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Abstract

Plasmid DNA (pDNA) is an important macromolecular therapeutic agent suitable for DNA-based therapies, such as non-
viral gene therapy and DNA vaccination. Unmethylated CpG motifs abundant in bacterial DNA, but not in vertebrate DNA, are
known to trigger an inflammatory response, which inhibits transgene expression, while modulating immunological consequences
following vaccination. We studied cellular uptake and activation characteristics of naked pDNA and its cationic liposome complex
in human macrophage-like cells. The present study has demonstrated that naked pDNA was recognized by human macrophage-
like cells via specific mechanisms for polyanions. Moreover, it has shown that pDNA complexed with cationic liposomes activates
human macrophage-like cells to induce the production of tumor necrosis factor-� (TNF-�) in a CpG motif-independent manner,
while any types of naked DNA could not induce TNF-� production from these cells, regardless of the presence of CpG motifs
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. Introduction

Plasmid DNA (pDNA) has become an important
acromolecular therapeutic agent suitable for DNA-
ased therapies, such as non-viral gene therapy and
NA vaccination (Leitner et al., 1999; Nishikawa and
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Huang, 2001). However, unmethylated CpG motifs
pDNA or bacterial DNA, but not in vertebrate DNA, a
recognized by immune cells as a danger signal (Krieg,
2002). When macrophages or dendritic cells (DCs) t
up CpG DNA, inflammatory cytokines, such as tum
necrosis factor-� (TNF-�), interleukin-6 (IL-6) and
IL-12 are secreted. These cytokines significantly in
ence DNA-based therapies in different ways. In g
therapy, the cytokine production generally seems i
propriate because these inflammatory cytokines
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nificantly reduce transgene expression of therapeutic
proteins in target cells through their direct cytotoxic and
promoter attenuation effects (Ghazizadeh et al., 1997;
Qin et al., 1997). On the other hand, these inflammatory
cytokines are essential for the efficacy of DNA vaccina-
tion because these cytokines can enhance the immune
responses and the balance of these cytokines pro-
foundly affects the nature of these responses (Leitner
et al., 1999; Krieg and Kline, 2000).

CpG motifs in bacterial DNA or synthetic ODNs
are recognized by Toll-like receptor 9 (TLR9) and
trigger an immune cascade, resulting in improved
antigen uptake and presentation by antigen-presenting
cells and the secretion of polyreactive Ig, chemokines
and cytokines by B cells, natural killer (NK) cells,
DCs and monocytes. TLR9 is abundantly expressed
in immunocompetent cells in mice, but the receptor
is expressed only in primarily B cells and plasmacy-
toid dendritic cells (pDCs) in humans (Hornung et al.,
2002). In addition, some CpG ODN can induce cell
type-specific immune responses. For example, CpG-
A ODN produces marked induction of interferon-�
(IFN-�) production from pDCs and CpG-B ODN can
prominently induce the proliferation of B cells. More-
over, some ODNs containing non-CpG sequences are
able to activate these cells (Bauer et al., 1999; Pasquini
et al., 1999; Vollmer et al., 2002). Thus, there seems
to be various dangerous sequences and, perhaps, var-
ious molecules that could recognize those signals.
These possibilities could lead to problems involving
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pDNA by a specific mechanism more efficiently and
rapidly than macrophages (Yoshinaga et al., 2002).
Moreover, we previously demonstrated that DNA com-
plexed with cationic liposomes could activate murine
peritoneal macrophages in a CpG-independent man-
ner, while naked pDNA could not (Yasuda et al., 2002).
Our recent study has demonstrated that the macrophage
activation by DNA/cationic liposome complex requires
endosomal acidification and both TLR9-dependent and
-independent pathways (Yasuda et al., 2005).

Thus, the immune activation mediated by CpG-
motif is well characterized in mice, but there is insuf-
ficient information about the effects of CpG on human
immune cells. A better understanding of the effects
of pDNA in humans is required in order to apply
the knowledge obtained in mouse studies to human
therapeutic strategies. In the present study, the uptake
of pDNA by human macrophage-like cells is exam-
ined as well as the activation of human macrophages
stimulated with DNA in both naked and complexed
form. These findings will be an important basis for
future DNA-based therapies, including gene therapy
and DNA vaccination.

