
Biochemistry and Biophysics Reports 36 (2023) 101573

2405-5808/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Control of A/D type CpG-ODN aggregates to a suitable size for induction of 
strong immunostimulant activity 

Miyu Matsuda, Shinichi Mochizuki * 

Department of Chemistry and Biochemistry, The University of Kitakyushu, 1-1 Hibikino, Wakamatsu-ku, Kitakyushu, Fukuoka, 808-0135, Japan   

A R T I C L E  I N F O   

Keywords: 
CpG-ODN 
Adjuvant 
Toll-like receptor 9 
G-quadruplex 

A B S T R A C T   

Among several types of CpG-ODNs, A/D-type CpG-ODNs have potent adjuvant activity to induce Th-1 immune 
responses, but exhibit a propensity to aggregate. For the clinical application of A/D-type CpG-ODNs, it is 
necessary to control such aggregation and obtain a comprehensive understanding of the relationship between 
their structure and the immune responses. This study revealed that a representative A/D-type CpG ODN, D35, 
adopted a single-stranded structure in water, while it assembled into aggregates in response to Na+ ions. From 
polyacrylamide gel electrophoresis and circular dichroism analyses, D35 adopted a homodimeric form (duplex) 
via palindromic sequences in low-Na+-concentration conditions (10–50 mM NaCl). After replacement of the 
solution with PBS, quadruplexes began to form in a manner coordinated by Na+, resulting in large aggregates. 
The duplexes and small aggregates prepared in 50 mM NaCl showed not only high cellular uptake but also high 
affinity to Toll-like receptor 9 (TLR9) proteins, leading to the production of a large amount of interferon-α for 
peripheral blood mononuclear cells. The much larger aggregates prepared in 100 mM NaCl were incorporated 
into cells at a high level, but showed a low ability to induce cytokine production. This suggests that the large 
aggregates have difficulty inducing TLR9 dimerization, resulting in loss of the stimulation of the cells. We thus 
succeeded in inducing adequate innate immunity in vitro by controlling and adjusting the formation of D35 
aggregates. Therefore, the findings in this study for D35 ODNs could be a vital research foundation for in vivo 
applications.   

1. Introduction 

Unmethylated cytosine-phosphate-guanine dinucleotides, known as 
CpG motifs, are recognized by one of the pattern recognition receptors, 
Toll-like receptor 9 (TLR9), which has the ability to detect certain 
distinctive sequences in pathogens but not in self-genomes [1]. The 
interaction between oligonucleotides (ODNs) containing CpG motifs and 
TLR9 induces strong Th-1 immune responses rather than Th-2 responses 
[2,3]. Therefore, the potent adjuvant activity of CpG-ODNs has been 
studied based on their use as a component of vaccines. 

Considering the chemical backbone and sequence characteristics, 
CpG ODNs are classified into four categories: A/D-, B/K-, C-, and P-type 
ODNs [4–6]. Among them, A/D-type CpG-ODNs have a phosphodiester 
palindromic domain in the central region, which contains one or more 
CpG motifs in the palindrome [7,8]. Furthermore, A/D-type CpG-ODNs 
have poly(G) sequences with a phosphorothioate backbone at the 5′ and 
3′ ends. This class of CpG-ODNs can induce high levels of interferon-α 
(IFN-α) production in plasmacytoid dendritic cells (pDCs), while they 

have a low ability to stimulate TLR9-dependent NF-κB signaling [9,10]. 
IFN-α activates the CD8-positive cytotoxic T lymphocyte response. The 
activated pDCs also secrete IL-12, which promotes the differentiation of 
Th-0 into Th-1 [11]. Compared with A/D-type CpG-ODNs, B/K-type 
CpG-ODNs can stimulate many genes associated with resistance to 
bacterial infection, such as IL-1β and IL-6 [11]. C-type CpG-ODNs 
combine the characteristics of the A/D- and B/K-type CpG-ODNs, 
inducing IL-6 and IFN-α. However, its ability to induce IFN-α is lower 
than that of type A CpG-ODNs [12]. Although the feature of B/K- and 
C-type CpG-ODNs is to have phosphorothioate structures in their back-
bones, some reports showed the toxicity derived from the unnatural 
phosphorothioate backbones [13,14]. Taking these findings together, 
A/D-type CpG-ODNs are expected to be utilized as an adjuvant with high 
safety to induce strong protective immune responses. 

