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Immunotherapy has received increasing attention due to its low potential side effects and
high specificity. For instance, cancer immunotherapy has achieved great success. CpG is
a well-known and commonly used immunotherapeutic and vaccine adjuvant, but it has
the disadvantage of being unstable and low in efficacy and needs to be transported
through an effective nanocarrier. With perfect structural programmability, permeability,
and biocompatibility, DNA nanostructures are one of the most promising candidates to
deliver immune components to realize immunotherapy. However, the instability and low
capability of the payload of ordinary DNA assemblies limit the relevant applications.
Consequently, DNA nanostructure with a firm structure, high drug payloads is highly
desirable. In the paper, the latest progress of biostable, high-payload DNA
nanoassemblies of various structures, including cage-like DNA nanostructure, DNA
particles, DNA polypods, and DNA hydrogel, are reviewed. Cage-like DNA structures
hold drug molecules firmly inside the structure and leave a large space within the cavity.
These DNA nanostructures use their unique structure to carry abundant CpG, and their
biocompatibility and size advantages to enter immune cells to achieve immunotherapy for
various diseases. Part of the DNA nanostructures can also achieve more effective
treatment in conjunction with other functional components such as aPD1, RNA,
TLR ligands.

Keywords: DNA nanostructure, immunotherapy, drug delivery, DNA cage, DNA hydrogel
Abbreviations: aPD1, anti-PD-1 antibodies; APCs, antigen-presenting cells; CaPi, calcium phosphate; DCs, dendritic
cells; DNA-4WJ, DNA four-way junction; DNCs, DNA nano-cocoons; Dox, Doxorubicin; HCR, hybridization chain
reaction; iDR-NC, intertwining DNA-RNA nanocapsules; IFN-a/g, interferon-a/g; IL-6, interleukin-6; IL-12,
interleukin-12; LPD, lipid-protamine-DNA; LSNAs, Liposomal spherical nucleic acids; NASH, nonalcoholic
steatohepatitis; ODNs, Oligodeoxynucleotides; pEGFP, plasmid DNA expressing an enhanced green fluorescent
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INTRODUCTION

Immunotherapy means a method of treating diseases by
managing the native immune system of the body. As a
relatively novel therapeutic strategy, immunotherapy has
received increasing attention due to its low potential side
effects and high specificity (Martin-Liberal et al., 2017). For
example, cancer immunotherapy has made great progress in
recent decades, especially for the therapies of recurrent and
metastatic cancer (Sharma and Allison, 2015; Young, 2017; Li
et al., 2019). There are a variety of immunotherapeutic strategies
for different diseases, such as vaccine-based therapies (Wu, 2012;
Banchereau and Palucka, 2017) and CpG-based therapies
(Friedberg et al., 2005; Melief and van der Burg, 2008; Mohri
et al., 2012).

Although clinical results are encouraging, immunotherapy is
effective only for a small portion of the disease (Naran et al.,
2018; Pauken et al., 2019). This is partly due to the higher
requirements of immunotherapy for drug carriers, such as
precise targeting, biocompatibility, and controlled release. In
recent years, the researchers have put a lot of effort to develop
nanotechnology-based methods to improve immunotherapy for
various diseases (Look et al., 2010; Look et al., 2014; Shukla and
Steinmetz, 2016; Liu et al., 2018; Al-Halifa et al., 2019).
Nanomaterials-based therapeutics with unique properties may
help address some of the key technical challenges in
immunotherapy. Nanomaterials have been widely used to
transport a variety of biologically active immune-related
antigens and adjuvants (Zhu et al., 2014). The small size of
nanomaterials promotes penetration into mesenchyme and
mucosal barrier surrounding the antigen-presenting cells
(APCs), resulting in efficient cellular uptake. Besides, some
well-designed nanocarriers can serve as a transport platform
for a variety of therapeutic cargoes simultaneously (Zhu
et al., 2014).

DNA nanostructures bind to these therapeutic molecules in
immunotherapy. Due to its high degree of structural
programmability, permeability, and biocompatibility, DNA
nanostructures are among the most promising candidates for
delivery of immune pharmaceuticals (Jin et al., 2017; Yang et al.,
2019). In our previous studies, we paid attention to the biophysical
aspect of the structure as a kind of biomacromolecule (Chi and
Jiang, 2012; Chi et al., 2013), the molecular mechanism of
immunomodulation and immunotherapy of small molecule
drugs (Tian et al., 2015; Chai et al., 2016; Zhu J. et al., 2018).
DNA-based nanotechnology has become a new way to create
biocompatible, well-defined scaffolds because of their biological
origin, unparalleled structural precision, and customizability,
allowing a wide range of self-assembled structures to be built in
a bottom-up manner (Meng et al., 2016; Hu et al., 2018; Zhang
et al., 2018). With its high degree of programmability, it is
convenient to build complex DNA nanostructures with precisely
defined geometries and shapes. Complementary base pairing
provides excellent programmability for DNA, making it ideal
for building complex nanostructures (Kumar et al., 2016). Due to
the natural programmability of materials, different types of
nanostructures have been established, including DNA cages,
Frontiers in Pharmacology | www.frontiersin.org 2
DNA particles, DNA polypods, and DNA hydrogel. All of these
features open up new opportunities to advance the development
of DNA-based nanodiagnostics (Sau et al., 2018; Tyagi and
Subramony, 2018).
DNA NANOSTRUCTURE FOR
IMMUNOTHERAPY

Immunostimulatory and immunomodulatory nucleic acids
are common adjuvants in the immunotherapy of various
diseases (Sau et al., 2018; Tyagi and Subramony, 2018). For
example, CpG and poly I:C are capable of reacting with
different TLR-like receptors to elicit a strong systemic
immune reaction, and they can also be used as vaccine
components for immunotherapy (Yu et al., 2018). These
immunomodulatory nucleic acids have been applied to treat
psoriasis, lupus and arthritis, thrombosis (Yu et al., 2018).
Oligodeoxynucleotides (ODN) containing an unmethylated
CpG motif are considered to be effective immunotherapeutic
vaccine adjuvants to help achieve effective therapeutic
applications because it can stimulate Toll-like receptors 9
(TLR9). CpG has been studied in clinical trial groups for
melanoma immunotherapy, metastatic breast cancer, and
glioblastoma multiforme. The stimulation of TLR9 stimulates
immune-relevant cells like dendritic cells (DCs), macrophages,
and B cells to produce pro-inflammatory cytokines. The
nanostructure of DNA is commonly used as a delivery
platform for CpG, such as DNA tetrahedron (Li et al., 2011)
and tubular DNA origami (Li et al., 2011). After being taken up
by cells and recognized by TLR9, these pro-inflammatory
cytokines are secreted to achieve immunotherapeutic effects
of various diseases. Binding of TLR9 triggers an NF-kB-related
signaling cascade to promote the expression of pro-
inflammatory cytokines, namely tumor necrosis factor-ɑ
(TNF-ɑ), interleukin-6 (IL-6), interleukin- 12 (IL-12)
(Huang et al., 2017), co-stimulatory factors like CD80 and
CD86. These events promote survival and proliferation of
APCs and promote Th1 immunostimulatory response while
inhibits Th2 adaptive immune responses.

DNA nanostructure-based vaccines are promising vectors
for immunizing various human diseases, including hepatitis B
(Huang et al., 2017), tuberculosis (Tang et al., 2015),
Alzheimer disease (Matsumoto et al., 2013), and malaria
parasites (Tyagi et al., 2012). The DNA-based immunization
is successful in initiating cellular and humoral immune
responses without triggering immunity against the vector
(King et al., 2015). There exist other advantages for DNA-
based vaccines. They can polarize T cells and trigger a Th1
immune response (Lysén et al., 2019). Compared to protein-
based vaccines, DNA vaccines are more stable and show a
longer shelf life, making them both advantageous in terms of
preparation, storage, and transportation (Stenler et al., 2014;
Hobernik and Bros, 2018).

However, the instability and low payload of common DNA
assemblies limit the related applications. Therefore, DNA
January 2020 | Volume 10 | Article 1585
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nanostructures with a robust structure, high drug payload, and
good cellular uptake are highly desirable. Recent reviews have
focused on the overall description of DNA nanostructures in
biomedical applications, while the content of immunotherapy is
briefly mentioned (Stenler et al., 2014; Hobernik and Bros, 2018).
However, few people discuss the role of DNA nanostructures in
immunotherapy in detail. The paper will focus on reviewing
DNA nanostructures that have stable structures, high payloads,
and good immunotherapeutic effects on various diseases.
WIREFRAME DNA CAGES

DNA cages refer to wireframe architectures assembly from DNA
strands(Chen and Seeman, 1991; Wang et al., 2019). Various
DNA cages include DNA polyhedrons (Wang et al., 2019) and
DNA nanotube (Jorgenson et al., 2017; Mohammed et al., 2017)
were reported. DNA polyhedrons represent a 3D cage-like
compact structure which is stable and easily absorbed by cells.
Due to structural closure, they are compact, mechanically strong,
size-tunable and noncytotoxic (Jorgenson et al., 2017;
Mohammed et al., 2017). Among them, DNA tetrahedron is
the most commonly seen one (He et al., 2008; Liang et al., 2014),
as demonstrated in Figure 1. Now they have been applied to load
various immune moieties including CpG (He et al., 2008; Liang
et al., 2014), peptides (Xia et al., 2016), for applications in
different therapies. Great efforts have been made in the
Frontiers in Pharmacology | www.frontiersin.org 3
targeted modification to promote efficiency and prevent
side effects.

Wireframe nanostructures, such as DNA tetrahedra,
constructed from DNA-lipid micellar nanoparticles compared
to Watson-Crick base pairings are capable of assembling more
CpG ligands, and in the equivalent case require fewer
nucleotides. The immune effects of tetrahedral CpG molecules
are most significant compared to other structures. Ohtsuki et al.
designed three different structures, including CpG tetrahedron,
tetrapodna, and tetragon. They found that CpG tetrahedrons
enter cells most efficiently, and induce the largest amount of
TNF-ɑ compared to the latter two (Ohtsuki et al., 2015).
Consequently, DNA tetrahedra are often used to transport
CpG to bring about immune response efficiently. Authors use
DNA tetrahedron as a nanocarrier for targeted delivery of CpG
(Li et al., 2011). The results show that DNA tetrahedral
nanostructures can remain intact in the serum and living
macrophage-like cells for a duration at least several hours. The
tetrahedron carrying several CpG motifs enters the cells without
a transfection agent to trigger a strong immune response, as
shown in Figure 2. The results demonstrated that the
mammalian immune system can accept DNA tetrahedral safely
as a delivery system.

