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Abstract: In this study, we evaluated the effect of several promoters on the transfection activity and
immune-induction efficiency of a plasmid DNA (pDNA)/polyethylenimine/γ-polyglutamic acid
complex (pDNA ternary complex). Model pDNAs encoding firefly luciferase (Luc) were constructed
with several promoters, such as simian virus 40 (SV40), eukaryotic elongation factor 1 alpha (EF1),
cytomegalovirus (CMV), and chicken beta actin hybrid (CBh) (pSV40-Luc, pEF1-Luc, pCMV-Luc,
and pCBh-Luc, respectively). Four types of pDNA ternary complexes, each with approximately
145-nm particle size and −30-mV ζ-potential, were stably constructed. The pDNA ternary complex
containing pSV40-Luc showed low gene expression, but the other complexes containing pEF1-Luc,
pCMV-Luc, and pCBh-Luc showed high gene expression in DC2.4 cells and spleen after intravenous
administration. After immunization using various pDNA encoding ovalbumin (OVA) such as pEF1-
OVA, pCMV-OVA, and pCBh-OVA, only the pDNA ternary complex containing pCBh-OVA showed
significant anti-OVA immunoglobulin G (IgG) induction. In conclusion, our results showed that the
CBh promoter is potentially suitable for use in pDNA ternary complex-based DNA vaccination.

Keywords: promoters; γ-polyglutamic acid; gene delivery; polyethylenimine; pDNA

1. Introduction

The DNA vaccine concept is reportedly a promising therapeutic strategy for cancer
and infection because it is safe, stable, and specific [1,2]. Melanoma is the most immuno-
genic of all solid cancers, and several melanoma-specific antigens have been reported [3].
However, a clinical trial has revealed that a DNA vaccine had little effect on melanoma
in humans [4]. One promising approach to improving the effect of DNA vaccines is the
development of DNA vaccine-delivery systems to antigen-presenting cells (APCs). In
particular, dendritic cells (DCs) are good targets for DNA vaccines because they induce
humoral and cell-mediated immunity [5,6]. Generally, DNA vaccines have been injected
into humans by intradermal, intramuscular, or subcutaneous routes; however, it has been
reported that intravenous administration of a DNA vaccine also showed a high immune-
induction effect [7].

In a previous study, we developed a new DNA vaccine vector comprising a ternary
complex of plasmid DNA (pDNA), polyethylenimine (PEI), and γ-polyglutamic acid
(γ-PGA). The pDNA ternary complex selectively showed high gene expression in the
marginal zone of the spleen without acute toxicity and liver toxicity [8]. The marginal
zone is known to be rich in APCs such as DCs and the safe pDNA ternary complex is a
suitable vector for intravenous administration of a DNA vaccine. Actually, intravenous
administration of the pDNA ternary complex containing the melanoma DNA vaccine
encoding ubiquitylated melanoma-related antigen induced a high immune response against
melanoma cells; however, four injections were required to induce sufficient immunity.
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To improve the immune-inducing effect of the pDNA ternary complex, high protein-
expression efficiency in APCs is required. Promoters are essential factors for effective
gene expression from pDNA and are strongly affected by the cell type [9–11]. Depending
on the type of promoter, gene expression may reportedly be reduced by silencing [12,13].
Additionally, the promoter activity has also been reported to be affected by the type of gene-
delivery vector [14]. In a previous study, we used the cytomegalovirus (CMV) promoter
to evaluate the transfection activity of the pDNA ternary complex [8]; however, effective
promoters for DCs using the pDNA ternary complex have not been identified.

In this study, we evaluated the efficiency of commonly used promoters such as the
simian virus 40 (SV40), eukaryotic elongation factor 1 alpha (EF1), CMV, and chicken beta
actin hybrid (CBh) promoters for gene expression in DCs. The SV40 promoter has been
used for a long time and shows strong gene expression in baby hamster kidney fibrob-
lasts, specifically BHK-21 cells [15]. The EF1 promoter stimulates high gene expression,
particularly in fibroblasts and embryonic stem cells, and is tolerant to silencing caused by
DNA methylation [16,17]. The CMV promoter is generally used, including by us, because
it stimulates high gene expression in most cell lines [18]. The CBh promoter was recently
developed to improve the gene expression of the chicken beta actin (CBA) promoter and
shows strong and ubiquitous gene expression for central nervous system applications,
equal to or better than those of the CMV or CBA promoters [19]. We constructed four
pDNA ternary complexes each with a different pDNA and investigated suitable promoters
for DNA vaccination.

