
JOURNAL OF VIROLOGY, Aug. 1992, p. 5110-5113 Vol. 66, No. 8
0022-538X/92/085110-04$02.00/0
Copyright X) 1992, American Society for Microbiology

Packaging System for Rapid Production of Murine Leukemia
Virus Vectors with Variable Tropism
NATHANIEL R. LANDAUt AND DAN R. LITrMANl.2*

Department ofMicrobiology and Immunology1 and Howard Hughes Medical Institute,2
University of California, San Francisco, California 94143-0414

Received 29 July 1991/Accepted 28 April 1992

A method for rapidly producing helper-free murine leukemia virus (MLV) without using packaging cell lines
is described. Viruses bearing ecotropic or amphotropic MLV or Rous sarcoma virus envelope glycoprotein and
containing various retroviral vector genomes have been prepared with titers 30 to 40-fold higher than those
produced by transient transfection of standard packaging cells. This system can be used to alter the cellular
tropism ofMLV by incorporating other envelope glycoproteins and to prepare retroviral vector stocks without
establishing stable producer cell lines. This method will be particularly useful for preparing viruses that encode
toxic proteins and for the rapid analysis of panels of mutant envelope glycoproteins.

Helper-free stocks of murine leukemia virus (MLV) con-
taining a retroviral vector genome are typically made by
transfecting a packaging cell line that produces the viral
proteins with a retroviral vector plasmid encoding a genome
to be packaged. Because viral titers resulting from transient
transfection are usually low, packaging cells that have stably
integrated the retroviral vector are usually required.
We have modified this approach for making MLV vectors

to a simpler and more rapid method in which virus is
produced in COS-7 cells transiently transfected with simian
virus 40 origin (SV40 oi)-containing expression plasmids.
Cotransfection with packaging vectors encoding MLV struc-
tural proteins and a retroviral vector encoding a packageable
MLV transcript results in production of replication-defective
virions that can be titered by drug selection of infected target
cells. We have used this method to produce relatively high
transient titers of MLV bearing the amphotropic, ecotropic,
or Rous sarcoma virus (RSV) envelope glycoprotein.
Virus production in COS-7 cells. Vectors for expressing

retroviral components in COS-7 cells are shown in Fig. 1.
SV-'--E-MLV, SV-*--A-MLV, and SV-'--env- are de-
rived from Moloney MLV and contain the SV40 on, a
packaging site deletion, and, respectively, ecotropic, am-
photropic, and deleted env genes. The env expression vec-
tors SV-E-MLV-env, SV-A-MLV-env, and SV-RSV-env
encode, respectively, the ecotropic, amphotropic, and RSV
(subgroup A) envelope glycoproteins. In addition, three
retroviral vectors were used to provide a source of package-
able MLV transcript: DOL (7), HSG (4), and pMV7 (6) (not
shown). Each contains MLV long terminal repeats, the Neor
gene, and the packaging sequence, I. HSG, in addition,
contains gag region sequences to increase packaging effi-
ciency (4); only DOL contains the SV40 on (located at the 5'
boundary of the Neor gene).
To produce virus, COS-7 cells (1.2 x 106) were seeded in

10-cm-diameter dishes and transfected the next day with 10
,ug of each plasmid (20 or 30 ,ug, total) by the calcium
phosphate-chloroquine method (13). Supernatants were har-
vested 72 h after transfection, filtered through a 0.45-,unm-
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pore-size filter, and immediately used to infect target cells.
Virus-containing supernatants (0.5, 0.1, and 0.01 ml) were
incubated in a total volume of 0.5 ml with 2.0 x 105 cells in
a six-well culture dish in medium containing 4.0 p,g of
Polybrene per ml. After 2 to 4 h, 0.5 ml of fresh medium was
added. Virus was removed after 12 h, and 2.0 ml of medium
was added to each well. Two days after infection, 1/20 of the
cells were transferred to selection medium (for HOS and
3T3, medium contained 400 ,ug of G418 per ml; for QT6 cells,
medium contained 300 ,ug of G418 per ml). Cells were fed
every 3 days, and after 10 to 12 days, colonies were stained.
Colonies in the well containing the greatest number of
discrete colonies were counted, normalized to 1.0 ml of
virus, and multiplied by 5 to account for the 1:20 split and the
approximately fourfold increase in cell number between the
times of infection and selection.

