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Abstract A DNA vaccine methodology using eukaryote expression vectors to produce immuniz-
ing proteins in the vaccinated hosts is a novel approach to the development of vaccine and im-
muno-therapeutics, and it has achieved considerable success over several infectious diseases and
various cancers. To further enhance its efficiency, attempts were made to develop novel plasmid
vectors containing multiple immunostimulatory CpG motifs, for rapid and strong immune re-
sponse. First, a 2.9 kb compact plasmid vector (pVAC), containing CMV promoter, polycloning
site, BGH poly(A) terminator, ampicillin resistance gene and pBR322 origin was constructed. A
pVAC-hEPO was also constructed, which contained a human erythropoietin gene, for evaluating
the transfection efficiency of naked plasmid DNA both in vitro and in vivo. To examine the adju-
vant effect of multi-CpG motifs on naked plasmid DNA, 22 and 44 enriched and unmethylated
CpG motifs were introduced into pVAC to generate pVAC-ISS1 and pVAC-ISS2, respectively. 100
ug of pSecTagB, pVAC, pVAC-ISS1 or pVAC-ISS2 were each injected intramuscularly into the ti-
bilias anterior muscle of Balb/c mice. The level of interleukin-6 induced in the mice injected with
pVAC-ISS1 and pVAC-ISS2 were significantly elevated after 12 hours, which were almost 2 and
2.5 times higher than that in the mice injected with pSecTagB, respectively. These results suggest
that DNA vaccine plasmids with enriched CpG motifs can induce rapid secretion of interleukin-6
by lymphocytes. In conclusion, these vectors can contribute to the development of adjuvant-free
DNA vaccinations against infectious diseases and various cancers.
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INTRODUCTION

DNA vaccines use eukaryote expression vectors to
produce immunizing proteins in the vaccinated host,
which represents a new and powerful approach for the
generation of needed vaccines [1-3]. There has been
considerable interest in enhancing the activity of naked
plasmid DNA vaccine for treating various infectious dis-
eases and cancers [4,5].

Bacterial DNA contains unmethylated CpG motifs that
trigger B and NK cells, and secrete a variety of cytokines
such as IL-12, IL-6 and TNF-a [1,2]. It has been re-
ported that synthetic oligonucleotides and plasmid DNA
containing CpG motifs boost early immune responses
and support the induction of Thl responses in vivo
[4,6,7]. Interleukin-6 (I1.-6) is a 26 kDa cytokine that is
synthesized and secreted by mononuclear phagocytes,
vascular endothelial and other cells in response to inter-
leukin-1. IL-6 is an important pro-inflammatory cytokine
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due to its ability to regulate fever, immune function, and
acute-phase responses [6]. For this reason, IL-6 was
measured to evaluate its adjuvant effects of plasmid DNA
vaccines.

In this study, it was demonstrated that novel plasmid
vectors for the induction of early immune responses can
result in an improvement in therapeutic gene therapy
based on plasmid DNA. Firstly, a 2.9 kb compact plasmid
vector (pVAC) was constructed by retaining only the es-
sential elements for a DNA vaccine vector, derived from a
mammalian expression vector. Secondly, a human
erythropoietin (hEPO) gene was cloned into the pVAC in
order to test the transfection efficiency of naked plasmid
DNA both in vitro and in vivo. hEPO is the essential
hormone which is made and secreted in the kidney and
stimulates the differentiation and propagation of reticulo-
cytes [8,9]. Finally, pVAC-ISS1 and pVAC-ISS2 which
contain repeating unmethlyated CpG motif genes were
cloned. The plasmids were administered to Balb/c mice
and the induced levels of IL-6 measured by ELISA.
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METERIALS AND METHODS
Plasmid Preparation and Purification

The restriction endonucleases, T4 DNA ligase, and
vent DNA polymerase, were purchased from New Eng-
land Biolabs (Beverly, MA, USA). The pSecTag B was
purchased from Invitrogen (Carlsbad, CA, USA) and the
pUC19 was purchased from Novagen (Darmstadt, Ger-
many). All the oligonucleotides used in the PCR reaction
were synthesized at Cosmogentech (Seoul, Korea). The
plasmids were amplified in DH-5a cells at 37°C, purified
by Qiagen EndoFree Giga Kit (Qiagen; Germantown,
MD, USA) and diluted in sterile and endo-free phosphate
buffered saline (Promega; Seoul, Korea).

