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Fig. 8. Timec-course of cytokine secretion induced by naked pDNA from
RAW264.7 cells. Cells were incubated with or without inhibitors for 30 min.
Then, naked pDNA (10 pg/ml) was added to the cells in the presence or
absence of inhibitors. After 2 h. DNA was washed. and growth medium was
added 1o 1he macrophages. Supernatants were collecled at the time indicated.
Cytokine concentrations were determined by ELISA. Each resull represemts
the mean % 51 (n=3). Diflerences in the eytokine levels in the samples 1rcaled
with the DNA/LAplus complex alone and the DNA/LAplus complex + batilo-
mycin or monensin were slatistically analyzed by the Weleh o- test. *¥ P <2 0.01.

DISCUSSION

Many in vivo studies in mice have shown that pDNA/cationic
liposome complexes stimulate potent eytokine production [11,
15, 32-36]. However, the immune responses evoked by these
complexes at a cellular level are poorly understood and seem to
be similar to that of naked DNA with CpG motifs. Few in vitro
studies using cultured cells have been reported [37-39)].
Previously, we investigated the immune response induced
by the DNA/cationic liposome complex and found that bacte-
rial pDNA and vertebrate calf thymus DNA stimulate murine
macrophages {21]. In this study, we showed that DNA is
essential for this activation, as the dextran sulfate/cationic
liposome complex could not induce any cytokine release from
macrophages. Therefore, we investigated the activation mech-
anism of the DNA/cationie liposome complex and compared it
with the activation mechanism of naked CpG-ODN or naked
bacterial DNA. CpG-ODN is reported to require endocytosis to
induce immunoactivation [28, 30, 40). Intracellular TLR9 rec-
ognizes the CpG motifs [4]. Naked DNA, including pDNA and
ODN, is taken up by macrophages via receptor-mediated
mechanisms, which are still unknown. Conversely, the DNA/
cationic liposome complex seems to be internalized into the
cells via nonspecific mechanisms based on electrical interac-
tions. Therefore, we investigated whether endocytosis was also
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required for the cytokine release induced by the DN A/cationic
liposome complex. Cytochalasin B, an endocytosis inhibitor,
causes depolymerization of actin filaments and blocks endocy-
tosis and phagocytosis [41]). The effect of cytochalasin B was
straightforward. The TNF-a release induced by the pDNA/
LAplus complex, which is supposed to be taken up by adsorp-
tive endocytosis, was inhibited (Fig. 3A). Reduced uptake in
the presence of this inhibiter was confirmed by confocal mi-
croscopy (Fig. 2E). These results indicate that endocytosis is
also essential for the immunoactivation induced by the DNA/
cationic liposome complex.

Next, we investigated whether acidification of the endesomal
compartment was also essential for the immune response by the
DNA/LAplus complex, as it has been reported to be required
for CpG-ODN [29, 30]. Three types of endosomal acidification
inhibitors were used: Bafilomycin A is a specific inhibitor of
vacuolar-type H*-ATPase [42], monensin is a Na*/H™ iono-
phore, and chloroquine is a weak base {43]. Monensin exhib-
ited an inhibitory effect on TNF-a and IL-6 release induced by
the pDNA/LAplus complex. Restricted intracellular diffusion
by monensin after internalization may be an indication of this
(Fig. 1). Chloroquine slightly suppressed TNF-a production,
and bafilomycin A inhibited 1L-6 release. These results show
that the pDNA/LAplus complex required endosomal acidifica-
tion. Moreover, these immune responses are independent of the
type of DNA, as monensin reduced the TNF-a and IL-6
production induced by E. coli DNA, methylated DNA, or calf
thymus DNA complexed with the LAplus complex, and bafilo-
mycin A reduced 1L-6 production (Fig. 5).

CG sequences are suppressed in vertebrate DNA and are
highly methylated compared with bacterial DNA. TLR9 recog-
nizes these differences, namely unmethylated CpG motifs.
Therefore, in principle, calf thymus DNA would not be recog-
nized hy TLR9. However, our results show that bacterial pDNA
and vertebrate calf thymus DNA can induce TLR9-dependent
and -independent activation of macrophages when these DNA
are complexed with liposomes. The TLR9-dependent or -inde-
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Fig. 9. Cytokine production induced by the DNA/cationic liposome complex
from peritoneal macrophages from normal and TLR9 ™~ mice. Naked pDNA
(10 weg/ml) or the DNA/LA complex (10:20 pg/ml) was added to the cells. After
8 b, supernatants were collecled at the time indicated. Cylokine concentrations
were delermined by ELISA. Each result represents the mean = sp (n=2). The
results arc the average of duplicate determinations and are typical of 1wo

experiments.
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pendent mechanism is not fully understood. The catalytic
subunit of DNA-dependent protein kinase (DNA-PKcs) is re-
ported to be another receptor for immunostimulatory CpG DNA
[44]; however, the study using the DNA-PKcs-deficient mice
shows that this protein does not recognize immunostimulatory
CpG DNA {45]. One possible explanation of macrophage acti-
vation by calf thymus DNA/cationic liposome complexes is that
calf thymus DNA has very few unmethylated CpG sequences
[46). The human genome has ~45.000 unmethylated CpG
sequences (CpG islands). and the mouse genome has 37,000
CpG islands [47]). The limited uptake and subsequent degra-
dation of naked calf thymus DNA may account for the inability
to induce a significant macrophage activation by the naked
form [46]. In fact, 40-50% of 0.1 pg/ml naked pDNA was
associated with resident peritoneal macrophages or RAW264.7
cells, and ~30% of pDNA was degraded after a 3-h incuba-
tion. {25]). Complexation with liposome would increase DNA
uptake and prevent DNA degradation, consequently enhancing
the availability of CpG motifs in vertebrate DNA. Another
possibility is that a non-CpG motif can induce activation when
DNA is complexed with liposome. Tousignant et al. [48] have
shown that i.v. injection of non-CpG-ODN/cationic liposome
complexes can induce systemic IL-12 production. This ODN
contains GATC sequences, and the inversion of AT to TA
reduces the activity.