2. Materials and Methods
2.1. Chemicals

Restriction enzymes (BglII, HindIII-HF, XbaI-HF, XhoI, SalI, and NcoI) were obtained
from New England Biolabs Inc. (Ipswich, MA, USA). PicaGene control vector 2 encoding
firefly luciferase (Luc) (pSV40-Luc) and PicaGene luminescence kit were purchased from
Toyo B-net, Inc. (Tokyo, Japan). The pcDNA3.1 vector was obtained from Invitrogen Co.
(Carlsbad, CA, USA), and pDRIVE5s-chEF1 was purchased from InvivoGen Co. (San
Diego, CA, USA). The pCBh-vector and pcDNA3.1-ovalbumin (OVA) were synthesized
from GenScript Co. (Piscataway, NJ, USA). Polyethylenimine (PEI; branched form, average
molecular weight of 25,000) was purchased from Sigma-Aldrich Co. (Milwaukee, WI, USA).
The γ-PGA was provided by Yakult Pharmaceutical Industry Co., Ltd. (Tokyo, Japan). All
other chemicals were of the highest purity available.

2.2. Construction of pDNA

pSV40-Luc, pcDNA3.1-vector, and pCBh-vector were digested with BglII and HindIII-
HF. The SV40 promoter was removed from pSV40-Luc, and a DNA ligation kit (Takara Bio
Inc., Shiga, Japan) was used to subclone the CMV promoter and CBh promoter into the
fragment to construct pCMV-Luc and pCBh-Luc. For the construction of pEF1-Luc, the
SV40 promoter was removed from pSV40-Luc with XhoI and NcoI, and the EF1-promoter
fragment using SalI and NcoI from pDRIVE5s-chEF1 was subcloned into the pSV40-Luc
fragment. HindIII-HF and XbaI-HF were used to digest pEF1-Luc, pCMV-Luc, pCBh-Luc,
and pcDNA3.1-OVA. Luciferase cDNA was removed and OVA cDNA was subcloned into
each pDNA, followed by construction of pEF1-OVA, pCMV-OVA, and pCBh-OVA.

2.3. Preparation of the pDNA Ternary Complex

The pDNA ternary complex was prepared according to a previously reported
method [8]. In brief, pDNA, PEI, and γ-PGA were mixed at a theoretical charge ratio
of 1:8:6 for pDNA phosphate to PEI nitrogen to γ-PGA carboxylate in 5% glucose solution.
We constructed pSV40-Luc/PEI/γ-PGA complex (pSV40-Luc complex), pEF1-Luc/PEI/γ-
PGA complex (pEF1-Luc complex), pCMV-Luc/PEI/γ-PGA complex (pCMV-Luc com-
plex), pCBh-Luc/PEI/γ-PGA complex (pCBh-Luc complex), pEF1-OVA/PEI/γ-PGA com-
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plex (pEF1-OVA complex), pCMV-OVA/PEI/γ-PGA complex (pCMV-OVA complex), and
pCBh-OVA/PEI/γ-PGA complex (pCBh-OVA complex).

2.4. Physicochemical Properties of the Complex

A Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK) was used to measure
the particle size and ζ-potential of each pDNA ternary complex. Particle sizes are shown as
the ζ-average particle size.

2.5. Cell Culture

The mouse dendritic DC2.4 cell line was obtained from Sigma-Aldrich Co. The cells
were incubated in Roswell Park Memorial Institute 1640 supplemented with 10% fetal
bovine serum, 0.025 w/v % amphotericin B, 0.4 w/v % 2-mercaptoethanol, 1% Minimum
Essential Medium Non-Essential Amino Acids Solution, 100 units/mL penicillin, and
0.01 w/v % streptomycin (culture medium) under a humidified atmosphere of 5% CO2 in
air at 37 ◦C.

