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Epstein-Barr virus (EBV) episomes are stably maintained in permissive proliferating cell lines due to EBV
nuclear antigen 1 (EBNA-1) protein-mediated replication and segregation. Previous studies showed the ability
of EBV episomes to confer long-term transgene expression and correct genetic defects in deficient cells. To
achieve quantitative delivery of EBV episomes in vitro and in vivo, we developed a binary helper-dependent
adenovirus (HDA)-EBV hybrid system that consists of one HDA vector for the expression of Cre recombinase
and a second HDA vector that contains all of the sequences for the EBV episome flanked by loxP sites. Upon
coinfection of cells, Cre expressed from the first vector recombined loxP sites on the second vector. The
resulting circular EBV episomes expressed a transgene and contained the EBV-derived family of repeats, an
EBNA-1 expression cassette, and 19 kb of human DNA that functions as a replication origin in mammalian
cells. This HDA-EBV hybrid system transformed 40% of cultured cells. Transgene expression in proliferating
cells was observed for over 20 weeks under conditions that selected for the expression of the transgene. In the
absence of selection, EBV episomes were lost at a rate of 8 to 10% per cell division. Successful delivery of EBV
episomes in vivo was demonstrated in the liver of transgenic mice expressing Cre from the albumin promoter.
This novel gene transfer system has the potential to confer long-term episomal transgene expression and
therefore to correct genetic defects with reduced vector-related toxicity and without insertional mutagenesis.

Epstein-Barr virus (EBV) is a gammaherpesvirus that pref-
erentially infects human B lymphocytes (16, 17, 26). The latent
form of EBV is capable of lifelong persistence as a circular
episome in human B cells. Stable maintenance of the 165-kb
EBYV episome is conferred mainly by the abilities of EBV
episomes to replicate once per S phase and to segregate effi-
ciently into daughter cells during cell division (44). Both mech-
anisms require the interaction of EBV nuclear antigen 1
(EBNA-1) protein with the EBV origin of replication (oriP)
(23). oriP consists of two groups of EBNA-1 binding sites, the
family of repeats (FR) and the dyad symmetry element (DS)
(31, 43). The FR is composed of 20 imperfect copies of a 30-bp
repeat, each one able to bind an EBNA-1 dimer. The binding
of EBNA-1 to the FR forms a bridge between chromosomes
and oriP-containing plasmids (25). During mitosis, EBV epi-
somes are tethered to metaphase chromosomes through
EBNA-1, allowing the efficient segregation of episomes to
daughter cells. The association of EBNA-1 with the FR also
increases the nuclear import and retention of EBV plasmids
and may target the plasmids to nuclear regions conducive to
the efficient expression of EBV episome sequences (20).

The DS consists of four copies of the EBNA-1 binding site
(43). Upon binding of EBNA-1 through its C-terminal domain,
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the DS confers the initiation of DNA replication once per S
phase (17). In the absence of the DS, EBV episomes fail to
undergo replication unless they contain a different source of a
replication origin, such as human genomic DNA. Krysan et al.
(19) showed that replacement of the DS in EBV plasmids with
large human chromosomal fragments resulted in efficient rep-
lication and segregation. Further studies demonstrated that
the size of the genomic insert affected replication efficiency,
favoring inserts of about 20 kb in length (12). EBV plasmids
containing human genomic DNA were shown to replicate ef-
ficiently in rodent cells, in contrast to plasmids containing
EBV-derived oriP (18). The transformation of various cell
lines with EBV episomes in vitro has revealed the potential to
confer long-term transgene expression and correct genetic de-
fects in deficient cell lines (3, 15, 18, 21, 44).

The delivery of EBV episomes is commonly performed by
transfection. However, for quantitative delivery of EBV epi-
somes, particularly in vivo, different techniques are required.
Adenovirus recombinants have been shown to efficiently infect
a wide variety of mammalian cells and tissues in vitro and in
vivo (1). The expression of transgenes from adenovirus vectors
is usually temporary, since the adenovirus DNA remains epi-
somal in the majority of infected cells and is only integrated
and therefore stably maintained at a frequency of 0.01 to 1%
(11). In vivo, immune responses against viral antigens can
cause the elimination of infected cells (8, 30, 41). Compared to
first-generation adenovirus recombinants, helper-dependent
adenovirus (HDA) vectors have no viral coding sequences and
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have provided more prolonged transgene expression mainly
due to reduced toxicity in vitro and in vivo (45, 46). HDA-
mediated transgene expression after mouse liver transduction
with the «,-antitrypsin gene was shown to occur at a higher
level than and to be significantly prolonged compared with
first-generation adenovirus transduction (32). In contrast,
other investigators described similar levels and duration of
transgene expression in rat brain with either a first-generation
adenovirus or HDA vector in the absence of preexisting anti-
adenovirus immunity (36). In another study, the levels of blood
clotting factor IX in serum were compared after in vivo trans-
duction of mouse liver with either a recombinant first-gener-
ation adenovirus or HDA vector (7). Transgene expression in
that study was highest in the first 2 months, with a slow decline
to 5% the original level in serum after 1 year for either vector.
The amount and duration of factor IX expression were similar
for the first-generation adenovirus and the HDA vector.

To combine the superior infectivity of adenovirus vectors
with the ability of EBV episomes to confer long-term trans-
gene expression, we have developed an HDA-based strategy to
deliver EBV episomes to mammalian cells. This HDA-EBV
hybrid system consists of two different HDA vectors. Upon
coinfection of cells, Cre recombinase expression from one
HDA vector induces the recombination of loxP sites on a
second, linear HDA vector that contains all of the sequences
necessary to generate an EBV episome. The main component
of the resulting circular construct contains the EBV-derived
FR, a bicistronic expression cassette for various transgenes and
the EBNA-1 protein, and a 19-kb fragment of human DNA
capable of initiating replication of the episome once per cell
cycle (10). Using different reporter gene assays, we demon-
strate that this vector system can efficiently deliver EBV epi-
somes to infected cells and stably transform various mamma-
lian cells with a high efficiency. Furthermore, compared to the
previously reported first-generation El-substituted adenovi-
rus-EBV hybrid system (34), the HDA-based strategy exhibits
significantly less toxicity in vitro.

