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ABSTRACT 

Single strand oligodeoxynucleotides containing unmethylated cytosine-phosphate-guanine (CpG 

ODNs) are recognized by the toll-like receptor 9, a component of the innate immunity. Therefore they could 

act as immunotherapeutic agents. Chemically modified CpG ODNs containing a phosphorothioate (PS) 

backbone instead of phosphodiester (PD) were developed as immunotherapeutic agents resistant to nuclease 

degradation. However they cause adverse side effects, so there is a necessity to generate novel CpG ODNs. 

In the present study, we designed a nuclease-resistant non-modified CpG ODN that forms G-quadruplex 

structures. G-quadruplex formation in CpG ODNs increased nuclease resistance and cellular uptake. The 

CpG ODNs designed in this study induced interleukin-6 production in a human B lymphocyte cell line and 

human peripheral blood mononuclear cells. These results indicate that G-quadruplex formation can be used 

to increase the immunostimulatory activity of CpG ODNs having a natural PD backbone. 
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Introduction 

The toll-like receptor 9 (TLR9) is a component of the innate immunity expressed by human 

plasmacytoid dendritic cells (pDCs) and B cells that recognize the unmethylated cytosine-phosphate-guanine 

(CpG) motif present in microbial and viral DNA [1]. TLR9 activation initiates the NF-kappa B signaling 

pathway that induces the production of cytokines such as tumor necrosis factor (TNF)-, and interleukins 

(IL)-6 and -12. This pathway also leads to dendritic cell (DC) activation and maturation [2,3]. Single-stranded 

oligodeoxynucleotides containing the CpG motif (CpG ODNs) mimic the action of microbial DNA. 

Therefore, they have attracted much attention as vaccine adjuvants and immunotherapy agents for cancers 

and allergies [4-6]. However, CpG ODNs are very sensitive to degradation by nucleases present in biological 

fluids such as serum, which limits their immunoregulatory effects.  

An alternative for increasing the stability of CpG ODNs against nucleases is to partially or entirely 

replace the phosphodiester (PD) bonds that link the nucleotides together by phosphorothioate (PS) bonds. 

Class-A (type D) ODNs consist of palindromic CpG motifs connected by PD bonds in the center of the 

structure and poly-G tails attached by PS bonds at the 5’ and 3’ ends. This class of ODNs activates pDCs 

leading to increased production of IFN-. Class-B (type K) ODNs consist exclusively of PS bonds and 

stimulate the proliferation and activation of B cells [8]. Class-C ODNs include one or two CpG motifs with 

PD linkage and palindromic sequences with PS linkage at the 3’ end; they activate both pDCs and B cells 

[9]. Class-P ODNs include two palindromic CpG motifs containing PS bonds exclusively and lead to the 
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production of higher amounts of type-I interferon than Class-C ODNs [10]. However, there is a concern about 

the safety of these molecules because adverse side effects associated with the PS backbone have been 

reported [11]. Consequently, the synthesis of nuclease-resistant CpG ODNs containing a PD backbone is 

attractive for the development of safer immunotherapies. 

One way to increase DNA stability without making backbone modifications is to induce the formation 

of G-quadruplex (G4) structures. The G4 is a noncanonical secondary structure of DNA containing stacked 

G-quartet planes of four guanines connected by a network of Hoogsteen hydrogen bonds [12]. Regions of G-

rich repeats capable of forming G4 are abundant in telomeric DNA, at the end of the chromosomes, and may 

play an essential role in preventing inappropriate elongation by telomerase, nucleolytic degradation, and end-

to-end fusions [12]. G4 structures are topologically polymorphic and are classified based on the participation 

of one (intramolecular) or many (intermolecular) DNA strands; and on the DNA strand orientation, G4 

configurations are mainly divided into parallel, anti-parallel, and hybrid [13], the arrangements are 

determined by measuring the circular dichroism (CD) spectra of the DNA. Bishop et al. developed a nuclease-

resistant form of anti-HIV ODNs, exclusively with PD bonds, containing a G4 motif [14]. These results 

indicate that inducing G4 formation may be useful for developing nuclease-resistant immunostimulatory CpG 

ODNs with a complete PD linkage. 