2.6. In Vitro Transfection Experiments

DC2.4 cells were placed into 24-well plates (Corning Inc., Corning, NY, USA) at a
density of 1.0 × 104 cells/well and cultivated in 500 µL culture medium. After 24 h of
pre-incubation, the cells were treated with 0.25 µg/mL, 0.5 µg/mL, 1 µg/mL, and 2 µg/mL
of each pDNA ternary complex for 2 h. After 22 h of incubation, the cells were washed with
phosphate-buffered saline and then lysed in 100 µL lysis buffer (pH 7.8; 0.1 M Tris/HCl
buffer containing 0.05% Triton X-100 and 2-mM ethylenediaminetetraacetic acid). A protein
assay Coomassie brilliant blue solution (Nacalai tesque Inc., Kyoto, Japan) was used to
determine the protein content of the lysate, with BSA as a standard, and a microplate
reader (Infinite-200Pro M-Plex, Tecan Japan Co., Ltd., Kanagawa, Japan) at 595 nm was
used to measure absorbance. A PicaGene luminescence kit and a luminometer (Lumat LB
9507; EG & G Berthold, Bad Wildbad, Germany) were used to determine luciferase activity.
Luciferase activity is shown as relative light units (RLUs) per mg protein.

To assess the time-dependent transfection activity of the promoters, DC2.4 cells were
treated with 2 µg/mL of each pDNA ternary complex for 2 h as described above. Luciferase
activity was measured at 6, 12, 24, and 48 h after treatment.

2.7. Animals

All animal care and experimental procedures were performed according to the Guide-
lines for Animal Experimentation of Nagasaki University, with approval from the Insti-
tutional Animal Care and Use Committee. Male ddY mice and BALB/c mice (5 weeks
old) were purchased from Japan SLC, Inc. (Shizuoka, Japan). After delivery, the mice were
acclimatized to their new environment for ≥1 day before the experiments.

2.8. In Vivo Transfection Experiments

A 400 µL volume of pDNA ternary complex containing 10, 20, 40, and 80 mg of each
pDNA was intravenously injected into each mouse through the tail vein to examine the
transgene expression efficiency of the pDNA ternary complex. Six hours after injection
with a pDNA ternary complex, the mice were sacrificed, and the lung, liver, and spleen
were dissected. The tissues were washed twice with cold saline. The lysis buffer was added
in a weight ratio of 3 mL/g for liver samples and 10 mL/g for other organ samples, and
these samples were homogenized for 30 s by handy homogenizer (Omini International,
Kennesaw, GA, USA). The resultant homogenates were centrifuged at 15,000 rpm (Kubota
3500; Kubota, Tokyo, Japan) for 5 min, and the associated supernatants were subjected
to luciferase assays as described above. Luciferase activity is indicated as RLU per gram
of tissue.

To assess the time-dependent transfection activity of the promoters, 400 µL of pDNA
ternary complex containing 80 µg of each pDNA was intravenously injected. The mice
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were sacrificed, three tissues were dissected, and luciferase activity was measured at 6, 12,
and 24 h after injection.

2.9. Vaccination

BALB/c mice were intravenously injected with the pEF1-OVA complex, pCMV-OVA
complex, or pCBh-OVA complex twice at 2-week intervals through the tail vein. Two weeks
after the last administration, the mice were sacrificed and serum was obtained. Anti-OVA
IgG in the serum was determined by enzyme-linked immunosorbent assay (ELISA). The
100 µL of OVA solution (10 µg/mL, in 1 M sodium hydrogen carbonate) was added to each
well of the ELISA plates (Thermo Fisher Scientific Inc., Waltham, MA, USA) and incubated
overnight at 4 ◦C. The plates were washed with phosphate-buffered saline containing 0.05%
Tween-20 (PBST) and incubated with 200 µL of blocking reagent N 102 (Nichiyu, Co., Ltd.,
Tokyo, Japan) for 6 h at 4 ◦C. The plates were washed and 100 µL aliquots of 1000-fold
diluted serum samples were added to each well and incubated overnight at 4 ◦C. After
washing with PBST, 100 µL of house radish peroxidase (HRP)-conjugated goat anti-mouse
IgG (1:10,000) (Abcam, Cambridge, UK) was added to each well and incubated at room
temperature for 1 h and then washed with PBST. TMB One solution (Promega, Madison, WI,
USA) was used and prepared according to the manufacturer’s instructions. The reaction
was then stopped at 15 min by addition of 1N hydrochloric acid. Absorbance was read at
450 nm using a microplate reader.

