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Foamy viruses (FVs), or spumaviruses, are integrating retroviruses that have been developed as vectors.
Here we generated nonintegrating foamy virus (NIFV) vectors by introducing point mutations into the highly
conserved DD35E catalytic core motif of the foamy virus integrase sequence. NIFV vectors produced high-titer
stocks, transduced dividing cells, and did not integrate. Cells infected with NIFV vectors contained episomal
vector genomes that consisted of linear, 1-long-terminal-repeat (1-LTR), and 2-LTR circular DNAs. These
episomes expressed transgenes, were stable, and became progressively diluted in the dividing cell population.
1-LTR circles but not 2-LTR circles were found in all vector stocks prior to infection. Residual integration of
NIFV vectors occurred at a frequency 4 logs lower than that of integrase-proficient FV vectors. Cre recombinase
expressed from a NIFV vector mediated excision of both an integrated, floxed FV vector and a gene-targeted
neo expression cassette, demonstrating the utility of these episomal vectors. The broad host range and large
packaging capacity of NIFV vectors should make them useful for a variety of applications requiring transient

gene expression.

Several nonintegrating retrovirus vectors have been pro-
duced previously in order to provide transient transgene
expression and/or avoid the consequences of insertional mu-
tagenesis. These nonintegrating vectors are rendered inte-
gration deficient by mutations in the viral integrase or att
sites and can express transgenes (1, 17, 41, 42, 59). After
infection, nonintegrating vector genomes are found as lin-
ear, 1-long-terminal-repeat (1-LTR), or 2-LTR episomal
DNA molecules and are stable, but because these episomes
do not replicate, they are diluted over time in proliferating
cells (1, 5, 7, 41). Most nonintegrating retroviral vectors
have been derived from the lentivirus (LV) system, but they
have also been produced from Moloney leukemia virus
(MLV) and feline immunodeficiency virus (48, 63). These
vectors have been used to transduce both dividing and non-
dividing cells in vitro and in vivo (4, 17, 41, 48, 57, 59, 60).
Nonintegrating LV vectors expressing zinc finger endo-
nucleases or I-Scel endonuclease have also been used to
introduce double strand breaks and provide substrates for
gene targeting (8, 34). These studies have shown the utility
of nonintegrating retroviral vectors.

Foamy virus (FV) vectors have been developed as gene
transfer vehicles because of their many unique properties.
Wild-type (wt) FVs, members of the spumaretrovirus subfam-
ily of retroviruses, are endemic to a number of animal species,
including nonhuman primates, cats, cows, and horses, but not
to humans (13, 22, 45). Humans have been infected with FVs
after exposure to nonhuman primates, but no resulting pathol-
ogy or human-to-human transmission has been reported (13,
22,45). FVs have a DNA genome created by reverse transcrip-
tion in the virus-producing cell, and they are the largest of all
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retroviruses (>13 kb), with a packaging capacity of more than
9 kb. They can be produced at high titers without contaminat-
ing replication-competent retrovirus (54). Also, FV vectors can
transduce many cell types from a variety of species (25, 30, 45,
54, 58), have a favorable integration profile (2), and form
stable preintegration complexes in nondividing cells (47, 55).
FV vectors have shown promise in hematopoietic stem cell
gene therapy and in the treatment of genetic diseases (2, 24).

As with other retroviruses, FV vector integration is medi-
ated by the integrase protein encoded at the 3" end of the pol
gene. The highly conserved integrase protein is comprised of
three distinct regions, the HHCC zinc-binding domain, the
DNA-binding domain, and the catalytic core domain (see Fig.
1). The catalytic core contains the DD35E motif, a universal
feature of integrases and transposases that participates in cat-
alyzing the phosphotransfer reaction during strand transfer
(7). Class I mutations in the catalytic site result in vectors that
are defective for integration, and these mutations have been
used to generate nonintegrating LV (NILV) and MLV vectors
(59, 63). FV vectors with class I mutations have also been
produced and have been shown to generate viral particles that
infected cells and did not integrate into the host genome (9, 12,
19, 20, 35). However, transgene expression was minimal or
nonexistent in these studies, for unclear reasons (12, 19, 20).
Here, we show that nonintegrating FV (NIFV) vectors can be
produced that efficiently transduce cells and express transgenes
from their episomal genomes.