DNA tetrahedral nanostructures can mimic the complex
structure of VLPs, providing an ideal multifunctional platform
for building DNA vaccines. The proximity of the antigen and
adjuvant is rather beneficial to enhance the vaccine
FIGURE 1 | Observation and characterization of tetrahedral DNA by (A) AFM and (B) CyroEM [reproduced with permission from (He et al., 2008)].
January 2020 | Volume 10 | Article 1585
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immunogenicity. It has been shown the direct attachment of
CpG ODNs to antigen-induced strong immune responses
(Klinman et al., 1999). In vivo observations have shown that
CpG-containing oligonucleotides can increase the production
of serum antibody by 10 times. However, the direct connection
has limitations in the construction of more complex vaccines.
Liu et al. first used DNA tetrahedrons as scaffolds to assemble
synthetic vaccine complexes containing a model antigen,
streptavidin (STV) and CpG (Liu et al., 2012). The vaccine
complex is similar to natural virus particles in the geometry.
Compared to the control group of naked STV and the directly
linked ODN-STV, DNA tetrahedrons can promote the
combinational delivery of CpG and antigens to cancer cells,
constituting an important prerequisite for immune response. As
a result, a strong and long-lasting immune response was
triggered in vivo without rejection of the nanocarrier. The co-
assembly system of antigen-adjuvant was safe because anti-
dsDNA antibodies against tetrahedral structures did not
appear in mouse serum for a dozen of days after
secondary immunization.

DNA nanotubes constructed from DNA origami can also be
used to build a biocompatible delivery platform of CpG. The
DNA origami technology allows a long DNA single strand that is
folded into a specific geometry by about several hundred
oligonucleotides. The method constructs the DNA assembly to
Frontiers in Pharmacology | www.frontiersin.org 4
exhibit a highly complex shape with nanometer-scale precise
component alignment on its surface (Linko and Dietz, 2013).
The DNA origami structure maintains its structural integrity
when exposed to a variety of endonucleases. It has been reported
a 8634-bp single-stranded DNA (ssDNA) scaffold containing
hundreds of short fibers was folded into a hollow DNA nanotube
in which 62 binding sites of CpG ODNs are presented (Schüller
et al., 2011), as shown in Figure 3E. The structural characteristics
of DNA nanotube result in up to 62 drug binding sites. DNA
nanotubes can provide much more drug targets than ordinary
DNA nanostructures. The CpG-bearing DNA nanotube has
better immune stimulation to spleen cells and lower
cytotoxicity than liposome-based delivery, as demonstrated in
Figures 3A–D . The Liedl group demonstrated that
microinjection of CpG-decorated DNA nanotubes in the
skeletal muscle of mice is effective in eliciting immunogenic
responses (Sellner et al., 2015). The DNA nanotube was
internalized and located in the endosomes of the tissue-
resident macrophages within a few minutes. Microinjection of
CpG modified DNA nanotube instead of ordinary DNA
nanotube or CpG ODNs significantly recruits macrophages
into muscle tissue and activate the inflammatory pathway in
cells. These findings indicated that DNA nanotubes serve
as an impressive transport platform for targeting and
activating macrophages.
FIGURE 2 | Cytokine release from RAW264.7 cells stimulated by DNA tetrahedron. Secretion of (A) TNF-ɑ, (B) IL-6, and (C) IL-12 under the action of CpG ODNs
and DNA tetrahedron [reproduced with permission from (Li et al., 2011)]. TNF-a, tumor necrosis factor-a; ODNs, Oligodeoxynucleotides. *P < 0.001 significantly
different from CpG ODN and tetrahedron. #P < 0.05 significantly different from tetra-CpG(I).
January 2020 | Volume 10 | Article 1585
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DNA-BASED NANOPARTICLES

Spherical Nucleic Acids
Spherical nucleic acids (SNAs) has two components, including
a dense radially surrounding nucleic acid shell and a solid or
hollow nanoparticle core. Compared with linear nucleic acid,
SNA has many advantages. First of all, the affinity of SNA to
complementary nucleic acids is higher than that of linear
counterpart due to its special geometry, thereby increasing
the stability of the structure (Seferos et al., 2009). Second, SNA
can enter a variety of cells and with excellent cellular uptake in
the absence of an auxiliary transfection agent (Williams,
2013). Finally, SNAs is composed of biologically compatible
materials and are not toxic to cells (Melamed et al., 2018),
making SNA a powerful tool in numerous biomedical
applications. The nucleic acid shell of SNA can serve as a
high-affinity binder for different classes of ligands to fulfill
particular purposes, making SNA a powerful platform for the
application of molecular diagnostic and (Halo et al., 2014),
gene regulation (Zheng et al., 2012) and immunomodulatory
therapy (Banga et al., 2017a).
Frontiers in Pharmacology | www.frontiersin.org 5
The 3D structure of SNA, rather than the nanoparticle core,
is the key to its versatility (Banga et al., 2017a). The radial
alignment of nucleic acid and the 3D structure of the SNA with
increases the surface area, bringing about abundant drug
binding sites. Great effort is put on designing new SNA with
biocompatible organic nanoparticles cores, including liposomes
and polymer micelles and other biodegradable materials
(Zhang C. et al., 2015; Banga et al., 2017a; Sprangers et al.,
2017), which increase additional immune functionality and
therapeutic effect. The immunomodulatory function of SNA
is particularly notable. SNA has been regarded as an
immunomodulator that binds TLR 7, 8, and 9 to their
sequence-identified nucleic shells (Zhang C. et al., 2015;
Banga et al., 2017a; Sprangers et al., 2017). Due to its unique
3D structure, CpG attached to SNA increases its affinity for its
target to promote immune regulation. Investigators have
developed immunostimulatory CpG-coated SNA with a core
of gold nanoparticles. These SNA-induced mouse macrophages
and human peripheral blood mononuclear cells produce higher
proinflammatory cytokines than their soluble counterparts
(Radovic-Moreno et al., 2015). The immunomodulatory SNA
FIGURE 3 | Uptake of CpG-decorated DNA nanostructures by macrophages. (A) A comparison of absorption of CpG bound by different DNA nanostructures (B)
Green indicates DNA origami tubes chimera III with FITC. (C) Red indicates lysosomes. (D) Merge of A and B. Scale bars: 10 mm. (E) A depiction of 30-helix DNA
origami nanotube incorporated by 3 different kinds of CpG-H's with (I) unmodified phosphate backbone, (II) phosphorothioate (PTO)-modified backbone, and (III)
partly PTO-modified backbone. Blue cylinders refer to double helices; black lines refer to possible binding sites for CpG ODNs [reproduced with permission from
(Schüller et al., 2011)]. ODNs, Oligodeoxynucleotides.
January 2020 | Volume 10 | Article 1585
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reduced fibrosis in a mice model of nonalcoholic steatohepatitis
(NASH) by 40%–51% (Figures 4D–F). Immunostimulatory
SNAs increased the production of IL-12 and interferon-g
(IFN-g) by 10 times in mice, confirming that these DNA-
based structures have the systemic immunostimulatory
capacity to regulate the immune system. Furthermore, a
strong immune response was elicited in the mouse when the
antigen was loaded onto the immunomodulatory SNA, finally
resulting in enhanced anti-tumor efficacy. Figures 4A–C shown
that SNA carrying the antigen resulted in significant and
sustained remission of tumor growth in mice and doubled
survival rate.

The main disadvantages of gold particles based SNA include
difficulty in degradation and high cost, limiting their applications
further. Compared with gold particles based SNA, Liposomal
spherical nucleic acids (LSNAs) LSNA has the advantage of
biocompatibility and at the same time has the general properties
of the latter (Banga et al., 2014), and is therefore often used in
immunotherapy. LSNA is more potent than linear nucleic acid in
activating immune cells like macrophages and DCs (Guan et al.,
2018). Liposomal forms have entered the Phase 1b/2 human
clinical trial. Radovic-Moreno et al. also designed liposome-
based immunostimulation of LSNA carrying CpG and
comparing them to CpG-carrying liposomes (Radovic-Moreno
et al., 2015). LSNA was about three times more potent than
liposome CpG as indicated from the activated B cells.
Frontiers in Pharmacology | www.frontiersin.org 6
The synthesis method of LSNA is generally to anchor a
nucleic acid modified with a hydrophobic component such as
cholesterol to a lipid bilayer of a liposome template, as shown
in Figure 5A. Nevertheless, the mobility of the liposome
nucleus and the hydrophilic nucleic acid shell make the
structure inherently less stable, limiting the widespread
applications of LSNA (Reddy et al., 2012). The problem of
stability become one of barrier for the use of LSNA. The
increased stability of lipid-tail LSNA should keep the
structure intact and be absorbed by the cells efficiently (Choi
et al., 2013). Anchoring DNA with a lipid tail to the core of the
liposome can improve the stability of traditional LSNA (Figure
5B) (Choi et al., 2013). LSNA synthesized with lipid-modified
DNA results in a twofold increase of oligonucleotide loading,
which should be equivalent to a larger immunotherapeutic
payload. Moreover, the modification increased the stability of
the structure and triggers faster cellular internalization and
more intense immune activation. Compared with cholesterol-
tail LSNA, macrophages also showed enhanced lipid-tail LSNA
uptake (Figures 5C, D). Compared with cholesterol tail
analogs, lipid tail LSNA showed moderately increased
activity at lower concentrations and was able to activate
macrophages more quickly, which may be the result of faster
uptake by cells.

Activation of multiple receptors of cells is a common feature
of many inflammation-mediated diseases, including sepsis,
FIGURE 4 | Therapeutic effect of SNA on tumor and liver fibrosis in vivo (A) SNA strongly suppresses tumor (B) Changes of tumor volume with time under the
action of LSNA and other control groups and (C) Curve of survival percentage. (D) immunoregulatory SNAs show enhanced treatment of liver fibrosis in mice with
NASH, as measured by (E) fibrosis score and (F) nonalcoholic fatty liver disease activity (NAS) score [reproduced with permission from (Radovic-Moreno et al.,
2015)]. SNA, spherical nucleic acids; LSNA, Liposomal spherical nucleic acid.
January 2020 | Volume 10 | Article 1585

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Chi et al. DNA Nanostructure Applied in Immunotherapy
rheumatoid arthritis, liver fibrosis (Gao et al., 2017). Therefore,
the ability of simultaneously targeting multiple TLRs on the cell
membrane could enhance the treatment of these inflammation-
mediated diseases (Gao et al., 2017). LSNA can achieve the goal
successfully due to its versatile nucleic acid functionality.
Liposomes co-encapsulating ligands of TLR-9 (CpG ODNs)
and TLR-3 [poly(I:C)] enhanced cellular uptake and pro-
inflammatory cytokine production and improved macrophage
bactericidal activity (Bayyurt et al., 2017). Encapsulation of OVA
antigen into liposome vesicles produced a durable anti-cancer
immune response. And in vivo experiments showed that tumor
progression was significantly inhibited in mice. Similar
immunostimulatory activities are also present in human
peripheral monocytes. Other researchers designed a novel
dual-targeted LSNA from a single-layered liposome core that
delivers a nucleic acid that specifically inhibits TLR9 and a small
molecule that for TLR4 inhibition (Ferrer et al., 2019). The
results showed that dual TLR targeting LSNA strongly inhibited
TLR-9 and TLR-4, respectively in primary mouse macrophages.
These LSNAs have a prominent ability to reduce inflammation,
and they can down-regulate relevant pro-inflammatory
molecules. Dual-targeted LSNA showed up to 10-fold and
1,000-fold increases in TLR inhibition, in comparison with
linear and small molecule treatments.

