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We report here on stable prepackaging cell lines which can be converted into packaging cell lines for
high-titer vesicular stomatitis virus G protein (VSV-G)-pseudotyped retrovirus vectors by the introduction of
Cre recombinase-expressing adenovirus. The generated prepackaging cell lines constitutively express the
gag-pol genes and contain an inducible transcriptional unit for the VSV-G gene. From this unit, the introduced
Cre recombinase excised both a neomycin resistance (Neo") gene and a poly(A) signal flanked by a tandem pair
of loxP sequences and induced transcription of the VSV-G gene from the same promoter as had been used for
Neo" expression. By inserting an mRNA-destabilizing signal into the 3’ untranslated region of the Neo" gene
to reduce the amount of Neo" transcript, we were able efficiently to select the clones capable of inducing VSV-G
at high levels. Without the introduction of Cre recombinase, these cell lines produce neither VSV-G nor any
detectable infectious virus at all, even after the transduction of a murine leukemia virus-based retrovirus vector
encoding (3-galactosidase. They reproducibly produced high-titer virus stocks of VSV-G-pseudotyped retrovirus
(1.0 X 10° infectious units/ml) from 3 days after the introduction of Cre recombinase. We also present evidence
that VSV-G-producing cells are still fully susceptible to transduction by VSV-G pseudotypes. However, in this
vector-producing system, which regulates VSV-G pseudotype production in an all-or-none manner, the inte-
gration of vector DNA into packaging cell lines would be minimized. We further show that heparin significantly
inhibits retransduction of VSV-G pseudotypes in the culture fluids of packaging cell lines, leading to a two- to
fourfold increase in the yield of the pseudotypes after induction. This vector-producing system was very stable

and should be advantageous in human gene therapy.

Vectors based on murine leukemia virus (MLV) have been
developed and used as powerful tools for gene transfer in basic
research as well as human gene therapy. However, some prob-
lems remain, such as relatively low titers, a poor transducibility
into some kinds of cells, and the inability to transfer genes into
nondividing cells (17, 19, 20, 23). When this retrovirus vector is
pseudotyped with the G protein of vesicular stomatitis virus
(VSV-G) (34), it has a much broader host range than the
vectors having the conventional amphotropic Env, and the
titers of the virus stocks can be concentrated about 1,000 times
by ultracentrifugation (4, 9, 37). Expression of VSV-G protein,
however, is cytotoxic for most mammalian cells and imposes a
significant growth disadvantage. Pseudotyped vector titers of
10° to 10° infectious units (IU)/ml have been recovered after
the transient expression of the VSV-G gene by DNA transfec-
tion into cell lines which were constitutively expressing the gag
and pol genes, but these systems are not suitable for the re-
producible preparation of certified vectors on a large scale.
Because of the cytotoxicity of VSV-G, generation of stable
packaging cell lines for the production of such pseudotyped
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vectors has been difficult, despite their potential advantages for
gene transfer. To overcome this problem, some stable packag-
ing cell lines (6, 22) or virus-producing cell lines (36) for
VSV-G pseudotypes have been developed by using tetracy-
cline-modulated promoters for the VSV-G expression. These
cell lines have been reported to induce high titers of
pseudotypes (10° to 107 IU/ml) by the removal of tetracycline.

However, these stable cell lines were reported to produce
low titers (10" to 10> IU/ml [6] or 10° to 10* IU/ml [22]) of
pseudotypes even in the presence of transcriptional repressors
such as tetracycline. Since the receptor for VSV-G is reported
to include ubiquitous anionic phospholipids such as phospha-
tidylserine (18, 28), this leaky virus production by these pack-
aging cell lines before the induction of the VSV-G gene could
potentially cause virus reentry into the cell culture and accu-
mulation of the vector DNA in the chromosomes during the
process of selection and subsequent passages of the packaging
cell lines harboring the virus vector.

