Development of efficient amplification method of
DNA hydrogel and composite-type DNA hydrogel
for photothermal immunotherapy
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Preface

Deoxyribonucleic acid (DNA) is a biomolecule used to encode, transfer, decode and transcribe
genetic information in living organisms on the earth. The molecule was firstly discovered by a
Swiss physician Friedrich Miescher as "nuclein”, DNA with associated proteins, from human
pus cells in 1869". The term of "nucleic acid” was introduced by Richard Altmann in 1889’
when he succeeded to remove proteins from nuclein, and demonstrated that the
deproteinized material was acidic material. In those early days, it was thought that the nucleic
acid functioned in chromosomal stability and maintenance, and the proteins played the role of
genetic material. However, three findings in the 1920s-1960s concluded that the nucleic acid,
DNA, was the genetic material. In 1920s, Frederick Griffith showed that Streptococcus
pneumoniae could transform into a different strain with “transforming principle”. In 1944,
Oswald T. Avery” presented experimental evidence showing that DNA had transforming ability.
In 1952, Alfred Hershey and Martha Chase> confirmed that DNA is the genetic material by a
series of "Hershey-Chase Experiment”. In 1953, James Watson and Francis Crick® discovered
the DNA double helix structure, and this discovery dramatically changed the focus of modern
genetics, and opened the door of a new era in biology. In 2003, in 50 years of the great
discovery, it was reported that the whole sequence of the human genome was completed at
last’. The aspect of DNA as genetic material has been in the center of the biological research
focus.

Many scientists have focused on other aspects of DNA than the genetic material, and
made efforts to put DNA to practical use. From a chemical perspective, DNA is a polymer
consisting of deoxyribose, phosphate, and four types of base including adenine (A), guanine
(G), cytosine (C), and thymidine (T). DNA forms double helical structure through hydrogen
bonds between A-T and G-C, whose diameter and helical rise in ordinary B-form DNA are
about 2 nm and 0.34 nm/base, respectively’. The nature of the nucleic acids to form
double-stranded structure with their complementary strand plays key roles in the central
dogma of biology, including DNA polymerization, RNA transcription, interactions between
mRNA and tRNA for translation in ribosome’. Recently, this ability to form double-stranded
structure has been exploited to construct a variety of unnatural three dimensional nano-scale
DNA structures. This new type of technology called "“DNA nanotechnology” has attracted
increasing attention’®. In 1982, Nadrian C. Seeman and coworker pioneered DNA
nanotechnology thorough the report that the branch-structured DNA could be created by
synthesis of DNA with well-designed sequences'. A report by Paul W. K. Rothemund et al. in
2006 accelerated its attraction for applications in a number of fields. They prepared materials
of arbitrary two-dimensional shapes, including a smiley face, by hybridizing a long
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single-stranded DNA scaffold and multiple ‘staple strands’ to hold the scaffold in place, This
method, known as “DNA origami”, allows the arrangement of a large number of
oligodeoxynucleotides (ODNs) with nano- to micro-meter precision, and made it possible to
create highly complex and large structures. To date, DNA nanotechnology has been used in
practical applications such as optical detection for microanalysis, diagnostics for pathogens,
and drug delivery™ 1>,

In innate immunity, nucleic acid is one of the molecules that trigger immune
response’®. For many years, it had been believed that innate immunity responds to pathogens
in nonspecific manner, but the dogma was challenged by the discovery of Toll-like receptors
(TLRs) as pattern recognition receptors (PRRs)'” ‘% Extensive researches in this field have
revealed that innate immunity responds to life crisis by recognizing specific molecules called
pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns
(DAMPs)*. DNA is recognized by DNA sensors of TLR-9, DNA-dependent activator of IRFs
(DAI), stimulator of interferon genes (STING) pathway as both PAMPs (exogenous DNA) and
DAMPs (endogenous DNA)?. CpG DNA is a TLR-9 ligand that induces cytokine production
from dendritic cells and macrophages through binding to TLR-9 in endosome after cellular
internalization®’,

One of the hottest fields in nucleic acid researches is a trial to use nucleic acids as a

new drug modality. Since nucleic acids are biomolecules which control a lot of biological and
pathological mechanisms in nature, nucleic acid drug has been widely expected to be able to
access targets more efficiently than other modalities do. However, due to still remaining big
challenges in drug delivery, all types of nucleic acid drugs, including aptamer, decoy, antisense,
small interfering RNA (siRNA), micro RNA (miRNA) and CpG DNA, have not shown their whole
potential®’,
Social health and economy in the globalized world has greatly increased the value of
vaccination. In recent years, researchers have expanded the scope of vaccines, and the target
of vaccines is no longer limited to infectious diseases. Vaccines for a wide range of diseases
including cancer, autoimmunity, allergy, and degenerative neurological diseases are under
development™ ** %, To achieve successful vaccination for these diseases, it is required to
induce immune responses against antigens from not infectious pathogens but self. There are,
therefore, increased needs in development of immune adjuvant which enhances immune
response strongly and safely”.

In these situations, my department, Department of Biopharmaceutics and Drug
Metabolism (the Department), has tried to develop a novel immune adjuvant by potentiating
CpG ODN with DNA nanotechnology (Figure 1)*’. In 2008, the Department discovered that it
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was possible to potentiate the immunostimulatory activity of CpG DNA by forming three
ODNs into a tripod-like structure, which was associated with enhanced cellular uptake by

TLR9-positive cells?® #°

. Subsequently, the Department showed that the potentiation by
forming polypod-like structures was further expanded by increasing the number of pods from
three to eight®® *!. The Department discovered that DNA dendrimer prepared through ligating
polypod-like structured DNAs, or polypodnas, is able to stimulate efficiently immune cells to
produce cytokines®’. The Department also demonstrated that DNA hydrogel generated by
enzymatically ligating polypodnas carrying adhesive ends with palindromic sequences is
useful to co-deliver CpG DNA as an immunostimulatory agent and doxorubicin as an
anti-cancer agent®. Moreover, the Department successfully developed and reported® a

patented technology called “self-gelatinizable nucleic acid”*

which enabled generation of
DNA hydrogel through a self-assembling process by elongation of adhesive ends of
nanostructured DNAs. The DNA hydrogel prepared by this technology has potential to
become a quite unique, ideal, and novel vaccine adjuvant with following characteristics: (1) It is
safe because it is composed of only DNA, not containing residual linking agents such as
protein ligases and cross-linking chemical agents; (2) its properties can be designed by
arranging the DNA sequences of adhesive ends and the structure of the building blocks; (3)
the bioactivity is also designable by DNA sequence; (4) it is injectable and sprayable; (5) it
forms hydrogel immediately at the administered site; (6) it is possible to sterile filtration and
freeze-dry to prepare sterile products; (7) it is able to incorporate antigens or other bioactive

materials; and (8) it is able to sustained-release materials incorporated.
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Figure 1 : Development of Polypodna Based DNA Hydrogel for Inmunoadjuvant.

To expand the future potential of the self-gelling DNA hydrogel for biomedical
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applications, I have made a series of studies (Figure 2). Synthesis cost is one of the biggest

challenges from the viewpoint of practical application. To provide its solution, I have made an

attempt to develop a novel amplification method of self-gelling polypodna, which was

presented in Chapter 1. Next, I tried to synthesize a novel composite-type hydrogel for

photothermal immunotherapy by using the self-gelling nucleic acid technology, and
evaluated its efficacy in tumor-bearing mice in Chapter 2. Here, I report these studies.
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Chapter 1 : Efficient Amplification of Self-gelling Polypod-like
Structured DNA by Rolling Circle Amplification and Enzymatic

Digestion

1.1 Introduction
Synthesis cost is one of the major limiting factors for practical use of biomaterial composed of
nanostructured DNAs such as polypodna-based self-gelling DNA hydrogel in macroscale to
biomedical area®®*’. Nanostructured DNAs are typically made of chemically synthesized long
single-stranded ODNs (30-100 nt). Although synthesis technologies of single-stranded ODNs
have progressed tremendously to reduce the synthesis cost since the first report on
solid-phase synthesis method in 1960s®, the accuracy and efficiency have not reached the
levels in nature®. In the artificial synthesis, the coupling efficiency never reaches 100% at each
step because of chemical and physical restraints. Synthesis cost increases as increasing the
length of nucleotides, because the yield generally decreases in an exponential manner®.
Enzymatic synthesis can be an attractive alternative for chemical synthesis because enzymes
quickly copy and amplify any template sequence with low error rates compared with chemical
processes. Phi29 DNA polymerase, obtained from Bacillus subtilis phage phi29, possesses the
functions not only for quick generation of polynucleotides, but also for strand displacement
and proofreading under isothermal conditions*"****. Rolling circle amplification (RCA) using
this enzyme is able to produce long single strands of the tandem-repeating sequence, which
is complementary to the circularized single-stranded DNA template®”.