The disadvantage of traditional SNA is that its core material is
not biocompatible and is not easily degraded. The
biocompatibility and safety of materials of SNA core have been
improved continuously. The cross-linked micelle core of
immunostimulatory SNA can be made from an FDA-approved
thermosensitive block copolymer, which makes SNA technology
Frontiers in Pharmacology | www.frontiersin.org 7
closer to clinical applications (Banga et al., 2017b). The CpG
possessing a lipid tail is inserted into the hydrophobic region of
the micelle, followed by chemical crosslinking to form a stable
structure. These SNAs are more potent in cells, respectively,
compared to linear CpG. The novel SNA based on a core of poly
(lactic-co-glycolic acid) (PLGA) nanoparticle also exhibits good
absorbability and is free to enter macrophage cells to activate
toll-like receptors nine in a dose-dependent manner (Zhu S.
et al., 2018).

Hybrid DNA-Based Nanoparticles
Small particles of inorganic nanoparticles, such as Ca2+, Mg2+,
and Mn2+ phosphates have good biocompatibility and are easily
absorbed by APCs. Consequently, they are suitable as carriers for
immune responses or vaccines (Bhakta et al., 2014; Lin et al.,
2017). Small-sized calcium phosphate (CaPi) nanoparticles can
be used as promis s ing immunoregu la tory agent s
(Hadjicharalambous et al., 2015; Tenkumo et al., 2018). And
the researchers observed smaller particles conjugated with DNA
triggered strong immune responses with high transfection
efficiency (Singh et al., 2000). DNA-encapsulated small-size
magnesium phosphate nanoparticles also have higher
transfection efficiencies in vitro and in vivo (Bhakta et al., 2005).

DNA-encapsulated nanoparticles can constitute a safe and
stable DNA vaccine formulation. The immunostimulatory
efficacy of pegylated MgPi nanoparticles (MgPi-pEGFP) in a
mouse model has been reported to be encapsulated with
plasmid DNA expressing an enhanced green fluorescent protein
(pEGFPa) (Bhakta et al., 2014). Compared to naked pEGFP,
intravenously-administered MgPi-pEGFP nanoparticles induced
FIGURE 5 | A comparison of two different preparation methods of LSNA (A) cholesterol-tail DNA (B) DNA lipid-tail. Stimulation of macrophages by CpG-
incorporated LSNAs as characterized by change of (C) concentration (D) time. (*P < 0.01) [reproduced with permission from (Meckes et al., 2017)]. LSNA,
Liposomal spherical nucleic acid. **P < 0.01 in comparision with CpG linear PS.
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enhanced IFN-g and IL-12 expression (Figures 6A, B). A highly
active macrophage response was also observed when the
immunized mice were treated with the nanoparticles (Figure
6C). Zhu et al. introduced DNA-inorganic hybrid nanovaccines
(hNVs) which were assembled from tandem CpG analogs as well
as Mg2PPi (Zhu et al., 2016). hNVs show high load capacity and
stability. In vivo pharmacokinetic observation revealed that hNVs
demonstrated prolonged tumor retention in mice and reduced
systemic toxicity as compared to that of tranditional CpG
counterparts (Figure 7A). As a result, the hNVs can specifically
inhibit tumor growth, and its anti-tumor efficacy is much stronger
than other groups (Figure 7B). The survival rate of hNVs
treatment was significantly higher than treatment with other
regimens (Figure 7C). The experimental results in vitro also
demonstrated that hNVs were efficiently internalized by DCs
and macrophages, resulting in effective immune stimulation.

DNA nanoparticles containing metal materials also have
degradation problems, limiting their biocompatibility. Taking
organic material as the core of the nanoparticles, such as
amphiphile structures, is an potential solution. Another method
of constructing DNA nanoparticles utilizes hydrophobic units to
Frontiers in Pharmacology | www.frontiersin.org 8
form amphiphile-based micelle particles in an aqueous
environment. When a hydrophobic unit such as a polymer or
lipid is covalently linked to DNA, it undergoes microphase
separation to self-assemble into a micellar structure (Kwak and
Herrmann, 2011). These structures are not formed by Watson-
Crick pairing, but by hydrophobic interactions, compared to the
original DNA nano-objects. The soft material DNA nanoparticle
has been used to deliver anticancer drugs (Alemdaroglu
et al., 2008).

Although studies have shown that CpG can induce spleen DC
activation [34,35], the role of CpG-conjugated DNA nano-
objects in spleen DCs in vivo has not been well characterized.
Jin et al. have successfully used DNA-lipid micelle nanoparticles
for in vivo immune stimulation (Jin et al., 2017). The lipid-
modified nucleotides and fluorescent probes are incorporated
into the DNA strand to form uniform-sized DNA-lipid micelle
particles, and the CpG-conjugated nanoparticles induce
significant up-regulation of stimulator DC-derived stimulating
molecules and cytokines. In vivo immunological results
confirmed that systemic administration of DNA micelle
particles effectively promoted up-regulation of costimulatory
FIGURE 6 | Production of (A) IFN-g and (B) IL-12 by stimulated splenocytes which are extracted from experimental animals (treated with control, pEGFP, and
MgPipEGFP). *P < 0.05. (C) Activation of macrophage which was obtained from the spleen of 2 groups (naked and MgPi-encapsulated) The arrow refers to the
phagocytosis of dead cells by splenocytes [reproduced with permission from (Bhakta et al., 2014)]. IFN-g, interferon-g; IL-12, interleukin-12; pEGFP, plasmid DNA
expressing an enhanced green fluorescent protein.
January 2020 | Volume 10 | Article 1585

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Chi et al. DNA Nanostructure Applied in Immunotherapy
molecules and production of pro-inflammatory cytokines. Lipid-
DNA nanoparticles that are further semi-filled with CpG
fragments are capable of fully activating spleen DCs, while
similar-sized DNA tetrahedra can only load fewer CpG chains
with limited immunostimulation. DNA-lipid micelle
nanoparticles can not only provide CpG adjuvant to spleen DC
but can also load antigens. A specific DC that simultaneously
acquires an adjuvant and antigens will induce a subsequent
specific immune response against the corresponding pathogen.

CpG can also achieve synergistic immunotherapy of cancers
with other functional components such as neoantigens, aPD1,
and RNA through nanoparticle-based carriers. Neoantigens are
typically derived from tumor somatic mutations. They are
selectively expressed in tumor cells to avoid autoimmunity
against healthy tissues and cells.(Bobisse et al., 2016; Yi et al.,
2018). Therefore, nanovaccines that co-deliver adjuvants and
neoantigens have greater implications for tumor immunotherapy
(Luo et al., 2017). The researchers reported self-assembled
intertwining DNA-RNA nanocapsules (iDR-NC) for cancer
immunothe rapy . iDR-NC i s a hybr id DNA-RNA
nanostructure produced by combining rolling circle replication
(RCR) and rolling circle transcription (RCT) in the reaction. The
structure efficiently transfers CpG-encoded ssDNA, short
hairpin RNA (shRNA), in conjunction with neoantigens to
APCs synergistically (Zhu et al., 2017). The results showed that
iDR-NC elicited the 8-fold release of peripheral CD8+ T cells
Frontiers in Pharmacology | www.frontiersin.org 9
than ordinary CpG counterpart and significantly inhibited
colorectal tumor progression. An innovative DNA nano-
cocoons (DNCs) have been reported to implement controlled
release of CpG and anti-PD-1 antibodies (aPD1) under the
stimulation of the inflammatory environment (Wang et al.,
2016). Figure 8A shown DNCs assembled from ssDNA
containing CpG sequences and cleavage sites of restriction
enzyme, which is caged in amphiphilic nanoparticles and
connected to DNC. The inflammatory microenvironment of
the wound disassemble the cage and releases the enzyme, then
digests DNC and finally releases the CpG fragment as well as
aPD1. The continuous presence of CpG and aPD1 from DNC
fragmentation synergistically promotes long-lasting T cell
responses to treat melanoma (Figure 8B). Investigators further
designed a PD-L1 trap to reduce the immune-related adverse
effects of treatment of anti-PD-L1 monoclonal antibodies (Song
et al., 2018). PD-L1 trap is built by loading plasmid DNA into
nanoparticles of lipid-protamine-DNA (LPD). The combined
presence of chemotherapeutics and the trap made a good anti-
tumor effect with low side effects.
POLYPOD-LIKE DNA NANOSTRUCTURE

Besides dendrimers, Polypod-like nanostructure referred to
another kind of branched nanoassembiles consist of structural
FIGURE 7 | (A) Comparison of tumor retention time of hNVS and CpG by pharmacokinetics (A) The pharmacokinetics of hNVs or CpG were monitored by
microscopical observation after subcutaneous injection. Shown at the bottom are representative overlayed images of mice and fluorescence. (B) Intratumoral
injection of PBS, CpG molecules, control group GPC-NFS or hNVS. The changes in mouse tumor volume were compared to determine the immunotherapeutic
effect of hNVs. (***p < 0.001, *p < 0.1). (C) Kaplan–Meier survival curve of mice of different groups [reproduced with permission from (Zhu et al., 2016)]. hNVS, hybrid
nanovacciness.
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body “trunk” together with many “legs”. Investigators have
reported various types of polypod-like DNA nanostructure,
including polypodna (Yata et al., 2015), DNA nanocentipede.
Their structural advantages are their long backbone and
numerous branch structures. Compared to ssDNA structures,
the backbone structure of multi-legged DNA nanostructures
provides structural stability, and the branched structure greatly
increases drug binding targets. They potentially provide adequate
binding sites due to the branched nature of the structure.

Polypod-shaped DNA is a DNA structure composed of three
or more ODNs. Polypod-shaped DNA has several helix arms
which are intersected at points, endowing abundant potential
docking sites for therapeutic agents. The simplest form of DNA
polypod could be built from three ODN strands. Comparing to
DNA tetrahedron, polypod-shaped DNA has the same simple
structural design yet better geometrical flexibility. The
nanostructure could be functionalized with various motifs.

Polypodna itself could serve as an immunostimulatory agent.
Y-shaped polypodna could induce great amounts of cytokines
TNF-a and IL-6 than normal native double-stranded DNA (Yata
et al., 2015). YL-DNA (ligated Y-shaped DNA) also exhibits
TLR9-mediated activation of DCs and macrophages, as revealed
by promoted expression of the immune-relevant molecules
(Yang et al., 2019). They further loaded CpG to amplify the
effects and uptake efficiency. X-shaped DNA also serves as a
favorable immune adjuvant that promotes the curative effect of
anticancer drugs (Yang et al., 2019). Both XS-DNA (single unit of
X-shaped DNA) and XL-DNA (ligated X-shaped DNA) induce
Frontiers in Pharmacology | www.frontiersin.org 10
the secretion of immune-relevant cytokines and costimulatory
molecules in DCs, while the latter is more efficient. XL-DNA
treatment of in vitro and in vivo results in the differentiation of
naive CD4+ T cells into TH1 cells, and the combination of TLR9
and inflammasome greatly enhances the anticancer effect of
Doxorubicin (Dox) in an animal model.