MATERIALS AND METHODS

Cell culture. The canine osteosarcoma cell line D17 and the human cervical
carcinoma cell line HeLa were obtained from the American Type Culture Col-
lection. 293 cells were obtained from Microbix (Toronto, Ontario, Canada) (9),
and 293Cre4 cells were obtained from Merck (5). 293Flpe cells have been
described elsewhere (37). Cells were grown in high-glucose Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS). The
medium for 293Cre4 cells was supplemented with 400 ug of G418 (Geneticin)/
ml, and the medium for 293Flpe cells was supplemented with 1 pg of puromycin
(Sigma)/ml.

HDA plasmid design and construction. All vectors were constructed in bac-
terial plasmids that contained full-length HDA genomes. The backbones of both
the Cre recombinase and the target vector plasmids consisted of a bacterial
replication origin, a cos site, kanamycin and ampicillin resistance expression
cassettes, and four repeats of the hygromycin resistance expression cassette.
These repeats were required to make the plasmid DNA long enough for cosmid
cloning. Digestion with the 8-bp cutter Pmel excised the full-length HDA ge-
nome with the inverted terminal repeats 3 bp from the DNA ends. All HDA
vectors were designed to contain a yellow fluorescent protein (YFP) expression
cassette for the titration of vector stocks. The plasmid for the HDA target vectors
was constructed to contain all of the sequences necessary to generate a functional
EBV episome, including a 19-kb human chromosome 10-derived sequence for
replication (LIB41; human origin of replication [hORI]) (19), an expression
cassette for the transgene and EBNA-1, and the FR (Fig. 1). Three sets of HDA
target vectors were cloned and contained transgenes for puromycin acetyltrans-
ferase (PAC; 630 bp), cyan fluorescent protein (CFP; 762 bp), and Renilla
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FIG. 1. Schematic diagram of the binary HDA-EBV vector system.
Delivery of a circular EBV episome to mammalian cells is achieved by
coinfection with two HDA vectors. Cre recombinase expressed from
HDA.Cre catalyzes recombination between two loxP sites on the HDA
target vector, generating a 28-kb EBV episome. The episome contains
all sequences necessary for stable maintenance in proliferating cells,
including hORI (not drawn to scale), FR, and a bicistronic expression
cassette for the transgene and EBNA-1. ITR, adenovirus type 5 in-
verted terminal repeat; W, adenovirus packaging signal; pCMV, hu-
man CMV enhancer-promoter; p(A), simian virus 40 or bovine growth
hormone polyadenylation site; IRES, internal ribosome entry site; B,
BamHI site; N, NotI site.

luciferase (RenLUC; 933 bp). Each set of vectors consisted of one vector with
the FR (HDA.PAC+FR, HDA.CFP+FR, and HDA RenLUC+FR) and a con-
trol vector without the FR (HDA.PAC—FR, HDA.CFP—FR, and HDA.
RenLUC—FR). A 2.9-kb stuffer from human chromosome X was inserted be-
tween the FR and the simian virus 40 polyadenylation site of the transgene and
EBNA-1 expression cassette. The EBV episome sequence was flanked by two
parallel loxP sites. Like the HDA target vectors, the Cre recombinase vectors
(HDA.Cre) contained a YFP expression cassette for titration and the same 19-kb
human chromosome 10-derived sequence as that used in the target vectors. The
Cre recombinase was expressed under the control of a human cytomegalovirus
(CMV) promoter toward the left end of the vector. The sequences of the cosmids
containing the Cre vectors and the target vectors are available upon request.

HDA propagation. HDA.Cre was propagated in 293Cre4 cells by using helper
virus AALCScluc as described by Parks et al. (27). HDA.Cre stocks had titers of
1 % 10" to 5 x 10" yellow transducing units (YTU)/ml on 293 cells and an
AdLCS8cluc helper virus titer of ~0.1% the YTU titer (determined by comparing
PFU on 293 cells to YTU).

The propagation scheme for HDA loxP target vectors was developed by
Umana et al. (37) and uses FL helper virus in 293FIpe cells. The HDA plasmid
was digested with Pmel to release the full-length HDA genome from the bac-
terial plasmid backbone. On day 0, the Pmel-digested HDA plasmid was trans-
fected into 293Cre (HDA.Cre) or 293FIpe (HDA loxP target vector) cells at 50%
confluence in a 60-mm cell culture dish by calcium phosphate transfection (Pro-
fection; Promega). After 18 to 24 h, cells were infected with the respective helper
virus at a concentration previously determined to cause complete cytopathic
effects (CPE) within 48 h (termed the practical multiplicity of infection [MOI]).
When extensive CPE had developed, cells were harvested and frozen-thawed
three times in 1 ml of medium, and the viral lysate was passaged into a new
60-mm dish and coinfected with the practical MOI of helper virus. At each
successive passage, cells were coinfected with the practical MOI of helper virus
and harvested when extensive CPE had developed. At this and subsequent
passages, the amount of HDA vector amplification was assayed by infecting 293
cells with serial dilutions of viral lysates and counting the percentage of yellow
fluorescent cells at 72 h postinfection (p.i.). Cells were infected at a vector MOI
of 3 YTU. Amplification was generally taken to the fifth or sixth passage, with the
final passage taking place in 5 to 20 500-cm? dishes.

Vectors were purified with a CsCl, step gradient (1.25 to 1.35 g/ml) in 10 mM
Tris (pH 8.0) and centrifuged at 36,000 rpm for 90 min in an SW40 rotor
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(Beckman). This step was followed by centrifugation with a linear CsCl, equi-
librium buoyant density gradient with a hinge density of 1.33 g of CsCl,/ml in 10
mM Tris (pH 8.0) at 20,000 rpm for 24 h in a VTi50 rotor (Beckman), resulting
in separation of the HDA vector in the upper band and helper virus that was not
restricted by the Cre- or Flp-expressing 293 cells in the lower band. The upper
band was dialyzed in 10 mM Tris-HCI (pH 8.0). HDA loxP target vector stocks
had titers of 1 X 10'” to 2 X 10'° YTU/ml and contamination of ~1% FL helper
virus, as determined by measuring PFU on 293 cells. For injection into tail veins
of mice, the HDA vector stocks were concentrated 10-fold by using an Amicon
Ultra-4 100.000 MWCO centrifugal filter device, with close to 100% recovery of
YTU.

