
Enhanced immunostimulatory activity of oligodeoxynucleotides
by Y-shape formation

Introduction

Bacterial DNA contains unmethylated CpG dinucleotides

(CpG motifs) that induce a potent immunostimulatory

response upon recognition by the Toll-like receptor 9

(TLR9) expressed on dendritic cells, B cells and macropha-

ges.1,2 Synthetic oligodeoxynucleotides (ODNs) containing

CpG motifs (CpG ODNs) can mimic the immunostimula-

tory activity of bacterial DNA and exhibit similar immune

responses.3,4 Once activated by bacterial DNA or CpG

ODN, i.e. CpG DNA, immune cells secrete various cyto-

kines, including interleukin-6 (IL-6), IL-12, interferon-a/b
(IFN-a/b), IFN-c and tumour necrosis factor-a (TNF-a),

and increase the expression of various costimulatory mole-

cules.5,6 Thus, CpG DNA can induce T helper type 1 cyto-

kine production; this promotes a cytotoxic T-lymphocyte

response with enhanced immunoglobulin production,

which has been used in the treatment of a broad spectrum

of diseases, including cancer, viral and bacterial infections,

allergic diseases and inflammatory disorders.1,7–9

The immunostimulatory activity of DNA has been

extensively investigated using ODNs with varying base

combinations, and several rules have been proposed. The

activity of CpG DNA depends on the flanking sequences,

and an ODN containing a GACGTT hexameric nucleo-

tide motif strongly stimulates the immune system in

rodents.10,11 Other parameters have also been reported to

be important for immunostimulatory activity of DNA,

e.g. TpC dinucleotide on the 50 end, pyrimidine-rich on

the 30 side of the motif and the presence of two or three

CpG motifs in a sequence.1 Thus, the optimal sequence

of CpG ODN for activating mouse or human immune

cells was elucidated by examining many possible base

combinations. Although a few reports have shown that

aggregation of ODNs increases their immunostimulatory

activity,12,13 the stereochemical effects of CpG ODN on

immunostimulatory activity have hardly been explored.

DNA possesses many desirable chemical and physical

properties as a polymeric material and much progress has

been made in DNA computing14,15 and DNA nanotech-

nology.16–19 Recently, Li et al. established a reproducible

method for constructing dendrimer-like DNA, by con-

necting Y-shaped DNA (Y-DNA) composed of three

ODNs.20 This unique-structured DNA has been applied
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Summary

DNA containing unmethylated CpG dinucleotides (CpG DNA) is a potent

activator of innate and acquired immune responses. Although the

sequence-specific immunostimulatory activity of CpG DNA has been

extensively explored, little information is available about the importance

of the stereochemical properties of CpG DNA. In this study, Y-shaped

oligodeoxynucleotides (Y-ODNs) were prepared using three ODNs with

the halves of each ODN being partially complementary to a half of the

other two ODNs. Y-ODN induced greater amounts of tumour necrosis

factor-a and interleukin-6 from RAW264.7 macrophage-like cells than did

conventional single-stranded ODN (ssODN) or double-stranded ODN

(dsODN). The Y-ODN was less stable in serum than dsODN, but greater

amounts of Y-ODN were taken up by macrophage-like cells compared

with dsODN. A newly designed Y-ODN containing three potent CpG

motifs generated significantly higher levels of cytokines compared with

dsODN containing the identical sequences. These results indicate that the

Y-shaped form of ODN is a novel, reproducible and reliable approach to

enhancing the immunostimulatory activity of ODNs.

Keywords: CpG motif; immunostimulatory activity; oligodeoxynucleo-

tides; Toll-like receptor 9; Y-shape formation
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to various experimental settings, including nanobar-

codes.21 However, the biological and immunological char-

acteristics of such structured DNA preparations have not

been examined. Their unique structure may be recognized

differently by immune cells.

In the present study, Y-ODN was prepared using three

ODNs with the halves of each ODN being partially com-

plementary to a half of the other two ODNs. Then, the

immunostimulatory activity of Y-ODN was examined

using RAW264.7, a mouse macrophage-like cell line.

