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Abstract
Retroviral vectors based on human foamy virus (HFV) have been developed and show promise as
gene therapy vehicles. Here we describe a method for the production of HFV vector stocks free of
detectable helper virus. The helper and vector plasmid constructs used both lack the HFV bel
genes, so recombination between these constructs cannot create a wild-type virus. A fusion
promoter that combines portions of the cytomegalovirus (CMV) immediate-early and HFV long
terminal repeat (LTR) promoters was used to drive expression of both the helper and vector
constructs. The CMV–LTR fusion promoter allows for HFV vector production in the absence of
the Bel-1 trans-activator protein, which would otherwise be necessary for efficient transcription
from the HFV LTR. Vector stocks containing either neomycin phosphotransferase or alkaline
phosphatase reporter genes were produced by transient transfection at titers greater than 105

transducing units/ml. G418-resistant BHK-21 cells obtained by transduction with neo vectors
contained randomly integrated HFV vector proviruses without detectable deletions or
rearrangements. The vector stocks generated were free of replication-competent retrovirus (RCR),
as determined by assays for LTR trans-activation and a marker rescue assay developed here for
the detection of Bel-independent RCR.

OVERVIEW SUMMARY—Vectors based on human foamy virus have been developed but low
titers and the presence of replication-competent retrovirus (RCR) in vector stocks have prevented
their use in preclinical animal experiments. We have developed a transient transfection method
that can be used to produce replication-incompetent HFV vector stocks at titers greater than 105/
ml, and that does not produce contaminating RCR. The use of CMV-HFV LTR fusion promoters
in the helper and vector constructs has circumvented the requirement for the HFV Bel-1 trans-
activator protein. Consequently, the potential for generating wild-type HFV by recombination
between helper and vector constructs during vector production has been eliminated. Here we
describe HFV vector production using this Bel-independent system.

INTRODUCTION
HUMAN FOAMY VIRUS (HFV) is a complex retrovirus of the spumavirus family that is
not known to cause disease in humans. The virus was originally isolated from a human
nasopharyngeal carcinoma cell line (Achong et al., 1971), but a more recent study failed to
detect HFV in humans, and the virus is now considered a chimpanzee virus variant
(Schweizer et al., 1995). The foamy viruses have several unique properties that set them
apart from other retroviruses. In addition to gag, pol, and env genes, HFV contains the bel
genes (between the envelope and the 3′ LTR [long terminal repeat]) (Flugel et al., 1987).
The bel1 gene is transcribed from an internal promoter in the env gene (Lochelt et al.,
1993a), and encodes a transcriptional trans-activator protein that induces transcription from
both the LTR and the internal promoter (Keller et al., 1991; Rethwilm et al., 1991; Kang et
al., 1998). Bel1 is essential for viral replication (Lochelt et al., 1991), while the functions of
the bel2 and bel3 genes are unknown and these genes are dispensable for viral replication in
vitro (Baunach et al., 1993; Yu and Linial, 1993). Other unique features of foamy viruses
include a Pol protein that is produced independently of Gag from a spliced mRNA transcript
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(Enssle et al., 1996; Jordan et al., 1996; Lochelt and Flugel, 1996), and the presence of
significant amounts of full-length cDNA molecules in gradient-purified extracellular virions
(Yu et al., 1996).

Viral vectors based on HFV have been developed (Schmidt and Rethwilm, 1995; Hirata et
al., 1996; Russell and Miller, 1996; Bieniasz et al., 1997; Nestler et al., 1997) and have
several potential advantages. HFV vectors are able to transduce a wide variety of vertebrate
cells (Russell and Miller, 1996; Nestler et al., 1997) including hematopoietic progenitor
cells (Hirata et al., 1996), and they also transduce quiescent cells more efficiently than do
murine leukemia virus (MLV) vectors (Russell and Miller, 1996). These vectors transduce
by integration into the host genome and have a larger packaging capacity than other
retroviral vectors. Furthermore, HFV vectors are not inactivated by human serum and do not
require polycations for efficient transduction (Russell and Miller, 1996), so they may be well
suited for in vivo gene delivery.