Such a strong IFN-α induction by A/D-type ODNs is associated with 
the higher-order structure of the ODNs [7,15,16]. The poly(G) sequences 
at the 5′ and 3′ ends readily induce the formation of ODN multi-
merization in a salt solution, resulting in large aggregates. The 
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formation of aggregates is essential for A/D-type ODNs to induce high 
levels of IFN-α production. However, this presents a huge obstacle to 
their clinical application [17]. The uncontrolled aggregation and pre-
cipitation by ODN multimerization can stimulate other signaling path-
ways and induce unexpected side effects. 

The formation and stability of the structures induced by ODNs with 
guanine-rich sequences are attributed to Hoogsteen hydrogen bonding 
among four guanines, which is specifically coordinated by alkali metal 
ions such as sodium and potassium ions [18,19]. These structures 
(G-quadruplexes) are drawing increasing attention and are used as 
building blocks of DNA nanotechnologies such as DNA nanomachines 
and nanomedicines [20,21]. Because appropriate and accurate DNA 
assemblies are critical for G-quadruplex-based nanotechnologies, the 
structural features and kinetics when changing the types of alkali metal 
ions and the salt concentration have been studied for various ODNs with 
guanine-rich sequences [19,22]. In this study, we demonstrated the 
preparation of various assemblies consisting of D35 ODN [17], a 
representative A/D-type CpG ODN, by changing the sodium ion con-
centration and evaluated the affinity to the TLR9 protein and the adju-
vant activity for human peripheral blood mononuclear cells (PBMCs). 

2. Materials and methods 

2.1. Materials 

D35 (5′-G^GTGCATCGATGCAGGGG^G^G-3′: ^ indicates a phosphor-
othioate backbone) was synthesized by Gene Design Co., Ltd. (Osaka, 
Japan). Dynabeads Protein G Immunoprecipitation Kit and recombinant 
mouse TLR9 Fc chimera (mTLR9Fc) were purchased from Thermo Fisher 
Scientific (Waltham, MA) and R&D Systems (Minneapolis, MN), 
respectively. 

2.2. Preparation of D35 aggregation 

The sample tubes containing D35 containing were added to a water 
bath maintained at 95 ◦C. After incubation for 5 min, the temperature 
setting was removed. The tubes were allowed to stand overnight and 
then slowly cooled to room temperature. 

2.3. Polyacrylamide gel electrophoresis (PAGE) 

For the preparation of PAGE, 50 μM D35 in water, 10 mM NaCl, 50 
mM NaCl, and 100 mM NaCl solutions were annealed. After replacing 
each solution with 10 × phosphate-buffer saline (PBS), the samples were 
left to stand at room temperature for the indicated times. D35 (10 ng) 
was separated using a 12 % acrylamide gel for 1 h at 100 V. After the gel 
had been stained with SYBR Gold (Invitrogen, Carlsbad, CA), fluoresce 
imaging was performed using a PharosFX (Bio-Rad, Richmond, CA). 

2.4. Circular dichroism (CD) spectroscopy 

After D35 solutions (15 μM D35 in water, 10 mM NaCl, 50 mM NaCl, 
and 100 mM NaCl) had been replaced with PBS and left to stand for the 
indicated times, they were subjected to CD analysis. The CD in the 
wavelength region of 240–320 nm was measured on a Jasco J-802 
spectropolarimeter (JASCO, Tokyo, Japan) at 25 ◦C using a 1 cm quartz 
cell with a water jacket. 

2.5. In vitro uptake of D35 into cells 

DC2.4 cells (mouse dendritic cell line) were purchased from Milli-
pore Corporation (Temecula, CA) and cultured in RPMI-1640 medium 
(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) containing 
10 % FBS, 100 U/mL penicillin, 0.1 mg/mL streptomycin, and 0.5 % 
β-mercaptoethanol (FUJIFILM Wako Pure Chemical Corporation). 
DC2.4 cells were seeded at 3.0 × 105 cells/well in 12-well plates and 

supplemented with FITC-labeled D35 (Gene Design) at 1 μM. After in-
cubation for 3 h, the cells were washed with PBS three times and the 
fluorescence intensity of the cells was observed using a flow cytometer 
(CytoFLEX; Beckman Coulter, Fullerton, CA). 