Here, we show that newly designed Y-ODN containing

three potent CpG motifs can be a powerful immunostim-

ulatory compound through increased uptake by immune

cells.

Materials and methods

Chemicals

Dulbecco’s modified Eagle’s minimum essential medium

(DMEM), RPMI-1640 medium and phosphate-buffered

saline (PBS) were obtained from Nissui Pharmaceutical

(Tokyo, Japan). Fetal bovine serum (FBS) was obtained

from MP Biomedicals (Eschwege, Germany). Opti-modi-

fied Eagle’s medium (Opti-MEM) was purchased from

Invitrogen (Carlsbad, CA). DNase I and 20-base-pair (bp)

DNA ladder were purchased from Takara Bio (Otsu,

Japan). Polymyxin B sulphate salt was purchased from

Sigma Chemical Co. (St Louis, MO). All other chemicals

were of the highest grade available and were used without

further purification.

Cell cultures

RAW264.7 macrophage-like cells were grown in RPMI-

1640 medium supplemented with 10% heat-inactivated

FBS, 0�15% NaHCO3, 100 units/ml penicillin, 100 lg/ml

streptomycin and 2 mM L-glutamine at 37� in humidi-

fied air containing 5% CO2. Cells were then plated on

24-well culture plates at a density of 5 · 105 cells/ml

and cultured for 24 hr. B16-BL6/Luc, a clone of murine

melanoma B16-BL622 that stably expresses the firefly

luciferase gene,23 was grown in 5% CO2 in humidified

air at 37� with DMEM supplemented with 10% FBS,

100 IU/ml penicillin, 100 lg/ml streptomycin, and 2 mM

L-glutamine. They were then plated on 24-well culture

plates at a density of 2 · 104 cells/ml and cultured for

8 hr.

Oligodeoxynucleotides

Phosphodiester ODNs (Table 1) were purchased from

Invitrogen. For cellular uptake studies, Y0a labelled with

fluorescein at the 50 end was used for all fluorescein-

labelled ODN preparations.

Preparation of Y-ODN and double-stranded ODN

Y-ODN was prepared by mixing equimolar amounts of

three 30-base ODNs as reported previously.20 In brief,

three ODNs dissolved in an annealing buffer [10 mM

Tris–HCl, pH 8�0, 1 mM ethylenediaminetetraacetic acid

(EDTA) and 50 mM NaCl] were mixed in sterile Milli-Q

water at a final concentration of 0�5 mM for each ODN.

Mixtures were incubated at 95� for 5 min, 65� for 2 min,

62� for 1 min, then slowly cooled to 4�. Formation of

Y-ODN was confirmed by 21% polyacrylamide gel elec-

trophoresis (PAGE) at 200 V for 1�5–2 hr. Double-

stranded ODN (dsODN) with four base overhangs at

both 50 ends was prepared by addition of a complemen-

tary ODN (r.Y0a, Table 1) to Y0a ODN.

Dynamic light-scattering analysis

The apparent hydrodynamic sizes of Y-ODN, Y-ODN

(CpG), Y-ODN(CpG3), single-stranded ODN (ssODN;

Y0a) and dsODN were measured by laser light scattering

using a Malvern Zetasizer 3000HS (Malvern Instruments,

Malvern, UK) equipped with a helium-neon laser

(633 nm).

Cytokine release from RAW264.7 cells

RAW264.7 cells were washed three times with 0�5 ml

PBS before use. Then, ssODN, one of three kinds

of dsODN, Y-ODN, Y-ODN(CpG) or Y-ODN(CpG3)

Table 1. Oligodeoxynucleotide (ODN) sequences used for prepara-

tion of single stranded-, double stranded- and Y-shaped ODNs

Name Sequence (50fi30)