Clonogenic assay. A total of 2 X 10* D17 cells were used to seed wells of a
48-well plate 2 days prior to infection. On the day of infection (day 0), the
number of cells per well was determined by hemacytometer counting. The MOI
was defined as the YTU for the vector divided by the number of cells infected.
Infection was performed by using 100 pl of serum-free DMEM at 37°C for 1 h
followed by the addition of 1 ml of DMEM with 10% FBS. At 24 h p.i., cells were
trypsinized and counted, and 5 X 10? cells were plated on each of four 10-cm
dishes. At 7 days p.i., two plates were placed in DMEM with 10% FBS and 1 ug
of puromycin/ml, and the remaining two plates were maintained in DMEM with
10% FBS. Colonies were counted after 1 to 2 weeks, when colony numbers had
reached a plateau. The transformation efficiency was calculated as the number of
colonies generated by infected cells in medium with puromycin divided by the
number of colonies generated by mock-infected cells in medium without puro-
mycin times 100. The plating efficiency of infected cells was determined by
dividing the number of colonies generated by infected cells in medium without
puromycin by the number of colonies generated by mock-infected cells in me-
dium without puromycin.

To assay the persistence of puromycin resistance in stably transformed cells
propagated in the absence of selection, plates of puromycin-resistant colonies
generated as described above were trypsinized after 14 days of growth in medium
with puromycin. Cells were divided and placed on two 10-cm dishes (defined as
week 0) for each experimental condition (MOIs for HDA.PAC+FR, 1, 3, 10, 30,
and 100). One plate was propagated in medium with puromycin, and one plate
was propagated without puromycin. Cells were passaged 1:3 when they reached
confluence. At weeks 0, 1, 2, 3, 4, 6, and 11, cells maintained in medium with or
without puromycin were assayed for the ability to form colonies in medium with
puromycin as described above. The percentage of puromycin-resistant cells was
calculated as the number of colonies in medium with puromycin divided by the
number of colonies at week 0 times 100. Cells were counted once or twice per
week to assess growth rate and doubling time.

Fluorescence assays. A total of 5 X 10% D17 cells were used to seed each well
of a 24-well cell culture plate. At 24 h after plating, cells were coinfected with
HDA.Cre (MOI, 30) and HDA.CFP+FR (MOI, 10) in triplicate wells. Cells
were trypsinized at 3 and 7 days p.i., placed on a glass slide, and assayed for the
expression of YFP and CFP by fluorescence microscopy (Leica fluorescence
microscope). For long-term expression experiments, cells were replated at a 1:3
split ratio. The relative percentage of CFP-positive cells was calculated by divid-
ing the number of CFP-positive cells by the total number of cells.

Isolation of DNA. A modified Hirt DNA (13) isolation procedure was used to
isolate low-molecular-weight DNA. Cells were harvested from 60-mm dishes and
resuspended in 1 ml of 10 mM Tris-HCI (pH 8.0)-10 mM EDTA-1 mg of
pronase/ml. After 2 h of incubation at 37°C, 0.25 ml of 5 M NaCl was added,
followed by overnight incubation at 4°C. The precipitate was removed by cen-
trifugation at 15,000 X g for 60 min. The supernatant was precipitated with 0.7
volume of isopropanol, dissolved in 10 mM Tris-HCI (pH 8.0)-1 mM EDTA, and
phenol-chloroform extracted. The aqueous supernatant was brought to 0.3 M
sodium acetate and precipitated with 2.5 volumes of ethanol. The resulting Hirt
DNA was redissolved in 1 ml of 10 mM Tris-HCI (pH 8.0)-1 mM EDTA-25 pg
of DNase-free RNase (Boehringer Mannheim) and incubated at 37°C for 30 min.

Total cellular DNA was isolated by using a blood and tissue DNA extraction
kit (Qiagen). The final DNA concentration was determined by measuring the
absorbance at 260 nm.

RESULTS

Design of the HDA-EBV hybrid system. We used two differ-
ent HDA vectors to deliver functional EBV episomes into the
nuclei of mammalian cells (Fig. 1). The first HDA vector
(HDA.Cre) expressed the bacteriophage P1-derived Cre re-
combinase fused to the simian virus 40 T-antigen nuclear lo-
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calization signal under the control of a CMV promoter. The
19-kb hORI sequence (19) comprised the largest part of the
vector and functioned as a stuffer to guarantee that the size of
the final HDA genome met the requirements for the efficient
packaging of HDA genomes. As shown in an earlier study,
HDAs sized at <27 kb propagate inefficiently and show a
greater tendency to rearrange their genomes (28). HDA.Cre
also contained a CMV promoter-driven YFP expression cas-
sette for titration.

The second HDA vector was designated the target vector
and contained the full-length EBV episome sequence. The
sequences of the functional EBV episome included a 19-kb
human chromosome 10-derived sequence for replication
(hORI) (19), an expression cassette for the transgene and
EBNA-1, and the EBV-derived FR. The EBV episome se-
quence was flanked by two parallel loxP sites so that Cre-
induced recombination resulted in circularization of the inter-
vening sequence (14). The resulting circular EBV episome, but
not the linear target vector DNA, expressed the transgene and
EBNA-1. This property of the target vector design was
achieved through placement of the CMV promoter upstream
of the bicistronic transgene-EBNA-1 expression cassette only
after Cre-mediated circularization. Before recombination, the
CMV promoter drives the expression of YFP used for the
titration of vectors. Based on experience with previous target
vector designs, the expression of EBNA-1 during vector prop-
agation can interfere significantly with vector replication, prob-
ably due to binding of EBNA-1 to the FR (34). In the EBV
episome, EBNA-1 is translated from the same RNA that en-
codes the transgene by translation initiation from an internal
ribosome entry site derived from encephalomyocarditis virus
(40).

Generation of EBV episomes in mammalian cells. We con-
firmed the delivery and in vivo circularization of the EBV
episome following coinfection of cells with the HDA target
vector and HDA.Cre. We performed these studies with D17
cells to compare them to earlier studies in which these cells
were used with first-generation adenovirus vectors to deliver
EBV episomes (34). D17 cells were coinfected with HDA.
PAC+FR at an MOI of 30 and HDA.Cre at an MOI of 10. All
HDA titers were based on YTU on 293 cells. At 24, 48, and
72 h p.i., cells were harvested, and low-molecular-weight Hirt
DNA was isolated from 10° cells, digested with BamHI, and
analyzed by Southern blot with the PAC sequence as a probe
(Fig. 2). With this strategy, a 3.3-kb fragment was generated
from unrecombined DNA; in contrast, a 5.7-kb fragment was
generated from the recombined circular episome.

