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The retroviral gene transfer system is a powerful tool for somatic gene therapy. A retroviral stock with a high
viral titer and lacking replication-competent virus (RCV) is desirable for this type of gene transfer. To fulfill
these requirements, we made a new packaging cell line, designated ampli-GPE. To reduce the homology
between proviral DNA in the packaging cell and retroviral vector, the gag-pol and env genes of Moloney murine
leukemia virus were separated onto two different plasmids, pGP-KV and pENV-KV, respectively, in which the
5' long terminal repeat and the 3' long terminal repeat had been replaced by the mouse metallothionein I
promoter or the human 13-globin gene containing the polyadenylation site as control units for the gag-pol and
env genes. In addition, these plasmids contained 69%o of the bovine papillomavirus gene for gene amplification
to obtain production of virus at a high titer. NIH 3T3 clones containing approximately 20 to 50 copies of the
gag-pol and env genes were selected and designated ampli-GPE. When ampli-GPE was transfected with the N2
vector or pZipNeoSV(DHFR) derived from pZipNeoSV(X)1, we established clones producing titers of 5 x 106
and 1 x 106 CFU/ml, respectively. There was no sign of RCV generation in any virus-producing cells from
ampli-GPE. However, virus-producing cells derived from 12 cells transfected with N2 did generate RCV.
Thus, we showed that ampli-GPE, possessing the minimum complement of proviral genes, has potential for the
development of a gene transfer system.

Several studies have recently demonstrated that a foreign
gene can be transferred into murine (2, 10, 11, 13, 15, 23, 24,
27, 28, 40), canine (16, 38), primate (4, 22), or human (25)
hematopoietic progenitors and stem cells by using retroviral
vectors. This technology holds promise for potential somatic
cell genetic therapy, or it could be a powerful tool for
analyzing the dynamics of somatic cells such as hematopoi-
etic cells.
Hematopoietic stem cells are an important target of so-

matic gene therapy. Lemischka et al. (26) reported that only
a few stem cell clones account for the majority of mature
hematopoietic cells. Therefore, uninfected stem cell clones
could compete against the gene-transferred clones in vivo.
On the other hand, infection of hematopoietic progenitor
cells depends on the viral titer of virus-producing cells (17).
Therefore, one requirement for transfer of genes to stem
cells is the production of viral vectors at a titer high enough
for gene transfer to the majority of stem cells.

Packaging cells, such as T2 (31), TAM (9), and PA12 (34),
which contain recombinant mutant proviruses and have a
cis-active deficiency in the packaging of genomic RNA, have
been used to generate helper virus-free retroviral vectors.
However, generation of replication-competent virus (RCV)
in some defective retrovirus stocks has been reported (3, 5,
9, 12, 31, 33, 35). When proviral DNA or RNA in packaging
cells is given a packaging sequence by recombination with
retroviral vector DNA or RNA, RCV is generated. This
recombination is thought to be due mainly to copackaging of
the retroviral RNA and defective proviral RNA in the viral
particle. To avoid the generation of RCV, improved pack-
aging cells have been developed recently (5, 12, 32, 33). The
strategy of the improvement is to reduce the homology
between the retroviral vectors and proviral DNA of packag-
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ing cells and/or separation of the gagpol DNA element from
the env DNA element to reduce the chance of recombina-
tion. Homologous sequences between retroviral vectors and
proviral DNA are the 5' long terminal repeat (LTR), the 3'
LTR, and part of the gag sequence in some cases. The gag
sequence is known to enhance the packaging of retroviral
vector mRNA in the viral particle to yield a high titer of virus
(1, 3). The 3' LTR of proviral DNA is replaced with simian
virus 40 poly(A) in these new helper cells, PA317 (33),
GP+E-86 (32), and TCRIP and PCRE (12). However, when
the 5' LTR of proviral DNA of packaging cells is deleted or
replaced with another promoter, it is difficult to obtain a high
viral titer (5, 33).
We intended to minimize the proviral gene in packaging