Early in 2008, DNA polypods were equipped with CpG
elements (Nishikawa et al., 2008). From then on, a series of
polypod DNA has been constructed to load CpG. It was found
such a complicated structured DNA serves as a highly efficient
delivery system of CpG to TLR-positive immune cells (Nishikawa
et al., 2008). Besides trigonal Y-shaped shape, polypods with a
more complex branching structure in which CpG is contained
were constructed to test the immunostimulatory activity (Mohri
et al., 2012). A tri-, tetra-, hexa- and octapod DNA were prepared,
as shown in Figure 9A. Each polypod DNA could induce the
production of TNF-a and IL-6 from macrophage-like cells more
intensely than double-stranded CpG-contained non-branched
DNA. Increasing the number of pods promote immune reaction
but reduced the stability, while hexa- and octapod DNA induced
the most extensive response, as demonstrated in Figure 9B.
Except for RAW264.7, studies of CpG-contained polypodna in
other cells are also implemented. In addition to CpG, Polypodna
can also be used to immunosuppress the delivery of ODN.
Hexapodna, which is incorporated into the immunosuppressive
agent A151, inhibits immune cell viability more effectively than
A151 and effectively inhibits CpG ODN-induced cytokine release
(Mohri et al., 2012). Uno et al. examined the immunostimulatory
FIGURE 8 | Simultaneous delivery of CpG ODNs and aPD1 by DNC in the inflammatory environment (A) DNCs containing aPD1 and restriction enzyme cleaves
under the action of inflammatory environment, releasing CpG and aPD1. (B) In vivo antitumor effect of local injection of the delivery system of DNCs (Scale bar:
150 µm). [reproduced with permission from (Wang et al., 2016)]. ODNs, Oligodeoxynucleotides; DNCs, DNA nano-cocoons; aPD1, anti-PD-1 antibodies.
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reaction of polypod DNA in various APCs and in vivo via
injection into mice (Uno et al., 2014). The cellular uptake and
cytokine release are confirmed to be proportional to the pod
number, as shown in Figure 9C (Uno et al., 2014). Furthermore,
they revealed polypod DNA generated much more IFN-a in
human peripheral blood mononuclear cells in comparison
with ssDNA.

DNA nanocentipede was firstly introduced by Li et al. as a
powerful delivery platform to deal with the challenges of targeted
drug delivery (Li et al., 2017). The structure was similar to
centipede and consist of “trunk” and “legs”, as shown in
Figure 10A. The structure has a high capacity of the payload
by fully loading the nanocentipede trunk with drug molecules.
Nanocentipede trunk was prepared by assembling two short
DNAmonomers via HCR procedure. Meanwhile, nanocentipede
legs were aptamers which serve as targeting moieties to target
cells and they grasp target cells firmly to enable efficient uptake.
The long trunk of DNA nanocentipede was loaded with Dox,
while the legs are aptamers which selectively grasp target cells.
The structure exhibited high loading capacity and promoted
cytotoxicity only to target cancer cells. Moreover, the same group
used DNA nanocentipedes as a vehicle to deliver the CpG motif
(Li et al., 2017). The nanostructure was internalized by
RAW264.7 cells.
Frontiers in Pharmacology | www.frontiersin.org 11
DNA HYDROGELS

Hydrogels have been extensively utilized as biocompatible, high-
capacity drug carrier 3D scaffolds in the field of biomedicine
(Appel et al., 2014; Li and Mooney, 2016). DNA-based hydrogels
have arrested researchers' attention due to the combined features
brought by nucleic acids and hydrogels, including large sizes,
good biocompatibility, flexibility and high-capacity (Costa et al.,
2018). The hydrogel of polypod could be prepared by connecting
multiple polypod DNA units, as firstly found by Um et al. (2006).
DNA hydrogel of polypod has shown great potential in
repressing tumor activity.

The hydrogel of DNA polypod integrated by CpG motifs was
found to be more effective than the CpG-absent counterpart in
the term of production of TNF-a from macrophages (Nishikawa
et al., 2011). Dox was released slowly from the CpG-integrated
polypod DNA hydrogel. The same group found the gel
formation of CpG-incorporated polypod DNA essentially
promoted the immunostimulatory activity (Nishikawa et al.,
2014), as demonstrated in Figure 10B. The model antigen
carried by hydrogel of hexapod DNA efficiently binds to
mouse DCs and generates high antigen activity (Umeki et al.,
2015). Intratumoral injections of the formulation prominently
suppress tumor growth in mice.
FIGURE 9 | Therapeutic effect of various polypodna. (A) Schematic diagram of different structure polypodna. A tripodna; B tetrapodna; C hexapodna; and D
octapodna (adapted with permission from [Mohri et al., 2012)]. (B) Production of (A) TNF-ɑ and (B) IL-6 from RAW264.7 cells. [adapted with permission from (Mohri
et al., 2012)]. (C) Cellular uptake amount of single- or double-stranded DNAs, the polypodnas, and a medium without DNA [reproduced with permission from
(Sanada et al., 2016)]. TNF-ɑ; tumor necrosis factor-ɑ.
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A prominent problem with DNA hydrogels is their fast
release rate, making it difficult to apply to controlled drug
release. To overcome the problem of the rapid release of
ordinary DNA hydrogels, size-controllable and stimuli-
responsive DNA nanohydrogels haven been reported.
Nanohydrogels, which refers to polymeric nanoparticles,
have been regarded as a powerful drug carrier due to their
high payload capacity, biocompatibility, flexibility, and
mechanical stability (Li et al., 2015; Jiang et al., 2019). DNA
nanohydrogels are randomly self-assembled from functional
polymer blocks by manners including base-pairing
hybridization, liquid crystallization (Li et al., 2015; Jiang
et al., 2019). Bi et al. built DNA nanohydrogels self-
assembled from components of DNA four-way junction
(DNA-4WJ), which is prepared from liquid crystallization
and dense packaging (Bi et al., 2015). The nanohydrogels are
further integrated by aptamers, bioimaging components, and
drug-loading sites for targeted therapy of cancer. Each DNA-
4WJ unit provides ~30 loading sites for Dox. Its drug loading
capacity is much larger than traditional DNA nanostructures.
Imaging of confocal microscopy demonstrated selectively
targeted transport of anticancer drug into human acute
lymphoblastic leukemia cells rather than nontarget
Ramos cells.

Sometimes, constructing DNA nanostructures through base-
pairing of DNA sequences suffer from complicated design,
tedious operation as well as low stability. DNA nanoflower is a
kind of large-scale DNA hydrogels which does not rely on base-
pairing interactions (Zhu et al., 2013; Lv et al., 2015). In
comparison with the assembly of DNA hybridization, it is
generated by RCR, along with liquid crystallization technique
and dense packaging process (Lv et al., 2015). The nanostructure
of the type has many advantages: simple design and preparation,
large-scale tunable size, and resistance to enzymatic degradation
(Lv et al., 2015; Park et al., 2017). Authors have built
multifunctional DNA nanoflowers incorporated by the
therapeutic drug, bioimaging agents, and genes (Hu et al.,
2014; Mei et al., 2015; Yu et al., 2019).
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Nanoflowers could be easily internalized by macrophages, which
are important APCs. DNA nanoflowers could be easily
internalized by macrophages due to their nanoscale size
(Figures 11A–F) . Authors integrated CpG into the
multifunctional DNA nanoflowers to trigger immune reactions
of co-cultured macrophage cells, inducing apoptosis and necrosis
of cancer cells (Zhang F. et al., 2015). The results demonstrate
DNA nanoflowers are an excellent nanocarrier for the
intracellular delivery of CpG for immunotherapy strategies of
cancer. These biocompatible nanoflowers are resistant to
nuclease degradation. In a macrophage-like cell model, CpG
nanoflowers secretes immunostimulatory cytokines, including
tumor necrosis factor-alpha, by triggering these immune cells,
interleukin-6, and interleukin-10 (Figures 11G, H).
CONCLUSIONS AND FUTURE OUTLOOK

The robust properties of DNA self-assembling allow for a
programmable design of nanostructures with required sizes
and functionality for the best performance of drug delivery.
Abundant advantages make DNA nanostructures an ideal
platform to deliver immune drugs, including CpG ODNs and
other immunostimulatory agents, to target locations. Drug
delivery systems based on various DNA nanostructure been
proposed for the treatment of cancer and other diseases. DNA
helices are densely packaged into 3D cages structures to prevent
against DNA-degrading enzymes. DNA nanostructures of the
type are compact, stable and are easily absorbed by cells. SNA
relies on its unique 3D structure to carry a large amount of CpG,
and can easily enter most of the immune cells to implement
immunotherapy for a variety of diseases. DNA-based
nanoparticles are ideal for developing DNA vaccines due to
that the shape of these nanoparticles is similar to that of virus
particles. DNA nanoparticles can also integrate other functional
ingredients for more effective immunotherapy. Moreover,
polypod-like DNA nanostructures take advantage of the
structural features to provide large docking sites for immune
FIGURE 10 | The structure of aptamer-based DNA nanocentipede and the function of polypodna hydrogel. (A) DNA Nanocentipede based on self-assembled
aptamers can realize targeted delivery of the drug. [adapted with permission from (Li et al., 2016)]. (B) IL-6 production from DC2.4 cells by polypodna hydrogel
(CpG) and other groups. [reproduced with permission from (Nishikawa et al., 2014)]. #P < 0.05 compared with all others.
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drugs. Ordinary DNA hydrogel is characteristic of large sizes and
high payload. Authors handled the problem of rapid release to
implement efficient drug delivery. Other kinds of DNA
hydrogels, including DNA nanohydrogels and DNA
nanoflowers, also witnessed their characteristics of stability,
payload, and cellular uptake. It should be noted that the
application of different DNA nanostructures are different in
immunotherapy, as shown in Table 1.
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Despite significant advances in building DNA nanostructure-
based drug delivery systems, there are still challenges that hinder
their further applications for immunotherapy. Production costs
and purification procedures remain an obstacle. Moreover, the
native immune system is quite resistant to foreign DNA
nanodevices and may quickly eliminate them. Therefore,
efforts should be made to develop more biocompatible DNA
nanostructures. DNA nanostructures with high biocompatibility
FIGURE 11 | SEM observation and immunostimulatory function of DNA nanoflowers. (A–C, E–F) SEM images showing structures of nanoflowers at different scales.
(D) Distribution of sizes of nanoflowers before (red) and after (blue) treatment with DNase I as measured by DLS. (G, H) Secretion of cytokine secreted by CpG-
containing DNA nanoflowers and other control groups [reproduced with permission from (Zhang et al., 2015)].
TABLE 1 | Application of different DNA nanostructures in immunotherapy.

Type of DNA Nanostructures Specific type Applications

Wireframe DNA cage DNA polyhedrons
DNA nanotubes 用

DNA vaccines
Activation of APCs
Eliciting immunogenic responses in vivo
Long retention time

Spherical nucleic acids Traditional SNAs
Liposomal SNAs
Cholesterol-tail LSNA
Dual TLR targeting LSNA

Activation of APCs
Immunomodulation
Reduce fibrosis of nonalcoholic steatohepatitis
Repress tumor growth
Improve macrophage bactericidal activity

Hybrid DNA-based nanoparticles Metal phosphate nanoparticles
DNA-lipid micelle nanoparticles
DNA-RNA nanocapsules

Activation of APCs
Transfection in vitro/in vivo
DNA vaccine
Immune stimulation of DCs in vivo
Repress tumor growth

Polypod-like DNA Polypodna
DNA nanocentipede

Activation of APCs
Immunosuppression
Promote the curative effect of anticancer drugs
Differentiation of naive CD4+ T cells into TH1 cells

DNA hydrogels Polypod hydrogel
DNA nanohydrogels
DNA nanoflowers

Activation of APCs
Slow down release of Dox
Suppress tumor growth in vivo
Induce apoptosis and necrosis of cancer cells
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are ideal for extended retention in applications in vivo. The use of
biomimetic DNA nanostructures that mimic natural materials
can help them escape the immune system (Perrault and Shih,
2014; Hu et al., 2015). DNA nanostructures composed of
abundant foreign nucleic acids may pose potential safety
concerns. Importantly, biosafety must be confirmed prior to
applications in vivo. Therefore, different levels of toxicity
comprehensive experimental evaluation from cell to animal
experiments are needed. Therefore, systematic toxicity
assessments must be performed, including long-term toxicity,
pharmacokinetics, and biodegradability.

