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Abstract

Nucleic acids, DNA and RNA, not only allow transfer and replication of densely coded
genetic information, but also act as danger signals triggering innate immune response.
Recent progress in the design and construction of nano-sized structures using DNA has
opened a new field of nanotechnology. The unique properties of nano-sized DNA
constructs can be exploited to develop programmable materials for efficient delivery of
bioactive compounds. In this review, recent advances in DNA nanotechnology and its
applications as delivery systems are summarized. In particular, we focus on the delivery
of DNA containing unmethylated cytosine-phosphate-guanine (CpG) dinucleotide, or
CpG motif, to immune cells expressing Toll-like receptor 9. Recent studies have shown
that precisely designed DNA constructs, such as multi-branched DNA, polyhedral DNA,
and DNA origami, can be used to enhance the biological activity of CpG DNA.
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1. Introduction

For millions of years, living organisms have used nucleic acids, DNA and RNA,
to encode, transfer, decode, and transcribe genetic information. This is largely attributed
to the nature of the nucleic acids to form a double-stranded structures with a
complementary strand (Watson and Crick, 1974), and the double-strand formation keeps
the genetic information unchanged (Crick, 1970). Recently, this ability to form
double-stranded structures has been exploited to construct a variety of unnatural tertiary
DNA structures—DNA-based nano-scale materials. To date, DNA nanotechnology has
been used in optical detection, diagnostics, and drug delivery (Seeman, 2010; Roh et al.,
2011b; Hartman et al., 2013).

From a structural perspective, there are many advantages of using DNA as a
building block for developing diagnostic and therapeutic materials. The classical
right-handed double helical DNA, B-DNA, is a nano-scale species; the diameter and
helical rise of B-DNA is about 2 nm and 0.34 nm/base, respectively (Leslie et al., 1980).
Two DNA molecules can be ligated to form one species via DNA ligase-catalyzed
reactions (Figure 1A). Single-stranded overhangs, called sticky ends, are used for the
ligation of DNA molecules (Wu and Wallace, 1989). This permits the
custom-fabrication of readily programmable intermolecular connections and allows us
to synthesize desired DNA structures with varying functions (Lee et al., 2009).
Branched DNA with junction points has also been used as building blocks. A typical
branched DNA forms a four-armed Holliday junction, an intermediate structure formed
during the process of genetic recombination (Holliday, 1964; Shinagawa and Iwasaki,
1995). In addition, Y-shaped (Y-DNA) and X-shaped (X-DNA) DNAs have been
designed and synthesized using three or four oligodeoxynucleotides (ODNSs),
respectively, with the halves of each ODN being partially complementary to a half of
each of the other two ODNs (Kallenbach et al., 1983; Ma et al., 1986) (Figure 1B). The
branched DNA can be used to create two- or three-dimensional networked structures
(Seeman, 1982).

These approaches enable us to develop several types of self-assembled and
bottom-up tertiary DNA structures. DNA is a highly homogeneous and inexpensive
material which can be obtained by total synthesis. In addition, DNA is a chemically
stable molecule. Chemical modification of the functional groups of DNA can also be
possible. These properties of DNA are the advantages of DNA-based delivery systems.

Recent studies have found that DNA nanostructures are useful for pharmaceutical
and biomedical applications (Nishikawa et al., 2010). DNA or RNA containing specific
sequences, such as antisense ODN, decoy ODN, small interfering RNA (siRNA), and



unmethylated cytosine-phosphate-guanine (CpG) ODN, has several biological functions,
including the inhibition of expression of target molecules and the activation of innate
immunity (Dove, 2002; Fattal and Bochot, 2006; Krishnamachari and Salem, 2009;
Tomita et al., 2003). DNA nanostructures constructed using functional nucleic acids
could improve or strengthen their biological activity. Nucleic acids are degraded by
nucleases in vivo (Takakura et al., 2001). This biodegradability assures that DNA and
RNA are biocompatible. Therefore, oligomers and polymers consisting of DNA can be
used for the development of biodegradable, biocompatible, and safe nano-scale
materials. In this review, approaches to use nano-scale DNA structures exhibiting
unique structural properties as drug delivery systems (DDS) are summarized.

