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Abstract

Although unmethylated CpG dinucleotide-containing oligodeoxynucleotides (CpG ODN) are able to inhibit tumor metastasis through the
induction of antitumor immunity, their stability and delivery to antigen presenting cells needs to be improved. In this study, we formulated a CpG
ODN complex with cationic liposomes (CpG ODN-lipoplex) and its antitumor activity was evaluated in peritoneal dissemination models of tumor
cells stably labeled with firefly luciferase gene. A single intraperitoneal administration of CpG ODN-lipoplex greatly reduced the number of
tamor cells to 0.01% or lower compared with that detected in untreated mice, which may be associated with increased production of TNF-o and
IL-12. CpG ODN-lipoplex increased the survival time of the tumor-bearing mice, and most long-term survivors rejected rechallenged tumor cells.
These results indicate that a single dosing of CpG ODN-lipoplex is effective in inhibiting peritoneal dissemination and inducing long-lasting
antitumor immunity.
© 2006 Elsevier B.V. All rights reserved.

Keywords: CpG ODN; Cationic liposomes; Peritoneal cavity; TNF-alpha; IL-12

1. Introduction However, the level of immune stimulatory effects of DNA
depends to a great degree on the precise bases flanking the CpG
The vertebrate immune system has evolved to recognize  dinucleotide. Together with the one or two bases on its 5’ and 3/
certain patterned nucleotide sequence motifs present in the  sides, the CpG dinucleotide comprises a CpG motif. Immunos-
bacterial genome and to elicit immunological reactions to coun-  timulatory activities of bacterial DNA can be mimicked by
teract bacterial infections [1]. Previous studies have demon- synthetic oligodeoxynucleotides containing CpG motifs (CpG
strated that CpG dinucleotides are present at the expected  ODN) [5-8]. By examining many possible base combinations,
frequency (1/16 dinucleotides) in bacterial DNA, but they are  the optimal CpG motif for activating murine immune cells was
only about one-quarter as prevalent in vertebrates, and are  found to be GACGTT [3,9,10].
mostly methylated [2,3]. The efficacy of CpG ODN in preventing or treating tumor
Recognition of CpG dinucleotides by the innate immune  progression or metastasis has been examined in several exper-
system requires engagement of Toll-like receptor (TLR)-9 on  imental models [15]. For cancer immunotherapy, the phospho-
antigen presenting cells [4]. In general, CpG DNA stimulates B diester (PO) backbone of CpG ODN is generally substituted by
cells, dendritic cells (DCs), and monocytes/macrophages to  phosphorothioate (PS) to increase the stability against nuclease
produce cytokines that polarize the T-cell response towards Th-1. degradation [11]. PS-type ODN, however, induces potent
systemic toxic effects, such as transient anticoagulant activity,
?;El—‘;;t_sponsor: Ministry of Health, Labour and Welfare, Japan. activation of complement cascade, and inhibition of basic fibro-
* Correspondence author. Tel.: +81 75 753 4616; fax: +81 75 753 4614. blast growth factor binding to surface receptors [12—14]. There-
E-mail address: makiya@pharm kyoto-u.ac.jp (M. Nishikawa). fore, we use cationic liposome to prevent enzymatic degradation

0168-3659/3 - see front matter © 2006 Elsevier B.V. All rights reserved.
d01:10.1016/j.jconre].2006.08.002.
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of PO-type CpG ODN as substitute for PS modification. Cat-
ionic liposomes have been extensively employed as a vehicle for
plasmid DNA in gene therapy trials, because they protect plas-
mid DNA from degradation, enhance its cellular uptake, and
greatly improve its transgene expression activity [15]. They are
also thought to be useful for the delivery of PO-type ODN, so
they are capable of stabilizing PO-type ODN without severe
toxic effects. A previous study demonstrated that intravenous
injection of lipopolyplex consisting of cationic liposomes,
protamine sulfate and PO-CpG ODN inhibited tumor growth in
mouse lung [16]. However, there has been no report about the
antitumor effect of PO-type CpG ODN complexed with cationic
liposomes on peritoneal dissemination. Because immune cells
will be involved in the antitumor effects of the ODN complex, its
antitumor effects would be dependent on the route of its admin-
istration and the metastatic sites of the tumor cells.