In the present study, we aimed to test this hypothesis. To do so, we designed ODNs containing both CpG 

motifs and poly-G regions to induce G4 formation. We evaluated the stability of the G4-CpG ODNs in the 
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serum, and their ability to induce cellular uptake and cytokine production by a human B lymphocyte cell line 

and human peripheral blood mononuclear cells (PBMCs). 
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Materials and Methods 

Preparation of G4- CpG ODNs  

The CpG ODNs used in this study were synthesized by Eurofins Genomics (Tokyo, Japan) and purified 

by high-performance liquid chromatography (HPLC), the sequences are shown in Table 1. The ODNs were 

dissolved in sterile deionized water to a concentration of 100 µM for further analysis. To induce G4 structure 

formation, the CpG ODNs were diluted in Dulbecco’s phosphate-buffered saline without calcium and 

magnesium (D-PBS(-), 2.68 mM KCl, 137 mM NaCl, 1.47 mM KH2PO4, and 8.10 mM Na2HPO4; DS Pharma 

Biomedical, Osaka, Japan) to a final concentration of 10 µM. The CpG ODNs solution was incubated at 

95 ℃ for 5 min, and then gradually cooled to 30 ℃ using a TP650 thermal cycler (Takara Bio, Shiga, Japan). 

The G4 formation was confirmed by polyacrylamide gel electrophoresis (PAGE). Briefly, CpG ODNs 

(0.1 µg) were applied to a 15 % PAGE in Tris-glycine buffer (25 mM Tris, 192 mM glycine; ATTO, Tokyo, 

Japan) and separated by applying 20 mA at 4 ℃ for 80 min. The CpG ODNs were visualized by SYBR Gold 

nucleic acid gel stain (Thermo Fisher Scientific, Waltham, MA, US) fluorescence. 

 

Measurement of Circular Dichroism (CD) Spectroscopy  

CpG ODNs (20 μM) were folded in a buffer containing 10 mM Tris-HCl pH 8.0, 150 mM KCl, and 10 

mM NaCl, as described above. Circular dichroism (CD) spectra were measured using a J-725 

spectropolarimeter (JASCO, Tokyo, Japan) and a quartz cell of 10 mm optical path length (JASCO) at 25 ℃. 
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Scanning was performed from 220 nm to 320 nm at 25 °C with a resolution of 0.2 nm, a bandwidth of 10 nm, 

and scan speed of 50 nm/min. Each scan was repeated 10 times, and the values were averaged. The buffer 

sample spectrum was subtracted to eliminate background. For CD melting and annealing experiments, CD 

measurement was performed at 267 nm with a heating or cooling rate of 1.0 ℃ min-1.  

 

Measurement of the thermal difference spectrum 

G4-CpG (10 µM) was folded in D-PBS(-) as described above. The absorbance spectra of G4-CpG at 

20 ℃ and 90 ℃ were measured using a spectrophotometer V-670 (JASCO, Tokyo, Japan). The thermal 

difference spectrum (TDS) was obtained by subtracting the absorbance spectrum at 20 ℃ from that at 

90 ℃. The absorbance at 295 nm was monitored with a heating or cooling rate of 0.2 ℃ min-1 to examine 

the melting and annealing curves of G4-CpG. 

 

Stability Assay in Serum  

To evaluate the stability of CpG ODNs against nucleases present in the serum, 4 µl of 10 µM folded 

CpG ODNs were added to 36 µL of 20% (v/v) fetal bovine serum (FBS; Thermo Fisher Scientific; The final 

concentration of FBS in the test was 18 % (v/v)) and incubated at 37 ℃ for 0, 1, 2, 4, and 24 hours. The 

reaction was terminated by adding 4 µl of 250 mM EDTA solution and heating at 80 ℃ for 2 min. The 

samples were stored at 4 ℃ until analyzed by PAGE. The fluorescence intensity of each band was quantified 
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using the Image Studio™ Lite software (LI-COR Biotechnology, Lincoln, NE, US).  

 

Cellular Culture 

The human B lymphocyte cell line, Namalwa cells (IFO50040; Japanese Collection of Research 

Bioresources Cell Bank) was cultured in RPMI1640 (#11875-093; Thermo Fisher Scientific) supplemented 

with 10% (v/v) FBS, 10 mM HEPES, 50 U/ml penicillin, and 50 μg/ml streptomycin at 37 °C in a humidified 

incubator containing 5% CO2. 

 

Cellular Uptake Assay 

The culture medium of Namalwa cells was replaced with Opti-MEM medium (Thermo Fisher 

Scientific) at a density of 5.0 × 105 cells/ml. Then, 200 μl of cell suspension was seeded in a 96-well plate. 