2.6. Immunoprecipitation binding assay 

Magnetic beads (25 μl) and 5 μg of mTLR9Fc (50 μl) were mixed and 
incubated for 20 min with rotation at a speed of 10 rpm at 25 ◦C [22]. 
After washing once with the binding and washing buffer, the 
Dynabeads-mTLR9Fc complex was resuspended in PBS. A total of 500 
pmol D35 in water, 10 mM NaCl, 50 mM NaCl, or 100 mM NaCl was 
added to the Dynabeads-mTLR9Fc complex and incubated for 1 h with 
rotation at 25 ◦C. After washing three times with washing buffer and 
removing the unbound D35, 10 μl of elution buffer was added and 
incubated at 25 ◦C for 15 min to release D35 from the 
Dynabeads-mTLR9Fc complex. The supernatants were subjected to 12 % 
PAGE and visualized by SYBR Gold staining. At 3 h after the replacement 
of D35 with PBS when the sample had been left to stand at room tem-
perature, the D35 bound to the Dynabeads-mTLR9Fc complex was 
assessed in the same way. 

2.7. Cell viability assay 

Human PBMC samples were obtained from iQ Biosciences (Berkeley, 
CA) and cultured in RPMI-1640 medium containing 10 % FBS, 100 U/ 
mL penicillin, and 0.1 mg/mL streptomycin. After 24 h of treatment with 
D35 at 1 μM for human PMBCs, the medium was changed to a medium 
containing tetrazolium salt (WST-1; Dojindo, Kumamoto, Japan) and 
incubated for 6 h. Formazan is then produced by succinate-tetrazolium 
reductase in living cells. The absorbance at 450 nm was measured using 
a microplate reader (Multiskan FC; Thermo Fisher Scientific). 

2.8. Cytokine production from PBMCs by stimulation with D35 

PBMCs were seeded at 1.0 × 106 cells/well in 96-well plates and 
supplemented with D35 at 1 μM. After 24 h, the amount of IFN-α 
secreted into the supernatants was measured with an IFN-alpha Human 
ELISA Kit (Thermo Fisher Scientific). 

2.9. Statistical analysis 

All data are presented as mean ± SD. The statistical significance of 
differences between two groups was analyzed using two-tailed Student’s 
t-test. 

3. Results 

3.1. Structures of D35 at different NaCl concentrations 

In this study, we focused on the effect of sodium ions (Na+) on the 
structures formed by D35 because the Na+ concentration is much higher 
than that of potassium ions (K+) in the extracellular environment. D35 
in the solution with each different NaCl concentration was annealed and 
subjected to 12 % PAGE analysis (Fig. 1A). D35 prepared in water 
showed a single band, while D35 prepared in solution containing NaCl 
showed new bands at a higher molecular weight besides the band 
observed in water. The intensity of the bands observed at a higher mo-
lecular weight increased in a NaCl concentration-dependent manner. 
Furthermore, some D35 prepared in 100 mM NaCl formed aggregates 
that were too large to migrate in the gel. These results indicate that D35 
responds sensitively to Na+ and forms aggregates. In this study, the 
bands observed at a higher molecular weight than in the D35 control and 
the aggregates that could not migrate in the gel are hereinafter referred 
to as low-D35 aggregates (L-D35) and high-D35 aggregates (H-D35), 
respectively (Fig. 1A). Incidentally, the structure taken by D35 
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depended on the type of alkali metal ion. After annealing D35 in solu-
tions containing lithium chloride (LiCl) or KCl, D35 showed a different 
migration pattern than D35 in solutions containing NaCl. In 100 mM 
NaCl, some D35 formed H-D35, while in 100 mM LiCl, D35 did not form 
H-D35 at all (Supplementary Fig. 1). Furthermore, in KCl solution, most 
D35 formed H-D35 even in 10 mM KCl concentration. These results 
indicate that the formation and the amount of L-D35 and H-D35 depends 
on the size of the alkali metal ion and the concentration. 

To investigate the stability of the aggregates under physiological 
conditions, each solution was replaced with PBS, left to stand for the 
indicated times, and subjected to PAGE analysis. Although there was no 
aggregation in the conditions with no NaCl, L-D35 appeared after the 
sample was left to stand for 30 min in PBS (Fig. 1B). The amount of L- 
D35 decreased with increasing NaCl concentration of the initial condi-
tions, while the amount of H-D35 increased. After 3 h of being left to 
stand in PBS, some H-D35 was observed even for D35 in water at 0 h 
(Fig. 1C). After 24 h, all samples showed almost the same findings on 
electrophoresis (Fig. 1D), indicating the attainment of equilibrium 
regardless of the initial conditions. These results indicate that D35 
adopts a single-stranded structure in water, but forms an L-D35 aggre-
gate in a manner dependent on the NaCl concentration. Under condi-
tions with higher NaCl, PBS, D35 forms H-D35 aggregates in a time- 
dependent manner. 

