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High-capacity “gutless” adenovirus vectors (HC-AdV) mediate long-term transgene expression in resting
cells in vitro and in vivo because of low toxicity and immunogenicity. However, in proliferating cells, expression
is transient since HC-AdV genomes do not possess elements that allow for replication and segregation of the
replicated genomes to daughter cells. We developed a binary HC-AdV system that, under certain conditions,
allows for significantly prolonged episomal maintenance of HC-AdV genomes in proliferating tissue culture
cells, resulting in sustained transgene expression. After transduction of target cells the linear HC-AdV
genomes were circularized by the DNA recombinase FLPe, which was expressed from the second HC-AdV. The
oriP/EBNA-1 replication system derived from Epstein-Barr virus, as well as the human replication origin from
the lamin B2 locus, were used as cis elements to test for replication of the 28-kb circular vector genomes with
or without selective pressure. Depending on the system, up to 98% of the circularized genomes were replicated
and segregated to daughter cells, as demonstrated by Southern assays and as confirmed by monitoring EGFP
transgene expression. Surprisingly, in the absence of FLPe recombinase, a small but significant number of
HC-AdV genomes spontaneously circularized after transduction of target cells. These circles, found to contain
end-to-end joined adenovirus termini, replicated with increased efficiency compared to vectors circularized by
FLPe. After further improvements, this HC-AdV system might be suitable for gene therapy applications

requiring long-term transgene expression.

Gene transfer with adenovirus vectors has been extensively
used for functional studies in vitro and in vivo and in clinical
studies. Adenovirus (Ad) vectors are nonintegrating vectors
and, therefore, their genome is lost in proliferating cells. This
even holds true for high-capacity “gutless” Ad vectors (HC-
AdVs) that are devoid of viral coding sequences and allow for
long-term in vivo gene expression in resting cell types (8, 10,
16, 21). In principle, there could be two ways to achieve vector
genome maintenance in proliferating cells after Ad vector-
mediated gene transfer: chromosomal integration or episomal
replication. Chromosomal integration by integrases or trans-
posable elements is random and bears the risk of activation or
inactivation of genes at or next to the integration site. In
addition, the integrated transgene may be subject to locus-
dependent influences on expression levels. In contrast, an ep-
isomal HC-AdV system tuned to use the cellular replication
machinery for episomal replication of the vector genomes
could have significant advantages. However, several obstacles
must be overcome to develop an episomal HC-AdV system.
First, it must provide mechanisms that ensure correct full-
length replication of both strands. In principle, this could be
achieved by converting the linear vector genomes into circular
episomes after transduction of the target cells. Second, these
circular episomes must be designed to allow both for replica-
tion in a cell cycle-controlled manner and for proper segrega-
tion of the replicated genomes.

We developed a binary HC-AdV system that is based on two

* Corresponding author. Mailing address: Division of Gene Ther-
apy, University of Ulm, Helmholtzstrasse 8/1, D-89081 Ulm, Germany.
Phone: 49-731-50033601. Fax: 49-731-50033664. E-mail: stefan.kochanek
(@medizin.uni-ulm.de.

different HC-AdVs: one expressing the site-specific recombi-
nase FLPe (4) and the other carrying two Frt recognition sites
for the recombinase in a direct orientation. After cotransduc-
tion of target cells with both vectors, the FLPe recombinase
excises and circularizes the DNA segment located in between
the Frt sites, thereby generating up to 28-kb circular episomes.
To allow for cell cycle-controlled replication of the FLPe-
generated circular episomes, we used two independent strate-
gies. The first relies on the oriP/EBNA-1 replication system
derived from Epstein-Barr virus (EBV) (24, 25). oriP is the
latent origin of replication of EBV and consists of two ele-
ments: the family of repeats FR and the dyad symmetry region
DS. Both are necessary for efficient replication of circular epi-
somes and, together with EBNA-1, allow for segregation of the
replicated genomes to daughter cells. The major advantage of
oriP/EBNA-1 episomes is that their replication is cell cycle
controlled and occurs only once per cell cycle. As far as known
up to now, EBNA-1 is believed not to be oncogenic and does
not seem to be immunogenic (3). However, EBNA-1 is a viral
protein, and its synthesis could lead to adverse side effects in
the context of therapeutic approaches. Therefore, we analyzed
a second strategy for the replication of FLPe-generated circu-
lar episomes that is based on the human origin of replication
derived from the lamin B2 locus (1, 2, 13) and does not rely on
the expression of a viral protein. Currently, this origin of rep-
lication is considered to be the best-characterized human rep-
lication origin since initiation of replication from this origin
has been demonstrated by different independent methods and
in different cell lines. Furthermore, footprint analysis have
revealed its cell cycle-dependent association with replication
complex proteins.

We compared the performance of both oriP/EBNA-1 and
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human lamin B2 origin-based episomal HC-Ad vector systems
with or without selective pressure in different human cell lines.