To overcome this problem, we present here a new system
that is suitable for the production of VSV-G pseudotypes on a
large scale. In this system, we first constructed prepackaging
cell lines which express the gag-pol genes and harbor a com-
pletely silent VSV-G gene. These prepackaging cell lines were
designed to be converted into packaging cell lines producing
VSV-G at a high level. This conversion was carried out via
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loxP-specific recombination by Cre recombinase introduced by
a replication-defective adenovirus vector. We show here that
the prepackaging cell lines harboring a virus vector produce no
detectable transducing particles but produce high titers (~10°
IU/ml) of VSV-G pseudotypes after the introduction of Cre
recombinase. We also present evidence that cells producing
VSV-G proteins are fully susceptible to the VSV-G pseudotypes,
which confirms the advantage of our pseudotype production
system, which regulates production in an all-or-none manner,
over other inducible cell lines.

MATERIALS AND METHODS

Plasmid construction. The entire VSV-G (Indiana serotype)-coding fragment
(24) was excised from pSVGL (25) by EcoRI digestion, blunt ended by Klenow
treatment, and inserted into the unique Swal site in pCALNLw (15, 16) to
generate pCALNLG (Fig. 1A). The fragment encoding chicken c-fos was excised
from chicken c-fos genomic \ clone no. 7 (11) by Bg/II digestion, blunt ended by
Klenow treatment, and further digested with Clal to excise a 0.4-kb fragment
containing an mRNA-destabilizing signal. pPCALNLw was digested at the single
Clal site, blunt ended by Klenow treatment, and self-ligated to create an Nrul
site. The generated plasmid was completely digested with both NspV and Nrul
and ligated with the 0.4-kb fragment containing the mRNA-destabilizing signal
in the 3’ untranslated region of the Neo® gene (2) to generate pPCALNdLw. The
fragment containing the Neo" gene with the mRNA-destabilizing signal was
excised from pCALNdLw by Miul digestion and was inserted into the Mlul site
of pCALNLG digested with Miul to replace the conventional Neo" gene, gen-
erating pCALNALG (Fig. 1A).

Cell lines and drug selection. FLY cells (8) (a derivative of human fibrosar-
coma cell line HT 1080, which carries the gag and pol genes from Moloney MLV
[MoMLVY]), 3YT (rat fibroblast) cells, and 293 (human embryonal kidney) cells
were maintained in Dulbecco’s modified Eagle’s medium (high glucose) supple-
mented with 10% fetal calf serum and kept at 37°C. FLY cells and derivatives
were always grown in the presence of 4 pg of blasticidin S (Funakoshi) per ml,
and drug selections of transfected FLY cells were performed with 1.0 mg of G418
(Gibco/BRL) per ml. Mus dunni tail fibroblast cells and PG-4 S*L™ cells (Molo-
ney sarcoma virus-infected G355 cat cells) were grown in McCoy’s 5SA medium
supplemented with 10% fetal calf serum.

DNA transfection and cloning of the transfectants. FLY cells (5 X 10° cells/
100-mm-diameter dish) were seeded at 1 day before transfection and transfected
with pCALNdLG or pCALNLG (10 to 30 pg) by the calcium phosphate method
(5). Two days after transfection, the cell cultures were split at several ratios, and
G418 (final concentration, 1 mg/ml) was added to the medium 3 days after
transfection for the selection of stable transformants. G418-resistant colonies
were picked up with cloning cylinders and transferred for growth.

Retrovirus transduction, concentration, and titration. To transduce an MLV-
based retrovirus vector encoding B-galactosidase with a nuclear localization
signal (MFGnlslacZ) into selected clones, stocks of the amphotropic virus vector
were collected from FLYA4lacZ3 cells (8). Transduction was carried out in the
presence of Polybrene (Sigma) (8 wg/ml) 1 day after passage. For the titration of
amphotropic MFGnlslacZ or VSV-G-pseudotyped MFGnlslacZ, 3Y1 cells were
plated at 1.5 x 10° cells/well in 96-well plates 1 day before transduction and
incubated for 3 days with serial dilutions of virus supernatants containing 8 g of
Polybrene per ml. Transduced 3Y1 cells were fixed with 1.25% glutaraldehyde
and stained with 5 mM K,[Fe(CN)4]-5 mM K;[Fe(CN)¢]-2 mM MgCl,—1 mg of
X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside) (Wako) per ml for
more than 4 h, and then the numbers of cell clones with blue-stained nuclei were
counted.