Previous HFV vector production methods either relied on the presence of replication-
competent retrovirus (RCR) or had the potential to generate wild-type (wt) HFV by
recombination. Replication-incompetent HFV vectors were produced by transient
transfection of BHK-21 cells at titers in excess of 104/ml with a helper construct that
contained a wt HFV provirus (Hirata et al., 1996; Russell and Miller, 1996). Vector titers
were approximately 10-fold lower when a helper construct with a deleted provirus was used
in the same system, and recombination between vector and helper constructs led to
contaminating RCR production (Russell and Miller, 1996). Replication-competent HFV
vectors have also been produced by transient transfection and subsequent vector
amplification, with titers in excess of 105/ml (Schmidt and Rethwilm, 1995). These vector
production methods have proven useful for HFV vector studies; however, for most gene
therapy applications it would be preferable to eliminate RCR from vector stocks. Producer
cell lines that rely on Bel1 expression in trans and produce more than 105 transducing units/
ml have been described by Bieniasz et al. (1997). However, these authors noted that in some
cases RCR was still generated, presumably by recombination between vector constructs and
the integrated bel1 gene present in the producer cells. We describe here a method for the
production, in the absence of the Bel proteins, of helper-free HFV vector stocks with titers
greater than 105/ml.

MATERIALS AND METHODS
Cell culture and virus production

The cell lines used included human embryonic kidney 293 cells (ATCC CRL-1573), simian
virus 40 (SV40) T antigen-transformed 293T cells (DuBridge et al., 1987), NIH 3T3 TK−

mouse fibroblasts (Wei et al., 1981), human fibrosarcoma HT-1080 cells (Rasheed et al.,
1974), SV40-transformed African green monkey kidney COS-1 cells (ATCC CRL-1650),
baby hamster kidney BHK-21 cells (Macpherson and Stoker, 1962), normal human foreskin
fibroblasts (Palmer et al., 1987), and FAB hamster HFV β-galactosidase (β-Gal) indicator
cells (Yu and Linial, 1993). All cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS). FBS was heat inactivated at 56°C. The wt
HFV used as a positive control in the marker rescue assay was generated by CaPO4
transfection of BHK-21 cells with the pHSRV13 infectious clone (Lochelt et al., 1991).
Virus-containing supernatants were harvested 72 hr after transfection and passed through
0.45-μ m pore size filters.
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Plasmid constructs
The HFV Bel-independent plasmids (see Fig. 1) were constructed by standard techniques
and were based on the pH-SRV13 foamy virus infectious clone (Lochelt et al., 1991). The
pCGPES helper construct contains the following genetic elements; a ColE1-type plasmid
backbone and cytomegalovirus (CMV) promoter (nucleotides [nt] 2208–4455 and nt 1–782
of GenBank U89929), the R-U5-gag-pol-env region of HFV (nt 765–9483 of GenBank
U21247), and an SV40 polyadenylation signal (complement of nt 2683–2533 of GenBank
J02400). The pCGPMAPΔBel vector construct was engineered so that the HFV LTR
transcription start site (Maurer et al., 1988) was situated the same distance from the CMV
TATA box as it normally is from the HFV LTR TATA box. This was achieved by inserting
an XbaI site 9 bp downstream from the CMV promoter TATA box by using polymerase
chain reaction (PCR) primer mutagenesis. The pCGPMAPΔBel construct contains the
following regions: a ColE1-type plasmid backbone and CMV promoter (nt 2390–4255 and
nt 1–672 of GenBank U89929, respectively), the HFV R-U5-gag-pol and partial env region
(nt 765–6957 of GenBank U21247), a fragment of the MLV LTR (nt 7847–8296 of
GenBank J02255), the human placental alkaline phosphatase (AP) gene (nt 1–1806 of
GenBank M12551), and the HFV partial bel3 and LTR region (nt 10744–11954 of GenBank
U21247). pCGPSNΔBel is derived from pCGPMAPΔBel with an SV40 early promoter
(complement of nt 164–1 and nt 5243–5170 of GenBank J02400) and a Tn5-derived neo
gene (nt 505–1668 of GenBank U32991) in place of the MLV LTR-AP cassette.