cells without reducing its ability to package retroviral vec-
tors, and to increase the viral titer by amplification of the
proviral gene in packaging cells. The new packaging cells
contained two kinds of recombinant chimeric proviral gene
in the BMGNeo vector, which was developed for overpro-
duction of cytokine genes (21). It was possible to remove
both the 5' LTR and the 3' LTR from the proviral gene by
application of the BMGNeo vector. Instead of the 5' LTR,
the mouse metallothionein I promoter (14, 18) drives the
gag-pol element or the env element separately. The 3' LTR
is replaced with a rabbit ,B-globin unit containing its poly(A)
additional sequence. Furthermore, the gag-pol element or
the env element is amplified separately by the bovine papil-
lomavirus (BPV) unit (6). This expression and amplification
system for the gag-pol and env genes produces a viral titer
high enough for gene transfer to somatic cells and avoids the
generation of RCV.

MATERIALS AND METHODS

Cell culture and selection for transfection. NIH 3T3 cells
were maintained in Dulbecco's modified Eagle medium
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(DMEM) containing penicillin, streptomycin, and 10% fetal
calf serum (FCS). Twenty-four hours after 2.5 x 105 cells
were seeded on a 60-mm dish, the culture was cotransfected
with 5 pg of pGP-KV (see Results) and 5 pg of pENV-KV
(see Results) by the procedure of Chen and Okayama (8).
After overnight culture with DNA, the cells were washed
and cultured for 2 days. The transfected cell monolayers
were treated with trypsin, and 1 x 104 to 1 x 105 cells were
dispersed on a 100-mm dish in DMEM containing penicillin,
streptomycin, 10% FCS, and 250 ,ug of G418 per ml. The
culture fluids were changed every 3 or 4 days to fresh
medium containing the same supplements. Colonies were
isolated with cloning cylinders after 14 days. The isolated
clones were cultured on 24-well plates until the cells became
confluent, and reverse transcriptase (RTase) in the culture
fluids was assayed. Packaging cells were recloned as fol-
lows. Cells were cultured in DMEM containing the same
supplements on 96-well plates at a dilution rate of one cell
per three wells. After 1 week of culture, 50 p.1 of fresh
DMEM with the same supplements was added to the plates,
and the cells were cultured for one more week. Clones with
high RTase activity were transferred to 24-well plates. A
proportion of the grown cells were frozen, and the rest were
subjected to DNA preparation.
ampli-GPE packaging cells (see Results) were maintained

in DMEM containing penicillin, streptomycin, 10% FCS,
and 250 ,ug of G418 per ml. Twenty-four hours after 2.5 x 105
cells were seeded on a 60-mm dish, the culture was cotrans-
fected with 5 p.g of pZipNeoSV(DHFR) or N2 vector (1) and
0.5 p.g of pSV2-gpt (36) according to the procedure of Chen
and Okayama (8). After overnight culture with DNA, the
cells were washed and cultured for 2 days. The transfected
cells were treated with trypsin, and 1 x 104 to 1 x 105 cells
were dispersed on a 100-mm dish in the selection medium,
i.e., DMEM containing penicillin, streptomycin, 10% FCS,
G418 (250 ,ug/ml), xanthine (250 pg/ml), hypoxanthine (15
,ug/ml), L-glutamine (150 p.g/ml), thymidine (10 p.g/ml), ami-
nopterin (2 p.g/ml), and mycophenolic acid (25 ,ug/ml). The
culture fluids were changed to fresh medium containing the
same supplements. Colonies were isolated with cloning
cylinders after 2 to 3 weeks. The selected clones were
cultured in selection medium on 24-well plates until the cells
became confluent, and the viral titers of the culture fluids
were determined. The clones producing viruses were re-
cloned in the same way as for packaging cells with selection
medium. The viral titer of culture fluids on 24-well plates was
assayed.
P2 packaging cells were maintained in DMEM containing

penicillin, streptomycin, and 10% FCS. T2 cells were trans-
fected in the same way as for ampli-GPE, except that only
pZipNeoSV(DHFR) was used for transfection, and DMEM
containing penicillin, streptomycin, 10% FCS, and 250 p.g of
G418 per ml was used as the selection medium.
Virus assay. Culture fluids from virus-producing cells were

centrifuged at 3,000 x g for 15 min or filtered with a
0.45-pm-pore-size membrane (Millex-HA; Millipore). The
virus was assayed immediately or frozen at -80°C for
subsequent assay of virus carrying the selectable marker.
Recipient NIH 3T3 cells were seeded at 5 x 105/60-mm dish
on day 1. On day 2, the medium was changed to 1 ml of fresh
medium containing 8 p.g of Polybrene, and aliquots of test
virus were added. On day 4, the medium was changed to one
containing 250 p.g of G418 per ml. The medium was changed
to one containing 250 p.g of G418 per ml every 3 or 4 days.
Colonies were counted on day 14.
Assay of RCV. Plasmid N2 (5 pg) was transfected into NIH