Adenovirus vector infection for pseudotyped retrovirus production. Prepack-
aging cells were seeded at 3 X 10* cells/well in 24-well plates; 1 day later, they
were infected with AXCANCre at various multiplicities of infection (MOIs) for
1 hin 100 pl of the culture medium to promote infection and then were cultured
in a volume of 500 pl as usual. G418 was removed from the culture medium just
after the AXCANCre infection. In some experiments, the culture temperature
was changed to 32°C 2 days after infection. The medium was changed every day,
and at each medium change the cells were washed three times with the medium
to minimize contamination of the unabsorbed adenovirus vector. Southern blot-
ting analysis was performed as follows. Total chromosome DNA was prepared by
standard techniques (27) from PtG-S2 and PtG-L1 before or 4 days after
AxCANCere infection. The digested DNA was transferred to a nylon membrane
(Hybond N+; Amersham) by the capillary transfer method. The probe was
labeled with *?P, and hybridized DNA was detected by autoradiography.

Protein analysis. Expression of VSV-G protein was evaluated by immunocy-
tochemical staining with murine monoclonal anti-VSV-G immunoglobulin G
(IgG) (P5D4; Sigma). Cells were fixed with phosphate-buffered saline containing
3% paraformaldehyde and 0.1% Triton X-100 at 4°C for 15 min, and then a
1:3,000 dilution of monoclonal anti-VSV-G IgG was added. VSV-G-producing
cells were visualized by using biotinylated anti-mouse IgG and a Vectastain ABC
kit (Vector). For Western blot analysis, cellular lysates were prepared under
denaturing conditions and separated by sodium dodecyl sulfate-10% polyacryl-

J. VIROL.

amide gel electrophoresis. The gels were transferred onto polyvinylidene diflu-
oride membranes (Immobilon; Millipore) with a semidry electroblotter. Filters
were immunoblotted with monoclonal anti-VSV-G (Sigma) IgG or anti-Neo®
(5Prime to 3Prime) and then biotinylated anti-mouse IgG. Protein bands were
detected with an ECL kit (Amersham).

RESULTS

Strategy for the generation and activation of the prepack-
aging cell lines. For the generation of prepackaging cell lines,
we made use of a human cell line, FLY, which expresses the
gag and pol genes of MOMLYV at a high level. It was previously
shown that retroviruses produced from human-derived cell
lines are much more resistant to human serum than those
produced by conventional murine-derived packaging cell lines,
due to the humanized glycosylation pattern of the virus enve-
lope protein (8, 31-33). For the efficient screening of prepack-
aging cell lines capable of inducing high levels of VSV-G after
the introduction of Cre recombinase, we designed a plasmid,
pCALNALG (Fig. 1A), for the generation of prepackaging cell
lines from FLY cells. In pCALNdLG, the VSV-G gene is
preceded by the Neo" gene flanked by a tandem pair of loxP
sequences. The transcription of the Neo" gene is designed to be
driven from a CAG promoter (the chicken B-actin gene pro-
moter connected with the cytomegalovirus immediate-early
promoter [21]) present upstream of the 5’ loxP sequence and
to be terminated by a poly(A) signal located upstream of the 3’
loxP sequence. Therefore, the VSV-G gene should not be
transcribed from the CAG promoter or any other promoter in
G418-resistant clones. Since the 3" untranslated region of the
Neo" transcripts from pCALNdLG includes an mRNA-desta-
bilizing sequence originated from the 3’ noncoding sequence
of the chicken c-fos gene, the relative amount of the Neo*
transcripts would be reduced. When FLY cells are exposed to
G418 after transfection with pCALNdLG, we can efficiently
select cell lines in which the synthesis of the transcripts from
the CAG promoters is sufficiently active to keep the unstable
Neo" transcript at high levels adequate for survival.

After site-specific recombination between the pair of loxP
sequences by Cre recombinase, the Neo' gene, the mRNA-
destabilizing sequence, and the poly(A) signal would be re-
moved from the chromosomal DNA as a closed circular mol-
ecule and the CAG promoter would be available for the active
transcription of the VSV-G gene (Fig. 1B) to produce VSV-G
pseudotypes. To assess the validity of this design, we also
constructed pCALNLG (Fig. 1A), in which the mRNA-desta-
bilizing signal was deleted from pCALNdLG, and compared
the selection efficiencies.