Other studies also support our observation. Double-stranded
mouse genomic DNA can induce activation of the bone mar-
row-derived DC when it was transfected with FuGENE, another
cationic lipid [49). Zhao et al. [50] challenged the i.v. injection
of pDNA/cationic liposome into TLR9™'™ mice and showed
that there was TLRO-independent toxicity at high amounts of
the pDNA/cationic liposome complex, although a dramatic
reduction in toxicity was observed. This finding also agrees
with our results in the present study. Further investigation is
required to identify the unknown mechanism of TLR9-depen-
dent or -independent activation of macrophages.

Bafilomycin A showed unexpected effects on TNF-a release.
If the DNA/LAplus complex requires endosomal acidification,
bafilomycin A should inbibit cytokine production. However,
bafilomyecin A significantly enhanced the production of TNF-a,
although it inhibited 1L-6 release. This inhibitor did not affect
the distribution of the pDNA/LAplus complex, as no apparent
change was observed in the intracellular localization of FL-
pDNA (Fig. 2). It also increased when macrophages were
stimulated by the LAplus complex with E. coli DNA or calf
thymus DNA (Fig. 6). Moreover, it increased TNF-a produc-
tion by naked pDNA after removal of DNA (Fig. 8). These
results indicate that bafilomycin A increases the degree of
TNF-a release. The amount of TNF-ao mRNA increased fol-
lowing bafilomycin A treatment, although the level of IFN-B
expression was reduced (Fig. 7). Therefore, bafilomycin A
affects the signal transduction before TNF-ao mRNA produc-
tion induced by the DNA/LAplus complex or the stability of
mRNA. Bidani and Heming [51] reported that bafilomycin A
increased TNF release from LPS-activated alvaeolar macro-
phages. Bafilomycin A is known to block vacuolar-type H*-
ATPase on endosomal and plasma menibranes, which not only
leads to inhibition of endosemal acidification but also to sig-
nificant cytosolic acidification [42, 52, 53]. Moreover, the
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production of TNF-« is under post-transcriptional control. An
adenine and uridine-rich element (ARE) in the 3'-untranslated
region of TNF-a transcripts is an important determinant of
post-transcriptional control [54]. Furthermore, unlike other
cytokines, TNF-a is a membrane-binding protein and becomes
soluble following proteolytic cleavage by TNF-a-converting
enzyme (TACE) [55]. Therefore, there is the possibility that
bafilomycin A changes the eytosolic pH and affects ARE or
TACE. The detailed mechanisms underlying these phenomena
await further investigation.

In conclusion, the present study has demonstrated that DNA
complexed with cationic liposomes can induce CpG motif-
independent activation to produce TNF-a and IL-6 in cultured
resident peritoneal macrophages from mice or RAW264.7
cells. Endocytosis and endosomal acidification is also required
for cytokine production by DNA complexed with cationic lipo-
somes in cultured resident peritoneal macrophages from mice
or RAW264.7 cells. Moreover, the DNA/cationic liposome
complex stimulates mouse peritoneal macrophages in a TLR9-
dependent and -independent manner.
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Abstract

DNA/anti-DNA Ab immune complexes seem to play the critical roles in the development of systemic lupus erythematosus (SLE). However,
little is known about the removal of DNA by Md and DC. We found that elicited peritoneal M®s and BM-derived DCs from a lupus-prone
strain of New Zealand Black/White F; (NZB/W) mice showed impaired DNA uptake and degradation compared with those from control ICR
mice. The impairment was mainly observed as the reduced degradation of DNA probably in endosomal compartment and this impaired DNA
degradation might, at least in part, result from the reduced DNA uptake in these phagocytic cells. In addition, these impairments was not
related to the disease progression since the cells from diseased, 6-month-old NZB/W mice as well as the cells from prediseased, 5-week-old
NZB/W mice also exhibited the similar impairment. We also found that the M®s and DCs of diseased NZB/W mice showed reduced DNA
binding at 4 °C. However, this reduced DNA binding could be restored to the control level by pretreatment with DNase. Interestingly, this
pretreatment had little effect on the DNA uptake in M®s and DCs of diseased NZB/W mice at 37 "C. Hence, the present results imply an
impaired function of lupus M®s and DCs of NZB/W mice to cause retained DNA clearance.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ing which endonucleases cleave chromatin, and these DNAs
have a fairly high content of guanine-cytosine [5,6].

Development of autoreactive lymphocytes with speci- Autoantibody production in systemic autoimmune disease
ficity for nucleosomes, dsDNA and other nuclear Ags is the is mainly due to polyclonal B cell activation [7]. However, it
hallmark of systemic lupus erythematosus (SLE) [1]. The has become evident that the autoantibody production in SLE
formation of immune complexes consisting of DNA and is T cell-dependent and autoantigen driven [8]. The activation
anti-DNA Ab and following deposition in tissues such as of Ag specific T cells requires the successful Ag presenta-
skin, blood vessels and kidneys may cause inflammation and tion by professional APCs, such as macrophages (M®s) and
tissue destruction [2]. Indeed, DNA is present in the circula- dendritic cells (DCs). Therefore, DNA uptake and degra-
tion of SLE patients in the form of nucleosomes and plasma dation in APC is thought to be one of the most important
DNA in some SLE patients could cause systemic vasculitis processes in the development of SLE. DNA exists abun-
and/or active central nervous system disorders [3,4]. These dantly in whole organisms but this molecule is not always
plasma nucleosomes are generated by in vivo apoptosis, dur- immunologically inert [9]. Itis well established that unmethy-

lated ‘CpG motifs’ in DNA are inherently immunostimula-

tory, triggering B cells to proliferate and secrete Abs and

* Corresponding author, Tel.: +81 75 753 4616; fax: +81 75 753 4614. cytokines, monocyte/dendritic cells to secrete inflammatory
E-mail address: takakura@pharm kyoto-u.ac.jp (Y. Takakura). cytokines [10]. These immunostimulatory CpG dinucleotides
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are also present in vertebrate DNA, but usually suppressed
and most of them are silenced by methylation [11-13]. Inter-
estingly, DNA in SLE patients’ sera often has a high CG
content [14-16], although this DNA is supposed to come from
their own DNA released from dead cells. Thus, we hypothe-
sized that DNA, especially CpG DNA, might be abnormally
cleared by M®s and DCs in SLE. This might result in a
prolonged retention of circulating DNA and/or pathological
Ag-presentation of DNA.