Vector production
All vector stocks were prepared by CaPO4-mediated transfection of 293T cells unless
otherwise noted. Cells were plated at a density of 2.5 ×105 cells in 2.5 ml per 35-mm well in
six-well plates and allowed to grow overnight. Transfection mixes consisting of 10 μ g of
total DNA in 50 μ l of 2.0 M CaCl2 and 350 μ l of 0.1×TE (10 mM Tris [pH 8.0], 1 mM
EDTA) added dropwise to 400 μ l of 2×HEPES–saline (280 mM NaCl, 50 mM HEPES [pH
7.1]) containing 4 μ l of 0.15 M Na2HPO4 (pH 7.1) were prepared, and these transfection
mixes were allowed to stand for 20 min at room temperature. Eight hundred microliters of
the final mixture was added dropwise to the plated cells. Seven hours later, the medium was
changed to fresh DMEM with 10% FBS and supernatants containing HFV vectors were
collected 65 hr later. Supernatants (vector-containing media) were collected and passed
through 0.45-μ m pore size cellulose acetate filters before being assayed. All experiments
included a control consisting of untransfected cells. In addition, a control consisting of cells
transfected with the vector construct alone was used to confirm that AP focus-forming units
(FFU) or G418-resistant colonies were not due to uptake of reporter proteins present in the
stock or to CaPO4-mediated transfer of residual vector construct DNA.

Transduction assays
AP vector stocks were titered on the FAB cell line (Yu and Linial, 1993), which allows
quantitation of potential wt contamination and AP transducing units in the same well. Some
stocks were also titered on normal human fibroblasts and HT-1080 cells. Vector stocks were
added to 35-mm-diameter wells that had been plated the day before with 1.5 ×105 cells.
Forty hours later the cells were fixed and transduction was measured by histochemical
staining for both β-Gal and AP (Fields-Berry et al., 1992) and by counting of individual
stained cell foci. neo vector stocks were titered as follows. BHK-21 cells were plated at 1.5
×105 cells in a 35-mm-diameter well and cultured overnight. Serial dilutions of vector
supernatants were added to the cells the following morning and 24 hr later the cells were
treated with trypsin and plated at 1:20 and 1:100 dilutions into 10-cm dishes. These cells
were cultured for an additional 24 hr, and then G418 was added to a final concentration of
0.7 mg/ml. Surviving colonies were counted 8 days later after staining with Coomassie
Brilliant Blue G, when all cells in control cultures were dead.
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Helper virus assays
The FAB assay (Yu and Linial, 1993) was performed by plating 1.5 ×105 FAB cells in a 35-
mm-diameter well, adding dilutions of vector stocks or viral supernatants the following day,
and determining the number of β-Gal focus-forming units (BFFU) 40 hr later by
histochemical staining. The FMR (foamy marker rescue) cell line was generated by CaPO4-
mediated transfection of BHK-21 cells with the pCGPSN-ΔBel construct followed by
selection of G418-resistant colonies in G418 (0.7 mg/ml). To screen these G418-resistant
clones for rescuable neo vector, 10 independent colonies were expanded to 1 ×105 cells and
infected with wt HFV at a multiplicity of infection (MOI) of 0.1. Forty-eight hours after
infection supernatants were harvested, passed through 0.45-μ m pore size filters, and rescued
neo vectors were titered on BHK-21 cells. One cell line (named FMR) contained rescuable
neo vector and was used for marker rescue assays. The marker rescue assay was performed
by plating 1 ×105 FMR cells in a 12-well dish, and then adding serial dilutions of wt HFV
(positive control), AP vector supernatants, or wt HFV spiked with AP vector supernatant the
following morning. The serial dilutions of wt HFV were also concurrently added to FAB
cells to determine the titer. After 5 days, supernatants from the infected FMR cells were
passed through 0.45-μ m pore size filters, and 1.5 ml was transferred to BHK-21 cells.
Twenty-four hours later the cells were treated with trypsin and 9:10 and 1:10 dilutions were
plated into 10-cm dishes. These dilutions were cultured for a further 24 hr, and then G418
was added to a final concentration of 0.7 mg/ml and surviving colonies were counted 8 days
later.