In this study, we designed a 26-mer PO-type CpG ODN based
on several reports examining the requirements of CpG ODN for
immune activation. Then, the CpG ODN/cationic liposome
complex, or lipoplex, was formulated and its antitumor activity
was examined in experimental peritoneal dissemination models
in mice. Using the clones of murine melanoma B16-BL6 cells
and colon26 cells stably transfected with firefly luciferase gene,
the process of tumor metastasis was examined in mice by
measuring the luciferase activity in the peritoneal organs after
intraperitoneal injection of the luciferase-expressing tumor cells
(Hyoudou et al, unpublished data). Our data show that a single
administration of CpG ODN-lipoplex induces antitumor Th-1
type cytokines in the abdominal cavity, resulting in the
suppression of tumor cell growth, and rejection of peritoneal
dissemination.

2. Materials and methods
2.1. Animals

Male C57/BL6 (6-week-old) mice and male CDF1 (6-week-
old) mice were purchased from the Shizuoka Agricultural
Cooperative Association for Laboratory Animals (Shizuoka,
Japan). Animals were maintained under conventional housing
conditions. All animal experiments were approved by the Ani-
mal Expenimentation Committee of the Graduate School of
Pharmaceutical Sciences, Kyoto University.

2.2. Chemicals

Dulbecco’s modified Eagle’s minimum essential medium
(DMEM), RPMI1640 medium, phosphate buffered saline
(PBS), and Hanks’ balanced salt solution (HBSS) were obtained
from Nissui Pharmaceutical (Tokyo, Japan). Fetal bovine serum
(FBS) was obtained from GIBCO-Invitrogen (Tokyo, Japan).
All other chemicals were of the highest grade available. N-[1-
(2,3-dioleyloxy)propyl]-n,n,n-trimethylammonium chloride
(DOTMA) was purchased from Tokyo Kasei (Tokyo, Japan)
and cholesterol was from Nacalai Tesuque (Kyoto, Japan).
Oligonucleotides with phosphodiester backbones were pur-
chased from Operon (Tokyo, Japan). The sequences of ODNs
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were 5-TCGACGTTTTGACGTTTTGACGTTTT-3' (CpG
ODN), 5'-CCCAGGGATCTCCACCTCCTGACACT-3’ (ran-
dom ODN) and 5'-TGCAGCTTTTGAGCTTTTGAGCTTTT-
3’ (GpC ODN). The levels of TNF-a, and IL-12 (p70) in the
peritoneal lavage fluids and culture supernatant were determined
by the OptEIA™ set (BD Pharmingen, San Diego, CA).

2.3. Cell lines

Murine melanoma B16-BL6 tumor cells [18], obtained from
the Cancer Institute of Japan (Tokyo, Japan), were grown in
DMEM supplemented with 10% heat-inactivated FBS, 0.15%
NaHCO;, 100 units/ml penicillin, 100 pg/ml streptomycin, and
2 mM L-ghitamine at 37 °C in humidified air containing 5%
CO,. Murine adenocarcinoma colon26 tumor cells [19] and
murine macrophage-like RAW264.7 cells were also grown in
5% CO, in humidified air at 37 °C with RPMI1640 medium
supplemented with 10% FBS, 100 IU/ml penicillin, 100 pg/ml
streptomycin, and 2 mM L-glutamine. B16-BL6 cells that stably
express the firefly luciferase gene (B16-BL6/Luc) were
established as previously reported [17]. Colon26 cells expres-
sing the same gene (colon26/Luc) were also established by the
same protocol as that for B16-BL6/Luc cells.