The clearance of ds- and ss-DNA in murine SLE mod-
els has been examined in detail in vivo, and it has been
demonstrated that DNA is rapidly cleared from blood by
the reticulo-endothelial system [17,18]. There is no differ-
ence in DNA clearance between mice with SLE and nor-
mal animals after the intravenous injection of DNA unless
anti-DNA Ab is present [19]. However, autoantigens are
mainly supplied by apoptotic cells and Mds play key roles
in the clearance of apoptotic cells [20]. In addition, Mds
excrete DNA from apoptotic cells after the digestion of these
cells [21]. Furthermore, M®s from patients with SLE have
defective characteristics as far as phagocytosis of apoptotic
debris is concerned [22]. Therefore, removal of autoanti-
gens by M®s and DCs must be a key process in the disease
development. However, the processing of autoantigens, espe-
cially DNA, in M®s and DCs in vitro is poorly understood
in SLE.

Previously, we demonstrated that Kupffer cells (liver res-
ident M®s) play an important role in the uptake of plasmid
DNA (pDNA) after intravenous injection into mice [23,24].
In vitro experiments, using mouse peritoneal M®s, have
also shown that primary cultured M®s take up pDNA effi-
ciently via a scavenger receptor-like mechanism in a spe-
cific manner [25-27]. In addition, we found that mouse
DCs take up pDNA via a spccific mechanism likc mousc
Mds [28].

Here, we have examined whether M®s and DCs
from lupus-prone strains of New Zealand Black/White F,
(NZB/W) mice have distinct characteristics in the uptake and
degradation of DNA and found that M®s and DCs from a
murine lupus model display defective uptake and degradation
of pDNA. We also show that the cellular binding defects of
pDNA in M®s and DCs from diseased, 6-month-old lupus
mice may arise as a consequence of competitive inhibition
by endogenous DNA. These findings characterize the cellu-
lar defects in NZB/W mice and provide novel insights into
the pathogenesis of SLE.

2. Materials and methods
2.]. Chemicals

RPMI1640 medium and Hanks’ balanced salt solution
(HBSS) were obtained from Nissui Pharmaceutical (Tokyo,
Japan). Triton X-1 14 was purchased from Nacalai Tesque
(Kyoto, Japan).
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2.2. Isolation of peritoneal M®s

Elicited peritoneal M®s were isolated as previously
descried [25]. Briefly, mice were injected i.p. with 1.0 ml
2.9% thioglycolate broth (Nissui Pharmaceutical, Tokyo,
Japan). Four days later, the mice were euthanized, and peri-
toneal cavities were lavaged with RPMI 1640 medium (Nis-
sui Pharmaceutical) supplemented with 1% L-glutamine,
100U/ml penicillin G and 100 pg/ml streptomycin (all
obtained from Invitrogen, Carlsbad, CA, USA). Peritoneal
Mds were allowed to adhere to 24-well tissue culture plates
(Falcon, Becton-Dickinson, Lincoln Park, NJ) at a density
of 1 x 10° cells/ml for 3h in RPMI 1640 medium supple-
mented with 10% FBS, 1.2 wg/ml amphotericin B (Sigma,
St. Louis, MO, USA), 1% L-glutamine, 100 U/ml penicillin
G and 100 pg/ml streptomycin before washing to remove
nonadherent cells.

2.3. Isolation of BM-derived DCs

Femurs were flushed with RPMI 1640 medium supple-
mented with 1% r-glutamine, 100 U/ml penicillin G and
100 pg/ml streptomycin to collect total bone marrow cells.
Spicules and bone matrix were allowed to settle and were
removed. Total bone marrow cells were washed once and
resuspended in RPMI 1640 medium supplemented with
10% FBS, 20 ng/ml recombinant mouse GM-CSF (Nacalai
Tesque, Kyoto, Japan), 1% r-glutamine, 100 U/ml penicillin
G and 100 pg/ml streptomycin. The cells were fed every 2
days by adding 50% fresh medium. After 4 days in culture,
nonadherent cells were removed and washed, and CD11¢*
cells were isolated by AUTO MACS (Miltenyi Biotec, Ber-
gisch Gladbach, Germany). These cell populations were
then seeded on 24-well tissue culture plates at a density
of 1x 108 cells/ml in RPMI 1640 medium supplemented
with 10% FBS, 20 ng/ml recombinant mouse GM-CSF, 1%
L-glutamine, 100 U/ml penicillin G and 100 pg/ml strepto-
mycin.

2.4. Plasmid DNA

The vector pcDNA3 was purchased from Invitrogen. The
vector pPCMV-Luc, encoding the firefly luciferase gene, was
constructed as described previously [29]. For the celtular
association experiment, pCMV-Luc was radiolabelled with
[«-32P)dCTP by nick translation [30]. The reaction was per-
formed as described previously (27].

2.5. Purification of DNA

To minimize the activation by contaminated LPS, DNA
samples were extensively purified with Triton X-114 (Nacalai
Tesque), a nonionic detergent. Extraction of endotoxin from
pDNA samples was performed according to previously pub-
lished methods with slight modifications [27,31,32]. The
activity of LPS was measured by Limulus amebocyte lysate
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(LAL) assay using the Limulus F Single Test kit (Wako,
Tokyo, Japan). After purification using the Endo-free™ plas-
mid Giga kit, 1 pg/ml pDNA contained 0.01-0.05 EU/ml
endotoxin. After Triton X-114 extraction, the endotoxin lev-
els in DNA samples could be no longer be determined by LAL
assay, i.e., 1 pg/ml DNA contained less than 0.001 EU/ml.
Without extraction of endotoxin by Triton X-114, 100 p.g/ml
naked pDNA, which contains 1-5 EU/ml endotoxin, could
release 521 + 73 pg/ml TNF-a from mouse peritoneal M®s
over 24 h.

2.6. Cellular association experiments

Cells cultured on 24-well plates were pretreated with
0.5 ml Hanks’ balanced salt solution (HBSS, Nissui Phar-
maceutical) in the presence or absence of 10 U/ml DNase
I for 1h at 37°C. Then, cells were washed with 0.5ml
HBSS and 0.5ml HBSS containing 0.1 pg/ml naked 32P-
labelled pDNA was added. After incubation at 37°C or 4°C
for a specified time, the HBSS was removed and the cells
were washed five times with ice-cold HBSS and then solubi-
lized with 1.0ml1 0.3 N NaOH with 0.1% Triton X-100. Cell
lysates were taken for the determination of 32p radioactivity
using an LAS-500 scintillation counter (Beckman, Tokyo,
Japan).

