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We have constructed hybrid retrovirus packaging cell lines that express the gibbon ape leukemia virus env
and the Moloney murine leukemia virus gag-pol proteins. These cells were used to produce a retrovirus vector
at over 106 CFU/ml, with a host range that included rat, hamster, bovine, cat, dog, monkey, and human cells.
The gag-pol and env expression plasmids were separately transfected to reduce the potential for helper virus
production, which was not observed. The NIH 3T3 mouse cells from which the packaging lines were made are
not infectable by gibbon ape leukemia virus; thus, the generation and spread of possible recombinant viruses
in the packaging cells is greatly reduced. These simian virus-based packaging cells extend the host range of
currently available murine and avian packaging cells and should be useful for efficient gene transfer into higher
mammals.

Retroviral vectors have proven useful in a variety of gene
transfer applications. A key feature of their utility is the
availability of retrovirus packaging cells that allow produc-
tion of retroviral vectors in the absence of helper virus and
thus prevent spread of the vector in infected cells. Retrovi-
rus packaging cells based on ecotropic and amphotropic
murine retroviruses, avian leukosis virus, and spleen necro-
sis virus have been constructed (15). However, not all cell
types can be efficiently infected by using the available
packaging cell lines, and cells from several species of exper-
imental importance, notably bovine and hamster cells, are
not easily infected. The range of cells that are infectable is
determined primarily by the envelope protein of the virus
and the presence of appropriate receptors for this protein on
the surface of infected cells. For example, viruses that infect
human cells can be separated into eight groups based on the
use of different receptors for cell entry (28).
Gibbon ape leukemia virus (GaLV) uses an internalization

receptor that is different from those of the available packag-
ing cell lines. The same receptor is used by simian sarcoma-
associated virus (28), which is apparently a substrain of
GaLV (5), and feline leukemia virus type B (28). The human
receptor for GaLV has recently been cloned and shows a
wide cell type and species distribution (22). Indeed, GaLV
can infect many mammalian species (13), with the notable
exception of mouse cells. We have constructed retrovirus
packaging cells expressing the Moloney murine leukemia
virus (MoMLV) gag-pol proteins and the GaLV env protein
that can produce high-titer retroviral vectors with an ex-
tended host range that includes hamster and bovine cells.

MATERIALS AND METHODS

Cell culture. The cell lines used included NIH 3T3 TK-
mouse fibroblasts (29), Mus dunii tail fibroblasts (4), PA317
amphotropic retrovirus packaging cells (17; ATCC CRL
9078), NRK normal rat kidney cells (6), 208F HPRT-
Fischer rat fibroblasts (25), CHO Chinese hamster ovary
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cells (11), CCC-81 cat cells transformed with Moloney
murine sarcoma virus (7), Cf2Th canine thymus cells (21),
CTAC canine carcinoma cells (12), Vero African green
monkey kidney cells (ATCC CCL 81), HeLa human cervical
carcinoma cells (9), LNSV simian virus 40 (SV40)-trans-
formed HPRT- Lesch-Nyhan skin fibroblasts (2), MDBK
bovine kidney cells (ATCC CCL 22), and primary bovine
aortic endothelial cells (BAEC; Cell Systems Corp., Kirk-
land, Wash.). Cells were grown in Dulbecco modified Eagle
medium with high glucose (4.5 g/liter) supplemented with
10% fetal bovine serum (Hyclone, Logan, Utah) except for
the CHO cells, which were grown in Ham's F12 medium
with 5% fetal bovine serum, and the BAEC, which were
grown in CS complete endothelial cell medium (15% fetal
bovine serum/RPMI formulation; Cell Systems Corp.) with
50 ,ug of heparin-binding growth factor 1/heparin (HBGF-
I/H; Cell Systems Corp.) per ml. Cells were free of myco-
plasma as determined by fluorescence microscopy after
fixation and staining of the cells with the DNA stain Hoechst
33258 (26). The PG13 and PG13/LN c8 cell lines generated in
this study are available from the American Type Culture
Collection (ATCC CRL 10,686 and 10,685, respectively).