MATERIALS AND METHODS

Plasmids. To generate pAdFLPe, a shuttle plasmid for the construction of the
FLPe-expressing vector HC-AdFLPe, the Sall/Pacl fragment of pPCAGS-FLPe (a
gift of Francis Stewart, Heidelberg, Germany) containing the CAGS-promoter
and FLPe cDNA, was isolated. An oligodesoxyribonucleotide adapter consisting
of the oligodesoxyribonucleotides adapt1 (5'-TAACGACACGG-3') and adapt2
(5'-GATCCCGTGTCGTTAAT-3") was ligated to the Pacl end of the isolated
fragment. The ligation product was digested with BarmHI and cloned into the
BamHI/Xhol restriction sites of pCEP4 (Invitrogen). The resulting plasmid was
digested with NotI/Sall, and the 3,500-bp fragment containing the complete
expression cassette for FLPe [including simian virus 40 poly(A) signals] was
isolated, blunt ended with Klenow polymerase, and cloned into the EcoRV site
of the HC-AdV shuttle plasmid pSTK129 (S. Kochanek, unpublished results).

pFrt#39, a plasmid containing two FLP recognition sites Frt in direct orien-
tation, was generated by annealing the oligodesoxyribonucleotides frtseq (5'-G
GAGAAGTTCCTATTCCGAAGTTCCTATTCTCTAGAAAGTATAGGAA
CTTCAAGC-3') and frtrev (5'-GCTTGAAGTTCCTATACTTTCTAGAGAA
TAGGAACTTCGGAATAGGAACTTCTCC-3') and cloning the products
successively and in direct orientation into the SrfI and Kpn2I restriction sites of
the HC-AdV shuttle plasmid pSTK129. The distance between the two Frt sites in
pFrt#39 is 22 kb. This plasmid has two unique restriction sites NotI and Swal
between the Frt sites. These sites were used to generate the derivatives of
pFrt#39.

pHyg22 is a derivative of pFrt#39 containing the two Frt sites in parallel
orientation and an expression cassette for a hygromycin resistance-enhanced
green fluorescent protein (EGFP) fusion protein. This hCMV-driven expression
cassette was isolated from pHyg-EGFP (Clontech) as an Clal/Bg/II fragment,
blunt ended with Klenow polymerase, and placed into the NotI restriction site of
pFrt#39.

pHyglLam is based on pHyg22 and additionally contains the 1,200-bp core
region of the origin of replication from the human lamin B2 locus. This region
was amplified in 25 cycles by PCR with the primers humlam1 (5'-AGACTGAT
TTAAATCAGACGCCACCCAGCCCTGG-3") and humlam2 (5-AGACTGAT
TTAAATCGGAGCCGAAGCCGCCCTC-3") from genomic DNA prepared
from the human N52E6 cell line (20). The PCR product was purified and
sequenced. To generate compatible ends, it was digested with Swal and finally
cloned into the Swal site of pHyg22.

pHygEBNA is based on pHyg22 as well. It contains an SRa promoter-driven
expression cassette for EBNA-1 and the EBV origin of replication oriP. The
EBNA-1 expression cassette was isolated together with oriP as a Pvull fragment
from p2747-1 (a gift from W. Hammerschmidt, Munich, Germany), blunt ended
with Klenow polymerase, and cloned into the Swal site of pHyg22.

pSVGFP is based on pFrt#39. In addition to the Frt sites, it contains an
hCMYV-driven expression cassette for EGFP. This expression cassette was iso-
lated as an AAITI/AfITII fragment from pEGFP-N1 (Clontech), blunt ended with
Klenow polymerase, and cloned into the NotI site of pFrt#39.

pSVLam is based on pSVGFP and contains the same 1,200-bp human lamin
B2 locus fragment as pHyglLam. This fragment was amplified as described be-
fore, digested with Swal, and cloned into the Swal site of pSVGFP.

pSVEBNAs is based on pSVGFP. It contains the same expression cassette for
EBNA-1 and oriP as pHygEBNA and was generated the same way.

pSVEBNASAFR is also based on pSVGFP. It contains the same expression
cassette for EBNA-1 as pSVEBNAs but has a truncated form of oriP lacking the
family of repeats element. This element was removed from p2747-1 by digestion
with HindIII and Mlul, creating blunt ends with Klenow polymerase, and reli-
gation. The expression cassette for EBNA-1 and the truncated oriP were isolated
as a Pvull fragment, blunt ended with Klenow polymerase, and cloned into the
Swal site of pPSVGFP.

PSVEBNAw contains the EBNA-1 gene and oriP from the EBV strain B95-8.
The expression cassette for EBNA-1 and oriP were isolated from pCEP4 (In-
vitrogen) by digestion with Sall/Clal, generating blunt ends with Klenow poly-
merase, and cloning the fragment into the Swal site of pSVGFP.

HC-AdVs. The HC-AdVs were generated as described elsewhere (17, 21). In
brief, the bacterial backbone was released from the shuttle plasmids by digestion
with Pmel. The linearized shuttle plasmids were transfected into 293-cre66 cells
(G. Schiedner, unpublished results) by calcium phosphate coprecipitation. At 4
to 6 h before transfection, the 293-cre66 cells had been infected with helper virus
AdLCS8cluc (at a multiplicity of infection [MOI] of 5). Vectors were serially
amplified in 293-cre66 cells, purified by CsCl equilibrium density centrifugation,
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and desalted by using PD-10 columns (Amersham). The infectious and particle
titers were determined by the slot blot procedure (9), and the integrity of the
vector genomes was confirmed by restriction digestion. In addition, the helper
virus contamination was determined by the slot blot procedure and found to be
between 0.1 and 0.4%.

Cell lines. HeLa cells (ATCC CCL-2) and A549 cells (ATCC CCL-185) were
grown in monolayers in minimal essential medium (Gibco) supplemented with
10% fetal calf serum (FCS) and penicillin-streptomycin (Gibco). The
HeLaEBNALI cell line was a gift of W. Hammerschmidt and was grown in
monolayers in a-minimal essential medium (Gibco) supplemented with 10%
FCS and penicillin-streptomycin.

Replication assays under selective pressure. A total of 2 X 10° A549 and
HeLa cells was cotransduced with HC-AdFLPe and HC-AdHyg22,
HC-AdHygLam, or HC-AdHygEBNA (20 MOI each), respectively. At 36 h
posttransduction the medium was supplemented with 200 wg of hygromycin
B/ml. At day 4 posttransduction, cells were passaged 1:5. In order to have
stringent selective conditions, the medium was exchanged every 2 days. During
the following weeks, the cells were passaged 1:5 twice per week. Genomic DNA
of cell aliquots from each passage was prepared.

