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Packaging cell lines are important tools for transferring genes into eukaryotic cells. Human immunodefi-
ciency virus type 1 (HIV-1)-based packaging cell lines are difficult to obtain, in part owing to the problem that
some HIV-1 proteins are cytotoxic in a variety of cells. To overcome this, we have developed an HIV-1-based
packaging cell line which has an inducible expression system. The tetracycline-inducible expression system was
utilized to control the expression of the Rev regulatory protein, which in turn controls the expression of the late
proteins including Gag, Pol, and Env. Western blotting (immunoblotting) demonstrated that the expression of
p24°“¢ and gp120°*" from the packaging cells peaked on days 6 and 7 postinduction. Reverse transcriptase
activity could be detected by day 4 after induction and also peaked on days 6 and 7. Defective vector virus could
be propagated, yielding titers as high as 7 X 10*> CFU/ml, while replication-competent virus was not detectable
at any time. Thus, the cell line should enable the transfer of specific genes into CD4™ cells and should be a
useful tool for studying the biology of HIV-1. We have also established an inducible HIV-1 Env-expressing cell
line which could be used to propagate HIV-1 vectors that require only Env in frans. The env-minus vector virus
titer produced from the Env-expressing cells reached 2 x 10* CFU/ml. The inducible HIV-1 Env-expressing cell
line should be a useful tool for the study of HIV-1 Env as well.

Retroviral vectors and packaging cells have become impor-
tant tools for gene transfer into eukaryotic cells. Replication-
defective retroviral vectors contain the cis-acting sequences
required for efficient virus replication, whereas packaging cell
lines provide viral proteins required in trans for virus replica-
tion. Introduction of a retroviral vector into a suitable pack-
aging cell enables the propagation of vector virus in the ab-
sence of replication-competent virus. Retrovirus packaging
cells based on ecotropic and amphotropic murine leukemia
virus (28, 29), avian leukosis virus (8), gibbon ape leukemia
virus (32), and spleen necrosis virus (10, 30) have been con-
structed and employed in various gene transfer protocols.

Human immunodeficiency virus type 1 (HIV-1) is a complex
retrovirus. Its genome encodes not only gag, pol, and env but
also vif, vpr, vpu, tat, rev, and nef accessory proteins. HIV-1
exhibits tropism for cells expressing CD4, and persistent HIV-1
infection is characterized by the slow depletion of CD4" T
cells, which leads to progressive immunodeficiency. The
chronic nature and slow pathogenicity of HIV-1 infection have
made gene therapy an attractive approach to combat the dis-
ease. The fact that HIV-1 expression is specifically activated by
Tat could be utilized to introduce therapeutic genes by HIV-
1-based vectors so that the expression of such genes will be
induced only after HIV-1 infection (4). HIV-1-based vectors
also have the potential to introduce genes into nondividing
cells (5, 12). The development of an HIV-1-based packaging
cell system would enable the wide application of HIV-1 vectors
and the specific delivery of foreign genes into CD4* cells.
Moreover, a single cycle of HIV-1 replication could be estab-
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lished by using an HIV-1 vector and packaging cell system,
which would facilitate studies of the HIV-1 mutation rate, HIV
latency, and roles of accessory proteins during HIV replication.
It would also provide a safer system for studying HIV replica-
tion by producing vector virus in the absence of replication-
competent HIV-1.

HIV-1-based packaging cells had been previously reported,
but the vector virus titers produced by the packaging cells were
quite low (6). In the construction of HIV-based packaging
cells, there are at least two additional technical difficulties, in
contrast to packaging cell lines based upon oncoretroviruses
such as murine leukemia virus and spleen necrosis virus
(SNV). First, HIV expresses additional regulatory proteins
that are necessary for replication, so they also have to be
expressed or special steps must be taken to circumvent their
necessity. Second, constitutive expression of some HIV pro-
teins, including Env (44), protease (20), and Vpr (39), has been
reported to be cytotoxic. Although it might be possible to
establish a packaging cell line that constitutively expresses
HIV-1 proteins, it would probably require the use of a rela-
tively unique cell line which is more tolerant of constitutive
expression of HIV-1 proteins than most, and this would limit
the cell types that could be utilized.

