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To make a safe, long-lasting gene delivery vehicle, we developed a hybrid vector that leverages the relative
strengths of adenovirus and Epstein-Barr virus (EBV). A fully gene-deleted helper-dependent adenovirus
(HDAd) is used as the delivery vehicle for its scalability and high transduction efficiency. Upon delivery, a
portion of the HDAd vector is recombined to form a circular plasmid. This episome includes two elements from
EBV: an EBV nuclear antigen 1 (EBNA1) expression cassette and an EBNA1 binding region. Along with a
human replication origin, these elements provide considerable genetic stability to the episome in replicating
cells while avoiding insertional mutagenesis. Here, we demonstrate that this hybrid approach is highly efficient
at delivering EBV episomes to target cells in vivo. We achieved nearly 100% transduction of hepatocytes after
a single intravenous injection in mice. This is a substantial improvement over the transduction efficiency of
previously available physical and viral methods. Bioluminescent imaging of vector-transduced mice demon-
strated that luciferase transgene expression from the hybrid was robust and compared well to a traditional
HDAd vector. Quantitative PCR analysis confirmed that the EBV episome was stable at approximately 30
copies per cell for up to 50 weeks and that it remained circular and extrachromosomal. Approaches for
adapting the HDAd-EBV hybrid to a variety of disease targets and the potential benefits of this approach are
discussed.

One of the foremost challenges of gene replacement therapy
is the need for the delivered transgene to be safely and stably
maintained in replicating cells, preferably for a lifetime. One
approach, used by retrovirus vectors, is to achieve genetic
stability via integration into the host cell genome. However,
this can give rise to insertional mutagenesis and oncogenesis in
both animal models and in human clinical trials (12, 25). Non-
integrating vectors, such as adenovirus-based vectors, are safer
in this regard, but they are poorly maintained in replicating
cells (10, 13).

As an alternative to integration, gene replacement vectors
based on Epstein-Barr virus (EBV) are capable of life-long
persistence as a nonintegrating, circular episome (8, 45). Two
viral elements mediate this stability: the EBV nuclear antigen
1 (EBNA1) protein and its binding sites in the EBV latent
origin (48). This origin contains a series of 21 EBNA1 recog-
nition sites known as the family of repeats (FR). Binding of
EBNA1 to the cis-acting FR tethers the episome to host cell
chromosomes, thus promoting efficient segregation to both
daughter cells during mitosis (41). Plasmid constructs that con-
tain these two EBV elements and an origin of replication are
thus maintained in replicating cells at 90 to 95% per cell
division without selection (9, 21, 31). EBV episomes have been
widely used in animal models to treat diseases as diverse as
hemophilia, diabetes, and allergic rhinitis (15, 28, 49). Most of

these EBV studies make use of nonviral modalities, such as
hydrodynamic injection, to deliver the episome to target tissue,
but nonviral approaches are far less efficient in vivo than trans-
duction by viral vectors (3, 24, 37, 40, 42).

Helper-dependent adenovirus (HDAd) vectors, also known
as gutless adenoviruses, are vectors in which all viral coding
regions have been deleted (18, 34). The absence of viral genes
renders these vectors far less immunogenic or cytotoxic than
previous generations of adenovirus vectors (10, 29, 30). In
addition, HDAd vectors can be manufactured to high titers,
have a large cloning capacity, and are efficient at transducing
target cells in vivo (24, 33, 37).

Given the relative strengths of HDAd vectors for delivery
and EBV episomes for persistence, we developed a hybrid
vector that incorporates favorable elements of both. In this
system, the therapeutic or reporter transgene is expressed from
a circular plasmid that includes the FR and an EBNA1 expres-
sion cassette from EBV. This, along with a human replication
origin (hORI) (21), confers stability to the episome in replicat-
ing mammalian cells. The elements of the EBV episome are
delivered to target cells in a linear form in an adenovirus virion
we call an “HDAd-EBV hybrid vector.” To facilitate excision
and circularization of the EBV episome in target cells, this
region is flanked by parallel recognition sites for Cre recom-
binase (loxP sites). The Cre necessary to excise the EBV epi-
some in target cells is provided by a second vector, HDAd.Cre.
Consequently, episome recombination occurs in cells coin-
fected by both HDAd vectors (9).

Previous studies by our group and others have validated this
hybrid vector approach in tissue culture models (9, 19, 20, 22,
43). High rates of episome formation were observed in cotrans-
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duced, cultured cells. Once recombined, the hybrid circular
episomes persisted significantly better than linear HDAd epi-
somes in continuously dividing cells (9). In the present study,
we extend these in vitro results to an animal model. Hepato-
cytes in mice were transduced by a single intravenous injection
of the HDAd-EBV vector. The transduction efficiency was
evaluated by confocal microscopy of liver sections and by flow
cytometric analysis of single cell suspensions of hepatocytes.
Transgene expression was monitored by bioluminescent imag-
ing in living animals. Circularization, maintenance, and inte-
gration state of the episome were assayed by quantitative PCR
(qPCR). Taken together, these results demonstrate the poten-
tial utility of the HDAd-EBV hybrid vector for robust delivery
of a nonintegrating, persistent expression vector for in vivo
transgene expression.