2.10. Statistical Analysis

Tukey’s test was used to perform multiple comparisons among the groups. p < 0.05
was accepted as indicating statistical significance.

3. Results
3.1. Physicochemical Properties of the pDNA Ternary Complex

We constructed four pDNAs encoding Luc with various promoters such as SV40, EF1,
CMV, and CBh (pSV40-Luc, pEF1-Luc, pCMV-Luc, and pCBh-Luc, respectively). Various
pDNA ternary complexes were constructed with these pDNAs, PEI, and γ-PGA. The
measured particle size and ζ-potential of various pDNA ternary complexes are presented
in Table 1 and were approximately 145 nm and −30 mV, respectively.

Table 1. Particle size and ζ-potential of pDNA ternary complexes.

Complexes Size (nm) ζ-Potential (mV)

pSV40-Luc 140.7 ± 3.2 −29.1 ± 0.7
pEF1-Luc 143.0 ± 2.6 −27.7 ± 0.7

pCMV-Luc 147.5 ± 3.6 −29.7 ± 0.4
pCBh-Luc 142.7 ± 1.2 −29.5 ± 1.5

Each datum represents the mean ± standard deviation.

3.2. In Vitro Transfection Activity of the pDNA Ternary Complexes in DC2.4 Cells

The transfection activity of each pDNA ternary complex was determined in DC2.4
cells at 24 h post-treatment. The transfection activity increased in a dose-dependent manner,
and the luciferase activity was significantly higher for the pCBh-Luc complex than for the
other pDNA ternary complexes at 2 µg/well (Figure 1, p < 0.01).
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Figure 1. Transfection activity of the pDNA ternary complexes in DC2.4 cells. The transfection
activity of the pDNA ternary complexes in DC2.4 cells was determined by measuring luciferase
activity at 24 h post-treatment. Each bar represents the mean ± standard error (SE) (n = 3).

3.3. In Vitro Time-Dependent Transfection Activity of the pDNA Ternary Complexes in
DC2.4 Cells

The luciferase activity, as an indicator of in vitro time-dependent transfection activity,
was significantly higher for the pCBh-Luc complex pDNA ternary complex than for the
other pDNA ternary complexes at 12 h post-treatment (Figure 2). In addition, the luciferase
activity was significantly higher for the pCBh-Luc complex than for the pSV40-Luc complex
at 24 h after administration. At 48 h post-treatment, the luciferase activity decreased
to approximately 1% of the peak for all pDNA ternary complexes, and there was no
remarkable difference in silencing.
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Figure 2. Time-dependent transfection activity of the pDNA ternary complex in DC2.4 cells. All
pDNA ternary complexes containing 2 µg of pDNA were added to DC2.4 cells, and luciferase activity
was measured at 6, 12, 24, and 48 h post-treatment. Each bar represents the mean ± SE (n = 3).

3.4. In Vivo Transfection Activity of the pDNA Ternary Complexes

In a preliminary experiment, all pDNA ternary complexes containing 80 µg of pDNA
showed luciferase activity below 1 × 105 RLU/g tissue, which is a measurable limit in the
kidney and heart after intravenous administration. Therefore, we determined the in vivo
gene expression in the lung, liver, and spleen. In these organs, the transfection activity
of each pDNA ternary complex increased dose dependently, and the spleen showed the
highest gene expression among the tested tissues (Figure 3). In particular, the transfection
activity in the spleen was significantly higher for the pCBh-Luc complex than for the other
pDNA ternary complexes at a dose of 80 µg. However, in the liver and lung, there were no
significant differences between these pDNA ternary complexes at all doses.
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Figure 3. Transfection activity of the pDNA ternary complex in vivo. The in vivo transfection activity
of the pDNA ternary complex was determined by measuring the luciferase activity of lung (a), liver
(b), and spleen (c) homogenate at 6 h after intravenous administration. Each bar represents the
mean ± SE (n = 3). “ND” means the sampled data is below measurable limit.