We report here the development of an inducible HIV-1-
based packaging cell line as well as an inducible HIV-1 Env-
expressing cell line. The packaging cell line is able to induce
expression of the HIV proteins. It consists of two levels of
induction. First, Rev is expressed from an inducible promoter
which is responsive to tetracycline (15). The regulatory protein
Rev is responsible for the transition of HIV-1 gene expression
from early gene products, which include Tat, Rev, and Nef, to
the late gene products that include Gag, Pol, Env, Vif, Vpr,
and Vpu (16). Thus, gag, pol, and env expression, which de-
pends on the availability of the Rev protein, is induced after
Rev production. An inducible expression system not only can
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FIG. 1. Outline of the inducible packaging cell line scheme. In the absence of tetracycline, tTA binds to and transactivates the inducible promoter. Rev is expressed
first. The expression of Rev enables the late protein transcripts (i.e., env from the inducible promoter and gag, pol, and vif from HXBAP1Aenv) to be transported to
the cytoplasm and expressed. Vector virus then assembles and buds from the packaging cells. Tetracycline, when present, binds to tTA and causes a conformational
change, blocking tTA from binding to the inducible promoter and thus preventing Rev expression. Without the expression of Rev, the late proteins Gag, Pol, Env, and

Vif are not expressed. Consequently, vector virus is not packaged.

preclude the cytotoxicity caused by constitutive HIV-1 protein
expression; it may also have the potential to optimize the
expression of all HIV-1 proteins, thereby allowing maximum
virus production during the induction process. With our pack-
aging cell line, we have obtained transducing vector titers of 7
X 10° CFU/ml. Replication-competent virus was not detect-
able throughout the induction process.

In addition to the HIV-1 packaging cell line, a cell line
inducibly expressing HIV-1 Env was also constructed that em-
ploys the tetracycline-responsive system. Since constitutive
Env expression had been reported to be cytotoxic (44), an
inducible Env-expressing cell line might be useful for a variety
of studies of Env structure and function. Moreover, it could be
used as a packaging system to propagate HIV-1 defective for
env and to study HIV-1 replication. Our results indicated that
the Env-expressing cell line was capable of propagating env-
minus HIV-1 vector and that vector virus titers could reach 2
X 10* CFU/ml.

MATERIALS AND METHODS

Plasmid construction. Plasmid HXBAP1Aenv (41) was a gift from J. Sodroski,
Harvard Medical School. It is an HXB2C-based provirus containing HIV gag,
pol, tat, and vif gene open reading frames, and it has mutations, deletions, or
disruptions of the packaging signal (W), vpr, vpu, rev, env, nef, and the 3’ long
terminal repeat (LTR). pTIRevEnv and pHSN were constructed from the pLAI3
molecular clone (38). To generate pTIRevEnv, HIV rev and env coding se-
quences (nucleotides 5538 to 8607) were inserted into pUHD10-3 (15) between
the EcoRI and BamHI sites, placing them under the control of the tetracycline-
responsive inducible promoter. The HIV-1-based retrovirus vector HSN was
constructed as follows: (i) pSNeo was made by inserting the Bg/II-Clal fragment
from pJD214neo (9), which contains the neomycin phosphotransferase (neo)
gene, into the Aval site in pJD214 3’ to the SNV U3 promoter (9); (ii) a 5.8-kb
deletion (nucleotides 961 to 6854) was created in the provirus clone pLAI3 to
give pALAI3; and (iii) a 1.4-kb EcoRI-HindIII fragment, containing the neo gene
under the control of the SNV U3 promoter from pSNeo, was inserted into
pALAI3 at the Xhol site, creating the pHSN vector. pHVP, an HIV-based vector
containing the puromycin resistance gene, was kindly provided by A. Lever (42).
pHIV-gpt, an HIV-1 vector from which part of env has been deleted, was
obtained from the AIDS Repository (34).

Cell culture and generation of the packaging cell line. HeLa cells and cell line
293 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum. H9 cells were grown in RPMI 1640
medium supplemented with 10% fetal bovine serum. The HeLaT4 cell line was

a gift from Michael Emerman and was grown in DMEM supplemented with 10%
fetal bovine serum and 100 pg of hygromycin per ml. The HtTA-1 cell line was
kindly provided by Hermann Bujard (15) and was grown in DMEM with 10%
fetal bovine serum, 0.2 mg of G418 per ml, and 2 pg of tetracycline per ml.