2.7. TCA precipitation experiments

After the cellular association experiments, the medium
containing radioactivity derived from 32p_labelled pDNA
was subjected to TCA precipitation experiments to assess
the degradation of pDNA by M®s and DCs. A portion of the
supernatant was directly subjected to radioactivity counting
as descrnibed above. After extraction with 10 mM Tris—HCI,
1 mM EDTA (TE)-saturated phenol buffer (pH 7.8), aliquots
of the supernatant were mixed with TCA to give a final con-
centration of 5% (w/v), kept on ice for 10min, and then
centrifuged at 9000 x g for 30 min at 4 °C. The supernatant
(TCA-soluble fraction) was subjected to radioactivity count-
ing and the amount of degradation products of 32p_Jabelled
pDNA was calculated. The TCA-soluble degradation prod-
ucts will be small DNA fragments (short oligonucleotides)
since 50% precipitation occurs with the 16-mer oligonu-
cleotides for TCA [33].

3. Results

3.1. Establishment of the evaluation method for the
apparent total pDNA uptake by M®s and DCs

To estimate the apparent pDNA uptake, we measured the
amount of DNA cellular association and that of degraded
DNA detected in culture medium as the consequence of
excretion. Prior to the experiments using the cells from
NZB/W mice, we carried out cellular association experiments
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Fig. 1. The uptake and degradation of 32P-labclicd pDNA in M®s and
DCs. Elicited peritoncal M®s (A) and bonc marrow-dcrived DCs (B) from
ICR micc were incubated with 32P-labelled pDNA (0.1 wg/ml) at 37 °C.
At the time-point indicated, culture supernatants and ccll lysates were col-
lected and the cellular association and degradation of pDNA was determined
as described in Scction 2. The amount of apparent 32P-labelicd pDNA
uptake was calculated by the addition of the amount of ccllular associa-
tion and dcgradation. Each point represents the mean = standard deviation
(n=3).

at 37°C using M®s and DCs from control ICR mice. M®s
and DCs digested 3?P-labelled pDNA very rapidly and
a large part of the degraded pDNA was detected in the
medium (Fig. 1A and B). Culture medium alone or culture
supematant of these cells after 5h incubation could not
digest the 32P-labelled pDNA (data not shown). Further-
more, the generation of degraded pDNA in the medium was
significantly reduced by endosoma! acidification inhibitors,
such as bafilomycin A, and chloroquine (data not shown),
suggesting that DNA digestion occurs mainly in the lysoso-
mal compartment. Therefore, we can exclude the possibility
that 32P-labelled pDNA is digested simply by nucleases
secreted from M®s and DCs in the culture medium. Thus,
we defined the apparent pDNA uptake as the following
equation:

(Apparent pDNA uptake)
= (pDNA remaining in the cellular compartment)

+(degraded pDNA detected in the medium)



Y. Ogawa et al. / Immunology Letters 101 (2005) 32-40

3.2. pDNA binding to M®s and DCs from 6-month-old
NZB/W mice

To evaluate the apparent DNA uptake in the cells from
active SLE, M®s and DCs were collected from 6-month-
old NZB/W mice with SLE. First of all, we examined the
binding of 2P-labelled pDNA to M®s and DCs. Cellular
binding in these cells was examined by incubation with 32P-
labelled pDNA at 4°C for up to 5h. M®s and DCs from
6-month-old NZB/W mice showed significantly lower DNA
binding compared with that of control mice (Fig. 2 A and B).
To determine the cause of this low DNA binding, we stud-
ied the effects of pretreatment with DNase. Since SLE mice
have a relatively high concentration of circulating DNA [34],
we hypothesized that this DNA could remain on the cellular
surface and could inhibit the DNA binding. M®s and DCs
were incubated with HBSS containing 10 U/ml of DNase
I for 1h before interaction with 32P-labelled pDNA. This
procedure could completely digest the surface-bound DNA
after a 5h incubation with 32P-labelled pDNA at 4 °C (data
not shown). Therefore, pretreatment in this condition can
exclude the disturbance of putative endogenous DNA. The
treatment itself did not affect the DNA binding to control cells
(Fig. 2C and D). In contrast, M®s and DCs from 6-month-old
NZB/W mice showed significantly enhanced DNA bind-
ing after the treatment with DNase and the DNase-treated
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cells exhibited almost the same DNA binding as the control
cells. These results suggest that DNA binding is inhibited by
endogenous DNA in M®s and DCs from diseased NZB/W
mice.

3.3. pDNA uptake and subsequent degradation by M®s
and DCs from 6-month-old NZB/W mice

Next, we examined the time-course of apparent pDNA
uptake in M®s and DCs for up to 5h at 37°C. Mds and
DCs from 6-month-old NZB/W mice showed significantly
reduced DNA uptake and subsequent degradation compared
with those of control ICR mice (Fig. 3A and B). The impair-
ment was apparent only 30 min after the incubation and last
for all the time-points examined. Although SLE preferen-
tially affects females, the impairment was not affected by
gender. To further examine the impairment, we next com-
pared the distribution of pDNA. In M®s from NZB/W mice,
both the cellular association and degradation of pPDNA were
reduced, although there was no statistically significant dif-
ference in the amount of degradation (Fig. 3C). On the
other hand, degradation of pDNA was significantly reduced
in DCs from NZB/W mice, although the cellular associa-
tion of pDNA was slightly enhanced rather than reduced
in the same cells (Fig. 3D). These results suggest that
both internalization and degradation/excretion processes are
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Fig. 2. Impaired 32P-labelled pDNA binding to M®s and DCs from 6-month-old NZB/W mice. Elicited peritoneal Mds (A) and bone marrow-derived DCs (B)
from 6-month-old control ICR mice and NZB/W mice were incubatcd with 32P-labelicd pDNA (0.1 wg/ml) at 4 °C. Each point represents the mean + standard
deviation (n=3). Elicitcd peritoncal M®s (C) and bone marrow-derived DCs (D) from 6-month-old control ICR micc and NZB/W micc were incubated in
HBSS in the presence or abscnce of DNase (10 U/ml) for 1 h at 37 *C. Then, the cells were incubated with 32P-labelled pDNA (0.1 pg/ml) at 4 °C for 5 h. Each

result represents the mean = standard deviation (n=3). *p<0.01 vs. control.
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Fig. 3. Impaircd 32P-labelled pDNA uptake and degradation in M&s and DCs from 6-month-old NZB/W micc. Elicited peritoncal M®s (A) and bonc marrow-
derived DCs (B) from 6-month-old control ICR mice and NZB/W micc were incubated with 32p_labelicd pDNA (0.1 pg/ml) at 37 C. Each point represents
thc mean + standard deviation (1= 3). (C, D) Impaircd DNA dcgradation contributing to the impaircd DNA uptake. Elicited peritoncal M®s (C) and bone
marrow-dcrived DCs (D) from 6-month-old control ICR mice and NZB/W micc were incubated with 32p_labelled pDNA (0.1 pg/ml) at 37 C for 5 h. Then,
pDNA ccllular association and dcgradation were determined as descricd in Scetion 2. Each point represents the mean =+ standard deviation (n=3). "p<0.01 vs.