3T3 cells by the method described above. Transfectants
were selected in medium containing G418 (250 p.g/ml).
Selected clones were tested for generation of RCV contain-
ing N2 by infection with supernatants of the Moloney murine
leukemia virus-producing cell line. One selected clone was
designated N2-5. Packaging activity was assayed as follows.
NIH 3T3 or N2-5 cells were infected with sample solution as
in the viral assay described above. After 3 to 8 days of
culture of the infected cells, the culture supernatants were
stored at -80°C and the cells were maintained by passage
every 4 days in 10% FCS-DMEM without G418 for 20 to 30
days. The culture supernatants were stored at -80°C. Viral
titer of the stored supernatants was assayed as for the viral
assay described above.
RTase assay. RTase assay was done by the procedure of

Goff et al. (19). Autoradiographs of dot blots were used for
screening the packaging cell clones.
DNA extraction and hybridization procedures. Total cellu-

lar DNA and low-molecular-weight DNA were obtained
from cloned cultures of the transfectants as described by
Maniatis et al. (30) and Hirt (20), respectively. The Hirt
supernatants were extracted once with phenol and once with
chloroform and then treated with ethanol to precipitate the
DNA. Total cellular DNA or Hirt DNA (5 p.g) was cleaved
with restriction endonucleases, subjected to electrophoresis
on a 0.7% agarose gel, transferred to a nitrocellulose filter,
and annealed with a 32P-labeled nick-translated probe con-
taining gag-pol, env, or BPV sequences. The gag-pol probe
was a fragment of about 3.8 kbp from pMOVT- (31)
obtained by digestion with XhoI and NdeI. The env probe
was a fragment of about 2.4 kbp from pENV-KV obtained by
digestion with XhoI. The BPV probe was a fragment of about
4.8 kbp from the BMGNeo vector (21) obtained by digestion
with ClaI and NotI.

Vectors. Plasmids pZipNeoSV(X)1 and pMOVT- were
kindly provided by R. C. Mulligan. pZipNeoSV(DHFR)
plasmids were prepared as follows. Dihydrofolate reductase
(DHFR) cDNA was obtained from pSV2-dhfr (39) by diges-
tion with HindIll and BglII. This DHFR fragment was blunt
ended with Klenow DNA polymerase and ligated with a
BamHI linker. After cleavage with BamHI, the DHFR
fragment was inserted into the BamHI site of pZip-
NeoSV(X)1 (7). The N2 vector was kindly provided by E.
Gilboa. The BMGNeo vector was kindly supplied by H.
Karasuyama.

RESULTS

Construction of chimeric retroviral DNA. The fragments
containing the gag-pol region or the env region were pre-
pared from pMOVT- (31). Plasmid pMOVT- was digested
with EcoRI and Scal to prepare the fragment containing the
gag-pol region. This fragment contained the sequence from
the initiation codon ofgag to the termination codon of pol.
We prepared the fragment containing the sequence from the
initiation codon to the termination codon of env from
pMOVT- by XbaI digestion. A gag-pol fragment or env
from pMOVT- prepared by XbaI digestion was inserted
into a BMGNeo vector (21). The gag-pol fragment was blunt
ended with Klenow fragment DNA polymerase. Also, the
BMGNeo vector cleaved with XhoI was blunt ended with
Klenow fragment DNA polymerase. Then the blunt-ended
gag-pol fragment and the blunt-ended BMGNeo vector were
joined with ligase. The BMGNeo vector inserted with the
gag-pol fragment was designated pGP-KV. The env frag-
ment was blunt ended with Kienow fragment DNA polymer-
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FIG. 1. Construction of pGP-KV and pENV-KV. Agag-pol fragment from pMOVt- was inserted into the XhoI site of a BMGNeo vector
by blunt-end ligation. An env fragment from pMOVT- was inserted into the XhoI site of the BMGNeo vector with XhoI linkers. For details,
see text. Ampr, ampicillin resistance; Neor, neomycin resistance; MTp, MT promoter; MoMLV, Moloney murine leukemia virus.