To establish the packaging cell line, HtTA-1 cells were cotransfected with 10
wg of pHXBAP1Aenv, 10 ng of pTIRevEnv, and 0.1 pg of pHMR272 (3), which
expresses the hygromycin phosphotransferase gene, by the modified calcium
phosphate precipitation method (14). Transfected cells were selected for hygro-
mycin resistance (100 pg/ml) in the presence of tetracycline (2 pg/ml). Individual
colonies were screened for HIV-1 envelope protein expression by fusion assay as
follows. Cells were cocultivated with HeLaT4 cells at a 1:1 ratio, with 2 X 10*
total cells per well in a 24-well plate, with or without tetracycline for 4 days; this
was followed by microscopic inspection of the cells to identify syncytia. Super-
natant was collected during this time for reverse transcriptase (RT) activity assay,
which was carried out according to a standard protocol (45). Cell clones that
formed syncytia with HeLLaT4 cells and were positive for RT upon induction were
analyzed further.

To establish the cell line expressing Env, HtTA-1 cells were cotransfected with
20 pg of pTIRevEnv and 0.1 pg of pHMR272. Cells were selected for hygro-
mycin resistance in the presence of tetracycline, and the inducible Env-express-
ing cell line was identified by the fusion assay as described above.

Western blotting for testing inducible HIV protein expression. To test the
putative packaging cells for gag and env expression, Western blotting (immuno-
blotting) was employed. After induction, cells were lysed in a buffer containing 20
mM Tris (pH 7.4), 5 mM MgCl,, 0.1 M NaCl, 1% Nonidet P-40, 0.5% sodium
dodecyl sulfate (SDS), and 1% aprotinin. Protein concentrations were deter-
mined with the bicinchoninic acid protein assay reagent (Pierce, Rockford, Ill.)
as instructed by the manufacturer. An equal amount of protein (100 pg) was
denatured, separated on either 7.5 or 15% polyacrylamide gels containing SDS,
and blotted onto a polyvinylidene difluoride membrane (Dupont, NEN Research
Products, Boston, Mass.). After blocking with 5% nonfat dry milk (Bio-Rad) in
TBST (150 mM NaCl, 50 mM Tris [pH 7.9], 0.05% Tween 20) for 1 h at room
temperature, the blots were incubated with sheep polyclonal anti-gp120 anti-
serum (18, 35) at a 1:50,000 dilution or with sheep polyclonal anti-p24 antiserum
(21) at a 1:1,000 dilution for 1 h. The unbound antiserum was removed by
washing the membranes three times with TBST. Bound antiserum was treated
with peroxidase-conjugated donkey anti-sheep antibody (Jackson ImmunoRe-
search Laboratories, Inc.) at a 1:50,000 dilution in blocking buffer for 1 h at room
temperature. The membranes were washed with TBST three times, and bound
conjugated antiserum was visualized by using the Renaissance chemilumines-
cence reagent (Dupont NEN) as instructed by the manufacturer.

Virus production and infection. pHVP (20 pg) was stably introduced into the
putative packaging cells by the modified calcium phosphate precipitation method
(14); this was followed by selection for puromycin resistance (0.6 ug/ml) in the
presence of tetracycline (2 pg/ml). To test the packaging capability, the cells
containing HVP vector were seeded at 2 X 10° cells per 60-mm-diameter dish in
media containing tetracycline (2 wg/ml) and were induced by withdrawal of
tetracycline 24 h after seeding. Supernatant was harvested on days 5 and 7 after
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FIG. 2. HIV-1 packaging cell constructs and vectors used to establish and test the packaging and Env-expressing cell lines. Boxes interrupted by jagged lines contain
partial deletions. A19bp, 19-bp deletion of at least part of the packaging signal (24); tetO, heptamerized tetracycline operator fused to a minimal cytomegalovirus
promoter; SV-gpt, SV40 early gene promoter and coding sequences for the xanthine-guanine phosphoribosyltransferase (gpt) gene; SV40 pA, SV40 polyadenylation
signal; SNV, spleen necrosis virus U3 promoter; Puro, puromycin gene; Neo, neomycin phosphotransferase gene.

