system,
depending on the type of growth vessel used, gave between 5 X
107 and 2 X 10® VLPs per 2 X 10° cells. Additional work will
certainly be necessary to further increase the yields of flavivirus
packaging systems, but the CHO-ME cells investigated in this
study represent an important step towards a more practical and
efficient system.

Our experiments also confirmed the above-mentioned ad-
vantages of flavivirus systems, i.e., the replicons appeared to
exert no significant cytopathic effect on their host cells, and we
observed no spontaneous regeneration of infectious virus. In
the Kunjin virus system, the possibility of unwanted recombi-
nation events was reduced by the use of an expression system
(an alphavirus replicon) for the three structural proteins (C,
prM/M and E) that was unrelated to the complemented virus,
and in addition, the genes were arranged in the expression
cassette in an order different from that of the native Kunjin
virus sequence (21). In the TBE virus system, the proteins
prM/M and E were translated from a mRNA produced by the
packaging cells, whereas the capsid protein C was encoded by
the replicon itself. Although the prM/E mRNA and replicon
NdAME contained overlapping elements of the viral genome
that had the potential to promote homologous recombination,
no generation of viral infectivity was observed in any of our
experiments, even in the course of repeated passages of VLPs
in CHO-ME cells. Genetic stability represents an important
safety feature for practical applications, and future work will
have to address this issue in further detail, with more sensitive
host systems such as suckling mice and prolonged passaging
conditions. In this context it is also relevant to note that PCR
analysis did not provide any evidence for the packaging of the
prM/E mRNA into VLPs or RSPs.

The VLPs produced in the Kunjin virus system were found
to be smaller than native virus particles and to have a different
sedimentation behavior (21). In contrast, sedimentation anal-
ysis of the TBE virus VLPs suggested that they closely resem-
bled infectious virions and were structurally distinct from the
smaller RSPs. Importantly, PCR testing of the fractions ob-
tained from the gradient analysis revealed that replicon RNA
was predominantly associated with VLPs, whereas no signifi-
cant packaging of replicon RNA into smaller, capsidless RSPs
was observed. The requirement of capsid protein C for pack-
aging of replicon RNA was further demonstrated by the fact
that no infectivity was generated after transfection of
CHO-ME cells with replicon NdACME, which is identical to
replicon NdAME except for the lack of the majority of the
capsid coding region. In summary, all of our results are con-
sistent with the view that replicon NdAME was specifically
packaged into capsid-containing single-round infectious parti-
cles that closely resemble natural infectious virions.

Another relevant aspect of this work, in addition to replicon
encapsidation, concerns the potential use of CHO-ME cells as
a source of mature TBE virus RSPs. RSPs are valuable tools
for structural and functional studies (8, 39) and may also be
used for diagnostic and prophylactic applications as they are
known to be excellent immunogens (11). RSP-producing cell
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lines have so far been reported for two other flaviviruses,
Japanese encephalitis virus and dengue virus 2 (16, 24, 25).
However, in the cases of these two viruses, it was difficult to
obtain stable cell lines, apparently due to a severe cytotoxicity
of the gene products, probably caused by the fusogenicity of
mature flavivirus RSPs. In two studies, this problem was over-
come by suppressing the fusogenic activity by specific mutagen-
esis of the furin cleavage site of protein prM, resulting in the
production of immature, prM-containing RSPs (24, 25). With
this modification, it was possible to harvest approximately 1 ug
of protein E per 107 cells for at least five passages in the case
of the Japanese encephalitis virus cell line and 40 ng of protein
E per 107 cells for at least 25 passages in the case of the dengue
virus 2 cell line. Interestingly, in the latter case it was also
shown that coexpression of the antiapoptotic bcl-2 gene in-
creased the yield of protein E to 75 ng per 107 cells.

In another case, the generation of a cell line stably produc-
ing mature RSPs of Japanese encephalitis virus was reported,
but the level of expression and the genetic stability and viability
of this cell line were not characterized in detail (16). We did
not encounter a relevant cytotoxicity problem with the mature
TBE virus surface proteins upon construction of the CHO-ME
cells, and our data demonstrate that the expressed proteins
retained their structural and functional integrity. The protein E
expression level from CHO-ME cells (15 pg of protein E per
107 cells) was significantly higher than it had been observed for
the Japanese encephalitis virus or dengue virus cell lines but
still remained below the levels obtained from wild-type TBE
virus infected cells or from transient expression of TBE virus
RSPs, which typically range from 20 to 40 g of protein E per
107 cells (3, 23).

CHO-ME cells will be useful both for the production of
mature TBE virus RSPs and for the encapsidation of TBE
virus replicons into single-round infectious VLPs in the course
of the ongoing development of TBE virus-based expression
vectors.
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