There have been some successful reports of Phi29 DNA polymerase-based amplification

of simple DNA, such as linear oligodeoxynucleotide and DNA aptamer?> #6474

, or semi-large
scale amplification of complicated DNA structures®. However, no attempts have been made
on the amplification of functional structured DNA such as self-gelling building blocks that
spontaneously form DNA hydrogel under proper conditions. Here, I propose a highly efficient
production technique for self-gelling polypodna by using RCA-based amplification, and
demonstrate its feasibility through the amplification of two types of self-gelling

nanostructured DNAs.
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1.2 Methods

[1] Preparation of Template ODNs

All oligodeoxynucleotides were purchased from Integrated DNA Technologies, Inc (Coralville,
IA, USA). The sequences of the oligodeoxynucleotides used are summarized in Table 1. A
linear 5 -phosphorylated template oligodeoxynucleotide, template ODN (50 pM), was
self-annealed by heating at 95°C for 2 min, 75°C for 3 min, then gradually cooled down to 4°C.
The annealed oligodeoxynucleotide was ligated at 16°C for 16 h in solution containing 10 U/p
L T4 DNA ligase (Takara Bio, Otsu, Japan), 66 mM Tris-HCI (pH 7.6), 6.6 mM MgCl,, 10 mM
dithiothreitol (DTT), and 0.1 mM ATP. Non-circularized linear oligonucleotides were removed
by reaction with 25 U/mL exonuclease I (Takara Bio, Shiga, Japan) and 1000 U/mL exonuclease
IlI (Takara Bio) at 37°C for 30 min.

[2] RCA-based Amplification of Polypodna Precursors

An RCA primer was designed to hybridize to the single stranded sequence of the circularized
template. Equivalent amounts of the circularized template and the primer were mixed together,
and these were annealed by heating at 95°C for 2 min, 75°C for 3 min, then gradually cooled
down to 4°C. The resultant mixture (10 uM) was amplified by incubating at 30°C for 16 h in a
solution containing 2.5 U/uL Phi29 DNA polymerase (New England Biolabs, Ipswich, MA, USA),
50 mM Tris-HCI (pH 7.5), 10 mM MgCl;, 10 mM (NH4)2SO4, 4 mM DTT, 200 pg/ml BSA, and 2.5
mM dNTP (Invitrogen, Carlsbad, CA, USA)

[3] Polypodna Production by Restriction Digestion

The highly viscous RCA product was incubated in 2 mM EDTA (Sigma-Aldrich, St. Louis, MO,
USA) at 80°C for 15 min to solubilize the product. After purification by size-exclusion
chromatography, the resultant large molecular weight DNA was digested with 0.1 U/pL TspRI
(New England Biolabs) in solution containing 50 mM potassium acetate, 20 mM Tris-acetate,
10 mM magnesium acetate, and 100 pg/ml BSA. The product was purified by size-exclusion
chromatography to remove low molecular weight DNA waste. Restriction digestion with TspRI
was performed at 50°C, which was determined to be the optimal temperature for digestion

with TspRI, based on preliminary experiments.

[4] Polypodna Formation
The RCA product obtained after restriction digestion was annealed as reported previously**.

Briefly, the 1.5- or 2 mM-DNA products for tripodna or tetrapodna, respectively, were heated
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to 95°C and cooled gradually to 4°C. The formation of hydrogels was observed optically using
blue dextran solution as previously reported™.

[5] Oligodeoxynucleotide Analysis

DNA products in each step were analyzed by chip analysis using a MCE-202 MultiNA
microchip electrophoresis system (Shimadzu Corporation, Kyoto, Japan) or by polyacrylamide
electrophoresis (PAGE). Denaturing PAGE was carried out with 12% Acrylamide gel/ 7M Urea
under 150 V for 60 min.

[6] Observation of RCA Product under Fluorescent Microscope

The appearance of the RCA product before and after EDTA treatment was observed under a
fluorescent microscope (Biozero BZ-8000, KEYENCE, Osaka, Japan) after staining with
SYBR-Gold (Molecular Probes, Eugene, OR, USA).

[7] Scanning Electron Microscope Imaging
The RCA product obtained after restriction digest was annealed under the above conditions.
The structure of the annealed RCA products was then observed using a scanning electron

microscope (TM3000, Hitachi, Tokyo, Japan) as reported previously**.

[8] Atomic Force Microscope Imaging

Atomic force microscope images were obtained with a high-speed AFM system (Nano Live
Vision, RIBM, Tsukuba, Japan) using a silicon nitride cantilever (BL-AC10EGS; Olympus, Tokyo,
Japan)®°. Briefly, the sample was adsorbed on a freshly cleaved mica plate pretreated with 0.1%
aqueous 3-aminopropyltriethoxysilane for 5 min at room temperature and then washed three
times with a buffer solution containing 20 mM Tris and 10 mM MgCl,. To observe the
elongation of the RCA products, aliquots were sampled at 0 (before initiation of the reaction),
1, and 4 h after the onset of the RCA reaction. Then, the collected samples were heated to
95°C to halt the reaction, annealed, and diluted to a DNA concentration of 30 nM to avoid
hydrogel formation. Then, the samples were observed by AFM as described above.
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Table 1 : Sequences of Oligonucleotides used in Chapter 1

ODN | Sequence (5'—3)
Tripodna
Template 1 tgc gcc aat ggc aaa agc caa tgg cgc acg tcg tag tgc att gac agc gtc tag cta
gcc aat ggc aaa agc caa tgg cta gct aga cgc tgt caa gca gac gtc gat caa
gcc aat ggc aaa aaa aaa aaa aaa aaa aaa aaa aaa aaa aaa aaa aaa aaa gcc
aat ggc ttg atc gac gtc tgc tat gca cta cga cg
Primer 1 ttt ttt ttt ttt ttt tt et ttt t
Tetrapodna
Template 2-1 cta gac cgt gtc atg acg ctc agc tgc aag cca ctg gct tcg aaa aaa aac gaa gcc
ag
Template 2-2 tgg ctt gca gct gag cgt caa gca gac gtc gat caa gcc agt ggc ttg
Primer 2 cgt cta gca agc cac tgg ct
Template 3-1 atc gac gtc tgc tgc acg tcg tag tgc aag cca gtg gct tcg aaa aaa aac gaa gcc
ac
Template 3-2 tgg ctt gca cta cga cgt gct gac agce gtc tag caa gcc act ggc ttg
Primer 3 agc aga cgt cga tca agc cag tgg ct

1.3 Results

1.3.1 Schematic Amplification Method for Self-gelling Tripodnas

Figure 3 illustrates the scheme of the RCA-based mass amplification of simple structured
tripodnas with adhesive 5'-ends.
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Figure 3: Schematic Diagram of the Mass Amplification of Simple Structured Self-gelling
Tripodnas. The template oligodeoxynucleotides are designed to satisfy the following
requirements: (a) the tripodna automatically forms by self-assembly; (b) each pod of the
tripodna contains a 9 base long TspRI restriction digest site; (c) Each 5'-terminal end is
phosphorylated in order to ligate with 3'-terminal within the tripodna body, (d) connecting
chain is added to the 3'-terminal of the tripodna to allow tripodna to be connected to one
another. The designed templates are amplified via the following steps: (1) The template
ssODNs are circularized using T4 DNA ligase; (2) After annealing the primer (primer 1), the
DNA template is amplified through rolling circle amplification technique using Phi29
polymerase; (3) Before enzyme digestion, the RCA product is treated with EDTA and folded; (4)
Long single-stranded DNAs are digested using restriction enzyme; (5) The target sequences
are purified by size chromatography; (6) The resultant DNAs self-assembled after annealing to

form a hydrogel.
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1.3.2 Demonstration Study for Amplification of Self-gelling Tripodna
<Circularization of Template DNA>

To amplify self-gelling tripodna, at first, a template single stranded DNA was circularized using
T4-ligase. Figure 4 shows the microchip electrophoresis of the template before and after
ligation using T4-ligase. There was no significant difference in the electrophoretic mobility of
the template before and after ligation (Figure 4, lanes 1, 2). This could be because the
template would be folded in a similar structure to the ligated, circularized one. To confirm the
ligation, the non-ligated and ligated templates were digested by exonuclease I/III (Figure 4,
lanes 3, 4). Only the ligated template was resistant to the digestion (Figure 4, lane 4),
indicating that the template was circularized by T4-ligase. To proceed DNA elongation, the

(Lane No.) 1 2

non-circularized template oligonucleotides were removed by exonuclease digestion.
(T4-DNA Ligase) - +
(Exonulease I/III) =

[bp] IIII

450
Figure 4: Chip Analysis of Template DNA Circularization. Lane 1, non-ligated template;
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lane 2, ligated template; lane 3, non-ligated template digested by exonuclease I/III; lane 4,
ligated template digested by exonuclease I/IIL

<DNA Elongation by RCA>

The circularized template was replicated by RCA, whose reaction was monitored by AFM
imaging. The Y-shaped mono-structured templates were observed at the initial of reaction
(Figure 5 (a)), and the ODN chain was elongated with time (Figure 5 (b-c)). A long reaction
time resulted in highly viscous products as shown in Figure 5 (d). Agarose gel electrophoresis
showed that the electrophoresis mobility of the RCA product was much lower than 10 kbp
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band, indicating that the DNA was successfully elongated by RCA (Figure 5 (e), lane 2).