induction, and titers were determined by the infection of HeLaT4 cells. HeLaT4
cells (3 X 10°) were first treated with 2 pg of Polybrene per ml for 30 min, after
which they were inoculated with 0.3 ml of the supernatant at 10-fold serial
dilutions and incubated for 2 h. Cells were selected for puromycin resistance (0.6
pg/ml) 24 h postinoculation. The HSN vector was tested as described above,
except that pHSN (20 pg) was cotransfected with pSV2gpt (0.1 or 0.4 ug) (33)
into the putative packaging cells, with subsequent selection for resistance to GPT
(xanthine, 0.25 mg/ml; hypoxanthine, 15 pg/ml; and mycophenolic acid, 7 pg/ml).
HeLaT4 cells were then inoculated with supernatant from pHSN-transfected
cells; selection for resistance to G418 (0.6 mg/ml) was performed 24 h after
inoculation.

pHIV-gpt and pEnvAm (29) (10 pg each) were transiently cotransfected into
cell line 293 cells by the modified calcium precipitation method. Vector virus was
harvested 72 h after transfection and used to inoculate Env-expressing cells,
which were selected for resistance to GPT in the presence of tetracycline (2
pg/ml) 24 h later. Cell clones transduced with HIV-gpt vector virus were isolated
and induced to produce vector virus. Titers for vector virus were obtained by
inoculating HeLaT4 cells with supernatant harvested on days 5 and 7 after
induction as described above.

To assay for replication-competent virus, supernatants from the putative pack-
aging cells and from Env-expressing cells harboring the HIV-gpt vector were
harvested on day 7 after induction and were used to inoculate H9 cells. H9 cells
(2 X 10°) were first treated with 2 pg of Polybrene per ml for 30 min and then
inoculated with 0.5 ml of supernatant and incubated for 2 h. Inoculated H9 cells
were continually cultured for 30 days. Supernatant was collected and assayed for

p24 production by using the HIV-1 p24 enzyme-linked immunosorbent assay kit
(Dupont NEN) as instructed by the manufacturer.

Southern blotting. Isolation of genomic DNA and Southern blotting analysis
were done according to standard procedures (43). Genomic DNA (20 pg) was
digested with Sacl and electrophoresed on a 0.8% agarose gel. Blots were then
probed with 3?P-labelled probes corresponding to the 0.8-kbp amplified nef gene
from pHIV-gpt, the 1-kbp Bg/II-Clal fragment from pJD214neo (9), and the
0.45-kbp amplified gpt gene from pSV2gpt (see Fig. SA).

RESULTS

Strategy for establishing an inducible HIV packaging cell
line. Since constitutive expression of some HIV-1 proteins
could cause cytotoxicity (20, 39, 44), we designed a packaging
cell line which is able to induce expression of the HIV proteins.
The approach utilizes the tetracycline-inducible system to con-
trol HIV protein expression as outlined in Fig. 1. The tetracy-
cline-inducible system uses the regulatory elements of the
Tnl0-specific tetracycline resistance operon of Escherichia coli
(15). It is composed of two expression constructs. One con-
struct, pUHD15-1, expresses tTA, a fusion protein consisting
of the tetracycline repressor and the activation domain of the
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FIG. 3. Western blotting for analysis of inducible expression of p24 and gp120. Cell lysates for cell clones 4 and 69 were prepared on day 0 prior to induction and
on days 1 through 7 postinduction. Cell lysates from HeLa cells and wild-type (wt) HIV-infected HeLaT4 cells were also prepared. Total protein (100 pg) was
electrophoresed on 15 and 7.5% SDS-polyacrylamide gels, transferred to a polyvinylidene difluoride membrane, and probed with sheep polyclonal antibody specific for
p24578 or gp120°™”. (A) p24%°¢ and (B) gp120°"” expression from cell clone 4 at various times after induction; (C) gp120°”” expression from cell clone 69 at various times

after induction.