MATERIALS AND METHODS

Cell culture. Human embryonic kidney 293D cells (16), HT-1080 human
fibrosarcoma (HT-1080) cells (44), and human fibroblasts (Coriell Institute for
Medical Research, Camden, NJ, repository number GM05387) were cultured at
37°C in Dulbecco’s modified Eagle’s medium (DMEM) with 10% heat-inacti-
vated fetal bovine serum (FBS) (HyClone, Logan, UT), 100 U/ml of penicillin,
and 100 pg/ml streptomycin. Osteogenesis imperfecta (OI) mesenchymal stem
cells (OI12 MSCs) were established from the vertebral fragments from a patient
with type III OI that were obtained during surgery under an Institutional Review
Board-approved protocol as described previously (6). OI12 MSCs were grown in
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TABLE 1. Titers of NIFV vectors in HT-1080 cells
No. of MFI“
. 0.0
Vector No. of vector DNA No. of t'ransducmg genomes/transducing Day 1 Day 2
genomes/ml units/ml unit
Raw Relative Raw Relative
AbMscvF 3.77 X 108 5.97 X 10° 63 113 1.00 475 1.00
NIFV-MscvF 6.40 x 10° 1.35 X 107 47 65 0.58 116 0.24
D100V-MscvF 3.72 X 108 8.45 X 10° 44 73 0.65 125 0.26
D157A-MscvF 3.95 x 108 6.28 X 10° 63 61 0.54 107 0.23

“ MFI determined by gating on GFP™" cells with a window containing <0.1% GFP™ cells in uninfected cultures.

low-glucose DMEM with 10% fetal bovine serum, 100 U/ml of penicillin, and 100
pg/ml streptomycin and supplemented with 2 mM L-glutamine (Invitrogen).

Plasmids. The NIFV pol helper plasmids were based on the plasmid pCiPS
(54). Site-directed mutagenesis (QuikChange; Stratagene, La Jolla, CA) was
used to introduce point mutations at nucleotides 2635 and 2806 of the pol open
reading frame (accession number U21247). Single mutant pol helper plasmids
were generated using the primers D100V Forward (5'-GATAAATTCTTTATT
GTCTATATTGGACCTTTGCC-3") and D100V Reverse (5'-GGCAAAGGTC
CAATATAGACAATAAAGAATTTATC-3') for pCiPS-D100V and DI157A
Forward (5'-CAAAGGTGATTCACTCTGCTCAAGGTGCAGCATTCAC-3")
and D157A Reverse (5'-GTGAATGCTGCACCTTGAGCAGAGTGAATCAC
CTTTG-3") for pCiPS-D157A. pCiPS-NIFV was generated by sequential rounds
of mutagenesis to include both these mutations. All mutations were verified by
sequencing.

FV vector plasmids were derived from the plasmid pAd (54). pNIFV was
created by inserting a PstI-EcoRI restriction fragment from pCiPS-NIFV into
the cis-acting pol region of pAd. pNIFV-MscvF contains the murine stem cell
virus (MSCV) long terminal repeat promoter (18) expressing green fluorescent
protein (GFP) and was derived from pA®MscvF (54) by incorporating both
integrase mutations in pNIFV. pNIFV-MscvCre is similar to pNIFV-MscvF but
contains the mammal-optimized Cre gene (a gift from Rolf Sprengel, Max-
Planck-Institute, Heidelberg, Germany), in place of GFP. pNIFV-CnZPNO was
constructed by inserting an AflIl fragment isolated from pNIFV-MscvF into
pA$-CnZPNO (36). pAdMscvTKNIoxP is similar to pNIFV-MscvF but contains
a truncated thymidine kinase-neomycin phosphotransferase fusion gene (50, 51)
instead of GFP and has a loxP site inserted into the Xbal site of the 3" LTR. All
plasmid sequences are available by request.

Vector production. FV and NIFV vector stocks were produced by transient
cotransfection as previously described (14). Pseudostocks were generated simi-
larly to vector stocks except that no pol helper plasmid was included in the
transfection. Seventy-two hours after transfection, the culture medium was col-
lected, filtered through a 45-pM filter, concentrated by ultracentrifugation, re-
suspended in DMEM with 5% dimethyl sulfoxide, and stored at —80°C.

DNA isolation and DNA analysis. Genomic DNA was isolated by using the
Puregene DNA purification system (Gentra Systems, Minneapolis, MN). Southern
blotting was performed by standard techniques. Radiolabeled probes were synthe-
sized by random priming using a Ready Prime kit (Amersham). Quantitation of
Southern blots was performed on a PhosphorImager (Storm 820; Amersham Bio-
sciences, Piscataway, NJ). To identify HT-1080 clones containing a single integrant
of ApMscvTKNIoxP and to document removal of the floxed FV provirus, a 640-bp
HindIII-Sall 3" FV LTR probe fragment from pAdMscvTKNIoxP was used. The
COL1A2 probe corresponds to COL1A2 genomic DNA chr7:94,026,171-94,027,234
(February 2009 assembly). Low-molecular-weight DNA was isolated from cells by
Hirt extraction (23).