2. DNA nanostructures for drug delivery systems

Pioneering work by Seeman and coworker, who constructed a DNA cube, laid the
foundation for DNA nanotechnology (Chen and Seeman, 1991). Since then, a number of
self-assembled polyhedral DNA nanostructures have been developed (He et al., 2008,
2010; Zhang et al., 2008, 2009, 2010; Li et al., 2012) (Figure 1C).

A group of researchers from Cornell University developed dendrimer-like DNA
(DL-DNA) through the ligation of Y-DNA building blocks (Li et al., 2004; Freedman et
al., 2005). Three ODNs with the halves of each ODN being complementary to a half of
the other two ODNSs are used to construct Y-DNA, and which are ligated to each other
through the adhesive terminal ends using T4 DNA ligase. The numerous terminals of
the DL-DNA can be used to conjugate any functional moieties, including fluorescent
probes. Rothemund (2006) prepared materials of arbitrary two-dimensional shapes,
including a smiley face, using a 7-kilobase single-stranded scaffold and over 200 short
‘staple strands’ to hold the scaffold in place. The multiple staple strands were hybridized
to the long scaffold strand by simple annealing. This method, known as “DNA origami”,
allows the arrangement of a large number of ODNs with nano- to micrometer precision
and made it possible to create more complex and larger structures. The DNA
nanostructures developed thus far have shown enormous potential for applications in a
number of fields.

Synthetic or semi-synthetic DNA or RNA has the potential to interact with target
molecules, such as endogenous DNA, RNA, and proteins. Such nucleic acids can be
used as therapeutic agents for the treatment of diseases. Because there are several
barriers for the delivery of functional DNA and RNA, a variety of delivery systems,
including liposomes, nanoparticles, polymers, and molecular conjugates, have been
developed (Ma et al., 2005; Lee et al., 2012; Tsai et al., 2012; Lambert et al., 2001).



Although cationic liposomes and polymers are frequently used for the delivery of
nucleic acid drugs, there is a concern that such compounds could cause damages to the
cell membrane. Hydrogels have been used for the encapsulation and sustained release of
drugs (Nayak and Lyon, 2005). However, most hydrogels are prepared by
polymerization and may contribute to DNA damage and cytotoxicity. Biodegradable
hydrogels made of natural polymers, including gelatin and hyaluronic acid, generally
lack homogeneity.

DNA nanotechnology-based methods would solve the problems associated with
the delivery of nucleic acid drugs. Several examples are summarized in Table 1. Keum
et al. (2011) reported that compared with their linear counterparts, tetrahedral DNA
containing an antisense motif showed higher efficiency in inhibiting the expression of
enhanced green fluorescent protein (EGFP) in cultured cells. Lee et al. (2012)
developed tetrahedral DNA-nanoparticles of defined size and succeeded in delivering
siRNAs into cancer cells, where they silenced the expression of target genes.
Modification of the tetrahedral DNA with folic acid greatly enhanced the efficiency of
RNA interference in folate receptor-positive cancer cells. The size of the tetrahedral
DNA-nanoparticle was about 30 nm and this property led to a longer circulation time of
the nanoparticles (ti» = 24.2 min) than that of the parent sSiRNA (t;2 = 6 min).

Roh et al. (2011a) developed DNAsome, a liposome-like vesicle consisting of
lipid-conjugated Y-DNA. Its amphiphilic nature allowed the lipid-conjugated Y-DNA to
self-assemble and form submicron particles. These authors showed that the delivery of
siRNA targeting the anti-apoptotic gene Bcl-2 can be achieved by using DNAsomes.
Further, the authors also showed that the delivery of the SiRNA together with
doxorubicin (DXR), an anti-cancer-agent, to cancer cells inhibited their proliferation.
Um et al. (2006) developed DNA hydrogels by ligating Y-DNA, the X-shaped DNA
(X-DNA), or T-shaped DNA. The authors reported that macromolecular drugs like
insulin can be loaded into and gradually released from these hydrogels. More recently, a
meta-hydrogel that has the ability to restore its original shape has also been created with
DNA by employing a rolling circle amplification method (Lee et al., 2012).