control.

impaired in M®s and DCs from NZB/W mice but degra-
dation/excretion process is more strongly afflicted in DCs
from NZB/W mice. Enhanced pDNA cellular association
in DCs from diseased NZB/W mice could be the conse-
quent of deficient DNA degradation/excretion that would
cause prolonged pDNA retention in the cells. To examine
whether the impaired pDNA uptake was caused by reduced
(inhibited) binding, pretreatment with DNase was carried
out. M®ds and DCs were treated with DNase and then incu-
bated with 32P-labelled pDNA at 37 °C for 5 h. Surprisingly,
although M®s and DCs from 6-month-old NZB/W mice
showed recovered DNA binding after DNase treatment at
4°C (Fig. 2C and D), this treatment had little effect on the
uptake and degradation of pDNA at 37 °C (Fig. 4). However,
M®s from 6-month-old NZB/W mice exhibited enhanced
cellular association and reduced degradation of pPDNA com-
pared with cells without DNase treatment (data not shown).
These results suggest that reduced DNA binding, probably
caused by competitive inhibitions by endogenous DNA, was
not the only reason for the impaired DNA uptake. These cells
would also deficient in DNA internalization and the defi-
ciency might mask the enhanced DNA binding by DNase
treatment at 37 °C. Taken together, impaired DNA uptake in
M®s and DCs from NZB/W mice suggests that these cells
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have some deficiencies in some processes in the removal of
DNA.

3.4. DNA uptake in M®s and DCs from 5-week-old
NZB/W mice

As M®s and DCs from 6-month-old NZB/W mice
showed impaired DNA uptake, we next examined whether
the impairment is the consequence of disease progression
or not. To address this question, DNA uptake and degra-
dation in M®s from 5-week-old, prediseased NZB/W
mice was examined. In contrast to M®s from 6-month-
old NZB/W mice, M®s from 5-week-old NZB/W mice
showed almost identical characteristics for the binding of
32p_labelled pDNA as those of control ICR mice at 4°C
(Fig. SA). DNase treatment had no effect on 32P-labelled
pDNA binding to M®s from 5-week-old NZB/W mice.
This result suggests that the circulating DNA in active
SLE mice might be the main competitive inhibitor of DNA
binding since prediseased NZB/W mice have little circulating
DNA. Interestingly, although M®s from 5-week-old NZB/W
mice exhibited normal DNA binding, these M®s showed
impaired DNA uptake and degradation compared with
normal cells at 37 °C (Fig. 5B). Furthermore, the impairment
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was mainly observed in the degradation of pDNA (Fig. 5C).
DNase treatment had no effect on pDNA uptake and degra-
dation in M®s from 5-week-old NZB/W mice and control
ICR mice (data not shown). Therefore, these results suggest
that M®s from NZB/W mice have impaired characteristics
in both uptake and degradation processes in spite of their
age or the development of the disease.

4, Discussion

In the present study, we evaluated the capacity of apparent
DNA uptake (uptake and subsequent secretion after the
degradation) in M®s and DCs by measuring the amount
of radioactivity associated with these cells and released
from the cells in degraded form following incubation with
32p_labelled pDNA. We assumed that the degradation
occurred intracellularly after intemalization probably via
the endosomal/lysosomal pathway based on the finding that
the degradation was significantly reduced by endosomal
acidification inhibitors. This assumption was also supported
by our previous observation that both M®s and DCs can
efficiently internalize FL-labelled pDNA [25,28]. Therefore,
we speculate that lysosomal enzymes, such as DNase II,
are responsible for the DNA digestion after internalization.
However, we cannot completely exclude the possibility
that the degradation might occur before internalization,
i.e., in some compartments other than endosome/lysosomes
because these cells may have DNases expressed on their
plasma membrane. Emlen and Mannik have speculated
about the presence of membrane-bound DNase in liver
M®s [35]. The membrane-bound DNase, if it exists, could
digest DNA more rapidly than lysosomal DNases because
membrane DNase does not require internalization. However,
even if the membrane DNases might be involved, at least in
part, in the pDNA degradation in this study, the capacities of
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Fig. 5. Impaircd DNA uptake and degradation in M®s from 5-week-old NZB/W mice. (A) DNase treatment cannot influence the 32p.labelled pDNA binding
to M®s from 5-week-old NZB/W mice. Elicited peritoncal M®s from 5-weck-old control ICR mice and NZB/W mice werc incubated in HBSS in the presence
or absence of DNase (10 U/ml) for 1 h at 37 °C. Then, the cclls were incubated with 32p_labellcd pDNA (0.1 wg/ml) at 4 °C for 5 h. Each result represents the
mean = standard deviation (7= 3). (B) Impaired >2P-labelled pDNA uptake in M®s from 5-weck-old NZB/W mice. Elicited peritoncal M®s from S-weck-old
control ICR mice and NZB/W mice were incubated with 32P-labclled pDNA (0.1 g/ml) at 37 °C. Each point represents the mean = standard deviation (n=3).
(C) Impaired DNA digestion contributes to the impaired DNA uptake. Elicited peritoncal M®s from 5-weck-old control ICR mice and NZB/W mice were
incubated with 32P-labellcd pDNA (0.1 pg/ml) at 37 °C for Sh. Then, pDNA cellular association and degradation werc determined as descricd in Scction 2.
Each point represents the mean + standard deviation (n=3). *p<0.01 vs. control.
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apparent DNA uptake by M®s and DCs from NZB/W and
control mice can be compared in a quantitative manner.