2. Materials and methods

2.1. Reagents

RPMI 1640 medium and Hanks’ balanced salt solu-
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o ng-
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nd
T rce
he application of pDNA because bacterial DNA a
DNA contain various CpG sequences. However, m
f the earlier studies have examined the effect
pG DNA using single stranded ODN containing∼20
hosphorothioate-stabilized nucleotides and the ef
f CpG DNA in bacterial DNA or pDNA are poor
nderstood.

We have investigated the in vivo disposition ch
cteristics of naked pDNA in mice and found that li
on-parenchymal, probably, Kupffer (liver resid
acrophages) cells play an important role (Yoshida e
l., 1996; Takagi et al., 1998). Further, in vitro stud

es using cultured mouse peritoneal macrophages
uggested that a specific receptor, like the class A s
nger receptor, may be involved in the endocytic up
f pDNA by macrophages (Takagi et al., 1998). We
lso examined the pDNA uptake by the murine
ell-line, DC2.4 cells, and found that DCs take
ion (HBSS) were obtained from Nissui Pharmace
al (Tokyo, Japan). [�-32P]dCTP (3000 Ci/mmol) wa
btained from Amersham (Buckinghamshire, E

and). pCMV-Luc encoding firefly luciferase gene c
tructed previously was used as a model pDNA.
hymus DNA (CTDNA) and phorbol 12-myrista
3-acetate (PMA) were purchased from Sigma
ouis, MO, USA). LipofectAMINE 2000 (LA) an
pti-MEM were purchased from Lifetechnolog

Rockville, MD, USA). Fetal bovine serum (FB
as purchased from Equitech-Bio (Kerrville, TX
ll other chemicals used were of the highest pu
vailable.

.2. Cell cultures

Human monocytic cell-lines, U937 cells a
HP-1 cells were obtained from the Cell Resou
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Center for Biomedical Research, Tohoku University,
and maintained in RPMI 1640 supplemented with
10% FBS, penicillin G (100 U/mL) and strepto-
mycin (100�g/mL). For experiments, cells were
plated on a 24-well culture plate at a density of
1× 106 cells/mL in the presence of 100 ng/mL PMA
at 37◦C in 5% CO2–95% air for 48 h, to differentiate
to macrophage-like cells.

2.3. Plasmid DNA

For cellular association experiments, pCMV-Luc
was radiolabeled using [�-32P]dCTP by nick transla-
tion (Rigby et al., 1977). For synthesis of methylated
pDNA, cytosine residues in CpG sequences of pDNA
were methylated by SssI methylase (New England
Biolabs, Beverly, MA, USA). The methylated pDNA
was tested for digestion withHpaII (Takara, Kyoto,
Japan) to confirm methylation. pDNA mobility was
analyzed by 1% agarose gel electrophoresis. DNA/LA
complexes were prepared according to manufacturer’s
instructions.

2.4. Oligodeoxynucleotides

Phosphorothioate ODN were purchased from
Hokkaido System Science Co. Ltd. (Sapporo, Japan).
The sequences of CpG S-ODN 2006 are 5′-TCGTCG-
TTTTGTCGTTTTGTCGTT-3′, a proven activator
of human immune cells as previously described
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Triton X-114 was added followed by mixing. The
solution was placed on ice for 15 min and incu-
bated for 15 min at 55◦C. Subsequently, the solu-
tion was centrifuged for 20 min at 25◦C, 600× g.
The upper phase was transferred to a new tube,
200�L Triton X-114 was added, and the previ-
ous steps were repeated three or more times. The
activity of LPS was measured by limulus amebo-
cyte lysate (LAL) assay using the LimulusF-Single
Test kit (Wako, Tokyo, Japan). After Triton X-114
extraction, the endotoxin levels of DNA samples
could no longer be determined by LAL assay, i.e.,
1�g/mL DNA contained less than 0.001 EU/mL.
Without extraction of endotoxin by Triton X-114,
100�g/mL naked pDNA contained 1–5 EU/mL endo-
toxin.