Cotransfection with SV-T--E-MLV and DOL yielded
high-titer virus that was dependent on the presence of the
packaging vector and the SV40 on of the retroviral vector
(cotransfection with HSG or pMV7, neither of which has the
SV40 on, yielded an approximately 100- or 25-fold-lower
viral titer, respectively; Table 1). Cotransfection of COS-7
cells with SV-T--A-MLV and DOL yielded virus of slightly
lower titer than that produced with SV-T--E-MLV. This
result is probably not due to different levels of envelope
glycoprotein synthesis, since the two molecules showed
similar intensities on immunoblots (8). In five additional
experiments, COS-produced virus titers averaged 0.9 x
105/ml and ranged from 3 x 104 to 14 x 104/ml.
T-2 packaging cells transfected with DOL produced virus

with transient virus titers about 40-fold lower than those of
COS-7 cells transfected with SV-'I--E-MLV and DOL
(Table 1). In a comparative experiment, virus titers were
somewhat lower, but the ratio of COS- to t-2-produced
virus remained high (200:1; data not shown). This difference
is not due solely to the level of virus produced, since there
was only about twofold more reverse transcriptase activity
recovered in COS cell supernatants than in T-2 cell super-
natants. This infectivity difference is probably due, in large
part, to limiting amounts of packageable retroviral transcript
in transiently transfected T-2 cells. It may also be due, in
part, to the presence in 'I-2 cells of endogenous MLV
proviruses whose transcripts could compete with those of
the retroviral vector for encapsidation. Virus produced by
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TABLE 1. Comparison of titers of MLV produced in transient
transfections of COS-7 cells and 'P-2 packaging cells

Selectable Producer Titer RT1Helper plasmid genome cells (103/ml)a (U/ml)

SV-P--E-MLV -c COS-7 0.0 27.0
DOL COS-7 134.0 27.0
HSG COS-7 1.4 12.0
pMV7 COS-7 4.7 NV

SV-T--A-MLV DOL COS-7 88.0 NT
SV-P--env--MLV DOL COS-7 23.2 NT
+ SV-E-MLV-env

None - -2 0.0 13.2
DOL P-2 3.3 18.2
HSG T-2 8.0 17.9

a G418-resistant 3T3 cell colonies.
b Reverse transcriptase activity (RT) was assayed as previously described

(3). Purified MLV reverse transcriptase (Pharmacia, Piscataway, N.J.) was
used as a standard and resulted in approximately 200,000 cpm for 4.0 U of
input enzyme, with a background of approximately 500 cpm.

c _, none used.
d NT, not tested.
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FIG. 1. Expression vectors for producing MLV in COS-7 cells.

The MLV proviral structure is shown at the top of panel A.
Structures of the vectors for expression of RSV envelope glycopro-
tein, SV-RSV-env, and of amphotropic (ampho) and ecotropic (eco)
MLV envelope glycoprotein, SV-A-MLV-env and SV-E-MLV-env,
are shown in panel B. SV-q--E-MLV consists of W--Moloney
MLV (9) and the SV40 ori and enhancer from the vector pSV7d (12).
SV-W--A-MLV is similar to SV-'--E-MLV except that it contains
the env gene of the 4070a amphotropic strain of MLV at positions
5401 to 7846 (5). SV-4I--env--MLV is similar to the two vectors
named above but carries a deletion of the env gene from positions
6076 to 7195. SV-E-MLV-env and SV-A-MLV-env contain the
Moloney MLV ecotropic and 4070a amphotropic env genes and
have been described previously (8). SV-RSV-env contains the Sacl
fragment (positions 225 to 6865) of an env cDNA derived from the
RSV Prague A strain provirus pJD100 (la). LTR, long terminal
repeat.