In this study, we have demonstrated impaired DNA uptake
and degradation in M®s and DCs from NZB/W mice. The
impairment largely resulted from the deficient degradation
of DNA, so dysfunction and/or underexpression of DNases,
such as DNase II or cell surface DNase if it exists, would be
suspected. Defective DNA digestion could prolong the intra-
cellularretention of DNA and might lead to an overestimation
of the DNA uptake. We observed a significant reduction in
DNA cellular association only in M®s from 6-month-old
NZB/W mice but the association was not enhanced in DCs
from 6-month-old NZB/W mice or M®s from 5-week-old
NZB/W mice. However, we have possibly overestimated the
cellular association as the result of prolonged retention by
deficient degradation. Therefore, M®s and DCs could have
reduced ability for DNA uptake as well as DNA degradation.

Previous studies have shown that there are low serum and
urine DNase activities in both SLE patients and SLE-prone
NZB/W mice [36,37). Moreover, DNase I-deficient mice pro-
duced by gene targeting show the classical symptoms of
SLE, which are the presence of anti-nuclear antibodies and
glomerulonephritis [38). Mutation of DNase / gene has also
been found in some SLE patients [39], although not all SLE
patients have defects in DNase genes [40-42]. Therefore,
multiple factors are probably involved in causing the reduced
DNase activity in SLE. The impaired DNA uptake and degra-
dation in M®s and DCs from NZB/W mice observed in this
study is one of these factors.

In our previous studies, we showed that pDNA uptake by
mouse peritoneal M®s and DCs is mediated by a mecha-
nism specific to some polyanions {25,26,28]. The M® class
A scavenger receptor (SRA) was a likely candidate responsi-
ble for the pDNA uptake in M®s, since SRA was able to bind
its polyanionic ligands in a divalent cation-independent man-
ner by forming a specific direct bond between the positively
charged lysine cluster in SRA and the negatively charged lig-
ands. However, further studies using cultured Chinese ham-
ster ovary cells expressing SRA and peritoneal M®s from
SRA-knockout mice have shown that SRA is not involved
in pDNA uptake by M®s [26]. In addition, there is no dif-
ference between bacterial DNA and vertebrate DNA in the
phase of surface binding to M®s because DNA recognition
is based on the negative charges of the phosphate groups of
DNA [25].

In contrast, in the phase of DNA uptake, there is the possi-
bility that bacterial DNA is cleared differently from vertebrate
DNA by M®s. McCoy et al. reported that unmethylated
CpG motifs in bacterial DNA activate murine M® cell-line
RAW?264.7 cells and the activated cells take up bacterial DNA
more efficiently [43]. In addition, Blander has demonstrated
that TLR signaling can induce the maturation of endosomes
and facilitate the digestion of their contents [44]. Thus, these
findings imply that efficient DNA uptake requires appropriate
cellular activation and defective or inappropriate activation
may cause dysfunction in the removal of DNA. Therefore,

168

Y. Ogawa et al. / Immunology Letters 101 (2005) 32-40

impaired pDNA removal observed in this study might be one
of the consequences of deficient or inappropriate activation
of M®s and DCs from NZB/W mice. Indeed, abnormal acti-
vation in PBMCs from SLE patients has been demonstrated
using a CpG motif containing oligonucleotides [45]. In addi-
tion, M®s and DCs from NZB/W mice have been shown
to abnormally respond to DNA (our unpublished observa-
tion). Although mammalian DNA are usually suppressed and
highly methylated [1 1-13], they also contain CpG sequences
and can often activate immune cells via TLR9-dependent
pathway [46,47). Therefore, cellular activation of M®s and
DCs by CpG motifs present in genome DNA would criti-
cally contribute to the efficient DNA removal by accelerating
the DNA uptake in physiological conditions. Taken together,
impaired DNA removal in M®s and DCs reported in this
study, although not so dramatic, could delay removal of DNA
in vivo and be involved in the development of SLE. Studies
are in progress to characterize further the effects of activation
via TLR signaling on DNA uptake in M®s and DCs.

Various M® dysfunctions in SLE have been reported. For
example, deficient Fe-dependent phagocytosis of antibody-
coated erythrocytes has been demonstrated in peritoneal M®s
from NZB/W mice [48] and impaired phagocytosis of apop-
totic cells has also been found [49]. These dysfunctions might
also be relevant to the deficient or inappropniate cellular acti-
vation of M®s since engulfment of macromolecules could
induce cellular activation in many cases. Alleva has demon-
strated that peritoneal M®s from young NZB/W mice are
abnormally activated by LPS [50]. So, M®s in SLE might
generally have the deficient characteristics in activation itself
or merely in clearing macromolecules.

In conclusion, the present study has demonstrated that
Mas and DCs from NZB/W mice have an impaired abil-
ity to clear DNA. This impaired DNA removal may promote
the development of anti-DNA Ab by disrupting Ag clear-
ance. Finally, these findings provide valuable insights into
the intrinsic functional defects in M®s and DCs associated
with SLE.
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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 responsc, which inhibits transgenc expression, while modulating immunological conscquences
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-a (TNF-a) in a CpG motif-independent manner,
while any types of naked DNA could not induce TNF-a production from these cells, regardless of the presence of CpG motifs
in pDNA or oligonucleotide (ODN). These findings form an important basis for DNA-based therapies including gene therapy
and DNA vaccination.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Huang, 2001). However, unmethylated CpG motifs in
. pDNA or bacterial DNA, but not in vertebrate DNA, are

Plasmid DNA (pDNA) has become an important recognized by immune cells as a danger signal (Krieg,
macromolecular therapeutic agent suitable for DNA- 2002). When macrophages or dendritic cells (DCs) take
based therapies, such as non-viral gene therapy and up CpG DNA, inflammatory cytokines, such as tumor
DNA vaccination (Leitner et al., 1999; Nishikawa and necrosis factor-a (TNF-a), interleukin-6 (IL-6) and
IL-12 are secreted. These cytokines significantly influ-
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nificantly reduce transgene expression of therapeutic
proteins intarget cells through their direct cytotoxic and
promoter attenuation effects (Ghazizadeh et al., 1997;
Qinetal., 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. TLRY 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 (Homung 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-o
(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
the application of pDNA because bacterial DNA and
pDNA contain various CpG sequences. However, most
of the earlier studies have examined the effects of
CpG DNA using single stranded ODN containing ~20
phosphorothioate-stabilized nucleotides and the effects
of CpG DNA in bacterial DNA or pDNA are poorly
understood.