-

Figure 5: DNA Elongation by RCA. (a) 0 h (before initiation of the RCA reaction), (b) 1 h, (c) 4
h. (d) RCA product after 16-h reaction. (e) Agarose gel analysis of RCA product. Lane 1, 1-kbp
ladder; lane 2, RCA product.

<Analysis of RCA Product and Restriction Enzyme Digestion>

Then, the RCA product was purified by phenol-chloroform extraction and ethanol
precipitation protocols. After removing ethanol, the DNA was digested with TspRI and the
digested sample was analyzed by denaturing PAGE (Figure 6 (a)). A strong band with quite low
electrophoresis mobility and little weak bands with high mobility were observed, indicating
that the digestion generated only a small amount of short ODN products (Figure 6 (a) lane 3).
To understand the cause of this unsuccessful digestion, the structure of the RCA product was
visualized under a fluorescent microscope. Staining the RCA product with SYBR Gold revealed
that the RCA product contained many microparticles (Figure 6 (b)). Observation under a SEM
showed that the microparticles were in microflower-like structures (Figure 6 (c)). It has been
reported that RCA products are densely packed and resistant to enzyme digestion®" *%
Breaking down the microflower-like structure of the RCA product would be useful for the
efficiency of its restriction digestion. Extensive studies on the microstructure of interfering
RNAs, (RNAi)-microsponges produced by T7-RNA polymerase, have shown that the RNA
microstructure was composed of magnesium pyrophosphate, and it was capable of being
denatured by EDTA>?. Pyrophosphate is a side product of the nucleotide coupling reaction,
and it is produced in RCA. Therefore, it was assumed that the DNA microflower-like structure
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generated by the RCA reaction is also composed of magnesium pyrophosphate, and is able to
be denatured by EDTA. As expected, the microparticles in the RCA reaction solution were
broken up by the addition of EDTA, followed by heating at 80°C for 15 min (Figure 6 (d)). After
purification of polynucleotides by size-exclusion chromatography, the solution was heated to
95°C and cooled gradually down to 4°C to form tripodna into the long chain polynucleotides
for restriction enzyme digestion. In this case, the polynucleotides were efficiently digested into
short fragments. Denaturing PAGE analysis clearly showed that oligonucleotides were
efficiently produced by restriction digestion of the RCA products after EDTA treatment (Figure
6 (a), lane 4).

Figure 6: Analysis of RCA Product and Restriction Enzyme Digestion. (a) Denaturing PAGE

analysis of RCA products before and after digestion by restriction enzyme. Lane 1, 100 bp
marker; lane 2, 20 bp marker; lane 3, digested DNA fragments without EDTA treatment; lane 4,
digested DNA fragments after EDTA treatment. (b) Fluorescent microscope image of the RCA
product. The highly viscous RCA product was stained using SYBR Gold. Scale bar = 100 pm. (c)
SEM image of the RCA product. RCA product was dehydrated using ethanol, and freeze-dried.
Particle size of microflower-like structure was estimated around 2-3 pm, and similar to the
structure of RNAi-microsponges previously reported®. Scale bar = 10 um. (d) Fluorescent
microscope image of RCA product before/after treatment of EDTA. (upper) Before EDTA
treatment, microparticles were observed. (lower) After EDTA treatment, microparticles

disappeared. Scale bar = 50 pm.
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<Tripodna Based DNA Hydrogel Formation>

The oligonucleotides were purified by size-exclusion chromatography and were concentrated
into 1.5 mM in saline through ethanol precipitation protocol. When annealed at 95°C, the
products were not capable of being mixed with a solution containing blue dextran
(Sigma-Aldrich, St. Louis, MO, USA) Figure 7 (a)), which suggested the formation of a hydrogel
with micro network inner structure. To confirm the self-assembling of tripodnas, AFM imaging
was performed in 30 fold diluted conditions. It showed that the products self-assembled into
oligomers or multimers under the diluted conditions (Figure 7 (b)). Next, to assure the inner
structure of generated DNA hydrogel, SEM observation was performed. Figure 7 (c) showed
that the inner structure of the hydrogel obtained by this technique was comparable to that of
the DNA hydrogel made up of tripodna with chemically synthesized oligodeoxynucleotides
reported previously®. These results suggest that the DNA hydrogel is formed by self-assembly
of the tripodnas through the sticky ends.

(@) ()

Figure 7 : Tripodna Based DNA Hydrogel Formation. (a) Optical image of resulting DNA

hydrogel. The solution containing blue dextran (Sigma Aldrich, St. Louis, MO, USA) was added
to check the hydrogel formation. Blue dextran did not instantly diffuse into hydrogel. (b) AFM
image of the RCA product obtained using the tripodna template. Scale bar = 50 nm. (c) SEM
image of resulting DNA hydrogel. Scale bar = 30 pm.

1.3.3 Schematic Amplification Method for Self-gelling Tetrapodna

Figure 8 illustrates the scheme of the RCA-based mass amplification of complex structured
tetrapodnas with adhesive 5'-ends. To expand the method to apply for amplification of further
complex nanostructured DNAs, a different scheme was designed. The template of complex
structured DNAs are longer than that of simple ones since a complex structured DNAs require
more nucleotides compared to simple ones. To avoid the costliness and technical difficulty
associated with the preparation of a long template, a long template sequence is separated
into multiple short sequences. The multiple templates are used for the RCA-based

amplification and amplified through rolling circle amplification, separately.
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Figure 8 : Schematic Diagram of the Mass Amplification of Complicated Structured
Self-gelling Tetrapodnas. Multiple short fragment templates are used to reduce cost, and
different circular templates are constructed using these fragment templates and primers,
separately. Except for these, the same protocol as described in Section 1.3.1 is used to amplify

the templates.
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1.3.4 Demonstration Study for Amplification of Self-gelling Tetrapodna
<Circularization of Template DNA and DNA Elongation by RCA>

Circularization of template DNA and DNA elongation reaction by RCA were performed in the
same manners as a tripodna case except for the point that multiple template DNAs were used.
Each template DNA also produced from two separate fragments. Figure 9 shows the
microchip electrophoresis analysis of products at each step. The templates were ligated using
T4-ligase, followed by digestion using exonuclease I/Ill. Figure 9 shows that the bands
remained after the exonuclease digestion, and there was no significant difference in the
electrophoretic mobility of the template before and after ligation, which was in the same
manner as the case of tripodna amplification ((a) (b) lane 1, 2). Both templates were
successfully replicated by RCA. (Figure 9, (a) (b) lane 3).

(a) (b)
[bp] 1 2 3 [bp] 1 2 3
= =
; __- | ——-
425 425
300 300
250 1 200
200 175
175
125 1 [ 125 —
75 - | 50  —
50 1 - 25 -
25
| — — L —

Figure 9 : Chip Analysis of Template DNA Circularization and DNA Elongation by RCA.
RCA was performed separately from two small template DNAs (template-2, template-3) to
amplify self-gelling tetrapodna. (a) Chip analysis for reactions from template-2. Lane 1,
non-ligated template; lane 2, ligated template digested by exonuclease I/IIL. (b) Chip analysis
for reactions from the template-3. Lane 1, non-ligated template; lane 2, ligated template
digested by exonuclease I/IIL

<Restriction Enzyme Digestion>

The RCA products were digested using TspRI, but it failed in same manner as the tripodna case.
After EDTA treatment, the digestion succeeded to produce approximately 60 base fragments
(Figure 10).
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Figure 10 : Chip Analysis of Restriction Enzyme Digestion. (a) Microchip analysis of RCA
products from template-2 before and after digestion by restriction enzyme. Lane 1, digested
DNA fragments without EDTA treatment; lane 2, digested DNA fragments after EDTA
treatment. (b) Microchip analysis of RCA products from template-3 before and after digestion
by restriction enzyme. Lane 1, digested DNA fragments without EDTA treatment; lane 2,
digested DNA fragments after EDTA treatment.

<Tetrapodna Based DNA Hydrogel Formation>

After the purification and annealing process, a hydrogel was formed (Figure 11(a)). The
hydrogel was analyzed further in the same manner as tripodna case. Oligomers and multimers
of tetrapodna units were observed under AFM imaging in dilute solutions (Figure 11 (b)). The
inner structure of the hydrogel was similar to that of a tetrapodna-based hydrogel consisting
of chemically synthesized ODNs (Figure 11 (c)).