Analysis of integrated HFV vectors
Supernatants containing pCGPSNΔBel neo vectors were used to transduce BHK-21 cells at
an MOI of 0.01. Transduced cells were selected in G418 (0.7 mg/ml) and 10 independent
G418-resistant colonies were expanded to approximately 107 cells in a 10-cm dish. High
molecular weight genomic DNA was extracted (Gross-Bellard et al., 1973) and digested
with either EcoNI or EcoRI. Approximately 5 μ g of digested DNA was analyzed by
Southern blot (Maniatis et al., 1989), using a 1.4-kb probe containing portions of the SV40
promoter and the neo gene.

RESULTS
Production of Bel-independent HFV vectors

To increase HFV vector titers over those produced by previous methods, we designed helper
and vector constructs with a CMV-HFV LTR fusion promoter. The strong CMV promoter is
especially potent in the 293T cell line, and CMV-driven expression of MLV vectors has
resulted in vector titers in excess of 106 transducing units/ml by transient transfection of
293T cells (Pear et al., 1993; Soneoka et al., 1995). Use of the CMV promoter also made
possible the removal of the HFV bel genes from both the helper and vector constructs, so
that vector production was Bel-independent (see Fig. 1). The pCGPES helper construct
expresses Gag, Pol, and Env under control of the CMV promoter and provides these proteins
in trans for vector assembly. This construct has a deletion of the bel genes and cannot
complete reverse transcription owing to a deletion of the 3′ LTR, which is replaced by an
SV40 polyadenylation signal. The pCGPMAPΔBel vector construct is also under the control
of the CMV promoter, and was designed such that transcription initiates from the HFV
transcription start site. During reverse transcription of the vector genome the 5′ HFV LTR is
regenerated from the 3′ LTR, resulting in a vector provirus with two HFV LTRs and no
CMV promoter sequences. The pCGPMAPΔBel vector construct has deletions of the env,
bel1, bel2, and bel3 genes, and contains a human placental alkaline phosphatase (AP)
reporter gene under the control of an internal MLV LTR promoter. The absence of the bel
genes in this system means that recombination between the helper and vector construct
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cannot regenerate wt HFV. In addition, integrated Bel-independent vectors should have only
minimal expression from the HFV LTRs, which are not efficiently transcribed in the
absence of Bel1 (Rethwilm et al., 1991; Lochelt et al., 1993a).

The pCGPES and pCGPMAPΔBel constructs were used to optimize the transient
transfection protocol for generating vector stocks. Stocks were prepared by cotransfecting
the pCGPES and pCGPMAPΔBel plasmids into 293T cells and harvesting cell-free
supernatants containing HFV AP vector virions. Vector supernatants were used to infect
FAB indicator cells and 40 hr later the vector titer was determined by counting AP foci after
histochemical staining. The FAB cell line was used because it allows for a convenient
determination of vector titer and potential wt contamination in the same cell monolayer (see
below). Production of Bel-independent AP vectors by transient transfection was compared
in several cell lines (Fig. 2) and AP titers were determined. Transfections performed in the
293T cell line produced the highest titers, which were in excess of 1 ×105 AP transducing
units/ml; this cell line was therefore used in subsequent experiments. The amounts of helper
and vector constructs present in the transfection mix, and the density of the transfected cells,
were varied to optimize the transfection protocol. A cell density of 2.5 ×105 293T cells/35-
mm well transfected 1 day later with 5 μ g each of plasmids pCGPES and pCGPMAPΔBel
produced the highest vector titers (data not shown). There was considerable toxicity evident
48 hr posttransfection, as evidenced by syncytia and “balloon-like” cell clusters, which were
associated with higher vector titers. A time course of vector production was performed and
the highest titers were obtained at 72 hr posttransfection (Fig. 3). The average titer of 29
independent vector stocks generated by this optimized procedure was 1.7 ×105 ± 3.0 ×104

AP FFU/ml (standard error) on FAB cells. Three vector stocks were also titered on normal
human fibroblasts and HT-1080 human fibrosarcoma cells. The titer on these human cells
was two- and three-fold higher, respectively, than on FAB cells, consistent with a previous
study comparing HFV vector transduction rates on different cell types (Russell and Miller,
1996).