Virus production and assay. Virus was harvested from
confluent dishes of cells by replacing the cell culture medium
with fresh medium (4 ml per 6-cm dish or 10 ml per 10-cm
dish) and harvesting the conditioned medium 12 to 24 h later.
The medium was centrifuged at 3,000 x g for 5 min to pellet
cells and debris, and the virus was used immediately or
stored at -70°C. For virus assay, target cells were seeded at
5 x 105 per 60-mm dish on day 1. On day 2, the medium was
changed to medium containing Polybrene (4 ,ug/ml) and
various amounts of test virus were added. The heparin
present in the culture medium used for BAEC inhibited virus
infection, so for infection of BAEC the cells were washed
two times with medium without HBGF-I/H, and the cells
were infected in the presence of recombinant basic fibroblast
growth factor (Imcera Bioproducts Inc., Terre Haute, Ind.)
and 4 ,ug of Polybrene per ml. Heparin is required for activity
of HBGF-I, but is not required for recombinant basic fibro-
blast growth factor activity. On day 3, the cells were
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FIG. 1. Expression constructs for MoMLV gag-pol and GaLV env proteins. The construct used for expression of MoMLV gag and pol
proteins, pLGPS, consists of a 5'-truncated MoMLV long terminal repeat (LTR) promoter (MoMLV bases -351 [Sau3AI] to 214 [Ball])
without the adjacent retroviral packaging signal, the MoMLV gag-pol coding region (MoMLV bases 563 [PstI] to 5873 [ScaI]), MoMLV
sequences from 7676 (Clal) to 7774 (end of the env gene), and the SV40 early polyadenylation signal (SV40 bases 2770 [BclI] to 2533 [BamHI]).
These sequences were all cloned into the BamHI site of a modified version of the poison-sequence-minus pBR322 derivative pML (14) called
pMLCN. pMLCN was made from pML by destroying the single ClaI site in the plasmid and removing the two NaeI fragments from the tet
gene in the plasmid. The construct used for expression of the GaLV env protein, called pMOV-GaLV Seato env, has been previously
described (30). It consists of an MoMLV LTR promoter without the adjacent retroviral packaging signal, the GaLV env coding region isolated
as a 2.8-kb HindIII-PstI fragment from the GaLV Seato genomic clone pGAS 11 (8), and the SV40 late polyadenylation signal, all cloned into
a pBR322 plasmid backbone. The retroviral vector pLN has been described (19). Arrows indicate promoters, pA indicates a polyadenylation
signal, shaded areas indicate coding regions, ALTR indicates the 5'-deleted MoMLV LTR, *- indicates the position of the packaging signal
deletion, neo indicates the neomycin phosphotransferase gene, and (po) indicates a residual portion of the pol gene of GaLV.

trypsinized and seeded at 1:10 to 1:500 dilutions into 6-cm
dishes in medium containing G418 at the following concen-
trations (active): 100 ,ug/ml for BAEC; 500 ,ug/ml for NRK
and CCC-81; 750 ,ug/ml for NIH 3T3 TK-, 208F, CHO,
Vero, CTAC, Cf2Th, MDBK, and M. dunii; and 1,000 ,ug/ml
for HeLa. Colonies were stained and counted on days 8 to
10. Virus titer (CFU per milliliter) was calculated by dividing
the number of colonies by the volume (milliliters) of virus
used for infection and multiplying by the dilution factor used
after trypsinization of the infected cells prior to selection.
For more rapid screening of many samples, the assay was
simplified to plating 105 cells per 6-cm dish, infecting the
next day, and adding G418 directly to the cells 1 day after
infection. This simplified assay indicates a titer about five-
fold lower than that indicated by the standard assay but can
still be used to determine relative titer. Helper virus was
measured by using the S+L- assay as previously described
(18).

