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The Epstein-Barr-transformed B lymphoblastoid cell lines,
LCL, which express antigens, are potential antigen-
presenting cells (APCs) for the induction of cytotoxic T
lymphocytes in vitro. However, transfecting LCL with
subsequent selection by antibiotics is notoriously difficult
because the plating efficiencies of LCL are reported to be
1% or less. Therefore, this study investigated the optimal
conditions for increasing the transduction efficiency of a
recombinant adenovirus to LCL for use as a source of
APCs. The transduction efficiencies were < 13% (SD ±
2.13) at a multiplicity of infection (MOI) of 100, while it
was increased to 28% (SD ± 9.43) at an MOI of 1000.
Moreover, its efficiencies to LCL that expressed the
coxsackie adenovirus receptor were increased to 60% (SD
± 6.35) at an MOI of 1000, and were further increased to
70% (SD ± 4.56) when combined with the centrifugal
method. The cationic liposome or anionic polymer had no
effect on the transduction efficiency when compared to
that of the centrifugal method. These results may be used
as a convenient source of target cells for a CTL assay and/
or autologous APCs for the induction of the in vitro CTL
responses that are specific to viral and tumor antigens.
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Introduction

The Epstein-Barr virus (EBV) is a potent inducer of
polyclonal B lymphocyte proliferation and is a tool for
establishing human B lymphoblastoid cell lines (LCL)
(George et al., 1972; Bill and Willie, 1977; Hureley and
Thorley-Lawson, 1988). In studies on the human immune
system, LCL lines were convenient sources of antibody-
producing cells and antigen-presenting cells since they can be
readily established from each individual. Moreover, LCL lines
frequently express high constitutive levels of the major
histocompatibility complex (MHC) class I and class II
antigens (Dustin et al., 1988; Ohlen et al., 1989), as well as
high constitutive levels of the molecules that are involved in
the second signals that are required for T cell activation, such
as B7 molecules (Mueller et al., 1989). These obvious
advantages of the LCL lines are counteracted to some extent
by the poor tissue culture performance, which results mainly
in poor cloning efficiency (Nissol and Ponten, 1975; Richter
et al., 1990). Therefore, the transfection of the LCL lines with
the subsequent selection by antibiotics is notoriously difficult
because the plating efficiencies of the LCL lines have been
reported to be 1% or less.

In the classic model of an antigen presentation to cytotoxic
T lymphocytes (CTLs), foreign antigens must be synthesized
in the cytoplasm of the infected cell and be processed by a
cellular protease. In order to examine the CTL response to the
individual viral antigens, it is usually necessary to express the
viral gene of interest within the target cell itself. Among a
number of vectors, the recombinant adenovirus (rAdV) has
the fundamental quality of being able to provide efficient in
vivo and in vitro gene transfer to both dividing and quiescent
cells. The rAdV can be produced at high titers, which is
essential for their experimental and clinical use. However, an
efficient rAdV infection requires the presence of the coxackie
adenovirus receptor (CAR) for the virus to attach to the cell
surface and of an integrin αvβ3 or αvβ5, which promotes virus
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internalization (Huang et al., 1995; Bergelson et al., 1997).
However, LCL lines are not susceptible to rAdV infection
because of the inefficient binding to the cell surface and
internalization (DeMatteo et al., 1997; Leon et al., 1998). In
order to improve the efficiencies of rAdV infection, a number
of methods were used. These methods include the rAdV
complex with the lipids or polycations (Byk et al., 1998;
Clark et al., 1999; Lanuti et al., 1999) and a centrifugal
transduction method, which has been used for many years to
enhance the viral infection to cells, such as the
cytomegalovirus (Hudson, 1988) and retrovirus (Ho et al.,
1993; Bahnson et al., 1995).

This study compared the transduction efficiencies of rAdV
under various conditions for its ability to generate gene-
modified LCL lines. This approach provides a useful strategy
for analyzing the human T cell response to viruses and tumors
and for the generation of the antigen-specific CTLs for
adoptive immunotherapy.