In an attempt to improve the yield of functional vector particles various harvesting methods
were compared (Fig. 4). In each case the cell-free vector stocks were passed through a 0.45-
μ m pore size filter before titration. Freshly harvested supernatants contained the highest
vector titers, and freeze–thawing of stocks reduced titers significantly. Freeze–thawing
vector-containing culture medium in the presence of the transfected cells reduced the loss of
vector titer due to freezing, presumably owing to a release of intracellular virions that
compensated for the damage to vector virions caused by freezing and thawing. Previous
studies with wt HFV have shown that the bulk of the virus is cell associated and can be
released after multiple freeze–thaw cycles (Yu and Linial, 1993). Three freeze–thaw cycles
did not significantly improve the recovery of vector in this transient transfection system, nor
did the addition of 40% glycerol.

Bel-independent vector stocks are free of replication-competent helper virus
Removal of the bel genes from the helper and vector constructs makes it impossible for a wt
virus to be generated by recombination between the helper and vector plasmids. We used the
FAB cell line (Yu and Linial, 1993) to confirm that the Bel-independent vector stocks did
not contain contaminating wt HFV. This cell line has an integrated HFV LTR upstream of a
nuclear-localizing β-gal reporter gene, so after infection by wt HFV the integrated HFV
LTR is activated by the Bel1 protein and β-Gal is produced. β-Gal-producing cells can be
detected by histochemical staining 40 hr postinfection (BFFU). We performed the FAB
assay on more than 40 different vector stocks produced by transfection of pCGPES and
pCGPMAPΔBel, and no BFFU were detected (<1/ml of vector stock). This was the
expected result from a Bel-free vector production system. It is possible that a new foamy-
like RCR could have been generated during vector production even in the absence of Bel1
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by capture of a cellular trans-activator gene that acts on the HFV LTR. The negative FAB
assay also demonstrates that this did not occur, as the integrated HFV LTR in the FAB cell
line would have led to β-Gal production in response to any potential exogenous trans-
activator.

Another possibility is that a novel LTR could be generated during stock production that can
be transcribed independently of Bel1, thus generating a new type of replication-competent
virus. This novel LTR could take the form of a mutated HFV LTR, or a non-HFV promoter
such as a new LTR based on the CMV promoter. These Bel-independent RCRs would not
be detected by the FAB assay. To test for this possibility we developed a marker rescue
assay that could detect Bel-independent RCR. A cell line was generated that contains an
integrated HFV vector genome under the control of the constitutive CMV promoter and a
neo reporter gene driven by the SV40 early promoter. This integrated vector genome also
contains functional HFV gag and pol genes, but does not express the bel or env genes. A
potential Bel-independent RCR that infected this cell line would supply Gag, Pol, and Env
in trans and package the CMV-driven neo vector transcripts into virions that could then be
detected by a transduction assay (Fig. 5). In theory, a replication-incompetent virion
expressing only Env should also lead to rescue (since Gag and Pol are encoded by the vector
construct). To generate this cell line, the pCGPSNΔBel plasmid (see Fig. 1) was transfected
into BHK-21 cells and stable integrants were selected in medium containing G418 and
tested to determine if neo-expressing vectors could be rescued by infecting with wt HFV
(see Materials and Methods). One cell line named FMR contained neo vector integrants that
could be efficiently rescued by wt HFV. The sensitivity of this cell line was tested using wt
HFV as a positive control in three separate experiments (Table 1), which produced positive
assays with 92, 3, or 82 BFFU of wt HFV, respectively. In experiment 3 an additional
control of wt HFV spiked with vector was performed to determine if vector particles would
interfere with RCR detection. Some variation in the sensitivity of the assay was expected as
amplification of RCR during the 5-day culture period could occur at variable rates, and the
FAB assay used to titer the wt HFV stock could overestimate the true RCR titer as it only
measures transfer of a functional bel1 gene and not virus replication. Using this FMR assay,
rescue of potential RCR was not detected from 1 ml each of nine independently generated
AP vector stocks (average titer, 4.5 ×104 AP FFU/ml). The addition of vector stocks to the
wt HFV positive control for RCR (experiment 3, Table 1) did not decrease the sensitivity of
the assay. These experiments show that the Bel-independent vector stocks described here are
free of detectable RCR that can package an HFV vector transcript.