Oligodeoxynucleotides

Phosphodiester oligodeoxynucleotides (ODN) which
contain enriched CpG motifs were synthesized with a 5’
phosphorylated end by Bioneer (Daejeon, Korea). The
ODN used herein were: 5 PGATCCAAAAGACGTTGAC
GTTAAAGACGTTAAQCGTCAAA 3° (41-mer), 5° PCC
CGCCCGCCCCCCCCAACGTTAACGTTGACGTCGAC
GTCGCGGACGTTCCA 3° (54-mer), 5° PGATCTGGAA
CGTCCGCGACGTCGACGT CAACGTTAACGTT 3’
{41-mer), and 5° PGGGGGGGGCGGGGCGGGTTTT
GACGTTAACGTCTTTAACGTCAACGTCTTTT 3 (53-
mer). All ODNs were hybridized with each other by boil-
ing for 10 minutes then cooled slowly to room tempera-
ture. Hybridized double stranded DNA was inserted into
a Bglll restriction site in the pVAC. A CpG motif is 5'-
purine-purine-cytosine-guanosine-pyrimidine-pyrimidine-
3’, which a stimulator of primate leukocytes [6,7]. The
hybridized ODNs contain 22 CpG motifs.

Plasmid Vectors

First, a 2.9 kb compact plasmid vector (pVAC) derived
from pSecTagB and pUC19 (Novagen), was constructed.
A CMV-IE promoter, an Ig x—chain leader sequence, a
multiple cloning site, a BGH poly A terminator were de-
rived from the pSecTag B. And an ampicillin resistance
gene and a pBR322 origin were derived from the pUC19.
To construct pVAC, 1,201 base pair fragment obtained by
PCR of pSecTagB with sense and antisense primers. The
primers were 5° TTTTTTAATAAT (Sspl)GG ATCC(BamHI)
CGATGTACGGGCCAGAT 3" and 5° TTTTTTGATTC
(TADAGATCT(Bglll)TCCCCAGCATGCCTGCT 3, re-
spectively. Restriction sites of BamHI and Bglll were in-
troduced to the fragment for the further cloning strategy.
On digestion of the pUC19 with Tfil (sticky end) and
Sspl (blunt end), the second fragment containing am-
picillin resistance gene and the pBR322 origin was ob-
tained. The ligation was carried out with these two frag-
ments.

To construct the pVAC-ISS1, four phosphorylated oli-
godeoxynucleotides (5° PGATCCAAAAGACGTTGACGT
TAAAGACGTTAAQCGTCAAA 3, 5° PCCCGCCCGCC
CCCCCCAACGTTAACGTTGACGTCGACGTCGCGGA
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CGTTCCA 3", 5° PGATCTGGAACGTCCGCGACGTCG
ACGTCAACGTTAACGTT 3, and 5° PGGGGGGGGC
GGGGCGGGTTTTGACGTTAACGTCTTTAACGTC
AACGTCTTTT 3°) were hybridized with each other, and
then ligated into pVAC which was digested with a BglIl
restriction endonuclease. Since the BamHI and Bglll
share the same recognition sequence, ligating the
BamHI- and Bglll-digested DNAs resulted in a plasmid
DNA unrecognizable any further with these enzymes.
The pVAC-ISS2 was constructed by inserting the same
hybridized ODN into the unique Bg!II site of pVAC-1SS1
(Fig.1). The pVAC-hEPO and pSecTagB-hEPO plasmids
were constructed by inserting the human erythropoietin
(hEPQO) gene into the HindlIl and Xbal recognition sites
of pVAC and pSecTagB, respectively (Fig.1).