Materials and Methods

Cell lines  The human adenovirus 5-transformed human embryonic
kidney 293 (HEK 293; CRL-1573) and the amphotropic packaging
cell line BING (CRL-11554) were purchased from the American
Type Culture Collection (ATCC; Rockville, USA). All of the cell
lines were cultured in Dulbecco’s modified Eagle medium
(DMEM; GibcoBRL, Grand Island, USA) that was supplemented
with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml
penicillin, and 100 µg/ml streptomycin (GibcoBRL). The anti-CAR
monoclonal antibodies (MAb) that produced the hybridoma cell
line RmcB (CRL-2379) and B95-8 (VR-1492), which is a
marmoset B cell line transformed by the human type 1 EBV, was
also purchased from ATCC. They were maintained in RPMI-1640
(GibcoBRL) with 15% FBS, 2 mM L-glutamine, 100 U/ml
penicillin, and 100 µg/ml streptomycin.

Generation of EBV-transformed B-lymphoblastoid cell line
The LCL lines were established by transforming the B-cells from
the peripheral blood mononuclear cells (PBMC) of laboratory
volunteers. The mononuclear cell fraction was isolated by a Ficoll-
Hypaque density gradient. After washing twice, the freshly isolated
PBMC were plated at 2 × 106 cells per well in flat-bottomed 24-
well plates in the supplemented RPMI-1640 medium and 1 µg/ml
cyclosporin A, with 1 ml of the supernatant derived from B95-8
cultures. Once the B95-8-infected LCL lines were established, they
were expended into a 75 cm2 flask for a long-time culture. The
aliquots were then frozen.

Production and titration of recombinant retrovirus encoding
CAR  The CAR gene was amplified from the HeLa cell line by a
polymerase chain reaction (PCR) using the CAR sense primer, 5’-
CGTAGAATTCCATGGCGCTCCTGCTGTG-3’, and the CAR
anti-sense primer, 5’-TACTGCTCGAGCTATTTACGACAGCAA
AAG-3’ (Kim et al., 2002). The PCR products were cloned into the
recombinant viral vector pLXSN (Clontech, Palo Alto, USA)
containing EcoRI and XhoI, and sequenced to determine the

possible Taq polymerase errors. The plasmid that encoded the
proviral constructs was introduced into the BING producer cell line
using a commercially available kit for Calcium-Phosphate
transfection (Invitrogen, San Diego, USA) (Lee et al., 2001). After
48 h, the recombinant retroviruses were harvested and titrated on
NIH3T3 cells, which were then used for the transduction
experiments. The virus titer was 1 × 106 PFU/ml.

Transduction and establishment of stable CAR-expressing LCL
The LCL lines were transduced by incubation on a 24-well culture
plate at a concentration of 1 × 106 cells/ml with the CAR-encoding
recombinant retroviral supernatant diluted 1 : 1 in a culture-medium
containing 8 µg/ml polybrene (Sigma, St. Louis, USA) for 4 h. The
medium was removed after incubation and replaced with a fresh
normal medium. This procedure was carried out at 0, 1, and 3 d.
Subsequently, the cells were grown in a culture medium containing
0.8 mg/ml of G418 (Invitrogen). The LCL lines were selected,
based on their neomycin-resistance, for 10-14 d in a selective
medium. They were maintained in a culture medium containing 0.5
mg/ml of G418. The bulk cultures of the neomycin-resistance cells
were used without further selection. The LCL lines, transduced
with retrovirus encoding CAR, are referred to as LCL/CAR.

Flow cytometric analysis for CAR expression In order to
determine the CAR expression level, the cells were labeled with anti-
CAR mAb (clone; T84.66A3.1A.1F2) for 45 min on ice. They were
then incubated with fluorescein isothiocyanate (FITC)-conjugated
secondary goat anti-mouse IgG antibodies (Cappel, Aurora, USA) for
30 min on ice. Next, the cells were assayed by FACS Calibur flow
cytometry (Becton Dickinson, Franklin Lakes, USA).

Production of recombinant adenovirus encoding GFP The
replication-defective rAdV encoding green fluorescent protein
(GFP; rAdVGFP) was obtained from Qbiogene (Qbiogene,
Carlsbad, USA) and amplified in HEK293 cells. The rAdVGFP
were purified from the cell lysates by banding twice in CsCl density
gradients, as described previously (Eloit et al., 1990). The viral
products were desalted and stored at −80oC in phosphate-buffered
saline (PBS) containing 10% glycerol (v/v). The viral stock titer
was determined using the tissue culture infectious dose (TCID50)
method. The rAdVGFP titer that was used in this study was 1 X
1012 PFU/ml.