MATERIALS AND METHODS

Vector propagation. Construction of the HDAd vectors as plasmids was de-
scribed in detail by Dorigo et al. (9). HDAd.Cre and HDAd-EBV.RL vectors
were propagated by using the AdLC8cluc helper virus and 293Cre4 cells as
described by Parks et al. (34). HDAd-EBV.RL vectors were propagated by using
FL helper virus and 293FLPe cells as described by Umana et al. (47). In brief,
purified vector DNA was transfected into 293Cre4 or 293FLPe cells by means of
calcium phosphate (Promega, Madison, WI). After 24 h, the cells were infected
with helper virus at a multiplicity of infection of five infectious genome units
(IGU) per cell (see below for titration of viruses). Progeny virions were harvested
after 48 to 72 h by freeze-thaw lysis of the infected cells. This crude cell lysate was
then used to reinfect fresh 293 cells along with additional helper virus. Vectors
were amplified in this manner in increasing numbers of cells over the course of
seven to 10 passages. The titer of helper virus and HDAd vector were monitored
at each passage by qPCR. After the final step, vectors were purified by successive
rounds of CsCl step-gradient ultracentrifugation (1.2 over 1.4 g of CsCl/ml, 36
krpm for 1.5 h in an SW-40 rotor). Banded virions were dialyzed into three
changes of 20 mM Tris (pH 8) and then formulated by the addition of NaCl to
25 mM and glycerol to 2.5%. Virus stocks were stored in small aliquots at �80°C
until use.

Vector titration by qPCR. All virus stock titers were determined by a novel
method in which viral DNA is harvested from the nuclei of infected cells and
quantified by qPCR. This method is similar to an approach previously published
by Puntel et al. (36). HeLa cells (American Type Culture Collection, Manassas,
VA) were grown in high-glucose Dulbecco modified Eagle medium supple-
mented with 10% bovine calf serum. Cells were seeded onto six-well tissue
culture plates 1 day before infection. Once the cells were 80 to 95% confluent,
wells were infected, in duplicate, with 5 �l of vector stock diluted in 500 �l of
medium. After 30 min of incubation at 37°C, an additional 2 ml of medium was
added to each well. Plates were allowed to incubate for 3 to 6 h. The medium was
removed, and cells were washed twice with phosphate-buffered saline (PBS) and
aspirated. Cell lysis was performed by the addition of 1 ml of freshly made NP-40
lysis buffer containing 0.65% NP-40 substitute (Calbiochem, San Diego, CA),
150 mM NaCl, 10 mM Tris-HCl, and 1.5 mM MgCl2. Cells were incubated for 5
to 10 min at room temperature to allow cell lysis to occur. The lysate was pipetted
up and down multiple times to aid in lysis and then transferred from the plate to
an Eppendorf tube. Nuclei were pelleted by spinning three minutes at 2,000 � g
in a microfuge. The supernatant was decanted, and an additional 1 ml of NP-40
lysis buffer was added. The pellet of nuclei in fresh buffer was vortex mixed briefly
before an additional 3-min spin at 2,000 � g. Supernatant was decanted, and
nuclei were suspended in 200 �l of PBS.

Total DNA was isolated and purified by means of a DNeasy Blood & Tissue
kit (Qiagen, Valencia, CA) using the protocol for purification of total DNA from
animal blood or cells. Briefly, 4 �l of RNase was added to the pelleted nuclei, and
samples were incubated for 5 min at room temperature. Then, 20 �l of protein-
ase K and 200 �l of Qiagen buffer AL were added, and samples were incubated
for 10 min at 70°C. Next, 200 �l of ethanol was added, and DNA was immobi-
lized on a DNeasy column by centrifugation. After two wash steps with the
Qiagen buffers AW1 and AW2, the DNA was eluted with two 200-�l volumes of
Qiagen buffer AE and pooled.

Quantification of the viral DNA by qPCR occurred as follows. Each vector
DNA preparation was assayed in duplicate or triplicate in optical-grade, 96-well
plates (Applied Biosystems, Foster City, CA). Each 25-�l reaction contained

12.5 �l of TaqMan Universal Master Mix (Applied Biosystems), 5 �l of purified
DNA template, primers (900 nM final concentration), and probe (250 nM final
concentration). PCR runs were performed on an ABI 7500 real-time thermocy-
cler using SDS software v.1.3 (Applied Biosystems). Reaction conditions were as
follows: 10 min at 94°C, followed by 40 cycles of 10 s at 94°C and 30 s at 60°C.
The number of viral genomes in each reaction was determined by comparison to
a standard curve. This standard curve was generated by the serial dilution of a
plasmid containing the PCR template.

HDAd-EBV vector titers were determined by using the following primers:
forward, AAACCAGGGAGGCAAATCTACTC; reverse, GACAAAGCCCGC
TCCTACCT; and probe, FAM-ATCGTCAAAGCTGCACACAGTCACCC-
BHQ1A. The HDAd.RL titer was determined with the forward primer AATG
CGATGCAATTTCCTCAT, the reverse primer TGCCTTCCTTGACCCTGG,
and the probe HEX-TTAGGAAAGGACAGTGGGAGTGGCACC-BHQ1A.
The HDAd.Cre titer was determined with the forward primer TGGAAAATG
CTTCTGTCCGTTT and the reverse primer CGCGCCTGAAGATATAGAA
GATAAT. Mouse hepatocytes were quantified by using the forward primer
CAAGGGTTGAGTACTTGTTTAGGGTTA, the reverse primer GGTGGGT
AGAGAGAAGAAATATCTGACT, and the probe TAMRA-AGGACAATG
GCCTTGGCTGGACAA-BHQ2A. Unrecombined HDAd-EBV vector was as-
sayed by using the forward primer CGACAAGCCCAGTTTCTATTGG, the
reverse primer CGTAGTAGTGTGGCGGAATCG, and the probe HEX-CCA
ACTTCTGCAGCGGCCGCTCT-BHQ1A. Recombined HDAd-EBV vector
was assayed by using the forward primer CGACAAGCCCAGTTTCTATTGG,
the reverse primer TGGTTTAGTGAACCGTCTGATCTC, and the probe
HEX-CCAACTTCTGCAGCGGCCGCTCT-BHQ1A.