For the introduction of Cre recombinase into the prepack-
aging cell lines to convert them into packaging cell lines,
we chose to use a replication-defective adenovirus vector,
AxCANCre, which encodes Cre recombinase tagged with a
nuclear localization signal (12, 15, 16). This vector has been
shown to be efficiently introduced into human cells, to induce
this exogenous gene at a very high level within a short time
after the infection, and to cause efficient excision between a
pair of loxP sequences located on another adenovirus genome
and on a cellular chromosome.

Cloning of the prepackaging cell line. By using the calcium
phosphate method, either pCALNdLG or pCALNLG was
transfected into a pair of FLY cultures. One day after the
transfection, the cultures were split and stable transformants
were selected with G418 for 2 weeks; surviving colonies were
stained with crystal violet. The colony number of pCALNdLG
transfectants was about one-third of that of the pCALNLG
transfectants, suggesting that the Neo® transcript from
pCALNALG is less stable, as expected (data not shown). In
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FIG. 1. Plasmid structure for the generation of prepackaging cell lines and
system for Cre-mediated pseudotyped retrovirus production. (A) Structures of
pCALNLG and pCALNdLG. Two loxP sequences are tandemly located in each
plasmid. CAG, CAG promoter; Neo, neomycin resistance gene; pA, polyadenyl-
ation signal; VSV-G, VSV-G (Indiana serotype)-coding sequence. The mRNA-
destabilizing signal was derived from the 3" untranslated region of chicken c-fos.
(B) Schematic presentation of the conversion from the prepackaging cell line to
the packaging cell line. In the prepackaging cell line generated by the transfec-
tion of pCALNALG into FLY, the Neo" gene is transcribed from a CAG pro-
moter, while the VSV-G gene is completely silent because the RNA transcript
terminates before its coding sequence. Arrows indicate the predicted transcript.
The Neo" transcript is expected to be unstable because it contains the mRNA-
destabilizing signal. Cre recombinase excises the Neo' gene, the mRNA-desta-
bilizing signal, and the poly(A) signal by site-specific recombination between the
two loxP sequences and thus converts the prepackaging cell line to the packaging
cell line. In the packaging cell line, the VSV-G gene is now transcribed by the
same promoter that was used for the Neo" expression. MOLTR, MoMLYV long
terminal repeat; MOoMLV gag-pol, MOMLYV gag and pol genes; bsr, blasticidin
resistance gene; pA, polyadenylation signal; W, packaging signal of retrovirus
vector; X gene, an arbitrary gene (here we used the gene encoding B-galactosi-
dase with a nuclear localization signal).
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preliminary experiments, several clones were isolated from
both of the transfectants and parallel cultures of each clone
were infected with the adenovirus vectors at an MOI of 10 to
determine the inducibility of VSV-G protein expression by
immunocytochemical staining. The appearance of clones capa-
ble of VSV-G induction at a high level was more frequent in
pCALNdLG transfectants (3 of 11 transfectants) than in
pCALNLG transfectants (1 of 25). In each positive clone,
almost the entire population was shown to express VSV-G
protein, indicating that the introduction of Cre recombinase is
very efficient. These results indicate that pPCALNALG is effec-
tive for isolation of clones that produce high levels of VSV-G
protein after site-specific recombination and support the fea-
sibility of screening with pCALNdLG. For these reasons, we
chose pCALNALG for the transfection experiments for large-
scale screening. We selected 26 clones that express high levels
of VSV-G protein after induction as candidates for the pre-
packaging cell lines. The only clone among the pCALNLG
transfectants (PtG-L1) which produced VSV-G at a compara-
ble level was also used for further experiments, for compari-
son.

