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We prepared retrovirus packaging cell lines containing gag-pol genes from spleen necrosis virus (expressed
from a cytomegalovirus promoter and the simian virus 40 (SV40) polyadenylation sequences) and, on a
separate vector, either the env gene from spleen necrosis virus (expressed from the Rous sarcoma virus
promoter and the SV40 polyadenylation sequences) or the env gene from amphotropic murine leukemia virus
(expressed from a cytomegalovirus promoter and the SV40 polyadenylation sequences). The nucleotide
sequences in these packaging cell lines have almost no homology to the retrovirus vectors we used. Retrovirus
vectors were produced from these new helper cell lines without any genetic interactions between the vectors and
sequences in the helper cells and without transfer of the packaging sequences.

Retrovirus vectors have been widely used (for reviews,
see references 4 and 20). Most of these vectors are replica-
tion defective as a result of the deletion of virus coding
sequences. Helper or packaging cell lines were developed
for the propagation of replication-defective retrovirus vec-
tors in the absence of helper viruses. Many studies with
these helper cell lines have been reported. but problems like
recombination of the vector with sequences in the helper cell
to form replication-competent retroviruses, passage of pack-
aging genomes with the vector, and unwanted changes of
vector sequences during transfection have occurred (1, 10,
15, 16; this paper).

In our original reticuloendotheliosis virus (Rev) helper
cells (C3 cells), we expressed the Rev gag-pol and env genes
from different deleted proviruses to prevent some of these
problems (22). (C3 helper cells contain spleen necrosis virus
[SNV] DNAs deleted from 0.68 to 0.98 kilobase pairs [kbp]
and from 0.54 to 5.9 kbp [22]. The SNV encapsidation
sequences are between 0.68 and 0.86 kbp (6, 22].) However,
this procedure was not sufficient to prevent the occurrence
of some recombination, transfer of packaging sequences,
and other unwanted genetic changes (10: this paper: unpub-
lished data). Therefore, we constructed new helper cell lines
with the gag-pol and the ¢nv genes expressed from two
separate expression vectors with almost no nucleotide se-
quence homology to the vector sequences. Recently, others
modified one of the long terminal repeats (LTRs), separated
the two gag-pol and env genes for the same purpose. or both
(1, 15, 26). However, gene conversion of vector sequences
could still occur with such helper cells.

Unwanted genetic changes in C3 helper cells. JD220SVHy
is a retrovirus vector with a U3 deletion in the right-hand
LTR region except for 14 base pairs 5’ of the Sacl site
required for integration (2) (Fig. 1). It should be noted that
these 14 base pairs from the U3 region remaining in the 3’
LTR are deleted in the 5' LTR of JD220SVHy to prevent
homologous recombination between different vector mole-
cules to regenerate a wild-type 3’ U3 region. Upon infection
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of sensitive cells, JD220SVHy forms a provirus with both
LTRs having deleted U3 regions (2. 3). Thus, an infected cell
should not contain any viral transcripts initiating from the
virus LTR. and no virus can be produced.

However, some C3 helper cells infected with virus from
C3 cells transfected with pJD220SVHy released infectious
vector virus (R. Dornburg. personal communication). For
example. in experiment 1, C3 cells were transfected with
pJD220SVHy (designated step 1 cells) and produced virus of
4 x 10° CFU/ml at 3 weeks postinfection when assayed on
D17 cells (8. 11, 12, 21). (Virus harvested from helper cells
was clarified by centrifugation followed by immediate use.
We have found that vector virus produced from helper cells
is quite unstable relative to wild-type virus [unpublished
data].) The virus from the step 1 pJD220SVHy-transfected
C3 cells was used to infect fresh C3 helper cells. (These
infected cells are designated step 2 cells.) The titer was
reduced by a factor of 100 as a result of the expression of the
SNV e¢nv gene in the C3 cells. Supernatant media were
collected from the step 2 cells and were used to infect fresh
D17 cells which were selected for hygromycin resistance.
About 50 CFU of vector virus per ml were produced from
mass cultures of the step 2 C3 cells 1 week after infection,
and 10 CFU/ml were produced 2 weeks after infection.
These results indicated that a functional U3 region in the
vector LTR had been restored in the C3 cells: otherwise it
would not have been possible to pass virus from the step 2
C3 cells. In addition, when the D17 cells infected with vector
virus from the step 2 C3 cells were superinfected with
replication-competent Rev strain A. transforming vector
virus of 10° CFU/ml was recovered (data not shown). This
result provides further evidence for the restoration of a
functional U3 region of the LTR in the JD220SVHy vector in
the C3 cells.