Animal handling. All animals were handled according to institutional guide-
lines and under the approval of the UCLA Office for the Protection of Research
Subjects. Experiments were performed in adult, female Nu-Foxn1nu nude mice
(Charles River, Wilmington, MA). Mice were maintained in sterile Department
of Laboratory Animal Medicine facilities on a 12-h light/dark cycle and given
acidified water and irradiated rodent chow ad libitum. Mice that showed signs of
illness, mainly low body weight and/or hunched posture, were given amoxicillin
at 50 mg/kg/day in the drinking water. Mice that did not show improvement and
mice at the endpoint of analysis were sacrificed by CO2 inhalation.

Vector injections. Injections were performed under a general anesthetic cock-
tail of ketamine (100 mg/kg) and xylazine (10 mg/kg) injected into the peritoneal
cavity. Mice were given ophthalmic ointment to prevent desiccation of the cor-
nea, and a warm pad was used to prevent hypothermia. Six hours prior to vector
injections, mice were preinjected with 6 mg of mouse immunoglobulin G to
prevent sequestration of vectors in the Kupffer cells of the liver (44). All injec-
tions were performed intravenously via the tail vein by using a 0.5-ml tuberculin
syringe fitted with a 0.5-in. 29 gauge needle. Vectors were injected at the indi-
cated titers as assayed by the IGU protocol. Dilutions were made in sterile PBS
as needed.

Confocal microscopy. Mice were injected with HDAd-EBV.RL vector at the
indicated doses as described above. At 6 days postinjection, mice were sacrificed,
and liver tissues were harvested. Pieces of tissue �3 mm3 in size were fixed in 4%
paraformaldehyde for 30 min at 37°C. The tissue was then embedded in agarose
and sectioned into 50-�m-thick slices by using a Vibratome (Vibratome, St.
Louis, MO). Slices were stained with TO-PRO-3 nuclear stain (Invitrogen, Carls-
bad, CA) and mounted on slides by hardset Vectorshield (Vector Laboratories,
Burlingame, CA). Imaging was performed on a Leica TCS SP2 AOBS single
photon confocal microscope (Leica Microsystems, Inc., Bannockburn, IL) using
a �63 1.4-numerical aperture oil immersion objective lens.

Fluorescence microscopy. The same mouse tissue harvested for confocal mi-
croscopy was also used for nonconfocal epifluorescence light microscopy. Here,
unfixed tissue �3 mm3 in size was embedded in optimal cutting temperature
medium and flash frozen in liquid nitrogen. Then, 5-�m- thick slices were
cryosectioned and mounted on slides. Microscopy was performed on an Olympus
CK40 inverted light microscope (Olympus America, Inc., Center Valley, PA)
illuminated by a mercury short arc lamp. Images were acquired with an Olympus
Camedia C-4000 digital camera mounted to the microscope. All images were
taken using identical exposure settings, and all image adjustments were per-
formed in parallel.

Flow cytometry. The same mouse tissue harvested for confocal microscopy was
also analyzed by analytical flow cytometry. Here, pieces of unfixed tissue �3 mm3

in size were broken down into single cell suspensions by means of a digestion in
1 mg of collagenase/ml, 100 mM HEPES (pH 7.5), and 300 nM CaCl2 for 1 h at
37°C. The cell suspension was filtered through a 100-�m-pore-size nylon cell
strainer (Becton Dickinson Biosciences, San Jose, CA) by gravity feed and then
fixed with 4% paraformaldehyde for 30 min at 37°C. Cells were washed and
finally resuspended in PBS for cytometry.

3250 GALLAHER ET AL. J. VIROL.



Cytometry data acquisition was performed on a Becton Dickinson FACSCali-
bur analytical flow cytometer. Analysis was performed by using Weasel cytometry
analysis software v.2.6.1 (Walter and Eliza Hall Institute of Medical Research,
Parkville, Victoria, Australia). Events were first gated based on forward and side
scatter to distinguish cells from debris. The cells were then sorted by intensity of
the enhanced yellow fluorescent protein (EYFP) signal and plotted in histo-
grams. The threshold of EYFP signal indicating transduction was determined
relative to the mock-infected samples.

Bioluminescent imaging. In vivo expression of the Renilla luciferase (RL)
transgene was by bioluminescent imaging (2). Mice were first anesthetized with
ketamine-xylazine intraperitoneally as described above. The RL substrate, co-
elenterazine (NanoLight Technology, Pinetop, AZ), was dissolved in methanol
to 2 mg/ml and diluted 10 times in sterile PBS. Each mouse was injected
intravenously with 20 �g of diluted coelenterazine immediately prior to imaging.
All imaging was performed by a cryogenically cooled bioluminescent/optical
camera (Xenogen, Alameda, CA). Mice were placed in the supine position on a
thermally maintained platform in a lightproof chamber. An optical exposure was
taken for 0.2 s, followed by a 5-min bioluminescent exposure. Optical and
bioluminescent data were superimposed and analyzed by Living Image Software
v2.20 (Xenogen). For each image, a region of interest was drawn over the
approximate liver region and used to determine the degree of RL activity in
terms of total photons per second.