We have investigated the in vivo disposition char-
acteristics of naked pPDNA in mice and found that liver
non-parenchymal, probably, Kupffer (liver resident
macrophages) cells play an important role (Yoshida et
al., 1996; Takagi et al., 1998). Further, in vitro stud-
ies using cultured mouse peritoneal macrophages have
suggested that a specific receptor, like the class A scav-
enger receptor, may be involved in the endocytic uptake
of pDNA by macrophages (Takagi et al.,, 1998). We
also examined the pDNA uptake by the murine DC
cell-line, DC2.4 cells, and found that DCs take up
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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).
Ourrecent 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-
tion (HBSS) were obtained from Nissui Pharmaceuti-
cal (Tokyo, Japan). [a-32P]dCTP (3000 Ci/mmol) was
obtained from Amersham (Buckinghamshire, Eng-
land). pCMV-Luc encoding firefly luciferase gene con-
structed previously was used as a model pDNA. Calf
thymus DNA (CTDNA) and phorbol 12-myristate
13-acetate (PMA) were purchased from Sigma (St.
Louis, MO, USA). LipofectAMINE 2000 (LA) and
Opti-MEM were purchased from Lifetechnologies
(Rockville, MD, USA). Fetal bovine serum (FBS)
was purchased from Equitech-Bio (Kerrville, TX).
All other chemicals used were of the highest purity
available.

2.2. Cell cultures

Human monocytic cell-lines, U937 cells and
THP-1 cells were obtained from the Cell Resource
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Center for Biomedical Research, Tohoku University,
and maintained in RPMI 1640 supplemented with
10% FBS, penicillin G (100U/mL) and strepto-
mycin (100 pug/mL). For experiments, cells were
plated on a 24-well culture plate at a density of
1 x 108 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 [a-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 with Hpall (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
(Kerkmann et al., 2003). Phosphorothioate non-CpG
ODN 2006GC (5-TGCTGCTTTTGTGCTTTTGTG-
CTT-3') was used as a control.

2.5. Purification of DNA

To minimize the activation by contaminated
lipopolysaccharide (LPS), DNA samples were used
following thorough purification with Triton X-114,
a non-ionic detergent. Extraction of endotoxin from
pDNA, methylated pDNA, and CTDNA samples was
performed according to previously published methods
(Cotten et al., 1994; Hartmann and Krieg, 1999) with
slight modifications as previously described (Yasuda
et al., 2002). DNA samples were purified by extrac-
tion with phenol:chloroform:isoamy! alcohol (25:24:1)
and ethanol precipitation. DNA (10mg) was diluted
with 20mL pyrogen-free water, and then 200 L
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Triton X-114 was added followed by mixing. The
solution was placed on ice for 15min and incu-
bated for 15min at 55°C. Subsequently, the solu-
tion was centrifuged for 20min at 25°C, 600 x 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 Limulus F-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.,
I ng/mL DNA contained less than 0.001 EU/mL.
Without extraction of endotoxin by Triton X-114,
100 p.g/mL naked pDNA contained 1-5 EU/mL endo-
toxin.

2.6. Cellular association experiments

Cells were washed with 0.5mL HBSS without
phenol red and 0.5 mL HBSS containing 0.1 pg/mL
naked [*2P]JpDNA 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 1mL 0.3M NaOH with 0.1% Tri-
ton X-100. Aliquots of the cell lysate were taken
for the determination of 3?P radioactivity using
an LAS-500 scintillation counter (Beckman, Tokyo,
Japan) and the protein content was measured using
the modified Lowry method with bovine serum
albumin as a standard. To examine the competi-
tion in binding, unlabeled macromolecules, such as
polyinosinic acid (poly[I], M.W. 103.3kDa), poly-
cytidylic acid (poly[C], M.W. 99.5kDa), dextran
(M.W. 70kDa) and dextran sulfate (M.W. 150kDa)
were added to the incubation wells concomitantly with
[*2P]pDNA.

2.7. TCA precipitation experiments

After the cellular association experiments, the
medium and cell lysates containing radioactiv-
ity derived from [*’P]JpDNA were subjected to
trichloroacetic acid (TCA) precipitation experi-
ments to assess the degradation of pDNA by
human macrophage-like cells as previously described
(Yoshinaga et al., 2002).



148
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 24h. 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-a in the conditioned medium were
quantitated by human TNF-a ELISA set (eBioscience,
San Diego, CA) or OptEIA mouse TNF-a set (BD
PharMingen, San Diego, CA), following the manufac-
turer’s instructions.

3. Results

3.1. Cellular association of 3*P or
fluorescein-labeled pDNA with naked or
complexed form in human macrophage-like cells

A time-dependent increase in the cellular associa-
tion of naked [*2PJpDNA with U937 cells was observed
at 37°C. The cellular association significantly
decreased at 4°C (Fig. 1A), where only binding to
the cellular surface occurred. On the other hand, when
pDNA was complexed with cationic liposomes, the
amount of pDNA binding to the cell surface increased
compared with naked pDNA (Fig. 1B). However, the
degree of total cellular association at 37 °C was similar
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Fig. 1. Cellular association time-courses of naked {32P]pDNA
(A) or [3?P] pDNAfcationic liposome complex (B) in U937
cells. These cells were incubated with [3?P]JpDNA (0.1 pg/mL) or
[32P]pDNA/LA complex (0.1 pg/mL: 0.2 pg/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
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Fig. 2. Cellular association time-courses of naked [*2P]pDNA
(A) or [32P] pDNA/cationic liposome complex (B) in THP-1
cells. These cells were incubated with [>2P]pDNA (0.1 pg/mL) or
[32P]pDNA/LA complex (0.1 pg/mL: 0.2 pg/mL)at 37 °C (open cir-
cle) or 4 °C (closed triangle). Each point represents the mean £ S.D.
(n=13).
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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 wg/well, A and C) or fluorescein-pDNA/LA complex (2.5 pg: S mL/well, B and D) for 8h at 37°C (A and B) or

4°C (Cand 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 [3?PJpDNA

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

The specificity of the binding of naked [>?P)pDNA
was examined by cross-competition experiments using
various macromolecules. As shown in Fig. 4, the cellu-
lar association of naked [*2P]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
TLRY and mainly recognize CpG motifs in DNA,
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Fig. 4. Inhibition of cellular association of [*?P]JpDNA 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 ora 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-a 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-
fect AMINE2000 (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-a (Fig. 6B).
The secreted amount of TNF-a slightly decreased
at 24 h presumably due to degradation and cellular
uptake. Since liposomes alone are unable to stimulate
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Fig. 5. Cellular activation by pDNA and other DNAs in U937
cells (A) and RAW264.7 cells (B). Cells were incubated with
pDNA (100 pg/mL), methylated pDNA (100 pg/mL), CTDNA
(100 pg/mL), ODN2006 (10 M) or ODN2006GC (10 nM) at37 °C.
After24 h (A) or 8 h (B), the supernatants were collected. The amount
of TNF-a release was determined by ELISA. Each point represents
the mean &+ S.D. (n=3).