Replication assays without selective pressure. A total of 2 X 10° A549, HeLa,
or HeLaEBNAT1 cells was cotransduced with HC-AdFLPe (20 or 100 MOI) and
the different substrate vectors (20 or 100 MOI each). Control experiments were
performed without cotransduction with HC-AdFLPe. After transduction, cells
were grown to confluency and split twice per week in a way that allowed us to
reach >90% confluency between two passages. Aliquots from cells of every
passage were subjected to flow cytometry analysis for EGFP expression, and
from every aliquot genomic DNA was prepared.

Isolation of genomic DNA. Genomic DNA was prepared by QiaAmp DNA
MiniKits (Qiagen). After elution from the columns, the DNA was ethanol pre-
cipitated, washed, and resuspended in 10 mM Tris-Cl-1 mM EDTA (pH 8.5).
The concentration was then determined by measuring the optical density at 260
nm.

Southern transfer assays. Portions (8 to 15 pg) of genomic DNA were di-
gested with HindIII, and fragments were separated on a 0.8% agarose gel and
subjected to standard Southern transfer onto positively charged nylon mem-
branes (Pall). Hybridization was performed with a radiolabeled 600-bp probe
derived from the intronic HPRT (hypoxanthine phosphoribosyltransferase) in-
tronic stuffer DNA contained in all vectors and cell lines used.

Preparation of radiolabeled DNA probe. A 600-bp DNA fragment from the
intronic HPRT stuffer region of all vectors was amplified from pFrt#39 by PCR
with the primers probeseq (5'-TGTGATGCCTGCCCCAGTAT-3") and prob-
erev (5S-TTCTTAGCTCAAGTGCGTCCA-3) in 25 cycles. The PCR product
was purified by the QiaQuick PCR purification kit (Qiagen). Subsequently, DNA
was labeled with [*?P]JdCTP by using the DNA labeling kit RediPrimell (Am-
ersham Pharmacia).

Signal quantification and copy number calculation. A PhosphorImager system
and the software ImageQuaNT (Molecular Dynamics) were used to quantify the
radioactive signals on nylon membranes after DNA transfer and hybridization.
Copy numbers were determined by comparing the signal intensities of the vector
fragments with DNA fragments from untransduced cells.

Flow cytometry. Flow cytometry was performed with a Becton Dickinson flow
cytometer to quantify the number of cells showing EGFP fluorescence after
transduction with HC-AdVs. In brief, cells were washed twice with phosphate-
buffered saline (PBS), trypsinated, and resuspended in PBS-2% FCS-20 mM
EDTA. Analysis was performed in a Becton Dickinson flow cytometer with
appropriate filter settings. The data were quantified by using the CellQuest
software package.

PCR for detection of full-length ciruclar vector genomes. To detect circular
vector genomes containing the Ad5 inverted terminal repeats (ITRs), a 25-cycle
PCR with the primers bigcircseq (5'-AGATACGAGCATGGATTCTTGG-3")
and bigcircrev (5'-CCACCTTCTCTTCCCACACG-3") was performed (7,, =
55°C), and 1/5 of each reaction was analyzed on a 1.5% agarose gel.

Calculation of maintenance values. To calculate maintenance values from the
flow cytometry data, we converted the number of days posttransduction into the
number of population doublings posttransduction as follows: d(f) = n(f) X (In x/In
2), where d(¢) is the number of population doublings at day ¢ posttransduction,
n(t) is the number of passages at day ¢ posttransduction, and x is the reciprocal
of the used split rate. This conversion allowed for normalization of individual
population doubling rates of different cell lines. The maintenance value M was
then calculated as follows: M = —(100/m), where m is the slope of the linear
range of the decreasing number of EGFP-positive cells posttransduction. The
coefficient of correlation was determined for the linear ranges and had to be
>0.98.
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RESULTS

Formation of replicons under selective pressure. In order to
test the ability of the oriP/EBNA-1 system and the human
lamin B2 origin of replication to mediate the formation of
replicons in an HC-AdV system, we constructed the vectors
HC-AdFLPe, HC-AdHyg22, HC-AdHygEBNA, and HC-
AdHyglLam (Fig. 1a and b). HC-AdFLPe is an expression
vector for the site-specific recombinase FLPe. The vectors HC-
AdHyg22, HC-AdHygEBNA, and HC-AdHygLam are re-
ferred to as substrate vectors below because they carry two Frt
sites in parallel orientation and are substrates for the FLPe
recombinase to be circularized upon FLPe expression. Figure
2 illustrates the recombination of a substrate vector and the
specific DNA fragments of linear and circularized substrate
vectors that can be detected after digestion with HindIII in a
Southern transfer assay. To test the ability of these HC-AdVs
to form stable replicons under selective pressure in fast-pro-
liferating human tumor cell lines, we cotransduced 2 X 10°
A549 or HeLa cells with HC-AdFLPe (20 MOI) and HC-
AdHyg22, HC-AdHyglLam, or HC-AdHygEBNA (20 MOI
each), respectively. Genomic DNA prepared at different time
points posttransduction was subjected to a Southern transfer
assay described previously (Fig. 3a). Comparison of the signal
intensities at 2,200 bp (recombined, circular substrate vectors)
and 3,300 bp (unrecombined, linear substrate vectors) revealed
that 70 to 80% of all substrate vectors were recombined and
circularized by FLPe in HeLa and A549 cells. The circularized
genome of HC-AdHygEBNA carrying the oriP/EBNA-1 rep-
lication system was maintained at one to three copies/cell in
both cell lines up to day 30 (the weak signal for the circular
genome of HC-AdHygEBNA at day 30 posttransduction was
due to a smaller amount of DNA loaded; for the copy number
calculation, this was corrected). In contrast, the linear genome
of this vector, as well as the circular and linear genomes of
HC-AdHyg22 and HC-AdHygLam, was lost rapidly from ei-
ther cell line between days 4 and 12 posttransduction. To
analyze whether the replicons formed in both cell lines would
be further maintained without selective pressure, we termi-
nated selection at day 50 posttransduction. Figure 3b shows the
results of the Southern assay at late time points posttransduc-
tion and after the removal of selective pressure. In HeLa cells
a decreasing copy number of circular HC-AdHygEBNA ge-
nomes was detected until day 40. In A549 cells two or three
copies of circular HC-AdHygEBNA per cell were detected.
Apparently, this copy number was stable between days 33 and
75 posttransduction. Removal of the selective pressure on day
50 posttransduction had no influence on the maintenance of
the replicons.