3.5. Time-Dependent Transfection Activity of the pDNA Ternary Complex In Vivo

Time-dependent transfection activity of the pDNA ternary complex was determined
in mice. Six hours after treatment, the pCBh-Luc complex showed significantly higher
transfection activity in the spleen (Figure 4). After 12 h, the transfection activity was higher
for the pCMV-Luc complex than for the pSV40-Luc in the spleen. In all pDNA ternary
complexes, the luciferase activity was almost undetected at 24 h after administration. The
SV40 promoter showed little gene expression in vivo; therefore, we chose the EF1, CMV,
and CBh promoters for the next experiment.
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Figure 4. Time-dependent transfection activity of the pDNA ternary complex in vivo. All pDNA
ternary complexes containing 80 µg of pDNA were administered, and the luciferase activity of
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mean ± SE (n = 3). “ND” means the sampled data is below measurable limit.
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3.6. Immune-Induction Effect of the pDNA Ternary Complex

The pDNA ternary complexes containing pEF1-OVA, pCMV-OVA, or pCBh-OVA were
intravenously administered to mice twice, and anti-OVA immunoglobulin (Ig)G in the
serum was measured (Figure 5). The pEF1-OVA and pCMV-OVA complexes showed little
IgG induction; however, significantly higher anti-OVA IgG was observed in the pCBh-OVA
complex than in the control and other complexes (p < 0.05).
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4. Discussion

To improve the effect of DNA vaccines, effective DNA vaccine-delivery and high
protein expression in APCs are required. In a previous study, we developed an efficient
gene delivery vector, the pDNA ternary complex, which was constructed with pDNA,
PEI, and γ-PGA. After intravenous administration, the pDNA ternary complex showed
selective gene expression in the marginal zone of spleen, regardless of its anionic surface
charge [8]. Kodama Y. et al. have reported that γ-PGA coated nanoparticles were taken
by the cells via caveolae-mediated endocytosis [20]. Peng S.F. et al. have also reported
that the ternary complex of chitosan, pDNA, and γ-PGA was recognized by γ-glutamyl
transpeptidase in the cell membrane, resulting in a significant increase in its cellular uptake
via caveolae-mediated endocytosis [21]. The marginal zone of spleen is known to be rich in
APCs, such as DCs and macrophages [22]. Therefore, the γ-PGA coated complexes could
be taken by the APCs in the spleen and show high gene expression in these mechanisms.
Actually, pre-administration of clodronate liposomes decreased gene expression of γ-PGA
coated complexes in the spleen. This result indicated that γ-PGA coated complexes were
partly taken by the macrophages in the spleen [23]. Matsuo K. et al. have also reported that
γ-PGA coated nanoparticles efficiently delivered entrapped antigenic proteins into DCs and
presented antigens to DCs via major histocompatibility complex class I and II molecules [24].
Considering the information together, the pDNA ternary complex should be suitable for a
DNA vaccine-delivery vector. In fact, the pDNA ternary complex containing a melanoma
DNA vaccine induced an effective immune response against melanoma and inhibited
melanoma lung metastasis [8]. Another study has shown that a pDNA ternary complex
containing a malaria DNA vaccine stimulated high IgG induction against malaria, and
100% of the intravenously vaccinated mice survived after lethal challenge with Plasmodium
yoelii [25]. However, three to four injections of pDNA ternary complex containing these
DNA vaccines were needed to achieve sufficient immune induction.

To improve the effect of DNA vaccines, promoters in the pDNA should be optimized
for the pDNA ternary complex. Promoters are sequences of DNA involved in transcrip-
tional initiation that strongly affect the transcription efficiency of mRNA. Many promoters
have been reported in the past [26]. For practical use of DNA vaccines, a promoter that
shows high gene expression in vivo, especially in APCs, is required.
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Therefore, we explored a suitable promoter for transfection using a pDNA ternary
complex. We constructed four pDNAs that differed only in the promoter region and
prepared four pDNA ternary complexes. There was no significant difference in particle
size and ζ-potential between the four pDNA ternary complexes (Table 1).

In contrast, the in vitro transfection activity of the pDNA ternary complex was quite
different for each promoter (Figures 1 and 2). The pCBh-Luc complex had the highest
transfection activity among the four pDNA ternary complexes at a dose of 2 µg/well at
6, 12, and 24 h after treatment. The luciferase activity was markedly decreased at 48 h
after treatment in all promoters. Ochiai et al. have reported that exogenous DNA was
inactivated by silencing and degradation in the cell after transfection [27]. The decrease of
luciferase activity in this experiment could also be caused by silencing and degradation,
and plasmid dilution in the cells might be partially involved.