herpes simplex virus VP16 protein, which can transactivate
expression from the inducible promoter. The HeLa-based
HtTA-1 cells used to establish the packaging cell line consti-
tutively express tTA (15). The gene of interest of the second
construct is controlled from the inducible promoter, which
consists of a minimal cytomegalovirus (CMV) promoter cou-
pled to heptamerized tetracycline operator sequences. In our
system, the rev and env genes were controlled from the induc-
ible promoter, and the construct was named pTIRevEnv (Fig.
2). If tetracycline is present, it binds to the tTA protein, pre-
venting that protein from transactivating the inducible pro-
moter, so Rev cannot be expressed. In the absence of tetracy-
cline, tTA can bind to and transactivate the inducible
promoter, leading to the expression of Rev. The accumulation
of Rev in turn can upregulate expression of the late proteins,
including Env from the inducible construct, as well as Gag, Pol,
and Vif from HXBAP1Aenv (41), which contains the open
reading frames for gag, pol, vif, and fat and has deletions or
disruptions of the packaging signal (W), rev, env, nef, vpr, vpu,
and the 3’ LTR (Fig. 1 and 2). Therefore, removal of tetracy-
cline would first induce the expression of Rev, which would in
turn induce Env, Gag, Pol, and Vif expression. Through this
dual inducible system, the expression of HIV-1 late proteins
can be tightly regulated.

Generation of the packaging and Env-expressing cell lines.
To establish the inducible HIV-1-based packaging cell line,
packaging constructs pHXBAP1Aenv and pTIRevEnv were co-
transfected with pHMR272 (3), which expresses the hygromy-
cin resistance gene, into HtTA-1 cells. Sixty stably transfected
cell clones were isolated and screened as described below for
the stable incorporation of both pHXBAP1Aenv and pTIRev
Env constructs and inducible expression of HIV proteins.

For the initial screening of cell clones, fusion and RT assays
were employed. Cell clones were cocultured with HeLLaT4 cells
at a 1:1 ratio, with and without tetracycline, in culture medium

for 4 days, followed by microscopic inspection for syncytium
formation. Supernatant was also collected and assayed for RT
activity. If both packaging constructs were stably integrated
into the cells, the expression of Rev would enable Env expres-
sion and therefore induce cell fusion with CD4* HeLaT4 cells.
Expression of Rev would also enable the production of Gag
and Pol expression; thus, the RT assay would be positive. Two
of 60 cell clones demonstrated cell fusion and RT activity only
upon tetracycline withdrawal (data not shown). One relatively
promising cell clone, designated clone 4, was analyzed further.

To establish an Env-inducible cell line, pTIRevEnv was
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FIG. 4. Induction of RT expression. Cell clone 4 with HVP or HSN (A) and
cell line 69 with vector HIV-gpt (B) were assayed for RT activity. Supernatant
from cell clone 4 with vector HVP or HSN was harvested on day 0 prior to
induction and on days 3 through 7 postinduction. Supernatant from clone 69 cells
with HIV-gpt was harvested on days 1 and 3 through 7 with (+T) and without
(—T) induction. The RT assay was performed as described previously (45).
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TABLE 1. Virus production from clone 4 packaging cells

Titer (CFU/ml)*

Vector Expt no.
Day 5° Day 7°
HVP 1 1.4 x 10° 7.3 x 10°
2 3.7 X 107 5.0 X 10°
3 8.5 X 10? 5.6 X 10°
4 7.1 X 10? 3.3 % 10°
HSN 1 1.5 X 10? 3.3 X 107
2 ND¢ 1.8 X 10°
3 ND 2.6 X 10°

“ Vector virus titers were determined by infecting HeLLaT4 cells as described in
Materials and Methods.

b Supernatant was harvested on both day 5 and day 7 after induction.

¢ ND, not determined.

cotransfected with pHMR272 into HtTA-1 cells. Stably trans-
fected cell clones were screened for the expression of Env by a
fusion assay as described above. The cell clone designated
69, which was positive in the fusion assay, was further charac-
terized.