The Southern transfer in Fig. 3 demonstrates that integra-
tion of unrecombined, linear vector genomes or concatemers
over the ITR ends did not take place, since additional signals
larger than 3,300 bp would have occurred. To ensure that the
signals at 2,200 bp originated from episomal replicons rather
than integrated vector genomes, we performed an additional
Southern transfer with genomic DNA from A549 cells at 75
days posttransduction. The DNA was restricted with the 6-bp
cutter Pvull (which has a unique site in the circular episome),
transferred onto a nylon membrane, and hybridized with the
HPRT probe used previously. This Southern transfer yielded
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one signal for the episome in the expected size of 28 kb and
another signal of the same intensity at 20 kb representing the
cellular HPRT locus (data not shown). Since there were no
additional bands observed and the ratio of signal intensities for
the episome and the cellular HPRT locus remained the same as
in Fig. 3b, we conclude that the episomes did not integrate into
the host cell’s genome. Furthermore, this finding demonstrates
that the circular episomes were stable and did not rearrange.

In flow cytometry analyses we found only very low EGFP-
specific fluorescence in A549 and HeLa cells at 48 h posttrans-
duction, with up to 100 MOI of the different substrate vectors
expressing the hygromycin resistance-EGFP fusion protein
(data not shown). The EGFP-specific fluorescence was too
weak to reliably allow monitoring transgene expression over
extended time periods. Therefore, we generated a new set of
substrate vectors, analogous to those shown in Fig. 1a, which
lack the hygromycin resistance gene but share an hCMV-
driven expression cassette for strong expression of EGFP (Fig.
1c).

Formation of autonomous oriP replicons without selective
pressure. In order to analyze the formation of oriP/EBNA-1
replicons without selective pressure and to monitor the num-
ber of EGFP-positive cells by flow cytometry, we cotrans-
duced 2 X 10° HeLa cells each with HC-AdFLPe and HC-
AdSVEBNAs or HC-AdSVEBNSAFR (see Fig. 1b and c) (100
MOI each), respectively. HC-AdSVEBNAs contained the
same sequences for expression of EBNA-1 and the same rep-
lication origin oriP as HC-AdHygEBNA but lacked the option
for selection. HC-AdASVEBNASAFR harbored a truncated
form of oriP, which lacked the family of repeats element FR.
This vector was expected to be impaired in proper segregation
of the replicated genomes to daughter cells. Figure 4a shows
the time course of EGFP expression in HeLa cells postcotrans-
duction; Fig. 4b shows the corresponding Southern blot mem-
brane. The number of EGFP-positive Hela cells rapidly
decreased from 100 to 4% between days 4 and 20 posttrans-
duction with HC-AdSVEBNAs. After transduction with the
same amount of HC-AdSVEBNASAFR, the number of EGFP-
expressing cells dropped more rapidly to 4% at day 14 post-
transduction. From the corresponding Southern transfer
experiment, it was apparent that the circular genomes of HC-
AdSVEBNAs were maintained slightly better than those of
HC-AdSVEBNASAFR (Fig. 4b). We repeated this set of ex-
periments with 20 MOI of each vector in HeLa cells and 20 and
100 MOI in A549 cells without finding any significant differ-
ences in vector maintenance either at the levels of transgene
expression or in copy number (data not shown). Interestingly,
we observed ~2-fold-reduced cell population doubling rates after
transduction with HC-AdSVEBNAs, HC-AdSVEBNASAFR, or
HC-AdHygEBNA (>20 MOI each). Reduced population dou-
bling rates of morphologically intact cells were seen both in HeLa
as well as in A549 cells without selection and were only observed
after transduction with vectors that expressed EBNA-1. This ef-
fect was independent of cotransduction with HC-AdFLPe. If we
assume that the strong overexpression of EBNA-1 from the SRa
promoter could influence cell growth kinetics and thereby create
selective disadvantages for cells carrying oriP/EBNA-1 replicons,
we generated HC-AdASVEBNAw, which contained the oriP and
the EBNA-1 gene from EBV strain B95-8 (Fig. 1d). Figure 5
shows the amount of EBNA-1 protein expressed by the different
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FIG. 1. (a, ¢, and d) HC-Ad vectors used for establishing replicons with (a) or without (c and d) selective pressure. All vectors are based on
the same backbone, containing 20-kb intronic stuffer DNA derived from the human HPRT locus (HUMHPRTB, gene map positions 1777 to 21729)
and a 6.5-kb intronic stuffer DNA fragment from C346 (HUMDXS455A, cosmid map positions 10205 to 16750). They contain the left terminus
of Ad5 (nucleotides 1 to 440; ITR), the right terminus (nucleotides 35818 to 35935; ITR), and the packaging signal from Ad5 (V). Open triangles
represent the FLP recognition sites Frt. (b) Vector for expression of the FLPe recombinase.
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express the site-specific recombinase FLPe that in turn recognizes the Frt sites in the substrate vector and excises and circularizes the DNA
fragment between the Frt recognition sites. The circular genomes are 24 to 28 kb in size, depending on the type of substrate vector. HC-AdFLPe
remains unchanged. After restriction with HindlIII, a 2,200-bp fragment represents the recombined circular genomes of the substrate vector. A
3,300-bp fragment represents unrecombined linear substrate vector genomes, and a 6,800-bp fragment represents the FLPe expression vector
HC-AdFLPe. The HPRT probe used here detects an additional cellular DNA fragment of 6,800 bp (not shown).