To prevent homologous genetic interactions between the
viral sequences in the helper cells and the vector. we made
helper cells with almost no nucleotide sequences homolo-
gous to those in our vectors.

Plasmid constructions. pJDCMV19SV (Fig. 1) was con-
structed in two steps. First. the Hindlll fragment containing
the cytomegalovirus immediate-carly gene promoter isolated
from pCATwL760 (19) was inserted into the Hindlll site of
pUC19, creating pJDCMV19. Second. the BamHI-Hindlll
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FIG. 1. Structure of constructs. A genome of SNV is presented
with the restriction enzyme cleavage sites used indicated. The open
bars directly underneath represent the sequences in the indicated
vectors. (The LTRs of pJD220SVHy do not contain Sacl sites; there
is a Ball site only in the 5' LTR.) The dark stippled boxes beside
pJDCMVI19SV, pBR1, and pJDI1 represent the CMV immediate-
early gene promoter; closed boxes represent the SV40 late-gene
polyadenylation signal; the dark stippled box marked RSV repre-
sents the RSV LTR; open boxes represent the SNV LTR; the
inverted triangle indicates a deletion of the U3 region of the SNV
LTR into which a Xhol linker was inserted; the light stippled boxes
marked MLV represent the murine leukemia-sarcoma virus LTR of
AFVXM (13); the closed bars represent the SV40 late promoter; the
hatched bars marked hvgro represent the hygromycin resistance
gene; gag, pol, and env refer to the genes of SNV ampho-¢nv refers
to the envelope gene of amphotropic MLV 4070A: 220 refers to the
sequences of SNV in pJD220SVHy. Sc, Sacl: Bl, Ball: K, Kpnl.
Ba, BumHI: Sa, Sall; H3, Hindl11; Bg, Bglll; Av. Avrll: Sp. Sphl:
Ps, Pstl; Xb, Xbal.

fragment isolated from pSVL-141/+79 (24) containing the
simian virus 40 (SV40) late polyadenylation signal was
inserted by blunt-ended ligation into the Smal site of
pJDCMV19, resulting in pJ]DCMV19SV.

Three steps were required to make pBR1, which expresses
the gag-pol gene of SNV by using the cytomegalovirus
immediate-early promoter and the SV40 polyadenylation
sequences. (i) The 3" Kpnl-Bglll fragment from SNV (DNA
coordinates 3.5 to 6.629 kbp [25]) was substituted for the
Kpnl-Bglll fragment of pUC19, making pBRS. (ii) The 5’
Kpnl fragment from SNV (DNA coordinates 0.676 to 3.5
kbp) was inserted into the Kpnul site of pBRS, resulting in
pBRSNV. (iii) The Sall fragment from pBRSNV containing

J. VIrOL.

TABLE 1. Virus production by DSN and DAN helper cells

Titer (CFU/ml) on indicated cells

Helper cell Vector
D17 Rat-1” T:,l;l
DSN JD214Hy 7 x 10° 3 x 104 10
AFVXMSVHy 4 x 10* 3 x 10* 0
DAN JD214Hy 4 x 10* 5 x 107 50
AFVXMSVHy 1 x 10° 8 x 10° 4 x 10°

“ The indicated helper cells were infected with helper-free vector virus from
DSN cells transtected with the indicated vector DNA. and clones were
picked. Vector virus production was assayed 10 weeks after infection.