It should be noted that there are a series of biological barriers
in the transmission of DNA nanostructures, including biological
mucosa, lysosomal phagocytosis, and cell membrane
internalization. These barrier structures can severely hamper
the use of DNA nanodevices. Therefore, future research should
pay more attention to designing nanostrucures that can
continuously overcome various obstacles. Investigators
sometimes choose to develop flexible, intelligent DNA
nanodevices that overcome obstacles (Akita and Harashima,
2008; Blanco et al., 2015).

It must be noted that immunotherapy based on DNA
nanostructures is still in early stages and more efforts are
needed to advance the field. At present, many excellent DNA
nanostructures for immunotherapy have been established in
vitro, but similar devices for drug delivery in vivo are still
lacking. Great efforts are required to develop highly reliable
and stable DNA nanostructures for application in vivo. In
order to determine long-term biocompatibility at different
levels, including cells, tissues, organs and animals, there is still
Frontiers in Pharmacology | www.frontiersin.org 14
a considerable amount of work to be done. On the other hand,
the characterization of DNA nanostructures in different
experiments may suggest conflicting results. Therefore, it is
important to establish standardized and reliable methods for
evaluating efficacy. In addition, in order to implement more
effective immunotherapy, there is an urgent need to develop
standardized DNA nanostructures suitable for clinical treatment
of specific diseases.
AUTHOR CONTRIBUTIONS

QC implemented the analysis and wrote the manuscript. ZY
contributed to the discussion of the paper. KX and CW provided
some analysis of the results. HL proposed the idea of
the manuscript.
FUNDING

This study was supported by grants from the National Natural
Science Foundation of China (11602181), the Fundamental
Research Funds for the Central Universities (WUT:
2018IB005), the Open Project of the State Key Laboratory of
Trauma, Burn and Combined Injury, Army Medical University
(NO. SKLKF201606), the Visiting Scholar Foundation of Key
Laboratory of Biorheological Science and Technology
(Chongqing University), Ministry of Education (Grant
Number: CQKLBST-2018-006, CQKLBST-2018-009).
REFERENCES

Akita, H., and Harashima, H. (2008). Advances in non-viral gene delivery: using
multifunctional envelope-type nano-device. Expert Opin. Drug Del. 5, 847–859.
doi: 10.1517/17425247.5.8.847

Alemdaroglu, F. E., Alemdaroglu, N. C., Langguth, P., and Herrmann, A. (2008).
DNA block copolymer micelles – a combinatorial tool for cancer
nanotechnology. Adv. Mater 20, 899–902. doi: 10.1002/adma.200700866

Al-Halifa, S., Gauthier, L., Arpin, D., Bourgault, S., and Archambault, D. (2019).
Nanoparticle-based vaccines against respiratory viruses. Front. Immunol. 1022,
22. doi: 10.3389/fimmu.2019.00022

Appel, E. A., Forster, R. A., Rowland, M. J., and Scherman, O. A. (2014). The
control of cargo release from physically crosslinked hydrogels by crosslink
dynamics. Biomaterials 35, 9897–9903. doi: 10.1016/j.biomaterials.2014.08.001

Banchereau, J., and Palucka, K. (2017). Cancer vaccines on the move. Nat. Rev.
Clin. Oncol. 15, 9. doi: 10.1038/nrclinonc.2017.149

Banga, R. J., Chernyak, N., Narayan, S. P., Nguyen, S. T., and Mirkin, C. A. (2014).
Liposomal spherical nucleic acids. J. Am. Chem. Soc. 136, 9866–9869. doi:
10.1021/ja504845f

Banga, R. J., Meckes, B., Narayan, S. P., Sprangers, A. J., Nguyen, S. T., andMirkin, C.
A. (2017a). Cross-linked micellar spherical nucleic acids from thermoresponsive
templates. J. Am. Chem. Soc. 139, 4278–4281. doi: 10.1021/jacs.6b13359

Banga, R. J., Meckes, B., Narayan, S. P., Sprangers, A. J., Nguyen, S. T., and Mirkin, C.
A. (2017b). Cross-linked micellar spherical nucleic acids from thermoresponsive
templates. J. Am. Chem. Soc. 139, 4278–4281. doi: 10.1021/jacs.6b13359

Bayyurt, B., TincerKönig, G., Almacioglu, K.,Alpdundar, E., Gursel,M., andGursel, I.
(2017). Encapsulation of two different TLR ligands into liposomes confer
protective immunity and prevent tumor development. J. Control. Release 247.
Bhakta, G., Mitra, S., and Maitra, A. (2005). DNA encapsulated magnesium and
manganous phosphate nanoparticles: potential non-viral vectors for gene
delivery. Biomaterials 26, 2157–2163. doi: 10.1016/j.biomaterials.2004.06.039

Bhakta, G., Nurcombe, V., Maitra, A., and Shrivastava, A. (2014). DNA-
encapsulated magnesium phosphate nanoparticles elicit both humoral and
cellular immune responses in mice. Results In Immunol. 4, 46–53. doi: 10.1016/
j.rinim.2014.04.001

Bhatia, D. (2015). Designer 3D DNA polyhedra for biomedical applications.
J. Postdoctoral Res. 3, 30–41.

Bi, S., Xiu, B., Ye, J., and Dong, Y. (2015). Target-catalyzed DNA four-way
junctions for CRET imaging of MicroRNA, concatenated logic operations, and
self-assembly of DNA nanohydrogels for targeted drug delivery. ACS Appl.
Mater Inter. 7, 23310–23319. doi: 10.1021/acsami.5b07827

Blanco, E., Shen, H., and Ferrari, M. (2015). Principles of nanoparticle design for
overcoming biological barriers to drug delivery. Nat. Biotechnol. 33, 941–951.
doi: 10.1038/nbt.3330

Bobisse, S., Foukas, P.G., Coukos, G., andHarari, A. (2016). Neoantigen-based cancer
immunotherapy. Ann. Trans. Med. 4 (14), 262. doi: 10.21037/atm.2016.06.17

Chai, J., Luo, L., Hou, F., Fan, X., Yu, J., Ma, W., et al. (2016). Agmatine reduces
lipopolysaccharide-mediated oxidant response via activating PI3K/Akt
pathway and up-regulating Nrf2 and HO-1 expression in macrophages. PloS
One 11, e163634. doi: 10.1371/journal.pone.0163634

Chen, J., and Seeman, N. C. (1991). Synthesis from DNA of a molecule with the
connectivity of a cube. Nature 350, 631–633. doi: 10.1038/350631a0

Chi, Q., and Jiang, J. (2012). A bead-spring model and mean field theory based
re-calculation reveals uncertainty of rouse-type DNA dynamics in dilute
solution. Biomed. Engr.: App. Basis Commun. 24, 355–364. doi: 10.4015/
S1016237212500317
January 2020 | Volume 10 | Article 1585

https://doi.org/10.1517/17425247.5.8.847
https://doi.org/10.1002/adma.200700866
https://doi.org/10.3389/fimmu.2019.00022
https://doi.org/10.1016/j.biomaterials.2014.08.001
https://doi.org/10.1038/nrclinonc.2017.149
https://doi.org/10.1021/ja504845f
https://doi.org/10.1021/jacs.6b13359
https://doi.org/10.1021/jacs.6b13359
https://doi.org/10.1016/j.biomaterials.2004.06.039
https://doi.org/10.1016/j.rinim.2014.04.001
https://doi.org/10.1016/j.rinim.2014.04.001
https://doi.org/10.1021/acsami.5b07827
https://doi.org/10.1038/nbt.3330
https://doi.org/10.21037/atm.2016.06.17
https://doi.org/10.1371/journal.pone.0163634
https://doi.org/10.1038/350631a0
https://doi.org/10.4015/S1016237212500317
https://doi.org/10.4015/S1016237212500317
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Chi et al. DNA Nanostructure Applied in Immunotherapy
Chi, Q., Wang, G., and Jiang, J. (2013). The persistence length and length per base
of single-stranded DNA obtained from fluorescence correlation spectroscopy
measurements using mean field theory. Physica A.: Stat. Mechanics Appl. 392,
1072–1079. doi: 10.1016/j.physa.2012.09.022

Choi, C. H. J., Hao, L., Narayan, S. P., Auyeung, E., and Mirkin, C. A. (2013).
Mechanism for the endocytosis of spherical nucleic acid nanoparticle conjugates.
Proc. Natl. Acad. Sci. U.S.A. 110, 7625–7630. doi: 10.1073/pnas.1305804110

Costa, D., Valente, A. J. M., and Queiroz, J. (2018). “DNA-based hydrogels: an
approach for multifunctional bioapplications,” in Hydrogels: Recent Advances.
Ed. V. K. Thakur and M. K. Thakur (Singapore: Springer Singapore), 339–356.

Ferrer, J. R., Wertheim, J. A., and Mirkin, C. A. (2019). Dual toll-like receptor
targeting liposomal spherical nucleic acids. Bioconjugate Chem. 30, 944–951.
doi: 10.1021/acs.bioconjchem.9b00047

Friedberg, J. W., Kim, H., McCauley, M., Hessel, E. M., Sims, P., Fisher, D. C., et al.
(2005). Combination immunotherapy with a CpG oligonucleotide (1018 ISS)
and rituximab in patients with non-Hodgkin lymphoma: increased interferon-
a/b–inducible gene expression, without significant toxicity. Blood 105, 489.
doi: 10.1182/blood-2004-06-2156

Gao, W., Xiong, Y., Li, Q., and Yang, H. (2017). Inhibition of toll-like receptor
signaling as a promising therapy for inflammatory diseases: a journey from
molecular to nano therapeutics. Front. Physiol. 8, 508. doi: 10.3389/
fphys.2017.00508

Guan, C., Chernyak, N., Dominguez, D., Cole, L., Zhang, B., and Mirkin, C. A.
(2018). RNA-based immunostimulatory liposomal spherical nucleic acids as
potent TLR7/8 Modulators. Small (Weinheim an der Bergstrasse Germany) 14,
e1803284. doi: 10.1002/smll.201803284

Hadjicharalambous, C., Kozlova, D., Sokolova, V., Epple, M., and
Chatzinikolaidou, M. (2015). Calcium phosphate nanoparticles carrying
BMP-7 plasmid DNA induce an osteogenic response in MC3T3-E1 pre-
osteoblasts. J. BioMed. Mater Res. A. 103, 3834–3842. doi: 10.1002/jbm.a.35527