HC-AdVs in a Western transfer experiment. HC-AASVEBNAw

expressed less than 1/10 of EBNA-1 compared to HC-

AdSVEBNAs, HC-AdSVEBNASAFR, and HC-AdHygEBNA.
Formation of oriP replicons without selective pressure and

comparison to lamin origin-based replicons. We cotransduced
HeLa and A549 cells with HC-AdFLPe (100 MOI) and HC-

AdSVGFP, HC-AdSVLam, or HC-AdSVEBNAw (100 MOI
each), respectively. Figure 6a shows the time course of EGFP-
expressing HeLa cells posttransduction. HC-AdSVEBNAw
was maintained slightly more efficiently (4% EGFP-positive
cells at day 21) than HC-AdSVLam or HC-AdSVGFP (4%
EGFP-positive cells at day 14), but stable replicons were not
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FIG. 3. Southern blot analysis of genomic DNA from HeLa and A549 cells after cotransduction with HC-AdFLPe (20 MOI) and the indicated
substrate vectors (20 MOI each) at early (a) and late (b) time points posttransduction. Signals at 2,200 bp indicate recombined, circular substrate
vectors; signals at 3,300 bp indicate unrecombined, linear substrate vectors. HC-AdFLPe and the cellular HPRT fragment are represented by the
signals at 6,800 bp. +, selection with hygromycin. Selection was terminated at day 50 posttransduction (—). Ctr, untransduced control cells.

established. This observation was independent of the amount
of vector used for initial transduction (20 or 100 MOI) and
independent of the transduced cell type (HeLa or A549 cells
[data not shown]). In addition, we did not observe reduced
population doubling rates after transduction with an MOI of
HC-AdSVEBNAw of >20, suggesting no selective disadvan-
tage for cells carrying circular HC-AASVEBNAw genomes.
To confirm that EBNA-1 expression from HCAdSVEBNAw
was not too weak to allow for establishing stable oriP replicons,
we repeated this set of experiments with HeLa-EBNA1 cells
that constitutively expressed EBNA-1. Figure 6b shows the
time course of EGFP expression after transduction with HC-
AdSVGFP, HC-AdSVLam, and HC-AdSVEBNAw (100 MOI
each), respectively. Figure 6c¢ illustrates the time course after
cotransduction with HC-AdFLPe (100 MOI). In both cases,
the vectors HC-AdSVGFP and HC-AdSVLam were rapidly
lost from dividing cells. At day 20 posttransduction fewer than
1% of the cells remained EGFP positive, a result independent
of cotransduction with HC-AdFLPe. In contrast, after cotrans-
duction with HC-AdSVEBNAw and HC-AdFLPe, the number
of EGFP-positive cells only slowly decreased, with 50% posi-
tive cells remaining at day 50 and 15% EGFP-positive cells at

day 110 posttransduction. Interestingly, after transduction with
HC-AdSVEBNAw alone, the number of EGFP-expressing
cells dropped rapidly between day 4 and 30 posttransduction.
Starting at day 30 posttransduction, the loss rate was slowed
down, and between days 30 and 110 the number of EGFP-
positive cells decreased slowly in a linear way, with >4% re-
maining EGFP positive at day 110 posttransduction.
Genomic DNA of cells at different time points posttrans-
duction was prepared and subjected to Southern blot analysis
(Fig. 7). The linear (3,300 bp) and circular (2,200 bp) genomes
of HC-AdSVGFP and HC-AdSVLam were lost from
HeLaEBNALI cells between days 4 and 15 posttransduction. In
contrast, the circular genomes of HC-AASVEBNAw initially
dropped to 12 to 15 copies per cell at day 15 posttransduction
and remained quite stable at 11 copies per cell on day 24, 9
copies per cell on day 35, and 7 copies per cell on day 60
posttransduction. This revealed a maintenance of 98% of the
vector genomes per cell population doubling and correlates
well with the flow cytometry data (Fig. 6¢). At late time points
posttransduction (days 64 to 122, Fig. 7b), we could still detect
circular genomes of HC-AdASVEBNAw in HeLaEBNAL cells.
At day 122 posttransduction about one copy per cell was found.
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FIG. 4. (a) Time course of EGFP expression in HeLa cells after cotransduction with HC-AdFLPe (100 MOI) and HC-AdSVEBNAs or
HC-AdSVEBNASAFR (100 MOI each), respectively. Cells were analyzed for EGFP-specific fluorescence by flow cytometry. (b) Southern blot
analysis of genomic DNA from the same HelLa cells. The circular substrate vector genomes are indicated by signals at 2,200 bp; the linear substrate
vector genomes are indicated by signals at 3,300 bp. Ctr, untransduced control cells.

Together with the flow cytometry data underlying Fig. 6b and
c, these results suggest nearly symmetrical segregation of the
vector genomes during cell division, because in the flow cytom-
etry histograms we could not observe subpopulations of cells
showing significantly higher or lower fluorescence during the
time course of the experiment (data not shown).