Integration state of vector DNA. In order to determine the integration state of
the vector in transduced hepatocytes, we performed a modification of the tech-
nique developed by Hirt (17). Liver tissue was harvested from vector-transduced
mice at various time points as indicated. Samples of liver tissue (approximately
20 to 30 �g each) were digested with 1 mg/ml collagenase (Sigma, St. Louis, MO)
in 340 �M CaCl2 and 100 mM HEPES (pH 7.5) for 2 h at 37°C. At this point,
106 copies of an unrelated 35-kb plasmid were added as a low-molecular-weight
(LMW) control. Next, the cells were digested with 150 �g of proteinase K in 10
mM Tris, 10 mM EDTA, and 0.6% sodium dodecyl sulfate for 30 min at 37°C.
High-molecular-weight (HMW) DNA was selectively precipitated by the addi-
tion of 1 M NaCl at 4°C overnight. The precipitated DNA was pelleted at
maximum speed in a microfuge at 4°C for 2 h. The DNA was carefully separated
into a HMW fraction (the pellet) and a LMW fraction (the supernatant). HMW
DNA was resuspended in 200 �l of 10 mM Tris-HCl– 1 mM EDTA (TE). The
LMW fraction was ethanol precipitated and resuspended in 200 �l of TE. Both
fractions were further processed by the DNeasy Blood & Tissue kit (QIAgen,
Valencia, CA) using the protocol for purification of total DNA from animal
blood or cells. The resulting purified DNA was analyzed by qPCR as described
above.

RESULTS

In vivo transduction efficiency. In the HDAd-EBV hybrid
vector presented here, a circular EBV episome is formed in the
nuclei of target cells by Cre-mediated, site-specific recombina-
tion (Fig. 1). To prevent this recombination from occurring
prior to transduction of target cells, the Cre expression cassette
and the loxP-flanked episome sequences are delivered on two
independently manufactured HDAd vectors. Formation of a
circular EBV episome occurs only in cells that are cotrans-
duced by both vectors (9). In an in vivo context, this means that
target tissue must be infected at a high enough multiplicity of
infection so that a significant proportion of cells are transduced
by both HDAd-EBV and HDAd.Cre.

To estimate the feasibility of this approach, in vivo trans-
duction experiments were performed in immunocompromised
nude mice. Mice were injected intravenously via the tail vein
with a range of doses of the HDAd-EBV.RL hybrid vector. We
compared threefold dilutions from 5 � 109 IGU (see Materials
and Methods) down to 5 � 108 IGU, as well as a mock-infected
mouse. The hybrid vector expresses an EYFP reporter gene
from a constitutive cytomegalovirus (CMV) promoter (Fig. 1).
At 6 days postinjection, the mice were sacrificed, and liver
tissue samples were analyzed by a number of techniques to
determine the percentage of EYFP-positive hepatocytes (Fig.

2). Confocal microscopy was used to observe the cell-by-cell
transduction rate (Fig. 2A). By comparing the number of
clearly distinct EYFP-positive cells to the total number of cells
indicated by the TO-PRO-3 nuclear stain, it appeared that
nearly all visible hepatocytes were transduced at the highest
dose. This level of transduction fell significantly at the two
lower doses. To evaluate the gross transduction pattern on a
larger scale, 5-�m sections taken from the same mice were
evaluated by nonconfocal, fluorescence-light microscopy at a
lower magnification. These images were consistent with the
confocal micrographs in that they show total, albeit nonuni-

FIG. 1. Structure of HDAd vectors. Three vectors were used in the
course of these experiments. Each contains an EYFP gene expressed
from a constitutive human CMV major immediate-early promoter
(CMV); a 19-kb region of human genomic DNA from chromosome 10
for use as a stuffer and as an origin of replication (hORI) (21); and two
regions from adenovirus, the inverted terminal repeats (ITR) that
function as replication origins and the viral packaging signal (�) that
are required in cis for vector packaging and amplification.
(A) HDAd.RL is a traditional HDAd vector that was used as a control
in these experiments. It expresses RL constitutively from a CMV
promoter. (B) HDAd-EBV.RL is a hybrid vector that is designed to
deliver a circular EBV episome into target cells by means of a linear
HDAd genome. In its linear form, the EBV episome elements are
flanked by parallel recognition sites for Cre recombinase (loxP). In the
presence of Cre recombinase, the intervening region is excised and
circularized as shown. This places a CMV promoter upstream of an
expression cassette that contains the RL transgene, an encephalomyo-
carditis virus internal ribosomal entry site (IRES), and the EBNA1
gene. The episome also caries the FR region that functions with
EBNA1 protein to provide a maintenance function to the episome in
replicating cells. The relative location of two sets of qPCR primers (F
and R) and probes (P) are indicated. One set flanks one of the loxP
sites in the linear conformation of the hybrid vector, and a second set
flanks the loxP site in the circularized conformation. These were used
in qPCR experiments to determine the relative fraction of recombined
and unrecombined vector. (C) HDAd.Cre is a traditional HDAd vec-
tor that is designed to express Cre recombinase in target cells by means
of a CMV promoter. Coinfection of a target cell by both HDAd-
EBV.RL and HDAd.Cre is required to form the circular EBV epi-
some.