Vector genomes were isolated from concentrated FV and NIFV vector stocks
by extracting twice with phenol, twice with phenol-chloroform, and once with
chloroform and then precipitating with 2 volumes of 100% ethanol. Extracted
DNA was digested with Dpnl to fragment contaminating residual plasmid DNA
from the transfection and analyzed by Southern blotting using a GFP probe
(735-bp Agel-NotI fragment from pAdMscvF), a neo probe (686-bp EagI-BssSI
fragment from A¢pMscvTKNIoxP), or a Cre probe (1,069-bp Agel-NotI fragment
from pAdMscvCre).

Transduction conditions. To generate data for Table 1, HT-1080 cells were
seeded at 10° cells/well in 6-well plates on day 1 and then infected with serial
dilutions of vector stocks on day 2, and GFP expression was determined by flow
cytometry (Becton Dickinson, San Jose, CA) on day 4. The mean fluorescence
intensity was determined by infecting HT-1080 cells with all vectors at a multi-
plicity of infection (MOI) of 5 genome-containing particles per cell.

The GFP expression time course results shown in Fig. 3 were obtained by
seeding human fibroblasts at 10° cells/well in 6-well plates on day 1 and then
infecting with vector stocks at an MOI of 50 genome-containing particles per cell
on day 2. At designated time points, 10 to 20% of the cells were harvested and
analyzed by flow cytometry.

To determine if NIFV vectors are expressed in quiescent cells, human fibro-
blasts were seeded at 1.5 X 10° cells/well in a 12-well plate on day 1 and grown
for 3 days until confluent. On day 4, the serum was reduced to 0.5%;, and the cells
were grown for an additional 4 days prior to infection. To obtain dividing cells,
human fibroblast cultures were grown in DMEM with 10% FBS and plated at
1.5 X 10° cells/well 24 h prior to transduction. On day 8, the NIFV-MscvF and
AdMscvF vectors were added to dividing and nondividing cell cultures at an MOI
of 15 genomes/cell, and on day 10, cells were harvested and analyzed by flow
cytometry.

Neomycin resistance titers were determined by seeding HT-1080 cells at 10°
cells/well in 6-well plates on day 1, followed by infection with serial dilutions of
vector stocks on day 2. Each well was replated into 10-cm dishes at serial
dilutions on day 3, and G418 selection (700 pwg/ml) was started on day 4. After 10
days of selection, G418-resistant colonies were stained with Coomassie blue and
counted.

To analyze vector DNA in infected cells (see Fig. 4), 60-mm dishes were
seeded with 2.2 X 10° human fibroblasts on day 1 and then infected with either
AdMscvF or NIFV-MscvF at an MOI of 1,000 genome-containing particles per
cell (or an equivalent volume of pseudostock as a control) on day 2. The cells
were expanded continuously, and portions were harvested for low-molecular-
weight DNA isolation 4, 7, and 10 days after infection.

Quantifying NIFV integration. Integration frequencies were determined by
infecting 1 X 10° human fibroblasts with A¢CnZPNO or NIFV-CnZPNO at an
MOI of 100 genome-containing particles per cell and then replating and selecting
with G418 (700 pg/ml) starting 2 days after infection. After 10 days of selection,
single integrant clones from cells infected with NIFV-CnZPNO were picked and
expanded. Colony counts in the ApCnZPNO-infected cells were determined by
staining with Coomassie blue.

Five pg of genomic DNA from each NIFV-CnZPNO integrant clone was
digested with Pmel and PshAI for 4 h, extracted with phenol-chloroform, and
precipitated with ethanol. Five pg of digested DNA was circularized with 20
U of T4 DNA ligase overnight at room temperature in 20 wl and then used
to transform Escherichia coli strain DH10B by electroporation. Kanamycin-
resistant colonies were picked, and plasmid DNA containing rescued provi-
ruses was purified and sequenced using the primers FV3'LTR (5'-AAGTA
ACGAGGAGAGGGT-3"), FV5'PGK (5'-ATGCTCCAGACTGCCTTGG
G-3"), and FV5'CMV (5'-CCATTTACCGTCATTGACG-3").

Cre recombinase-mediated excision. Floxed FV proviral clones were gener-
ated by infecting HT-1080 cells with AdMscvTKNIoxP at an MOI of 0.05 trans-
ducing units per cell and selecting in G418. Genomic DNA was isolated from
G418-resistant colonies and analyzed by Southern blotting using the 3’ FV LTR
probe. To assess Cre expression from NIFV-MscvCre, HT-1080 cells harboring
a single AbMscvTKNIoxP provirus were transduced with either NIFV-MscvCre
at an MOI of 100 genome-containing particles per cell or soluble Cre protein (16
M) as previously described (6). Five days after Cre treatment, the cells were
selected with ganciclovir (50 uM) for 14 days, and single colonies were expanded
and analyzed by Southern blotting. Colony counts were determined by staining
with Coomassie blue.