2.4. Preparation of lipoplex

Mixtures of DOTMA and cholesterol (1:1 in molar ratio)
were dissolved in chloroform, vacuum-desiccated, and hydrated
by vortexing in 3 ml sterilized 5% dextrose to give a final
concentration of 6 mg/ml total lipids. After hydration, the
dispersion was sonicated for 3 min in a bath sonicator at 37 °C.
The lipid solution was frozen in liquid nitrogen for 2 min and
thawed in a water bath for 6 min at 37 °C. The dispersion was
passed through a MILLEX®-GV 0.45 um filter unit (Millipore,
Bedford, MA, USA). Liposomes with a diameter of 214.7+
6.7 nm were obtained using dynamic light scattering (Zetasizer
nano ZS, Malvern Instruments, UK). Cationic liposomes
and CpG ODN in 5% dextrose were mixed at a charge ratio of
1:2.3 (=), 1.e.,7.5 pgtotal lipid per 1 pg ODN, and left at 37 °C
for 30 min to form a cationic liposome/CpG ODN complex
(CpG ODN-lipoplex) [20]. Random ODN and GpC ODN were
also mixed with cationic liposomes to obtain random ODN-
lipoplex and GpC ODN-lipoplex, respectively.

2.5. Induction of peritoneal dissemination in mice

B16-BL6/Luc cells and colon26/Luc cells were trypsinized
and suspended in HBSS. B16-BL6/Luc cells (5.0 x 10* cells in
100 ul HBSS) or colon26/Luc cells (1.0%10° cells in 100 pl
HBSS) were inoculated intraperitoneally into male C57BL/6
mice or male CDF1 mice, respectively.

2.6. Antitumor effect of CpG ODN administration
Soon after tumor inoculation (within 1 min), saline, 5%

dextrose, CpG ODN (10 pg), CpG ODN-lipoplex (ODN:
liposome=1 pug:7.5 pg or 10 ug:75 pug), random ODN-lipoplex
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(ODN:liposome=10 ng:75 ng), GpC ODN-lipoplex (ODN:
liposome=10 pg:75 pg), or cationic liposomes (75 pg) were
administered into the peritoneal cavity of mice (200 ul 5%
dextrose solution/mouse). Seven days after tumor inoculation,
the mice were euthanized by cervical dislocation and the intra-
peritoneal organs (greater omentum, peritoneum, spleen, kidney,
and liver) were excised and washed with ice-cold saline. For
investigation of the administration route-dependent activity of
CpG ODN-lipoplex, CpG ODN-lipoplex was administered
intraperitoneally, intravenously, or intradermally (100 pl 5%
dextrose solution/mouse). Then the organs were homogenized in
a lysis buffer (0.05% Triton X-100, 2 mmol/l EDTA, 0.1 mol/
I Tris pH 7.8), and centrifuged at 10,000 g for 10 min. Ten
milliliter of the supernatant was mixed with 100 pl of a luciferase
assay buffer (Picagene, Toyo Ink, Tokyo Japan), and the light
produced was measured with a luminometer (Lumat LB 9507,
EG and G Berthold, Bad Wildbad, Germany). The luciferase
activity of the peritoneal organs was converted to the number of
B16-BL6/Luc cells using a regression line as previously re-
ported [16]. The luciferase activity derived from colon26/Luc
cells was also converted to a cell number using an established
regression line. The regression line gave a constant of 3 to 5
RLU/sec/cell for the quantification of the number of B16-BL6/
Luc cells and colon26/Luc cells. Measuring the luciferase
activity of greater omentum homogenates mixed with B16-BL6/
Luc cells or colon26/Luc cells showed that =300 cells were
enough for the detection of these cells (data not shown).

2.7. Effect of CpG ODN on survival of tumor-bearing mice

For investigation of the survival rate of tumor-bearing mice,
CDF1 mice were injected intraperitoneally with colon26/Luc
cells. Soon after tumor inoculation (within 1 min), mice were
treated with saline, liposome only, CpG ODN, CpG ODN-
lipoplex, and random ODN-lipoplex intraperitoneally (the
number of mice was at least 8 in each group). On day 80,
survivors were inoculated again with colon26/Luc cells intra-
peritoneally. Those surviving then received an injection of
colon26/Luc cells into the tail vein 144 days after the first
challenge.