Transduction and analysis of GFP expression In order to
determine the transduction efficiency, 2 × 105 LCL lines were
suspended in Opti-MEM (GibcoBRL) and exposed to rAdVGFP at
a multiplicity of infection (MOI), ranging from 50 to 1,000 for 4 h
at 37oC in a 96-well flat bottom plate, or they were centrifuged at
the indicated gravity force for 2 h and incubated at 37oC for 2 h.
The cells were then added to a freshly-prepared RPMI 1640
medium containing 30% FBS. After 2 d incubation, the GFP
expression levels were analyzed by flow cytometry. For the
complementation experiments, an anionic polymer [dextran sulfate
(Mr 500,000), a heparin sodium salt, protamine sulfate, polybrene
(Sigma)] or polycationic lipid [lipofectamine (GibcoBRL),
Superfect (Qiagen, Hilden, Germany)] were preincubated with
rAdGFP and 2 µg/ml of the reagents for 30 min, which were then
added to the LCL lines for transduction.
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Results

Transduction efficiency of rAdV in LCL lines expressing
CAR In order to confirm the function of CAR, the
transduction efficiency of rAdVGFP was initially evaluated in
the NIH3T3 cells expressing CAR (NIH3T3/CAR). The
NIH3T3 cell lines showed > 90% CAR expression after they
were transduced with the recombinant retrovirus encoding
CAR and selected with G418 (Fig. 1A). A flow cytometric
analysis was performed 48 h after transduction with
rAdVGFP (at MOIs of 100 to 1000) to determine the
transduction efficiency of the AdV infection on the parental
NIH3T3 and NIH3T3/CAR cells. At an MOI of 100, the
rAdVGFP transduction rate to NIH3T3 was 24.5 % while the
rAdVGFP transduction rate to NIH3T3/CAR was 85.9%. At
an MOI of 1,000, both of the cells showed a transduction
efficiency of > 90%, but the mean fluorescence intensity of
the GFP expression in the NIH3T3/CAR was higher than in
the parental cells (Fig. 1B).

In the case of the LCL lines, the CAR molecule was not
expressed, and the CAR-expressing LCL lines (LCL/CAR)
were generated through transducing them with a recombinant
retrovirus encoding CAR (Fig. 2A). The CAR expression rate
in the LCL lines was > 80% by flow cytometric analysis.
Subsequently, the transduction efficiency of rAdVGFP was

investigated in the parental LCL and LCL/CAR lines at
various MOIs. The AdV-mediated gene transfer, as well as its
efficiency, increased in an MOI-dependent manner (Fig. 2B).
At an MOI of 100, the average rate of rAdVGFP transduction
to the parental LCL lines was < 13% (SD ± 2.13) while the
average rate of rAdVGFP transduction to the LCL/CAR lines
was approximately 20% (SD ± 5.81). Furthermore, at an MOI
of 1000, the average rate of the GFP expression in the parental
LCL lines was approximately 28% (SD ± 9.43). In the LCL/
CAR lines, the average rate of the GFP expression was > 60%
(SD ± 6.35). The rAdVGFP infection had no appreciable
cytotoxic effect on the LCL lines.

Transduction efficiency of rAdV in LCL lines using
centrifugation In order to verify the effect of centrifugal
force to a rAdV infection in the LCL lines, this study
primarily tested the transduction efficiencies at various rotor
speeds at an MOI of 500. The rate of rAdVGFP infection and
its efficiencies were enhanced by increasing the centrifugal
force (Fig. 3A). Centrifugation had no effect on the cell
viability. In further experiments, the LCL lines were tested at
2,000 × g for 2 h. Under this condition, the centrifugal
transduction efficiency of the LCL lines was increased to 50%
(SD ± 9.65), which is in contrast to a 28% (SD ± 9.43)
transduction efficiency without centrifuging the LCL lines at
an MOI of 1000 (Fig. 3B). Moreover, this study examined
whether or not liposomes and an anionic polymer could
enhance the transduction efficiency of rAdV to the LCL lines.
After preincubating them with the polycationic liposomes or
anionic polymers, the rAdVGFP was transduced to the LCL
lines by centrifugation at an MOI of 100 (Table. 1). The
anionic polymer, dextran sulfate, and heparin showed

Fig. 1. Expression of the coxsackie adenovirus receptor (CAR;
A) and green fluorescent protein (GFP; B) in the parental
NIH3T3 and CAR-expressing NIH3T3 (NIH3T3/CAR) cell lines.
(A) The isotype controls are shaded. Light line: The cells were
incubated with anti-CAR mAb. (B) The isotype controls are
shaded. Each cell line was transduced with rAdVGFP at an MOI
of 100 (light line) and an MOI of 1000 (bold line). All of the
data were ungated for the GFP positive cells.