Vector DNA isolated from D17 cells at 72 h after infection
with HDA.PAC+FR alone yielded only the 3.3-kb fragment
indicative of unrecombined DNA, as expected in the absence
of Cre (Fig. 2, lane 2). In contrast, Hirt DNA isolated from
D17 cells that were coinfected with HDA.PAC+FR and
HDA.Cre generated the EBV episome-specific 5.7-kb band.
Based on phosphorimager analysis, the relative amount of ep-
isomal DNA compared to total vector DNA increased from 9
to 33% between 24 and 72 h after coinfection. The total
amount of linear vector DNA decreased by about 4-fold be-
tween 24 and 72 h, whereas the amount of episomal DNA
increased by about 1.5-fold. These data suggest that EBV epi-
somes were rapidly generated within the first 24 h p.i. Further-
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FIG. 2. Generation of the EBV episome by the HDA-EBV hybrid
system. D17 cells were infected with HDA.PAC+FR (MO, 30) either
alone (lane 2) or with HDA.Cre (MOI, 10) (lanes 3 to 5). Hirt DNA
from infected cells was prepared at 24, 48, and 72 h p.i. as indicated,
digested with BamHI, and analyzed by Southern blotting with the PAC
fragment as a probe. This strategy allows distinction of the EBV
episome (5.7-kb band) from the linear, unrecombined HDA.PAC+FR
DNA (3.3-kb band). Lane 1 contains a marker of the plasmid DNA
used to prepare HDA.PAC+FR cut with BamHI and Pmel.

more, while the amount of EBV episomal DNA increased,
linear vector DNA was lost at a rapid rate. We assume that the
loss of the linear vector signal resulted from the continuing
excision of PAC DNA through the action of Cre and dilution
of the linear vector in the replicating cells. We assume again
that the increase in the amount of episomal DNA resulted
from the continued formation of episomes by the action of Cre
on linear target vector DNA and the maintenance of the gen-
erated EBV episomes by one replication per S phase in the
replicating cells.

Optimization of EBV episome delivery. The binary design of
our HDA-EBV vector system allowed us to vary the total and
relative amounts of each vector used for coinfection. To quan-
titate the efficiency of episome delivery, we took advantage of
the different excitation and emission spectra for YFP and CFP,
allowing a clear distinction between the proteins by fluores-
cence microscopy (6). The target vector HDA.CFP+FR was
designed to express only YFP in the linear form, allowing the
quantitation of transduction efficiency. After Cre recombina-
tion, YFP expression was replaced by CFP expression from the
EBV episome. This strategy allowed the simultaneous quanti-
tation of the linear vector and the recombined product. As
demonstrated in Fig. 3, D17 cells infected with HDA.CFP+FR
alone showed only YFP expression. In contrast, coinfection of
D17 cells with HDA.Cre and HDA.CFP+FR generated sig-
nals for both YFP- and CFP-derived emissions. The YFP sig-
nal originated from both HDA.Cre and unrecombined
HDA.CFP+FR. This assay clearly distinguished YFP from
CFP and confirmed the requirement for Cre for generation of
the CFP-expressing episome.

To evaluate the efficiency of EBV episome delivery as a
function of vector dose, we initially infected D17 cells with a
range of MOIs (1 through 100) for the CFP target vector and
a constant MOI of 10 for the Cre-expressing vector. The num-
ber of cells showing YFP or CFP expression was assayed at
days 3 and 7 after coinfection. The number of CFP-positive
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FIG. 3. Generation of the EBV episome expressing CFP. D17 cells
were infected with HDA.CFP+FR (MOI, 30) either alone or with
HDA.Cre (MOI, 10). Fluorescence microscopy performed 3 days p.i.
allowed distinction of CFP expression and YFP expression due to
different excitation and emission spectra. Cells infected with
HDA.CFP+FR alone (upper panels) showed only YFP expression
from the linear vector and no CFP expression. Coinfection of cells with
both vectors (lower panels) resulted in YFP expression and CFP ex-
pression due to generation of the EBV episome. The cells in each
column were the same in every field (phase, YFP, and CFP).

cells was compared to the number of total cells (Fig. 4A). The
percentage of cells showing EBV episome-mediated CFP
transgene expression was dependent on the MOI for
HDA.CFP+FR and increased from day 3 to day 7. At an MOI
of 1 for HDA.CFP+FR, only 9% of all cells showed CFP
expression after 7 days. However, the percentage of CFP-
positive cells increased steadily with increasing MOIs. At an
MOI of 100 for HDA.CFP+FR, 50% of all cells were positive
for CFP 7 days after coinfection. A similar trend was observed
3 days after coinfection, ranging from 1% CFP-positive cells at
an MOI of 1 to 35% CFP-positive cells at an MOI of 100.
These results indicate that the efficiency of EBV episome de-
livery is a function of the target vector dose and increases at
higher MOlIs.

Similarly, we studied the effect of varying the MOI for HDA.
Cre on the efficiency of EBV episome delivery. For these
experiments, D17 cells were coinfected with a range of MOIs
(1 to 100) for HDA.Cre and at a constant MOI of 30 for
HDA.CFP+FR (Fig. 4B). At a low MOI (1) for HDA.Cre,
34% of all cells showed EBV episome-mediated CFP expres-
sion after 7 days. This percentage increased to 46% at an MOI
of 10 for HDA.Cre. Surprisingly, at a higher MOI (100) for
HDA.Cre, the percentage of CFP-positive cells decreased sig-
nificantly to 7% after 7 days. This unexpected observation
suggests that increasing amounts of HDA.Cre may compete
with the target vector during the coinfection process and there-
fore cause a decrease in EBV episome delivery.

