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We developed a novel conditional self-inactivating (C-SIN) vector, TL-SN, by replacement of the enhancer-
promoter of the 3’ long terminal repeat of Moloney murine leukemia virus with a synthetic tetracycline
operator-cytomegalovirus promoter (tetP) from the tetracycline-responsive expression system (TRES). The
other component of the TRES, a chimeric transactivator (tTA), was stably incorporated into PA317 ampho-
tropic packaging cells, thus generating the packaging cell line PA317-tTA. C-SIN amphotropic G418-resistant
virus particles were generated with a titer of 2 X 10° CFU/ml within 2 days of transinfection of PA317-tTA cells
with TL-SN ecotropic virus particles. This titer was approximately 2 log units higher than that obtained by
transinfection of parental PA317 cells and was due to the high level of viral transcripts originating from the
tetP promoter at the 5’ end of the transduced vector in the presence of tTA. Our C-SIN vector has the potential
for use in human gene therapy since it incorporates the advantages of previous SIN vectors in having weak fetP
promoter activity (in the absence of tTA in target cells) while at the same time achieving high viral titers with

PA317-tTA packaging cells.

Replication-defective recombinant retroviruses are widely
used as an efficient system for gene delivery into eukaryotic
cells (for reviews see references 1, 4, 7, 16, 20, and 23 and
references therein). However, standard retrovirus vectors used
for therapeutic gene transfer have the potential to activate
nearby cellular proto-oncogenes by their own enhancer-pro-
moter within the long terminal repeat (LTR) (for reviews see
references 2, 25, and 26 and references therein; 15, 22, 27).
Furthermore, the viral LTR enhancer may affect internal pro-
moters of vectors (5, 6, 28, 30), making regulation of trans-
ferred genes difficult. To overcome these problems, self-inac-
tivating (SIN) retrovirus vectors (also called suicide, single-
cycle, or U3-minus vectors) that contain a deletion of the 3’
LTR enhancer-promoter region have been developed (3, 9, 10,
19, 30, 31). However, the utility of most SIN vectors is limited
because of their low titers. For example, the highest titer ob-
tained from amphotropic SIN retrovirus vectors was 10% hypo-
xanthine-aminopterin-thymidine  (HAT)-resistant CFU/ml
(30) or 10 to 10° hygromycin-resistant CFU/ml (3). When
transfected 2 cells were screened, the highest titer of eco-
tropic SIN vectors ranged from 2 X 10* to 1 X 10° G418-
resistant CFU/ml (31).

We have used the tetracycline-responsive expression system
(TRES) to develop a modified SIN vector which can be pro-
duced at a titer of 10° CFU/ml from a mixed population of
transinfected producer cells. The TRES consists of two com-
ponents, the transcriptional activator (tTA) and its corre-
sponding cis-element, tetP (8). tTA is a chimeric protein com-
posed of the tetracycline repressor fused to the activation
domain of the herpes simplex virus (HSV) transcriptional ac-
tivator, VP16. The target of tTA, tetP, is a synthetic promoter
consisting of tandem repeats of the tetracycline operator and a
minimal promoter sequence from the cytomegalovirus (CMV)
immediate early promoter. Recently, we and others have re-
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ported that retrovirus vectors containing the TRES can deliver
high and regulatable gene expression from the transferred
gene (11-14, 21). In the studies reported here, we have incor-
porated tetP into the 3' LTR of a retrovirus vector to create a
novel conditional-SIN (C-SIN) vector, TL-SN, and developed
a novel packaging cell line, PA317-tTA, which constitutively
expresses tTA.

When production of G418-resistant TL-SN retrovirus parti-
cles with PA317-tTA cells was examined on murine NIH 3T3
cells, virus particles from TL-SN-transinfected PA317-tTA
(PA317-tTA/TL-SN) cells were produced with a titer approx-
imately 2 log units higher (2 X 10° CFU/ml) than the titers
obtained from transiently transfected cells. This higher titer
appears to require tTA binding to the fetP promoter and is
correlated with an increased level of viral transcripts in PA317-
tTA/TL-SN cells. This result indicates that transcription from
the tetP promoter in the chimeric 5" LTR is strongly activated
by tTA provided in trans, leading to efficient synthesis of viral
RNAs. Our C-SIN vector system with the modified PA317-tTA
packaging cell lines can facilitate retrovirus-mediated gene
transfer into target cells without adverse effects due to the
presence of functional viral LTRs.