Fig. 2A–D shows the CD spectra in the range of 210–320 nm for D35 
before and after the replacement with PBS. CD measurement is a 
powerful tool to determine the secondary structures and conformations 
adopted by nucleic acids [23]. D35 in water showed a negative peak at 
240 nm and a positive peak at 265 nm, which is a typical CD spectrum of 
the B-form of ODNs [24]. Although the spectral shapes almost matched 
that in water, even in the conditions with NaCl, the peak around 290 nm 
increased in intensity with increasing NaCl concentration (Supplemen-
tary Fig. 2). This indicates that the conformation was slightly changed 
by the presence of NaCl. After the replacement with PBS, the positive 
peak at 265 nm increased in intensity with time regardless of the initial 
conditions. Although G-quadruplexes adopt many types of structures, all 
of them are based on guanine tetrads. The spectra of parallel quad-
ruplexes predominantly feature a positive peak at 260 nm, while those of 
anti-parallel quadruplexes feature a negative peak at 260 nm and a 

positive peak at 290 nm [25,26]. Considering this, D35 in NaCl solution 
can form hybrid (mixture of parallel and anti-parallel) quadruplexes by 
chelating Na+. At 24 h, all D35 showed the same CD spectra. The 
spectrum changes observed in CD measurements agreed with the 
migration patterns in PAGE. 

3.2. Uptake of D35 into DC2.4 cells 

Because TLR9 exists in endosomal compartments, cytokine produc-
tion can depend on the amount of D35 uptake. FITC-labeled D35 pre-
pared in the solution with different NaCl concentrations was added to 
the DC2.4 cell culture medium. After 3 h of incubation at 37 ◦C, the 
fluorescence intensity of the cells was evaluated. The amount of D35 
uptake into the cells increased with increasing initial NaCl concentration 
in the preparation (Fig. 3A). The cells treated with D35 prepared in 50 
mM and 100 mM NaCl showed especially high intensities. If the cellular 
uptake reached a plateau soon after the addition of D35, the amount of 
uptake is considered to be influenced by the size and structure of ag-
gregates and is preferred not small size but large size D35 (L-D35 and H- 
D35). In the case of the gradual uptake during 3 h, we should think about 
the influence of D35 aggregation in response to NaCl (Fig. 1). Because 
the Na+ and K+ ion concentrations in RPMI-1640 are 140 mM and 5.4 
mM, respectively, the structures in the medium can be predominantly 
controlled by adjusting the Na+ concentration. From Fig. 1C, most D35 
forms L-D35 and H-D35 aggregates regardless of the initial conditions, 
after being left to stand for 3 h in PBS. The D35 structures adopted can 
depend on not only Na+ concentration and the time spent under those 
conditions but also the concentration of D35 itself. The concentration of 
D35 prepared as shown in Fig. 1 (PAGE analysis) is 50 μM, while the 
concentration in the cellular uptake is 1 μM. When the concentration of 
D35 is much lower, it can take a long time to form the same aggregates 
as observed in Fig. 1 (Fig. 3B). In fact, after being left to stand for 3 h in 
PBS at 1 μM, the amounts of L-D35 and H-D35 aggregates prepared in 
0 and 10 mM NaCl were far less than those prepared at 50 μM. Taking 
these findings together, the cells took up D35 in the form of not a single- 
stranded structure but aggregates (L-D35 and H-D35). Notably, the 
larger the aggregates were, the more cells preferred them. 

Fig. 1. PAGE migration patterns of D35. (A) 50 μM of D35 in the indicated NaCl solution was annealed and subjected to 12 % PAGE. The bands observed at a higher 
molecular weight than the D35 control and the bands that could not migrate in the gel were determined to be L-D35 and H-D35, respectively. After the replacement of 
each NaCl solution with PBS, each D35 solution was left to stand for 30 min (B), 3 h (C), or 24 h (D), and subjected to 12 % PAGE. 