2.6. Cellular association experiments

Cells were washed with 0.5 mL HBSS without
phenol red and 0.5 mL HBSS containing 0.1�g/mL
naked [32P]pDNA or pDNA/LA complex was added.
After incubation at 37 or 4◦C for a specified
time, the HBSS was removed and the cells were
washed five times with ice-cold HBSS and then sol-
ubilized with 1 mL 0.3 M NaOH with 0.1% Tri-
ton X-100. Aliquots of the cell lysate were taken
for the determination of32P radioactivity using
an LAS-500 scintillation counter (Beckman, Tokyo,
Japan) and the protein content was measured using
t m
a peti-
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Kerkmann et al., 2003). Phosphorothioate non-Cp
DN 2006GC (5′-TGCTGCTTTTGTGCTTTTGTG
TT-3′) was used as a control.

.5. Purification of DNA

To minimize the activation by contaminat
ipopolysaccharide (LPS), DNA samples were u
ollowing thorough purification with Triton X-114

non-ionic detergent. Extraction of endotoxin fr
DNA, methylated pDNA, and CTDNA samples w
erformed according to previously published meth
Cotten et al., 1994; Hartmann and Krieg, 1999) with
light modifications as previously described (Yasuda
t al., 2002). DNA samples were purified by extra

ion with phenol:chloroform:isoamyl alcohol (25:24
nd ethanol precipitation. DNA (10 mg) was dilu
ith 20 mL pyrogen-free water, and then 200�L
he modified Lowry method with bovine seru
lbumin as a standard. To examine the com

ion in binding, unlabeled macromolecules, such
olyinosinic acid (poly[I], M.W. 103.3 kDa), poly
ytidylic acid (poly[C], M.W. 99.5 kDa), dextra
M.W. 70 kDa) and dextran sulfate (M.W. 150 kD
ere added to the incubation wells concomitantly w

32P]pDNA.

.7. TCA precipitation experiments

After the cellular association experiments,
edium and cell lysates containing radioac

ty derived from [32P]pDNA were subjected
richloroacetic acid (TCA) precipitation expe
ents to assess the degradation of pDNA
uman macrophage-like cells as previously descr
Yoshinaga et al., 2002).
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2.8. Confocal microscopy

pCMV-Luc was labeled with fluorescein using a
Fasttag FL labeling kit according to the manufac-
ture’s instructions (Vector Laboratories, Burlinghame,
CA, USA). Cells were washed three times and incu-
bated with medium containing fluorescein–pDNA or
fluorescein–pDNA/LA complex. After an 8 h incuba-
tion at 4 or 37◦C, the cells were washed four times and
fixed with 1% paraformaldehyde for 10 min. The cells
were then scanned by confocal microscopy (MRC-
1024, BIO-RAD, CA, USA).

2.9. Cytokine secretion

PMA-treated U937 cells were washed with 0.5 mL
RPMI 1640 before stimulation. Naked DNA and
DNA/LA complex were diluted in 0.5 mL Opti-MEM.
The cells were incubated with the DNA-containing
solution continuously for 8 or 24 h. In the case of
DNA/LA complexes, cells were incubated for 2 h with
the solution containing the complexes and then the
solution was removed and the cells were incubated
with Opti-MEM continuously for specified periods
up to 24 h. After incubation, the conditioned medium
was collected to assess cytokines and kept at−80◦C.
The levels of TNF-� in the conditioned medium were
quantitated by human TNF-� ELISA set (eBioscience,
San Diego, CA) or OptEIA mouse TNF-� set (BD
PharMingen, San Diego, CA), following the manufac-
t
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Fig. 1. Cellular association time-courses of naked [32P]pDNA
(A) or [32P] pDNA/cationic liposome complex (B) in U937
cells. These cells were incubated with [32P]pDNA (0.1�g/mL) or
[32P]pDNA/LA complex (0.1�g/mL: 0.2�g/mL) at 37◦C (open cir-
cle) or 4◦C (closed triangle). Each point represents the mean± S.D.
(n = 3).

to that at 4◦C. This tendency was also observed in other
human macrophage-like cells, PMA-treated THP-1
cells (Fig. 2). The degradation of pDNA by human
macrophage-like cells was investigated by the TCA
precipitation method, which can detect degraded DNA
smaller than about 16mer. In both PMA-treated U937
cells and THP-1 cells, little of the pDNA was frag-
mented to units smaller than 16mer (data not shown).