Halo, T. L., McMahon, K. M., Angeloni, N. L., Xu, Y., Wang, W., Chinen, A. B.,
et al. (2014). NanoFlares for the detection, isolation, and culture of live tumor
cells from human blood. Proc. Natl. Acad. Sci. U.S.A. 111, 17104–17109. doi:
10.1073/pnas.1418637111

He, Y., Ye, T., Su, M., Zhang, C., Ribbe, A. E., Jiang, W., et al. (2008). Hierarchical
self-assembly of DNA into symmetric supramolecular polyhedra. Nature 452,
198. doi: 10.1038/nature06597

Hobernik, D., and Bros, M. (2018). DNA vaccines-how far from clinical use? Int. J.
Mol. Sci. 19, 3605. doi: 10.3390/ijms19113605

Hu, R., Zhang, X., Zhao, Z., Zhu, G., Chen, T., Fu, T., et al. (2014). DNANanoflowers
for multiplexed cellular imaging and traceable targeted drug delivery.
Angewandte Chemie Int. Edition 53, 5821–5826. doi: 10.1002/ange.201400323

Hu, C. J., Fang, R. H., Wang, K., Luk, B. T., Thamphiwatana, S., Dehaini, D., et al.
(2015). Nanoparticle biointerfacing by platelet membrane cloaking. Nature
526, 118–121. doi: 10.1038/nature15373

Hu, Q., Li, H., Wang, L., Gu, H., and Fan, C. (2018). DNA nanotechnology-
enabled drug delivery systems. Chem. Rev. 119, 6459–6506. doi: 10.1021/
acs.chemrev.7b00663

Huang, E., Showalter, L., Xu, S., Czernliecki, B. J., and Koski, G. K. (2017). Calcium
mobilizing treatment acts as a co-signal for TLR-mediated induction of
Interleukin-12 (IL-12p70) secretion by murine bone marrow-derived dendritic
cells. Cell Immunol. 314, 26–35. doi: 10.1016/j.cellimm.2017.01.010

Jiang, J., Kong, X., Xie, Y., Zou, H., Tang, Q., Ma, D., et al. (2019). Potent anti-
tumor immunostimulatory biocompatible nanohydrogel made from DNA.
Nanoscale Res. Lett. 14, 217. doi: 10.1186/s11671-019-3032-9

Jin, J. O., Park, H., Zhang, W., de Vries, J. W., Gruszka, A., Lee, M. W., et al. (2017).
Modular delivery of CpG-incorporated lipid-DNA nanoparticles for spleen DC
activation. Biomaterials 115, 81–89. doi: 10.1016/j.biomaterials.2016.11.020

Jorgenson, T. D., Mohammed, A. M., Agrawal, D. K., and Schulman, R. (2017).
Self-assembly of hierarchical DNA nanotube architectures with well-defined
geometries. ACS Nano 11, 1927–1936. doi: 10.1021/acsnano.6b08008

Kapadia, C. H., Melamed, J. R., and Day, E. S. (2018). Spherical nucleic acid
nanoparticles: therapeutic potential. Biodrugs. 32, 297–309. doi: 10.1007/
s40259-018-0290-5

King, D. F. L., McKay, P. F., Mann, J. F. S., Jones, C. B., and Shattock, R. J. (2015).
Plasmid DNA vaccine co-immunisation modulates cellular and humoral
immune responses induced by intranasal inoculation in mice. PloS One 10,
e141557. doi: 10.1371/journal.pone.0141557
Frontiers in Pharmacology | www.frontiersin.org 15
Klinman, D. M., Barnhart, K. M., and Conover, J. (1999). CpG motifs as immune
adjuvants. Vaccine 17, 19–25. doi: 10.1016/S0264-410X(98)00151-0

Koo, J. E., Shin, S. W., Um, S. H., and Lee, J. Y. (2015). X-shaped DNA potentiates
therapeutic efficacy in colitis-associated colon cancer through dual activation
of TLR9 and inflammasomes. Mol. Cancer 14, 104. doi: 10.1186/s12943-015-
0369-2

Kumar, V., Palazzolo, S., Bayda, S., Corona, G., Toffoli, G., and Rizzolio, F. (2016).
DNA nanotechnology for cancer therapy. Theranostics 6, 710–725. doi:
10.7150/thno.14203

Kwak, M., and Herrmann, A. (2011). Nucleic acid amphiphiles: synthesis and self-
assembled nanostructures. Chem. Soc. Rev. 40, 5745–5755. doi: 10.1039/
C1CS15138J

Li, J., and Mooney, D. J. (2016). Designing hydrogels for controlled drug delivery.
Nature reviews. Materials 1, 16071. doi: 10.1038/natrevmats.2016.71

Li, J., Pei, H., Zhu, B., Liang, L., Wei, M., He, Y., et al. (2011). Self-assembled
multivalent DNA nanostructures for noninvasive intracellular delivery of
immunostimulatory CpG oligonucleotides. ACS Nano 5, 8783–8789. doi:
10.1021/nn202774x

Li, J., Zheng, C., Cansiz, S., Wu, C., Xu, J., Cui, C., et al. (2015). Self-assembly of
DNA nanohydrogels with controllable size and stimuli-responsive property for
targeted gene regulation therapy. J. Am. Chem. Soc. 137, 1412–1415. doi:
10.1021/ja512293f

Li, W., Luo, L., Huang, J., Wang, Q., and Wang, K. (2017). Self-assembled
DNA nanocentipede as multivalent vehicle for enhanced delivery of CpG
oligonucleotides . Chem. Commun. 53, 10–1039. doi : 10.1039/
C7CC01128H

Li, W., Yang, X., He, L., Wang, K., and Wang, Q. (2016). Self-assembled “dna
nanocentipede” as multivalent drug carrier for targeted delivery. ACS Appl.
Mater. Interface 6b–8210b.

Li, J., Cui, D., Huang, J., He, S., Yang, Z., Zhang, Y., et al. (2019). Organic
semiconducting pro-nanostimulants for near-infrared photoactivatable cancer
immunotherapy. Angewandte Chemie Int. Edition 0, 12680–12687. doi:
10.1002/anie.201906288

Liang, L., Li, J., Li, Q., Huang, Q., Shi, J., Yan, H., et al. (2014). Single-particle
tracking and modulation of cell entry pathways of a tetrahedral DNA
nanostructure in live cells. Angewandte Chemie Int. Edition 53, 7745–7750.
doi: 10.1002/anie.201403236

Lin, Y., Wang, X., Huang, X., Zhang, J., Xia, N., and Zhao, Q. (2017). Calcium
phosphate nanoparticles as a new generation vaccine adjuvant. Expert Rev.
Vaccines 16, 895–906. doi: 10.1080/14760584.2017.1355733

Linko, V., and Dietz, H. (2013). The enabled state of DNA nanotechnology. Curr.
Opin. Biotechnol. 24, 555–561. doi: 10.1016/j.copbio.2013.02.001

Liu, X., Xu, Y., Yu, T., Clifford, C., Liu, Y., Yan, H., et al. (2012). A DNA
nanostructure platform for directed assembly of synthetic vaccines. Nano Lett.
12, 4254–4259. doi: 10.1021/nl301877k

Liu, C., Chu, X., Yan, M., Qi, J., Liu, H., Gao, F., et al. (2018). Encapsulation of Poly
I:C and the natural phosphodiester CpG ODN enhanced the efficacy of a
hyaluronic acid-modified cationic lipid-PLGA hybrid nanoparticle vaccine in
TC-1-grafted tumors. Int. J. Pharmaceut. 553, 327–337. doi: 10.1016/
j.ijpharm.2018.10.054

Look, M., Bandyopadhyay, A., Blum, J. S., and Fahmy, T. M. (2010). Application of
nanotechnologies for improved immune response against infectious diseases in
the developing world. Adv. Drug Deliver Rev. 62, 378–393. doi: 10.1016/
j.addr.2009.11.011

Look, M., Saltzman, W. M., Craft, J., and Fahmy, T. M. (2014). The nanomaterial-
dependent modulation of dendritic cells and its potential influence on
therapeutic immunosuppression in lupus. Biomaterials 35, 1089–1095. doi:
10.1016/j.biomaterials.2013.10.046

Luo, M., Wang, H., Wang, Z., Cai, H., Lu, Z., Li, Y., et al. (2017). A STING-
activating nanovaccine for cancer immunotherapy. Nat. Nanotechnol. 12, 648.
doi: 10.1038/nnano.2017.52

Lv, Y., Hu, R., Zhu, G., Zhang, X., Mei, L., Liu, Q., et al. (2015). Preparation and
biomedical applications of programmable and multifunctional DNA
nanoflowers. Nat. Protoc. 10, 1508–1524. doi: 10.1038/nprot.2015.078

Lysén, A., Braathen, R., Gudjonsson, A., Tesfaye, D. Y., Bogen, B., and Fossum, E.
(2019). Dendritic cell targeted Ccl3- and Xcl1-fusion DNA vaccines differ in
induced immune responses and optimal delivery site. Sci. Rep-UK 9, 1820. doi:
10.1038/s41598-018-38080-7
January 2020 | Volume 10 | Article 1585

https://doi.org/10.1016/j.physa.2012.09.022
https://doi.org/10.1073/pnas.1305804110
https://doi.org/10.1021/acs.bioconjchem.9b00047
https://doi.org/10.1182/blood-2004-06-2156
https://doi.org/10.3389/fphys.2017.00508
https://doi.org/10.3389/fphys.2017.00508
https://doi.org/10.1002/smll.201803284
https://doi.org/10.1002/jbm.a.35527
https://doi.org/10.1073/pnas.1418637111
https://doi.org/10.1038/nature06597
https://doi.org/10.3390/ijms19113605
https://doi.org/10.1002/ange.201400323
https://doi.org/10.1038/nature15373
https://doi.org/10.1021/acs.chemrev.7b00663
https://doi.org/10.1021/acs.chemrev.7b00663
https://doi.org/10.1016/j.cellimm.2017.01.010
https://doi.org/10.1186/s11671-019-3032-9
https://doi.org/10.1016/j.biomaterials.2016.11.020
https://doi.org/10.1021/acsnano.6b08008
https://doi.org/10.1007/s40259-018-0290-5
https://doi.org/10.1007/s40259-018-0290-5
https://doi.org/10.1371/journal.pone.0141557
https://doi.org/10.1016/S0264-410X(98)00151-0
https://doi.org/10.1186/s12943-015-0369-2
https://doi.org/10.1186/s12943-015-0369-2
https://doi.org/10.7150/thno.14203
https://doi.org/10.1039/C1CS15138J
https://doi.org/10.1039/C1CS15138J
https://doi.org/10.1038/natrevmats.2016.71
https://doi.org/10.1021/nn202774x
https://doi.org/10.1021/ja512293f
https://doi.org/10.1039/C7CC01128H
https://doi.org/10.1039/C7CC01128H
https://doi.org/10.1002/anie.201906288
https://doi.org/10.1002/anie.201403236
https://doi.org/10.1080/14760584.2017.1355733
https://doi.org/10.1016/j.copbio.2013.02.001
https://doi.org/10.1021/nl301877k
https://doi.org/10.1016/j.ijpharm.2018.10.054
https://doi.org/10.1016/j.ijpharm.2018.10.054
https://doi.org/10.1016/j.addr.2009.11.011
https://doi.org/10.1016/j.addr.2009.11.011
https://doi.org/10.1016/j.biomaterials.2013.10.046
https://doi.org/10.1038/nnano.2017.52
https://doi.org/10.1038/nprot.2015.078
https://doi.org/10.1038/s41598-018-38080-7
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Chi et al. DNA Nanostructure Applied in Immunotherapy
Martin-Liberal, J., Ochoa De Olza, M., Hierro, C., Gros, A., Rodon, J., and
Tabernero, J. (2017). The expanding role of immunotherapy. Cancer Treat
Rev. 54, 74–86. doi: 10.1016/j.ctrv.2017.01.008