(a) (b)

Figure 11 : Tetrapodna Based DNA Hydrogel Formation Optical image of the resulting DNA
hydrogel. The solution containing blue dextran (Sigma Aldrich, St. Louis, MO, USA) was added
to check the hydrogel formation. (b) AFM image of the RCA product obtained using the
tetrapodna templates. (c) SEM image of resulting DNA hydrogel.
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1.4 Discussion
This study demonstrated that tripodna and tetrapodna can be efficiently replicated in large
quantities (approximately 300-fold) by RCA. This technique requires basic biochemical
laboratory equipment and basic reagents, and can be performed with little technical difficulty.
Although the DNA nanostructures covered in this study were relatively simple ones, i.e,
tripodna and tetrapodna, as I proposed and demonstrated here, this technique can be
expanded, and applied to complex DNA nanostructures. These include hexapodna, truncated
octahedrons®, octahedrons®, tetrahedrons®®, and DNA buckyballs®’. The results of the
tetrapodna directly showed that the use of two or more templates can increase the complexity
of DNA nanostructures without additional difficulties in both design and production.
Since this was a proof-of-concept study, the scale of the final products was in microgram scale,
and there are still challenges to scale up the reaction volume for practical application.
However, it is considered that the technique is useful to provide an alternative method to
chemical synthesis for efficient amplification of such complex structured DNA building blocks
as polypodna for expanding the application of DNA hydrogel. The overall costs for the
preparation of tripodna and tetrapodna were less than those required for the ODNs for
tripodna and tetrapodna, even under the conditions used for the small-scale study, although a
strict comparison between them is difficult because of the large difference in the price for
ODNs. Because the cost for phi29 DNA polymerase accounted for a significant proportion
(more than 70%) of the total cost for the RCA-based amplification method of the present
study, optimization of the RCA reaction would greatly reduce the total cost of this method.
Other restriction enzymes than TspRI can also be used to produce self-gelling
polypodna. The principle underlying this approach can be easily applied to replicate other
designs of polypodna and many other complex DNA nanostructures. There have been some
reports that apply the RCA technique to the amplification of DNA nanostructures* #7449,
but none of them mentioned unsuccessful enzyme digestion of the RCA products or the high
viscosity of the RCA reaction solution. It might be because previous studies were conducted
with low concentrations of DNA. In this study, rolling circle amplification was performed with a
high DNA concentration to produce short ODN products for DNA nanostructures efficiently.
The present study indicates for the first time that the degradation of the byproduct in the RCA
reaction using EDTA enables us to increase the DNA concentration for RCA reaction. Therefore,
the scheme that I describe here can provide a solution to overcome the major obstacle for
large-scale production of DNA nanostructures.

In conclusion, I successfully developed an efficient synthesis method for self-gelling
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polypod-like structured DNA that spontaneously forms DNA hydrogel under proper
conditions. The results of this study will provide a new approach to amplify DNA
nanostructures, and helps in expanding their practical applications.
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Chapter 2 : Development of Composite-type DNA Hydrogel for

Photothermal Imnmunotherapy

Chapter 2-1: Development of Prototype Formulation and its Evaluation
In Vitro

2.1 Introduction
Photothermal immunotherapy is a promising modality for cancer that combines local

photothermal therapy and systemic immunostimulation®® *°

. Photothermal therapy is a
therapeutic strategy based on the localized photothermal stresses induced by penetrating
near-infrared (NIR) laser and photosensitizing nanomaterials. Decades ago, it was considered
that the purpose of photothermal therapy was simply to kill tumor cells, like surgical excision,
by ablating to provide sufficient heat stress to induce cell necrosis®. It was believed that the
higher temperature brought better therapeutic effects. However, increased evidence has
revealed that heating tumors to the moderate temperature of 40-45 °C had a lot of
therapeutic benefits including not only cell death but also immune stimulation®. Heat stress
in the range of 40-45 °C is able to arrest cell proliferation and induce cell death®. When cells
are exposed to heat stress, cells undergo several changes at molecular levels®. Elevated
temperature affects cell membrane to lead changes in cell morphology, membrane potential,
membrane fluidity and stability®*. Heat-induced protein denaturation impacts a lot of cellular
signaling and functions. Although nucleic acids are not damaged at 40-45 °C, enzymatic
polymerization, repair and degradation processes are sensitive to the temperature, which
greatly contributes to heat-induced cell-cycle arrest and cell death. In addition to these effects,
tumor cells which suffered heat stress enhances the expression and release of heat shock
proteins (HSPs) known as heat stress inducible proteins. Hsp70 is a member of the HSPs with a
molecular mass of 70,000, playing roles as a chaperon within cells. Extracellular Hsp70
regulates diverse immune functions against tumor. Hsp70 released from heat stressed cells is
able to directly bind to CD40, TLR2 and TLR4 on antigen presenting cells (APCs) to induce
cytokine production and antigen uptake by the APCs® %% 7% Moreover, Hsp70 is recognized

by natural killer cells (NK cells) to enhance proliferation and activation of cell lysis activity® "

"t 72 Hsp70, a chaperon, is able to bind tumor associated antigens (TAAs) through its

polypeptide binding domain locating at C-terminal. The Hsp70-TAA complex is recognized by

HSP receptors such as LOX-1 and CD91 on dendritic cells, macrophages and other APCs® %,
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and promotes the cross presentation of TAA to CD8" T cells via MHC class I to lead to tumor
specific CD8" T cell responses’ " 7,

To boost up these immune activities following photothermal therapy more efficiently
and strongly, several types of immune adjuvants bearing photothermal activity have been
investigated’® 7" 78 79 808182 15 my best knowledge, all these formulations are solution
formulations, but from the viewpoint of targeted delivery, a hydrogel formulation would be
more preferable. It was reported that DNA hydrogels prepared through “self-gelling nucleic
acid” technology were promising for immunotherapy application because they were injectable,
biodegradable, and highly immune active. Here, to obtain a photothermally active DNA based
hydrogel formulation, a composite-type hydrogel was designed by applying the “self-gelling
nucleic acid” technology between photosensitizer and polypodna. Gold nanoparticles (AuNPs),
showing surface plasmon resonance with high extinction coefficient, have been widely used
for application for photothermal therapy and drug delivery. Since the first report by Chad A.
Mirkin et al. on spherical DNA assemblies composed of DNA and AuNPs #, AuNPs have been
applied for the delivery of small interfering RNA, antisense oligonucleotides, and CpG DNA as
AuNP-ODN conjugates (AuNP-ODN)®** ® 8¢ In addition, fortunately, ODNs on AuNPs
contributes to stabilize the AuNPs, preventing them from forming agglomeration through
electrostatic repulsion. In this chapter, AuUNP-ODN and hexapodna were hybridized to prepare
a novel composite-type hydrogel, and its therapeutic application was examined in vitro.

2.2 Methods

[1] Preparation of AuNP-DNA Nanocomposites

AuNPs with an average diameter of 50 nm were purchased from Sigma-Aldrich (St. Louis, MO,
USA). All ODNs were purchased from Integrated DNA Technologies, Inc. (Coralville, IA, USA).
The sequences of the ODNs used are summarized in Table 2. To prepare ODN-modified AuNPs,
i.e., AUNP-ODN(cg)-A and AuNP-ODN(gc)-A, ODN(cg)-A or ODN(gc)-A, a CpG or GpC ODN
with polyadenine sequence, was adsorbed onto the surface of AuNPs, respectively, according
to the method previously reported by Juewen Liu et al*’. Briefly, 500 mM citrate-HCI buffer (pH
3) was added to the mixture of AUNP and ODN to the final concentration of 10 mM, and the
mixture was allowed to incubate at room temperature for 3 min. Then, the pH of the mixture
was adjusted back to neutral by adding 500 mM HEPES buffer (pH 7.6), and was allowed to
incubate for another 10 min at room temperature. The AuNP-ODNs were collected by
centrifugation at 20,000xg, and washed with purified water. Separately, four types of
hexapodnas, i.e., hPODNA(cg)-A, hPODNA(gc)-A, hPODNA(cg)-B, and hPODNA(gc)-B, were

prepared by mixing equimolar six ODNs for each preparation as previously reported. Here
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hPODNA(cg)-B and hPODNA(gc)-B contain the 8-nucleotide-long single-stranded 5'-ends
complementary to the 5-end of ODN(cg)-A and ODN(gc)-A, and the 8-nucleotide-long
single-stranded 5'-ends of hPODNA(cg)-B and hPODNA(gc)-B are non-complementary to(and
the same sequence as) ODN(cg)-A and OCN(gc)-A. Again, (cg) and (gc) indicate that the
hexapodnas contain CpG or GpC sequence, respectively. The formation of these hexapodnas
was assessed by PAGE analysis as previously reported®. Then, the following six types of
samples were prepared by mixing equivolumes of two components at room temperature: (1)
AuNP-hydrogel(cg), (2) AuNP-hydrogel(gc), 3) AuNP-ODN/hPODNA(cQ), 4
AuNP-ODN/hPODNA(gc), (5) hydrogel(cg), and (6) hydrogel(gc). The combinations of the
components used for each sample are summarized in Table 3. AuNP-hydrogel(cg),
AuNP-hydrogel(gc), hydrogel(cg), and hydrogel(gc) are the formulations that are intended to
form hydrogels, whereas AuNP-ODN/hPODNA(cg) and AuNP-ODN/hPODNA(gc) are the
mixtures of AUNP-ODN and hexapodna, which will not form hydrogel.

[2] Scanning Electron Microscope Imaging

The structure of the AuNP-hydrogel(cg) was observed by scanning electron microscopy as
reported previously®. Briefly, the AuNP-hydrogel(cg) was fixed with 2% glutaraldehyde at
room temperature overnight, dehydrated with increasing concentrations of ethanol which was
replaced with butyl alcohol, and freeze-dried. The dried material was observed using a
field-emission scanning electron microscope (TM3000, Hitachi, Tokyo, Japan).