In order to examine the intracellular localization of
pDNA, the cellular association of fluorescein-labeled
pDNA by U937 cells was investigated using confo-
cal microscopy (Fig. 3). Localization of both naked

Fig. 2. Cellular association time-courses of naked [32P]pDNA
(A) or [32P] pDNA/cationic liposome complex (B) in THP-1
cells. These cells were incubated with [32P]pDNA (0.1�g/mL) or
[32P]pDNA/LA complex (0.1�g/mL: 0.2�g/mL) at 37◦C (open cir-
cle) or 4◦C (closed triangle). Each point represents the mean± S.D.
(

urer’s instructions.

. Results

.1. Cellular association of 32P or
uorescein-labeled pDNA with naked or
omplexed form in human macrophage-like cells

A time-dependent increase in the cellular asso
ion of naked [32P]pDNA with U937 cells was observe
t 37◦C. The cellular association significan
ecreased at 4◦C (Fig. 1A), where only binding to

he cellular surface occurred. On the other hand, w
DNA was complexed with cationic liposomes,
mount of pDNA binding to the cell surface increa
ompared with naked pDNA (Fig. 1B). However, the
egree of total cellular association at 37◦C was simila
 n = 3).
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Fig. 3. Intracellular localization of naked fluorescein–pDNA or fluorescein–pDNA/LA complex in U937 Cells. The cells were incubated with
naked fluorescein–pDNA (5�g/well, A and C) or fluorescein–pDNA/LA complex (2.5�g: 5 mL/well, B and D) for 8 h at 37◦C (A and B) or
4◦C (C and D).

and complexed pDNA at 4◦C was restricted to the
cell surface (Fig. 3C and D) and both were taken up
by the cells at 37◦C (Fig. 3A and B). However, the
localization of naked and complexed pDNA at 37◦C
was different. Naked pDNA was internalized in the
cytosolic compartment (Fig. 3A), while complexed
pDNA was localized in the vicinity of the cell mem-
brane (Fig. 3B). This more pronounced temperature-
dependence in naked pDNA uptake by U937 cells was
consistent with the results obtained with [32P]pDNA
(Fig. 1).

3.2. Effect of polyanions on pDNA binding to
human macrophage-like cells

We have already demonstrated that in mouse
macrophages and DCs, pDNA was recognized by spe-
cific mechanisms for some polyanions. However, the

recognition of pDNA in human macrophages is not yet
fully understood.

The specificity of the binding of naked [32P]pDNA
was examined by cross-competition experiments using
various macromolecules. As shown inFig. 4, the cellu-
lar association of naked [32P]pDNA was significantly
inhibited by the presence of poly[I] and dextran sulfate,
but not by poly[C] and dextran at 4◦C. These results
suggest that a specific mechanism may be also involved
in the recognition of pDNA by human macrophage-like
cells.

3.3. Immune activation stimulated by naked DNA
in human macrophage-like cells

In human immune cells, it is known that pDCs and
B cells, but not monocytes or macrophages, express
TLR9 and mainly recognize CpG motifs in DNA,
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Fig. 4. Inhibition of cellular association of [32P]pDNA with U937
Cells at 4◦C. The cells were incubated with [32P]pDNA (0.1�g/mL)
for 8 h in the presence or absence various polyanions. Each point
represents the mean± S.D. (n = 3). ** p < 0.01 vs. control.

obtained using immunostimulatory CpG ODN. How-
ever, pDNA and ODN differ structurally. To examine
whether human macrophage-like cells could be acti-
vated by pDNA, cells were stimulated with various
DNA-containing unmethylated CpG motifs or a limited
number of unmethylated CpG motifs. When PMA-
treated U937 cells were cultured with ODN2006, a
proven activator of human immune cells (Kerkmann
et al., 2003), these cells could not be activated, nor
could control ODN 2006GC. Naked pDNA even at a
high concentration did not induce a significant amount
of TNF-� in the cells nor did methylated pDNA or
CTDNA containing few unmethylated CpG motifs
(Fig. 5). In RAW264.7 cells, which are a mouse
macrophage cell-line and express TLR9, the same con-
centration of ODN or pDNA was able to induce a
significant amount of TNF-� in a CpG motif-dependent
manner.