ase and then ligated with XhoI linker [pd(CCTCGAGG)].
The XhoI site of the env fragment was made by XhoI
digestion. Then the env fragment was ligated with the
BMGNeo vector cleaved with XhoI to give pENV-KV. The
process of construction is summarized in Fig. 1.

Selection of packaging cells. NIH 3T3 cells were cotrans-
fected with pGP-KV and pENV-KV and then cultured in
medium containing G418 for about 2 weeks. Approximately
200 clones were selected in 24-well plates and cultured until
the cells became confluent. Then the RTase of the culture
fluids was assayed. Clones with high RTase activity were

chosen and expanded in 100-mm dishes to prepare total
cellular DNA. This DNA was digested with HindIII and
analyzed by Southern blotting. Seven clones which had high
copy numbers of both the gag-pol and env genes were
selected on the basis of their hybridization patterns with the
env and gag-pol probes. These clones were recloned in
96-well plates, and the RTase activity of these culture fluids
was assayed. Thirty clones showing high RTase activity
were selected, and the total cellular DNA and Hirt DNA
were prepared from the same cultured cells. Nine clones
containing the gag-pol and env genes showing high copy
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FIG. 2. Titers of virus-producing cells from packaging cells
transfected with pZipNeoSV(DHFR). Clones from ampli-GPE
transfected with pZipNeoSV(DHFR) and pSV2-gpt and clones from
IP2 cells transfected with pZipNeoSV(DHFR) were transferred to
24-well plates and then cultured until the cells became confluent.
The viral titers of the culture fluids were then assayed.

numbers by Southern blot analysis were chosen. These
packaging cclls containing pGP-KV and pENV-KV were
dcsignatcd ampli-GPE.

Viral production by selected packaging cell clones. pZip-
NeoSV(DHFR) was cotransfected into nine selected pack-
aging ccll cloncs with pSV2-gpt (36) as a selection marker.
Thcsc transfected cells were cultured for 2 to 3 weeks in
hypoxanthine-aminopterin-thymidine selection medium con-
taining mycophenolic acid and G418. Colonies were selected
and cultured in 24-well plates. The viral titer of the super-
natants was assayed when the cells became confluent. We
prepared virus-producing cells from T2 cells following the
same procedure. T2 packaging cells were transfected with
pZipNeoSV(DHFR). These transfected cells were selected
in G418 and cultured in 24-well plates. The viral titer of the
supernatants was assayed whcn the cells became confluent.
The results for the first cloned cells obtained from ampli-
GPE or P2 cclls are summarized in Fig. 2. Nine clones of the
first cloned cells producing viruses at a high titer were
rccloned in 96-well plates. The growing clones were trans-
ferred to 24-wcll plates, and the viral titer of the culture
fluids was assayed. The efficicncy of cloning virus-producing
cclls from A-57 was relatively higher than that of cloning

TABLE 1. Titers of virus-producing cell lines selected from
packaging cells containing the pZipNeoSV(DHFR) vector

Packaging Virus-producing cell line Viral titer
cell line First clone Recloned (105 CFU/ml)

A-57 A-57-57 A-57-57-3 6
A-57-57-6 4
A-57-57-11 7

A-57-61 A-57-61-14 9
A-57-61-17 9
A-57-61-41 7

A-70 A-70-160 A-70-160-5 4
A-70-160-8 11
A-70-160-10 6

T2 T2-7 P2-7-4 0.5
P2-7-12 2
P2-7-15 0.4

P2-13 P2-13-13 2
12-13-29 0.7
T2-13-37 0.9

P2/pZipNeoSV(X)1a 0.4

" Standard viral stock from Yl2/pZipNeosV(X)1 was stored at -80°C.

from other ampli-GPE packaging cell lines. The results for
the second cloned cells are summarized in Fig. 3. We were
able to obtain virus-producing clones at a higher titer from
the packaging cell lines A-57, A-70, and A-82 than from T2
cells.