To measure Cre-mediated excision at a defined chromosomal locus, OI12
MSCs targeted at exon 2 of COLI1A2 with a floxed internal ribosome entry site
(IRES)-neo cassette (6) were transduced at MOIs of 0, 5, 50, and 500 or 0, 5, 50,
500, and 1,000 genome-containing particles per cell with A¢pMscvCre and NIFV-
MscvCre, respectively (or an equivalent volume of pseudostock as a control) and
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FIG. 1. Schematic representation of mutations introduced into in-
tegrase, the pol helper plasmid, and the NIFV vector plasmid. (A) Do-
main structure of the integrase protein. The highly conserved DDE
residues are shown in the catalytic core. (B) Mutations producing the
indicated amino acid changes were introduced into the integrase se-
quence (IN) of the pol helper plasmid, pCiPS, and the pol fragment of
FV vector plasmids to generate the NIFV pol helper and vector plas-
mids shown. Locations of the CMV promoter, simian virus 40 (SV40)
intron (intron), SV40 polyadenylation site (pA), internal promoter
(Pro), transgenes (Gene), LTRs, and pol open reading frame (pol) are
shown.

expanded for 14 days, and then genomic DNA was isolated for Southern blot
analysis.

RESULTS

NIFV vector design and stock production. To produce NIFV
vectors, we introduced class I integrase mutations into the FV
pol gene in the helper plasmid pCiPS (Fig. 1). These mutations
resulted in an aspartic acid-to-valine substitution at residue 100
(D100V) or an aspartic acid-to-alanine substitution at residue
157 (D157A) of the FV integrase protein (Fig. 1B). The
D100V mutation is similar to the D64V mutation used previ-
ously in NILV vectors (1, 39, 41, 60), and the D157A mutation
has been shown to produce integrase-deficient FV vectors (9,
12). These mutations do not interfere with reverse transcrip-
tion, nuclear localization of the preintegration complex, or
circularization of the viral genome (9, 12, 29). We also intro-
duced both mutations into the cis-acting pol fragment present
in vector plasmids to avoid possible recombination with the po/
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expression plasmid and mutation reversion during vector pro-
duction. Three different vector plasmids were produced that
expressed either the green fluorescent protein (GFP), the neo-
mycin resistance gene (neo), or Cre recombinase (Cre) under
the control of an internal MSCV promoter. Each of these
vector plasmids was cotransfected with gag- and env-expressing
plasmids and either the wt pol helper plasmid pCiPS or an
integrase-defective helper plasmid (pCiPS-NIFV, pCiPS-
D100V, or pCiPS-D157A) to create vector stocks. A
pseudostock control was produced by omission of the pol
helper plasmid.

To determine the impact of integrase mutations on vector
production, we compared the vector genome titers of our GFP-
expressing, nonintegrating FV vectors NIFV-MscvF, D100V-
MscvF, D157A-MscvF and integrase-proficient deleted FV
vector A¢pMscvF. DNA vector genomes were purified directly
from vector stocks by phenol-chloroform extraction, digested
with Dpnl to remove contaminating transfected plasmids, and
analyzed by Southern blotting (Fig. 2). The titers were similar
for both the integrase-proficient vector and the nonintegrating
vectors, indicating that the class I integrase mutations did not
affect vector production (Table 1).

We noted two additional bands present in undigested vector
DNA preparations on the Southern blot (Fig. 2) that did not
migrate at the position of full-length linear vector genomes.
These bands may represent vector replication intermediates
(labeled R1 and R2). After digestion with restriction enzymes
and probing for an LTR-containing fragment, 1-LTR circular
vector forms could also be identified (Fig. 2). Our results
showed that in both NIFV and integrase-proficient vector
stocks, ~80% of the vector genomes were linear and ~20%
were 1-LTR circles. Thus, 1-LTR circles are generated in vec-
tor-producing cells before the vectors infect cells. This agrees
with previous reports noting the presence of 1-LTR circles in
FV vector stocks (55). We did not detect 2-LTR circles in our
vector stocks, although these have been observed in wt FV
stocks (55).

Gene expression from NIFV vectors. HT-1080 human sar-
coma cells were transduced with NIFV-MscvF, D100V-MscvF,
D157A-MscvF, AdpMscvF, and the pseudostock control, and 2
days after infection, GFP expression was monitored by flow
cytometry. We observed gene expression from all the vectors,
and their titers were similar when measured as transducing
units (Table 1). The ratio of vector genomes to transducing
units ranged from 44 to 63, demonstrating that most input
vector virions do not produce cells that express the trans-
gene at detectable levels. This was the case for both inte-
grase-proficient and NIFV vectors. We also compared the
level of transgene expression by infecting cells at an MOI of
5 DNA genome-containing particles/cell and measuring the
mean fluorescence intensity (MFI) of GFP-expressing cells
1 and 2 days after infection. The MFIs were 1.5- to 1.9-fold
lower for integrase-deficient vectors than for the integrase-
proficient vector on day 1 and 3.8- to 4.3-fold lower on day
2, consistent with results for other nonintegrating retroviral
vectors. For example, in one study, a 10-fold-higher dose of
NILV vector was required to equal the expression from the
integrase-proficient LV vector (8).