CpG ODNs labeled with 6-carboxyfluorescein (6-FAM) at the 3’-end were added to the medium to a final 

concentration of 5.0 μM. The cells were incubated at 37 °C in a humidified incubator containing 5% CO2 for 

2 hours. The cells were washed twice with 500 μl phosphate-buffered saline (PBS) and harvested. The cellular 

fluorescence intensity was analyzed with a flow cytometer (SP6800; Sony, Tokyo, Japan). 

 

Measurement of IL-6 Production in Human B Cell Line and PBMC by ELISA 

Namalwa cells were seeded in a 96-well plate at a density of 1.0 x 105 cells/well and stimulated with 
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0.5 μM CpG ODNs for 48 hours at 37 °C in a humidified incubator containing 5% CO2.  

Commercially available frozen human PBMCs were purchased from Cellular Technology Limited (Shaker 

Heights, OH, USA). PBMCs were thawed according to the manufacturer’s instructions and suspended in 

RPMI 1640 medium supplemented with 10% (v/v) FBS, 10 mM HEPES, 50 U/ml penicillin, and 50 μg/ml 

streptomycin, and then seeded in a 96-well plate at a density of 1.0 x 105 cells/well. PBMCs were stimulated 

with 0.5 μM CpG ODNs for 24 hours at 37 °C in a humidified incubator containing 5% CO2.  

The supernatant was collected and stored at -30 °C until used. The levels of IL-6 secreted into the medium 

were determined using the Ready-Set-Go! ELISA kit (Thermo Fisher Scientific) according to the 

manufacturer’s instructions. 

 

Statistical Analysis 

Data are expressed as the mean ±  standard deviation (SD) of five measurements. Statistical 

differences were evaluated by one-way analysis of variance (ANOVA) followed by the Dunnett’s test for 

multiple comparisons. A p-value below 0.05 was considered to be statistically significant.  
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Results and Discussion 

We first designed ODNs capable of forming G4. The sequence GTCGTT linked by a PD backbone is 

known as the CpG motif recognized by human cells [15]. Meng et al. developed a nuclease-resistant CpG 

ODNs linked exclusively by PD bonds, containing six GTCGTT repeats (PD-ODN2006-2006) [16]. PD-

ODN2006-2006 induces significant levels of TLR9-mediated NF-kappa B activation in PBMCs, leading to 

high IL-6 production [16]. Based on these results, we designed ODNs containing GTCGTT as the basic 

sequence. The sequence motif G≥3NxG≥3NxG≥3NxG≥3 has been reported to form G4 [17]. So, we designed 

ODNs containing poly-guanine sequences alternating with the CpG motifs (Table 1). G0-CpG did not contain 

any guanosine between the CpG motifs and was intended to be a linear control. G2-, G4-, and G8-CpG 

included 2, 4, and 8 guanosine repeats between the CpG motifs, respectively. Since TLR9 activation is 

abolished by the rearrangement of the cytosine-guanosine (CG) sequence to guanosine-cytosine (GC) in 

ODNs [2], we designed G4-GpC as a negative control of G4-CpG. 

We next examined whether the designed CpG ODNs formed secondary structures by measuring their CD 

spectra (Fig. 1A). G4 structure formation is driven by monovalent cations such as Na+ and K+ [17]. To induce 

folding, each ODN was heated and gradually cooled in a buffer containing 150 mM KCl, that mimics the 

intracellular potassium concentration. The CD spectra of G0-CpG showed a negative peak around 250 nm 

and a positive peak around 280 nm, this spectrum is characteristic of random coil DNA. G2-CpG presented 

peaks similar to those of G0-CpG, so we inferred that it did not form the G4 structure.  



12 
 

In contrast, G4-CpG and G8-CpG showed a negative peak at 240 nm, and a positive peak at 260 nm. These 

results correspond to the characteristic spectrum of parallel G4s [18]. Therefore, we concluded that G4- and 

G8-CpG formed G4 structures in the presence of monovalent cations. To estimate the high-order structures 

of G4 formed by the CpG ODNs, they were analyzed by PAGE (Fig. 1B). All ODNs showed single bands 

without any smearing; this suggests that they formed individual structures. G0-CpG (48 mer), showed a 

migration pattern similar to that of the 50 bp band of the DNA marker (Lane 1). In contrast, G2-CpG (56 

mer), and G4-CpG (64 mer) showed a migration pattern similar to that of the 70 bp and 110 bp bands of the 

DNA marker, respectively (Lane 2-3). From the results of the CD spectra, we expected G4-CpG to form 

unimolecular G4. However, the PAGE results did not support our hypothesis. We then measured the 

absorbance spectra of the unfolded and folded states of G4-CpG to obtain the TDS and evaluate G4 formation. 