[3] Ultraviolet-Visible Absorption Spectra
Ultraviolet (UV)-visible absorption spectra were measured on NanoDrop 2000

spectrophotometer (Thermo Scientific, MA, USA) at a sample volume of 1 pL.

[4] Evaluation of Photothermal Behavior

The AuNP-hydrogel(cg) was exposed to continuous wave laser irradiation at 532 nm at three
different levels of strength, i.e., 0, 1, or 2 W/cm? (Verdi-V10, COHERENT, Santa Clara, CA, USA).
The temperature of the AuNP-hydrogel(cg) was monitored using a contact thermometer
(TT-508, TANITA, Tokyo, Japan).

[5] Evaluation of Laser-responsive Disruption of AuNP-hydrogel

AuNP-hydrogel(cg) in PBS was exposed to laser irradiation at 532 nm at 1-2 W/cm? (Compass
315M-100). Supernatants were periodically sampled for the evaluation of the disruption of the
hydrogel. The structure of released products was assessed by PAGE analysis after staining with
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SYBR Gold (Molecular Probes, Eugene, OR, USA). The amounts of released components, i.e.,
DNA and AuNP, were determined by using NanoDrop 2000 spectrophotometer by measuring
the absorbance at 260 and 532 nm, respectively.

[6] Cell Culture

Murine macrophage-like RAW264.7 cells were cultured in RPMI medium supplemented with
10% heat-inactivated FBS, 0.2% sodium bicarbonate, 100 IU/mL penicillin, 100 pg/mL
streptomycin and 2 mM L-glutamine. Murine dendritic DC2.4 cells (kindly provided by Dr. K. L.
Rock, University of Massachusetts Medical School, Worcester, MA, USA) were cultured in RPMI
medium supplemented with 10% heat-inactivated FBS, 0.2% sodium bicarbonate, 100 IU/mL
penicillin, 100 pg/mL streptomycin, 2 mM L-glutamine, 0.5 mM monothioglycerol and 0.1 mM
non-essential amino acids. These cells were plated on 96-well culture plates at a density of 5 x

10* cells/well, and cultured for 24 h prior to use.

[7] In Vitro Cytokine Release

Samples in test tubes were irradiated with laser at 532 nm at 2 W/cm’. The supernatant of the
irradiated samples was collected, serially diluted with PBS, and added to cultured RAW264.7
cells. After 16 h of incubation at 37°C, culture supernatants were collected for enzyme-linked
immunosorbent assay (ELISA). The levels of mouse tumor necrosis factor (TNF)-a and
interleukin (IL)-6 were determined using OptEIA™ sets (Pharmingen, San Diego, CA).

[8] Statistical Analysis

Differences were statistically evaluated by one-way analysis of variance followed by Fisher's
LSD for multiple comparisons. P values of less than 0.05 were considered statistically
significant.
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Table 2: The Sequences of ODNs Used for Preparation of Nanoassemblies

ODN
ODN(cg)-polyA

\ Sequence (5'>3’)

cgtcagga gacgtttgtg aaaaaaaaaaaaa

| Nanoassembly
AuNP-ODN(cg)-A

Hexapodna(cg)-A-#1
Hexapodna(cg)-A-#2
Hexapodna(cg)-A-#3
Hexapodna(cg)-A-#4
Hexapodna(cg)-A-#5
Hexapodna(cg)-A-#6

tcctgacg ttgctagacgctgtca geacgtcgtagtgcaa
tcctgacg ttgcactacgacgtge agcagacgtcgatcaa
tcctgacg ttgatcgacgtctget tgacgctcagctgcaa
tcctgacg ttgcagctgagegtca gacgctgatctagcaa
tcctgacg ttgctagatcagegte ctcacgttgactacaa
tcctgacg ttgtagtcaacgtgag tgacagcgtctagcaa

hPODNA(cg)-A

Hexapodna(cg)-B-#1
Hexapodna(cg)-B-#2
Hexapodna(cg)-B-#3
Hexapodna(cg)-B-#4
Hexapodna(cg)-B-#5
Hexapodna(cg)-B-#6

—_— i — — = e o o o o~ —

cgtcagga cgttgaatccatgacg ttgtatgactgcaacg
cgtcagga cgttgcagtcatacaa tcctgacgctctgacg
cgtcagga cgtcagagcgtcagga cgttcatcagtatacg
cgtcagga cgtatactgatgaacg aagtgacgtctcaacg
cgtcagga cgttgagacgtcactt atcgacgtctgagacg
cgtcaingga cgtctcagacgtcgat cgtcatggattcaacg

hPODNA(cg)-B

ODN(gc)-polyA

gctcagga tggcattgtg aaaaaaaaaaaaa

[AuNP-ODN(gc)-A]

Hexapodna(gc)-A-#1
Hexapodna(gc)-A-#2
Hexapodna(gc)-A-#3
Hexapodna(gc)-A-#4
Hexapodna(gc)-A-#5
Hexapodna(gc)-A-#6

tcctgage ttgctagagectgtca ggagcagcetagtgcaa
tcctgage ttgcactagctgctce agcagagctcgatcaa
tcctgage ttgatcgagctctget tgagcectcagetgcaa
tcctgage ttgcagcetgaggctca gagectgatctagcaa
tcctgage ttgctagatcaggcte ctcagcttgactacaa
tcctgage ttgtagtcaagctgag tgacaggctctagcaa

hPODNA(gc)-A

Hexapodna(gc)-B-#1
Hexapodna(gc)-B-#2
Hexapodna(gc)-B-#3
Hexapodna(gc)-B-#4
Hexapodna(gc)-B-#5
Hexapodna(gc)-B-#6

)_
)_
)_
)_
)_
)_
)_
)_
)_
)_
)_
)_

gctcagga gcttgaatccatgagc ttgtatgactgcaagc
gctcagga gcttgcagtcatacaa tcctgagcectctgage
gctcagga gctcagaggctcagga gcttcatcagtatage
gctcagga gctatactgatgaagc aagtgagctctcaagc
gctcagga gcttgagagctcactt atgcagctctgagagc
gctcagga gctctcagagctgcat gctcatggattcaage

hPODNA(gc)-B
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Table 3: Nanocomposites and their Components Used in Each Experiment
Nanocomposite

Component A Component B Fig, | Fig. | Fig. | Fig.

15a | 15b | 16a, | 16b,

AuNP-hydrogel(cg) AuNP-ODN(cg)-A | hPODNA(cg)-B | X X X X
AuNP-hydrogel(gc) AuNP-ODN(gc)-A | hPODNA(go)-B | X X
AuNP-ODN/hPODNA(cg) | AuNP-ODN(cg)-A | hPODNA(cg)-A | X X
AuNP-ODN/hPODNA(gc) | AuNP-ODN(gc)-A | hPODNA(go)-A | X

Hydrogel(cg) hPODNA(cg)-A hPODNA(cg)-B X X
Hydrogel(gc) hPODNA(gc)-A hPODNA(gc)-B X
AuNP(cg) AuNP-ODN(cg)-A | - X
AuNP(gc) AuNP-ODN(go)-A | - X

d

2.3 Results and Discussion

To synthesize the hydrogel as AuNP-DNA nanocomposites, two types of building blocks, i.e.,
AuNP-ODNs and hexapodnas, were prepared, separately (Data not shown). Viscose droplets,
AuNP-hydrogel(cg), were obtained from the mixture of hexapodnas and AuNP-ODNs with the
5'-ends complementary each other, not from ones with non-complementary (Data not shown).
Scanning electron microscope imaging showed that the AuNP-hydrogel(cg) had a
well-ordered structure, and the AuNPs distributed uniformly within the structure (Data not
shown). These suggested that the hydrogel forms as designed.

The UV-visible absorbance spectra showed that all the samples containing AuNPs, i.e., AuNP,
AuNP-ODN/hPODNA(cg), and AuNP-hydrogel(cg), had quite similar spectra. The
AuNP-hydrogel(cg) showed a photothermal activity, and the temperature profile was
monitored under laser irradiation (Data not shown).

When the laser was irradiated, the hydrogel disrupted immediately to release its components
from the body (Data not shown). In the previous study, it has been demonstrated that
constructing DNAs into highly ordered structure played a key role for efficient CpG DNA
delivery to immune cells. To address the structures of released DNAs, sampled aliquot were
analyzed using PAGE. Tuned laser irradiation triggered to release components with highly
ordered structures (Data not shown). It was considered to be brought by the differences in
thermal stability between the components of nanoassemblies themselves and interactions in
their complementary adhesive ends.