Jiang et al. (2012) reported that a DNA nanostructure prepared using the DNA
origami technology delivered DXR that was intercalated into the structure and inhibited
the proliferation of not only MCF-7 human breast adenocarcinoma cells, but also that of
doxorubicin-resistant cells. Zhao et al. (2012) developed two DNA origami-based
nanostructures to deliver DXR into three different breast cancer cell lines
(MDA-MB-231, MDA-MB-468, and MCF-7) and successfully induced programmed
cell death. Using DNA origami method, Andersen et al. (2009) created a



three-dimensional addressable DNA box that can be opened by an externally supplied
DNA ‘key’. Douglas et al. (2012) developed an aptamer-gated hexagonal barrel
nanostructure. The nanostructure loaded with antibody fragments was used to trigger
cell-signaling in cultured cells. These antibodies bound to cell surface receptors and
inhibited the cell growth.

3. DNA-mediated stimulation of innate immunity

Mammalian innate immune system recognizes damage-associated molecular
patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs) as danger
signals. Several DNA or RNA sensors have recently been identified in mammalian cells
(Ozinsky et al., 2000). The recognition of nucleic acids by these sensors produces type |
interferons (IFNs) and proinflammatory cytokines and upregulates the expression of
costimulatory molecules (Figure 2). These responses could be used in the treatment of
some diseases (Ishii and Akira, 2007).

3.1. DNA/RNA sensors

Toll-like receptors (TLRs) play essential roles in the activation of innate immune
responses through the recognition of PAMPs expressed on a wide array of microbes and
endogenous DAMPs released from stressed or dying cells (Adams, 2009; Matzinger,
1994; Rakoff-Nahoum et al., 2004). TLR3, TLR7/8, or TLR9 recognizes exogenous or
endogenous RNA/DNA in endosomal vesicles (Kawai and Akira, 2006). Viral, bacterial,
and mammalian DNAs binds to TLR9, but microbial DNA is more efficient in
activating the innate immune system compared with self DNA (Krieg, 2002). This is
because, bacterial and viral DNAs harbor CpG motifs with much higher frequency
compared with mammalian DNA (Bird, 1987). Bacterial and viral DNAs contain many
CpG motifs, which is unmethylated cytosine-phosphate-guanine dinucleotides, whereas
CG dinucleotides in mammalian DNA is highly methylated at the C5 position of
cytosine. Thus, TLR9 is a receptor for microbial DNA containing CpG motifs (CpG
DNA) but does not recognize methylated CpG dinucleotides in mammalian DNA
(Tokunaga et al., 1988). TLR9 ligation recruits myeloid differentiation primary response
protein 88 (MyD88) and activates downstream signaling pathways (Kawai et al., 2004).
The activated TLR9-positive cells, including dendritic cells and macrophages, secrete
proinflammatory cytokines and type | IFNs (Uematsu and Akira, 2007). Because
double-stranded RNA and single-stranded RNA, respectively, are the ligands of TLR3
and TLR7/8, bacterial and viral RNAs are recognized by these TLRs, and induce the
production of type I IFNs (Kawai and Akira, 2006).



Other DNA sensors identified include DNA-dependent activator of IRFs (DAI)
and Z-DNA binding protein 1 (ZBP1) (Takaoka et al., 2007; Wang et al., 2008). DAI
interacts directly with double-stranded DNA in the cytoplasm and is capable of
activating interferon regulatory factor 3 (IRF3), leading to the production of type-I IFNs.
Several cytosolic RNA sensors, including retinoic acid-inducible gene | (RIG-I),
melanoma differentiation-associated gene 5 (MDAS), and probable ATP-dependent
RNA helicase DHX58 (or laboratory of genetics and physiology-2; LGP2), have been
identified (Swiecki et al., 2011). A cytosolic helicase, RIG-I is a key sensor of viral
infection and is activated by single-stranded triphosphate RNA, which stimulates the
secretion of IFN-a and IFN-B from monocytes (Hornung et al., 2006; Schlee et al.
2009). Therefore, the activation of the innate immune system following the recognition
of viral and synthetic RNA containing 5 -triphosphate by RIG-I can be useful for the
immunotherapy of cancer. Poeck et al. (2008) reported that Bcl2-specific SiRNA
containing 5 -triphosphate (3p-siRNA) potently inhibited the growth of melanoma. It is
interesting that the recognition of 3p-siRNA by RIG-I synergized with siRNA-mediated
Bcl2 silencing to induce massive apoptosis of cancer cells.

