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ecent advances on DNA nanotechnol-
Rogy have greatly widened the poten-

tial applications of DNA assemblies in
a variety of fields. Some structured DNA
assemblies have found their use in the
sensitive detection of target compounds.'~
Furthermore, those with submicrometer
diameters can be used as pharmaceutical
agents or drug delivery devices® because
this size range is suitable for controlling the
cellular interaction as well as in vivo tissue
distribution.

There are quite a few reports indicating
that the innate immune stimulation is criti-
cal for the induction of adaptive immune
responses.* The mammalian innate immune
system can be activated through the ligation
of Toll-like receptors (TLRs), including TLR9,
which recognizes the DNA-containing CpG
motif, an unmethylated cytosine-phosphate-
guanine (CpG) dinucleotide flanked by some
proper sequences.” Upon recognition by
TLR9, CpG motif-containing DNA (CpG DNA),
such as bacterial/viral DNA and synthetic
oligodeoxynucleotides (ODNs), induce potent
immune responses. Therefore, CpoG DNA has
been investigated as a therapeutic agent or
an adjuvant for the treatment of a wide range
of diseases, including cancer, viral infection,
and allergic diseases.®®

A variety of chemically stabilized DNA
analogues have been developed to increase
the potency of nucleic acid drugs,'® but they
are often associated with safety concerns.’' '
Therefore, any approach to increasing the
immunostimulatory activity of natural phos-
phodiester CpG DNA will greatly improve its
potency without increasing the risk of adverse
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or (pG motifs, was significantly
increased by the formation of
Y-, X-, or dendrimer-like multibranched shape. These results suggest the possibility that the activity of
(pG DNA is a function of the structural properties of branched DNA assemblies. To elucidate the
relationship between them, we have designed and developed nanosized DNA assemblies in polypod-
like structures (polypod-like structured DNA, or polypodna for short) using oligodeoxynucleotides
(ODNs) containing CpG motifs and investigated their structural and immunological properties. Those
assemblies consisting of three (tripodna) to eight (octapodna) ODNs were successfully obtained, but
one consisting of 12 ODNs was not when 36-mer ODNs were annealed under physiological sodium
chloride concentration. High-speed atomic force microscopy revealed that these assemblies were in
polypod-like structures. The apparent size of the products was about 10 nm in diameter, and there
was an increasing trend with an increase in ODN length or with the pod number. Circular dichroism
spectral data showed that DNA in polypodna preparations were in the B-form. The melting
temperature of polypodna decreased with increasing pod number. Each polypodna induced the
secretion of tumor necrosis factor-o and interleukin-6 from macrophage-like RAW264.7 cells, with the
greatest induction by those with hexa- and octapodna. Increasing the pod number increased the
uptake by RAW264.7 cells but reduced the stability in serum. These results indicate that CpG DNA-
containing polypodna preparations with six or more pods are a promising nanosized device with
biodegradability and high immunostimulatory activity.

Polypod-like structured DNA
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DNA into a double-stranded, Y-shaped structure signifi-
cantly increased the activity to produce cytokines upon
addition to murine macrophage-like, TLR9-positive
RAW264.7 cells.'”'® Such DNA assemblies as Y-shaped
DNA, or Y-DNA, can be used as building blocks for more
complicated DNA products, such as dendrimer-like DNA
and DNA hydrogels.'®*® We also demonstrated that the
dendrimer-like DNA consisting of CpG DNA-containing
Y-DNAs was much more potent than the CpG DNA-
containing Y-DNA in producing cytokines.'?

These experimental results on the branched DNA
assemblies containing CpG DNA provide clear evi-
dence that the immunostimulatory activity of CpG
DNA is a function of its tertiary structure. A variety of
complicated DNA structures, including dendrimer-like
DNA, DNA hydrogels, DNA origami, and DNA polyhe-
dra, have been developed,’®?%*2* and their applica-
tion as biological tools or pharmaceutical agents has
been investigated.*®"%’ Because some important
properties of such DNA assemblies are a function of
the structural properties, efficient and rational devel-
opment of assembled DNA-based systems depends on
a detailed understanding of the relationship between
their structural and biological properties. Therefore,
the optimization of the structure of DNA assemblies
like Y-DNA will provide a new approach to increasing
the potency of CpG DNA as adjuvants without any
chemical modifications.

RESULTS AND DISCUSSION

There have been several reports on the structural
properties of DNA assemblies, but there has been no
systematic information on the relationship among the
design and structural and biological properties of such
branched DNA assemblies. Because some important
properties of such DNA assemblies, including the im-
munostimulatory activity, are a function of the struc-
tural properties,'*'* efficient and rational develop-
ment of assembled DNA-based systems depends on
a detailed understanding of their structural properties.
Therefore, the present study examined first the struc-
tural properties of a series of nanosize ranged polypod-
like structured DNA, or polypodna, preparations, and
then the immunostimulatory activity of such as-
sembled DNAs.