The immunostimulatory activity of the components of AuNP-DNA nanocomposite was
examined using mouse macrophage-like RAW264.7 cells. Both hexapodna and AuNP-ODN
containing CpG motif by themselves induced TNF-a release from RAW264.7 cells, whereas
those with GpC did not. Forming AuNP-DNA hydrogel containing CpG motifs enhanced

TNF-a release significantly (Data not shown).
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Chapter 2-2: Development of Hydrogel Formulation for In Vivo
Application

2.4 Introduction

To develop a hydrogel formulation applicable to in vivo photothermal immunotherapy, it is
essential for hydrogel formulation to be responsive in laser irradiated from outside of the
body. It was demonstrated that the AuNP-hydrogel(cg) possessed both photothermal and
immunostimulatory activity as designed. However, all of these responses were based on the
laser irradiation at wavelength of 532 nm, which is disturbed by skin, subcutaneous tissues,
hemoglobin, and other biological components. Although to use a stronger laser to deliver
photothermal activity in vivo can be an option, it would be dangerous and costly for clinical
applications. It is, therefore, a reasonable option to shift the absorbance wavelength by using
other photosensitizers than the AuNPs used in the previous chapter. Gold nanorods (AuNRs),
another kind of gold nanoparticles, allow to shift absorption peaks to the biological window of
650-900 nm. In this study, AuNR-DNA hydrogel(cg), in which AuNR is used as a sensitizing
agent in replacement of AuNP, was synthesized, and evaluated its applicability to in vivo
photothermal immunotherapy.

2.5 Methods

[1] Preparation of AuNR-hydrogel

AuNRs with a dimensions of 38 nm by 10 nm were purchased from Sigma-Aldrich (St. Louis,
MO, USA). All ODNs were purchased from Integrated DNA Technologies, Inc. (Coralville, IA,
USA). The sequences of the ODNs used are summarized in Table 4. To prepare ODN-modified
AuNR, a CpG ODN with polyadenine sequence was adsorbed onto the surface of AuNPs as
the same manner as in Chapter 2.1. Separately, hexapodna containing complementary 5'-ends
with ODNs on AuNR was prepared by mixing equimolar six ODNs for each preparation as
described in Chapter 2.1.

[2] Animals

Five-week-old female C57BL6/J mice were purchased from Japan SLC, Inc. (Shizuoka, Japan).
All protocols for the animal experiments were approved by the Animal Experimentation
Committee of the Graduate School of Pharmaceutical Science of Kyoto University. The animal

experiments were carried out in accordance with EC Directive 86/609/EEC.
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[3] Photothermal Activity In Vivo

Under anesthetization, 100 pg (as DNA) of AuNR-hydrogel(cg), 100 pg (as DNA) of
AuNR/ODNs mixture, and saline in a volume of 50 pL was injected intratumorally in C57BL/6
mice. Mice of three groups with different agents injected were irradiated with an NIR laser
(Femtosecond Titanium Sapphire laser Chameleon-RF; Coherent, Santa Clara, CA, USA) at 780
nm. During irradiation, temperature was monitored using thermography (testo890, TESTO AG,

Lenzkirch, Germany).

[4] Hsp70 mRNA Determination

Total RNA from tumor tissues was extracted using Sepasol-RNA I Super (Nacalai Tesque, Inc.,
Kyoto, Japan) and was reverse transcribed to cDNA using a ReverTra Ace qPCR RT Master Mix
with gDNA Remover (TOYOBO Co., Ltd., Osaka, Japan). Real-time PCR was performed on a
LightCycler (Roche Diagnostics, Basel, Switzerland) with a LightCycler FastStart DNA
MasterPLUS SYBR Green I kit (Roche Diagnostics KK, Tokyo, Japan). PCR amplification was
performed as follows: 10 min at 95°C, 50 cycles of 10 s at 95°C, 5 s at 56°C and 15 s at 72°C.
The oligonucleotide primers used for amplification were as follows: Hsp70, forward,
5'-GGCCAGGGCTGGATTACT-3" and reverse, 5'-GCAACCACCATGCAAGATTA-3'; B-actin, forward,
5'-CATCCGTAAAGACCTCTATGCCAAC-3', and reverse, 5-ATGGAGCCACCGATCCACA-3". After
PCR was completed, the LightCycler software (Roche Diagnostics) converted the raw data into
copies of target molecules. The mRNA expression of target genes was normalized by using the

amount of B-actin mRNA.

[5] Measurement of OVA-specific Antibody Production

Serum samples were serially diluted to measure the OVA-specific total IgG levels by ELISA as
previously reported®®. One hundred milligram per milliliter OVA in carbonate/bicarbonate
buffer (0.1 M, pH 9.6) was distributed to each well of 96-well flat-bottom polystyrene plates
(100 pL per well). Following overnight incubation at 4°C, wells were blocked with 5%
BSA-containing Tween-20-phosphate buffered saline (T-PBS) [0.5%, w/w, Tween-20 (ICN
Biomedicals Inc. Aurora, OH, USA) in PBS] for 30 min at 37°C. After the wells were washed
three times with T-PBS, serially diluted 100 pL serum samples were added to the wells. After 2
h incubation at 37°C, the wells were washed five times with T-PBS and 100 pL
anti-IgG-horseradish peroxidase (HRP) conjugate, diluted 2000:1 with 5% BSA-containing
T-PBS, was added to each well. After a 2 h incubation, each well was washed with T-PBS and
then 200 pL freshly prepared o-phenylenediamine dihydrochloride solution in
phosphate-citrate buffer (0.05 M, pH 5.0) was add to each well. After a 30 min incubation, 50
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ML 10% H,SO,4 was added and then the absorbance was measured at 490 nm. Serum total IgG
titers were estimated by the dilution ratio at which absorbance value of 0.1 was obtained.

[6] IFN-y Secretion from Splenocytes

Fourteen days after the last treatment, splenocytes were isolated, purified, and cultured in the
presence of OVA (1 mg/mL) in 12 well culture plate for 2 days. Concentration of IFN-y in
supernatant of the cultured cells was determined by ELISA (Ready-SET-Go! Mouse IFN-y ELISA,

eBioscience, San Diego, CA, USA) as previously reported™.

[7] Treatment of Tumor-bearing Mice

C57BL/6 mice were inoculated with EG7-OVA cells (6 x 10° cells/mouse) intradermally on the
back. When the tumor volume exceeded 200 mm?, 100 ug (as DNA) of AuNR-hydrogel(cg),
100 pg (as DNA) of AUNR/ODNSs mixture, and saline in a volume of 50 pL was injected directly
into the tumor under anesthesia with sodium pentobarbital (Nacalai Tesque, Kyoto, Japan).
After the intratumoral injection, the mice of three groups with different agents injected were
irradiated with an NIR laser (Femtosecond Titanium Sapphire laser Chameleon-RF; Coherent,
Santa Clara, CA) at 780 nm. The parameters for the NIR laser treatment were set to 3-min and
1.0 W. After the treatment, the tumor size was measured with a slide caliper every days for 14
days, and the tumor volume was calculated using the following formula: tumor volume (mm?)
= 0.5 x length (mm) x [width (mm)]? .

[8] Statistical Analysis

Differences were statistically evaluated by one-way analysis of variance followed by Fisher's
LSD for multiple comparisons. P values of less than 0.05 were considered statistically
significant. To analyze the antitumor effect, Kaplan—Meier survival curves were generated, and

log-rank tests were performed. P values of < 0.05 were considered significant.

Table 4: The Sequences of ODNs Used for Preparation of AuNR-hydrogel(cg)

ODN \ Sequence (5'—>3’) \ Nanoassembly
ODN(cg)-polyA cgtcagga gacgtttgtg aaaaaaaaaaaaa AuNR-ODN(cqg)
Hexapodna(cg)-A-#1 | tcctgacg ttgctagacgctgtca gcacgtcgtagtgcaa Hexapodna
Hexapodna(cg)-A-#2 | tcctgacg ttgcactacgacgtgc agcagacgtcgatcaa

Hexapodna(cg)-A-#3 | tcctgacg ttgatcgacgtctgcet tgacgctcagcetgceaa
Hexapodna(cg)-A-#4 | tcctgacg ttgcagctgagcegtca gacgctgatctagcaa
Hexapodna(cg)-A-#5 | tcctgacg ttgctagatcagegte ctcacgttgactacaa

—_— — — — — —

Hexapodna(cg)-A-#6 | tcctgacg ttgtagtcaacgtgag tgacagcgtctagcaa
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2.6 Results and Discussion

To develop a hydrogel formulation for photothermal immunotherapy further in vivo,
AuNR-DNA hydrogel(cg), in which sensitizing agents is replaced from AuNP to AuNR, was
synthesized, and evaluated its applicability for photothermail immunotherapy in vivo. For
AuNR-hydrogel(cg) synthesis, same process as AuNP-hydrogel(cg) was applied. Same as
AuNP-hydrogel(cg), AuNR-hydrogel(cg) was formed from the mixture of hexapodna with the
5'-ends complementary sequences (Data not shown). As is the case of AuNP-hydrogel,
AuNR-hydrogel(cg) showed similar UV-visible spectra, and showed photothermal activity in
vitro to the laser irradiation of 780 nm. The AuNR-hydrogel(cg) in vivo was evaluated using
thermography in mice. The temperature of tumor injected formulations containing AuNR, i.e.,
AuNR-hydrogel and AuNR/ODN, increased rapidly, but not in the case of injected saline (Data
not shown). The Hsp70 mRNA levels increased significantly in mice that experienced thermal
stress by laser irradiations, compared to those did not experienced and those were injected
saline before laser irradiation (Data not shown). Mice injected AuNR-hydrogel showed higher
IgG antibody levels than other mice independently from laser irradiation, here. Splenocytes
from mice injected AuNR-hydrogel showed higher IFN-y production levels compared to the
other mice. The antitumor effect of photothermal immunotherapy with AuNR-Hydrogel(cg)
was examined in EG7-OVA tumor-bearing mice. Phothermal immunotherapy with
AuNR-hydrogel(cg) showed significantly inhibited tumor growth and prolonged survival rate

of tumor bearing mice (Data not shown).
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Conclusions

In two chapters described above, I conducted studies around self-gelling nucleic acid based
DNA hydrogel.