Fig. 2. Expression of the coxsackie adenovirus receptor (CAR;
A) and green fluorescent protein (GFP; B) in parental LCL and
CAR-expressing LCL (LCL/CAR) lines. (A) LCL/CAR lines
were generated by transduction with the recombinant retrovirus
encoding CAR and were selected with G418 for 2 wk. The
isotype controls are shaded. Light line: The cells were incubated
with anti-CAR mAb. One of five experiments with similar results
is shown. (B) The paternal LCL (white bar) and LCL/CAR
(black bar) lines were transduced with rAdVGFP at the indicated
MOI for 4 h at 37oC, then subsequently incubated for 2 d. The
GFP expression level was measured by flow cytometry. The
results represent a mean ± SD of five experiments.
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increased transduction rates of approximately 6% (SD ± 5.6
and ± 2.3, respectively) when compared to other anionic
polymers or liposomes. However, a combination of rAdV
with other reagents had little effect on its transduction
efficiencies. These results suggest that it might have little
effect on rAdV binding to the cell surface and internalization.

Combined effect of CAR and centrifugal method on LCL
cell lines Previously, the rates of rAdV infection in the LCL/
CAR lines were higher than in the LCL lines. An additional

centrifugal method enhanced its transduction efficiency to the
LCL lines. Based on these results, this study examined the
combined effect of the CAR expression and centrifugal force
to increase the rAdV transduction efficiency in LCL lines
(Fig. 4). At an MOI of 1,000, the rate of the rAdVGFP
infection to the LCL and LCL/CAR lines was approximately
30 ± 5.87% and 55 ± 3.65%, respectively, and the combined
effect of the centrifugal force was 51 ± 11.25% and 70 ±
4.56%, respectively. In order to confirm the stable expression
of the transduced gene, the rAdVGFP-transduced LCL and
LCL/CAR lines were incubated for a period of two wk (Fig.
5). The number of both of the GFP expressing cells increased
slightly until 5 d after the rAdVGFP transduction, then
decreased.

Discussion

One difficulty in studying the human antigen-specific CTL is
that re-stimulating these effector cells often requires the use of
autologous antigen-presenting cells (APCs). Hence, the
original donor must make a repeated blood donation as a
source of the APCs. Several groups demonstrated that
autologous LCL lines might serve as an APC that is suitable
for stimulating human immune cells (Curiel et al., 1993;
Livingston et al., 1997). Therefore, the LCL lines that are
induced to express the antigen of interest would be a useful
and convenient source of autologous APCs. In this study, we
report the efficient generation of foreign antigen-expressing
LCL lines as a source of the APCs using a recombinant AdV
vector.

A number of vectors were used to improve the transfection
efficiencies of the LCL lines. Many groups have used the
recombinant vaccinia virus (rVV) to express different viral
antigens in the LCL lines (McFarland et al., 1993; van Baalen

Fig. 3. Transduction efficiency of rAdVGFP on LCL lines at
various centrifugal forces (A) and at various multiplicity of
infections (MOIs) (B). (A) The LCL lines were transduced at the
indicated centrifugal force with rAdVGFP at an MOI of 500,
then subsequently incubated for 2 d. The results represent a
mean ± SD of three experiments. (B) The LCL lines were
transduced with rAdVGFP at the indicated MOI without
centrifugation (white bar) or at 2,000 × g for 2 h (black bar),
which were then cultured for 2 d. The green fluorescent protein
(GFP) expression level was measured by flow cytometry. The
results represent a mean ± SD of five experiments.

Fig. 4. Combined effect of the coxsackie adenovirus receptor
(CAR) and the centrifugal force on the rAdVGFP transduction
efficiency in the parental LCL and CAR-expressing LCL (LCL/
CAR) lines. Each cell line was transduced with rAdVGFP at an
MOI of 500 (white bar) and an MOI of 1,000 (black bar). The
green fluorescent protein (GFP) expression level was measured
by flow cytometry. The results represent a mean ± SD of five
experiments.

