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B-cell-specific elements enhance sustained gene expression
mediated by self-replicating extrachromosomal vectors
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Abstract. Retroviral vectors have been considered the most
promising vehicles for the transfer of therapeutic genes into
cells of the hematopoietic system. In clinical studies, however,
cases of leukemoid clonogenic expansion of the transduced
cells in vivo caused by semirandom integration of the foreign
DNA in the genome have changed the focus to other types of
vectors. In addition to their superior safety profile, a higher
packaging capacity might be an advantage of non-viral vectors
in certain applications. Prolonged transgene expression of
non-viral vectors can be achieved by inclusion of Epstein-
Barr virus (EBV)-derived elements mediating episomal
replication and retention. Furthermore, a variety of cis acting
elements have been explored in an attempt to enhance gene
transfer efficiency. Our study confirmed that prolonged trans-
gene expression can be achieved in B-lymphoid cells with
EBV-derived vectors containing the EBV latent gene EBNA-1
and the EBV latent origin of replication oriP. In addition, we
demonstrated that the inclusion of enhancer elements of the
immunoglobulin ¥ light chain (Ei and E3') associated with
its matrix attachment region (MAR) resulted in a 10-fold
increase in transgene expression in B-lymphoid cells. It can
be concluded that these elements are generally useful modules
for improving the efficiencies of non-viral vectors in the
B-lymphoid lineage.

Introduction

Gene therapy as an option for the treatment of monogenetic
diseases and cancer depends on highly efficient gene transfer
vectors and satisfactorily resolved safety issues. Furthermore,
most therapeutic concepts include sustained expression of the
therapeutic gene, which is difficult to achieve with vectors
that do not integrate into the target cell's genome. Among
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the viral vectors used in gene therapeutic approaches, the
retrovirus-based types offer the highest transduction efficien-
cies in hematopoetic stem cells (1). Clinical trials, however,
confirmed a substantial risk of mutagenic insertions and
subsequent leukemic expansion of the transduced cells, as
was observed in two patients who were treated for X-linked
severe combined immunodeficiency (2). Compared to viral
particles, non-viral gene transfer vectors combine a superior
safety profile with a sufficient packaging capacity. Hence,
non-viral vectors are capable of accommodating larger
genomic sequences including introns and cis acting elements.
Substantial gene transfer rates without adverse effects on the
functional integrity and ability of hematopoietic stem cells to
form clones could be achieved by electroporation to facilitate
the uptake of naked DNA (3,4). Considering recent refine-
ments of biotechnological methods, non-viral in vivo gene
transfer with high efficiency into various tissues including
muscle, brain and liver, seems feasible (5).

Non-viral gene transfer systems also provide an oppor-
tunity to maintain the transferred DNA episomally without
integration into the host genome. Plasmids carrying the
Epstein-Barr virus (EBV) latent gene EBNA-1 and the EBV
latent origin of replication oriP persist in transfected human
cells as autonomously replicating extrachromosomal genetic
units (6). Most of the generated vectors of this type contain
the enhancer/promoter element of the CMV immediate early
genes to control transgene expression. In an effort to design
a vector allowing sustained and strong gene expression in
hematopoietic cells of the B-lineage, the enhancer elements
of the immunoglobulin k light chain (Ei and E3') with an
optional matrix attachment region (MAR) were inserted into
an EBNA1/oriP plasmid. The lacZ gene was used as a reporter
gene to quantify transgene expression after transfection of
cells of the B-lymphoid lineage, which allowed an assess-
ment of the overall effect of the enhancer elements and of the
contributions of each component.

Materials and methods
Cultivation of cells. The lymphoma cell line DG75, obtained

from the American Type Culture Collection (Rockville, MD,
USA), was cultivated in RPMI (Invitrogen) supplemented with
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Figure 1. Maps of the EBV-based episomal plasmid vectors pDZ17,
pDZ59-13, pDZ125-3 and the control vector pDZ136-5.

10% fetal calf serum (Invitrogen), 2 nM L-glutamin (Invitrogen)
and 1% of 10,000 p/ml penicillin/l0 mg/ml streptomycin
(Invitrogen) at 37°C in an atmosphere containing 5% CO,.

Construction of modified expression vectors. In order to
construct pDZ17 and pDZ59-13, the coding sequence for
lacZ was cloned into the SFI-1 site of BC219 and BC229
(7), respectively. The mutant EBV plasmid pDZ59-13 was
obtained by cloning the coding sequence for lacZ into the
SFI-1 site of BC229. The mutant EBV plasmid pDZ125-3 was
generated by HIND-3 digestion of pDZ17 and re-ligation of
the large fragment.