In chapter 1, I tried to develop an efficient synthesis method for self-gelling
polypod-like structured DNA to provide a solution to reduce synthesis cost in order to
accelerate applying macroscale self-gelling DNA hydrogel into biomedical area. I designed a
series of synthesis processes based on the combination of the rolling circle amplification and
enzymatic digestion, and demonstrated that it is a practical, efficient amplification approach
to obtain self-gelling DNA hydrogels in a large quantity through proof-of-concept study on

amplification of self-gelling tripodna and tetrapodna.

In chapter 2, I designed composite-type hydrogel that is composed of hexapodna
and gold nanoparticles for photothermal immunotherapy by expanding “self-gelling nucleic
acids” technology. The AuNP-hydrogel(cg) showed strong photothermal activity and
immunostimulatory activity in vitro. Remarkably, the hydrogel could stimulated immune cells
through releasing hexapodna with its high-ordered structure that was important for CpG DNA
delivery. The photothermal immunotherapy using AuNR-hydrogel(cg) presented an
outstanding therapeutic effects on tumor-bearing mice. It gave thermal stress to tumor,
enhanced Hsp70 mRNA expression, increased tumor associate antigen specific IgG levels,
induced tumor associate antigen specific responses interferon-y production from splenocytes
to results in inhibition of tumor growth and elongation of survival. Thus, I successfully

developed a novel hydrogel system for photothermal immunotherapy.

In conclusion, I successfully developed an efficient synthesis method for self-gelling
polypod-like structured DNA to provide a solution to reduce synthesis cost. I also successfully
developed a novel hydrogel formulation for photothermal immunotherapy by applying
“self-gelling nucleic acids” technology to hybridize hexapodna and gold nanoparticles that
was effective in inhibiting tumor growth.

The present investigation provides beneficial information for the further
development of self-gelling nucleic acids technology based DNA hydrogel.
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	Preface
	Deoxyribonucleic acid (DNA) is a biomolecule used to encode, transfer, decode and transcribe genetic information in living organisms on the earth. The molecule was firstly discovered by a Swiss physician Friedrich Miescher as “nuclein”, DNA with assoc...
	Many scientists have focused on other aspects of DNA than the genetic material, and made efforts to put DNA to practical use. From a chemical perspective, DNA is a polymer consisting of deoxyribose, phosphate, and four types of base including adenine ...
	In innate immunity, nucleic acid is one of the molecules that trigger immune responseP16P. For many years, it had been believed that innate immunity responds to pathogens in nonspecific manner, but the dogma was challenged by the discovery of Toll-lik...
	One of the hottest fields in nucleic acid researches is a trial to use nucleic acids as a new drug modality. Since nucleic acids are biomolecules which control a lot of biological and pathological mechanisms in nature, nucleic acid drug has been widel...
	Social health and economy in the globalized world has greatly increased the value of vaccination. In recent years, researchers have expanded the scope of vaccines, and the target of vaccines is no longer limited to infectious diseases. Vaccines for a ...
	In these situations, my department, Department of Biopharmaceutics and Drug Metabolism (the Department), has tried to develop a novel immune adjuvant by potentiating CpG ODN with DNA nanotechnology (Figure 1)P27P. In 2008, the Department discovered th...

	Figure 1：Development of Polypodna Based DNA Hydrogel for Immunoadjuvant.
	To expand the future potential of the self-gelling DNA hydrogel for biomedical applications, I have made a series of studies (Figure 2). Synthesis cost is one of the biggest challenges from the viewpoint of practical application. To provide its soluti...

	Figure 2： Scopes of this Doctoral Thesis.
	Contents
	Chapter 1 : Efficient Amplification of Self-gelling Polypod-like Structured DNA by Rolling Circle Amplification and Enzymatic Digestion
	1.1 Introduction
	Synthesis cost is one of the major limiting factors for practical use of biomaterial composed of nanostructured DNAs such as polypodna-based self-gelling DNA hydrogel in macroscale to biomedical areaP36, 37P. Nanostructured DNAs are typically made of ...
	There have been some successful reports of Phi29 DNA polymerase-based amplification of simple DNA, such as linear oligodeoxynucleotide and DNA aptamerP45, 46, 47, 48P, or semi-large scale amplification of complicated DNA structuresP49P. However, no at...

	1.2 Methods
	[1] Preparation of Template ODNs
	All oligodeoxynucleotides were purchased from Integrated DNA Technologies, Inc (Coralville, IA, USA). The sequences of the oligodeoxynucleotides used are summarized in Table 1. A linear 5′ -phosphorylated template oligodeoxynucleotide, template ODN (5...
	[2] RCA-based Amplification of Polypodna Precursors
	An RCA primer was designed to hybridize to the single stranded sequence of the circularized template. Equivalent amounts of the circularized template and the primer were mixed together, and these were annealed by heating at 95 C for 2 min, 75 C for 3 ...
	[3] Polypodna Production by Restriction Digestion
	The highly viscous RCA product was incubated in 2 mM EDTA (Sigma-Aldrich, St. Louis, MO, USA) at 80 C for 15 min to solubilize the product. After purification by size-exclusion chromatography, the resultant large molecular weight DNA was digested with...
	[4] Polypodna Formation
	The RCA product obtained after restriction digestion was annealed as reported previouslyP34P. Briefly, the 1.5- or 2 mM-DNA products for tripodna or tetrapodna, respectively, were heated to 95 C and cooled gradually to 4 C. The formation of hydrogels ...
	[5] Oligodeoxynucleotide Analysis
	DNA products in each step were analyzed by chip analysis using a MCE-202 MultiNA microchip electrophoresis system (Shimadzu Corporation, Kyoto, Japan) or by polyacrylamide electrophoresis (PAGE). Denaturing PAGE was carried out with 12% Acrylamide gel...
	[6] Observation of RCA Product under Fluorescent Microscope
	The appearance of the RCA product before and after EDTA treatment was observed under a fluorescent microscope (Biozero BZ-8000, KEYENCE, Osaka, Japan) after staining with SYBR-Gold (Molecular Probes, Eugene, OR, USA).
	[7] Scanning Electron Microscope Imaging
	The RCA product obtained after restriction digest was annealed under the above conditions. The structure of the annealed RCA products was then observed using a scanning electron microscope (TM3000, Hitachi, Tokyo, Japan) as reported previouslyP34P.
	[8] Atomic Force Microscope Imaging
	Atomic force microscope images were obtained with a high-speed AFM system (Nano Live Vision, RIBM, Tsukuba, Japan) using a silicon nitride cantilever (BL-AC10EGS; Olympus, Tokyo, Japan)P50P. Briefly, the sample was adsorbed on a freshly cleaved mica p...

	1.3 Results
	1.3.1 Schematic Amplification Method for Self-gelling Tripodnas
	Figure 3 illustrates the scheme of the RCA-based mass amplification of simple structured tripodnas with adhesive 5’-ends.

	1.3.2 Demonstration Study for Amplification of Self-gelling Tripodna
	<Circularization of Template DNA>
	To amplify self-gelling tripodna, at first, a template single stranded DNA was circularized using T4-ligase. Figure 4 shows the microchip electrophoresis of the template before and after ligation using T4-ligase. There was no significant difference in...

	<DNA Elongation by RCA>
	The circularized template was replicated by RCA, whose reaction was monitored by AFM imaging. The Y-shaped mono-structured templates were observed at the initial of reaction (Figure 5 (a)), and the ODN chain was elongated with time (Figure 5 (b-c)). A...

	<Analysis of RCA Product and Restriction Enzyme Digestion>
	Then, the RCA product was purified by phenol-chloroform extraction and ethanol precipitation protocols. After removing ethanol, the DNA was digested with TspRI and the digested sample was analyzed by denaturing PAGE (Figure 6 (a)). A strong band with ...
	<Tripodna Based DNA Hydrogel Formation>
	The oligonucleotides were purified by size-exclusion chromatography and were concentrated into 1.5 mM in saline through ethanol precipitation protocol. When annealed at 95 C, the products were not capable of being mixed with a solution containing blue...


	1.3.3 Schematic Amplification Method for Self-gelling Tetrapodna
	Figure 8 illustrates the scheme of the RCA-based mass amplification of complex structured tetrapodnas with adhesive 5’-ends. To expand the method to apply for amplification of further complex nanostructured DNAs, a different scheme was designed. The t...