3.2 Therapeutic application of CpG DNA

As mentioned above, CpG DNA is a ligand for TLR9 and triggers innate immune
response. Therefore, CpG DNA can be used as a therapeutic agent or an adjuvant for the
treatment of a wide range of diseases, including cancer, viral infection, and allergies
(Smyth et al., 2000; Baron et al., 1991). However, natural CpG DNA has some
drawbacks as a therapeutic agent—the natural, phosphodiester (PO) DNA or ODN is
prone to enzymatic degradation, has short in vivo circulation time, and has a low
membrane permeability (Emlen and Mannik, 1984; Sands et al., 1994). To overcome
these obstacles, cationic liposomes and polymers have been used to deliver CoG DNA
into TLR9-positive cells (Kuramoto et al., 2006; Smolarczyk et al., 2005). Additionally,
a variety of chemically modified DNA analogs, including phosphorothioate (PS) ODN,
2'-O-methyl ODN, morpholinos, methylphosphonate ODN, phosphoramidate ODN, and
locked nucleic acid, have been developed for achieving enhanced stability against
nucleases (Wagner, 1994; Crooke, 2004a, 2004b; Grunweller et al., 2003). In particular,
PS ODN that can be synthesized by simple methods is widely used in studies involving
CpG DNA because of their resistance to enzymatic degradation (Stein et al., 1988).
However, PS ODN binds serum proteins and cellular membranes with high affinity
(Brown et al., 1994; Monteith et al., 1999). It was reported that PS-ODNs accumulate in
the kidney and induce renal toxicity, including renal proximal tubular degeneration at



high doses (Monteith et al., 1999).

The flanking sequence preferences of CpG motif have been extensively studied
(Lenert et al., 2006; Rankin et al., 2001). The optimal flanking sequences for rodent and
human TLR9 respectively are 5-GACGTT-3 and 5'-GTCGTT-3 (Rankin et al., 2001;
Yi et al., 1998). CpG DNA has been categorized into four classes: class A (also known
as type D), class B (also known type K), class C, and class P. Class A CpG DNA that
contains a palindrome sequence for spontaneous G-tetrad formation, forms nano-sized
oligomers under physiological conditions, and induces massive secretion of type | IFNs
from plasmacytoid dendritic cells (pDCs) (Kerkmann et al., 2005). In contrast, class B
CpG DNA is a linear molecule and has little potency to induce the production of type I
IFNs (Krug et al., 2001), but is a potent mitogenic signal for human B cells and induces
the secretion of large amounts of proinflammatory cytokines (Brown et al., 1998; Yi et
al., 1996). It is interesting that polystyrene nanoparticle loaded with class B CpG DNA,
which is similar in size as the oligomers of class A CpG DNA, shows enhanced potency
to induce IFN-o (Kerkmann et al., 2005). This indicates that the immune responses
depend on the tertiary structures of CpG DNA. Class C CpG DNA stimulates the
production of moderate levels of type | IFNs in pDCs and directly activates B cells
(Poeck et al., 2004; Hartmann et al., 2003; Marshall et al., 2003; Vollmer et al., 2004).

4. DNA assemblies for the delivery of CpG DNA

Recent studies have reported that a variety of DNA-based nanostructures increase
the biological activity of CpG DNA. Figure 3 summarizes the DNA assemblies that
have been used for the delivery of CpG DNA. Soluble DNA nanostructures, including
dumbbell shaped DNA, polypod-like DNA (polypodna), and dendrimer-like DNA
(DL-DNA), are used for the targeted delivery of CpG DNA to TLR9-positive cells, such
as dendritic cells, whereas DNA hydrogel is a formulation for sustained release of the
immunostimulatory DNA. In this section, recent challenges in the delivery of CpG
DNA using DNA nano-assemblies are summarized.