Mathur, D., and Medintz, I. L. (2019). The growing development of DNA
nanostructures for potential healthcare-related applications. Adv. Healthc
Mater 8, 1801546. doi: 10.1002/adhm.201801546

Matsumoto, Y., Niimi, N., and Kohyama, K. (2013). Development of a new DNA
vaccine for Alzheimer disease targeting a wide range of ab species and
amyloidogenic peptides. PLoS One 8, e75203. doi: 10.1371/journal.pone.0075203

Meckes, B., Banga, R. J., Nguyen, S. T., and Mirkin, C. A. (2017). Enhancing the
stability and immunomodulatory activity of liposomal spherical nucleic acids
through lipid-tail DNA Modifications. Small 14, 1702909. doi: 10.1002/
smll.201702909

Mei, L., Zhu, G., Qiu, L., Wu, C., Chen, H., Liang, H., et al. (2015). Self-assembled
multifunctional DNA nanoflowers for the circumvention of multidrug
resistance in targeted anticancer drug delivery. Nano Res. 8, 3447–3460. doi:
10.1007/s12274-015-0841-8

Melamed, J. R., Kreuzberger, N. L., Goyal, R., and Day, E. S. (2018). Spherical nucleic
acid architecture can improve the efficacy of polycation-mediated siRNAdelivery.
Mol. Ther. - Nucleic Acids 12, 207–219. doi: 10.1016/j.omtn.2018.05.008

Melief, C. J. M., and van der Burg, S. H. (2008). Immunotherapy of established
(pre)malignant disease by synthetic long peptide vaccines. Nat. Rev. Cancer
8, 351. doi: 10.1038/nrc2373

Meng, H., Liu, H., Kuai, H., Peng, R., Mo, L., and Zhang, X. (2016). Aptamer-
integrated DNA nanostructures for biosensing, bioimaging and cancer therapy.
Chem. Soc. Rev. 45, 2583–2602. doi: 10.1039/C5CS00645G

Mohammed, A. M., Velazquez, L., Chisenhall, A., Schiffels, D., Fygenson, D. K.,
and Schulman, R. (2017). Self-assembly of precisely defined DNA nanotube
superstructures using DNA origami seeds. Nanoscale 9, 522–526. doi: 10.1039/
C6NR06983E

Mohri, K., Nishikawa, M., Takahashi, N., Shiomi, T., Matsuoka, N., Ogawa, K.,
et al. (2012). Design and development of nanosized DNA assemblies in
polypod-like structures as efficient vehicles for immunostimulatory CpG
motifs to immune cells. ACS Nano 6, 5931–5940. doi: 10.1021/nn300727j

Naran, K., Nundalall, T., Chetty, S., and Barth, S. (2018). Principles of
immunotherapy: implications for treatment strategies in cancer and
infectious diseases. Front. Microbiol. 9, 3158. doi: 10.3389/fmicb.2018.03158

Nishikawa, M., Matono, M., Rattanakiat, S., Matsuoka, N., and Takakura, Y. (2008).
Enhanced immunostimulatory activity of oligodeoxynucleotides by Y-shape
formation. Immunology 124, 247–255. doi: 10.1111/j.1365-2567.2007.02762.x

Nishikawa, M., Mizuno, Y., Mohri, K., Matsuoka, N., Rattanakiat, S., Takahashi, Y.,
et al. (2011). Biodegradable CpG DNA hydrogels for sustained delivery of
doxorubicin and immunostimulatory signals in tumor-bearing mice.
Biomaterials 32, 488–494. doi: 10.1016/j.biomaterials.2010.09.013

Nishikawa, M., Ogawa, K., Umeki, Y., Mohri, K., Kawasaki, Y., Watanabe, H., et al.
(2014). Injectable, self-gelling, biodegradable, and immunomodulatory DNA
hydrogel for antigen delivery. J. Control. Release 180, 25–32. doi: 10.1016/
j.jconrel.2014.02.001

Ohtsuki, S., Matsuzaki, N., Mohri, K., Endo, M., Emura, T., Hidaka, K., et al.
(2015). Optimal arrangement of four short DNA strands for delivery of
immunostimulatory nucleic acids to immune cells. Nucleic Acid Ther. 25,
245–253. doi: 10.1089/nat.2014.0524

Park, K. S., Batule, B. S., Chung,M., Kang, K. S., Park, T. J., Kim, M. I., et al. (2017). A
simple and eco-friendly one-pot synthesis of nuclease-resistant DNA–inorganic
hybrid nanoflowers. J. Mater Chem. B 5, 2231–2234. doi: 10.1039/C6TB03047E

Pauken, K. E., Dougan, M., Rose, N. R., Lichtman, A. H., and Sharpe, A. H. (2019).
Adverse events following cancer immunotherapy: obstacles and opportunities.
Trends Immunol. 40, 511–523. doi: 10.1016/j.it.2019.04.002

Perrault, S. D., and Shih, W. M. (2014). Virus-inspired membrane encapsulation
of DNA nanostructures to achieve in vivo stability. ACS Nano 8, 5132–5140.
doi: 10.1021/nn5011914

Radovic-Moreno, A. F., Natalia, C., Mader, C. C., Subbarao, N., Kang, R. S.,
Liangliang, H., et al. (2015). Immunomodulatory spherical nucleic acids. Proc.
Natl. Acad. Sci. U.S.A. 112, 3892–3897. doi: 10.1073/pnas.1502850112

Reddy, A. S., Warshaviak, D. T., and Chachisvilis, M. (2012). Effect of membrane
tension on the physical properties of DOPC lipid bilayer membrane. Biochim.
Biophys. Acta 1818, 2271–2281. doi: 10.1016/j.bbamem.2012.05.006
Frontiers in Pharmacology | www.frontiersin.org 16
Sanada, Y., Shiomi, T., Okobira, T., Tan, M., Nishikawa, M., Akiba, I., et al. (2016).
Polypod-shaped DNAs: small angle X-ray scattering and immunostimulatory
activity. Langmuir ACS J. Surfaces Colloids 32, 3760. doi: 10.1021/acs.langmuir.
6b00398

Sau, S., Alsaab, H. O., Bhise, K., Alzhrani, R., Nabil, G., and Iyer, A. K. (2018).
Multifunctional nanoparticles for cancer immunotherapy: a groundbreaking
approach for reprogramming malfunctioned tumor environment. J. Control.
Release 274, 24–34. doi: 10.1016/j.jconrel.2018.01.028

Schüller, V. J., Simon, H., Nadja, S., Nickels, P. C., Suhartha, N. A., Stefan, E., et al.
(2011). Cellular immunostimulation by CpG-sequence-coated DNA origami
structures. ACS Nano 5, 9696–9702. doi: 10.1021/nn203161y

Seferos, D. S., Prigodich, A. E., Giljohann, D. A., Patel, P. C., and Mirkin, C. A.
(2009). Polyvalent DNA nanoparticle conjugates stabilize nucleic acids. Nano
Lett. 9, 308–311. doi: 10.1021/nl802958f

Sellner, S., Kocabey, S., Nekolla, K., Krombach, F., Liedl, T., and Rehberg, M.
(2015). DNA nanotubes as intracellular delivery vehicles invivo. Biomaterials
53, 453–463. doi: 10.1016/j.biomaterials.2015.02.099

Sharma, P., and Allison, J. P. (2015). The future of immune checkpoint therapy.
Science 348, 56. doi: 10.1126/science.aaa8172

Shukla, S., and Steinmetz, N. F. (2016). Emerging nanotechnologies for cancer
immunotherapy. Exp. Biol. Med. (Maywood N.J.) 241, 1116–1126. doi:
10.1177/1535370216647123

Singh, M., Briones, M., Ott, G., and Hagan, D. (2000). Cationic microparticles: a
potent delivery system for DNA vaccines. Proc. Natl. Acad. Sci. 97, 811. doi:
10.1073/pnas.97.2.811

Song,W., Shen, L.,Wang,Y., Liu,Q., Goodwin, T. J., Li, J., et al. (2018). Synergistic and
low adverse effect cancer immunotherapy by immunogenic chemotherapy and
locally expressed PD-L1 trap. Nat. Commun. 9, 2237. doi: 10.1038/s41467-018-
04605-x

Sprangers, A. J., Hao, L., Banga, R. J., and Mirkin, C. A. (2017). Liposomal
spherical nucleic acids for regulating long noncoding RNAs in the nucleus.
Small 13, 1602753. doi: 10.1002/smll.201602753

Stenler, S., Blomberg, P., and Smith, C. I. E. (2014). Safety and efficacy of DNA
vaccines: plasmids vs. minicircles. Hum. Vacc. Immunother. 10, 1306–1308.
doi: 10.4161/hv.28077

Tang, J., Liang, J., Cai, Y., Zhou, J., TAN, Z., Tang, X., et al. (2015). A novel DNA
vaccine against <em<mycobacterium tuberculosis</em< infection
(VAC4P.1109). J. Immunol. 194, 14–72.