Y0a TGACTGGATCCGCATGACATTCGCCGTAAG

Y0b TGACCTTACGGCGAATGACCGAATCAGCCT

Y0c TGACAGGCTGATTCGGTTCATGCGGATCCA

r.Y0a TGACCTTACGGCGAATGTCATGCGGATCCA

r.Y0b TGACAGGCTGATTCGGTCATTCGCCGTAAG

r.Y0c TGACTGGATCCGCATGAACCGAATCAGCCT

Y0a(CpG) TGACGACGTTCGCATGACATTCGCCGTAAG

Y0b(CpG) TGACCTTACGGCGAATGACCGAATCAGCCT

Y0c(CpG) TGACAGGCTGATTCGGTTCATGCGAACGTC

Y0a(CpG3) TCGACGTTTCCGCATGACATTCGCCGAACG

Y0b(CpG3) TCGACGTTCGGCGAATGACCGAATCAAACG

Y0c(CpG3) TCGACGTTTGATTCGGTTCATGCGGAAACG

r.Y0a(CpG3) TCGACGTTCGGCGAATGTCATGCGGAAACG

r.Y0b(CpG3) TCGACGTTTGATTCGGTCATTCGCCGAACG

r.Y0c(CpG3) TCGACGTTTCCGCATGAACCGAATCAAACG

All ODNs have a phosphodiester backbone. The ‘r.’ indicates that

the sequence is complementary to the ODN with four base over-

hangs at both 50 ends, and each of these complementary ODNs was

used to obtain double-stranded ODN. The potent immunostimula-

tory CpG motif (GACGTT) is underlined.
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diluted in 0�5 ml Opti-MEM was added to cells. The

cells were incubated for 8 hr (TNF-a) or 24 hr (IL-6),

and the supernatants were collected and stored at )80�
until use. To exclude the effect of contaminated lipo-

polysaccharide (LPS) on cytokine release, polymyxin B,

an inhibitor of LPS, was added to samples at a final

concentration of 50 lg/ml. The levels of TNF-a and

IL-6 in supernatants were determined by enzyme-linked

immunosorbent assay using OptEIATM sets (Pharmingen,

San Diego, CA).

Stability of Y-ODN and dsODN in serum

The Y-ODN and dsODN (10 lg/100 ll) were incubated

with 50% non-heat inactivated FBS at 37�. After 0, 2, 4,

8, or 24 hr of incubation, the reaction was terminated by

adding 2 ll 0�5 M EDTA solution per 10 ll of samples.

ODNs were extracted with phenol/chloroform/isoamyl

alcohol, and the extracts were run on a 21% polyacryl-

amide gel and stained with ethidium bromide. Before the

extraction, a fixed amount of dsODN of 45 bp was added

to each sample, and the intensity of the band on gels was

used to validate the efficiency of the extraction step. The

amount of remaining ODNs was estimated by a Cool

Saver (ATTO, Tokyo, Japan).

Uptake of ODNs in RAW264.7 cells

Fluorescein-labelled Y0a ODN was used for the prepara-

tion of fluorescein-labelled (F-) ssODN, dsODN and

Y-ODN. RAW264.7 cells were plated on 96-well culture

plates at a density of 5 · 105 cells/ml and cultured for

24 hr. Cells were washed three times with 100 ll PBS,

incubated with F-ODN for 1 hr at 37� or 4�, harvested,

and washed three times with 100 ll PBS. Then, the inten-

sity of fluorescence of the cells was analysed by flow

cytometry (FACSCalibur; BD Biosciences, San Jose, CA)

using CELLQUEST software (version 3.1; BD Biosciences).

Growth inhibition of B16-BL6/Luc cells

RAW264.7 cells (5 · 105 cells/ml) were mixed with each

ODN (10 or 20 lg/ml) and incubated for 8 hr. Then, the

conditioned medium was added to B16-BL6/Luc cells,

and the cells were cultured for 48 hr. The number of

B16-BL6/Luc cells was determined by measuring the lucif-

erase activity of cell lysates in a luminometer (Lumat LB

9507, EG & G Berthold, Bad Wildbad, Germany) as pre-

viously reported.23

Statistical analysis

Differences were statistically evaluated by one-way analy-

sis of variance (ANOVA) followed by the Fisher’s protec-

ted least significant difference (PLSD) test for multiple

comparisons. A P-value of < 0�05 was considered to be

statistically significant.