2.8. Detection of cytokines produced by RAW264.7 cells

RAW264.7 cells were plated on 24-well culture plates at a
density of 1x10° cells/ml and cultured for 24 h. Cells were
washed three times with 0.5 ml PBS before use. Naked CpG
ODN (2.5 png) CpG ODN-lipoplex and GpC ODN-lipoplex
(ODN:liposome=2.5 ng:18.75 ng)were diluted in 0.5 ml Opti-
MEM (Invitrogen). The cells were incubated with Opti-MEM
containing lipoplex for 2 h, then, washed three times with PBS
and incubated with Opti-MEM for 8 h. The supematants were
collected for ELISA to determine TNF-a.

2.9. Detection of cytokines in peritoneal lavage

C57BL/6 mice intraperitoneally inoculated with B16-BL6/
Luc cells received an intraperitoneal injection of CpG ODN-

16

Y. Kuramoto et al. / Journal of Controlled Release 115 (2006) 226-233

lipoplex, GpC ODN-lipoplex (ODN:liposome=10 pg:75 pg).
One, six, twelve, and eighteen hours later, peritoneal lavage was
performed by the injection of 3 ml cold sterile PBS
intraperitoneally. The levels of TNF-a and IL-12 (p70) in the
peritoneal lavage were determined by ELISA.

2.10. Statistical analysis

Differences were statistically analyzed by Student’s z-test
and Kaplan—Meier analysis with a log-lank test to determine
survival.

3. Results

3.1. Inhibition of the proliferation of BI16-BL6/Luc cells and
colon26/Luc cells in peritoneal organs by CpG ODN-lipoplex

We first examined the number of B16-BL6/Luc cells in the
peritoneal organs after inoculation of 5x10* cells. About
2x10° cells were found in the greater omentum of the saline-
treated mice 7 days after tumor inoculation. The number of the
cells in the greater omentum accounted for more than 90% of
the total number of tumor cells detected in the peritoneal organs
(Fig. 1). Because the proliferation of tumor cells in the greater
omentum is life-threatening in peritoneal dissemination patients
[21], the number of the cells in the greater omentum was used as
an indicator of the antitumor activity of each treatment in the
following studies.

CpG ODN-lipoplex significantly reduced the number of
tumor cells in the greater omentum at a dose of 1 ug ODN (data
not shown). When the dose was increased to 10 ug ODN/mouse,
the number of tumor cells was further reduced to about 0.1% of
that detected in the saline-treated controls (Fig. 2). Unlike the
CpG ODN-lipoplex, the random ODN-lipoplex or GpC ODN-
lipoplex slightly reduced the nmumber of cells, suggesting an
induction of CG sequence-dependent antitumor response.
Naked CpG ODN or cationic liposomes hardly reduced the
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Fig. 1. Number of B16-BL6/Luc cells in peritoneal organs 7 days after
inoculation into the peritoneal cavity of mice. C57BL/6 mice were inoculated
intraperitoneally with 5x 10* B16-BL6/Luc cells. Seven days after inoculation,
mice were sacrificed and luciferase activity in the greater omentum was
measured. Results are expressed as mean+SD of five mice. The experiment
shown is representative of two experiments with similar results.
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Fig. 2. Effect of CpG ODN-lipoplex on the number of B16-BL6/Luc cells in the
greater omentum of mice. C57BL/6 mice were inoculated intraperitoneally with
B16-BL6/Luc cells. Soon after tumor inoculation, saline, naked CpG ODN,
CpG ODN:-lipoplex, random ODN-lipoplex, GpC ODN-lipoplex, and cationic
liposomes were administrated into the peritoneal cavity. Seven days after
injection, mice were sacrificed and the luciferase activity of the greater omentum
was measured. Results are expressed as mean+SD of at least four mice. The
experiment shown is representative of two experiments with similar results.
1 p<0.01; The number of cells was significantly different from saline i.p. group.

number of tumor cells. The treatment with 5% dextrose, the
vehicle of CpG ODN-lipoplex, showed no significant effects on
the number of tumor cells in the greater omentum (data not
shown). These results indicate that complexation with cationic
liposomes is essential for CpG ODN to inhibit the proliferation
of tumor cells in the peritoneal cavity.