Our binary HDA-EBV system allowed the use not only of
various MOIs for each vector but also modifications of the
timing of infection. The experiments described above all used
infection of both vectors at the same time. We investigated the
possibility that a sequential rather than a simultaneous infec-
tion of cells with these vectors might further improve the effi-
ciency of transduction. We infected D17 cells with either
HDA.CFP+FR at an MOI of 30 or HDA.Cre at an MOI of 10
on day 1. On the following day, cells that had previously been
infected with HDA.CFP+FR were infected with HDA.Cre,
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FIG. 4. (A) Optimization of the HDA JoxP target vector dose. D17
cells were coinfected with HDA.Cre at a constant MOI (10) and with
HDA.CFP+FR at various MOIs. The expression of CFP and YFP was
evaluated by fluorescence microscopy after 3 and 7 days (dpi, days p.i.).
The percentage of cells with EBV episome-mediated expression of
CFP was calculated by dividing the total number of CFP-positive cells
by the total number of cells. (B) Optimization of the HDA.Cre recom-
binase vector dose. D17 cells were coinfected with HDA.CFP+FR at
a constant MOI (30) and with HDA.Cre at various MOIs. The expres-
sion of CFP and YFP was evaluated by fluorescence microscopy after
3 and 7 days. The percentage of cells with EBV episome-mediated
expression of CFP was calculated by dividing the total number of
CFP-positive cells by the total number of cells. Error bars indicate
standard deviations.
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and cells with prior HDA.Cre transduction were infected with
HDA.CFP+FR. Cells that were infected with the CFP target
vector on day 1 and the HDA.Cre vector on day 2 showed less
CFP expression on days 3 and 7 (20 and 30%, respectively)
than cells that were initially infected with the HDA.Cre vector
and infected with the CFP target vector a day later (33 and
43% on days 3 and 7, respectively). Coinfection with both
vectors yielded 39% CFP-positive cells on day 7 in this exper-
iment. Therefore, sequential infection with HDA.Cre on day 1
and HDA.CFP+FR on day 2 was only marginally better than
coinfection.

In summary, we performed a series of experiments to opti-
mize the efficiency of EBV episome delivery. Based on the
described data, we determined that coinfection of cells with an
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HDA target vector MOI of 30 and an HDA.Cre vector MOI of
10 yielded the highest percentage of acutely transformed D17
cells without significant cytotoxicity.

Stable transformation of D17 and HeLa cells by means of
the HDA-EBYV hybrid system. We assayed the ability of the
HDA-EBYV hybrid system to stably transform mammalian cells
in cultures to puromycin resistance. For these experiments,
D17 and HeLa cells were chosen because both cell lines sup-
port EBV episome function and are nonpermissive for the
production of AE1 adenovirus recombinants that could result
from coinfection with a low level of helper virus. HeLa cells
were analyzed to provide evidence that this HDA-EBV hybrid
system functions in human cells.

To assess stable transformation, we performed a clonogenic
assay similar to the previously described assay for the first-
generation adenovirus system (34). D17 or HeLa cells were
coinfected with HDA.Cre and HDA.PAC+FR on day 0. On
day 1, 5 X 10° cells were divided, placed on duplicate 10-cm
dishes, and allowed to grow without selection until day 7. At
that time, 1 pg of puromycin/ml was added to one set of plates,
and the appearance of drug-resistant colonies was monitored
over 2 to 4 weeks. The growth of colonies under selective
conditions requires recombination of the linear vector into an
EBYV episome, followed by efficient replication and segregation
of the PAC-expressing episome into daughter cells. The num-
ber of puromycin-resistant colonies is a measure of stable
transformation efficiency. Infected cells were also grown under
nonselective conditions on the second set of plates to deter-
mine the plating efficiency of infected cells compared to the
plating efficiency of uninfected cells. The plating efficiency was
used to estimate the degree of cell toxicity induced by infection
with the HDA vectors.

D17 cells infected with HDA.PAC+FR alone did not yield
any puromycin-resistant transformants, demonstrating the re-
quirement for Cre expression and subsequent recombination.
Similarly, cells coinfected with HDA.Cre and the control vec-
tor HDA.PAC—FR, which lacks the FR, did not yield any
puromycin-resistant colonies. In contrast, a significant number
of D17 cells coinfected with HDA.Cre and HDA.PAC+FR
were able to grow into colonies in puromycin-containing selec-
tion medium (Fig. 5A). The transformation efficiency, calcu-
lated by dividing the number of puromycin-resistant colonies in
infected cells grown in medium with puromycin by the number
of colonies generated by mock-infected cells grown in medium
without puromycin, was found to be dependent on the MOI for
HDA.PAC+FR, with a maximum of 43% at an MOI of 10. At
higher MOIs for HDA.PAC+FR, the percentages of cells ca-
pable of forming puromycin-resistant colonies were similar
(39% at an MOI of 30) or slightly decreased (32% at an MOI
of 100). The transformation efficiencies at lower MOIs for
HDA.PAC+FR were reduced to 27% for an MOI of 3 and to
8% for an MOI of 1.

We estimated the toxicity induced in D17 cells by infection
with the HDA-EBV hybrid system by comparing the plating
efficiency of infected cells with the plating efficiency of unin-
fected cells. As shown in Fig. 5B, the plating efficiency was
found to be dependent on the MOI for HDA.PAC+FR. Cells
showed greater survival at lower MOIs, with plating efficiencies
of 81, 88, and 80% at MOIs of 1, 3, and 10, respectively. At
higher MOls, survival decreased slightly, to 73% at an MOI of
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FIG. 5. (A) Generation of stable puromycin-resistant D17 trans-
formants by the HDA-EBV hybrid system. D17 cells were coinfected
with a constant amount of HDA.Cre (MOJI, 10) and a range of MOIs
for HDA.PAC+FR. Cells were selected in medium containing 1 pg of
puromycin/ml starting at 7 days after the coinfection, and the appear-
ance of colonies was monitored. The transformation efficiency was
calculated as the number of colonies generated by infected cells in
medium with puromycin divided by the number of colonies generated
by mock-infected cells in medium without puromycin. (B) The cell
plating efficiency as an estimate of cell viability was calculated by
dividing the number of colonies generated by infected cells in medium
without puromycin by the number of colonies formed by mock-in-
fected cells in medium without puromycin. Error bars indicate stan-
dard deviations.