Results

Physicochemical properties of Y-ODN

Equimolar amounts of three ODNs (Y0a, Y0b and Y0c)

were hybridized to obtain Y-ODN, the putative structure

of which is shown in Fig. 1(a). Figure 1(b) shows the gel

electrophoresis of the DNA preparations. As reported in a

previous study,20 Y-ODN showed a single band, the

mobility of which was less than that of ssODN or

dsODN, supporting the assembly of all three ODNs to

form Y-ODN. Similarly, newly designed Y-ODN con-

taining a potent CpG motif, Y-ODN(CpG), was pre-

pared with Y0a(CpG), Y0b(CpG) (identical to Y0b)

and Y0c(CpG). The Y-ODN containing three potent CpG

Figure 1. Formation of Y-shaped oligodeoxynucleotide (Y-ODN).

(a) Putative structure of Y-ODN, which was prepared with three

ODNs (Y0a, Y0b, Y0c) with the halves of each ODN being partially

complementary to a half of the other two ODNs. (b) Polacrylamide

gel electrophoresis analysis of single-stranded (ss), double-stranded

(ds) and Y-ODN. Each ODN was run on 21% polyacrylamide gel at

200 V for 2 hr. Lane 1, 20-bp DNA ladder (Takara Bio); lane 2,

ssODN; lane 3, dsODN; lane 4, Y-ODN; lane 5, Y-ODN(CpG); lane

6, Y-ODN(CpG3).
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motifs, Y-ODN(CpG3), was also prepared with

Y0a(CpG3), Y0b(CpG3) and Y0c(CpG3). Polyacrylamide

gel electrophoresis of the newly designed Y-ODN(CpG)

and Y-ODN(CpG3) showed one major band with a

mobility similar to that of Y-ODN (Fig. 1b, lanes 5 and

6, respectively), suggesting a Y-shape formation of these

ODNs containing CpG motifs. The apparent sizes were

estimated to be 7�02 ± 0�22, 7�07 ± 0�40 and 7�09 ±

0�24 nm for Y-ODN, Y-ODN(CpG) and Y-ODN(CpG3),

respectively. Similarly, the sizes of ss-(Y0a) and dsODN

were estimated to be 3�61 ± 0�68 and 6�86 ± 1�34 nm,

respectively.

Cytokine release from RAW264.7 cells by ODNs

Y0a, one of the three ODNs consisting of the Y-ODN,

was used as ssODN. A complementary ODN (r.Y0a) to

Y0a was hybridized to obtain dsODN with four base

overhangs at both 50 ends. Similarly, three kinds of

dsODN were prepared by designing complementary

ODNs to Y0b and Y0c. The mixture of these three kinds

of dsODNs (dsODN · 3) contained exactly the same

bases in the same structural configuration of four base

overhangs at both 50 ends as Y-ODN, representing a good

control to evaluate the effects of the Y-shape formation

on the immunostimulatory activity of ODNs. Figure 2(a)

shows the TNF-a concentration in the culture media of

RAW264.7 cells. The addition of ssODN, dsODN or

dsODN · 3 to RAW264.7 cells induced only weak secre-

tion of TNF-a at concentrations of 2 and 6 lg/ml.

Increasing the concentration of these ODNs to 18 lg/ml

slightly increased TNF-a secretion to levels of up to

400 pg/ml. In marked contrast, large amounts of TNF-a
were secreted from RAW264.7 cells after the addition of

Y-ODN and the amounts varied in a concentration-

dependent manner. Figure 2(b) shows the IL-6 concen-

tration in the culture media. Again, Y-ODN induced

significantly greater amounts of IL-6 secretion from cells

than the other ODNs at all concentrations examined.

These results indicate that Y-ODN has a stronger immuno-

stimulatory activity than conventional ssODN or dsODN,

even though there are no potent immunostimulatory

CpG motifs in the sequence.