Characterization of the packaging and Env-expressing cell
lines. Putative packaging cell clone 4 and Env-expressing cell
clone 69 were examined for inducible HIV protein expression.
Western blotting was performed with cell lysates prepared
from cell clones 4 and 69 before induction and on days 1
through 7 after induction. Figure 3 shows the Western blot for
the p24%“¢ and gp120“"” expression time courses. p24%“ and
gp120°"” could be detected by day 5 and peaked by days 6 and
7 after induction for clone 4 (Fig. 3A and B). Clone 69 showed
a similar pattern of gp120°"” expression (Fig. 3C). Without
induction, the expression of p24%“¢ and gp120°"” was undetect-
able. It should be noted that the p24%“¢ antiserum also cross-
reacted with another protein that was expressed in the mock-
transfected HeLa cells (Fig. 3A), but this band did not obscure
the specific signal for p245°¢. RT activity was measured for cell
clone 4 after stable transfection with HIV-1-based vector HVP
or HSN (42) (Fig. 2 and 4A). Prior to the induction, RT activity
was not detectable for cell clone 4 with either HVP or HSN.
After induction, RT increased by day 4 and peaked on days 6
and 7 (Fig. 4). Other investigators have noted that tet induc-
tion of gene expression, for the genes they employed, peaks at
around 72 h after induction (12a). Thus, it would seem that the
delay of p245*¢, RT, and gp120°"” expression might result from
a combination of the time required for tet induction and a lag
in Rev action. This is currently under investigation.

Ability of the cell lines to propagate retroviral vectors. The
ability of the putative packaging cell line to package vector
virus was examined by using the HIV-derived vectors HVP and
HSN (42) (Fig. 2). Vector HVP was stably transfected into cell
clone 4. Since the putative packaging cell clone already con-
tained the neo marker gene (15), HSN was introduced into
clone 4 by cotransfection with pSV2gpt; this was followed by
selection for GPT resistance (33). Putative vector virus was
harvested on days 5 and 7 after induction. HeLaT4 cells were
inoculated and were selected 24 h later for puromycin (0.6
pg/ml) or G418 (0.6 mg/ml) resistance for HVP or HSN vector
virus transduction, respectively. The HVP vector virus titers
ranged from 3 X 10° to 7 X 10*> CFU/ml and the HSN vector
virus titers ranged from 3 X 107 to 2.6 X 10° CFU/ml with cell
clone 4 on day 7 after induction (Table 1).

The vector HIV-gpt was used to examine the capability of
Env expressed from clone 69 cells to complement env-minus
HIV replication. HIV-gpt is an HIV-1 vector with an env gene
which has been replaced in part with gpt under the control of

J. VIROL.

the simian virus 40 (SV40) early gene promoter (34). To stably
introduce HIV-gpt into clone 69 cells, pseudotyped HIV-gpt
vector virus was first generated by transiently cotransfecting
pHIV-gpt with the amphotropic murine leukemia virus Env-
expressing construct pEnvAm (29) into cell line 293 cells.
Pseudotyped HIV-gpt vector virus was harvested 72 h after
transfection and used to infect clone 69 cells. Infected clone 69
cells were placed in GPT selective media in the presence of
tetracycline (2 pg/ml). Ten infected cell clones were estab-
lished and tested for RT activity before and after induction, as
well as for HIV-gpt vector virus production. RT activity for cell
clones 69.7 and 69.9 from day 1 to day 7 in both the presence
and absence of tetracycline is shown in Fig. 4B. In the presence
of tetracycline, no RT activity was detected. However, RT
activity was detected on day 4 and peaked on days 6 and 7 after
removal of tetracycline. Other clone 69 HIV-gpt cells showed
similar RT results (data not shown). Vector virus titers were
determined by infecting HeLaT4 target cells as described
above. The titers for HIV-gpt vector virus ranged from 2.6 X
10” to 2.7 X 10* CFU/ml (Table 2).

To confirm vector virus transfer, drug-resistant HelL.aT4 tar-
get cells were cloned and the genomic DNA isolated from
them was subjected to Southern blotting. Genomic DNA was
digested with Sacl and probed with the nef, neo, and gpt genes
to detect 3.8-, 4.5-, and 3.4-kbp fragments indicating the pres-
ence of the HVP, HSN, and HIV-gpt vector, respectively (Fig.
5). The results demonstrated that all puromycin-, neomycin-,
and GPT-resistant cell clones contained HVP, HSN, and HIV-
gpt vector proviruses, respectively. It should be noted that the
additional bands observed with HVP-infected samples corre-
spond to junction fragments between the 5’ LTR and genomic
DNA at the site of integration. These bands were observed
because the nef probe also has homology to the 5" LTR up-
stream of the Sacl site. As expected, since the different provi-
ruses integrate into different sites, these additional bands vary
in size. Also, one of the neomycin-resistant HSN-infected cell
clones showed a smaller provirus fragment after Sacl digestion.
This could be due to mutation during vector virus replication,
which occurs at high frequency for retroviruses (37). These
data indicate that both the packaging cell line and the Env-
expressing cell line could effectively propagate defective HIV
vector.