Animals and Cell Lines

The 6-week-old female Balb/c mice were obtained
from the Seoul National University Laboratory Animal
Center and maintained under specific pathogen-free and
standard conditions with a 12-h light-dark cycle.
NIH3T3 (mouse fibroblast) and COS-7 (monkey kid-
ney) cell lines were purchased from the Korean Cell Line
Bank (KCLB) (Seoul, Korea). All culture media and fetal
bovine serum were obtained from GIBCO/BRL (Carls-
bad, CA, USA). All cells were cultured at 37°C in a 5%
CO, humidified incubator and maintained in DMEM
supplemented with 10% heat inactivated FBS (v/v), so-
dium bicarbonate (3.7 g/L), penicillin (100 U/mL), and
streptomycin (100 pg/mL).

Transfection of Plasmids

The NIH3T3 mouse fibroblast and COS-7 African
green monkey kidney cell lines were plated at a concen-
tration of 2 x 10° cells per well in a six-well plate under
normal growth conditions (37°C and 5% CQ,). The cells
were each transiently transfected with 2 pg of the pVAC-
EPO, pSecTagB-EPO or pSecTagB. After incubation for
24 h at 37°C, the culture supernatants were collected and
assayed to detect the expression level of the hEPO gene.

Intramuscular DNA Injection

Balb/c mice were injected i.m. with 100 pg of purified
plasmids (1 pg/pL, diluted in PBS) into the tibilias ante-
rior muscle. Blood was collected three times by retro-
orbital venipuncture at weekly intervals. The hematocrit
level, which is the percent of whole blood that is com-
prised of red blood cells, was determined by measuring
the cellular portion of the total amount of blood after
centrifuging the whole blood in heparinized capillary
tubes [10]. The cellular portion is almost entirely red
blood cells because the portion of white blood cells is very
small. All animal procedures were performed at the Seoul
National University Laboratory Animal Center and con-
ducted in conformity with national and international
laws and policies.
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Fig. 1. (A) Gene maps of hEPO-containing plasmid vectors and (B) schematic illustration for construction of pVAC-ISS1 and pVAC-
ISS2. All vectors contain a CMV promoter, BGH poly A terminator, ampicillin resistance gene and ColE1 origin. The pVAC contains
multiple cloning site and unique restriction sites of BamHI and BgllI for further cloning strategies. The pVAC-hEPQO-1 (3.4 kb) is the
smallest plasmid vector in size among hEPO expression vectors. A single cassette of ISS has 22 enriched and unmethylated CpG

motifs. pVAC-ISS1 and pVAC-1SS2 have single and double ISS cassette(s), respectively. Arrows mean each CpG motif.

Measurement of hEPO and IL-6

Culture supernatants and mice blood samples were col-
lected at the indicated times and the levels of EPO and
interleukin-6 measured using ELISA kits (Roche, Basel,
Switzerland; Pharmingen, San Diego, CA, USA, respec-
tively). Recombinant hEPO (Roche) mouse interleukin-6
and human serum were used as standard and control,
respectively,

RESULTS AND DISCUSSION

To examine the transfection efficiency, pVAC, pVAC-

hEPO, and pSecTagB-hEPO were transfected into COS-
7 and NIH3T3 cells, and a competitive enzyme-linked
immunosorbent assay (ELISA) was performed to detect
expressed and secreted hEPO levels. The hEPO expres-
sion level of transfected pVAC-hEPO was found to be
significantly elevated: two times higher than that of the
transfected pSecTagB-hEPQO in the case of COS-7 and
four times higher than in the case of NIH3T3 (Fig. 2).
The 6-week-old female Balb/c mice were injected with
100 pg of the pVAC, pVAC-hEPO, and pSecTagB-hEPO
into the tibilias anterior muscle and with PBS as a nega-
tive control. The same muscles were treated with cardi-
toxin before injection of the plasmids to induce muscle
degeneration and regeneration as previously described
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Fig. 2. The hEPO expression levels of plasmid vectors trans-
fected into COS-7 and NIH3T3 cells. (A) COS-7. (B) NIH3T3,
Cell lines were transfected with 2 pg of all plasmids and the
culture supernatants were collected after 24 hours. The hEPO
levels were measured by EPQ ELISA. Data are presented as the
mean (+/-) SD values of the hEPQO levels.