RESULTS

Construction of a cell line expressing MoMLV gag and pol
proteins. The MoMLV gag-pol expression construct de-
picted in Fig. 1 was introduced into NIH 3T3 TK- cells by
cotransfection using the herpes simplex virus thymidine
kinase gene as a selectable marker, as previously described
(17). The ratio of selectable marker plasmid to gag-pol
expression plasmid was 1:20 or 1:100. Seventeen TK+
clones were isolated in HAT medium (30 ,uM hypoxathine, 1
p,M amethopterin, 20 p.M thymidine) and analyzed for pro-
duction of reverse transcriptase as a measure of gag-pol
protein production. Although these cells do not make env
proteins, cells that make gag and pol proteins can still
produce defective virions containing reverse transcriptase.
Reverse transcriptase production from six of the best clones
was compared with production in the parental cells (NIH
3T3 TK-), the amphotropic packaging cell line PA317 (17),
and PA317 cells that produce the LNL6 retroviral vector
(PA317/LNL6 c8 [3]; Table 1). Clone 91-22 produced at least
four times more reverse transcriptase than any of the other
clones or the amphotropic packaging cells, and this clone
was used in further experiments.

Addition of the GaLV env expression plasmid. The GaLV
env expression plasmid was introduced into cells expressing
MoMLV gag-pol by cotransfection (17) with either a mutant
methotrexate-resistant dihydrofolate reductase gene (dhfr*)
contained in plasmid pFR400 (27) or a hygromycin phospho-
transferase (hpt) gene contained in plasmid pSV2A13-hyg
(gift from Paul Berg). The ratio of selectable marker plasmid
to env expression plasmid was 1:20 or 1:100. Cell colonies
containing the genes were selected in medium containing 100
nM methotrexate and dialyzed fetal bovine serum or 0.4 mg
of hygromycin per ml, respectively, and were isolated by
using cloning rings. The reason that we generated cell lines
with either marker was so that a GaLV packaging cell line
would be available for use with any dominant marker, i.e.,
would not be restricted by the presence of the same marker
already in the cells. Clone designations all begin with PG
(packaging cells having a GaLV pseudotype), followed by a
number from 1 to 49 for clones transfected with dhfr* or
from 50 to 99 for clones transfected with hpt.
About 20 clones made with each marker were tested for

packaging function by measuring transient virus production
2 days after transfection with the retrovirus vector plasmid
pLN (Fig. 1) as described previously (19). Virus was assayed
by using HeLa cells as targets for infection. The LN vector

TABLE 1. Reverse transcriptase production by cells transfected
with the MoMLV gag-pol expression constructa

gag-pol-transfected Reverse Reversegag-poltnesfectd transcriptase Cell line transcriptase
(cpm) (cpm)

2-2 ............. 1,730 NIH 3T3 TK ....... 19
2-4 ............. 910 PA317 ............. 2,240
2-7 ............. 2,510 PA317/LNL6 c8.... 2,800
91-22 ............. 10,900
91-23 ............. 1,870
92-24 ............. 1,150
Pooled clones ....... 290

a Medium was harvested from confluent cultures of the indicated cells and
assayed for reverse transcriptase as described previously (10), with the
modification that the results were quantitated by scintillation counting.
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TABLE 2. Titer of vector produced by clonal PG13 and PG53
cell lines infected with the LN vector'

PG13 clone Vector titer PG53 clone Vector titerPG13clone ~~~(CFU/ml) PG3coe(CFU/ml)
2 ............ 1 x 105 1 ................ 1x 104
3 ............ 2 x 105 2 ................ 1x 104
4 ............ 2 x 105 3 ................ 5 x 104
5 ............ 1x 105 4 ................ 3 x 104
7 ............ 4 x 105 7 ................ 1x 105
8 ............ 6x105 9 ................ 3x104
9 ............ 2 x 105 10. 1x 105
10............ 1x 105
11 ............ 1x 105
12............ 1x 105

a Virus was harvested from confluent dishes of PG13/LN and PG53/LN
clones and was used to infect HeLa cells plated the day before at 105 per 6-cm
dish. Fresh medium containing G418 was added to the HeLa cells on the day
after infection, and resultant colonies were stained and counted 7 days after
infection.

expresses neomycin phosphotransferase (neo), and selection
was performed in 1 mg of G418 per ml (active). We also
transfected PA317 amphotropic packaging cells in each
experiment as a control. Packaging function in the clones
varied from undetectable to 10 times better than that of the
PA317 cells in the same experiment (data not shown). Of the
clones cotransfected with the dhfr* gene, clone PG13 pro-
duced the highest-titer virus; of the clones cotransfected
with the hpt gene, clone PG53 produced the highest-titer
virus. All of the clones were helper virus free (<1 focus-
forming units per ml) as measured by the S+L- assay.