murine packaging cells has been shown to include a large
proportion of particles containing an endogenous MCF-like
RNA transcript (11) that is incorporated into particles at
about the same level and transferred by infection at about
the same frequency as is the transferred retroviral vector
genome. Because COS-7 cells are of simian origin, they lack
endogenous MLV sequences. Although the efficiency of
packaging of simian endogenous virus transcripts into mu-
rine virions is unknown, it has been shown that reticuloen-
dotheliosis virus particles package heterologous MLV tran-
scripts inefficiently in the presence of the homologous
transcript (2).
Absence of detectable wild-type MLV formed by recombi-

nation of input plasmids. The plasmids described here do not

themselves encode replication-competent virus. However,
recombination between input plasmids during transfection or

during reverse transcription of copackaged retroviral and
packaging vector RNA could generate a replication-compe-
tent genome. To test for the presence of low levels of such
virus, ecotropic virus (105 PFU/ml) was prepared by using
SV-P-E-MLV and DOL. This virus (0.5 ml) was applied to
3T3 cells, which were then passaged for 16 days to allow for
spread of wild-type virus that might be present. Supernatant
from these cells showed background reverse transcriptase
levels (<0.1 U/ml, similar to the value for uninfected control
cells), while cells that had been infected on the same day
with a small amount (approximately 100 infectious units) of
replication-competent MLV showed readily detectable virus
(38.4 U/ml).
To test more sensitively for replication-competent virus, a

marker rescue assay was used. A cloned 3T3 cell line
harboring an MLV provirus with a Neor-selectable marker
was infected with 1 ml of virus-containing supernatants.
After 4 days, supernatants from these cells were used to
infect 3T3 cells, and drug-resistant colonies were counted 9
days later. Again, no replication-competent virus was de-
tected in COS cell-derived supernatants, while control rep-
lication-competent MLV (approximately 100 tissue culture
infectious units) resulted in 2,400 Neor colonies per ml.
Therefore, this stock, although probably contaminated with
a small amount of recombinant virus, contained less than
one wild-type virion per 0.5 x 105 CFU.
For experiments in which it is desirable to even further

reduce the likelihood of recombination, virus can be pre-
pared by cotransfecting cells with the Env- packaging
vector, SV-P--env--MLV, and one of the envelope expres-
sion vectors (Table 1, SV-E-MLV-env, SV-t--env--MLV,
and DOL). Although the titer of virus produced by this
means is slightly reduced, an additional recombination step
is required to form a replication-competent genome.

Pseudotype production. To determine whether this system
could be used to produce pseudotyped MLV, COS-7 cells
were transfected with SV-T--E-MLV and DOL alone or

together with SV-A-MLV-env or SV-RSV-env. Virus pro-
duced by transfecting with SV-T--E-MLV and DOL alone
contained only the ecotropic MLV envelope glycoprotein
and did not infect QT6 or HOS cells (Table 2). In contrast,
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TABLE 2. Production of MLV pseudotyped by RSV envelope
glycoprotein, using Env- and Env' packaging vectorsa

Titer (103
env vector Packaging vector colonies/ml)

QT6 HOS

None SV-'I--E-MLV 0.0 0.0
SV-A-MLV-env SV-T--E-MLV 0.0 111.0
SV-RSV-env SV-'--E-MLV 6.1 0.0
None SV-W--env--MLV 0.0 0.0
SV-A-MLV-env SV-T--env--MLV 0.0 40.0
SV-RSV-env SV-P--env--MLV 4.2 0.0

a COS-7 cells were transfected with or without 10 pLg of envelope vector and
with 10 pg each of packaging vector and DOL, encoding the selectable
retroviral vector RNA.