VOL. 83, 2009 ROBUST EBV EPISOME DELIVERY IN MICE BY A VIRAL VECTOR 3251



FIG. 2. Efficiency of hepatocyte transduction in vivo. Adult, female nude mice were injected with HDAd-EBV.RL via the tail vein. Two mice
at each of three different vector doses (5.0 � 108, 1.7 � 109, and 5.0 � 109 IGU per mouse as indicated) and a mock-infected mouse were
compared. At 6 days postinjection, the mice were sacrificed and liver tissue was harvested for the following analyses. Expression of the EYFP
transgene from the vector was used to determine the efficiency of liver transduction. (A) Representative samples of liver tissue from each vector
dose are presented. The first and second columns are laser scanning confocal micrographs of 50-�m-thick sections of fixed liver tissue. EYFP
indicates vector-transduced cells. TO-PRO-3 was used as a nuclear stain. The third column contains micrographs taken from an epifluorescence-
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form, transduction at the highest dose. The pattern of expres-
sion at the intermediate dose suggested that transduction oc-
curs in patches of hepatocytes. In both sets of images, the
transduction efficiency appeared to be low at the lowest dose.

To quantify the transduction efficiency, single cell suspen-
sions of transduced liver tissue were prepared for analysis by
flow cytometry. The intensity of EYFP expression per cell was
plotted in histograms for each of the doses (representative
samples are presented in Fig. 2A). The results of this analysis
performed on triplicate samples of each dose were averaged
and presented in Fig. 2B. We calculate that the transduction
efficiency at the highest dose to be 96% � 1% (mean � the
standard error of the mean [SEM]). From the micrographs and
from the histograms, it appeared that the transduced cells at
the highest dose were brighter than those at the lower doses.
To quantify this, we calculated the median intensity of EYFP
signal for the positive cells in each histogram and plotted this
as an average of triplicate samples for each dose (Fig. 2C). The
median brightness at the highest dose was �10 times higher
than at the lowest dose.

Lastly, we performed qPCR on DNA prepared from liver
tissue harvested from the same mice. A primer-probe set spe-
cific for HDAd-EBV.RL vector DNA was used to determine
the number of vector genomes in a given sample. A second
primer-probe set complementary to the mouse Oct4 promoter
region was used to determine the number of murine cells in
each sample. Assuming a diploid genome, there were 26 � 7
(mean � the SEM) copies of the vector per cell at the highest
vector dose (Fig. 2D).

In vivo EBV episome delivery. Since transduction of hepa-
tocytes was found to be highly efficient, we next determined
whether Cre-mediated recombination of linear HDAd-EBV
vectors into circular EBV episomes occurs in vivo. A total of 16
mice were coinjected with 5 � 109 IGU of HDAd-EBV.RL
and 5 � 109 IGU of HDAd.Cre. When these mice were imaged
for bioluminescence, expression of RL was observed in the
region of the liver (Fig. 3A). As soon as 1 week after injection,
the expression of RL was �1,000 times higher than the back-
ground of the assay as determined with mock-infected mice
(Fig. 3B). Over the course of the next several weeks, expression
continued to increase to more than 5,000 times higher than
that of mock-infected mice. As a control, six mice were injected
with 5 � 109 IGU of HDAd.RL. This traditional HDAd vector
constitutively expresses RL, so it requires no recombination
event. To control for the number of virion particles injected,
these mice were injected simultaneously with 5 � 109 IGU of
HDAd.Cre, which does not contain a luciferase gene. Expres-
sion from the standard HDAd.RL linear vector was compara-
ble to the recombined hybrid vector.

In order to determine whether RL expression in the HDAd-

EBV hybrid vector was dependent on Cre-mediated recom-
bination, two mice were injected with 1010 IGU of HDAd-
EBV.RL, but no Cre vector. RL activity in these mice was
significantly lower than mice coinjected with HDAd.Cre. How-
ever, expression of luciferase from this vector in the absence of
Cre was significantly higher than the background of the assay.

Cre-mediated recombination of the EBV episome in vivo.
The expression of RL from an HDAd-EBV hybrid vector in
the absence of Cre was a surprising one given that there should
be no promoter upstream of the RL gene. Our observations
suggested two possibilities. The first is that RL expression was
driven by the adenoviral inverted terminal repeat at the right
end of the vector (14). The second possibility was that a small
fraction of the vector recombined in the absence of Cre by an
unanticipated mechanism. To distinguish between these mod-
els, we determined whether EBV episomes were in fact recom-
bined at the loxP sites in the presence or absence of Cre. Two
sets of qPCR primers that anneal at sites immediately flanking
loxP were generated to distinguish between recombined and
unrecombined forms of the vector (Fig. 1B). These primers
were designed so that only recombination at the loxP site
would be assayed. The primers were used on purified liver
DNA from eight mice that had been coinjected with both
HDAd-EBV.RL and HDAd.Cre and from two mice that re-
ceived only HDAd-EBV.RL. A total of 94% of vector DNA
was recombined in the presence of Cre, while 6% was circu-
larized in the absence of Cre (Fig. 3C). A plasmid with only the
linear form of the vector DNA was also assayed to determine
the background signal for circularized vector in PCRs with only
linear DNA. In this analysis, the linear plasmid was assayed as
being 2% recombined. Since the value obtained for circular-
ized vector in liver from animals infected with HDAd-EBV.RL
without HDAd.Cre (6%) was determined to be above this
background value, we conclude that a small percentage of the
HDAd-EBV.RL vector sequence was recombined at the loxP
sites in the absence of Cre. This was probably due to murine
homologous recombination mechanisms acting at the repeated
loxP sites in the vector, accounting for the low level of RL
expression observed in these animals (Fig. 3B).