The denaturation of the G4 structure is characterized by a negative peak around 295 nm in the TDS [19]. The 

spectrum of G4-CpG had a negative peak around at 295 nm, indicating that the G4 structure was denaturated 

(Fig.1C). The result of TDS indicated that G4-CpG formed the G4 structure. To confirm the stated 

molecularity of G4-CpG, we also performed the CD melting and annealing experiments by monitoring at 

267 nm (Supplementary Fig.1). G4-CpG shows reversible melting with considerable difference between 

melting and annealing, where melting and annealing curves were not superimposable. After the annealing, 

we heated the ODNs again and the 2nd melting curves were superimposable with 1st melting curves 

(Supplementary Fig.1A). The melting and annealing curves of G4-CpG were also examined by monitoring 
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at the absorbance at 295 nm. The melting/annealing curves were not superimposable as well as seen in the 

CD melting/annealing experiments (Supplementary Fig.1B). From these results, G4-CpG might form the 

various G4 structures and lead the formation of the G4 multimer.  

In contrast, G8-CpG ODNs did not enter the gel (Lane 4, Fig.1B). The GGGGTTGGGG sequence forms 

intermolecular G4 which leads to oligomer formation, called G-wires [20]. Klein et al. proposed that Class-

A ODNs form intermolecular G4 which leads to multimer formation [21]. Thus, it is possible that G8-CpG 

forms G-wire structures that are too big to enter the gel. CpG ODNs that form uncontrollable high order 

structures cannot be used for clinical applications. Contrarily, G4-CpG formed controllable G4 structure and 

did not lead to G-wire formation.  

We incubated G4-CpG and G0-CpG in FBS to investigate their stability against serum nucleases. At 

different incubations times, the ODNs were separated by PAGE to evaluate degradation (Fig. 1D). G0-CpG 

was almost completely degraded after 1-hour incubation, indicating a low resistance to nuclease action. In 

contrast, the band corresponding to G4-CpG was apparent after 4 hours incubation, and after 24 hours the 

band had no completely disappeared. This suggests that by inserting GGGG between the CpG motifs, the 

CpG ODNs with PD linkage folded into G4s and became more resistant to nucleases. Our results agree with 

previous reports by Li et al. that showed that CpG bearing DNA tetrahedral nanostructures are not degraded 

after 4 hours of incubation in serum and that they can induce TNF-, IL-6, and IL-12 release [22]. It has been 

reported that the formation of secondary structures such as Y-shaped and dendrimer-like (DL) DNA 
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containing CpG motifs increases their cellular uptake [23,24]. So, we examined whether G4 structures in 

CpG ODNs increased their cellular uptake by the human B lymphocyte cell line, Namalwa cells. 6-FAM-

labeled G0-CpG and G4-CpG were added to the culture medium of Namalwa cells for 2 hours, and the cellular 

fluorescence intensity was measured by flow cytometry (Fig. 1E). When the cells were incubated with G4-

CpG, the mean fluorescence intensity (MFI) was more than 10-fold that of cells incubated with G0-CpG. Just 

as Y and DL-DNAs, G4 formation in CpG ODNs increased the cellular uptake by the immune cells. Opazo 

et al. demonstrated that the mutation of guanines, which form the G-tetrad of G4, decreases the cellular 

uptake into Burkitt’s lymphoma cells [25]. The G4 structure may affect the efficiency of cellular uptake and 

be useful for developing CpG ODNs with increase cellular uptake.  

Moreover, Zhang et al. showed that the morphological features of nanodiamonds affect both the 

anchoring and internalization stages of endocytosis [26]. A round nanodiamond is more effectively 

internalized by the cells than a prickly nanodiamond even though both surfaces are composed by similar 

functional groups [26]. Thus, the shape of ODNs may also affect cellular uptake efficiency. 