4.1. Dumbbell shaped DNA

Once administered, the short DNA, including CpG DNA, is quickly degraded by
DNases in blood or other biological fluids (Goodchild et al., 1991). It has been reported
that loop formation increases the stability of short double-stranded DNA by making its
terminals unavailable to exonucleases (Chu et and Orgel, 1992; Clusel et al., 1993).
Schmidt et al. (2006) designed a dumbbell-like covalently-closed PO CpG DNA
(dSLIM-30L1) to increase the resistance to enzymatic degradation. The dSLIM-30L1



was effective in inducing the production of proinflammatory cytokines, including
interleukin (IL)-2 and IL-12p40. Further, its activity was comparable to that of a linear
CpG DNA that contained phosphorothioate backbones at both ends. Yang et al. (2013)
reported that CpG DNA with double stem-loop structure stimulated the proliferation of
human peripheral blood mononuclear cells (PBMCs) and inhibited the growth of breast
cancer in mice.

4.2. Branched, polypod-like structured DNA

Branched DNA is used as a building block for the construction of tertiary DNA
structures because the branches can be used for connecting new DNA units. Y-DNA has
a simple branched structure, and it is prepared using three ODNSs with the halves of each
ODN being partially complementary to the halves of the other two ODNSs (Nishikawa et
al., 2008; Matsuoka et al., 2010). Nishikawa et al. (2008) have previously reported that,
compared to their single-stranded counterparts, Y-DNA containing three potent CpG
motifs induces the secretion of significantly higher levels of tumor necrosis factor-o. and
interleukin-6 from RAW264.7 macrophage-like cells. The enhanced immunostimulatory
activity of Y-DNA was associated with increased cellular uptake by TLR9-positive cells.
Subsequently, Mohri et al. (2012a) designed and developed nano-sized, polypod-like
DNA (polypodna) containing CpG motifs (Figure 3A). Polypodna preparations
consisting of three to eight 36-mer ODNs were successfully obtained by simple
annealing. All polypodnas induced the secretion of large amounts of cytokines from
macrophage-like RAW264.7 cells. Mohri et al. (2012a) found that increasing the
number of pods increased the cellular uptake, but reduced the biological stability. Loop
formation at the terminals of tetrapodna increased the stability in mouse serum and led
to higher immunostimulatory activity than tetrapodna without loops (Mohri et al.,
2012Db). High activity of the polypodna preparations were also observed after addition to
human PBMCs (Uno et al., in press).

4.3. Dendrimer-like DNA and DNA hydrogel

Ligation of several polypodnas with overhangs at the 5'-ends using T4 DNA
ligase results in the formation of DL-DNA (Figure 3B). Rattanakiat et al., (2009) have
developed the second and third generations of DL-DNA containing respectively 12 or
24 highly potent CpG motifs in one unit. These DL-DNAs exhibit significantly high
immunostimulatory activity compared with their individual components, including the
CpG motif-containing tripodna. Further, a DNA hydrogel was also prepared by the
ligation of polypodna with overhangs at all of the 5'-ends of a palindromic sequence



(Um et al., 2006). Nishikawa et al.,, (2011) developed DNA hydrogel with
immunostimulatory CpG DNA by connecting tetrapodna preparations (Figure 3C). The
CpG DNA hydrogel induced cytokine release from immune cells and gradually released
DXR. Administration of CpG DNA hydrogel containing DXR effectively inhibited the
growth of colon 26 tumor in mice.

4.4, Tetrahedron DNA

Goodman and coworkers developed a method for single-step synthesis of a
tetrahedral DNA nanostructure (Goodman et al., 2004). Li et al. (2011) designed and
prepared functional, multivalent DNA nanostructures by appending CpG DNA to
tetrahedral DNA. The tetrahedral DNA with CpG motifs was efficiently taken up by
TLR9-positive cells and activated the downstream pathways to induce the secretion of
various proinflammatory cytokines at high concentrations. The stability of tetrahedral
DNA nanostructure was higher than that of double-stranded DNA in fetal bovine serum
and in cells. Liu et al. (2012) used CpG DNA-containing tetrahedral DNA nanostructure
as a vehicle for the delivery of streptavidin, a model antigen. The precisely designed
nano-sized complexes induced strong and long-lasting antigen-specific responses in
mice without stimulating reaction to the DNA nanostructure itself, indicating that
tetrahedral DNA has the potential to serve as a general platform for vaccine delivery.