Isolation of prepackaging cell lines capable of inducing
high-titer VSV-G pseudotypes. Parallel cultures of the above-
described clones (27 in all) were transduced with amphotropic
MFGnlslacZ virus at an MOI of 3. This virus vector carries the
nlslacZ gene, which encodes B-galactosidase with a nuclear
localization signal (nlsLacZ) as a marker enzyme. The effi-
ciency of transduction was high as judged from cytochemical
staining for the LacZ product (more than 85%). These trans-
duced cultures were infected with AXCANCre at an MOI of 10.
Culture fluids were collected, and the virus titers were deter-
mined with 3Y1 rat fibroblasts as the indicator. All the clones
produced virus with various titers. Two clones produced more
than 5 X 10° IU/ml, and 13 clones produced more than 5 X 10*
IU/ml. We selected one clone (PtG-S2) among 26 clones of
pCALNdLG transfectants, because it produced the highest
virus titers. Virus induction by PtG-L1 was modest (2 X 10*
IU/ml). When the virus stocks obtained from these two cell
lines were treated with anti-VSV-G (Indiana serotype) anti-
serum, the virus was neutralized completely (unpublished ob-
servations).

Efficient and precise site-specific recombination in the
PtG-S2 chromosome after the introduction of AxCANCre.
Southern blot analysis of PtG-S2 (or PtG-L1) chromosomal
DNA was performed to test whether the loxP-specific recom-
bination occurred as expected after the introduction of Cre
recombinase. Chromosomal DNA was isolated before or 4
days after the AXCANCre introduction and digested with Ncol,
which recognizes three sites in pCALNdLG (or pCALNLG),
and DNA fragments containing the VSV-G gene were de-
tected (Fig. 2A). A single 1.5-kb (or 1.2-kb) band was detected
in prepackaging cells, but it mostly disappeared and a new
2.0-kb band appeared instead after the Cre recombinase intro-
duction (Fig. 2B). This change in the fragment size is consis-
tent with the idea that Cre recombinase excised the DNA
sequence between the two loxP sequences by recombination.
By comparing the densities of the control plasmid DNA
charged at various amounts, PtG-L1 was estimated to contain
a single copy of pCALNLG in the diploid cell, while PtG-S2
harbored three copies of pCALNdLG. This result indicates
that the higher VSV-G expression in PtG-S2 is partly sup-
ported by the gene dosage effects.

When VSV-G expression levels were analyzed by Western
blotting, both PtG-S2 and PtG-L1 were found to produce no
detectable VSV-G before Cre recombinase introduction (Fig.
3). Four days after AXCANCre introduction, both cell lines
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FIG. 2. Southern blot analysis of genomic DNA. (A) Physical maps and
predicted structural changes in pCALNdLG after the introduction of Cre re-
combinase. In the case of pCALNLG, the predicted Ncol fragment is 1.2 kb in
size because of the lack of the mRNA-destabilizing signal. The 0.7-kb VSV-G
probe was isolated from pCALNdLG by Miul and Ncol digestion. N, Ncol sites.
(B) Autoradiogram of Southern blotting of Ncol digests of genomic DNA (15 pg
per lane) from PtG-L1 and PtG-S2 before (—) and 4 days after (+) the intro-
duction of Cre recombinase (right) and of plasmid pCALNdLG DNA for quan-
titation (left).

clearly produced VSV-G. However, the VSV-G expression
level in PtG-S2 was much higher (about 10- to 15-fold) than
that in PtG-L1, which is consistent with the observation that
PtG-S2 is a much more efficient virus producer. Since the
transcripts for the VSV-G gene from the CAG promoter in
PtG-L1 and in PtG-S2 are expected to have the same molec-
ular structure after the introduction of Cre recombinase, these
results indicate that the total synthetic rate of the VSV-G
transcript is more than 10-fold higher in PtG-S2. This higher
synthetic rate can be partly explained by the gene dosage effect

J. VIROL.
FLY PtG-L1 PtG-S2 PtG-L1 Cre(-)
Cre  —
- - + - +
— 48.3kD
— 334
neo'=) o o 28 1 Y —283
FLY PtG-L1 PtG-S2 PtG-S2 Cre(+)
Cre ——
- - 4+ - +
—104kD
— 82.0
- -  EDEDED e -
VSV-G => — 483

FIG. 3. Protein analysis of VSV-G and the Neo" gene product in PtG-S2 and
PtG-L1 cells before and 4 days after AXCANCre infection. Lysates of PtG-S2 and
PtG-L1 cells as well as the parent FLY cells were prepared under denaturing
conditions, separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (20 pg per each lane), and detected by Western blotting. Sequential
dilutions (10, 5, 2.5, and 1.25 pg per lane) of PtG-L1 before induction or of
PtG-S2 after induction were analyzed in parallel for quantitation.