Three to twelve 36-mer ODNs (Table S1 in Support-
ing Information) were mixed to obtain tripodnass (three
pods) to dodecapodnase (twelve pods) preparations, with
the subscript number indicating the base length of the
ODNs used. Each ODN was named as tripodnass-1 and so
on, with the base length as the subscript followed by the
ODN number (#1 to #3 for tripodna, #1 to #4 for tetrapodna,
and so on). Figure 1 shows the putative three-dimensional
structures of some polypodna preparations. The formation
of polypodna was determined by PAGE. Figure 2A shows
the PAGE analysis of a variety of polypodna preparations.
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Figure 1. Schematic representation of putative structures
of polypodna consisting of three, four, six, or eight ODNs: A,
tripodna; B, tetrapodna; C, hexapodna; and D, octapodna.
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Figure 2. PAGE analysis of polypodna preparations with
three to twelve pods. Each sample was run on a 6%
polyacrylamide gel at 200 V for 20 min. A, lane 1, 100 bp
DNA ladder; lane 2, ssDNAze; lane 3, dsDNAsg; lane 4,
tripodnase; lane 5, tetrapodnasg; lane 6, pentapodnase; lane
7, hexapodnase; lane 8, octapodnase; lane 9, dodecapod-
nass. B, lane 1, 100 bp DNA ladder; lane 2, tripodnas; lane 3,
tripodnagg; lane 4, tripodnagy; lane 5, tripodnagy; lane 6,
tetrapodnag; lane 7, pentapodna,g; lane 8, hexapodnage.

Tripodnass, tetrapodnass, pentapodnass, hexapodnass,
and octapodnasg had a major single band, indicating that
the polypod-like structures were successfully formed with
high efficiency by simple annealing of ODNs. On the other
hand, no major bands were observed in the lane of
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Figure 3. High-speed AFM images of polypodna prep-
arations. AFM images of polypodna preparations were
obtained in a buffer (20 mM Tris, 10 mM MgCl,). A, tripod-
nago; B, tetrapodnagy; C, pentapodnagy; D, hexapodnag;
and E, octapodnag,. Arrow heads indicate polypodna prep-
arations captured in a structure extending the pods.
The density scale is shown in the right bottom of the
figure. White bars in the images indicate 20 nm. Image size,
225 nm x 225 nm.

dodecapodnase (Figure 2A, lane 9). The mobility of
polypodna decreased with an increasing number of
pods. Figure 2B shows the PAGE analysis of tripodna
consisting of ODNs of 30, 60, or 90 nucleotides. The
migration distance became shorter on increasing the
ODN length in tripodna. Therefore, the migration
distance of polypodna seems to be determined by
the number of bases in polypodna preparations. To
confirm this, a variety of polypodna consisting of 240
nucleotides were designed using ODNs with different
lengths. The mobility of tripodnago, tetrapodnago,
pentapodnagg, and hexapodna,g was almost identi-
cal (Figure 2B), strongly suggesting that the migra-
tion distance depends largely on the number of
nucleotides but not on the steric properties of the
structures.

The formation of polypodna was visually confirmed
by observation with high-speed atomic force micro-
scopy (AFM). Because of the limitation of the resolution, a
series of 90-mer ODNs (Table S1) were used for the
preparation of tripodnag, tetrapodnagg, pentapodnagg,
hexapodnag,, and octapodnag,. The formation of these
polypodna preparations consisting of 90-mer ODNs was

TABLE 1. T, Value and Apparent Size of dsDNA and
Polypodna Preparations

DNA T." (°C) size (nm)
dsDNA3¢ 66.5 ND
tripodnasg 54.6 6.2
tetrapodnasg 50.8 74
pentapodnasg 479 7.7°
hexapodnas 4438 8.2
octapodnasg 89 8.3
tripodnasy 46.5 ND
tripodnagg 612 8.9
tripodnagy 68.3 121
tripodnagy 649 10.7%%4
tetrapodnago 59.8 9.199
pentapodnazg 532 8.5%
hexapodnaz 485 6.5%"

“The melting temperature (T,,) values were calculated from melting curves of DNA
samples in a TE buffer solution (pH 8) containing 5 mM sodium chloride. The size was
measured by DLS and expressed as the mean of three (tripodnass, tetrapodnase,
pentapodnass, hexapodnasg, tripodnagy, tetrapodnagy, pentapodnagg, hexapodnagg) or
six (octapodnasg, tripodnagy, tripodnagy) determinations. °P < 0.05 from tripodnas.
P < 0.05 from tripodnage. P < 0.05 from tripodnagy. ¢ P < 0.05 from tetrapodnag.
P < 0.05 from pentapodnag. ? P < 0.05 from hexapodnazq. In all cases, the SE values of
the size were less than 5% of the mean. ND, not determined.