4.5. DNA origami tube

The DNA origami technique has also been used to synthesize complex DNA
structures (Castro et al., 2011). Some DNA origami-based assemblies can be used as
scaffolds for chemical and biological processes (Simmel, 2012). The structural patterns
of DNA origami technique-based tubes are programmable (Castro et al., 2011). Further,
the surface of the DNA tube can be modified with a wide variety of biomolecules,
including proteins and nucleic acids. Such modification could extend the use of DNA
tubes into biomedical applications. Schuller et al. (2011) developed a tube-shaped DNA
origami structure consisting of 30 parallel double-helices that were covered with 62
CpG ODNs. This DNA origami tube triggered a strong immune response as
characterized by cytokine production and activation of freshly isolated spleen cells.

5. Conclusion

The field of DNA technology is rapidly growing with the realization that DNA
can be useful as a generic material. In this review, we summarized the recent advances
in the development of DNA nanotechnology-based systems consisting of self-assembled
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DNA nanostructures. Since these DNA structures can be freely designed and are
programmable, their structural properties can be and should be tuned for specific
applications. Awvailable information clearly suggests that DNA nanostructures offer
promising new avenues for the delivery of immunostimulatory nucleic acids to immune
cells expressing their receptors. We believe that precisely designed DNA nanostructures
will be used in the treatment of a variety of diseases in the near future.
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Figure legends

Figure 1. DNA ligase-catalyzed reaction and schematic representations of DNA
assemblies. In most cases, double-strand formation between two DNA molecules acts as
the driving force for the formation of DNA assemblies. (A) Two double-stranded DNA
molecules can be connected by hybridization through the sticky ends (5’-GTCA-3’ and
5’-TGAC-3’ in this case). The nick between the two double-stranded DNA molecules
can be enzymatically ligated, to produce one double-stranded DNA. (B) The sequence
and planar presentation of Y-DNA and X-DNA. (C) Schematic representations of a
variety of DNA assemblies. Tetrahedral DNA (left) (He et al., 2008), hexahedral DNA
(middle) (Chen and Seeman, 1991), and icosahedral DNA (right) (He et al., 2010).

Figure 2. DNA- or RNA-mediated stimulation of innate immunity. DNA or RNA is
taken up by immune cells via endocytosis. In endosomes, TLR3, TLR7/8, or TLR9
recognizes double-stranded RNA, single-stranded RNA, or CpG DNA, respectively.
RIG-I or DAI recognizes single-stranded triphosphate RNA or double-stranded DNA,
respectively, in the cytoplasm. These interactions activate the NF-kB or IRFs, resulting

in the production of proinflammatory cytokines and IFNs.

Figure 3. Schematic illustration of DNA assemblies for the delivery of CpG DNA. (A)
Polypod-like DNA (polypodna) with three (tripodna) to twelve (dodecapodna) pods. (B)
First to third generations (G1 to G3) of dendrimer-like DNA (DL-DNA). (C) DNA
hydrogel and its scanning electron microscope (SEM) image.
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Table 1. DNA nanostructures used for drug delivery

DNA Cargo Size Advantage Reference
nanostructure
Tetrahedral DNA  Antisense DNA ~7 nm High cellular uptake Keum et al.
(2011)
Tetrahedral DNA  siRNA ~29 nm Long blood Lee etal.
circulation, tumor (2012)
targeting
DNAsome siRNA, Doxorubicin  110-1,100 nm High loading Roh et al.
capacity and (20114a)
efficiency
DNA hydrogel Insulin - Sustained release Um et al.
(2006)
DNA triangle Doxorubicin - High loading Jiang et al.
efficiency (2012)
DNA origami Doxorubicin 380 nm High loading Jiang et al.
tube efficiency (2012)
DNA origami Doxorubicin 138 nmx13 nm High loading Zhao et al.
tube efficiency (2012)
Hexagonal DNA  Gold nanoparticle, 35nmx35nm  Sensing cell surface  Douglas et al.
barrel antibody x45 nm (2012)