After transduction with HC-AdSVEBNAw but without co-
transduction with HC-AdFLPe, we could observe a small num-
ber of cells expressing EGFP up to day 110 posttransduction
(Fig. 6b). The Southern blot analysis in Fig. 7 shows that a very

low copy number of this vector could be found in HeLaEBNA1
cells at least until day 60 posttransduction. We noted that the
signal for this vector genome appeared to be slightly larger
than the expected 3,300 bp (see the molecular analysis below).

To evaluate whether the amount of EBNA-1 protein might
influence the efficiency of replicon formation or episome main-
tenance, we cotransduced HeLLaEBNATI cells with HC-AdFLPe
(20 MOI) and HC-AdHygEBNA, HC-AdSVEBNAs, or HC-
AdSVEBNASAFR (20 MOI each), respectively. Figure 8a
shows the results of flow cytometry analysis after cotransduc-
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FIG. 5. Western transfer membrane for the detection of EBNA-1
protein. A total of 2 X 10° 293 cells were transduced with the indicated
amounts of the indicated vectors. At 48 h posttransduction, total pro-
tein lysates were prepared, and equal amounts of lysates were sub-
jected to Western transfer and detection of EBNA-1. Cells transduced
with vectors containing the SRa promoter-driven expression cassette
for EBNA-1 synthesized ~10-fold more EBNA-1 than cells transduced
with HC-AdSVEBNAw. Ctr, lysate from untransduced control cells.

tion with HC-AdSVEBNAs and HC-AdSVEBNASAFR; Fig.
8b shows the corresponding Southern blot membrane.
HC-AdSVEBNAs was, although maintained slightly longer
than HC-AdSVEBNASAFR, rapidly lost from HeLaEBNALI
cells within 28 days posttransduction. HC-AdHygEBNA was
lost during the same time period. Although the vector HC-
AdSVEBNAs was maintained longer in HeLaEBNAL1 cells
than was HC-AdSVLam or HC-AdSVGFP, no stable repli-
cons were formed.

Molecular analysis of episomes formed by HC-AdSVEBNAw
in HeLaEBNA cells. Surprisingly, the vector HC-AdSVEBNAw
was maintained in HeLaEBNALI cells without cotransduction
with HC-AdFLPe and subsequent FLPe-mediated circulariza-
tion of the vector genomes.

The vector signal in the Southern blot assay originated from
a DNA fragment that was slightly larger than expected (Fig.
7a). One possible explanation for this larger DNA fragment
was the formation of circular DNA molecules, including the
Ad5 ITRs of the vector independent of cotransduction with
HC-AdFLPe (see Fig. 2, in the case of large circles including
both ITRs, the HindlIII site next to the right ITR would lead to
a fragment slightly larger than 3,300 bp in the described South-
ern transfer assay). To evaluate whether circular DNA mole-
cules, including vector ITRs, had formed, we analyzed by PCR
the genomic DNA prepared from HeLaEBNALI cells trans-
duced with HC-AdSVEBNAw. Figure 9a shows the design of
the PCR: a product is only formed in the presence of circular
DNA templates that had formed through joining of the ter-
mini. The results of this PCR suggested that the vectors HC-
AdSVEBNAw, HC-AdSVLam, and HC-AdASVGFP were able
to form circular DNA molecules without the action of FLPe in
HeLaEBNALI cells (Fig. 9b). To analyze these circles further,
we tried to sequence the ITR junctions of the PCR products.
At the ITR junction site the obtained signals collapsed, indi-
cating a mixture of different sequences. Therefore, we assumed

J. VIROL.

that the large circles contained end-to-end junctions with a
partial and variable loss of 1 or 2 bp at the very ends of the
ITRs. Since symmetric head-to-tail junctions of the ITRs
should lead to the formation of new restriction sites, we ana-
lyzed the PCR product obtained from genomic DNA of
HeLaEBNAL cells prepared 15 days after transduction with
HC-AdSVEBNAw by restriction digestion. Table 1 gives an
overview over the enzymes selected, and the expected frag-
ment sizes for circular molecules containing either the full-
length ITRs or ITR junctions, which lack the terminal base
pairs of both ITRs. Figure 10 shows the result of the restriction
analysis. Digestion of the PCR product with BfyBI led to the
formation of a 974-bp fragment and of additional fragments of
623 and 351 bp. This indicated that a part of the large circles
formed contained the full-length ITRs and another part lacked
the two terminal base pairs. This finding was confirmed by
digestion with EcoRV, which resulted in fragments of 800 and
174 bp for molecules containing full-length ITRs and addi-
tional fragments of 455 and 343 bp, indicating ITR junctions
that lacked the terminal base pair of each ITR.

Calculation of maintenance values for HC-AdSVEBNAw.
Based on the observation that the decrease in the number of
EGFP-positive cells posttransduction showed a linear range,
we calculated maintenance values that allow for quantitative
description and comparison of the maintenance of different
vectors in cell lines with different proliferation rates. At first,
we converted the number of days posttransduction into the
number of passages posttransduction. The slope of the resulting
straight line was then taken as a measurement for maintenance.
Table 2 shows the maintenance values for HC-AdSVEBNAw
with or without cotransduction with HC-AdFLPe in
HeLaEBNAI1 cells in comparison to HC-AdSVGFP and
HC-AdSVLam. The values indicated the efficient maintenance
of FLPe-circularized HC-AdSVEBNAw and of spontaneously
circularized HC-SVEBNAw. Surprisingly, the latter was main-
tained even more efficiently.