first checked by PAGE (data not shown). The AFM images
clearly showed that all of the preparations were in
polypod-like structures with exactly the same numbers
of pods as the numbers of ODNs used (Figure 3).
Namely, three, four, five, six, and eight pods expanded
outward from the center of the structures for tri-,
tetra-, penta-, hexa-, and octapodnagg, respectively.
Previous studies reported the AFM images of
branched structures of Y- or X-DNA.?®%° The images
of tripodnagy and tetrapodnag, of the present study
were in good agreement with these previous ones.
The AFM images of five or more branched DNA
assemblies were obtained for the first time as far as
we know, which clearly indicated that each polypod-
na preparation has a core and the same numbers of
pods as the numbers of ODNs used. Because the DNA
samples were adsorbed onto mica plates for imaging,
the structure of polypodna should be distorted due to
the adsorption to the flat surface. This could be a
reason why there were several DNA assemblies with
incomplete or distorted structures in the AFM images.
Together, these results provide the experimental
evidence that annealing three or more ODNs with
the halves of each ODN being complementary to a
half of other two ODNs results in the formation of
nanosized polypod-like structured DNA assemblies.
The thermal stability of polypodna preparations
obtained was evaluated by measuring the melting
temperature (T,,). Table 1 summarizes the T,, values
of double-stranded (ds) DNAzs and a variety of poly-
podna preparations in TE buffer (pH 8) containing
5 mM sodium chloride. The T, of dsDNA3g was higher
than those of other preparations using 36-mer ODNs.
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The T,,, was found to be a function of the pod number,
and the larger the pod number the lower the T,
Because the length of ODN was the same for all of
these preparations, these results suggest that the
double-strand formation or hybridization becomes less
complete when the pod number increases. Then, the
T values of tripodna preparations were found to be
dependent on the ODN length, and one with the
longest ODN (i.e., tripodnagy) had the highest T,
Under the conditions used in the present study, dode-
capodnazg was not obtained (Figure 2A). The reason for
this would be because the thermal stability of dode-
capodna was too low, and there should be a critical
point between eight and twelve pods as far as poly-
podna formation is concerned. A previous study re-
ported that DNA with twelve pods was formed using
48-mer ODNs,*° suggesting that the critical pod num-
ber for polypodna formation is dependent on ODN
length and on the salt type and concentration, pH, and
other buffer variables. However, from a pharmaceutical
point of view, nonphysiological conditions are not
suitable, and very long ODNs are not proper in terms
of cost and purity. Therefore, one conclusion that can
be drawn from the present study is that polypodna
preparations with eight or fewer pods are suitable for
the use to increase the potency of CpG DNA.

The decrease in T,, can be due to the reduced
efficiency of hybridization. The replacement of some
bases in the central region with noncomplementary
sequences reduced the T,, of both dsDNA and hexa-
podna (unpublished data). These experimental data
suggest that all of the bases in polypodna preparations,
even ones close to the center of the assemblies where
ODNs should be forced to bend sharply, are involved in
the structural and thermal stability. In other words, an
increasing pod number will lead to structural impair-
ment in the central part, followed by a reduced stack-
ing of bases. This hypothesis is supported by previous
studies based on crystal analysis, which showed that
some bases in the central part of DNA assemblies like
tetrapodna were not properly stacked.>'

The apparent size of polypodna preparations was
measured assuming that the shape of the DNA struc-
tures was noncircular (Table 1). All of the preparations
were in the nanosize range and had a narrow distribu-
tion. The apparent size of tripodna preparations in-
creased on increasing the ODN length from 36 to 90.
Furthermore, the size of the polypodna containing 240
bases, such as tripodnagg, tetrapodnagg, pentapodnasg,
and hexapodna,, also depended on the ODN length.
When the polypodna preparations consisting of 36-
mer ODNs were compared, the size was slightly, but
significantly, increased on increasing the pod number.
These results could also be explained by the hypoth-
esis that the reduced stacking of bases in polypodna
preparations with many pods leads to some swelling of
the structures.
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Figure 4. CD spectra of DNA preparations. CD spectra were
recorded using a JASCO-820 type spectropolarimeter. To
facilitate comparisons, the CD spectra were background
subtracted and smoothed.