30, to 66% at an MOI of 50, and to 59% at an MOI of 100. The
level of cytotoxicity observed in the HDA-EBV system was
significantly lower than that previously reported for first-gen-
eration vector systems. With the first-generation adenovirus-
EBV hybrid system, doses of virus necessary to achieve maxi-
mum transformation of surviving cells resulted in about 95%
cell death (34).

The ability of the HDA-EBV hybrid system to stably trans-
form cells was also studied with the human cervical cancer cell
line HeLa. As in the experiments described above, HeLa cells
were coinfected with HDA.Cre and HDA.PAC+FR, followed
by selection with puromycin. For HeLa cells, the absolute
transformation efficiency increased with increasing MOIs of
the target vector up to 16% at an MOI of 10 for HDA.
PAC+FR. Higher MOIs for HDA.PAC+FR resulted in lower
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FIG. 6. Loss of EBV episome-mediated CFP expression in prolif-
erating D17 cells. D17 cells were infected with HDA.CFP+FR at an
MOI of 30 and HDA.Cre at an MOI of 10 on day 0. Cells were divided
twice a week at a 1:3 ratio and assessed for YFP and CFP expression
at the indicated times. The percentages of fluorescent cells relative to
total cells are shown for EBV-mediated CFP expression or YFP ex-
pression from linear vectors. Error bars indicate standard deviations.

transformation efficiencies because of increased cytotoxicity, as
assayed on the basis of plating efficiency (99% plating effi-
ciency at an MOI of 10 and 61% at an MOI of 100). The results
obtained with HeLa cells demonstrate that the function of the
HDA-EBV hybrid system is not confined to a specific cell
system.

Loss of transgene expression in proliferating D17 cells in
the absence of selection for maintenance of the EBV episome.
We analyzed the persistence of CFP expression from EBV
episomes generated by Cre recombination and of YFP expres-
sion from linear vectors in proliferating D17 cells after coin-
fection with HDA.Cre at an MOI of 10 and HDA.CFP+FR at
an MOI of 30. Cells were grown continuously after coinfection,
trypsinized upon reaching confluence, and replated at a 1:3
ratio. Cells were assayed for CFP and YFP fluorescence at
every passage and counted to determine the number of cell
divisions. As shown in Fig. 6, YFP expression from the unre-
combined form of the target vector and HDA.Cre reached a
peak at 3 days (92%). However, YFP expression was rapidly
lost from the proliferating cells. After day 13, the percentage of
YFP-expressing cells decreased to <1%.

In contrast, the percentage of cells showing episome-medi-
ated CFP expression increased to 42% at day 3 after coinfec-
tion, followed by declines to 12% at day 7 and 4% at day 10.
This initial rapid loss of episomal transgene expression was
followed by a much slower loss after 10 days. On day 21 p.i., 2
to 4% of all cells showed persistence of CFP expression. These
data indicate that the loss of EBV episomes from cells in which
there is no selection for maintenance of the episomes follows
a biphasic pattern, with an initial rapid loss followed by a
subsequent slower loss.

Persistence of the EBV episome in stable D17 transfor-
mants. To assess the persistence of transgene expression in a
cell population initially selected for the presence of the EBV
episome, stable puromycin-resistant D17 transformants were
generated by coinfection with HDA.Cre and HDA.PAC+FR.
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FIG. 7. Persistence of puromycin resistance of D17 transformants in nonselective medium. (A) D17 cells stably transformed to puromycin
resistance after coinfection with various MOIs for HDA.PAC+FR and an MOI of 10 for HDA.Cre were passaged in medium with puromycin for
2 weeks and then in medium without puromycin (week 0). Colony formation in medium with puromycin was assayed at the indicated times after
transfer to medium without puromycin. The number of colonies at each time point was compared to the number of colonies at week 0 for every
MOI and is given as a percentage. (B) Semilogarithmic plot of the average percentage of puromycin-resistant colonies for all MOIs for

HDA PAC+FR.

Cells were grown in puromycin-containing selection medium
for 14 days and subsequently divided into two sets placed on
10-cm dishes. This time point was designated week 0. One set
of plates was cultured with medium containing puromycin, and
one set was cultured with medium not containing puromycin.
Cells were replated at a ratio of 1:3 with the same medium
each time they reached confluence. Colony formation in me-
dium containing puromycin was assayed at weeks 0, 1, 2, 4, 6,
and 11 for each set of plates. The number of cells under every
experimental condition was counted to calculate cell doubling
times.

Cells maintained in medium with puromycin up to 20 weeks
continued to form puromycin-resistant colonies at the same
high rate as at week 0. In contrast, D17 transformants grown
under nonselective conditions demonstrated a slow, first-order
kinetic loss in the ability to form puromycin-resistant colonies
(Fig. 7). A semilog plot of the data revealed a half-time for
puromycin resistance of 1 week, equal to seven doublings of
the continuously passaged cells. This value corresponds to a
probability of segregation of the EBV episome to daughter
cells of 0.91 at each cell doubling. This probability is similar to
the probability of EBV episome maintenance under nonselec-
tive conditions in several mammalian cell lines initially selected
for transformation to drug resistance following plasmid DNA
transfection (44).

To analyze the maintenance of episomal DNA, low-molec-
ular-weight and total DNAs were extracted from stable puro-
mycin-resistant D17 transformants passaged under selective or
nonselective conditions. Southern blot analysis was performed
by digesting the DNA with either BamHI or NotlI, followed by
hybridization with the PAC probe. BamHI digestion releases a
5.7-kb band from the episome and a 3.3-kb band from the
unrecombined linear target vector DNA. However, this restric-

tion pattern does not distinguish between the EBV episome
and integrated EBV episomal DNAs. In contrast, the Notl
restriction site is present only once in the EBV episome and
yields a 28-kb band for the extrachromosomal episome but
fragments of various lengths for integrated episomal DNA.

The results of the Southern blot analysis are shown in Fig. 8.
Under nonselective conditions, the EBV episome band was
clearly visible after 1 week but was lost rapidly thereafter, was
at the limits of detection by Southern blot and phosphoimager
analyses after 2 weeks, and was undetectable at 4 weeks. This
loss of EBV episomes in the absence of selection for their
maintenance is consistent with the loss of the ability of the cells
to form puromycin-resistant colonies. In contrast, when cells
were selected for continued puromycin resistance, the full-
length 28-kb plasmid was maintained. Of particular interest,
most of the EBV episomes were maintained without integra-
tion into chromosomal DNA for at least 4 weeks, equivalent to
>30 cell doublings. However, we cannot determine from this
analysis whether a small fraction of the episomes were inte-
grated, since random integration of a fraction of the episomes
in this nonclonal population would produce a low-intensity
smear that would not be observable.