3.4. Immune activation by DNA/cationic liposome
complex in human macrophage-like cells

We carried out the same experiments using
pDNA complexed with cationic liposomes, Lipo-
fectAMINE2000 (LA), which are taken up by
macrophages via a non-specific mechanism based
on electrostatic interaction. The pDNA/LA complex
stimulated the cells to produce TNF-� (Fig. 6B).
The secreted amount of TNF-� slightly decreased
a lular
u ulate

Fig. 5. Cellular activation by pDNA and other DNAs in U937
cells (A) and RAW264.7 cells (B). Cells were incubated with
pDNA (100�g/mL), methylated pDNA (100�g/mL), CTDNA
(100�g/mL), ODN2006 (10�M) or ODN2006GC (10�M) at 37◦C.
After 24 h (A) or 8 h (B), the supernatants were collected. The amount
of TNF-� release was determined by ELISA. Each point represents
the mean± S.D. (n = 3).

the macrophages sufficiently to release TNF-�, these
results show that pDNA is indispensable for TNF-�
production by the liposome formulation.

To explore whether the unmethylated CpG motif
in pDNA complexed with LA is required for TNF-�
induction from macrophages, we prepared methylated-
CpG pDNA. The methylated-CpG pDNA/LA complex
induced a similar amount of TNF-� compared with the

Fig. 6. Time-courses of cytokine release induced by naked pDNA
(A) or pDNA/LA complex (B) from U937 cells. (A) Cells were incu-
bated with naked pDNA (50�g/well, closed circle) at 37◦C. (B)
Cells were incubated with pDNA/LA complex (2.5�g:5�g/well,
open circle) or LA only (5�g/well, closed diamond) at 37◦C. After
2 h incubation, the cells were washed and incubated with growth
medium. At the times indicated, the supernatants were collected.
The amount of TNF-� release was determined by ELISA. Each point
represents the mean± S.D. (n = 3).
t 24 h presumably due to degradation and cel
ptake. Since liposomes alone are unable to stim



I. Yamane et al. / International Journal of Pharmaceutics 305 (2005) 145–153 151

Fig. 7. TNF-� release by DNA/LA complex from U937 cells.
DNA/LA complex was added to the cells. After 2 h incubation, the
complex was removed and fresh growth medium was added to the
cells. The supernatants were collected after 24 h incubation. The
amount of TNF-� released from the cells was determined by ELISA.
Each point represents the mean± S.D. (n = 3).

pDNA/LA complex. Vertebrate DNA, CTDNA, also
induce a significant amount of TNF-� when complexed
with cationic liposomes (Fig. 7). These results indicate
that the DNA/cationic liposome complex is able to acti-
vate human macrophages in a CpG motif-independent
manner.

4. Discussion

Although the important role of the immunostimu-
latory effects mediated by CpG motifs in gene ther-
apy and DNA vaccination is well understood, most
in vitro studies focusing on the mechanisms of acti-
vation mediated by CpG DNA have been carried
out using CpG ODN and bacterial genomic DNA in
mouse macrophages, DCs and human peripheral blood
mononuclear cells (PBMCs). The present study shows
that pDNA is recognized by human macrophage-like
cells via a specific mechanism for polyanions and
DNA complexed with cationic liposomes is able to
activate human macrophage-like cells in a CpG motif-
independent manner, while the cells are not activated
by naked CpG DNA.

In some reports using CpG ODN, it has been shown
that CpG ODN is internalized to human PBMCs by
endocytosis and subsequent endosomal acidification is
necessary for signal transduction via TLR9 similar to
murine macrophages or DCs (Macfarlane and Manzel,
1998; Bauer et al., 1999).