Stability of Y-ODN

Because the stability of ODN would affect their biological

activity, the stability of dsODN and Y-ODN in 50% non-

heat inactivated FBS solution was examined. Each ODN

extracted was subjected to a PAGE analysis (Fig. 3a). The

bands for 45-bp ODN, which was added to the mixtures

just before extraction of ODNs, confirmed that the

extraction efficiency of ODNs was almost identical in all

samples. Both dsODN and Y-ODN were degraded with

time in the FBS solution. A densitometric analysis of gel

bands was performed in four identical experiments and

the remaining amounts of dsODN and Y-ODN were plot-

ted against the incubation time (Fig. 3b). Y-ODN showed

a similar profile of degradation to dsODN, at least for the

first 4 hr. Thereafter, it tended to be degraded more

quickly than dsODN. Similar results were obtained when

these ODNs were added to a solution containing DNase I

(data not shown). These findings indicate that Y-ODN is

degraded at a similar or slightly faster rate than dsODN

under the conditions examined.

Cellular uptake of ODNs in RAW264.7 cells

To investigate whether the enhanced immunostimulatory

activity of Y-ODN is mediated by an increased cellular

Figure 2. Secretion of cytokines from RAW264.7 cells after addition

of oligodeoxynucleotide (ODN). Concentrations of (a) tumour

necrosis factor-a (TNF-a) and (b) interleukin-6 (IL-6) in culture

media were measured at 8 hr (TNF-a) or 24 hr (IL-6) after addition

of each ODN to RAW264.7 cells at varying concentrations: (open

bars) 2 lg/ml; (hatched bars) 6 lg/ml; (closed bars) 18 lg/ml.

Results are expressed as the mean ± SD of three determinations. The

experiment shown was a representative of three experiments with

similar results. *P < 0�05, **P < 0�01, significantly different from

single-stranded ODN (ss-ODN), double-stranded ODN (ds-ODN)

and dsODN · 3 at the same concentration.
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uptake, the uptake of F-dsODN, F-dsODN · 3 and

F-Y-ODN was examined in RAW264.7 cells. The uptake

of these F-ODNs was greater at 37� than at 4� (data not

shown) in all cases examined. A fluorescence-activated

cell sorting (FACS) analysis was performed in three iden-

tical experiments and the mean fluorescence intensity

(MFI) was measured at each concentration of ODN. MFI

(37�–4�) was plotted against the concentration of ODN

(Fig. 4). The MFI of cells treated with F-Y-ODN was sig-

nificantly (P < 0�05) greater than the MFI of those treated

with other F-ODN preparations, suggesting that an

increased cellular uptake of Y-ODN contributes to the

enhanced immunostimulatory activity of Y-ODN.

Cytokine release from RAW264.7 cells by CpG ODNs

Activation of RAW264.7 cells by the newly designed

Y-ODN(CpG) and Y-ODN(CpG3) was examined under

the same conditions as above. Y0a(CpG3), an ODN con-

taining a potent CpG motif, was selected as ssODN with

a CpG motif, ssODN(CpG3). Then, dsODN(CpG3) and

dsODN(CpG3) · 3 were prepared as described above.

Again, dsODN(CpG3) · 3 had the same sequence as

Y-ODN(CpG3). Contrary to ODNs with no potent

immunostimulatory CpG motifs, any preparation of

ODNs containing CpG motifs showed a marked secretion

of TNF-a in a concentration-dependent manner (Fig. 5a).

Approximately six-fold higher amounts of TNF-a were

released from RAW264.7 cells treated with Y-ODN(CpG3)

compared with those treated with dsODN(CpG3) · 3.

The IL-6 concentration in the culture media was also

measured, and similar results were obtained (Fig. 5b). All

ODN preparations contained trace amounts of LPS, up to

2�5 EU/mg DNA, when measured by a Limulus test

(Wako, Tokyo, Japan). To exclude the effects of contami-

nated LPS on cytokine release, polymyxin B was added to

ssODN and Y-ODN(CpG3). The addition of polymyxin B

to Y-ODN(CpG3) slightly reduced the level of TNF-a
released from RAW264.7 cells (Table 2). However, the

level was much greater than those obtained with the med-

ium + LPS/polymyxin B or ssODN + LPS/polymyxin B,

suggesting that contaminated LPS has little effect on the

ODN-mediated cytokine release from RAW264.7 cells.