DISCUSSION

We used the oriP/EBNA-1 replication system from EBV and
a human origin of replication to analyze the establishment of
episomal replicons in human cells after gene transfer with
high-capacity adenovirus vectors. The vector HC-AdHygEBNA
containing the oriP/EBNA-1 replication system was able to
form replicons in the fast-proliferating human tumor cell lines
HeLa and A549 that were stable under initial selection with
hygromycin B. In A549 cells the replication and/or segregation
of replicated molecules to daughter cells was even more effi-
cient than in HeLa cells. Several cellular factors have been
suggested to support efficient replication of oriP/EBNA-1-
based episomes, such as the telomeric repeat binding factor 2
and its interacting partner hRapl, as well as the telomer-
associated poly(ADP-ribose)-polymerase and the p32/Tat-as-
sociated proteins (5, 23). Different levels of these or additional
cellular factors in A549 and HeLa cells might explain the
observed differences in the efficiency of replication and/or seg-
regation of circular HC-AdHygEBNA genomes. In addition,
the presented vector system can probably be optimized with
regard to the duration of selection and the antibiotics used for
selection. The observation that in A549 cells the oriP replicons
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FIG. 7. Southern blot analysis of genomic DNA from HeLaEBNALI cells transduced with the indicated substrate vectors at early time points
posttransduction (a) and at late time points posttransduction (b). —FLPe, no cotransduction with HC-AdFLPe; +FLPe, cotransduction with
HC-AdFLPe. Circular substrate vector genomes are represented by signals at 2,200 bp; linear substrate vector genomes are represented by signals

at 3,300 bp. Ctr, DNA from untransduced control cells.

remained stable even after the removal of selection suggests
that such a system could potentially be used for ex vivo gene
therapy applications that include clonal selection and analysis
of transduced cells. In contrast, the incorporation of the core
region of a human origin of replication derived from the lamin
B2 locus into the vector HC-AdHygLam did not provide pro-
longed episomal maintenance of the vector genomes. Com-
pared to HC-AdHyg22, a vector containing 22-kb human
DNA, no differences in genome maintenance were detected.
With the assays applied here, we could not distinguish whether
the circular genomes of HC-AdHygLam and HC-AdHyg22 did
not replicate efficiently or were impaired in proper segregation
of replicated genomes or both. Nevertheless, the vector system
presented here is the first that permits high-titer production,
efficient delivery of circular episomes free of viral coding or
bacterial DNA sequences and up to 30 kb in size. These fea-
tures render it favorable for maintenance studies of large epi-
somes free of viral coding or bacterial DNA sequences. It has
been shown that human DNA fragments larger than 20 kb in
size have the potential to replicate autonomously in human cell
lines (6, 7, 12). However, additional elements are needed to
allow for segregation of the replicated molecules. The HC-Ad
vector system can easily be modified to test additional elements

such as, for example, matrix attachment regions on their influ-
ence on vector genome maintenance.

The prerequisites for the formation of stable replicons with-
out selective pressure remain partially unclear. Neither the
vectors based on the oriP/EBNA-1 replication system nor the
vectors carrying the lamin B2 origin of replication were able to
form stable replicons in A549 or HeLa cells without selective
pressure. The comparison of vectors containing the lamin B2
origin with vectors harboring the oriP/EBNA-1 replication sys-
tem revealed the latter to be maintained slightly longer in
proliferating cells, suggesting at least low-level replication of
the oriP vectors. From studies with plasmid-based oriP systems
and recombinant EBV, it is known that only a small percentage
of oriP episomes introduced into human cells is able to form
stable replicons. The reasons for this are largely unknown, and
a rare epigenetic event was suggested (15). Furthermore,
Leight and Sugden could show that, after transfection of oriP
plasmids into cell clones already carrying stable oriP replicons,
the majority of the newly introduced plasmids were lost, and
these authors assumed an influence of chromatin structure on
episome maintenance (15).

Surprisingly, the vector HC-AASVEBNAw was efficiently
maintained without selection in HeLaEBNAL cells. This find-
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FIG. 8. (a) Time course of EGFP-expressing HeLaEBNA cells after cotransduction with HC-AdFLPe (20 MOI) and the indicated substrate
vectors (20 MOI each). Cells transduced with HC-AdSVEBNAs remained EGFP positive for longer time periods than did cells transduced with
HC-AdSVEBNASAFR, which carried a truncated oriP. (b) The corresponding Southern blot membrane. The circular genomes of HC-AdSVEB-
NAs and HC-AASVEBNAw are represented by signals at 2,200 bp; their linear counterparts are represented by signals at 3,300 bp. HC-
AdHygEBNA was not included in the flow cytometry experiments due to weak EGFP-specific fluorescence.

ing is in sharp contrast to studies that analyzed the mainte-
nance of oriP-based plasmids in human cell lines constitutively
expressing EBNA-1 since such plasmids were rapidly lost (15).
Several reasons or combinations thereof might explain the
maintenance of HC-AdSVEBNAw in HeLaEBNAI cells.
First, the HeLaEBNA1 cell line could provide mechanisms
that facilitate the formation of certain chromatin structures or
other epigenetic events, thus allowing for efficient vector ge-
nome maintenance. Second, the HC-Ad vector itself could be
advantageous compared to plasmid systems simply because of
its size and as-yet-unidentified additional elements provided by
the human intronic stuffer DNA. Third, the amount of
EBNA-1 protein expressed by the vector might influence the
maintenance of replicons without selective pressure. The vec-
tor HC-AdHygEBNA carried a strong expression cassette for
EBNA-1 and could be efficiently maintained under selective

pressure in HeLa and A549 cells. This observation substanti-
ates that in principle this vector provides all elements neces-
sary for the formation of stable oriP replicons. Nevertheless,
without selection it was rapidly lost from HeLaEBNAI cells,
whereas the vector HC-AdASVEBNAw was maintained with
high efficiency in this cell line. The finding that cells transduced
with HC-AdVs carrying the SRa promoter-driven expression
cassette for EBNA-1 exhibited reduced population doubling
rates suggests that strong overexpression of EBNA-1 protein
could mean a selective disadvantage. This disadvantage could
probably be outcompeted by selection with hygromycin. Fur-
ther analysis that includes different expression cassettes for
EBNA-1 and different variants of EBNA-1 will elucidate its
effect on cell growth kinetics.