(threefold), as mentioned above, but also arises partly from the
enhanced frequency of transcription initiation from the CAG
promoter in PtG-S2 owing to the integration sites of the plas-
mid.

We next analyzed the levels of expression of the Neo" gene
products by Western blotting with the same cell lysates (Fig. 3).
In both PtG-S2 and PtG-L1, the Neo" gene products were
detectable before Cre recombinase introduction but were mar-
ginal 4 days after the introduction, in accordance with the
observation that most of these cell lines at this stage had lost
resistance to G418 (data not shown). It should be pointed out
that the Neo" expression level was about threefold higher in
PtG-L1 than in PtG-S2, while the CAG promoter in PtG-S2
was expected to be stronger than that in PtG-L1 (as judged
from the VSV-G expression levels), suggesting that the tran-
script for the Neo” gene in PtG-S2 is much less stable than that
in PtG-L1, as expected. All of these results indicate that the
mRNA-destabilizing sequence in pPCALNALG was helpful for
the selection of cell lines with a high total synthetic rate from
the CAG promoter, as desired.

Conditions for optimum virus production. PtG-S2 and
PtG-L1 were transduced with amphotropic MFGnlslacZ virus,
and these mixed populations were further used for screening
to determine the optimum conditions for the induction of
virus production from these prepackaging cell lines. Each
AxCANCTre should be introduced into every cell for the loxP-
dependent recombination, and the efficiency of the recombi-
nation would be increased by dosage effects. A high dose of
adenovirus, however, would cause cell damage due to the tox-
icity of adenovirus itself. Therefore, we next determined the
time course of virus production from PtG-S2 after AxCANCre
infection at several MOIs. We found the optimum range of
MOIs of adenovirus for the highest induction of retrovirus to
be around 10 to 30 (Table 1). Since the growth of PtG-S2 cells
was significantly inhibited at an MOI of more than 30, we
infected PtG-S2 with the adenovirus vector at an MOI of 10 in
further studies. The titer of the virus recovered from PtG-L1
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TABLE 1. Effect of MOI of AxCANCre on virus production
by PtG-S2 cells

Retrovirus titer (IU/ml) on the following day after

AxCANCre Cre recombinase introduction:
MOI
2 4 6
0 ND“ ND ND
1 4.8 x 10* 1.2 X 10° 2.1 x 10*
3 1.9 x 10° 9.8 X 10° 9.6 X 10*
10 5.0 X 10° 1.0 X 10° 1.1 %X 10°
30 7.3 % 10° 1.3 x 10° 7.5 x 10*
100 3.1 % 10* 9.4 x 10* 3.5 % 10*

“ ND, undetectable.

was roughly 1% of that from PtG-S2 under all of these condi-
tions (data not shown).

We next determined the time course of virus production at
either 37 or 32°C after adenovirus infection at an MOI of 10
(Fig. 4). The highest titer for PtG-S2 was about 1.2 X 10°
IU/ml at either temperature, and the induction kinetics
were rather similar at both temperatures. Growth of the
AxCANCre-infected PtG-S2 cells was strongly retarded after 4
days postinfection, and some cytopathic effects were observed
thereafter. To test the genetic stability of the prepackaging cell
line, the production of pseudotyped retrovirus was compared
for PtG-S2 freshly grown from the cellular stocks kept in liquid
N, and the same cell line that had been cultured continuously
for more than 3 months in the presence of blasticidin S and

A
10’
10°
10°
10*
10°
10?
10!

titer (i.u./ml)

0
0246 8101214

days after Cre recombinase introduction

| {1 L —
10°
10°
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0
024638101214
days after Cre recombinase introduction