Assay for the generation of replication-competent virus. The
presence of replication-competent retroviruses was assayed as
described previously (6). Briefly, the supernatants from cell
clones 4, 4HVP, and 4HSN cells were collected on day 7

TABLE 2. Virus production from clone 69 Env-expressing cells”

Cell Titer (CFU/ml)”

clone Day 5 Day 7¢
69.4 3.1x%x10° 2.7 x 10*
69.7 4.6 X 10? 1.0 x 10*
69.9 6.5 X 107 6.6 X 10°
69.21 2.6 X 107 1.0 X 10°
69.22 1.2 x 10° 5.6 X 10°
69.23 0.8 X 10? 4.6 X 10°
69.24 8.7 X 10° 9.8 X 10°
69.25 2.4 %X 10° 2.5 % 10°
69.26 1.3 x 103 6.3 X 10°
69.27 1.0 X 10* 1.0 x 10*

“ The vector in this study was HIV-gpt.

b Vector virus titers were determined by infecting HeLaT#4 cells as described in
Materials and Methods.

¢ Supernatant was harvested on both day 5 and day 7 postinduction.
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FIG. 5. Southern blot analysis of vector virus transduction. Total DNA from HeLaT4 cell clones infected with HVP, HSN, or HIV-gpt vector virus was isolated,
digested with SacI (S), and analyzed by Southern blotting with probes specific for the nef, neo, or gpt genes. (A) Diagram of HVP, HSN, and HIV-gpt proviruses and
the probes used for Southern analysis. Sacl digestion of the proviruses generates 3.8-, 4.5-, and 3.4-kbp specific fragments for HVP, HSN, and HIV-gpt vectors using
nef, neo, and gpt probes, respectively. (B) Southern blotting of samples from puromycin-, neomycin-, and GPT-resistant HeLaT4 cell clones.

postinduction and used to inoculate H9 cells. Inoculated H9
cells were continually cultured for 30 days, and the 30-day
culture supernatants were used to inoculate fresh H9 cells, the
supernatants of which were assayed for p24%“ antigen levels 5
days later. The levels of the p24%“¢ antigen were indistinguish-
able from the background the three times that the assay was
performed (data not shown). Furthermore, the H9 cells never
displayed the signs of cytopathogenesis which are typically seen
when cells are infected with replication-competent HIV-1.
These results indicate that there was no detectable replication-
competent virus from the putative packaging cells.

DISCUSSION

We report here the development of an inducible HIV-1
packaging cell line. Upon induction, HIV-1 proteins were ex-
pressed. Recombinant vector virus transduction titers could
reach 7 X 10°> CFU/ml. Replication-competent HIV-1 was not
detectable at any time, including the induction phase. A cell
line was also developed which expresses Env after induction. It
could propagate HIV vector defective for env, with titers
reaching 2 X 10* CFU/ml.

The two HIV-1 vectors, HVP and HSN (42) (Fig. 2), used to
test the packaging cell line yielded different vector virus titers.
The vector virus titer for HVP ranged from 3 X 10 to 7 X 10°
CFU/ml whereas the titer for HSN was 3 X 10* to 2.6 X 10°
CFU/ml when cell clone 4 was employed and virus was har-
vested on day 7. There are several possible reasons for the
difference. First, more viral sequence was deleted from HSN
than from HVP. Vector HSN does not encode any HIV-1
proteins, whereas HVP has the potential to encode gag, tat, and
rev (42) (Fig. 2). The expression of Tat or Rev from HVP might
have the effect of increasing Gag, Pol, and Env protein expres-
sion, therefore increasing vector virus production. Also, with
more viral sequence deleted, vector HSN might be packaged
less efficiently than HVP. Finally, the different deletions could
also affect viral genomic RNA stability and therefore vector
virus titer.