Next, we evaluated transgene expression from NIFV vectors
over time in a dividing population of human fibroblasts
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FIG. 2. Southern blot analysis of NIFV vector stocks. Purified
DNAs from vector stocks of A¢MscvF (Ad), NIFV-MscvF (NIFV),
D100V-MscvF (100), D157A-MscvF (157), and a pseudostock control
(Ps) were cut with Pstl and Agel and analyzed by Southern blotting.
DNAs were also digested with Dpnl to remove transfected plasmid
DNA. The positions of the linear DNA genome (linear), replication
intermediates (R1 and R2), and 1-LTR circles (1-LTR) are shown.
Diagrams of the predicted sizes (not to scale) of LTR-containing
fragments are below the Southern blot. The position of the probe is
denoted by the black bar.

(Fig. 3A and B). The integrase-proficient vector produced the
maximal percentage of GFP™ cells on day 2, and this did not
decrease over time, consistent with provirus integration. In
contrast, the integrase-deficient vectors reached a maximum
percentage of GFP™ cells by day 2, which decreased to back-
ground levels over the next 8 days. This is the expected result
from unintegrated vector genomes that do not replicate and
become diluted over time. The relative MFI from NIFV vec-
tors was lower in human fibroblasts than in HT-1080 cells (14%
versus 24% on day 2), most likely due to variation in NIFV
expression between cell lines. Surprisingly, the MFI of cells
infected with NIFV vectors increased over time, suggesting
that the intracellular GFP protein level may take days to reach
a steady state in the subpopulation of cells that retain and
express the NIFV vector genome.

J. VIROL.

Although FV vectors do not transduce quiescent cells as
efficiently as dividing cells (55), it has been shown that FV
genomes enter the nuclei of stationary cells (33, 49). To assess
expression from NIFV vectors in nondividing cells, we infected
arrested and dividing cultures of human fibroblasts with NIFV-
MscvF and AdMscvF and measured the percentage of GFP™
cells 2 days after transduction. Propidium iodide staining
showed that only 3.6% of the arrested cells contained an in-
termediate amount of DNA, consistent with S phase (Fig. 3C).
Determination of the arrested-cell-to-dividing-cell transduc-
tion ratio (A/D ratio) (percent GFP+ cells in the arrested
culture/percent GFP+ cells in the dividing culture) showed
that both NIFV vectors and integrase-proficient vectors re-
quire cell division for efficient gene expression (Fig. 3D).

Status of vector genomes in infected cells. The distribution
of different episomal vector genome forms was followed over
time by Southern blot analysis of low-molecular-weight DNA
isolated from infected human fibroblasts (Fig. 4A). The total
number of episomal genomes per cell decreased as the cell
population expanded, at a similar rate for both integrase-pro-
ficient FV and NIFV vectors (Fig. 4B). Two days after infec-
tion, we recovered 60.7 and 43.2% of the input viral genomes
from NIFV-MscvF and A$pMscvF, respectively. Since free vec-
tor virions should have been washed away during the medium
changes and cell pelleting, these presumably represent intra-
cellular molecules, and the high genome-containing particle/
transducing unit ratios we observed (Table 1) were not due to
inefficient cellular entry. When the total amounts of each form
of the NIFV genome were examined (Fig. 4C), there was a
decrease in the linear and 1-LTR circle forms over time, with
an appearance of 2-LTR circle forms not present in the vector
stock. Thus, the 2-LTR circle vector forms are produced after
cellular entry, most likely due to circularization of linear mol-
ecules. Similar results were obtained with integrase-proficient
vectors (Fig. 4D), except the number of 2-LTR circles was
lower, consistent with integration of some linear vector forms
rather than their conversion to 2-LTR circles.

Quantification of rare NIFV vector integration events. Inte-
gration of other nonintegrating retroviral vectors has been
shown to be 3 to 4 logs lower than that of their wt counterparts
and not mediated by integrase (43, 59). To address this possi-
bility in NIFV vectors, we compared the integration frequen-
cies of an NIFV shuttle vector and its integrase-proficient
counterpart. The CnZPNO cassette present in these vectors
contains a neo gene under the control of both a cytomegalo-
virus (CMV) promoter and a prokaryotic promoter, as well as
a bacterial replication origin, allowing us to expand integrated
proviruses by selecting transduced cells in G418 and then re-
cover the integrated proviruses and flanking DNA as bacterial
plasmids (Fig. 5). We infected human fibroblasts with equal
amounts of NIFV and integrase-proficient CnZPNO genome-
containing particles, and the number of G418-resistant colo-
nies obtained was more than 4 logs higher for the integrase-
proficient vector (4.91 X 10° versus 43 CFU per 107 input
vector genomes).