In vivo maintenance of vector DNA. The main purpose of
the EBV elements in the HDAd-EBV hybrid vector is to en-
sure that the vector DNA is well maintained in transduced
cells. We next examined the stability of hybrid vector DNA by
means of qPCR. Samples of liver tissue were harvested from
vector-transduced mice at various times ranging from 12 to 50
weeks postinjection. A total of 13 samples were collected and
assayed by qPCR. The quantity of hybrid vector DNA in each
sample was normalized to the number of diploid murine cells
in the sample determined using primers for a single copy
mouse gene as described above. Next, the samples were di-

light microscope of 5-�m-thick unfixed sections. Signal intensity was adjusted for image quality in the confocal micrographs but is consistent across
all of the fluorescent micrographs. Size bar equals 50 �m in all micrographs. The fourth column displays histograms of EYFP intensity quantified
by analytical flow cytometry of single cell suspensions of liver tissue. The vertical line indicates the positive/negative threshold of EYFP as
determined by the mock control samples. (B) Aggregate data from the flow cytometry analysis is presented. Each bar represents the mean
percentage of EYFP-positive cells at each dose from replicate samplings (n � 3). (C) Additional aggregate cytometry data from the samples
described above demonstrate the median signal intensity of EYFP-positive cells as determined from the cytometry histograms. Each bar represents
the mean of replicate samplings (n � 3). (D) The number of vector genomes per diploid cell was quantified by qPCR. Each bar represents the
mean of replicate samplings (n � 5). Error bars indicate mean � the SEM.
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vided into three categories based on the number of weeks
postinjection. Samples in each category were averaged and
compared. The qPCR analysis detected an average of 30 � 3
copies (mean � the SEM) of the HDAd-EBV hybrid vector
per cell (Fig. 4). There was no statistical change in the number
of HDAd-EBV vector genomes per cell over the course of the
50-week study.

To compare the maintenance of the HDAd-EBV hybrid
relative to a traditional linear HDAd vector, we examined the
maintenance of HDAd.Cre in the same samples used above.
This vector has 85% sequence identity with the HDAd-EBV
hybrid vector but lacks the loxP sites needed for circularization
or the EBV elements designed to confer stability. Since
HDAd.Cre was coinfected with HDAd-EBV.RL at a 1:1 ratio,
we were able to perform a direct comparison. Using qPCR
primers unique to HDAd.Cre, we observed a modest, but sta-
tistically significant decrease in the linear vector from the early
to the later time points (Fig. 4).

Episomal versus integrated vector DNA. A key safety fea-
ture of the HDAd-EBV hybrid vector is that it is designed to
be maintained without integrating into the genomes of target
cells. To determine the integration status of the vector in vivo,

FIG. 3. EBV episome delivery by HDAd-EBV vectors. Adult, female
nude mice were injected intravenously with HDAd vectors and assayed
for RL expression by bioluminescent imaging. Four cohorts were com-
pared. Group 1 received 5 � 109 IGU of HDAd-EBV.RL and 5 � 109

IGU of HDAd.Cre (n � 16). Group 2 received 5 � 109 IGU of
HDAd.RL and 5 � 109 IGU of HDAd.Cre (n � 6). Group 3 received
1010 IGU of HDAd-EBV.RL (n � 2). To determine the background of
the assay, a fourth “mock” group was imaged using the same conditions as
the experimental groups but received no vector (n � 8). (A) Represen-
tative images from the first three groups at 1 week postinfection. The total
number of photons per second, as averaged over a 5-min bioluminescent
exposure, was overlaid on an optical image of the mouse. The signal
intensity was color coded according to the included scale from 1.5 � 105

to 1.5 � 107 total photons/s. (B) Mice were imaged weekly over a 6-week
period after vector injection as in panel A. The number of photons/second
detected in the region of the liver was plotted for each cohort over time.
The dashed line indicates the background of the assay as determined by
the mock cohort. Error bars indicate the mean � the SEM. (C) Total
DNA was prepared from samples of transduced liver tissue for analysis of

recombination at the loxP sites by qPCR. Samples ranged from 9 to 30
weeks postinjection. A total of 10 mice injected with HDAd-EBV.RL
were analyzed. Eight received HDAd.Cre, and two received no Cre.
Each result is presented as a percentage of recombined vector relative
to the total. A plasmid with only the unrecombined sequence was used
to determine the background of the assay. Error bars indicate the
mean � the SEM.