These results suggest that the immunostimulatory activity

of the CpG motif-containing ODNs can be significantly

increased by the Y-shape formation. In addition, increas-

ing the number of potent CpG motifs in Y-ODN is a

useful approach to increasing the immunostimulatory

activity of Y-ODN.

Figure 3. Stability of double-stranded oligodeoxynucleotide (dsODN)

and Y-shape ODN (Y-ODN) in 50% non-heat inactivated fetal

bovine serum (FBS). (a) The dsODN and Y-ODN were incubated in

50% non-heat inactivated FBS at 37� for the indicated times and the

reaction was terminated by adding ethylenediaminetetraacetic acid.

ODNs extracted were run on 21% polyacrylamide gel at 200 V for

2 hr and stained with ethidium bromide. ‘M’ represents 20-bp DNA

ladder (Takara Bio). (b) The amounts of ODNs on the gel were esti-

mated by Cool Saver. The remaining amounts of dsODN (s) and

Y-ODN (d) were plotted against the incubation time. Results are

expressed as the mean ± SD of four determinations.

Figure 4. Uptake of fluorescein-labelled oligodeoxynucleotide (ODN)

in RAW264.7 cells. Cells were incubated with fluorescein-labelled

double-stranded ODN (dsODN) (s), dsODN · 3 (4) or Y-ODN

(d) for 1 hr at 4� or 37�, and the amounts of ODN associated with

cells were measured by flow cytometry. The mean fluorescence inten-

sity (MFI) was plotted against the concentration of ODN. Results are

expressed as the mean ± SD of three determinations. *P < 0�05,

**P < 0�01, significantly different from dsODN and dsODN · 3.
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Effect of conditioned medium of ODN-treated
RAW264.7 cells on proliferation of B16-BL6/Luc cells

To examine whether Y-ODN(CpG3) is effective in inhibit-

ing the proliferation of tumour cells, the conditioned

medium of ODN-treated RAW264.7 cells was added

to B16-BL6/Luc cells. The conditioned medium of

Y-ODN(CpG3)-treated RAW264.7 cells significantly inhib-

ited the proliferation of tumour cells compared with the

media of other ODNs (Fig. 6).

Discussion

CpG DNA activates immune cells expressing TLR91,2

and induces the cells to release a broad repertoire of

chemokines and cytokines, including IL-6, IL-12, IFN-a/

b, and TNF-a,5,6 when it is sorted to endosomes after

internalization via endocytosis.24 CpG dinucleotide

flanked by two purine bases on the 50 side and two

pyrimidine bases on the 30 side, such as GACGTT, effi-

ciently activates the murine immune system, whereas the

optimal motif for humans is GTCGTT. Although the

optimal sequences of CpG ODN for activating mouse or

human immune cells have been identified by examining

many possible base combinations, little is known about

Figure 5. Secretion of cytokines from RAW264.7 cells after addi-

tion of CpG oligodeoxynucleotides (ODNs). Concentrations of

(a) tumour necrosis factor-a (TNF-a) and (b) interleukin-6 (IL-6)

in culture media were measured at 8 hr (TNF-a) or 24 hr (IL-6)

after addition of each ODN to RAW264.7 cells at various concentra-

tions: 2 lg/ml (open bars); 6 lg/ml (hatched bars); 18 lg/ml (closed

bars). Results are expressed as the mean ± SD of three determina-

tions. The experiment shown was representative of three experiments

with similar results. **P < 0�01, significantly different from double-

stranded ODN(CpG3) 3 at the same concentration.

Table 2. Effect of polymyxin B on tumour ncrosis factor-a (TNF-a)

release from RAW264.7 cells after addition of oligodeoxynucleotides

(ODNs) with or without lipopolysaccharide (LPS)

Compound

TNF-a (pg/ml)

Control + polymyxin B

Medium 123 ± 11 394 ± 21

Medium + LPS 28 900 ± 700 448 ± 16

ssODN 278 ± 30 495 ± 23

ssODN + LPS 30 700 ± 300 557 ± 16

Y-ODN(CpG3) 31 200 ± 700 27 400 ± 700

Y-ODN(CpG3) + LPS 34 900 ± 1000 27 700 ± 1200

Polymyxin B, an inhibitor of LPS, was added to medium (Opti-

MEM), single-stranded (ss) ODN or Y-ODN(CpG3) at a final

concentration of 50 lg/ml. LPS was added to samples at a final

concentration of 1 ng/ml. Each sample was added to cells, and the

TNF-a concentration in supernatants was measured after an 8-hr

incubation. Results are expressed as the mean ± SD of three

determinations.