Selected clones were transferred to 5 ml of DMEM
containing 10% FCS with or without G418 at 250 ,ug/ml in a
50-ml flask (Falcon 3013). After 1 month of culture, 5 x 105
cells of each clone were transferred to 5 ml of DMEM
containing 10% FCS and 250 [tg of G418 per ml in a 50-ml
flask. Viral titers of culture fluids were assayed at days 3 and
4. The maximum titers of the selected clones are shown in
Table 1. The viral titer of each virus-producing cell clone
after 1 month of culture was similar to that of each respective
clone which was transferred before long-term culture and
cultured in a 50-ml flask under the same conditions (data not
shown). Also, the viral titers of clones after 1 month of
culture with or without G418 were approximately equal (data
not shown). The viral titer of virus-producing cells from
ampli-GPE was relatively higher than that of cells from T2.

Viral production by selected packaging cells with a retrovi-
ral vector containing part of the gag-coding gene. A retroviral
vector containing part of the gag sequence, such as N2, has
been reported to be capable of producing virus at a higher
titer than a retroviral vector without a gag sequence (1, 3).
ampli-GPE or T2 cells were transfected with N2, and the
transfectants were isolated. The viral titers of the transfec-
tants are shown in Fig. 4. Clones producing viruses at high
titer were recloned, and the titers of the recloned viral

Packaging Amount Viral titer (cfu/ml)lof clones
cell Idetermined <103 104

A57 30 ITIII0
c 2 18

p 2 b 16

FIG. 4. Titer of virus-producing cells obtained from packaging
cells transfected with N2. Clones from ampli-GPE or T2 cells with
N2 and pSV2-gpt and clones from P2 cells transfected with N2 were
transferred to 24-well plates and then cultured until the cells became
confluent. The viral titers of the culture fluids were then assayed.

FIG. 3. Titers of recloned virus-producing cells obtained from
packaging cells transfected with pZipNeoSV(DHFR). High-titer
viral producers selected as described in the legend to Fig. 2 were
recloned in 96-well plates and then cultured until the cells became
confluent. The viral titers of the culture fluids were then assayed.
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TABLE 2. Titers of virus-producing cell lines recloned from
packaging cells containing the N2 vector

Packaging Virus-producing cell line Viral titer
cell line First clone Recloned (105 CFU/ml)

A-57 57N14 57N14-9 31
57N14-12 17
57N14-28 46
57N14-29 15
57N14-30 11

A-70 70N11 70N11-12 23
70N11-32 8
70N11-41 6

T2 qI2NS19 T2NS19-3 19
P2NS19-6 12
P2NS19-11 17
P2NS19-12 22
P2NS19-13 21
T2NS19-14 18
T2NS19-15 16
P2NS19-16 15
P2NS19-19 19

P2/pZipNeoSV(X)la 0.4

a Standard viral stock from 4l2/pZipNeoSV(X)1 was stored at -800C.

TABLE 3. Expected fragments from pGP-KV or pENV-KV after
digestion with HindIll or BamHl hybridizing with

the gag-pol, env, or BPV probe

Fragment (kbp)

Probea pGP-KV" pENV-KV6

HindIll BamHI HindIII BamHI

gag-pol 4.2 0.3
4.3 2.9

16.3
env 8.8 2.1

13.7
BPV 7.7 16.3 7.7 13.7

a See Fig. 5.
h See Fig. 1.

DNA from A-57. It is not known whether these represent
rearranged plasmids or integrated species. In the Southern
blot patterns of Hirt DNA from A-57, the intensity of some
bands was lower than that of total cellular DNA, but the
intensity of the other bands was the same as that of total
cellular DNA (data not shown). This analysis gave inconclu-

producers are listed in Table 2. Transfectants or recloned
viral producers were assayed as described in the preceding
section. It is clear that the transfectants with N2 produced
more virus than the transfectants with pZipNeoSV(DHFR).
ampli-GPE with N2 had the same titer as T2 cells with N2,
unlike the ampli-GPE containing pZipNeoSV(DHFR).