M. Matsuda and S. Mochizuki                                                                                                                                                                                                               



Biochemistry and Biophysics Reports 36 (2023) 101573

4

3.3. Interaction between D35 and mTLR9Fc 

After internalization into cells, D35 binds to TLR9, resulting in the 
stimulation of DCs. To examine the relationship between the ability of 
D35 to bind to TLR9 and the structures, D35 bound to the mTLR9Fc 
protein was assessed by immunoprecipitation (Fig. 4A). Before the 
replacement with PBS, D35 prepared in 10 mM and 50 mM NaCl was 
bound to mTLR9Fc, while D35 prepared in water was not (Fig. 4B). 
Although D35 prepared in 100 mM NaCl was also bound to mTLR9Fc, 
the affinity was much lower than that of D35 prepared in 10 and 50 mM 
NaCl. At a high condition of NaCl concentration, because D35 is easy to 
aggregate and is difficult to take at the same structure, the ratio of L-D35 
and H-D35 is considered to be different a little in every preparation in 
100 mM NaCl. This causes the different affinity from D35 prepared in 50 
mM NaCl although observed in the same structural pattern in Fig. 1A. 
We could not observe the bound D35 from the mixture of D35 prepared 
in 50 mM NaCl at the initial conditions and the magnetic beads without 
mTLR9Fc proteins (Supplementary Fig. 3). These results indicate that 
D35 adopting not a single-stranded structure but rather some aggregates 
specifically bound to mTLR9Fc proteins. After being left to stand for 3 h 
in PBS, D35 prepared in water, 10 mM and 50 mM NaCl bound to 
mTLR9Fc proteins, while D35 in 100 mM NaCl showed almost the same 
affinity as that before the replacement with PBS (Fig. 4C). Considering 
the state of D35 in each solution (Fig. 1), the affinity between D35 and 
mTLR9Fc proteins depends on the size of D35 aggregates. The aggre-
gates with the size of L-D35 can strongly bind to mTLR9Fc proteins. The 

affinity decreased with aggregate sizes larger than L-D35, and H-D35 
had a little binding affinity to mTLR9Fc proteins. 

3.4. IFN-α production upon treatment with D35 

IFN-α promotes adaptive immune responses and contributes to anti- 
tumor immunity by increasing the function of DCs, T cells, and NK cells 
[27]. At first, the cell viability was examined after treatment with D35. 
The treatment with D35 prepared in the indicated NaCl solution showed 
no cytotoxicity for PMBCs (Supplementary Fig. 4), indicating that we 
can discuss the amount of IFN-α production without considering the 
cytotoxicity by D35. The addition of D35 prepared in 50 mM and 100 
mM NaCl to PBMCs induced the high production of IFN-α (Fig. 5). 
Although D35 prepared in water or 10 mM NaCl also stimulated PBMCs, 
the amount of IFN-α production was lower than that when prepared in 
50 mM NaCl. This is considered to be attributable to the poor uptake into 
the cells (Fig. 3), regardless of having the ability to bind to TLR9 
(Fig. 4C). Some PBMCs were not sufficiently stimulated by D35 prepared 
in 100 mM NaCl (Donor C in Fig. 5). Although D35 prepared in 100 mM 
NaCl is readily incorporated into the cells (Fig. 3), it has low affinity to 
TLR9 (Fig. 4C). Because the cells that induced IFN-α production can 
incorporate D35 before growing to the size that is too large to bind to 
TLR9, they could be activated by the D35 (Donors A and B). These re-
sults suggest that D35 prepared in 50 mM NaCl was suitable for incor-
poration into the cells and binding to TLR9 although the sensitivity is 
affected by individual variability. The aggregation of D35, such as 

Fig. 2. CD spectra of the D35 solutions with NaCl concentrations of 0 (A), 10 (B), 50 (C), and 100 mM (D) after the replacement with PBS and being left to stand for 
the indicated times. 
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Fig. 3. Cellular uptake of D35. (A) D35 prepared in the indicated NaCl solution was added to DC2.4 cells at a concentration of 1 μM. After incubation for 3 h, the cells 
were subjected to flow cytometry. (B) PAGE migration patterns of D35 prepared at 1 μM. Before (left) and after (right) being left to stand for 3 h in PBS, each D35 
solution was subjected to 12 % PAGE. 