Figure 6. Growth inhibition of tumour cells by conditioned med-

ium of RAW264.7 cells treated with oligodeoxynucleotides (ODN).

Conditioned medium of ODN-treated RAW264.7 cells was added to

B16-BL6/Luc cells, and the cells were cultured for additional 48 hr.

Then, the number of cells was determined by measuring the lucifer-

ase activity of cell lysates. Results are expressed as the mean ± SD of

three determinations. *P < 0�05, **P < 0�01, significantly different

from other conditions.
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the structural requirements of CpG ODN for the recogni-

tion of TLR9 and following the activation of immune

cells. Phosphodiester ODN is rapidly degraded by nuc-

leases in body fluids, such as serum, and intracellular

compartments, which greatly limits the use of such ODNs

as immunostimulatory agents. However, a recent study

has shown that polyguanosine at the 30 end of ODNs can

increase the immunostimulatory activity of phosphodiest-

er ODN.12 Furthermore, it has been reported that the

immunostimulatory effect was enhanced by using self-

stabilized CpG DNA.25–27 In the present study, we

prepared Y-shaped ODNs, with or without immunostim-

ulatory CpG motifs, and found that the Y-shape forma-

tion increased the immunostimulatory responses of

ODNs in RAW264.7 macrophage-line cells, even though

the stability was not increased by the Y-shape formation.

Y-shaped ODN (Y-ODN), the element of dendrimer-

like preparations of ODN, was prepared using three

30-base ODNs. As reported in a previous paper,20

Y-ODN showed a single band on polyacrylamide gels, the

mobility of which was less than that of the bands for

ssODN or dsODN (Fig. 1b). The addition of Y-ODN to

RAW264.7 cells resulted in a significant secretion of both

TNF-a and IL-6 in a DNA concentration-dependent man-

ner, even though it had no potent immunostimulatory

CpG motifs. DNA sequences other than potent immuno-

stimulatory CpG motifs may trigger weak, but detectable,

cytokine responses, and these could be involved in the

immunostimulatory responses to ODNs without any

potent CpG motifs. Although all ODN preparations con-

tained trace amounts of LPS, up to 2�5 EU/mg DNA, this

level of LPS induced only a little TNF-a secretion from

RAW264.7 cells (data not shown). Furthermore, the addi-

tion of polymyxin B, an inhibitor of LPS, had little effect

on the release of TNF-a from the Y-ODN(CpG3)-treated

RAW264.7 cells (Table 2). These results strongly support

the idea that DNA is responsible for the cytokine

response of cells to all ODN preparations under these

experimental conditions, even though no potent CpG

motifs were included in the sequences.

The RAW264.7 cells and other TLR9-positive cells

secrete inflammatory cytokines on recognition of CpG

DNA. TLR9 localizes in the intracellular compartments,

such as the endoplasmic reticulum, and translocates to

the lysosomal compartment when CpG DNA is taken up

by the cells.28 Therefore, CpG DNA should be transferred

to such subcellular compartments to induce cytokine pro-

duction. The level of cytokine release from TLR9-positive

cells would be a function of variables, including the sta-

bility of DNA and the amount of DNA taken up by cells.

Therefore, we examined whether the Y-shape formation

of DNA increased the stability to nucleases and/or the

cellular uptake. In the present study, we found that

Y-ODN was less stable than dsODN. Y-ODNs have three

terminals in one unit of the structure, whereas conven-

tional dsODNs have two. This difference may explain the

high susceptibility of Y-ODN to nuclease-mediated

degradation.