In vivo transformation with the HDA-EBV hybrid system.
Renilla luciferase expressed after recombination of the
HDA.RenLLUC target vectors is able to generate light by cat-
alyzing the oxidation of coelenterazine (2). The different sub-
strates for Renilla and firefly luciferases allow these two re-
porter enzymes to be assayed independently. To assay the
ability of target vectors to recombine in vivo, transgenic mice
engineered to express the Cre recombinase under the control
of the liver-specific albumin promoter (29) were infected with
2 X 10° YTU of HDA.RenLUC—FR by means of tail vein
injection. Wild-type control mice without Cre recombinase
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FIG. 8. Analysis of low-molecular-weight and total DNAs from
stable D17 transformants. Low-molecular-weight and total DNAs from
puromycin-resistant D17 transformants grown in nonselective medium
(upper panel) and selective medium (lower panels) were analyzed by
Southern blotting with the PAC sequence as a probe at the indicated
times (weeks). Low-molecular-weight DNA was digested with BamHI
to generate the episome-specific 5.7-kb band. Total DNA was digested
with Notl to yield a 28-kb band indicative of the EBV episome.

expression received the same vector dose. Animals were sac-
rificed 12 days after the infection, and liver tissue was analyzed
for the expression of firefly and Renilla luciferases. As shown in
Fig. 9, Renilla luciferase expression was 30-fold higher in
albumin-Cre-expressing mice than in control mice. Firefly lu-
ciferase expression from the contaminating helper virus was
low in both groups, as expected based on the low level of
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FIG. 9. EBV episome-mediated expression of Renilla luciferase in
mouse liver after injection of HDA.RenLUC—FR. Mice transgenic for
expression of the Cre recombinase under the control of the liver-
specific albumin promoter were injected intravenously with 2 x 10°
YTU of HDA.RenLUC—FR. Liver tissue was analyzed for Renilla and
firefly luciferases 12 days after the injection. Wild-type C57BL/6 mice
were used as controls. Error bars indicate standard deviations.
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FIG. 10. Transduction of mouse hepatocytes following tail vein in-
jection. A dose of 6.4 mg of mouse immunoglobulin was administered
to an adult female nude mouse by means of tail vein injection to inhibit
sequestration of the vector by Kupffer cells (35). After 6 h, HDA.Cre
at 1.5 X 10° YTU was administered by means of tail vein injection. The
mouse was sacrificed 19 days later, and 500-pwm sections of liver em-
bedded in agarose were prepared and examined for YFP fluorescence
through a 15-pm z-axis stack under a fluorescein isothiocyanate chan-
nel by using a Bio-Rad confocal microscope. (A) Section from a con-
trol mouse injected with immunoglobulin only. (B) Section from a
mouse injected with HDA.Cre at the same confocal settings as in panel
A. (C) Same section as in panel B but at 38% the laser intensity used
for panel B. Bar, 100 pm.

helper virus contamination. These data suggest that the HDA.
RenLUC—FR target vector can undergo Cre-mediated recom-
bination and generate transgene-expressing episomes in vivo.

Our strategy of infecting cells with two different HDA vec-
tors in order to generate EBV episomes, a Cre-expressing
vector and a loxP target vector, can be successful in vivo only
when cells are coinfected with both vectors. To test whether a
large fraction of hepatocytes can be infected by our HDA
vectors, HDA.Cre at 1.5 X 10° YTU was administered to nude
mice by means of tail vein injection 6 h following tail vein
injection of 6.4 mg of murine immunoglobulin to inhibit se-
questration of the vector in Kupffer cells (35). Transduction of
liver tissue was analyzed by confocal fluorescence microscopy
of liver sections prepared 19 days p.i. YFP expression from the
HDA.Cre vector was apparent in a large fraction of the hepa-
tocytes (Fig. 10). These results suggest that it should be pos-
sible to coinfect hepatocytes with two vectors administered by
means of tail vein injection at the vector concentrations cur-
rently available. Moreover, Yant et al. reported high-efficiency
hepatocyte coinfection with two separate HDA vectors in mice
(42).



6564 DORIGO ET AL.

DISCUSSION

We have designed a novel HDA-EBV hybrid vector system
capable of stably transforming mammalian cells with a high
efficiency. Using coinfection of cells with two different HDA
vectors, we were able to successfully deliver EBV episomes to
different mammalian cell lines, as demonstrated by Southern
blot and reporter gene assays. The HDA-EBV strategy re-
sulted in acute transformation of about 40 to 50% of cells after
7 days and was therefore significantly more effective than EBV
episome delivery by transfection of HDA plasmid DNA
(=5%). These data demonstrate that HDA-mediated delivery
of EBV episomes is highly efficient compared to other meth-
ods. Furthermore, the binary nature of our system allowed
manipulation of the doses for both the Cre-expressing and the
target vectors and therefore optimization of transformation
efficiency. As might be expected, the acute transformation ef-
ficiency increased significantly at higher target vector doses.
However, higher total doses of HDA vectors also resulted in
increasing cytopathic effects, possibly due to the exposure of
cells to large amounts of adenovirus structural proteins. Inter-
estingly, increasing the ratio of the Cre-expressing vector to the
target vector resulted in a decrease in the acute transformation
efficiency, likely due to competition between the two vectors
during the multistep process of infection and recombination.
The dose of vector necessary to generate a maximum number
of episomes in a given cell population might depend on the cell
type and the infection conditions.