FIG. 4. Time course of pseudotyped retrovirus production after transduction
of Cre recombinase. Cre recombinase was transduced into each clone harboring
MFGnlslacZ to induce VSV-G. Virus titers produced from PtG-S2 with (closed
circles) or without (open circles) transduction with AXCANCre are shown. Cells
were cultured at 37°C continuously (A) or cultured at 37°C until 2 days after
transduction and then transferred to 32°C (B).
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G418. The kinetics of virus induction after AXCANCre intro-
duction remained unchanged during the passage of this cell
line, and similar results were obtained when PtG-L1 was used
instead. These results indicate that the prepackaging cell lines
established here are quite stable during cellular proliferation.

Characterization of VSV-G-pseudotyped retrovirus pro-
duced by prepackaging cell lines. Virus stocks collected from
induced PtG-S2 were concentrated by ultracentrifugation and
titrated. These stocks could be concentrated to up to 10° TU/
ml, with a yield of more than 80% (data not shown). We also
observed that these virus stocks were more stable in human
serum (data not shown), as expected from a previous report
(33). To check whether the produced virus contains replica-
tion-competent retrovirus (1, 13), we incubated M. dunni cells
with the pseudotyped virus stocks containing 5.0 X 10° IU and
passaged them three times. The recovered culture medium was
added to the indicator cell line, PG-4 STL™, and kept for 5
days. No foci were detected in the culture, indicating that this
virus stock of 5.0 X 10° IU contains less than one particle of
replication-competent retrovirus.

We next tried to detect the adenovirus vector in pseudo-
typed retrovirus stocks by using a method reported previously
(14). The pseudotyped virus stocks were collected every day
from 3 to 5 days after adenovirus infection. These virus
stocks were accumulated (total titer, 2.0 X 10° IU) and used
to infect 293 cells, which can support the replication of
AxCANCTre. These cells were kept for 12 days but showed no
cytopathic effects, eliminating the possibility of adenovirus
contamination in the stock.

VSV-G-producing cells are fully susceptible to VSV-G-pseu-
dotyped retroviruses. The receptor for VSV-G has been report-
ed to include anionic phospholipids, such as phosphatidyl-
serine (18, 28). We were next interested in whether cells
producing VSV-G could acquire resistance to VSV-G-pseudo-
typed retrovirus, as is observed in natural retroviruses (known
as interference). When PtG-S2 or PtG-L1 without any vec-
tor genome was infected with MFGnlslacZ pseudotyped
with VSV-G before or 4 days after AXCANCre introduction,
almost the entire cell populations were infected with VSV-G-
pseudotyped virus as judged from lacZ expression, indepen-
dently of the AXCANCre infection (Fig. 5). We also observed
that the diluted VSV-G pseudotypes (10? to 10° TU/ml) were
able to infect both VSV-G-producing and nonproducing cells
at similar infection efficiencies (data not shown). This result
indicates that cells producing VSV-G, whether at low or high
levels, are almost fully susceptible to the infection by VSV-G-
pseudotyped retroviruses and further indicate that the VSV-G
receptors were not saturated, unlike other natural receptors
for retroviruses.

This property of VSV-G-producing cells potentially has two
disadvantages for high-quality or high-titer virus production.
The packaging cell line would accumulate vector DNA in their
chromosomes by a “self-ping-pong” mechanism, causing their
genetic instability, and recovery of the VSV-G pseudotype
retrovirus from the culture medium would be reduced by its
retransduction into the packaging cell lines which produced it.
We have screened several reagents for the ability to suppress
the transduction of the produced packaging cell lines and
found that heparin (8 U/ml) inhibits the infection of the
VSV-G pseudotype virus-producing cells drastically (reduced
to less than 15% in the absence of Polybrene and to less than
2% in the presence of Polybrene). Immediately after this he-
parin-containing virus stock was diluted 10-fold with the me-
dium, virus infectivity was fully recovered, indicating that this
suppression is reversible. Indeed, addition of heparin to the
PtG-S2 cultures 2 days after AXCANCre infection caused a
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FIG. 5. Transduction of VSV-G-pseudotyped retrovirus into PtG-S2 cells
expressing VSV-G. A PtG-S2 culture, which was left uninfected (A) or was
infected with AXCANCre at an MOI of 10 (B), was grown for 3 days longer and
transduced with VSV-G-pseudotyped MFGnlslacZ. Two days after the transduc-
tion, the cells were fixed and cytochemically stained with X-Gal. Bar, 100 pwm.

two- to fourfold increase in the yield of VSV-G pseudotypes
(data not shown). The heparin were able to be efficiently re-
moved by subsequent ultracentrifugation.