C-SIN vector TL-SN and the PA317-tTA packaging cell line.
The TL-SN vector was created by replacement of the enhanc-
er-promoter of the 3" LTR from the G1XSvNa vector (Genetic
Therapy, Inc., Gaithersburg, Md.) with the tetP promoter from
the plasmid pUHD10-3 (8) (Fig. 1). The control SIN vector,
G5-SN, was constructed by subcloning the simian virus 40
(SV40) promoter-driven neomycin phosphotransferase (Neo*)
gene into the pG5 vector (Genetic Therapy, Inc.) (31), which
has its enhancer deleted from the 3’ LTR but maintains its
promoter (Fig. 1).

The other element of TRES, tTA, was incorporated into a
PA317 murine amphotropic retrovirus packaging cell line
(ATCC no. CRL 9078; American Type Culture Collection,
Rockville, Md.) (17) by cotransfection with two plasmids,
pUHDI15-1 (8), containing the transactivator tTA, and pPUR
(Clontech, Palo Alto, Calif.), containing a puromycin resis-
tance gene, and by selection with 4 g of puromycin (Sigma, St.
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FIG. 1. Structure of the recombinant retrovirus vectors. The TL-SN vector
was made by replacement of the AfIII-NarI fragment of the 3' LTR with the fetP
promoter from plasmid pUHD10-3. A Ndel-HindIII fragment containing the 3’
LTR from the retrovirus vector pG1XSvNa was subcloned into pBS-SK (Strat-
agene, La Jolla, Calif.) to generate pBS-LTR. Then, the enhancer-promoter of
the LTR in pBS-LTR was replaced with an enzyme linker, AfIII-Xhol-BamHI-
Xbal-Narl, to create pBS-ALTR. A Ndel-HindIII fragment containing the mod-
ified ALTR fragment was exchanged with the corresponding 3’ LTR fragment
from pG1XSvNa. The TL-SN vector was created by insertion of an Xhol-Xbal
fragment containing the fetP promoter from pUHD10-3 into the ALTR region of
pG1XSvNa. The G5-SN vector was made by subcloning the SvNa fragment from
G1XSvNa into pG5. A crossed line indicates the deletion of the 3" LTR en-
hancer. The bent arrows (—) indicate the approximate locations of promoters
and the direction of transcription. The size of the predicted transcript is indicated
in kilobases at the end of each bent arrow. TL, chimeric LTR containing tetP;
tetP, synthetic tetracycline operator-CMV promoter; {5, packaging signal se-
quence; S, SV40 enhancer-promoter; N, neomycin phosphotransferase (Neo*)
gene. The direct repeats of enhancer sequences (—), CAT box (CCAAT), TATA
box éAATA), and polyadenylation signal [(A)n] in the 3" LTR region are indi-
cated.

Louis, Mo.) per milliliter for 10 days. This modified packaging
cell line, PA317-tTA, expressing tTA constitutively, was ex-
panded, pooled, and used for transinfection experiments.
Virus production after transient transfection with retrovi-
rus vectors. The usual approach to produce SIN vector super-
natants is transient transfection, since efficient transcription
from a functional 5" LTR is required for a high level of viral
RNA synthesis. We therefore examined virus production by
the C-SIN (TL-SN) and G5-SN vectors by using conventional
transfection into PA317 packaging cells. PA317 (6 X 10°) cells
were applied to 100-mm-diameter tissue culture plates con-
taining Dulbecco’s modified Eagle medium with a high con-
centration of glucose (4.5 g/liter), supplemented with 2 mM
glutamine and 10% fetal bovine serum (BioWhittaker, Walk-
ersville, Md.). After 6 h, cells were transfected with 20 pg of
the indicated retrovirus vectors per plate (G5-SN or TL-SN) by
the calcium phosphate precipitation method (5 Prime-3 Prime,
Inc., Boulder, Colo.). Cells were washed, fed with fresh me-
dium after 16 h of transfection, and incubated for an additional
48 h, after which the supernatant was collected. Vector super-
natants were filtered with a 0.45-um-pore-size Millex-GS filter
(Millipore, Bedford, Mass.) and used to measure the titers of
G418-resistant virus particles. Vector supernatants obtained by
transient transfection with either G5-SN or TL-SN yielded
relatively low titers on NIH 3T3 cells [(5.5 = 1.9) X 10° or
(5.2 = 0.9) X 10° CFU/ml (n = 3)]. The SIN vector G5-SN and
the C-SIN vector TL-SN yielded an average 40-fold lower titer
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FIG. 2. Schematic illustration of retrovirus production with the PA317-tTA
packaging cell line and a C-SIN vector. The C-SIN vector was transiently trans-
fected into PES501 cells. The ecotropic retrovirus produced from the transfected
PE501 cells was transinfected into PA317-tTA cells. Then, amphotropic retro-
virus particles carrying the C-SIN vector were transduced into target cells. The
tetP promoter of the C-SIN provirus in PA317-tTA cells would exhibit a strong
transcriptional activation in the presence of the transactivator tTA. However, the
tetP promoter of the C-SIN provirus in the transduced target cells, which lack
tTA, would only show basal promoter activity from the CMV minimal promoter.
Therefore, the internal SV40 promoter of the provirus serves as a major tran-
scription initiation site in transduced target cells. The symbols and abbreviations
are defined in the legend to Fig. 1.