Fig. 4. Immunoprecipitation of D35 bound to mTLR9Fc proteins. (A) Schematic illustration of the immunoprecipitation assay. (B) D35 prepared in the indicated 
NaCl solution was incubated with the Dynabeads-mTLR9Fc complex. After incubation for 1 h, the D35 bound to mTLR9Fc proteins was subjected to 12 % PAGE. (C) 
After the replacement of D35 solution from the indicated NaCl solution with PBS and being left to stand for 3 h, D35 was incubated with the Dynabeads- 
mTLR9Fc complex. 

M. Matsuda and S. Mochizuki                                                                                                                                                                                                               



Biochemistry and Biophysics Reports 36 (2023) 101573

6

L-D35, is essential not only for recognition by the cells but also for 
stimulating TLR9. In various situations including in vivo experiments, if 
we control the aggregation by preparing D35 in an appropriate NaCl 
solution, as shown in this study, it could be possible to induce adequate 
innate immunity. 

4. Discussion 

A/D-type CpG-ODNs such as D35 have the features of both potent 
adjuvant activity to induce Th-1 immune responses and difficulty for use 
in treatment given their propensity to aggregate. To apply A/D-type 
CpG-ODNs clinically, it is necessary to obtain a comprehensive under-
standing of their structural changes in response to the environment and 
the relationship between their structure and the machinery of immune 
induction. The present study demonstrates the influence of sodium ions 
on the structures adopted by D35 aggregates, and their subsequent 
cellular uptake and interaction with TLR9 proteins. 

D35 adopts a single-stranded structure in water, but exhibits aggre-
gation in response to sodium ions, resulting in large aggregates (Fig. 1). 
This aggregation involves several steps, which depend on the sodium ion 
concentration. D35 forms aggregates in a way that differs from other 
guanine-rich ODN sequences, establishing G-quadruplexes structures 
observed in such as telomeres and some aptamers because D35 contains 
guanine residues only at the 5′ and 3′ ends. Hertmann et al. advocated 
the following steps for the growth of aggregates by A/D-type CpG ODNs 
[7]. (1) Two A/D type CpG ODN monomers form a duplex via 
Watson-Crick base pairing of their palindromic sequences. (2) Two du-
plexes form a quadruplex via guanine-rich regions. (3) Another duplex is 
linked via a G-tetrad, resulting in an extension of the polymer. In this 
study, in water, hybridization between the palindromic sequences of 
two D35 ODNs was not induced because of the strong electrostatic re-
pulsions between the phosphate backbones. The mitigated electrostatic 
repulsions in 10 mM and 50 mM NaCl solutions made it possible for 
hybridization to occur, resulting in the formation of a D35 duplex. 
Considering the size of the D35 duplex, it could account for the main 
band among L-D35 observed in Fig. 1A. CD spectra of D35 in 10 mM and 
50 mM NaCl have a positive peak at 290 nm, while that in water does 
not. This suggests that double-stranded DNA was formed. The ratio of 
the intensities of the peaks of D35 between 10 mM and 50 mM NaCl 
(Fig. 2B and C) also corresponds to the abundance ratio of the duplex 
observed in PAGE (Fig. 1B and C). Furthermore, when D35 was sub-
jected to gel permeation chromatography using 50 mM NaCl solution as 
a mobile phase, a single peak was observed. From multi-angle light 
scattering analysis, the weight-averaged molecular weight (Mw) of D35 
in 50 mM NaCl was calculated to be Mw = 1.5 × 104 (data not shown), 
which is close to the theoretical value of 1.3 × 104. These results indicate 

that the main band among L-D35 (Fig. 1A) is the D35 duplex. Under 
conditions of approximately 150 mM NaCl, Na+ gradually began to be 
chelated between two duplexes and subsequently the quadruplexes 
formed. However, the high concentration of Na+ accelerated rapid 
polymerization among the quadruplexes, resulting in the formation of 
H-D35. Therefore, we could only observe weak bands derived from the 
small quadruplexes, which appeared between the D35 duplex and 
H-D35 in PAGE (Fig. 1B–D). The formation of quadruplexes also in-
dicates the formation of Hoogsteen base pairing of the G-quadruplex and 
suggests the dissociation of the duplex of CpG motifs. This is possible 
because Watson-Crick base pairing of the original duplex is weakened by 
the neighboring new Hoogsteen base pairing [28]. Although the disso-
ciation of the duplex also means the disappearance of the peak at 290 nm 
in the CD spectrum, the peak was retained in the conditions with NaCl 
concentration of around 150 mM (Fig. 2). This indicates that the 
quadruplexes adopt a hybrid structure containing both parallel and 
anti-parallel orientations, showing distinctive positive peaks at 260 nm 
and 290 nm. 