” The titers for Rat-1 cells were from a separate experiment and are
normalized to the relative titers on D17 cells.

the SNV gag-pol gene was cloned into the Sall site of
pJDCMV19SV, creating pBR1.

pPR102 expresses the env gene of SNV by using the Rous
sarcoma virus (RSV) long terminal repeat and the SV40
polyadenylation sequences. It was constructed by replacing
the HindllI-Hpal fragment of pRSVCAT (9) with the
Hindlll-Sacl fragment of SNV (DNA coordinates 5.653 to
7.747 kbp [22]) by blunt-ended ligation.

pJD1 expresses the env gene from amphotropic murine
leukemia virus (MLV) strain 4070A by using the cytomega-
lovirus immediate-early promoter and the SV40 polyadeny-
lation sequences. It was made by inserting the Sal/l fragment
from pTranspapp (17) containing the ¢nv gene from ampho-
tropic MLV 4070A into the Sall site of pJDCMV19SV.

Other vectors have been described (2, 3, 5-7, 18).

Virus production by DSN and DAN cells. D17 cells were
transfected with the gag-pol and env expression vectors
(Fig. 1) along with SV2neo and were selected with G418. The
resulting colonies were grown and were screened for helper
cell activity. Clones transfected with pBR1, pPR102, and
SV2neo and containing gag-pol and env genes from SNV
were obtained and were designated DSN cells. Clones
transfected with pBR1, pJD1, and SV2neo and containing
gag-pol genes from SNV and the ¢nv gene from amphotropic
MLV were obtained and were designated DAN cells.

The DSN and DAN cells were transfected with pJD214Hy
and pAFVXMSVHYy (Fig. 1), and hygromycin-resistant cells
were selected. Virus harvested from these cells was assayed
on D17, Rat-1, and NIH 3T3 cells (Table 1). Virus produc-
tion by the DSN cells was similar to that of previously
described Rev helper cells (5-7). JD214Hy was produced at
a higher titer than AFVXMSVHy: the titers of both vectors
on rat cells was almost as high as on dog cells: there was
almost no infection of mouse cells.

Vector virus was produced by the DAN cells but at a
lower titer than by the DSN cells. Again, JD214Hy was
produced at a higher titer than AFVXMSVHy, and the titers
of both viruses on rat cells were only slightly lower than
those of viruses on dog cells. Both vector viruses infected
mouse cells; the titer of the MLV-based AFVXMSVHy was
higher than that of the Rev-based JD214Hy. This result is
expected based on those previously reported (7). which
showed that transcription from LTRs of Rev-based vectors
is suppressed in mouse cells.

Tests for formation of replication-competent virus and for
restoration of deleted U3 sequences. DSN cells were trans-
fected with pJD214Hy and were selected for hygromycin
resistance. The resulting hygromycin-resistant cells were
passaged. At 21 and 35 days after transfection, virus was
harvested from confluent DSN cells and was used to infect
D17 cells. On day 5 after infection of these D17 cells,
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supernatant media were assayed for DNA polymerase activ-
ity: none was found (data not shown). The supernatant
media were also used to inoculate fresh D17 cells and
chicken embryo fibroblasts. The fresh D17 cells were se-
lected for hygromycin resistance. No resistant colonies were
found (data not shown). The media from the inoculated
chicken embryo fibroblasts were, 5 days after inoculation,
assayed for release of sedimentable DNA polymerase activ-
ity. No DNA polymerase activity was found (data not
shown).

These results indicated that replication-competent virus
was not produced by the DSN cells after transfection with
pJD214Hy and passage of the transfected DSN cells and that
the packaging sequences were not transferred to infected
D17 cells. If replication-competent virus had been produced.
the infected D17 cells would have produced virus which
could infect chicken embryo fibroblasts, would have been
detectable in a reverse transcriptase assay, and would have
transferred the JD214Hy genome to fresh D17 cells.