Fig. 5. Maintenance of the green fluorescent protein (GFP)
expression level in parental LCL (�) and CAR-expressing LCL
(LCL/CAR: �) lines. Each cell line was transduced with rAdVGFP
at an MOI of 500, which was combined with centrifugal force. The
GFP expression level was measured by flow cytometry. The results
represent a mean ± SD of three experiments.
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et al., 1993; Shankar et al., 1995). However, rVV may not be
the ideal candidate for the antigen expression, because
vaccinia itself is a potent immunogen, which makes it difficult
to properly interpret the results of studies using the rVV in
some vaccinia-immunized individuals. In addition, VV is lytic
to cells. It is not possible to generate stable cell lines for
examining antigen processing or presentation using rVV to
express the individual viral proteins. Electroporation of the
LCL lines has also been used in the study of gene therapy for
B-cell malignancies. However, it is essential to use a large
number (up to 107) of cells to perform the electroporation. The
efficiency of gene transfer was reported to be only 5 to 10% in
the case of B cell chronic lymphocyte leukemia (Buschle et
al., 1990). Curiel et al. described a high-efficiency gene
transfer system to the LCL lines, based on the receptor-
mediated endocytosis using an adenovirus as the DNA carrier
(Curiel et al., 1992; Wagner et al., 1992; Curiel et al., 1994).
Other methods for inducing the foreign gene expression in
LCL lines, such as DEAE-dextran and lipofectin, were
unsuccessful despite optimizing the processing conditions
(Jerome et al., 1992). This study suggests that adenoviral
transduction, as a technique for developing the expression of
viral antigens, might have important advantages over other
methods of antigen delivery to the LCL lines. In previous
studies, although gene-modified LCL lines were generated by
the transduction of recombinant retroviruses, it required a
significant period of time (about 2 to 3 wk) to establish the
stable transfectants expressing the foreign antigen (Sun et al.,
2001). Although retroviral vectors have also been extensively
used for gene delivery into lymphocytes, the experiments
involving the retroviral transduction of lymphocytes are often
limited by the difficulty in transducing the majority of the
cells (Reimann et al., 1986), as well as the need for the cells to
undergo mitosis for the viral integration and expression
(Miller, 1992).

Although rAdV has many advantages in delivering the
foreign gene in various cells, its efficiency in transducing the
LCL lines is relative low due to the low CAR expression level
that is needed for AdV to attach to the cell surface. Stockwin
et al. reported that pre-treatment of the dendritic cells with a
recombinant AdV encoding CAR significantly increased the
uptake of the recombinant AdV by primary immature

dendritic cells. Therefore, genetically-modified LCL lines
were used to express CAR in order to enhance the
transduction efficiency of rAdV. The transduction efficiency
was as high as 60%, but not up to 100% in the LCL/CAR
lines. The parental LCL lines also increased at a high MOI
when combined with centrifugation. This suggests that the
AdV uptake needs a secondary cellular interaction involving
the internalization of AdV into the host cells. Wang et al.
reported that the AdV uptake is mediated by a secondary
interaction between the RGD motifs on the AdV penton base
protein loops and the integrins αvβ3 or αvβ5 (Wang et al.,
1998). However, it takes a long time to establish the stable
LCL lines expressing CAR. Although the effect of the
centrifugal force is unclear, it might increase the chance of the
virus particles to attach to their cellular receptor (Nishimura et
al., 2001). Previous studies reported that the liposome-mixed
AdV transduction had a higher efficiency in several cell types
(Fasbender et al., 1997; Dietz and Vuk-Pavlovic, 1998). Based
on these reports, rAdV was mixed with various polycationic
liposomes or anionic polymers, followed by transduction to
the LCL lines with subsequent centrifugation. However, no
combined effect of centrifugation and polycationic liposomes
or anionic polymers was observed.

In conclusion, these results suggest that the centrifugal
force could be used to increase the transduction efficiency of
rAdV to LCL lines. Although a future investigation will be
needed to test whether or not the rAdV-transduced LCL lines
can induce the antigen-specific CTL, it is believed that the
LCL lines that are described in this paper could be a
convenient source of autologous APCs for examining the
human immune response.
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