Recent research has revealed that some cells expressing TLR9 also 
have receptors for DNAs including CpG-ODNs on their surface, such as 
receptor for advanced glycation end products (RAGE), C-type mannose 
receptor 1 (MRC1), and macrophage scavenger receptor 1 (MSR1) 
[29–31]. We previously demonstrated that K/B-type ODN with a length 
of more than 30mer and multiple CpG motifs can be recognized by 
MRC1-expressing APCs [32]. This indicates that multiple interactions 
between the CpG motif and the receptor promote cellular uptake. In this 
study, there is a possibility of the promotion of interactions between the 
L-D35 or H-D35 aggregates and multiple receptors on the cells. As a 
result, the cellular uptake of L-D35 and H-D35 was enhanced, compared 
with that for single-stranded D35 (Fig. 3). Although certain receptors 
would recognize the CpG motif, double-stranded D35, or the quad-
ruplex, the issue of which parts of the aggregates are essential for 
cellular uptake should be investigated further in future work. 

TLR9 is known to require dimerization through binding to CpG-ODN 
for activation of the immune system [33,34]. Because the formation of a 
TLR9 dimer requires that CpG-ODNs are positioned close to each other, 
after the first binding to TLR9, the D35 aggregates largely increase the 
probability of accessing the following TLR9 compared with a 
single-stranded D35. Considering this, the interaction between multiple 
D35 and TLR9 can be stronger than that between single-stranded D35 
and TLR9. In the immunoprecipitation assay, the binding between 
L-D35 and mTLR9Fc was observed, while the binding between 
single-stranded D35 and mTLR9Fc was not (Fig. 4B). Interestingly, 
H-D35 decreased the binding affinity to mTLR9Fc. This suggests that 
much larger aggregates with low flexibility have difficulty binding to 
another TLR9 protein after the first binding. In addition, the large 

Fig. 5. Adjuvant activity by D35. Human PBMCs from three different donors were stimulated with the D35 prepared in the indicated NaCl solution for 24 h. IFN-α 
secreted in the supernatants was determined with an IFN alpha Human ELISA Kit. Non-treated means cells not stimulated with D35. Results are presented as the mean 
± S.D. (n = 3). *p < 0.01, **p < 0.05. 
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aggregates adopted by D35 are easy to precipitate [17], resulting in loss 
of the chance to bind to mTLR9Fc proteins. In fact, the treatment with 
H-D35 did not always induce IFN-α production, regardless of high up-
take into the cells being shown (Figs. 3 and 5). Although L-D35 increases 
in size with time after the replacement with PBS, H-D35 no longer binds 
to TLR9. Therefore, rapid uptake into the cells can be required for im-
mune stimulation when using D35 prepared in 50 mM and 100 mM 
NaCl. Considering these results, L-D35, especially the duplex that is the 
main component of L-D35, is considered to be suitable for the induction 
of potent Th-1 immune responses. L-D35 showed not only high cellular 
uptake but also binding to mTLR9Fc, resulting in induction of the pro-
duction of a large amount of IFN-α. 

In conclusion, we annealed D35 in different NaCl concentrations and 
evaluated the obtained structures. In water, D35 adopted a single- 
stranded structure. Meanwhile, in NaCl solution, D35 ODNs adopted a 
duplex form via palindromic sequences, followed by the formation of 
quadruplexes in a NaCl concentration-dependent manner. The quad-
ruplexes were formed by parallel and anti-parallel structures. The single- 
stranded D35 showed poor cellular uptake and no ability to bind to 
mTLR9Fc proteins. L-D35 showed not only high cellular uptake but also 
a high affinity to mTLR9Fc proteins, leading to the production of a large 
amount of IFN-α for PBMCs. Although H-D35 showed high cellular up-
take, the affinity to mTLR9Fc proteins decreased, resulting in cytokines 
for PBMCs not always being induced. These findings suggest that much 
larger aggregates have difficulty inducing the formation of TLR9 dimers. 
L-D35 containing the duplex of D35 as the main component is the best 
structure to induce Th-1 immune responses. Therefore, the findings in 
this study for D35 ODNs could be a vital research foundation for in vivo 
applications. 
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