There are differences between humans and mice as
far as the active CpG motifs are concerned. CpG ODNs
that activate PBMC from humans were initially clas-
sified into two types (Verthelyi et al., 2001). The B
(also known as K) type ODNs have phosphorothioate
backbones, encode multiple TCG motifs and primar-
ily stimulate B cell and monocyte proliferation, and
IgM, interleukin-10 (IL-10) and IL-6 secretion. By con-
trast, the A (also known as D) type ODN have mixed
phosphodiester-phosphorothioate backbones and con-
tain a single hexameric purine-pyrimidine-CG-purine-
pyrimidine motif flanked by self-complementary bases
that form a stem-loop structure capped at the 3′-end
by a poly-G tail. However, pDNA and immunostim-
ulatory CpG ODN differ structurally. CpG ODNs are
single-stranded with phosphorothioate bonds, includ-
ing a single CpG motif. On the other hand, pDNA are
double-stranded with phosphodiester bonds with an
abundance of nucleotides likely to generate multiple
CpG motifs. Therefore, it is important to elucidate the
cellular uptake characteristics of pDNA and the subse-
quent activation in human macrophages.

Naked pDNA was taken up by human macrophage-
like cells, both PMA-treated U937 cells and THP-1
cells. The amounts of naked pDNA associated with
the cells were comparable with those of the pDNA
complexed with LA. However, the internalization of
naked pDNA showed a more pronounced temperature-
dependence than complexed pDNA and the recognition
of pDNA by the cells involved specific mechanisms for
p ose
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olyanion, which have similar characteristics to th
reviously observed in mouse macrophages and
ome other groups have also reported that human
ocytes are able to bind and internalize lambda p
NA mediated by a specific protein on the cellu
embrane (Bennett et al., 1985). This shows that nake
DNA is recognized by a specific membrane protei
eceptor for polyanions.

In human immune cells, it is well known that on
DCs and B cells, but not monocytes or macropha
xpress TLR9 (Hornung et al., 2002) and mainly rec
gnize CpG motifs in DNA. In the present study,

mmune response induced by naked pDNA or C
DN was investigated in monocytic cell-lines, U9
ells. PMA-treated U937 cells did not release a
ificant amount of TNF-� by stimulation of eithe
NA containing CpG motifs or CpG non-containi
NA probably due to lack of TLR9 expression. W
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have also observed same phenomena in human primary
macrophages differentiated from PBMCs (Fukuhara
et al., unpublished results). Murine macrophages,
which express TLR9 were activated by the same
DNA in a CpG motif-dependent manner. Since human
macrophage-like cells release TNF-� following stim-
ulation with LPS, this showed that the cells were fully
able to produce inflammatory cytokines. Moreover,
LPS is recognized by TLR4, which shares many sig-
naling molecules downstream of TLR9, thus, irrespon-
siveness to CpG DNA in human macrophages might be
due to TLR9 itself. It has been reported that in DCs from
TLR9 knock out mice, the responsiveness to pDNA dis-
appeared (Spies et al., 2003). Therefore, these findings
suggest that in human immune cells, pDNA also rec-
ognizes its own CpG motif by TLR9.

DNA/cationic liposome complex is also used as a
gene vector or carrier in human clinical trials of non-
viral gene therapy. However, pDNA/cationic liposome
complex is well known to induce high levels of inflam-
matory cytokines in in vivo studies in mice (Alton et
al., 1998; Freimark et al., 1998; Paillard, 1999; Yew et
al., 2000; Sakurai et al., 2002). When pDNA was com-
plexed with cationic liposomes, a significant amount
of TNF-� was released from human macrophage-
like cells, although TNF-� was not induced by naked
pDNA. Since liposomes alone are unable to stimu-
late cells sufficiently to release TNF-�, these results
show that pDNA is indispensable for TNF-� release
by these liposome formulations. However, methylated
p d
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the responsiveness of macrophages to pDNA/cationic
liposomes, more information is required about human
immune cells purified from PBMCs.

In conclusion, it has been shown that pDNA/cationic
liposome complex is recognized as a danger signal by
human macrophage-like cells. These findings will be
an important basis for future DNA-based therapies,
including gene therapy and DNA vaccination.
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