Analysis of proviral DNA in packaging cells. Total cellular
DNA and Hirt DNA from the selected packaging cells A-57,
A-70, and A-82 were prepared. As controls, DNA from P2
and NIH 3T3 cells was also prepared. This DNA was
digested with HindIII or BamHI and then analyzed by
Southern blotting. 32P-labeled gag-pol, env, and BPV probes
(Fig. 5) were used for hybridization. The sizes of the
expected hybridized bands, if intact copies of pGP-KV and
pENV-KV were present, are indicated in Table 3. As shown
in Fig. 6, bands of the expected size were the main bands in
the ampli-GPE packaging cell lines A-70 and A-82, although
there were other additional hybridizing fragments of various
sizes and low intensity. The Southern blot patterns of Hirt
DNA from A-70 or A-82 showed almost the same patterns as
those of total cellular DNA (data not shown). Other bands
with sizes varying from those of the expected bands were
evident in the hybridization patterns of digested total cellular

cA
up _- * - _ I

!..

1 2 3 4 5 6 7

D

ON.

1 2 3 4 5 6 7

-- 16.3 w.
kbp
g2

MA*- - 2.9

_- _'n kbp

1 2 3 4 5 6 7

,.'_
* 8.8 g
kbp

4.2
kbp

1 2 3 4 5 6 7

e 7.7
kbp

1 2 3 4 5 6 7

13.7
kbp a

I .63kbo
3.7kup

* 3.0
kbp

e 2.1
kbp

1 2 3 4 5 6 7

FIG. 5. Probes for hybridization with DNA from packaging cells.

The gag-pol probe was prepared from pMOVT- by digestion with
XhoI. The env probe was prepared from pENV-KV by digestion
with XhoI. The BPV probe was prepared from the BMGNeo vector
by digestion with ClaI and NotI.

FIG. 6. Detection of pGP-KV and pENV-KV sequence in ampli-
GPE packaging cell lines. Total cellular DNA was digested with a
restriction enzyme, separated on a 0.7% agarose gel, and transferred
to a nitrocellulose filter. The filter was hybridized with a nick-
translated 32P-labeled probe. (A) Total cellular DNAs from three
ampli-GPE clones, P2 cells, and NIH 3T3 cells were digested with
HindIII. The filter was hybridized with the 32P-labeled gag-pol
probe. (B) The same filter as that in panel A was dehybridized and
then hybridized with the 32P-labeled env probe. (C) The same filter
as that in panel A was dehybridized and then hybridized with the
32P-labeled BPV probe. (D) Total cellular DNA from the same
clones as those in panel A was digested with BamHI. The filter was
hybridized with the 32P-labeled gag-pol probe. (F) The same filter as
that in panel D was dehybridized and then hybridized with the
32P-labeled env probe. (G) The same filter as that in panel D was
dehybridized and then hybridized with the 32P-labeled BPV probe.
Lanes: 1, A-82; 2, A-57; 3, A-70; 4, P2 cells; 5, NIH 3T3 cells; 6,
pGP-KV; 7, pENV-KV.

VOL. 66, 1992



3730 TAKAHARA ET AL.

TABLE 4. Generation of RCV from virus-producing cells

Generation of RCV
Packaging Virus-producing Viral titer (CFU/ml)
cell line cells (105 CFU/ml)

Expt i1 Expt 2*

A-57 Mixture of cells
Transfected with:
N2 vectord 0.5 ND' >2
57N10 7 >2 >2
57N14 5 >2 >2
57N14-9 31 >2 >2
57N14-28 46 >2 >2

A-70 Mixture of cells
Transfected with:
N2 vectord 0.2 ND >2
70N11 8 >2 >2
70N15 5 >2 >2
70N11-12 23 >2 >2
70N11-41 6 >2 >2

4I2 Mixture of cells
Transfected with:
N2vectore 4 ND 2 x 105
NS4 9 8 x 104 2 x 104
NS6 1 >2 1 x 104
NS14 2 >2 >2
NS19 8 >2 >2
NS19-16 15 3 x 104 9 X 103

a 3T3 cells were infected with samples, and viral titers of the infected 3T3
cells were assayed after 20 days of culture without G418.