Vector production by GaLV packaging cells. LN virus
produced by PA317 amphotropic packaging cells was used to
infect PG13 and PG53 cells, and G418' clones were isolated.
Ten PG13 and seven PG53 clones were assayed for produc-
tion of the vector by using HeLa cells as recipients (Table 2).
All clones tested produced virus, and the range of virus titers
for each cell line was fairly narrow, indicating that most cells
in each line have equivalent packaging function. The best
clone was PG13/LN c8, which produced the LN vector at a
titer of 6 x 105 CFU/ml. The PG53 clones produced virus at
5- to 10-fold-lower titer than the PG13 cells, the best pro-
ducing the LN vector at a titer of 105 CFU/ml. All of the
clones were helper virus free (<1 focus-forming units per ml)
as measured by the S+L- assay.

Host range of GaLV packaging cells. Virus produced by
PG13/LN c8 cells was assayed for its ability to infect cells
from a range of mammalian species (Table 3). For compar-
ison, amphotropic virus from PA317/LN cll cells was also
assayed. GaLV pseudotype virus was unable to infect mouse
cells, as expected on the basis of previous work (30).
Occasional colonies were observed on NIH 3T3 cells, but
the rate of infection was 106-fold lower than when we used
amphotropic virus, which infects mouse cells efficiently.
GaLV pseudotype virus was able to infect all of the other
cell types assayed, including rat, hamster, bovine, cat, dog,
monkey, and human cells. Of interest is the ability of GaLV
pseudotype virus to infect bovine and hamster cells, since in
general the murine retroviruses infect these cells poorly if at
all. An exception was the BAEC bovine cell strain, which
was infected equally well with amphotropic or GaLV pseu-
dotype virus. On average, the titers of GaLV and amphotro-
pic viruses were similar, indicating comparable efficiencies
of virus production by PG13 and PA317 packaging cells.
GaLV is similar in host range to murine xenotropic

TABLE 3. Host range of LN vector produced by using GaLV
packaging cells in comparison with amphotropic packaging cells'

Vector titer (CFU/ml)
Target cells

PG13/LN c8b PA317/LN cli"

Mouse (NIH 3T3 TK-) 10 2 x 107
Mouse (M. dunii) <5 4 x 106
Rat (NRK) 4 x 105 3 x 106
Rat (208F) 2 x 105 2 x 106
Hamster (CHO)C 500-105 <5-200
Bovine (MDBK) 5 x 104 <20
Bovine (BAEC) 1 x 105 1 x 105
Cat (CCC-81) 1 x 106 2 x 106
Dog (CTAC) 2 x 106 1 x 106
Dog (Cf2Th) 3 x 106 2 x 106
Monkey (Vero) 1 x 105 2 x 105
Human (HeLa) 2 x 106 7 x 105

1 Target cells were plated the day before infection at 5 x 105 per 6-cm dish
and were split 1:10 to 1:500 into G418 the day after infection, and colonies
were counted after 5 to 7 days in selective medium as described in Materials
and Methods.

b Cell lines used to produce LN virus.
I We found a large variation in the infectability of CHO cells from different

sources. Those that were more infectable with virus from PG13 cells were also
more infectable with virus from PA317 cells.

viruses, which in general do not infect mouse cells but infect
cells from many other mammalian species. However, the
mouse xenotropic virus NZB is capable of infecting cells
from mice of the species M. dunii (Table 4), while GaLV
pseudotype vectors cannot (Table 3). The hybrid amphotro-
pic virus AM-MLV (18), which is composed of the MoMLV
gag-pol and 4070A amphotropic virus env genes, can infect
M. dunii cells (Table 4), showing that the inability of the
GaLV pseudotype virus to infect these cells is due to the
GaLV env protein and not the MoMLV gag-pol proteins
present in the GaLV hybrid virions. In addition, NZB
xenotropic virus is unable to efficiently infect CHO hamster
cells (Table 4). These results show that the host range of
GaLV can be distinguished from that of the NZB xenotropic
virus.