In another test for the transfer of the packaging sequences
or formation of replication-competent virus, supernatant
medium from DSN cells transfected with pJD214Hy and
passaged for 53 days was plated on G418-resistant D17 cells
transfected with an SNV neomycin-resistant vector, and
hygromycin-resistant colonies were selected. (The titer of
virus was 10° CFU/ml.) On day 11 after infection, superna-
tant medium from a confluent plate of hygromycin- and
G418-resistant cells was used to inoculate fresh D17 cells
and these cells were selected for G418 resistance. No
G418-resistant colonies were found (data not shown). In
addition, DSN and DAN cells transfected with pJD214Hy
were grown together for 30 days, and supernatant medium
was used to inoculate D17 cells, which were tested for DNA
polymerase activity. None was found (data not shown).

In addition, experiments with pJD220SVHy like that de-
scribed above (experiment 1) were performed with the DSN
and DAN helper cells. DSN and DAN cells were transfected
with pJD220SVHy. Virus was harvested and assayed on
fresh DSN cells, resulting in two sets of step 2 DSN
hygromycin-resistant colonies. At 3 weeks postinfection,
supernatant media from these colonies were assayed on
fresh D17 cells, and the cells were selected for hygromycin
resistance (experiment 2). No transforming virus was found.
In parallel, DSN cells were transfected with pJD220SVHy.
and the supernatant medium was used to infect D17 cells. A
total of 10° CFU/ml were recovered.

In a repeat experiment, a small amount of transforming
virus was found after transfection of DSN cells with
pJD220SVHy followed by infection of DSN cells. However.
the amount of transforming virus was much smaller than that
found after transfection of C3 cells followed by infection of
C3 cells (experiment 1: titers from DSN cells were 1, 10. and
150 CFU/ml at 1, 2, and 3 weeks postinfection, respectively).
The transforming virus from the step 2 DSN cells could be
the result of nonhomologous recombination of the plasmid
DNAs during transfection. To test this hypothesis, DNAs
from four D17 clones infected with virus from DSN step 2
cells were analyzed with Xhol, Ball, and Sacl digestion and
Southern blot hybridization. X/ol is present in the 3' LTR of
pJD220SVHy but not in a wild-type LTR: Ball and Sacl are
present in a wild-type LTR, but Sacl is not in either LTR of
pJD220SVHy and Ball is not present in the 3° LTR of
pJD220SVHy. In all four cases, the X/iol and Ball sites were
present in both LTRs, and the Sacl site was not present in
the LTRs (data not shown). Thus, the transforming virus
appeared as a result of some nonhomologous process.
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Conclusions. We have described Rev helper cells allowing
propagation of Rev and MLV vectors without any homolo-
gous genetic exchanges (recombination or gene conversion)
between the vectors and sequences in the helper cells. In
addition, the separation of the gug-pol and env genes on
different expression vectors allowed formation of chimeric
virions. Here we report the successful formation of virions
with Gag and Pol proteins from SNV and Env proteins from
amphotropic MLV. (Others had previously reported MLV-
avian leukosis virus pseudotypes [14, 23].) In separate
experiments with other helper cells constructed in an anal-
ogous manner, we have successfully formed chimeric virions
with Gag and Pol proteins from SNV or MLV and Env
proteins from bovine leukemia virus (J. Ban, N. First, and
H. M. Temin, J. Gen. Virol.. in press).

The occasional occurrence of transforming virus after
transfection of DSN cells by pJD220SVHy indicates that
even with these new helper cells with almost no nucleotide
sequer.ce homology to vector sequences unwanted genetic
events can occur. Thus, it is necessary to clone the trans-
fected helper cells or modify the vectors even more to
prevent any unwanted genetic changes.

We thank Ralph Dornburg for useful comments on the manu-
script.
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