FIG. 4. Persistence of viral DNA in vivo. Liver tissue was harvested
at various time points from adult, female nude mice cotransduced with
5 � 109 IGU of HDAd-EBV.RL and 5 � 109 IGU of HDAd.Cre.
Vector DNA in each tissue sample was quantified by qPCR with a
primer-probe set unique to each vector. Values were normalized to the
number of murine cells per sample as quantified by a third primer-
probe set specific to the mouse genome. To facilitate the evaluation of
the data, samples were divided into three groups based on the number
of weeks postinjection that the sample was harvested. n, Number of
mice in each group. Error bars represent the mean � the SEM.
Variation between the three time frames was determined by one-way
Fisher analysis of variance. There was no statistically significant change
in the HDAd-EBV hybrid vector (�, P � 0.52), but there was a
significant decrease in the linear HDAd vector (��, P � 0.04).

3254 GALLAHER ET AL. J. VIROL.



DNA was harvested from vector-transduced mouse liver and
selectively salt precipitated to distinguish chromosomal DNA
from episomal DNA. This protocol, a modification of the tech-
nique developed by Hirt (17), separates the DNA into an
HMW fraction that includes chromosomal DNA and any in-
tegrated vector genomes, and an LMW fraction that includes
episomal DNA. Two controls were included in this analysis to
demonstrate that chromosomes and episomes could be distin-
guished by this approach. As a control for the HMW chromo-
somal DNA, qPCR was performed with a primer set specific
for the mouse Oct4 promoter on chromosome 17. As a control
for episomal DNA, an unrelated 35-kb plasmid was spiked into
the nuclear lysate after harvesting but prior to the salt precip-
itation. This LMW control was independently assayed by a
second set of qPCR primers. Lastly, the vector DNA was
quantified by a third qPCR primer set. In each case, the rela-
tive number of copies in the HMW fraction was expressed as a
percentage of the combined total (Fig. 5).

Separation of chromosomal and episomal DNA into sepa-
rate fractions was highly efficient. Over 95% of the genomic
DNA was detected in the HMW fraction, while more than 96%
of the plasmid DNA was found in the LMW fraction. Consis-
tent with the premise that the HDAd-EBV episomes had not
integrated, the vector DNA fractionated into the LMW frac-
tion precisely with the plasmid control. This assay was per-
formed on liver tissue harvested from mice at an early time
point (12 weeks postinjection) and at a late time point (30 to 50
weeks postinjection), but there was no increase of vector in the
HMW fraction.

Although we did not detect integrated vector above the

background of the assay, this approach is limited by the effi-
ciency of the fractionation of the DNA into the HMW and
LMW fractions. We conservatively estimate that the sensitivity
of the assay, as based on the results from the plasmid DNA
(mean � one standard deviation), is such that we would have
detected integrated vector DNA if 4% or more of the vector
DNA had integrated into cellular chromosomal DNA.

DISCUSSION

Effectiveness of the HDAd-EBV hybrid approach. Previ-
ously, we reported that a hybrid HDAd-EBV vector system
could be used to efficiently deliver circular EBV episomes into
the nuclei of transduced cells in culture (9, 43). These circular
episomes, once formed, were genetically stable. Here, we eval-
uate these same vectors in an in vivo system. Our goal was to
demonstrate that EBV episomes, which have been shown to be
highly stable in both tissue culture and in vivo experiments,
could be delivered to target tissue with high efficiency by an
HDAd hybrid vector.

Our results clearly demonstrate that episome delivery and
recombination by our vector are highly efficient in vivo. Fol-
lowing the systemic intravenous injection of reasonable titers
of HDAd-EBV hybrid vectors into mice, we observed approx-
imately 30 copies of the vector DNA per hepatocyte. This is
consistent with the 96% transduction efficiency that we ob-
served by flow cytometry. Circularization of the EBV episome
was also found to be rapid and robust. Within a matter of
weeks, 94% of the vector DNA in transduced tissue was re-
combined, as shown by qPCR.

These vectors were designed so that the transgene has no
promoter until after Cre-mediated circularization of the EBV
episome. The high level of RL transgene expression as early as
1-week postinjection corroborates the qPCR result that the
vector DNA underwent site-specific Cre-mediated recombina-
tion rapidly and efficiently. Further, expression from the re-
combined, circularized HDAd-EBV hybrid vector DNA was
comparable to a traditional HDAd vector, which required no
coinfection or recombination. EBV episomes delivered by the
HDAd-EBV hybrid were stable and remained episomal. Al-
though we observed a diminution in RL expression over the
course of the experiment (data not shown), we attribute this to
properties of the CMV promoter used for transcription of the
transgene. This promoter frequently undergoes epigenetic si-
lencing in vivo (5, 6, 27). In contrast to reporter gene expres-
sion, the vector DNA was in fact stable over the course of 50
weeks. Future experiments will address the silencing issue by
replacing the CMV promoter with alternate promoters that are
less susceptible to epigenetic silencing (32).