virus produced by transfection with SV-T--E-MLV, DOL,
and SV-A-MLV-env infected HOS but not QT6 cells, and
that produced by transfection with SV-T--E-MLV, DOL,
and pSV-RSV-env infected QT6 but not HOS cells. This
result suggested that the transfected COS-7 cells had re-
leased MLV pseudotypes containing the RSV envelope
glycoprotein. The relatively low titer of the MLV(RSV)
pseudotype virus (about 101/ml) is due at least in part to the
relatively low cloning efficiency of QT6 cells and to the low
level of avian leukosis virus receptor expression on these
cells (1).
As is the case for pseudotypes produced by coinfecting

cells with MLV and RSV (14), the envelope of the viruses
studied here probably contains both RSV and MLV enve-
lope glycoproteins. To test whether MLV pseudotypes with
a pure RSV envelope glycoprotein could be produced, virus
was prepared by using SV-4--env--MLV and DOL and
either SV-RSV-env or SV-A-MLV-env. Viral titers and cell
tropism of viruses containing the RSV or A-MLV envelope
glycoprotein were similar when formed either in the pres-
ence or in the absence of packaging vector-encoded ecotro-
pic MLV envelope glycoprotein (Table 2). Pseudotype virus,
therefore, forms with similar efficiency in the presence or
absence of the E-MLV envelope glycoprotein; MLV enve-
lope glycoprotein neither competes with the RSV envelope
glycoprotein for binding sites on the MLV core particle nor
is required for incorporation of the RSV envelope glycopro-
tein into the envelope. This result is analogous to what we
observed previously in formation of human immunodefi-
ciency virus (human T-cell leukemia virus) pseudotypes (8).

Efficiency of envelope glycoprotein incorporation. To deter-
mine the efficiency of RSV envelope glycoprotein incorpo-
ration relative to that of the MLV glycoprotein, the protein
composition of viruses containing either the RSV or MLV
envelope glycoprotein was examined by immunoprecipita-
tion and sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis analysis of [35S]methionine-labeled virions.
Densitometry of the autoradiogram of this gel showed a ratio
of gag to env of 3.5 for MLV particles and 13.1 for
MLV(RSV) (Fig. 2, lanes 2 and 3). Since RSV gp85enV
contains one methionine residue, compared with two in
gp7oenV, MLV(RSV) contains about half as much envelope
glycoprotein as does MLV bearing the E-MLV envelope
glycoprotein. These results suggest that the RSV envelope
glycoprotein was incorporated efficiently into MLV core
particles. Moreover, the incorporation of gp85env is unlikely
to be due to random inclusion of membrane proteins, since in
control experiments, the membrane glycoproteins CD4 and
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FIG. 2. Comparison of envelope glycoprotein levels on E-MLV
and MLV(RSV) virions. COS-7 cells were transfected and 2 days
later incubated with [35S]methionine (100 pLCi/ml in methionine-free
Dulbecco modified Eagle medium with dialyzed 10% fetal calf
serum) for 8 h. Supernatants were harvested and clarified by
low-speed centrifugation at 400 x g, and virions were then pelleted
by centrifugation for 1 h in an SW27 rotor at 24,000 rpm. Pelleted
virions were dissolved in 100 ,ul of RIPA buffer (1.0% Nonidet P-40,
1.0% deoxycholate, 1.0% SDS, 10 mM Tris [pH 8.0], 1.0 mM
EDTA, 0.15 M NaCl). Solubilized virions from the supernatants of
cells transfected with SV-'--E-MLV (lane 1) or SV-'I--env--MLV
and SV-RSV-env (lanes 2 and 3) were immunoprecipitated with
anti-MLV (lanes 1 and 2) or anti-RSV (lane 3). Immunoprecipitates
were separated by SDS-polyacrylamide gel electrophoresis and
exposed to X-ray film. Arrows on the left indicate MLV envelope
glycoproteins gp7O and pl5E; arrows on the right indicate RSV
envelope glycoproteins gp85 and gp37. The major band in lanes 1
and 2 represents MLV p309a9. Sizes are given in kilodaltons.

CD8 failed to be incorporated into MLV particles (data not
shown).
The method described here should prove advantageous for

several applications. It saves time by obviating the need for
stable retroviral vector-producing cell lines, since the titers
of transient virus are adequate for most applications; it
permits production of MLV pseudotypes containing an
envelope glycoprotein of interest; and it reduces the problem
of low titers associated with retroviral vectors that encode a
toxic protein. Recently, this approach was successfully used
to produce high-titer retroviruses containing the abl onco-
gene, whose product is toxic to cells (10).