Analysis of Bel-independent vector integrants
It was shown previously that HFV vectors integrate randomly into genomic DNA (Russell
and Miller, 1996). Although the bel2 and bel3 genes are not necessary for viral replication
(Baunach et al., 1993; Yu and Linial, 1993) and the Bel1 protein can be supplied in trans,
we wanted to confirm that Bel-independent vectors also integrate and determine whether the
vector proviruses were deleted or rearranged. Vector stocks were generated by transient
transfection of 293T cells with the pCGPSNΔBel plasmid (see Fig. 1) and the helper
construct pCGPES at a titer of 1.5 ×105 G418-resistance transducing units/ml. This
pCGPSNΔBel vector stock was used to transduce BHK-21 cells at an MOI of 0.01 and 10
independent G418-resistant colonies were isolated and expanded. Genomic DNA from each
clone was extracted and digested with either EcoNI or EcoRI. EcoNI cleaves twice in the
vector construct, releasing a 7.7-kb fragment (see Fig. 1D), while EcoRI cleaves once in the
vector and produces a fragment that varies in size in relation to the nearest flanking
chromosomal EcoRI site. An SV40-neo probe (see Fig. 1) was used to detect proviral
fragments by Southern analysis. All 10 clones contained integrated proviruses of the
predicted size, indicating that gross vector rearrangements or deletions did not occur at a
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significant frequency (Fig. 6). The 10 proviruses were integrated randomly as shown by the
variation in size of the neo-containing EcoRI fragment.

DISCUSSION
We previously generated HFV vectors at titers in excess of 104 transducing units/ml and
demonstrated that they can transduce many cell types including hematopoietic progenitor
cells (Hirata et al., 1996; Russell and Miller, 1996). These first-generation HFV vector
stocks contained relatively high amounts of contaminating helper virus. Bieniasz et al.
(1997) reported the production of replication-defective HFV vectors in Bel1-expressing
producer cell lines at titers exceeding 105 transducing units/ml. However, bel1-containing
RCR was generated in some producer cell clones, which presumably arose from
recombination between vector sequences and the integrated bel1 gene in the producer cell
line. Here we have described the use of CMV-HFV LTR fusion promoters in both the helper
and vector constructs, which allowed us to remove completely the bel1 gene from the vector
production system and express helper and vector transcripts from the strong CMV promoter
in transiently transfected 293T cells. We have now produced high-titer HFV vector stocks
that are free of Bel-dependent and Bel-independent RCR.

Previous investigators obtained high titers of MLV vectors using analogous CMV-MLV
fusion promoters in 293-based cell lines (Pear et al., 1993; Soneoka et al., 1995; Ory et al.,
1996). The use of a CMV-HFV LTR fusion promoter has also been reported for production
of wt HFV and HFV vector constructs; however, transduction by Bel-independent vectors
was not investigated. Moebes et al. (1997) reported the use of a CMV-LTR fusion promoter
to produce a replication-competent HFV by transient transfection of 293T cells. In this
system a CMV-driven HFV construct containing the bel genes was used to generate a wt
HFV stock at 103 BFFU/ml as determined by FAB assay. It is not clear why the titers of our
CMV-driven vector stocks were higher than those reported previously, but small differences
in the sequence of the fusion promoter could play a role. In addition, a report by Fischer et
al. (1998) showed that bel-deleted vectors containing the same CMV-HFV LTR fusion
promoter reported by Moebes et al. (1997) could produce HFV particles in 293T cells as
determined by electron microscopy (EM). However, vector titers were not examined in this
study. We have measured the titers of vectors produced by our Bel-independent system, and
found that both neo and AP vectors could be generated at titers in excess of 105/ml.