The packaging cell line was established by cotransfection of
both packaging vectors. Although, theoretically, multiple se-
lection marker genes can be introduced into cells and stable
cell lines can be obtained by using a number of different se-
lectable markers, technically it is difficult to achieve. Since the
HtTA-1 cells already contained the neo marker gene (15), by
cotransfecting the two packaging vectors rather than transfect-
ing them separately, the number of different markers needed
was reduced. However, this might increase the chance of rep-
lication-competent virus being formed through recombination.
We have repeated the experiments three times to assay for
replication-competent virus. The results were all negative.
These results demonstrate that our packaging cell line is not
producing detectable replication-competent virus.

The 19-bp deletion disrupting the packaging signal in the
HXBAP1Aenv construct was probably not sufficient to com-
pletely eliminate the packaging of HXBAP1Aenv RNA from
its provirus (26). There have been some recent publications
indicating that there are additional sequences involved in pack-
aging, including sequences in the 5’ untranslated region (19,
24), in gag, and even in env (2, 4, 26, 36, 42). Although
HXBAP1Aenv does not eliminate all of these sequences, there
are other mutations which reduce the likelihood of generating
replication-competent virus, such as deletions of the 3" LTR,
polypurine tract, much of env, and rev. Generation of replica-
tion-competent virus, even without the 19-bp deletion, would
require at least two recombination events involving three dif-
ferent genetic elements, which so far we have not observed.

It was somewhat surprising to us that Gag and Pol expres-
sion was dependent upon Rev induction when the two retro-
viral vectors which themselves encode Rev, HVP and HIV-gpt,
were used (Fig. 4). Constitutive expression of some HIV-1
proteins, including protease, Env, and Vpr, has been reported
to be cytotoxic or cytostatic to a variety of cells (20, 39, 44).
Although the vpr and env genes were disrupted in the HIV-gpt
vector, constitutive expression of protease might be cytotoxic
(20), so cells actively expressing Rev and protease might have
been selected against. However, the dependence upon Rev
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induction did not seem to be an infrequent occurrence; that is,
it was not due to selection for a rare clone. For example, the
inducible cells harboring HIV-gpt were prepared by infection
with pseudotyped HIV-gpt vector virus generated by transfection
of cell line 293 cells, which are particularly sensitive to transfec-
tion, and yielded titers as high as 10° CFU/ml. When either mass
populations or cell clones were analyzed, Gag and Pol expression
was not observed in the absence of induction. This suggests that
HIV-gpt had progressed to a nonproductive state during selection
and expansion of the infected, inducible cells and that a threshold
of Rev expression was required to activate the provirus, reminis-
cent of the work of Pomerantz and colleagues (40) and as re-
viewed by McCune (31), which suggests that a threshold level of
Rev is required for efficient HIV-1 replication.

It should be noted that the HIV-1 provirus clone used for
the preparation of the gag-pol expression construct contains
mutations in vpr, vpu, and nef (41). Therefore, the packaging
cell line that we developed does not encode functional Vpr,
Vpu, or Nef. Since Nef had been reported to be dispensable
for HIV-1 replication in vitro (11, 17, 22), it was not included
for expression at the time we designed the packaging cell line.
Nevertheless, recent work indicates that Nef can render viral
particles more infectious and stimulate HIV-1 proviral DNA
synthesis (1, 7). Also, it has been shown that Vpr can upregu-
late viral replication (25), and Vpu is associated with the
proper maturation and targeting of the virions and their effi-
cient release (23). Hence, inclusion of Vpr, Vpu, and Nef in a
packaging cell line might further increase vector virus titers.
We are currently developing a packaging cell line which would
express all the accessory HIV proteins.

In summary, our results indicate that the packaging cell line
we established can package HIV-1 vectors at effective levels
without producing detectable replication-competent virus. The
establishment of the stable HIV-1 packaging cell lines allows
the exploitation of HIV-1 as a means of gene transfer into
specific target cells. By producing vector virus in the absence of
replication-competent HIV-1, it also provides a safer system
for studying HIV-1 replication. Moreover, the inducible cell
lines we established can be used as a model system for studying
HIV-1 latency and the genetic variation in HIV-1.
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