than other retrovirus vectors with intact LTRs at both ends of
the provirus (data not shown).

Efficient virus production by transinfection of PA317-tTA
cells with the C-SIN vector. Our experimental rationale for
producing high titers of SIN vector particles was to regulate
transcription from the vector 5’ LTR. Since the 3" LTR U3
serves as a template for both U3 regions during reverse tran-
scription of the viral RNA after transinfection or transduction,
both LTRs of the TL-SN provirus in transinfected packaging
cells will be the chimeric U3 LTR containing tetP (Fig. 2).
Accordingly, the level of transcripts originating from the 5’
LTR tetP promoter in transinfected PA317-tTA cells would be
high due to the presence of tTA (Fig. 2). However, the same
tetP promoter in both the 5’ and 3’ LTRs of TL-SN provirus
transduced into target cells would only act as a weak promoter,
as those cells do not express the transactivator tTA (Fig. 2).

To test the efficiency of virus production and the level of
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TABLE 1. Virus production from PA317 and PA317-tTA
packaging cells” after transinfection of ecotropic virus particles

Packaging Retrovirus Neo' virus titer
cell line vector (CFU/ml)®
PA317 G5-SN (8.7 £3.3) x 10°
TL-SN (53+12)x10°
PA317-tTA G5-SN (9.4 = 4.4) X 10°
TL-SN 24 £13)x10°

“ PA317-tTA packaging cells constitutively express tTA.
? Neo" virus titers are the means = standard errors of the means from multiple
experiments (n = 3).

viral RNA transcripts originating from tetP of the TL-SN vec-
tor, we performed transinfection of parental PA317 and mod-
ified PA317-tTA packaging cells with various vectors. Replica-
tion-defective ecotropic virus particles were produced with
titers of 10> CFU/ml by transient transfection of PE501 cells
(ecotropic packaging cells) (18) with the TL-SN and G5-SN
vectors as previously described (data not shown). To produce
amphotropic replication-defective viral supernatants, 6 X 10°
PA317 or PA317-tTA cells were independently applied to 100-
mm-diameter tissue culture plates and transinfected with the
ecotropic virus particles. After 16 h of incubation, the cells
were washed, fed with fresh medium, and incubated for an
additional 48 h, after which the supernatant was collected and
used to measure titers of G418-resistant virus particles on NIH
3T3 cells. The G5-SN vector transferring only the LTR pro-
moter generated similar titers (9 X 10> CFU/ml) from both the
transinfected PA317 and the PA317-tTA cells (Table 1). How-
ever, the TL-SN vector particles were produced at an average
50-fold-higher titer (2 X 10° CFU/ml) in PA317-tTA cells
compared to PA317 cells (Table 1). These results indicate that
efficient virus production can be rapidly achieved within 2 days
following transinfection of the TL-SN vector into PA317-tTA
packaging cells.