	1.3.4 Demonstration Study for Amplification of Self-gelling Tetrapodna
	<Circularization of Template DNA and DNA Elongation by RCA>
	<Restriction Enzyme Digestion>
	The RCA products were digested using TspRI, but it failed in same manner as the tripodna case. After EDTA treatment, the digestion succeeded to produce approximately 60 base fragments (Figure 10).
	<Tetrapodna Based DNA Hydrogel Formation>
	After the purification and annealing process, a hydrogel was formed (Figure 11(a)). The hydrogel was analyzed further in the same manner as tripodna case. Oligomers and multimers of tetrapodna units were observed under AFM imaging in dilute solutions ...


	1.4 Discussion
	This study demonstrated that tripodna and tetrapodna can be efficiently replicated in large quantities (approximately 300-fold) by RCA. This technique requires basic biochemical laboratory equipment and basic reagents, and can be performed with little...
	Since this was a proof-of-concept study, the scale of the final products was in microgram scale, and there are still challenges to scale up the reaction volume for practical application. However, it is considered that the technique is useful to provid...
	Other restriction enzymes than TspRI can also be used to produce self-gelling polypodna. The principle underlying this approach can be easily applied to replicate other designs of polypodna and many other complex DNA nanostructures. There have been so...
	In conclusion, I successfully developed an efficient synthesis method for self-gelling polypod-like structured DNA that spontaneously forms DNA hydrogel under proper conditions. The results of this study will provide a new approach to amplify DNA nano...


	Chapter 2 : Development of Composite-type DNA Hydrogel for Photothermal Immunotherapy
	Chapter 2-1 : Development of Prototype Formulation and its Evaluation In Vitro
	2
	2.1 Introduction
	Photothermal immunotherapy is a promising modality for cancer that combines local photothermal therapy and systemic immunostimulationP58, 59P. Photothermal therapy is a therapeutic strategy based on the localized photothermal stresses induced by penet...
	To boost up these immune activities following photothermal therapy more efficiently and strongly, several types of immune adjuvants bearing photothermal activity have been investigatedP76, 77, 78, 79, 80, 81, 82P. To my best knowledge, all these formu...

	2.2 Methods
	[1] Preparation of AuNP-DNA Nanocomposites
	AuNPs with an average diameter of 50 nm were purchased from Sigma-Aldrich (St. Louis, MO, USA). All ODNs were purchased from Integrated DNA Technologies, Inc. (Coralville, IA, USA). The sequences of the ODNs used are summarized in Table 2. To prepare ...
	The structure of the AuNP-hydrogel(cg) was observed by scanning electron microscopy as reported previouslyP33P. Briefly, the AuNP-hydrogel(cg) was fixed with 2% glutaraldehyde at room temperature overnight, dehydrated with increasing concentrations of...
	Ultraviolet (UV)-visible absorption spectra were measured on NanoDrop 2000 spectrophotometer  (Thermo Scientific, MA, USA) at a sample volume of 1 μL.
	The AuNP-hydrogel(cg) was exposed to continuous wave laser irradiation at 532 nm at three different levels of strength, i.e., 0, 1, or 2 W/cmP2P (Verdi-V10, COHERENT, Santa Clara, CA, USA). The temperature of the AuNP-hydrogel(cg) was monitored using ...
	AuNP-hydrogel(cg) in PBS was exposed to laser irradiation at 532 nm at 1-2 W/cmP2P (Compass 315M-100). Supernatants were periodically sampled for the evaluation of the disruption of the hydrogel. The structure of released products was assessed by PAGE...
	Murine macrophage-like RAW264.7 cells were cultured in RPMI medium supplemented with 10% heat-inactivated FBS, 0.2% sodium bicarbonate, 100 IU/mL penicillin, 100 μg/mL streptomycin and 2 mM L-glutamine. Murine dendritic DC2.4 cells (kindly provided by...
	Samples in test tubes were irradiated with laser at 532 nm at 2 W/cmP2P. The supernatant of the irradiated samples was collected, serially diluted with PBS, and added to cultured RAW264.7 cells. After 16 h of incubation at 37 C, culture supernatants w...
	Differences were statistically evaluated by one-way analysis of variance followed by Fisher's LSD for multiple comparisons. P values of less than 0.05 were considered statistically significant.

	2.3 Results and Discussion
	To synthesize the hydrogel as AuNP-DNA nanocomposites, two types of building blocks, i.e., AuNP-ODNs and hexapodnas, were prepared, separately (Data not shown). Viscose droplets, AuNP-hydrogel(cg), were obtained from the mixture of hexapodnas and AuNP...
	The UV-visible absorbance spectra showed that all the samples containing AuNPs, i.e., AuNP, AuNP-ODN/hPODNA(cg), and AuNP-hydrogel(cg), had quite similar spectra. The AuNP-hydrogel(cg) showed a photothermal activity, and the temperature profile was mo...
	When the laser was irradiated, the hydrogel disrupted immediately to release its components from the body (Data not shown). In the previous study, it has been demonstrated that constructing DNAs into highly ordered structure played a key role for effi...
	The immunostimulatory activity of the components of AuNP-DNA nanocomposite was examined using mouse macrophage-like RAW264.7 cells. Both hexapodna and AuNP-ODN containing CpG motif by themselves induced TNF-α release from RAW264.7 cells, whereas those...

	Chapter 2-2 : Development of Hydrogel Formulation for In Vivo Application
	2.4 Introduction
	To develop a hydrogel formulation applicable to in vivo photothermal immunotherapy, it is essential for hydrogel formulation to be responsive in laser irradiated from outside of the body. It was demonstrated that the AuNP-hydrogel(cg) possessed both p...

	2.5 Methods
	[1] Preparation of AuNR-hydrogel
	AuNRs with a dimensions of 38 nm by 10 nm were purchased from Sigma-Aldrich (St. Louis, MO, USA). All ODNs were purchased from Integrated DNA Technologies, Inc. (Coralville, IA, USA). The sequences of the ODNs used are summarized in Table 4. To prepar...
	Five-week-old female C57BL6/J mice were purchased from Japan SLC, Inc. (Shizuoka, Japan). All protocols for the animal experiments were approved by the Animal Experimentation Committee of the Graduate School of Pharmaceutical Science of Kyoto Universi...
	Under anesthetization, 100 μg (as DNA) of AuNR-hydrogel(cg), 100 μg (as DNA) of AuNR/ODNs mixture, and saline in a volume of 50 μL was injected intratumorally in C57BL/6 mice. Mice of three groups with different agents injected were irradiated with an...
	Total RNA from tumor tissues was extracted using Sepasol-RNA I Super (Nacalai Tesque, Inc., Kyoto, Japan) and was reverse transcribed to cDNA using a ReverTra Ace qPCR RT Master Mix with gDNA Remover (TOYOBO Co., Ltd., Osaka, Japan). Real-time PCR was...
	[5] Measurement of OVA-specific Antibody Production
	Serum samples were serially diluted to measure the OVA-specific total IgG levels by ELISA as previously reportedP88P. One hundred milligram per milliliter OVA in carbonate/bicarbonate buffer (0.1 M, pH 9.6) was distributed to each well of 96-well flat...
	[6] IFN-γ Secretion from Splenocytes
	Fourteen days after the last treatment, splenocytes were isolated, purified, and cultured in the presence of OVA (1 mg/mL) in 12 well culture plate for 2 days. Concentration of IFN-γ in supernatant of the cultured cells was determined by ELISA (Ready-...
	[7] Treatment of Tumor-bearing Mice
	C57BL/6 mice were inoculated with EG7-OVA cells (6 × 10P6P cells/mouse) intradermally on the back. When the tumor volume exceeded 200 mmP3P, 100 μg (as DNA) of AuNR-hydrogel(cg), 100 μg (as DNA) of AuNR/ODNs mixture, and saline in a volume of 50 μL wa...
	Differences were statistically evaluated by one-way analysis of variance followed by Fisher's LSD for multiple comparisons. P values of less than 0.05 were considered statistically significant. To analyze the antitumor effect, Kaplan–Meier survival cu...

	2.6 Results and Discussion
	To develop a hydrogel formulation for photothermal immunotherapy further in vivo, AuNR-DNA hydrogel(cg), in which sensitizing agents is replaced from AuNP to AuNR, was synthesized, and evaluated its applicability for photothermail immunotherapy in viv...


	Conclusions
	In two chapters described above, I conducted studies around self-gelling nucleic acid based DNA hydrogel.
	In chapter 1, I tried to develop an efficient synthesis method for self-gelling polypod-like structured DNA to provide a solution to reduce synthesis cost in order to accelerate applying macroscale self-gelling DNA hydrogel into biomedical area. I des...
	In chapter 2, I designed composite-type hydrogel that is composed of hexapodna and gold nanoparticles for photothermal immunotherapy by expanding “self-gelling nucleic acids” technology. The AuNP-hydrogel(cg) showed strong photothermal activity and im...
	In conclusion, I successfully developed an efficient synthesis method for self-gelling polypod-like structured DNA to provide a solution to reduce synthesis cost. I also successfully developed a novel hydrogel formulation for photothermal immunotherap...
	The present investigation provides beneficial information for the further development of self-gelling nucleic acids technology based DNA hydrogel.
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