Using the HDA-EBV hybrid system, we were able to gen-
erate a high percentage of stable puromycin-resistant transfor-
mants. The transformation efficiency of 43% was significantly
greater than that (maximum of 10%) of a previously described
first-generation adenovirus-EBV hybrid system (34). The
greatly enhanced efficiency of the HDA-EBV hybrid system is
primarily a function of decreased cytotoxicity compared to that
of the AE1 system, particularly at higher MOIs. Puromycin-
resistant D17 transformants cultured in selective medium were
able to maintain EBV episomes over 30 cell doublings, as
evidenced by the persistent ability to form colonies in puromy-
cin-containing medium and by detection of the full-length,
unintegrated episome by Southern blotting (Fig. 8). In the
absence of selective pressure, the ability of D17 transformants
to generate colonies in puromycin-containing selection me-
dium as an indicator of the presence of episomal transgene
expression decreased over time. The maintenance rate for D17
transformants was found to be 91% per cell division and was
consistent with observations from previous studies indicating
that the loss rate for EBV episomes was about 2 to 5% per
generation in cells selected to be drug resistant following plas-
mid DNA transfection (25).

It was somewhat surprising that the maintenance of EBV
episomes was not dependent on the HDA target vector MOI.
Cells initially infected at higher MOIs for HDA.PAC+FR
were expected to contain a larger number of EBV episomes
per cell and therefore to maintain puromycin resistance longer
than cells infected at lower MOlIs. It is possible, however, that
the number of recombination products per cell reaches a max-
imum that is dependent on the level of Cre expression or the
availability of target vector genomes inside the nucleus. Fur-
thermore, cells may only be able to maintain a certain limited
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number of functional EBV episomes by means of chromo-
somal attachment mechanisms. Other EBV episomes that are
not tethered to metaphase chromosomes may be lost at much
higher rates during cell division.

Transgene expression in proliferating cells cultured under
conditions that did not select for the presence of episomes
revealed a biphasic loss of EBV episomes. After transforma-
tion of D17 cells by coinfection with HDA.CFP+FR and
HDA.Cre, an initially rapid decline in the fractions of cells
expressing CFP was followed by decline at a much lower rate
(Fig. 6). About 2 to 4% of cells continued to express CFP from
an EBV episome at the end of 3 weeks. These findings are
consistent with observations from previous studies in which
plasmid DNA transfection was used to introduce EBV epi-
somes (23). Leight and Sugden (23) estimated that the per-
centage of initially transfected cells able to maintain EBV
episomes in a high percentage of daughter cells is between 1
and 10% under nonselective conditions. They suggested that
the ability of cells to retain EBV episomes is dependent on
epigenetic factors present in only a small fraction of cells in a
given cell population. Even though EBV episomes were ini-
tially lost from dividing cells at a rapid rate, at least one
daughter cell from every initially transformed cell must have
retained the episome. Such cells remained puromycin resis-
tant, explaining why the fraction of cells that were coinfected
with HDA.PAC+FR and HDA.Cre and that gave rise to a
drug-resistant colony (Fig. 5) were similar to the fraction of
cells initially expressing CFP after coinfection with HDA.
CFP+FR and HDA.Cre (Fig. 4). These cells remained puro-
mycin resistant and gave rise to cells that segregated the plas-
mid to daughter cells at a high frequency, resulting in the
formation of a drug-resistant colony. Once cells that segregate
the episome to daughter cells arise, their descendants continue
to segregate the episome at a high frequency, as shown by the
low rate of episome loss from cells initially selected for growth
in puromycin for 2 weeks (Fig. 7).

The epigenetic mechanism underlying the efficient segrega-
tion of EBV episomes to daughter cells (23) remains to be
elucidated. However, the interaction of EBNA-1-bound epi-
somes with cellular chromosomes required for episome segre-
gation during mitosis likely involves cellular proteins in addi-
tion to EBNA-1. The cellular proteins p32/TAP and EBP2
have been reported to associate with the DNA-linking regions
of EBNA-1 and may facilitate the interaction of EBNA-1 with
mitotic chromosomes (4, 39). Hung et al. showed that a high-
mobility group 1 or histone H1 protein sequence can substitute
for EBNA-1 amino acids 1 to 378 and mediate the efficient
accumulation of replicated oriP-containing plasmids, the asso-
ciation with mitotic chromosomes, nuclear retention, and long-
term episome persistence (15).

Extrachromosomally replicated and maintained EBV epi-
somes have been studied for gene therapeutic applications by
a number of investigators (3). In cell cultures, an oriP- and
EBNA-1-based construct was used to deliver the cystic fibrosis
transmembrane conductance regulator gene to correct the cy-
clic AMP-dependent chloride transport defect in transformed
human airway epithelial cells (22). With an EBV episome, the
stable expression of the human hypoxanthine phosphoribosyl-
transferase gene in a deficient lung fibroblast cell line was
observed over 6 months (38). EBV episomes have also shown
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promising results in animal models. A human factor IX-ex-
pressing EBV episome was used to transduce mouse liver and
resulted in a 10- to 100-fold increase in transgene expression in
the presence of EBNA-1 and the FR (33). Furthermore, high
levels of factor IX were found up to 8 months after injection.
Lee et al. used an EBV episome for transfer of the human
multidrug resistance (MDR-1) gene. In the context of EBNA-1
and oriP, transfected cells showed higher-level and more pro-
longed expression of MDR-1 in vitro and in vivo than did
controls (21).

The ability to deliver functional EBV episomes in vivo with
our HDA-EBYV system was confirmed after liver transduction
of mice transgenic for albumin-Cre with a target vector. Trans-
gene expression from the EBV episome was clearly dependent
on the expression of Cre recombinase. In vivo, hepatocytes are
mainly postmitotic, and liver tissue is therefore likely to main-
tain the EBV episome even in the absence of selection. It is
also possible that only a small number of transduced cells are
sufficient for therapeutic levels of transgene expression. Fur-
thermore, EBV episomes may persist longer than linear HDA
DNA because of resistance to exonucleases. An immune re-
sponse to EBNA-1 is unlikely to present a problem, since the
protein is poorly immunogenic (24). However, countering an
immune response against the products of potentially therapeu-
tic transgenes may prove to be a formidable challenge. Future
studies will assess the long-term persistence of EBV-mediated
transgene expression in animals transgenic for albumin-Cre
and in mice coinjected with HDA target vectors and HDA.Cre.

In summary, we have demonstrated the feasibility of deliv-
ering EBV episomes to mammalian cells in vitro and in vivo by
using an HDA vector system. Further studies will evaluate the
persistence of EBV episome-mediated transgene expression in
vivo. Our system has the potential to significantly improve the
duration and increase the level of transgene expression for
therapeutic and diagnostic gene therapy applications.
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