Similar experiments were performed using colon26/Luc
tumor cells. No luciferase activity was detected in the greater
omentum (<300 tumor cells) of mice receiving CpG ODN-
lipoplex (10 pg ODN), suggesting that the adhesion and
proliferation of the tumor cells was almost completely inhibited
by the treatment (data not shown).
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Fig. 3. Secretion of TNF-a from RAW264.7 cells produced by CpG ODN-
lipoplex. Naked CpG ODN, CpG ODN-lipoplex or GpC ODN-lipoplex were
added to RAW264.7 cells, and incubated for 2 h. Then, the medium was
removed and the cells were washed with PBS, and cultured in new medium for
8 h. The presence of cytokines in culture medium was detected by ELISA.
Results are presented as mean+SD. The experiment shown is representative of
two experiments with similar results. I p<0.01; The concentration of TNF-a
was significantly different from the control group (t-test). N.D.; not detected

(<16 pg/ml).
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3.2. In vitro cytokine production from macrophage-like cell
lines

To examine whether macrophages are responsible for the
production of the TNF-a by CpG ODN-lipoplex, RAW264.7,
mouse macrophage-like cells, were treated with CpG ODN-
lipoplex and the concentration of TNF-a and IL-12 (p40) in the
supernatants were examined. RAW264.7 cells treated with CpG
ODN:-lipoplex produced a significant amount of TNF-o (3024 +
300 pg/ml), while naked CpG ODN produced less TNF-a (56
4 pg/ml) (Fig. 3). However, cells treated with GpC ODN-
lipoplex produced a level of cytokines that was below the limit
of detection (<16 pg/ml).

3.3. In vivo cytokine production by administration of CpG
ODN-lipoplex

The levels of TNF-o and IL-12 (p70) in the peritoneal cavity

were below the limits of detection (TNF-a<16 pg/ml, IL-12
(p70)<62 pg/ml) at 1 h after intraperitoneal injection of CpG
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Fig. 4. TNF-a and IL-12 (p70) in peritoneal lavage fluid of mice given an
intraperitoneal injection of CpG ODN-lipoplex. B16-BL6/Luc tumor cells were
inoculated into the peritoneal cavity of C57BL/6 mice. Soon after tumor
inoculation, CpG ODN-lipoplex (closed bars), and GpC ODN-lipoplex {(open
bars) were administered to the peritoneal cavity. Six, twelve, and eighteen hours
later, ascitic fluid was collected and the levels of TNF-« (A) and IL-12 (p70) (B)
were measured by ELISA. Results are presented as mean+SD of at least four
mice. The experiment shown is representative of two experiments with similar
results. I p<0.01; The concentration of cytokine was significantly different
from GpC ODN-lipoplex i.p. group. N.D.; not detected (TNF-a<16 pg/ml, IL-
12 (p70)<62 pg/ml).
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ODN-lipoplex (data not shown). The levels of TNF-a or IL-12
(p70) reached a peak at 12 or 6 h afier intraperitoneal injection of
CpG ODN-lipoplex, respectively. (TNF-o. 155443 pg/ml, [L-12
(p70) 29279 pg/ml). On the other hand, GpC ODN-lipoplex
induced less TNF-o and IL-12 (p70) secretion in the peritoneal
cavity. (Fig. 4)

3.4. Administration route-dependent antitumor activity of CpG
ODN-lipoplex

To examine whether the antitumor effect of CpG ODN-
lipoplex is induced by local or systemic immune activation, we
evaluated the effect of the administration route of the CpG ODN-
lipoplex on its antitumor activity. To this end, mice bearing
peritoneal B16-BL6/Luc tumor cells were injected with CpG
ODN-lipoplex via different administration routes.