We thank Lung Chang for the RSV env cDNA, Mark Levis for
construction of the Env- MLV provirus, Michael Glotzer for
densitometry, Heidi Stuhlmann for the 3T3 cell line used for marker
rescue, and Paul Bates, John Young, Michael Lochrie, and Harold
Varmus for helpful discussion.

This work was supported by a grant from the Cancer Research
Institute/Carolyn Spitzer Memorial Fund to N.R.L. and by grants
from NIH and the Howard Hughes Medical Institute to D.R.L.

REFERENCES
1. Bates, P. Personal communication.
la.Chang, L., and C. M. Stoltzfus. 1985. Gene expression from

both intronless and intron-containing Rous sarcoma virus clones
is specifically inhibited by anti-sense RNA. Mol. Cell. Biol.
5:2341-2347.

2. Embretson, J. E., and H. M. Temin. 1987. Lack of competition
results in efficient packaging of heterologous murine retroviral
RNAs and reticuloendotheliosis virus encapsidation-minus
RNAs by the reticuloendotheliosis virus helper cell line. J.
Virol. 61:2675-2683.

3. Goff, S., P. Traktman, and D. Baltimore. 1981. Isolation and
properties of Moloney murine leukemia virus mutants: use of a



VOL. 66, 1992 NOTES 5113

rapid assay for release of virion reverse transcriptase. J. Virol.
38:239-248.

4. Guild, G. C., M. H. Finer, D. E. Housman, and R. C. Mulligan.
1988. Development of retrovirus vectors useful for expressing
genes in cultured murine embryonal cells and hematopoietic
cells in vivo. J. Virol. 62:3795-3801.

5. Hartley, J. W., and W. P. Rowe. 1976. Naturally occurring
murine leukemia viruses in wild mice: characterization of a new
amphotropic class. J. Virol. 19:19-25.

6. Kirschmeier, P. T., G. M. Housey, M. D. Johnson, A. S. Perkins,
and I. B. Weinstein. 1988. Construction and characterization of
a retroviral vector demonstrating efficient expression of cloned
cDNA sequences. DNA 7:219-225.

7. Korman, A. J., J. D. Frantz, and J. L. Strominger. 1987.
Expression of human class II major histocompatability complex
antigens using retroviral vectors. Proc. Natl. Acad. Sci. USA
84:2150-2154.

8. Landau, N. R., K. A. Page, and D. R. Littman. 1991. Pseudo-
typing with human T-cell leukemia virus type I broadens the
human immunodeficiency virus host range. J. Virol. 65:162-169.

9. Mann, R, R C. Mulligan, and D. Baltimore. 1983. Construction
of a retrovirus packaging mutant and its use to produce helper-

free defective retrovirus. Cell 33:153-159.
10. Muller, A. J., J. C. Young, A. M. Pendergast, M. Pondel, N. R.

Landau, D. R. Littman, and 0. N. Witte. 1991. BCR first exon
sequences specifically activate the BCR/Abl tryosine kinase
oncogene of Philadelphia chromosome positive human leuke-
mias. Mol. Cell. Biol. 11:1785-1792.

11. Scadden, D. T., B. Fuller, and J. M. Cunningham. 1990. Human
cells infected with retrovirus vectors acquire an endogenous
murine provirus. J. Virol. 64:424-427.

12. Stuve, L. L., S. Brown-Shimer, C. Pachl, R. Nijarian, D. Dina,
and R. L. Burke. 1987. Structure and expression of the herpes
simplex virus type 2 glycoprotein gB gene. J. Virol. 61:326-331.

13. Turner, J. M., M. H. Brodsky, B. A. Irving, S. D. Levin, R. M.
Perlmutter, and D. R. Littman. 1990. Interaction of the unique
N-terminal region of the tyrosine kinase p561ck with cytoplasmic
domains of CD4 and CD8 is mediated by cysteine motifs. Cell
60:755-765.

14. Weiss, RI 1984. Experimental biology and assay of RNA tumor
viruses, p. 209-260. In R. Weiss, N. Teich, H. Varmus, and J.
Coffin (ed.), RNA tumor viruses 1. Cold Spring Harbor Labo-
ratory, Cold Spring Harbor, N.Y.