h N2-5 cells were infected with samples, and viral titers of the infected N2-5
cells were assayed after 20 days of culture without G418.
'ND, not determined.
dPackaging cells were transfected with N2 vectors, and the transfected

cells were cultured for 1 month without G418.

sive results as to whether the plasmids in A-57 were in the
episomal or integrated state. Many bands hybridizing with
the gag-pol probe in ampli-GPE were also shown in the
parent NIH 3T3 cells. These bands indicated the existence of
endogenous sequences homologous to thegag-pol sequence.
By comparing the bands from the transfected plasmids with
those of T2 cells (see the 4.2-kbp band in Fig. 6A and the
3.0-kbp band in Fig. 6E), the copy numbers ofgag-pol or env
in A-57, A-70, or A-82 were estimated to be approximately
20 to 50.

Determination of RCV from packaging cells or viral pro-
ducers. We determined the production of RCV from pack-
aging cells A-57, A-70, A-82, and T2 or from transfectants
(pooled clones or isolated clones) producing viruses from
packaging with pZipNeoSV(DHFR) or N2. A 500-,Ol sample
of 4-day-cultured supernatants of packaging cells or virus-
producing cells was applied to NIH 3T3 cells or N2-5 cells in
60-mm plates in the same manner as for the assay of viral
titer. Supernatants of infected NIH 3T3 or N2-5 cells cul-
tured for a short (3 to 8 days) or long (20 to 30 days) period
in medium without G418 were used for secondary infection
of NIH 3T3 cells. The secondarily infected cells were
cultured in medium containing G418 to determine the pro-
duction of virus containing the neomycin resistance gene.
Once RCV had been generated in packaging cells or viral
producers, RCV would be expected to spread and amplify in
long-term cultures of infected NIH 3T3 or N2-5 cells. If the
generated RCV had no functional neomycin resistance gene,
infection of N2-5 by RCV resulted in generation of RCV
containing N2 vector which had the neomycin resistance
gene. The titers of the long-term-cultured supernatants are
listed in Table 4. RCV were not found in any of the culture

fluids of ampli-GPE itself or ampli-GPE with pZipNeoSV(D-
HFR) or N2, nor were they generated from P2 cells or T2
cells with pZipNeoSV(DHFR). However, a mixture of T2
cells transfected with N2 and some isolated clones of T2
cells transfected with N2 produced RCV. The titers of the
long-term-cultured supernatants were about 100- to 1,000-
fold higher than that of each respective short-term cultured
supernatant when RCV existed in them (data not shown).
This suggests that RCV is amplified in the long-term culture.

DISCUSSION

A retroviral gene transfer system consists of two compo-
nents. One component is a retroviral vector made from
proviral DNA. The gag-pol and env genes in proviral DNA
are replaced with the desired gene for transfer, but some
sequences of proviral DNA remain in the vector. The 5'
LTR, the 3' LTR, and the packaging signal which are
essential for this system remain in the vector. Substitution of
the LTR has not yet been successful because the multiple
functional mechanisms of the LTR are not entirely under-
stood. Also, some vectors have a part of the gag sequence
which is reported to increase viral production markedly
because of effective packaging of viral mRNA in viral virions
(1, 3). The second component is a packaging cell producing
viral virions for packaging the retroviral vector. The pack-
aging cell contains proviral DNA for which the packaging
signal has been deleted. These two kinds of proviral DNA
have homologous sequences, the 5' LTR and 3' LTR. Some
vectors also have homology in the gag sequence. Greater
homology results in more frequent recombination. Virus-
producing cells consisting of a vector containing part of the
gag sequence have been reported to generate RCV at high
frequency (5, 33). As in this study, P2 cells containing the
N2 vector produced RCV. To reduce such recombinations,
new types of packaging cells have been reported (5, 12, 32,
33). PA317 was constructed with a proviral gene from which
the 5' LTR was partially deleted and the 3' LTR was
replaced with the simian virus 40 poly(A) site (33). Clone 32
has two separate proviral DNAs, one with the gag-pol gene
and the other with the env gene from which the 5' LTRs have
been replaced with the metallothionein I promoter, leaving
the 3' LTR (5). Clones GP+E (32) and TCRIP and TCRE
(12) were constructed from two separate plasmids, one of
which has only functional gag-pol DNA and the other which
has only functional env DNA. Their 3' LTRs have been
replaced with a simian virus 40 poly(A) additional sequence.
They have a virus-producing ability comparable to that of
P2, PAM, or PA12 cells. Removal of both the 5' LTR and 3'
LTR of the proviral DNA in the packaging cells has not been
reported.
Our strategy to prevent the generation of RCV and for