Stability. Since hepatocytes in healthy, adult mice replicate
infrequently (1), we expect that the model system chosen here
was less than ideal for addressing the issue of DNA stability in
our hybrid vector system. We did, however, observe a modest
benefit in stability with the HDAd-EBV vector relative to a
traditional HDAd vector over the course of the year-long ex-
periment presented in Fig. 4. We expect that this slight differ-
ence would be come increasingly significant over the course of
many years in a longer-lived organism. Furthermore, there is
ample evidence that EBV episomes similar to those presented
here are highly stable in proliferating cells both in vivo and in

FIG. 5. Integration state of vector DNA. A selective salt precipita-
tion was performed to separate the DNA from vector-transduced liver
tissue into HMW and LMW fractions. A 35-kb plasmid was added to
each sample prior to precipitation as a control for separation of HMW
and LMW DNA. The number of copies of chromosomal DNA, plas-
mid DNA, and HDAd-EBV vector DNA in each fraction were assayed
in separate qPCR reactions. Each bar represents the percentage of
copies in the high-molecular-weight fraction relative to the total copy
number from both fractions. “Week 12” represents nine preparations
of DNA from three mice harvested 12 weeks postinjection. “Weeks 30
to 50” represents six preparations from three mice harvested during
the later time period. Error bars indicate mean � the SEM. Variation
between the plasmid DNA and HDAd-EBV episome DNA was insig-
nificant as determined by one-way Fisher analysis of variance (�, P �
0.50; ��, P � 0.13).
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tissue culture (9, 21, 42). Future work will address this issue
directly by retargeting the vector to replicating cell populations
such as hematopoietic stem cells.

Safety. A primary goal of this project was to create a vector
that would be genetically stable without genomic integration
and the attendant risk of insertional mutagenesis. From our
comparison of HMW and LMW DNA, we found that the
vector DNA sequences segregated in parallel with a plasmid
added to the cell lysate. This was true at both an intermediate
and a late time point. This indicates that the at least 96% of the
vector DNA remained episomal.

As for the risks posed by the vector itself, we anticipate that
the HDAd-EBV hybrid vector would have a safety profile
similar to other HDAd vectors. In other words, it would be safe
for clinical trials below a certain threshold. HDAd vectors have
been shown to be significantly safer than earlier generations of
adenovirus vectors due to the lack of viral open reading frames
(10, 29, 30). In fact, the only virally derived gene remaining in
the HDAd-EBV hybrid is EBNA1. This gene is unlikely to
pose a significant safety issue since it is constitutively expressed
in EBV-transduced B cells in ca. 90% of human adults with
little consequence (35, 46). Further, EBNA1 protein has
evolved to be resistant to major histocompatibility complex I
presentation, so it is unlikely to cause cytotoxic-T-lymphocyte-
mediated clearance of transduced cells (23).

Capacity and potential disease models. The HDAd-EBV
vector presented here includes a 20-kb region from human
chromosome 10 (21). This region functions as an origin of
replication to ensure that the episome will replicate during S
phase along with cellular chromosomes. Krysan et al. deter-
mined that most large human genomic fragments (i.e., 	16 kb)
will mediate this replication function (21). We propose that the
hybrid vector presented here could be adapted to a number of
experimental models by replacing this region from chromo-
some 10 with any number of other human genomic regions that
express a therapeutic gene. Given the packaging limitations of
HDAd vectors, genomic regions of up to 29 kb could be in-
corporated into the hybrid design. The potential advantage of
this cloning capacity is that therapeutic transgenes could be
delivered to target tissue with their endogenous regulatory
elements intact. Studies done in the context of both adenovirus
vectors (39) and EBV episomes (42) have shown that trans-
gene expression often is both higher and more stable when a
gene is expressed from genomic DNA compared to cDNA.

Comparison to other EBV episome approaches. Most stud-
ies of EBV episome-mediated gene therapy utilize nonviral
approaches for delivery of the plasmid to target cells in vivo.
These methods include cationic lipid formulations, electro-
transfer, and hydrodynamic delivery (28, 40, 49). A recurring
problem in these studies has been the low rate of transduction.
Hydrodynamic tail vein injection (HTVI) is arguably the most
effective nonviral technique for the transduction of hepato-
cytes in mouse. Transduction efficiencies in liver can be as high
as 40% (26). However, this is relatively inefficient compared to
the nearly 100% transduction we observed with our adenovi-
rus-based approach. Furthermore, the level of transduction by
HTVI decreases as the plasmid size increases, so the benefits
of using a genomic transgene are difficult to realize. For ex-
ample, Stoll et al. (42) observed almost 40-fold fewer copies of
a 28-kb plasmid relative to a 5-kb plasmid in the hepatocytes of

mice after HTVI. Further, HTVI is mostly limited to the trans-
duction of hepatocytes (16). In contrast, adenovirus has been
adapted and retargeted to be capable of robust in vivo trans-
duction of liver (100%) (24), skeletal muscle (99%) (37), myo-
cardiocytes (78%) (38), cardiac endothelium (81%) (4), and a
wide variety of cancers (11).

Lastly, most EBV plasmids are made by traditional cloning
techniques in prokaryotes and contain bacterially derived
DNA. It has been shown that these sequences can dramatically
restrict transgene expression. For example, expression levels of
human alpha-1 antitrypsin were found to be 560 times higher
from a plasmid devoid of bacterial sequences versus one con-
taining them (7). The EBV episome delivered by our hybrid
vector lacks bacterial sequences and should benefit from this
relative to EBV plasmids manufactured by traditional meth-
ods.

In conclusion, while EBV episomes seem promising for safe,
long-term expression of therapeutic transgenes in vivo, their
application has been constrained by inefficient delivery modal-
ities. Our HDAd-EBV hybrid vector approach leverages the
high transduction efficiency of adenovirus-based vectors to mit-
igate this limitation. We have shown that this method is highly
robust in a mouse model for transduction of hepatocytes.
Taken as a proof of principle, these studies demonstrate the
potential of the HDAd-EBV vector approach.
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