The transient transfection protocol for producing Bel-independent vectors was optimized
and the highest titers were obtained at 72 hr posttransfection, when a relatively low density
of 293T cells was transfected and large transfection volumes were used. This results in
considerable cytotoxicity to the transfected cell monlayer, presumably owing to a
combination of cell death from the calcium phosphate precipitate and cell fusion due to HFV
Env expression. Pear et al. (1993) also noted that doubling the volume of transfection
reagents increased the titer of MLV vectors produced using a CMV-MLV LTR fusion
promoter in 293T cells. The cell-free HFV vector stocks produced by this transient
transfection method are sensitive to freeze–thaw damage, with an average 4.3-fold drop in
titer. Freezing in the presence of transfected cells and filtering the stocks after thawing
reduced the loss of titer, presumably owing to the release of intracellular vector virions.

The pCGPSNΔBel vector integrated randomly in BHK-21 cells and no rearrangements of
the vector construct were detected in 10 of 10 G418-resistant transductants analyzed. This
contrasts with our previous integration analysis of vector stocks produced with helper
constructs containing a simple deletion in the gag and pol genes (Russell and Miller, 1996).
These first-generation vector production methods frequently resulted in rearranged vector
proviruses due to recombination between helper and vector constructs. Presumably these
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rearrangements were avoided in the Bel-independent system described here because the
removal of the 3′ LTR in the pCGPES helper construct prevented the completion of reverse
transcription from recombined genomes, even if they were packaged into virions. Previous
studies have shown that the bel2 and bel3 genes are dispensable for virus production in vitro
(Baunach et al., 1993; Yu and Linial, 1993; Schmidt and Rethwilm, 1995), and that mature
foamy virus particles can be detected by electron microscopy in the absence of all bel genes
(Fischer et al., 1998). Our results further demonstrate that the bel genes are not required for
integration of viral genomes.