Injection of CpG ODN-lipoplex into the tail vein or into the
dorsal skin hardly reduced the number of tumor cells in the
greater omentum (Fig. 5A). Fig. 5B shows TNF-a and IL-12
(p70) production in the peritoneal cavity after administration of
CpG ODN-lipoplex via one of the different routes. In the
peritoneal lavage of mice given intravenous or intradermal
injections, the level of TNF-a was hardly changed (21+12 pg/
ml, 364 pg/ml, respectively). As for IL-12 (p70), in mice given
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Fig. 5. Effect of the administration route of CpG ODN-lipoplex. (A) The number
of B16-BL6/Luc cells in the greater omentum of mice, and (B) TNF-o and IL-12
(p70) in peritoneal lavage. B16-BL6/Luc tumor cells were given to C57BL/6
mice by intraperitoneal injection. CpG ODN-lipoplex was administered
intraperitoneally, intravenously, or intradermally following tumor inoculation.
(A) After 7 days, mice were sacrificed and the Juciferase activity of the greater
omentum was measured. I p<0.01; The number of cells was significantly
different from control group (s-test). (B) Six hours later, peritoneal lavage was
collected and the levels of TNF-« (open bar) and IL-12 (p70) (closed bar) were
measured by ELISA. Results are expressed as the mean+SD of at least 4 mice.
These experiments shown are representative of two experiments with similar
results. N.D.; not detected (TNF-a<16 pg/ml, IL-12 (p70)<62 pg/ml).
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Fig. 6. (A) Survival rate of colon26/Luc tumor-bearing mice. On day 0, CDF1
mice were intraperitoneally inoculated with colon26/Luc cells. Tumor-bearing
mice were treated with saline (O), cationic liposomes (), naked CpG ODN
(4A), random ODN-lipoplex (), or CpG ODN-lipoplex (@). (B, C)
Representative lung colonies after intravenous injection of colon26/Luc cells.
The survival of the CpG ODN-lipoplex was significantly longer than the groups
given saline, cationic liposomes, naked CpG ODN, or random ODN-lipoplex
(p<0.0001). (B) Long-time survivors; i.e., CDF1 mice that failed to establish
peritoneal dissemination after primary and secondary challenge with colon26/
Luc cells (these mice received CpG ODN-lipoplex soon after tumor inoculation)
were rechallenged intravenously with colon26/Luc cells. At day 200 after the
first challenge, all surviving mice were sacrificed. (C) Control mice were
injected intravenously with colon26/Luc cells. After 20 days, mice were
sacrificed. The experiment shown is representative of two experiments with
similar results.

intravenous or intradermal injections, the level of production
was below the limits of detection, which was in marked contrast
to the results obtained with the intraperitoneal CpG ODN-
lipoplex as mentioned above. These results suggest that the local
immune response in the peritoneal cavity is essential for
inhibition of the peritoneal dissemination of tumor cells by the
CpG ODN-lipoplex.

3.5. Prolongation of survival time of colon26/Luc-bearing mice
by CpG ODN-lipoplex

Fig. 6A shows the survival rate of CDF1 mice after
inoculation with colon26/Luc cells in the peritoneal cavity,
followed by the intraperitoneal injection of saline, cationic
liposomes, naked CpG ODN, CpG ODN-lipoplex, or random
ODN-lipoplex. The saline or CpG ODN-treated groups all died
by day 20. Cationic liposomes or random ODN-lipoplex slightly
increased the survival time. However, about 90% of the CpG
ODN-lipoplex-treated mice survived more than 80 days.

To examine whether the surviving mice acquired immunity to
colon26/Luc cells, they were again given intraperitoneal
injections of the tumor cells without any additional CpG
ODN-lipoplex. Table 1 summarizes the survival time in mice
rechallenged with these tumor cells. Although 2 out of 8 mice
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