Analysis of transcripts from the provirus in producer cells.
To examine whether higher titers were due to increased levels
of vector-length transcripts from TL-SN in the presence of
tTA, mRNA expression from the transduced proviruses was
analyzed by Northern hybridization (24). Both PA317/G5-SN
and PA317-tTA/G5-SN cells produced two transcripts (3.1 and
1.2 kb), generated from the LTR and the internal SV40 pro-
moter (Fig. 1). The levels of both transcripts were similar in
both cell types (Fig. 3A, lanes 2 and 3). For the cells transin-
fected with the TL-SN vector, transcripts of 3.4 and 1.5 kb,
initiated either from the 5’ fetP promoter or from the internal
SV40 promoter, were expected (Fig. 1). This was seen for both
PA317/TL-SN and PA317-tTA/TL-SN cells (Fig. 3A, lanes 4
and 5; Fig. 3B, lanes 2 and 3). PA317/TL-SN cells showed a low
basal level of the predicted 3.4-kb transcript originating from
tetP in the absence of tTA. As indicated by the relative levels
of the internal SV40 promoter-derived transcripts, which are
common to both the G5-SN and the TL-SN vectors, the TL-SN
provirus demonstrated a lower level of transcripts in transin-
fected cells (Fig. 3A; compare the S band in lanes 2 and 3 with
that in lanes 4 and 5). However, by providing tTA in trans the
levels of TL-SN viral transcripts originating from the 5’ tetP
promoter were significantly increased and surpassed the levels
of G5-SN viral transcripts in PA317-tTA/G5-SN cells (Fig. 3A,
compare the V band in lane 5 to the V bands in lanes 3 and 4).
When the structural integrity of proviral DNA in mixed pro-
ducer cells was analyzed by Southern blot analysis, the ex-
pected fragments of 2.9 and 2.5 kb were observed in the TL-SN
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FIG. 3. Northern analysis of transinfected producer cells (A) and depen-
dence of viral RNA synthesis on tTA binding to the tetP promoter (B). Total
RNAs were extracted from producer cells with RNAzol (Tel-Test, Inc., Friends-
wood, Tex.), and 20 pg of total RNA was used for Northern analysis with labeled
cDNA probes. The RNA blots were independently hybridized with a 3?P-labeled
Neo* probe (top panel) or a 3?P-labeled human GAPDH probe (bottom panel).
The characteristic predicted transcripts from either the 5" LTR or the chimeric
tetP LTR (V) and from the internal SV40 promoter (S) are indicated by arrows
on the right (also see Fig. 1). The positions of 18S and 28S rRNA species are
indicated on the left. (A) PA317 and PA317-tTA cells transinfected with various
retrovirus vectors were selected for 10 days in tetracycline-free medium supple-
mented with 0.6 mg of G418 (Geneticin; Gibco, Grand Island, N.Y.) per ml. (B)
PA317-tTA/TL-SN cells selected with G418 were grown in either tetracycline-
free medium (lane 2) or medium supplemented with 10 ug of tetracycline per ml
for 24 h (lane 3).

and G5-SN producer cells, respectively, indicating that the
structure of the integrated vector is intact. Furthermore, ap-
proximately equal amounts of hybridized Neo* signal was ob-
served in PA317 and PA317-tTA cells transduced with either
the G5-SN or the TL-SN vector (data not shown).

After quantification with a PhosphorImager (Molecular Dy-
namics, Sunnyvale, Calif.) and standardization against consti-
tutive levels of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA, the relative level of the fetP-originated
3.4-kb transcripts generated in PA317-tTA/TL-SN producer
cells was shown to be 14-fold higher than the level of mRNA
generated from the fetP promoter in PA317/TL-SN producer
cells. The tetP promoter and tTA system has been shown to
function as a regulatable transcriptional system, since its tetP-
driven transcription can be shut off in the presence of tetracy-
cline (8, 11, 13, 29). In parallel with previous reports, the
increased level of transcripts from the tetP promoter in PA317-
tTA/TL-SN producer cells was reduced up to 85% after 24 h of
incubation with 10 pg of tetracycline (Sigma) per ml (Fig. 3B,
compare lanes 2 and 3). This result indicates that the high level
of viral transcripts, resulting in high titers, is due to the strong
transcriptional activity of the fetP-tTA system.

Retrovirus-mediated gene transfer with SIN vectors is ad-
vantageous because it reduces the potential adverse effects
resulting from transcription from the LTR enhancer-promoter
of the integrated provirus. In addition, SIN vectors show im-
proved function of internal promoters (30, 31) without poten-
tial promoter inference from the LTR enhancer-promoter.
However, their use has been limited by the tendency to result
in low titers. Our approach, using transinfection of PA317-tTA
packaging cells with a C-SIN retrovirus vector containing a
chimeric fetP LTR should overcome this low-titer problem.
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