The removal of the Bel1 transcriptional trans-activator from this vector system eliminates
RCR contamination and leads to improved transduction properties. Both the FAB assay (Yu
and Linial, 1993) and a marker rescue assay failed to detect RCR in Bel-independent vector
stocks. The FMR assay was sensitive to 3, 92, or 82 BFFU/ml in three separate experiments
using wt HFV as a positive control, and should have detected both RCR and replication-
incompetent virions expressing Env, including Bel-independent RCRs. Thus we conclude
that the cotransfection method described here reproducibly generates helper-free stocks. The
ability to generate high-titer vector stocks free of RCR should simplify the testing of HFV
vectors in animal gene transfer studies, since transduction can be measured in the absence of
viral replication. Although foamy viruses are not known to be pathogenic, the absence of
RCR eliminates any unknown risks that might be associated with foamy virus infection. The
removal of the bel genes adds an additional level of safety, since transcription should not
occur from the LTRs of integrated vector proviruses, thereby preventing activation of
downstream cellular genes. There could also be sites in cellular chromosomes where the
Bel1 protein binds and influences transcription, which will not occur in a Bel-free vector
system. Finally, the transcriptionally silent vector LTRs may allow improved engineering of
the transcriptional control of vector transgenes. These properties suggest that Bel-
independent vectors will prove to be safe and effective for gene therapy applications.
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FIG. 1.
Bel-independent HFV vector constructs. (A) Map of the wt HFV provirus pHSRV13,
indicating sites of transcriptional transactivation by the Bel1 protein. The positions of the
LTRs and of the gag, pol, env, and bel genes are indicated. (B) Maps of the Bel-independent
vector constructs engineered with fusion promoters consisting of the CMV promoter in
place of the HFV LTR 5′ U3 region. Transcription is initiated at the R region of the LTR,
independently of Bel1. The engineered XbaI site used to ligate the CMV and HFV promoter
elements is underlined and the reported HFV start site is indicated by an asterisk above the
pCGPMAPΔBel construct. The positions of the CMV fusion promoter, MLV LTR promoter
(M), alkaline phosphatase gene (AP), SV40 early promoter (S), and neo gene are indicated.
(C) Map of the pCGPES helper construct, showing the locations of the CMV–HFV LTR
fusion promoter (sequence slightly different than that of pCGPMAPΔBel), HFV gag, pol,
and env genes, and the SV40 polyadenylation site (SpA). (D) Structure of integrated vector
provirus resulting from transduction of Bel-independent vectors. The wt HFV 5′ LTR is
regenerated by reverse transcription prior to integration. The locations of relevant restriction
sites and the probe used for Southern analysis are shown. Transcription start sites are
indicated by arrows.
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FIG. 2.
Vector production in various cell lines. The helper plasmid pCGPES and vector plasmid
pCGPMAPΔBel were cotransfected into the indicated cell lines and cell-free supernatants
were harvested 72 hr later, filtered, and titered on FAB cells. Values shown are titers (AP
FFU/ml) with means and standard errors from three independent measurements for each cell
line. In some cases, standard errors were too small to be displayed in the figure. Controls of
untransfected cells and cells transfected with vector plasmid pCGPMAPΔBel alone
produced no AP transducing units (<1 AP FFU/ml). Helper virus contamination was not
detected by FAB assay (<1 BFFU/ml).
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FIG. 3.
Time course of vector production by transient transfection of 293T cells. Three independent
transfections were performed with plasmids pCGPES and pCGPMAPΔBel, and at 24, 36,
48, 56, 72, and 120 hr 100 μ l of vector-containing medium was removed from each well
and frozen at −80°C until assayed. Samples were then thawed together at room temperature
and titered on FAB cells. Controls of cells transfected with vector plasmid alone were
negative (<1 AP FFU/ml). Values shown are titers (AP FFU/ml), with each symbol type
representing a different transfection.
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FIG. 4.
Comparison of vector harvest methods. 293T cells were transfected with both the helper
construct pCGPES and vector construct pCGPMAPΔBel, and 72 hr later supernatants
(vector-containing medium) or suspensions of cells and supernatants were harvested as
follows and titered on FAB cells. Harvest conditions included supernatant filtered without
freezing (SUP); filtered supernatant that was frozen at −80°C for 30 min, then thawed at
room temperature (SUP 1×F/T); filtered supernatant with glycerol added to 40% (v/v) that
was frozen at −80°C for 30 min, then thawed at room temperature (SUP 1×F/T GLYC);
supernatant combined with a suspension of the transfected cells that was frozen at −80°C for
30 min, thawed at room temperature, then filtered (SUSP 1×F/T); or supernatant combined
with a suspension of the transfected cells that was frozen in an ethanol–dry ice bath and
thawed at 37°C three times, then filtered (SUSP 3×F/T). Controls of untransfected cells or
cells transfected with vector plasmid pCGPMAPΔBel alone produced no AP FFU (<1/ml).
Supernatant from a control well transfected with the same transfection mixture used for all
treatments was tested by FAB assay and did not contain Bel-dependent RCR (<1 BFFU/ml).
Mean titer values (AP FFU/ml) with standard errors from three independent measurements
are plotted. Values in parentheses indicate the fold reduction as compared with unfrozen
supernatants.
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FIG. 5.
Foamy marker rescue assay. An FMR cell is depicted on the left with its integrated, env-
deficient neo vector provirus. On the right an FMR cell is shown with both RCR and vector
proviruses after infection by an env+ RCR virion. This cell produces additional RCR
particles that can spread through the culture, and neo vector particles that can transduce
BHK-21 cells. The positions of gag, pol, env, and neo genes in the proviruses are indicated.
The CMV-HFV LTR fusion promoter (C|F), the HFV LTR (F), and a novel Bel-independent
LTR (X) are indicated.
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FIG. 6.
Southern analysis of integrated Bel-independent vector genomes. High molecular weight
DNAs isolated from 10 independent G418-resistant clones of BHK-21 cells transduced by
pCGPSNΔBel (lanes 1–10) or untransduced BHK-21 cells were digested with the indicated
enzymes and probed for neo sequences. Samples were digested with either EcoNI, which
produces a 7.7-kb fragment from an intact provirus (A) or with EcoRI, which cuts once
within the vector (B). Uneven loading decreased the vector signal in lanes 1 and 3 (A) and
lane 10 (B). See Fig. 1 for restriction sites and probe map.
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