Transduction of DG75 cells. DG75 cells were transfected by
electroporation: 1x107 cells and 20 ug DNA were diluted to a
total volume of 200 pl with Cytomix [120 mM KCl, 0.15 mM
CaCl,, 10 mM KH,PO,, 25 mM HEPES, 2 mM EGTA, 5 mM
MgCl,, 2 mM ATP, 5 mM glutathione (pH 7.6)] and placed
in an electroporation chamber with an electrode distance of
4 mm to receive a high voltage pulse (250 V at a capacitance
of 960 uF) in an electroporator (Gene Pulser; Bio-Rad,
Munich). After 5 min on ice, the cells were added to 10 ml
of medium and cultivated under standard conditions before
being harvested at different time points to measure transgene
expression.

p-galactosidase assay. Cells were washed in phosphate-
buffered saline (PBS) and lysed at a density of 105/100 pl
in extraction buffer [100 mM potassium phosphate (pH 7.8),
1 mM DTT, 1% Triton X-100]. After 5 min of incubation at
room temperature, cellular debris was separated by centrifu-
gation at >10,000 x g. A 10-ul aliquot of the supernatant was
then mixed with 150 pl of substrate buffer containing 10 pg/ml
of the substrate AMPDG (3-(4-methosyspiro[1,2-dioxetane-3-
,2-tricyclo[3.3.1.1.]decan]-4-yl)phenyl-p  Dgalactopyranosid)
(Serva, Heidelberg) in 150 pl of 100 mM Na,HPO, (pH 8.0)
and 0.1 mM MgCl,. The reaction mixture was incubated for
30 min at 25°C, and the reaction was stopped by the addi-
tion of 100 pul of 0.2 mM NaOH and 10% Emerald enhancer
(Serva). The absorbance of the product of the enzyme reaction
was measured at a wavelength of 420 nm with a spectropho-
tometer, and the enzyme activity in relation to the amount of
protein in the assay was calculated.

Results

Biphasic regulation of transgene expression modulated by
enhancer elements of the immunoglobin x light chain. The
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Figure 2. Time course of transgene expression after transduction with EBV-
based episomal plasmid vectors. DG-75 cells were transduced with pDZ17,
pDZ59-13, pDZ125-3, and the control vector pDZ136-5 and § galactosidase
expression was measured over a period of 14 days. Transgene expression of
pDZ136-5 lacking the EBV viral elements EBNA-1/oriP steadily declined. In
contrast, expression mediated by the vectors pDZ125-3 and pDZ50-13 was
constant and consistently enhanced. In comparison with pDZ136-5, transgene
expression achieved with pDZ17 was increased ~10-fold. Initially, the MAR
element significantly suppressed transgene expression. Means and standard
deviation of triplicate experiments are shown.

plasmid pDZ17 contains the EBV elements EBNA-1 and oriP,
which act together to replicate the viral genome and retain it
in the nucleus. Expression of the lacZ transgene is driven by
a CMV promoter, and the immunoglobin (Ig) k light chain
MAR as well as its enhancers Ei and E3' are included in the
expression cassette (Fig. 1). To examine the effect of the Ig x
enhancer cassette, mutants lacking the MAR sequence or
the complete Ig x enhancer cassette (MAR, Ei and E3') were
generated. The plasmid pDZ136-5 was used to confirm the
function of the EBV-derived sequences in a context without
the Ig k enhancer cassette. The lymphoma cell line DG-75
was transfected with the EBNA-1/oriP-containing vectors,
and transgene expression was measured as enzyme activity
over a period of two weeks. Whereas transgene expression
from the control vector pDZ136-5 steadily declined and soon
reached the background level, transfection with pDZ125-3,
which contained the EBV-derived sequences EBNA-1/oriP
responsible for episomal replication and retention, resulted
in stable transgene expression at high levels over the entire
period of observation. Insertion of the immunoglobulin light
chain enhancers Ei and E3' (pDZ59-13) led to a substantial
increase in transgene expression which was consistently above
the level achieved with the EBNA-1/oriP vector pDZ125-3, as
shown in Fig. 2. Inclusion of the x light chain MAR element
in the expression cassette resulted in an initially suppressed
transgene expression before synergistic effects with Ei and E3'
increased its level to values even higher than those achieved
with pDZ59-13. Compared to the control vector pDZ136-5,
transgene expression mediated by pDZ59-13 was approxi-
mately 10-fold higher after the initial lack phase.