high viral production is as follows. (i) Remove both the 5'
LTR and 3' LTR to reduce the homology between the
retroviral vector and proviral DNA in the packaging cells.
(ii) Separate the gag-pol unit from the env unit to reduce the
frequency of recombination. (iii) Amplify the gag-pol or env
DNA with the BPV unit to yield a high viral titer. We chose
the BMGNeo vector to fulfill these requirements. Combina-
tion of the metallothionein I promoter with the BPV unit
effectively expressed the inserted gene and amplified it.
Combination of the rabbit ,-globin intron, human 13-globin
sequence, and rabbit ,B-globin polyadenylation site stabilized
the episomal state of the amplified vector gene. High pro-
duction of lymphokines, interleukin-2 (IL-2), IL-3, IL-4, or
IL-5 has been reported with this vector (21). We inserted the
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gag-pol and env genes into the XhoI site of the BMGNeo
vector. BMGNeo vectors made transfectants in which the
gag-pol or env gene was amplified 20 to 50 times in a stable
state. We were able to make virus-producing cells that made
5 x 105 to 1 x 106 CFU/ml using this packaging cell and
pZipNeoSV(DHFR). This high viral production did not
change after 1 month of passage of virus-producing cells.
This stable viral production suggests that the amplified
gag-pol and env genes are stable. ampli-GPE transfected
with the N2 vector was able to produce defective viruses at
5 x 106 CFU/ml without any sign of RCV generation.
Bosselman et al. (5) reported clone 32, a packaging cell line
containing chimeric proviral DNA using the metallothionein
I promoter instead of the 5' LTR, which generated virus-
producing cells with a maximum titer of about 2.6 x 104
CFU/ml. ampli-GPE, in which the 5' LTR and 3' LTR were
substituted, has been able to generate virus-producing cells
at 5 x 106 CFU/ml. Therefore, gene amplification in ampli-
GPE may contribute to the high viral production by ampli-
GPE. However, this effect of gene amplification has not been
clearly observed for viral production with the N2 vector.
One explanation may be that multiple infection of T2 cells
with RCV containing the N2 vector results in multiplication
of the N2 gene in the virus-producing cells, contributing to
the high titer.
The titer of retroviral vectors has been reported to depend

markedly on the assay used (29). As in this report, when the
cells were split 1:10 in selective medium 2 days after
infection, this assay gave about a two- to five-fold-higher
apparent titer than our standard assay (data not shown).
Therefore, although viral titer cannot be exactly compared
with the titer reported, ampli-GPE can give virus-producing
cells with the same titer as other reported safe packaging
cells (12, 32, 33).
Because the neomycin resistance gene is already present

in these packaging cells, cotransfection with another marker
plasmid such as pSV2-gpt must be done for selection of virus
producers with a retrovirus vector containing the neomycin
resistance gene, which is usually used in retroviral vectors
which have no other selection marker. The intricacy in-
volved in producing ampli-GPE is a disadvantage in compar-
ison with other reported packaging cells. However, the
frequency with which high virus producers are obtained is
sufficient for practical use. Also when pMZhyg-1 (41), con-
taining the gene for hygromycin B resistance, has been used,
clones have produced viruses at the same titer as the virus
producer from ampli-GPE transfected with pZipNeoSV(D-
HFR) (data not shown).
To obtain a higher titer with ampli-GPE, we inserted the

DHFR gene into pZipNeoSV(X)1. Amplification of the viral
vector gene by stress with methotrexate (37) would be
expected to provide a higher titer without generation of
RCV. However, we did not try amplification of the viral
vector in this study because we simply intended to clarify the
effect of amplification of the proviral DNA, isolated from the
effect of amplification of the vector gene.
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