[11]. The administration of pVAC-hEPO led to a rise in a
mean hematocrit level from 47% to 58% (Fig. 3). The
hEPQO expression in the blood sample increased approxi-
mately two-fold with the pVAC-hEPO compared with
that of the pSecTagB-hEPO. These results show that
pVAC-hEPOQ, the smallest of the constructed vectors, was
the most effective vector for hEPO expression both in
vitro and in vivo and an enhancement of EPO producing
ability of pVAC-hEPO could guarantee an increased effi-
ciency of direct plasmid delivery into the skeletal muscles
in vivo. Therefore, this result reassures the previous find-
ing that the size of plasmid vectors is one of the impor-
tant factors related to the transfection efficiency of vari-
ous DNA vaccines based on naked plasmid DNA [12]. To
determine the adjuvant effect of enriched CpG motifs on
pVAC-ISS1 and pVAC-1SS2, 100 pg of pSecTagB, pVAC,
pVAC-ISS1 or pVAC-ISS2 were each injected i.m. into
the tibilias anterior muscle of Balb/c mice. The pVAC-
[SS1 has a single ISS cassette, which contains 22 repeat-
ing CpG motifs and the pVAC-ISS2 has double ISS cas-
settes, which contain 44 repeating CpG motifs. The levels
of interleukin-6 induction in the mice injected with
pVAC-ISS1 and pVAC-ISS2 was significantly elevated
within 12 h, which were almost 2 and 2.5 times higher,
respectively, than those injected with pSecTagB (Fig. 4).
These results suggest that DNA vaccine plasmids with
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Fig. 3. The serum hEPO and hematocrit levels after intramus-
cular injection with the constructed vectors in Balb/c mice.
Groups of five mice were injected i.m. with 100 pg of plasmids
into the tibilias anterior muscle. After 8 days, blood samples
were collected and hematocrit and serum hEPO levels were
detected. (A) Serum EPO levels. (B) Hematocrit levels. Data
represent the mean (+/-) SD of the hematocrit and serum EPO.
The experiment was repeated at least three times with similar
results.
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Fig. 4. The serum IL-6 levels after intramuscular injection with
pSecTagB, pVAC-ISS1 or pVAC-ISS2 in Balb/c mice. Groups
of eight mice were injected i.m. with 100 pg of plasmids into
the tibilias anterior muscle. After 12 hours, blood samples were
collected by retro-orbital venipuncture and IL-6 levels were
detected using IL-6 ELISA. Data represent the mean (+/-) SD
of IL-6 levels. The experiments were carried out at least twice
with similar results.
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enriched CpG motifs can induce the rapid secretion of
interleukin-6 by lymphocytes and small plasmid vector
containing enriched CpG motifs are more efficacious as
DNA vaccines.

CpG DNA could rapidly induce early immune responses
by activating transcriptional factor such as NFxB and acti-
vated protein-1. These transcriptional factors are regulated
via reactive oxygen species (ROS), which activate cytokine
synthesis [7,13,14]. There have been reports revealing that
repeating sequence of CpG motif in a DNA vaccine could
enhance the induction of Th1-type responses in vivo but the
optimal number and sites of CpG motif cloned to DNA vac-
cine is yet to be determined [15,16].

The potential of a DNA vaccine plasmid include the di-
rect and easy expression of the encoded protein into the
vaccinated host and also the induction of early immune
responses via CpG motif in the DNA vaccine itself.
Therefore, a cloning strategy for a DNA vaccine based on
a plasmid vector should be considered for the develop-
ment a more efficacious vaccine. Herein, a powerful
cloning method has been provided using compact vector
of pVAC and ISS cassette(s) with a view to easily and
simply amplifying CpG motifs and constructing effective
DNA vaccine against various targets.

There have been studies concerning developing meth-
ods for efficient DNA vaccines such as co-administration
of hyaluronidase, plasmid transfer into skeletal muscle
mediated by electric pulses in vivo and liposome-
mediated DNA transfer [17-22]. An increase of activity
by using plasmid DNA provides a synergistic enhance-
ment to these methods of DNA vaccination.
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