Sustained transgene expression in vitro. To examine whether
prolonged transgene expression can be achieved with EBNA-1/
oriP vectors carrying the Ig x enhancer, the time course of
transgene expression after transduction of the DG-75 cells
was studied. As shown in Fig. 3A, transgene expression from
the vector pDZ17 decreased slowly but was maintained over a
period of 130 days. On day 10, the level of expression was still
97% of the maximum value. Transgene expression from the
control vector lacking EBNA-1/oriP had already diminished
dramatically after 10 days. As shown in Fig. 3B, transgene
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Figure 3. (A) Transgene expression monitored after transduction of the cell line DG-75 with the EBNA-1/oriP vector pDZ17 and the control plasmid pDZ136-5
lacking both the Epstein-Barr viral elements and the Ig x enhancer cassette. (B) Time course of transgene expression after transduction of the cell line DG-75
with the EBNA-1/oriP vector pDZ17 when cultivated with and without Hygromycin, the selection agent.

expression was constant when the cells were cultivated under
selection pressure. After removal of the antibiotic, transgene
expression declined to reach the detection limit after approxi-
mately 130 days.

Discussion

Sustained transgene expression is essential for the effec-
tive and enduring gene therapy of monogenetic diseases.
B-lineage-specific transfer and expression of therapeutic genes
are considered desirable in cases of genetic diseases solely
affecting cells of B-cell origin. To date, recombinant viral
vectors have been used almost exclusively in gene transfer
studies targeting hematopoietic cells. Retroviral vectors which
have already been used in several clinical studies ensure their
maintainance in cells through integration into the host cell's
chromosomes. However, general considerations regarding
safety issues have led to a re-appraisal of non-viral vectors in
recent years. Self-replicating EBV-derived episomal vectors
were shown to be maintained as an episome in the target
cell over a period of 3 months (8). Using an EBNA-1/oriP-
containing vector in combination with in vivo electroporation
of muscle cells, prolonged expression of human-FVIII was
achieved in animals (9). Our in vitro data support the hypoth-
esis of episomal replication and retention of EBNA-1/oriP
vectors by demonstrating long-lasting transgene expression in
an EBV-negative cell line.

In an effort to intensify transgene expression in B-lymphoid
cells, regulatory elements derived from the immunoglobulin
locus have been included in viral and non-viral vectors. As
the immunoglobulin heavy chain locus, the Ig x light chain
locus contains multiple enhancers including the MAR/Ei/E3'
elements, which play important roles in the regulation of Ig

K transcription and somatic hypermutation (10). Sequences
termed MAR that are thought to bind to the nuclear matrix
of genomic DNA and facilitate local access of transcription
factors to the enhancer sequences within the domain (11)
were identified in experiments including DNA binding assays.
Although it was an early observation that deletion of the
intronic MAR in plasmacytoma cells led to a drastic decrease
in gene expression (12), the exact mechanism underlying the
modulation of Ig gene expression by MAR is still unclear.

In this study, we demonstrated for the first time that levels
of transgene expression mediated by EBNA-1/oriP vectors
carrying the Ig x enhancer cassette are substantially higher
in B-lymphoid cells than those achieved with a similar vector
lacking the EBV and enhancer elements. These results are in
accordance with the observation that lentiviral vectors supple-
mented with the immunoglobulin-heavy chain enhancer Eu
with associated MARs are superior to their parental plasmids
(13). Transduction with such vectors resulted in enhanced
transgene expression in B-lymphocytic cell lines and in
human B-lymphocytes differentiated from transduced CD34+
cord blood cells in vitro. Enhanced gene expression was also
confined to cells of the B-lymphocytic lineage, whereas inser-
tion of MAR and enhancer elements had no significant effect
in cells of other origins, for example T-lymphoid, myeloid,
lymphoblastic or carcinoma cell lines. Inclusion of Ig x
MAR into lentiviral vectors resulted in a significant increase
in transgene expression and also in the number of proviral
DNA copies compared with vectors without this element in
HeLa cells (14). Surprisingly, the MAR element initially
decreased transgene expression, whereas the vector carrying
solely the Ig x enhancers resulted in an increased transgene
expression immediately after transfection. It is possible that
the MAR element binds the cellular components generally
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required for proliferation, replication and gene expression,
e.g. topoisomerase, and that shortage of these proteins also
slowed down transgene expression through a regulatory loop
affecting other components of the transcription complex.
However, we clearly demonstrated that the insertion of MAR
and the Ei and E3' in non-viral vectors is an attractive option
by which to increase the level of long-term transgene expres-
sion in cells of the B-lymphocytic lineage, and the effects of
these genetic elements were quantified. Our results may aid
the design of optimized vectors for therapeutic gene transfer
into lymphoma cells.
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