There are few reports about promoter activity in DCs; however, the CMV promoter
has reportedly shown high transfection activity in DCs [28,29]. The pCMV-Luc complex
also showed high luciferase activity in the present study. The SV40 promoter has been
used for a long time, but it has been reported to show lower transfection activity than that
of the CMV promoter [30]. In fact, we observed little transfection activity of pSV40-Luc
complex in DC2.4 cells. The EF1 promoter leads to transfection activity as high as that
of the CMV promoter in mammalian cells. In particular, in fibroblasts and embryonic
stem cells, the gene expression was higher with the EF1 promoter than with the CMV
promoter [16]. In this experiment, the transfection activity of the EF1 promoter was as
high as that of the CMV promoter, similar to the results in a previous report. In a previous
study, the gene expressions were higher for the CMV immediate-early enhancer, chicken
β-actin core promoter, and rabbit β-globin intron (CAG) promoter than for the CMV
promoter in several cells [31,32]. The CBh promoter was constructed by improving the
CAG promoter. In our study, we found that the transfection activity in DC2.4 was higher
for the CBh promoter than for the CMV promoter. DC2.4 is a dendritic cell line which
exhibits characteristic features of DCs; however, the cell line has been immortalized by
transducing some oncogenes [33]. In future, transfection activities of these promoters
should be determined in normal DCs.

Promoter activity sometimes differs between in vitro and in vivo conditions [34], and
the pDNA ternary complex could be taken not only by DCs but also other types of cells in
the spleen, lung, and liver after intravenous administration. Therefore, we administered
pDNA ternary complexes intravenously and examined the transfection activity of each
pDNA ternary complex in the lung, liver, and spleen. According to our previous report,
the pDNA ternary complex led to high gene expression in the spleen [8]. In particular,
the pCBh-Luc complex showed the highest transfection activity in the spleen 6 h after
intravenous administration (Figures 3 and 4). At 12 h post-transfection, luciferase activity
was higher for the pCMV-Luc complex than for the pSV40-Luc complex. There was no
significant difference in luciferase activity between the pCMV-Luc complex and pCBh-Luc
or pEF1-Luc complex at 12 h. In all pDNA ternary complexes, the luciferase activity was
almost undetected 24 h after administration.

We determined the immune-induction effect of the pDNA ternary complexes contain-
ing the EF1, CMV, and CBh promoters because the SV40 promoter showed little in vivo
gene expression in this study. We used OVA as the model antigen and constructed pDNAs
encoding OVA, such as pEF1-OVA, pCMV-OVA, and pCBh-OVA. The pDNA ternary
complexes containing these pDNAs were administered to mice, and anti-OVA IgG in the
serum was determined 2 weeks after the second administration. Then, significantly high
anti-OVA IgG levels were only induced by pCbh-OVA, as shown in Figure 5. The high
gene expression induced by pCBh-Luc in the early stage might have contributed to this
high immune-induction effect.

In a previous report, the CAG promoter reportedly showed high gene expression
in vivo [35]. It has been suggested that the CBh promoter should also show strong trans-
fection activity in living organisms. Although the detailed mechanism of upregulated
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gene transcription by a hybrid promoter system, such as the CBh and CAG promoter, has
not been fully elucidated [36], the CBh promoter had the best transfection activity and
immune-induction efficiency among the four promoters for pDNA ternary complexes.

Unmethylated CPG-motifs in the pDNA are reported to be associated with an inflam-
matory reaction and a loss of gene expression [37,38]. Miura N. et al. have reported that
removal of the CpG-motifs from the pDNA strongly boosted transfection efficacy of a lipid
nanoparticle constructed by the authors [39]. In the future, the effect of CpG-motifs in
the pDNA should be evaluated in the pDNA ternary complex. Additionally, it is worth
exploring suitable introns, polyadenylation signals, enhancers, and untranslated regions,
which are known to be important factors associated with improved transfection activity
of pDNA [40–42].

In our study, we used four different promoters to compare the transfection and DNA
vaccination efficiencies of pDNA ternary complexes. Among them, the CBh promoter was
found to have good potential for use in a pDNA ternary complex.
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