Integrated proviruses were rescued along with flanking chro-
mosomal DNA from two G418-resistant clones transduced
with NIFV-CnZPNO by restriction enzyme digestion of
genomic DNA, circularization with ligase, electroporation of
bacteria, and isolation of kanamycin-resistant colonies. Se-
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FIG. 3. GFP expression profile from cells infected with NIFV vectors. Human fibroblasts were infected with ApMscvF, NIFV-MscvF,
D100V-MscvF, or D157A-MscvF or with a pseudostock control (stock prepared without pol expression plasmid) at an MOI of 50 genome-
containing particles per cell. The percentage of GFP™ cells (A) or the MFI (B) was monitored over time by flow cytometry. (C) Cell cycle analysis
of the DNA content in dividing and arrested cell populations by propidium iodide staining. (D) Dividing and arrested human fibroblast cultures
were infected with AbMscvF and NIFV-MscvF at an MOI of 15 genome-containing particles per cell. The percentage of GFP™ cells in the arrested
culture divided by that in dividing cultures (A/D ratio) is shown for both infections, with solid and open columns representing separate experiments.

quencing of the left and right junctions showed that integration
was not mediated by integrase, which should have produced a
4-bp duplication of host DNA and a provirus with processed
LTRs beginning with a TG dinucleotide at the 5" junction and
terminating with a CA dinucleotide at the 3’ junction (12, 40).
One integrant was present on chromosome 7 and had a 7.1-kb
deletion of vector sequences and a duplication of 9 bp of host
DNA at the 5’ junction, distinct 6-bp insertions at both junc-
tions, and an extra base at the 3" LTR terminus (Fig. 5). The
second integrant was present on chromosome 15 and had a
2.7-kb deletion of vector sequences at the 5’ junction and a
35-bp insertion at the 3’ junction (of which 22 bp were homol-
ogous to sequences on chromosome 7). These data demon-
strate that rare NIFV integration events are not mediated by
residual FV integrase activity but instead are consistent with
ligation via nonhomologous end joining by host enzymes (32,
56). The 3" LTRs also included one or two additional bases
that are normally removed by FV integrase prior to integra-
tion.

Expression of Cre recombinase from a NIFV vector. As a
potential practical application, we tested whether Cre recom-
binase could be transiently expressed from a NIFV vector and
permanently alter the host genome. We first created the floxed
FV vector, AdMscvTKNIloxP, containing a thymidine kinase-
neo positive-negative selection cassette and a loxP site in the 3’
LTR that is copied to the 5’ LTR during replication (Fig. 6A).
After HT-1080 cells were infected with AbMscvTKNIoxP, fol-
lowed by selection in G418, individual clones were isolated,
expanded, and analyzed by Southern blotting. Two single in-
tegrant clones were identified and infected with NIFV-

MscvCre, which expresses a mammalian codon-optimized Cre
under the control of the MSCV promoter, and then selected
with ganciclovir for loss of the thymidine kinase gene (Fig. 6B).
Ninety-two and eighty-six percent of cells from clones 1 and 2,
respectively, were ganciclovir resistant after infection with
NIFV-MscvCre, compared to 73 and 65% of cells treated with
the Cre protein (Fig. 6C). Southern blot analysis of isolated
ganciclovir-resistant subclones revealed that the floxed FV vec-
tor had been removed as expected by recombination at the
loxP sites, leaving behind a single deleted FV LTR. These
results show that Cre can be expressed at functional levels from
NIFV vectors and thereby used to accurately excise a floxed
cassette from the host cell genome.

We also tested if the NIFV-MscvCre vector could remove a
floxed transgene in gene-targeted mesenchymal stem cells
(MSCs). These MSCs were obtained from an individual with
osteogenesis imperfecta (OI) due to a dominant-negative mu-
tation in exon 34 of the COL1A2 gene. Previously we used an
AAV gene-targeting vector to insert an internal ribosome en-
try site (IRES)-neo cassette into exon 2 of COL1A2 and elim-
inate abnormal collagen expression from the mutant allele in
these MSCs (6). 1oxP sites flank the IRES-neo cassette, allow-
ing us to remove the potentially antigenic neo gene before
these cells would be transplanted in a clinical setting. MSCs
targeted at exon 2 of COL1A42 were infected with AdMscvCre,
NIFV-MscvCre, or a pseudostock control (prepared without
the pol helper plasmid), expanded, and analyzed by Southern
blotting. Cre-mediated excision of the IRES-neo cassette de-
creases the size of the 6.6-kb Ndel-Sall fragment to 5.2 kb (Fig.
6E). After transduction, removal of the IRES-neo cassette
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FIG. 4. Analysis of episomal vector genomes. Human fibroblasts were transduced with A¢MscvF (Ad) and NIFV-MscvF (NIFV) at a
multiplicity of infection of 1,000 genome-containing particles per cell or a pseudostock control (Ps). (A) Low-molecular-weight DNA was isolated
on days 2, 5, and 8 after infection, cut with Dpnl, Pstl, and Agel, and then analyzed by Southern blotting. DNA purified from each vector stock
was also included (S). See Fig. 2 for diagrams of the predicted sizes. (B) The number of vector genomes present per cell over time. (C and D) The
total number of vector genomes and those of individual species of linear, 1-LTR circular, and 2-LTR circular genome forms are shown for each