In marked contrast, the Y-shape formation significantly

increased the uptake of ODNs in RAW264.7 cells

(Fig. 3b). A previous study demonstrated that increasing

the length of ODN increases its endocytic uptake when

ODNs with a length of 250 bp or less are used.29 Because

one unit of dsODN and Y-ODN contains 60 and 90 bases,

respectively, this difference may be responsible for the

greater uptake of Y-ODN compared with that of dsODN.

However, the high immunostimulatory activity of Y-ODN

could not be simply attributed to the increased uptake of

Y-ODN because the increase in the level of cytokine

release (three- to six-fold) by the Y-shape formation was

greater than the increase in the uptake (about two-fold).

Therefore, other factors, such as the affinity of ODN

for TLR9 and intracellular localization, may also

contribute to the increased immunostimulatory activity of

Y-ODN.

To construct a new Y-ODN preparation with a potent

immunostimulatory CpG motif, the GACGTT sequence,

the most potent one in rodents, was inserted close to the

50-terminal of Y0a, one of the components of Y-ODN,

based on the information that TLR9 reads the CpG from

the 50-end of DNA.30 Although the ssODN and dsODN

with the CpG motifs were effective in inducing cytokines,

such as TNF-a and IL-6, when added to RAW264.7 cells,

the Y-ODN containing CpG motifs induced greater

amounts of cytokines than these conventional CpG

ODN preparations. Because all ODN preparations, i.e.

ssODN(CpG3), dsODN(CpG3), dsODN(CpG3) · 3 and

Y-ODN(CpG3), have identical numbers of potent CpG

motifs, the Y-shape formation of ODN significantly

increases the efficiency of cytokine production by CpG

DNA. Furthermore, Y-ODN(CpG3), which contained

three potent CpG motifs in one unit, was much more

effective in inducing TNF-a and IL-6 compared with

Y-ODN(CpG) containing only one potent CpG motif.

In accordance with the levels of cytokines, the condi-

tioned medium of Y-ODN(CpG3)-treated RAW264.7 cells

showed a greater inhibitory effect on the growth of mela-

noma cells than other ODNs. Previous studies have dem-

onstrated that CpG ODNs are a very strong activator of

TLR9-positive cells, such as macrophages, B cells and

dendritic cells, and have been considered as therapeutic

agents against cancer, and infectious and allergic dis-

eases.1,31 As shown in the present study, cytokines pos-

sessing anti-proliferative activity of tumour cells, such as

TNF-a, are induced by CpG ODNs. Therefore, cytokines

released from CpG ODN-treated RAW264.7 cells would

contribute to the growth inhibition of melanoma cells.

These results indicate that highly potent immunostimula-

tory ODNs can be designed by increasing the number of

CpG motifs in the sequences of Y-ODN.
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The involvement of TLR9 in CpG DNA-mediated

immune activation has been reported using TLR9)/) mice

or cells isolated from those mice. Our preliminary experi-

ments using TLR9)/) and wild-type mice suggested that

Y-ODN(CpG3) induces TNF-a production in a TLR9-

dependent manner, although the level obtained was lower

than those obtained with DNA–cationic liposome com-

plexes. The involvement of TLR9 in the immune activa-

tion by Y-ODNs was therefore evident, but it should be

further investigated in future experiments.

In conclusion, the Y-shape formation of ODN has been

shown to be effective in inducing greater amounts of

cytokines, such as TNF-a and IL-6, in macrophage-like,

TLR9-positive cells than conventional ssODN or dsODN.

These enhanced immunostimulatory effects of Y-ODN

are, at least partly, associated with an increase in the

uptake by TLR9-positive cells, but not with stabilization

of ODN. CpG DNA has been explored as a therapeutic

agent for cancer, asthma, allergy, and infectious diseases

and as an adjuvant in immunotherapy, but it generally

requires phosphorothioate or other chemical modi-

fication. Such modification may have disadvantages

associated with systemic toxicity, such as a transient anti-

coagulant effect, activation of complement cascade, and

inhibition of basic fibroblast growth factor binding to sur-

face receptors, because of non-specific protein binding.32

The findings of the present study provide a novel strategy

for the development of potent immunostimulatory CpG

ODN preparations free from such modification problems.
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