DISCUSSION

We have presented here a unique system for the production
of retrovirus vectors pseudotyped by VSV-G, the expression of
which is cytotoxic for most mammalian cells, including FLY
derivatives. In this study, the retrovirus vector was introduced
into the prepackaging human cell line PtG-S2 by virus trans-
duction, but DNA transfection would be one alternative. Since
the prepackaging cell line contains an inducible transcriptional
unit for the VSV-G gene with use of the Cre recombinase-loxP
system (3, 7, 10, 26, 35), which is reported to switch the ex-
pression in an all-or-none manner (15, 16), we can select cell
lines harboring the virus vector without any leaky production
of transducible particles which might cause genetic instability
of the cell lines during the selection and subsequent passaging
procedures. The prepackaging cell line harboring the virus
vector can be stocked in liquid N, or kept in culture without
any loss of virus-producing activity after the introduction of
Cre recombinase. This genetic stability of the prepackaging cell
lines is at least partly derived from the fact that the Neo™ and
VSV-G genes are under the control of the same promoter.
When Cre recombinase is introduced, the prepackaging cell
lines are efficiently converted into packaging cell lines produc-
ing retrovirus pseudotyped by VSV-G at titers of more than
1.0 X 10° IU/ml. For the rapid and efficient introduction of Cre
recombinase, we used a replication-defective adenovirus vec-

J. VIROL.

tor. DNA transfection would be an alternative for the intro-
duction of the Cre recombinase gene. The fact that the pre-
packaging cell line originated from human cells has two
advantages: the produced pseudotypes are resistant to human
serum (our unpublished results), and the efficiency of adeno-
virus infection was probably higher than that with mouse cell
lines.

For the isolation of prepackaging cell lines that express
VSV-G at high levels after the introduction of Cre recombi-
nase, we designed a system in which the same promoter is used
for the Neo® gene for the selection of prepackaging cell lines
and for the VSV-G gene. Four days after Cre recombinase
introduction, the Neo" gene was precisely and almost com-
pletely excised from the chromosomal DNA (Fig. 2), resulting
in a stringent expressional switch from the Neo" gene to the
VSV-G gene (Fig. 1B) as judged by protein analysis (Fig. 3).
To select transfectants that efficiently transcribe the Neo® gene
at high levels, the Neo" transcript was made very unstable by
inserting an mRNA-destabilizing signal (29, 30). We showed
here that this cloning design worked as expected, by comparing
this construct and that without the mRNA-destabilizing ele-
ment. Compared with PtG-L1, which has no mRNA-destabi-
lizing sequence, PtG-S2 produced a smaller amount of Neo*
product, while PtG-S2 was converted into a producer cell line
expressing much higher VSV-G levels after Cre recombinase
introduction.

We also showed that cells expressing either a low or a high
level of VSV-G proteins are fully susceptible to infection with
VSV-G pseudotypes, consistent with the report that the
VSV-G receptor contains ubiquitous anionic phospholipids.
Interference would not be necessary for a lytic virus such as
VSV. This means that a pseudotype can theoretically infect the
same cell that produced it and implies that the packaging cell
lines can accumulate virus vector during cell growth by a “self-
ping-pong” mechanism. Long, leaky production of the pseudo-
types would increase the possibility of genetic changes of the
inducible packaging cell lines before virus induction. We be-
lieve that the pseudotype-producing system presented here is
highly advantageous, in that we can control the VSV-G expres-
sion very stringently in PtG-S2 cells and can suppress the
reentry of pseudotype retrovirus into the PtG-S2 cells by add-
ing heparin. This system should be suitable for the large-scale
production of pseudotypes for human gene therapy.
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