As TLR9 localizes in the endosomal compartment of mammalian cells, CpG ODNs need to be 

incorporated into the cells and transported to the endosomes to activate it. Since G4-CpG showed increased 

nuclease resistance and cellular uptake, we expected that it would localize to the endosomal compartment 

and activate TLR9, resulting in a more efficient induction of inflammatory cytokine production by B cells 

than that of CpG ODNs with random structure. To measure this, we incubated Namalwa cells with all the 
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ODNs designed in this study and measured IL-6 production. Fig. 2A shows the IL-6 measurement by ELISA. 

After 48 hours of incubation, G4-CpG induced IL-6 production more than 7-fold that of G0-CpG. G-wire-

forming G8-CpG did not significantly stimulate Namalwa cells. Furthermore, the level of IL-6 induced by 

G4-GpC was significantly lower than that of G4-CpG, indicating that the G4 structure itself did not activate 

TLR9. These results suggest that the immunostimulatory effect of the CpG motif can be significantly 

enhanced by G4 formation.  

We also assessed the potential of G4-CpG-ODNs using human PBMCs, which consist of lymphocytes 

(T cells, B cells, and NK cells), monocytes, and dendritic cells. G4-CpG induced IL-6 production by PBMCs, 

while G0-CPG did not (Fig. 2B). We can conclude that the increased stability and cellular uptake induced by 

G4 formation resulted in increased IL-6 production by primary immune cells. 

In the present study, we demonstrated that G4 formation might be useful for the development of 

immunostimulatory CpG ODNs. G4 formation contributes to the transport of CpG ODNs into the endosomal 

compartment, by enhancing the stability and cellular uptake of the nucleotides, leading to a high IL-6 

production in immune cells. G4 structures are topologically very polymorphic depending on their sequences 

and folding condition. Therefore, the development of G4-CpG-ODNs with higher stability could be achieved 

by controlling their topology and might be used in the development of human immunotherapeutic agents. 
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Tables: 

Table 1 Sequence of CpG ODNs Used in this Study 

The immunostimulatory CpG motifs (GTCGTT) for human are underlined. Abbreviations: CpG, cytosine-

phosphate-guanine; ODNs, oligodeoxynucleotides. 

Please provide the table here. 

Name Sequence (5’→3’) 
Length 

(nucleotides) 

G0-CpG 

TTGTCGTTTTGTCGTTTTGTCGT

TTTGTCGTTTTGTCGTTTTGTCG

TT 

48 

G2-CpG 

GGTTGTCGTTTTGTCGTTGGTTG

TCGTTTTGTCGTTGGTTGTCGTT

TTGTCGTTGG 

56 

G4-CpG 

GGGGTTGTCGTTTTGTCGTTGG

GGTTGTCGTTTTGTCGTTGGGG

TTGTCGTTTTGTCGTTGGGG 

64 

G8-CpG 

GGGGGGGGTTGTCGTTTTGTCG

TTGGGGGGGGTTGTCGTTTTGT

CGTTGGGGGGGGTTGTCGTTTT

GTCGTTGGGGGGGG 

80 

G4-GpC 

GGGGTTGTGCTTTTGTGCTTGG

GGTTGTGCTTTTGTGCTTGGGG

TTGTGCTTTTGTGCTTGGGG 

64 
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Figure 1 Characteristic of G-quadruplex-forming CpG ODNs  

(A) Circular dichroism spectra of G-quadruplex CpG ODNs. Black line, G0-CpG; Purple line, G2-CpG; 

Red line, G4-CpG; Blue line, G8-CpG. (B) Polyacrylamide gel electrophoresis of G-quadruplex CpG 

ODNs. Marker, 10 bp DNA Ladder (Thermo Fisher Scientific). (C) TDS analysis of G4-CpG. The TDS 

(dotted line) results from the subtraction of the 20 ℃ spectrum (blue line) from the 90 ℃ spectrum (orange 

line) (D) Serum stability of G0-CpG and G4-CpG in 18% (v/v) serum containing buffer. Left: Presence of 

G0-CpG and G4-CpG assessed by polyacrylamide gel electrophoresis. Right: quantification of the bands in 

the gel corresponding to G0-CpG and G4-CpG. (E) Uptake of fluorescent ODNs by Namalwa cells. 

Abbreviation: MFI, mean of fluorescence intensity. 
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Figure 2 Levels of IL-6 production induced by CpG ODNs  

(A) Namalwa cells (B) human PBMCs. IL-6 in the supernatant was determined by ELISA. The results are 

expressed as the mean ± SD of five determinations. *: p < 0.05, representing a significant difference from 

the IL-6 level induced by D-PBS (-). 
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Supplementary Fig.1 