Similar vector systems based on adenovirus vectors with
EI1/E3 or E1/E4 deleted have recently been published (11, 14,
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FIG. 9. (a) PCR assay for detection of circular vector genomes that have been generated by joining the vector ITRs. The indicated primers
bigcircseq and bigcircrev can only form a product when there are appropriate joint circular vector genomes. The expected PCR product is 974 bp.
(b) PCR with genomic DNA from HeLaEBNAI cells transduced with the indicated substrate vectors (100 MOI each). Genomic DNA was
prepared at different time points posttransduction (numbers above lanes). Ctr, genomic DNA from untransduced control cells; H, water control;
P, pFrt#39 (which was used as a plasmid control and should result in a 3,900-bp product).

22). These systems utilize the cre recombinase for excision and
circularization of DNA fragments from first-generation vector
genomes. This was done either in a binary vector system with
one vector expressing the cre recombinase and the other bear-
ing loxP recognition sites or by a single vector with inducible
expression of cre (11). In all cases, the generated episomes
were comparatively small (up to 8 kb), thus limiting the uptake
of therapeutic transgenes in addition to the regulatory ele-
ments needed for maintenance. Furthermore, all episomes re-
tained adenovirus coding sequences. Tan et al. observed toxic
effects of their vector system ascribed to residual expression of
adenovirus proteins. Another essential aspect of the design of
the vector system described by Tan et al. was that EBNA-1 was
only expressed after cre-mediated episome formation. This
design was found to be necessary for the successful production
of the Ad vectors because attempts to construct Ad recombi-
nants containing both a functional expression cassette for

EBNA-1 and oriP were unsuccessful. In contrast, with our
HC-AdV production system we did not have difficulties in
generating high-titer HC-Ad vectors expressing EBNA-1 and
harboring oriP. By infecting the 293-cre66 production cells with

TABLE 1. Restriction analysis of the PCR product obtained from
ITR-ITR junctions

Size(s) (bp) of PCR product
fragments obtained with:

Circle type
BffiBI  EcoRV  Hinfl
Circles containing full-length ITRs 623, 351 800, 174 628, 274,
86, 13
Circles containing ITRs that lack 972 455, 343, 627, 247,
the terminal base pair 174 85,13
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FIG. 10. Restriction analysis of the PCR product obtained from
genomic DNA prepared from HeLaEBNALI cells at day 15 posttrans-
duction with HC-AdSVEBNAw.

helper virus 4 to 6 h before transfection or infection with vector
plasmid/vector, we ensured that the replication of the vectors
could take place in the absence of significant amounts of
EBNA-1 protein, thereby eliminating interference between ad-
enoviral replication and EBNA/oriP. In summary, the genera-
tion of episomes up to 28 kb in size optionally being free of any
viral coding sequences, the lack of toxic side effects induced by
Ad coding sequences and the ease of production are advan-
tages of the HC-Ad vector system presented here.

Surprisingly, the vector HC-AdSVEBNAw was maintained
in HeLaEBNAL1 cells even without cotransduction with HC-
AdFLPe. PCR analysis of the replicons revealed that this vec-
tor had formed large circular DNA molecules containing the
Ad5 ITRs in a head-to-tail fashion. Sequence analysis and
restriction digestion demonstrated that the maintained repli-
cons consisted of molecules with sequence variations at the
ITR-ITR junction. Our data suggest that ca. 1 to 3% of the
transduced genomes were spontaneously converted into circu-
lar molecules. Spontaneous circularization of adenoviral DNA
was described 20 years ago by Ruben et al. (18, 19). These
authors demonstrated the formation of circular DNA mole-
cules after infection of several rat cell lines and HeLa cells, and
they postulated that the terminal protein could possess an
enzymatic strand ligation activity. The spontaneous formation
of circular vector genomes might be useful for establishing
circular replicons in ex vivo approaches without the use of
additional site-specific recombinases such as FLPe. This could
further reduce the risk of recombinase-mediated adverse
events. The maintenance of the HC-AASVEBNAw circles, in-
cluding the Ad5 ITRs, was the highest observed in the present
study. We speculate that the presence of the ITR sequences in
this vector might have somehow stabilized the genomes by
forming secondary structures that facilitate the opening of
chromatin. Therefore, we suggest that the incorporation of
Ad5 ITRs in future vector systems might be a promising ap-
proach to further increase the stability of episomal vector ge-
nomes in proliferating cells.

In addition to its use in potential ex vivo gene therapy ap-
plications, the vector system described here might be a helpful
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TABLE 2. Maintenance values of different substrate vectors in
HeLaEBNALI cells with (+) and without (—) cotransduction
with HC-AdFLPe

M value
Vector
+HC-AdFLPe —HC-AdFLPe
HC-AdSVGFP 6 5
HC-AdSVLam 5 5
HC-AdSVEBNAw 51 141

tool for the analysis of features required for episomal replica-
tion; since large episomes can be delivered to a wide variety of
cells with high efficiency and in a controlled manner, any se-
quences up to 28 kb in size can be incorporated, and the
maintenance of genomes and transgene expression can be eas-
ily monitored.
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