DISCUSSION
We have been able to make packaging cell lines based on

GaLV that can produce retroviral vectors at high titer, >106
CFU/ml. The virions produced are hybrids between the
gag-pol proteins of MoMLV and the env protein of GaLV.
These results support earlier work showing that virions
containing MoMLV gag-pol could be made as efficiently by

TABLE 4. Ability of mouse NZB xenotropic virus to
infect M. dunii cells'

Vector titer (CFU/ml)
Target cells

Amphotropic Xenotropic

NIH 3T3 TK- (mouse) 5 x 107 <50
M. dunii (mouse) 4 x 107 2 x 107
208F (rat) 1 x 107 1 X 107
LNSV (human) 1 x 106 1 x 106
CHO (hamster) ND <5

' Virus was produced by using M. dunii cells containing the neovirus N2 (1)
and either amphotropic (AM-MLV) (18) or xenotropic (NZB) (23) helper
virus. Target cells were plated at 5 x 105, infected the next day, and
trypsinized and seeded into G418 the day after infection. Colonies were
counted after 5 days of selection. ND, Not done.
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using the env gene from GaLV or from MoMLV in a
transient transfection assay (30). Results presented here and
previously (30) show that these hybrid GaLV pseudotype
virions are able to infect rat, hamster, mink, bat, bovine, cat,
dog, monkey, and human cells. Previous experiments using
wild-type GaLV suggest that the hybrid virions should also
infect rabbit cells (13). The host range of the GaLV packag-
ing cells extends the range of cells infectable by helper-free
retroviral vectors to hamster and bovine cells. In particular,
CHO cells have been extensively used for genetic analyses,
and the GaLV packaging line now allows infection of these
cells. The generation of transgenic cows by microinjection of
DNA into zygotes has not been reported, presumably be-
cause of technical difficulties (24), but the development of
GaLV packaging cells may allow infection of bovine em-
bryos as an alternative gene transfer technique.

Ecotropic and amphotropic packaging cells express recep-
tors for the virus produced by these cells and can be infected
by virus of the same pseudotype, albeit at lower frequency
(20). Thus, a retroviral vector can spread at a slow rate in
ecotropic and amphotropic packaging cells. If the vector is
prone to rearrangement, the packaging cell line can harbor
rearranged viruses as well as the original vector, even if the
cells are grown from a single infected clone. In contrast, the
GaLV-based packaging cells that we have constructed were
made in mouse cells that do not express the receptor for
GaLV. Thus, vector spread in the packaging cells should be
very low, and the potential for generation of recombinant
vectors, which often are transmitted with higher efficiency
than the parental vector (16), is much reduced.
We have not detected the production of helper virus in any

of the GaLV packaging cell lines or derivatives containing
retroviral vectors by using the S+L- assay, which measures
rescue of a transforming virus from CCC-81 cat cells by its
ability to induce morphologically transformed foci of NRK
cells. We have shown that both CCC-81 and NRK cells are
infectable by GaLV pseudotype virus (Table 3); thus, the S+
L- assay should be capable of detecting potential helper
virus production. Generation of helper virus would require
three recombination events between the vector and the two
independently transfected expression plasmids for the viral
proteins, which we expect to be a very rare event. In
addition, while there is a region of overlap between the
MoMLV gag-pol and GaLV env expression plasmids in the
pol region (Fig. 1), these sequences are only 59% identical
and thus are probably not good substrates for homologous
recombination. As discussed in the previous paragraph,
virus spread in the GaLV packaging cells is not expected
because of the absence of the GaLV receptor in these cells;
thus, the potential for generating recombinant helper viruses
is also reduced.
One of the reasons for developing packaging cells based

on GaLV was the possibility that virus from such lines would
be better able to infect cells from higher mammals than the
currently available packaging lines based on amphotropic
murine virus, which would be important for developing gene
therapy techniques for humans. For example, while gene
transfer into hematopoietic stem cells of the mouse has been
convincingly demonstrated by using packaging cells based
on murine viruses, the same is not true of higher mammals,
including monkeys and dogs. While we do observe slightly
higher infection efficiencies by using GaLV pseudotype virus
in dog and human cells (Table 3), more experiments are
needed to determine whether GaLV pseudotype virus will
allow better infection of cells from higher mammals that are
difficult to infect, such as hematopoietic stem cells.
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