Tenkumo, T., Vanegas Sáenz, J. R., Nakamura, K., Shimizu, Y., Sokolova, V.,
Epple, M., et al. (2018). Prolonged release of bone morphogenetic protein-2 in
vivo by gene transfection with DNA-functionalized calcium phosphate
nanoparticle-loaded collagen scaffolds. Materials Sci. Engr.: C 92, 172–183.
doi: 10.1016/j.msec.2018.06.047

Tian, F., Zhou, P., Kang,W., Luo, L., Fan, X., Yan, J., et al. (2015). The small-molecule
inhibitor selectivity between IKKa and IKKb kinases inNF-kB signaling pathway.
J. Recept. Sig. Transd. 35, 307–318. doi: 10.3109/10799893.2014.980950

Tyagi, P., and Subramony, J. A. (2018). Nanotherapeutics in oral and parenteral
drug delivery: key learnings and future outlooks as we think small. J. Control.
Release 272, 159–168. doi: 10.1016/j.jconrel.2018.01.009

Tyagi, R. K., Garg, N. K., and Sahu, T. (2012). Vaccination strategies against
Malaria: novel carrier(s) more than a tour de force. J. Control. Release 162, 242–
254. doi: 10.1016/j.jconrel.2012.04.037

Um, S. H., Lee, J. B., Park, N., Kwon, S. Y., Umbach, C. C., and Luo, D. (2006).
Enzyme-catalysed assembly of DNA hydrogel. Nat. Mater. 5, 797–801. doi:
10.1038/nprot.2006.141

Umeki, Y., Mohri, K., Kawasaki, Y., Watanabe, H., and Nishikawa, M. (2015).
Induction of potent antitumor immunity by sustained release of cationic
antigen from a DNA-based hydrogel with adjuvant activity. Adv. Funct.
Mater 25, 5758–5767. doi: 10.1002/adfm.201502139

Uno, S., Nishikawa, M., Mohri, K., Umeki, Y., Matsuzaki, N., Takahashi, Y., et al.
(2014). Efficient delivery of immunostimulatory DNA to mouse and human
immune cells through the construction of polypod-like structured DNA.
Nanomed. Nanotechnol. Biol. Med. 10, 765–774. doi: 10.1016/j.nano.2013.11.017

Wang, C., Sun, W., Wright, G., Wang, A. Z., and Gu, Z. (2016). Inflammation-
triggered cancer immunotherapy by programmed delivery of CpG and anti-
PD1 antibody. Advanced materials (Deerfield Beach Fla.) 28, 8912–8920. doi:
10.1002/adma.201506312
January 2020 | Volume 10 | Article 1585

https://doi.org/10.1016/j.ctrv.2017.01.008
https://doi.org/10.1002/adhm.201801546
https://doi.org/10.1371/journal.pone.0075203
https://doi.org/10.1002/smll.201702909
https://doi.org/10.1002/smll.201702909
https://doi.org/10.1007/s12274-015-0841-8
https://doi.org/10.1016/j.omtn.2018.05.008
https://doi.org/10.1038/nrc2373
https://doi.org/10.1039/C5CS00645G
https://doi.org/10.1039/C6NR06983E
https://doi.org/10.1039/C6NR06983E
https://doi.org/10.1021/nn300727j
https://doi.org/10.3389/fmicb.2018.03158
https://doi.org/10.1111/j.1365-2567.2007.02762.x
https://doi.org/10.1016/j.biomaterials.2010.09.013
https://doi.org/10.1016/j.jconrel.2014.02.001
https://doi.org/10.1016/j.jconrel.2014.02.001
https://doi.org/10.1089/nat.2014.0524
https://doi.org/10.1039/C6TB03047E
https://doi.org/10.1016/j.it.2019.04.002
https://doi.org/10.1021/nn5011914
https://doi.org/10.1073/pnas.1502850112
https://doi.org/10.1016/j.bbamem.2012.05.006
https://doi.org/10.1021/acs.langmuir.6b00398
https://doi.org/10.1021/acs.langmuir.6b00398
https://doi.org/10.1016/j.jconrel.2018.01.028
https://doi.org/10.1021/nn203161y
https://doi.org/10.1021/nl802958f
https://doi.org/10.1016/j.biomaterials.2015.02.099
https://doi.org/10.1126/science.aaa8172
https://doi.org/10.1177/1535370216647123
https://doi.org/10.1073/pnas.97.2.811
https://doi.org/10.1038/s41467-018-04605-x
https://doi.org/10.1038/s41467-018-04605-x
https://doi.org/10.1002/smll.201602753
https://doi.org/10.4161/hv.28077
https://doi.org/10.1016/j.msec.2018.06.047
https://doi.org/10.3109/10799893.2014.980950
https://doi.org/10.1016/j.jconrel.2018.01.009
https://doi.org/10.1016/j.jconrel.2012.04.037
https://doi.org/10.1038/nprot.2006.141
https://doi.org/10.1002/adfm.201502139
https://doi.org/10.1016/j.nano.2013.11.017
https://doi.org/10.1002/adma.201506312
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Chi et al. DNA Nanostructure Applied in Immunotherapy
Wang, W., Chen, S., An, B., Huang, K., Bai, T., Xu, M., et al. (2019). Complex
wireframe DNA nanostructures from simple building blocks. Nat. Commun.
10, 1067. doi: 10.1038/s41467-019-08647-7

Williams, S. C. P. (2013). Spherical nucleic acids: a whole new ball game. Proc.
Natl. Acad. Sci. 110, 13231. doi: 10.1073/pnas.1313483110

Wu, A. Y. (2012). Immunotherapy - vaccines for allergic diseases. J. Thorac. Dis. 4,
198–202. doi: 10.3978/j.issn.2072-1439.2011.07.03

Xia, Z., Wang, P., Liu, X., Liu, T., Yan, Y., Yan, J., et al. (2016). Tumor-penetrating
peptide-modified DNA tetrahedron for targeting drug delivery. Biochemistry-
US 55, 1326–1331. doi: 10.1021/acs.biochem.5b01181

Yang, G., Koo, J. E., Lee, H. E., Shin, S. W., Um, S. H., and Lee, J. Y. (2019).
Immunostimulatory activity of Y-shaped DNA nanostructures mediated
through the activation of TLR9. BioMed. Pharmacother. 112, 108657. doi:
10.1016/j.biopha.2019.108657

Yata, T., Takahashi, Y., Tan, M., Hidaka, K., Sugiyama, H., Endo, M., et al. (2015).
Efficient amplification of self-gelling polypod-like structured DNA by rolling
circle amplification and enzymatic digestion. Sci. Rep-UK 5, 14979. doi:
10.1038/srep14979

Yi, M., Qin, S., Zhao, W., Yu, S., Chu, Q., andWu, K. (2018). The role of neoantigen
in immune checkpoint blockade therapy. Exp. Hematol. Oncol. 7, 28. doi:
10.1186/s40164-018-0120-y

Young, M. R. I. (2017). Redirecting the focus of cancer immunotherapy to
premalignant conditions. Cancer Lett. 391, 83–88. doi: 10.1016/
j.canlet.2017.01.022

Yu, C., An, M., Jones, E., and Liu, H. (2018). Targeting suppressive
oligonucleotide to lymph nodes inhibits toll-like receptor-9-mediated
activation of adaptive immunity. Pharm. Res-Dordr. 35, 56. doi: 10.1007/
s11095-018-2344-2

Yu, X., Hu, L., He, H., Zhang, F., Wang, M., Wei, W., et al. (2019). Y-shaped DNA-
mediated hybrid nanoflowers as efficient gene carriers for fluorescence imaging
of tumor-related mRNA in living cells. Anal. Chim. Acta 1057, 114–122. doi:
10.1016/j.aca.2018.12.062

Zang, X., Zhao, X., Hu, H., Qiao, M., Deng, Y., and Chen, D. (2017). Nanoparticles
for tumor immunotherapy. Eur. J. Pharm. Biopharm. 115, 243–256.

Zhang, C., Hao, L., Calabrese, C. M., Zhou, Y., Choi, C. H. J., Xing, H., et al.
(2015). Biodegradable DNA-brush block copolymer spherical nucleic
acids enable transfection agent-free intracellular gene regulation. Small
(Weinheim an der Bergstrasse Germany) 11, 5360–5368. doi: 10.1002/
smll.201501573
Frontiers in Pharmacology | www.frontiersin.org 17
Zhang, L., Zhu, G., Mei, L., Wu, C., Qiu, L., Cui, C., et al. (2015). Self-assembled
DNA immunonanoflowers as multivalent CpG nanoagents. ACS Appl. Mater
Inter. 7, 24069–24074. doi: 10.1021/acsami.5b06987

Zhang, Y., Tu, J., Wang, D., Zhu, H., Maity, S. K., Qu, X., et al. (2018).
Programmable and multifunctional DNA-based materials for biomedical
applications. Adv. Mater 30, 1703658. doi: 10.1002/adma.201703658

Zheng, D., Giljohann, D. A., Chen, D. L., Massich, M. D., Wang, X., Iordanov, H.,
et al. (2012). Topical delivery of siRNA-based spherical nucleic acid
nanoparticle conjugates for gene regulation. Proc. Natl. Acad. Sci. U.S.A. 109,
11975–11980. doi: 10.1073/pnas.1118425109

Zhu, G., Hu, R., Zhao, Z., Chen, Z., Zhang, X., and Tan, W. (2013). Noncanonical
self-assembly of multifunctional DNA nanoflowers for biomedical
applications. J. Am. Chem. Soc. 135, 16438–16445. doi: 10.1021/ja406115e

Zhu, M., Wang, R., and Nie, G. (2014). Applications of nanomaterials as vaccine
adjuvants. Hum. Vacc. Immunother. 10, 2761–2774. doi: 10.4161/hv.29589

Zhu, G., Liu, Y., Yang, X., Kim, Y. H., Zhang, H., Jia, R., et al. (2016). DNA-
inorganic hybrid nanovaccine for cancer immunotherapy. Nanoscale 8, 6684–
6692. doi: 10.1039/C5NR08821F

Zhu, G., Mei, L., Vishwasrao, H. D., Jacobson, O., Wang, Z., Liu, Y., et al. (2017).
Intertwining DNA-RNA nanocapsules loaded with tumor neoantigens as
synergistic nanovaccines for cancer immunotherapy. Nat. Commun. 8, 1482.
doi: 10.1038/s41467-017-01386-7

Zhu, J., Luo, L., Tian, L., Yin, S., Ma, X., Cheng, S., et al. (2018). Aryl hydrocarbon
receptor promotes IL-10 expression in inflammatory macrophages through
Src-STAT3 signaling pathway. Front. Immunol. 30 (9), 2033. doi: 10.3389/
fimmu.2018.02033

Zhu, S., Xing, H., Gordiichuk, P., Park, J., and Mirkin, C. A. (2018). PLGA
spherical nucleic acids. Adv. Mater, e1707113. doi: 10.1002/adma.201707113

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Chi, Yang, Xu, Wang and Liang. This is an open-access article
distributed under the terms of the Creative CommonsAttribution License (CCBY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordancewith accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
January 2020 | Volume 10 | Article 1585

https://doi.org/10.1038/s41467-019-08647-7
https://doi.org/10.1073/pnas.1313483110
https://doi.org/10.3978/j.issn.2072-1439.2011.07.03
https://doi.org/10.1021/acs.biochem.5b01181
https://doi.org/10.1016/j.biopha.2019.108657
https://doi.org/10.1038/srep14979
https://doi.org/10.1186/s40164-018-0120-y
https://doi.org/10.1016/j.canlet.2017.01.022
https://doi.org/10.1016/j.canlet.2017.01.022
https://doi.org/10.1007/s11095-018-2344-2
https://doi.org/10.1007/s11095-018-2344-2
https://doi.org/10.1016/j.aca.2018.12.062
https://doi.org/10.1002/smll.201501573
https://doi.org/10.1002/smll.201501573
https://doi.org/10.1021/acsami.5b06987
https://doi.org/10.1002/adma.201703658
https://doi.org/10.1073/pnas.1118425109
https://doi.org/10.1021/ja406115e
https://doi.org/10.4161/hv.29589
https://doi.org/10.1039/C5NR08821F
https://doi.org/10.1038/s41467-017-01386-7
https://doi.org/10.3389/fimmu.2018.02033
https://doi.org/10.3389/fimmu.2018.02033
https://doi.org/10.1002/adma.201707113
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	DNA Nanostructure as an Efficient Drug Delivery Platform for Immunotherapy
	Introduction
	DNA Nanostructure for Immunotherapy
	Wireframe DNA Cages
	DNA-Based Nanoparticles
	Spherical Nucleic Acids
	Hybrid DNA-Based Nanoparticles

	Polypod-Like DNA Nanostructure
	DNA Hydrogels
	Conclusions and Future Outlook
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