time point after infection with NIFV (C) or A (D).

NIFV-CnZPNO Integrants

NIFV-CnZPNO tctaattctaccgggTAGGGGA //CAAAATICCATG@At

7p14.3 ATGAGACTTCCTGAC AGTACCATGAGACTT

nt 29647018 +9 bp duplication nt 29647026

+12 bp insertion

o]

NIFV-CnZPNO cttcaaAATACA //GACHAT
15q22.2 ATACAG
nt 65417740 |

TGGAATTGTCAAATGTTGCTCTTTCCTTTTGACAAATGT

-
+35 bpinsertion  7g31.2: nt 115099170-115099191 |nt 65417741

FIG. 5. Sequence of vector-chromosome junctions from NIFV
vector integrants. Two integrated proviruses were rescued as bac-
terial plasmids, and their junctions were sequenced. In each case,
the junction-containing portions of the provirus are expanded below
the vector map, and the predicted vector genome sequence is
aligned above the chromosomal sequences obtained, with the junc-
tion points indicated by bold black lines. Sequences present in each
provirus are in uppercase, and extensions of the vector sequences
not seen in the rescued DNA are in lowercase. Insertions are
denoted with italics, and duplications of the chromosomal DNA are
underlined. Bold font indicates regions of microhomology between
the vector and the chromosome, and the terminal CA dinucleotides
are boxed. Specific nucleotide positions of the chromosomal se-
quences are indicated.

occurred in <1% of the targeted alleles treated with highest
dose of Cre pseudostock and <1, 6, 24, and 36% of the tar-
geted alleles treated with NIFV-MscvCre at MOIs of 5, 50,
500, and 1,000 genome-containing particles/cell, respectively
(Fig. 6F). MSCs infected with A¢MscvCre at MOIs of 5, 50,
and 500 genome-containing particles/cell had excision of the
IRES-neo cassette in 3, 12, and 36% of the targeted alleles,
consistent with our prior finding that integrase-proficient FV
vectors express their transgenes at higher levels than NIFV
vectors (Fig. 3). Of course, the integrating vector produces
permanent Cre expression, which is undesirable in most appli-
cations.

DISCUSSION

In this report, we have shown for the first time that NIFV
vectors can efficiently transduce cells and express multiple
transgenes. Consistent with results reported in previous arti-
cles, mutations in the FV integrase catalytic core specifically
inhibited the integration of the FV provirus but did not alter
vector production. The residual integration frequency of NIFV
vectors was logs lower than that of integrase-proficient vectors
and occurred by an integrase-independent mechanism. NIFV
vectors expressing the Cre recombinase were able to mediate
excision of floxed cassettes, including an integrated, floxed FV
vector provirus that can be used for stable, removable trans-
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FIG. 6. Cre recombinase is expressed from a NIFV vector. (A) Schematic representation of an integrated AbMscvTKNIoxP provirus containing
a thymidine kinase-neo fusion gene (TKN) driven by an internal MSCV promoter and the same genomic locus after Cre-mediated excision. The
positions of loxP sites and Avrll restriction sites are indicated. (B) Illustration of the NIFV-MscvCre vector with its MSCV promoter and
mammal-optimized Cre transgene (Cre). (C) Graph showing the percentage of ganciclovir-resistant (GCV®) colonies obtained after transduction
of ApMscvTKNIloxP-containing clones with the Cre protein (protein) or NIFV-MscvCre (NIFV). (D) Southern blot analysis of DNA isolated from
clones 1 and 2 after no treatment with Cre (None), treatment with Cre protein (Pro), or infection with NIFV-MscvCre (NIFV). The DNAs were
digested with AvrlI and probed for LTR sequences. (E) Schematic representation of the COL1A42 locus showing the untargeted allele, the targeted
allele with insertion of the IRES-neo cassette, and the targeted allele after excision of IRES-neo by Cre recombinase. (F) Southern blot of
Ndel/Sall-digested genomic DNA isolated from the parental, OIMSCI12-targeted clone (No Vector), cells infected with NIFV-MscvCre at MOIs
of 5, 50, 500, and 1,000 genome-containing particles per cell, cells infected with AdMscvCre at MOIs of 5, 50, and 500 genome-containing particles
per cell, or the highest volume equivalent of Cre pseudostock (Ps), as indicated. Expected fragment sizes are 5.8 kb (untargeted allele), 6.6 kb
(targeted allele), and 5.2 kb (cre-excised locus) after probing for COL1A2 sequences as indicated in panel E.

gene expression. NIFV vectors were not expressed in quiescent tween our vectors and the previously described NIFV system

cells.