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

To explore whether the unmethylated CpG motif
in pDNA complexed with LA is required for TNF-a
induction from macrophages, we prepared methylated-
CpG pDNA. The methylated-CpG pDNA/LA complex
induced a similar amount of TNF-a compared with the
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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 ng/well, closed circle) at 37°C. (B)
Cells were incubated with pDNA/LA complex (2.5 pg:5 pg/well,
open circle) or LA only (5 pg/well, closed diamond) at 37 °C. After
2h incubation, the cells were washed and incubated with growth
medium. At the times indicated, the supernatants were collected.
The amount of TNF-a release was determined by ELISA. Each point
represents the mean + S.D. (n=3).
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Fig. 7. TNF-a 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-a 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-a 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).
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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, pPDNA 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 pPDNA 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
polyanion, which have similar characteristics to those
previously observed in mouse macrophages and DCs.
Some other groups have also reported that human leu-
cocytes are able to bind and internalize lambda phage
DNA mediated by a specific protein on the cellular
membrane (Bennett et al., 1985). This shows that naked
pDNA is recognized by a specific membrane protein or
receptor for polyanions.

In human immune cells, it is well known that only
pDCs and B cells, but not monocytes or macrophages,
express TLR9 (Hornung et al., 2002) and mainly rec-
ognize CpG motifs in DNA. In the present study, the
immune response induced by naked pDNA or CpG
ODN was investigated in monocytic cell-lines, U937
cells. PMA-treated U937 cells did not release a sig-
nificant amount of TNF-a by stimulation of either
DNA containing CpG motifs or CpG non-containing
DNA probably due to lack of TLR9 expression. We
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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-a 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 TLRY, 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, pPDNA also rec-
ognizes its own CpG motif by TLRY.

DNA/cationic liposome complex is also used as a
gene vector or carrier in human clinical tnials of non-
viral gene therapy. However, pPDNA/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-a was released from human macrophage-
like cells, although TNF-a was not induced by naked
pDNA. Since liposomes alone are unable to stimu-
late cells sufficiently to release TNF-a, these results
show that pDNA is indispensable for TNF-a release
by these liposome formulations. However, methylated
pDNA or CTDNA, which contain few unmethylated
CpG motifs are also able to induce. We have previ-
ously observed that in murine macrophages, cellular
activation in complexed form was caused in a CpG-
indepemdent manner. Similar results were obtained
in human primary macrophages differentiated from
PBMCs (Fukuhara et al., unpublished results). These
results suggest that in human macrophage-like cells,
cytokine induction by DNA/LA complex is indepen-
dent of the CpG motif and TLR9. It is probably due toa
change in the mechanism of cellular uptake or intracel-
lular trafficking after uptake. pDNA/cationic liposome
complex is able to induce inflammatory cytokines in a
CpG motif-independent manner. It has been reported
that in TLR9 knock out mice, some markers of tox-
icity are not affected or reduced but are not elimi-
nated completely (Zhao et al., 2004). Since under in
vivo conditions, other immune cells probably influence
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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.

Acknowledgement

This work was supported in part by a grant-in-aid
for Scientific Research from the Ministry of Education,
Culture, Sports, Sciences and Technology, Japan.

References

Alton, E.-W., Geddes, D.M,, Gilt, D.R,, et al., 1998. Towards gene
therapy for cystic fibrosis: a clinical progress report. Gene Ther.
5,291-292.

Bauer, M., Heeg, K., Wagner, H., et al,, 1999. DNA activates
human immune cells through a CpG sequence-dependent man-
ner. Immunology 97, 699-705.

Bennett, R.M., Gabor, G.T., Merritt, M.M,, 1985. DNA binding to
human leukocytes: evidence for a receptor-mediated associa-
tion, internalization, and degradation of DNA. J. Clin. Invest.
76, 2182-2190.

Cotten, M., Baker, A., Saltik, M., et al., 1994. Lipopolysaccharide
is a frequent contaminant of plasmid DNA preparations and can
be toxic to primary human cells in the presence of adenovirus.
Gene Ther. 1, 239-246.

Freimark, B.D., Blezinger, H.P,, Florack, V.J., et al., 1998. Cationic
lipids enhance cytokine and cell influx levels in the lung following
administration of plasmid: cationic lipid complexes. J. Immunol.
160, 4580—4586.

Ghazizadeh, S., Carroll, ]. M., Taichman, L.B., 1997. Repression of
retrovirus-mediated transgene expression by interferons: impli-
cations for gene therapy. J. Virol. 71, 9163-9169.

Hartmann, G., Krieg, A.M., 1999. CpG DNA and LPS induce dis-
tinct patterns of activation in human monocytes. Gene Ther. 6,
893-903.

Hormung, V., Rothenfusser, S., Britsch, S, et al,, 2002. Quantitative
expression of toll-like receptor 1-10 mRNA in cellular subsets
of human peripheral blood mononuclear cells and sensitivity to
CpG oligodeoxynucleotides. J. Immunol. 168, 4531-4537.

Kerkmann, M., Rothenfusser, S., Hornung, V., et al., 2003. Activation
with CpG-A and CpG-B oligonucleotides reveals two distinct
regulatory pathways of type I IFN synthesis in human plasmacy-
toid dendritic cells. J. Immunol. 170, 4465-4474.

Krieg, AM., 2002. CpG motifs in bacterial DNA and their
immune effects. Annu. Rev. Immunol. 20, 709-760 (Epub 2001
October 4).