Previous studies did not detect transgene expression from a
similar NIFV vector system (12, 19, 20). However, in our ex-
periments, we used the same D157A mutation but detected
robust GFP expression. There are two main differences be-

that may explain this discrepancy: the expression cassette and
the stock production protocol. We employed a strong MSCV
promoter in our vectors, and the previous group used the
spleen focus-forming virus promoter (3). However, expression
from these two promoters has been shown to be comparable
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(28). Instead, the most likely explanation is that the prior study
used unconcentrated vector stocks with undetermined titers,
while we concentrated our NIFV vectors more than 100-fold
and infected with known MOIs of genome-containing parti-
cles. Thus, our experiments used significantly higher vector
doses that enabled us to detect transgene expression.

Other retroviruses, such as LV and MLV, reverse transcribe
their double-stranded RNA genomes into cDNA after enter-
ing the host cell (7), and these cDNAS can either integrate into
the host genome or persist as linear, 1-LTR, or 2-LTR episo-
mal molecules. 1-LTR circles are formed either by homologous
recombination between the two LTRs (15, 52) or from a cir-
cular reverse transcription intermediate during second-strand
transfer (11, 26, 37), while 2-LTR circles are thought to form
by nonhomologous end joining (NHEYJ) of the linear DNA (27,
31, 53). FV genomes also persist as linear, 1-LTR, and 2-LTR
episomes in transduced cells, but unlike the case with other
retroviruses, reverse transcription occurs in the virion before it
is released from the virus-producing cell (38). Interestingly, we
found that 1-LTR circular genomes were present in FV vector
stocks before the virions entered host cells. Therefore, homol-
ogous recombination enzymes present in the infected cell nu-
cleus are not required to produce these molecules, and our
data are consistent with the production of 1-LTR circles from
a reverse transcription intermediate (11, 26, 37). The same may
be true for LV and MLV vectors, but this distinction cannot be
made, since reverse transcription occurs after entry into the
host cell. In contrast, 2-LTR circular forms were observed only
in infected cells and not in vector stocks, indicating that cellu-
lar proteins are required to produce these forms, as expected
for NHEJ, and suggesting that this form can be used as a
specific marker of nuclear entry. Interestingly, this is not the
case for wt FV stocks, which can contain 2-LTR circular forms
(10, 55). This may be a unique feature of replication-compe-
tent FV, possibly resulting from viral replication during cellu-
lar infection.

In order to complete our studies, we needed to standardize
our vector stocks. FV vector stocks contain a 5:1 ratio of RNA
to DNA genomes, but only the DNA-containing particles have
been shown to be infectious (38, 46, 61, 62). For this reason, we
developed a Southern blot method that allows for a reliable
determination of vector genome titers. This allowed us to show
that the gene expression level of an NIFV vector was 1.5- to
4.3-fold lower than that of its integrase-proficient counterpart
after infection at the same MOI. The reason for this gene
expression difference is unknown, but this is an area where
NIFV vectors may be improved in the future. The vector ge-
nome titer-determining method also allowed us to calculate
particle-to-transducing-unit ratios for FV vectors. This could
be a useful quality control analysis if FV vectors are used
clinically.

NIFV vectors, with their broad tropism, large packing ca-
pacity, and lack of pathogenicity, have many useful applica-
tions. Interfering RNAs could be expressed from NIFV vectors
to manipulate target cell gene expression transiently and then
revert to a normal phenotype. The inclusion of a replication
origin could produce replicating NIFV vectors, particularly the
circular episomal forms. NIFV vectors could be used to deliver
targeting constructs for homologous recombination either
alone or in concert with nucleases, such as zinc finger nucle-

J. VIROL.

ases. Certain applications may require stable transgene expres-
sion in proliferating cells for an extended but temporary period
of time, such as generation of induced pluripotent stem cells.
While NIFV vectors would not be appropriate for this purpose,
the floxed FV vector we described would be ideal, and the
integrated provirus could be removed at any time by infection
with an NIFV-Cre vector. The residual, deleted LTR remnant
produced by Cre-mediated excision would have minimal geno-
toxicity since it is transcriptionally silent (21).
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