Figure 4 shows the circular dichroism (CD) spectra of
several types of DNA preparations. dsDNAz4 had posi-
tive and negative peaks near 280 and 240 nm, respec-
tively, which is typical of spectra of the B-form DNA.>?
Every polypodna showed a profile similar to that of
dsDNAsg (Figure 4A). Figure 4B shows the CD spectra of
Ase and (CG)g, both of which are known to be in non-B-
forms, 3233 together with that of hexapodnase. As¢ and
(CQ)g, the latter being a Z-form DNA, exhibited profiles
that were different from those of dsDNAz¢, suggesting
that polypodna possess the spectral characteristics of
B-form DNA. The favored form of double-stranded
DNA is B-DNA at a high humidity and low salt concen-
tration similar to that found under physiological con-
ditions. Thus, these results suggest that the double-
stranded DNA parts are like those under normal con-
ditions. Some DNA sequences like CGCGCG have been
known to be in the Z-form, a left-handed helical
structure.®® It is an open question about the structural
properties of DNA assemblies when DNA in the Z-form
is used.

Figure 5 shows the tumor necrosis factor (TNF)-a
and interleukin (IL)-6 concentrations in the culture
media of RAW264.7 cells after addition of single-
stranded (ss) DNA, dsDNA, or polypodna preparations
containing CpG motifs. All CoG DNA samples induced
the TNF-a release from RAW264.7 cells depending on
the concentrations of DNA (Figure 5A). However, only
small amounts of TNF-a were released when ssDNA or
dsDNA was added to cells. In contrast, polypodna
preparations induced the release of large amounts of
TNF-a, even though the same amounts of DNA as ss- or
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Figure 5. Cytokine release from RAW264.7 cells by DNA
preparations. Each sample in Opti-MEM was added to cells
at a final concentration of 0.5, 1, or 2 ug/mL, and the
concentrations of TNF-o. (A) and IL-6 (B) in culture media
were measured at 8 h. Results are expressed as mean + SD
of three determinations. Data are representative of four (A)
or two (B) independent experiments. *, Values were under
the detection limit.

dsDNA were added to cells. Furthermore, the pod
number had a great impact on the amount of TNF-a
release, and the amount was greatly increased with an
increasing pod number. Similar results were obtained
for the IL-6 release from RAW264.7 cells (Figure 5B).
These results indicate that polypodna with many pods
are suitable structures to increase the immunostimu-
latory activity of CpG DNA.

Polypodna preparations with more pods have more
nucleotides in one unit than ones with fewer pods, so
the large number of nucleotides in one unit could be a
reason for the high potency of polypodna preparations
with many pods, such as hexapodna and octapodna.
Thus, the effect of the number of nucleotides in poly-
podna on cytokine release was investigated using tri-
podna preparations with different pod lengths: tri-
podnasy, tripodnage, and tripodnagg. To minimize the
differences in the sequence among the preparations, a
sequence of 30 base pairs containing one potent CpG
motif was repeatedly used to prepare tripodnasg,
tripodnagg, and tripodnag, (Table S1). Figure 6A shows
the TNF-a concentrations in the culture media of
RAW264.7 cells after addition of the tripodna prep-
arations. The amounts of TNF-o. released were increased
with an increasing number of nucleotides in tripodna,
even though the same amounts of DNA were added to
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Figure 6. TNF-a release from RAW264.7 cells by polypodna
preparations. Each sample in Opti-MEM was added to cells at a
final concentration of 2.5, 5, or 10 ug/mL, and the concentra-
tions of TNF-aL in culture media were measured at 8 h. Results
are expressed as mean =+ SD of three determinations. Data are
representative of four (A) or three (B) independent experi-
ments. *, Values were under the detection limit.

the cells. To confirm the importance of pod number apart
from the number of nucleotides, the immunostimulatory
activity of polypodna preparations consisting of 240
nucleotides (i.e., tripodnagy, tetrapodnagg, pentapodnagg,
hexapodna,e) was compared. Figure 6B shows the TNF-o.
concentrations in the culture media of RAW264.7 cells
after addition of these polypodna preparations. Among
those examined, hexapodna,o induced the greatest re-
lease of TNF-q, followed by pentapodnay,g, tetrapodnagg,
tripodnagy, in this order, even though hexapodna,, was
constructed with the shortest ODNs among those com-
pared. These results indicate that increasing the pod
number is effective in increasing the immunostimulatory
activity of CpG DNA irrespective of the number of
nucleotides in one unit.

Cellular uptake of CpG DNA is one of the factors
determining the amount of cytokines released from
cells. Thus, the cellular uptake of polypodna was
investigated using Alexa Fluor 488-labeled DNA sam-
ples. Figure 7A shows the normalized MFI of RAW264.7
cells after addition of Alexa Fluor 488-labeled ssDNAsg,
dsDNAsg, or polypodnase with three, four, five, six, or
eight pods. In all cases examined, the normalized MFI
values at 37 °C were higher than those at 4 °C (data not
shown), suggesting that DNA was taken up by cells at
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the higher temperature. At both concentrations exam-
ined, the normalized MFI values were the highest for
octapodnasze, followed by hexa-, penta-, tetra-, tripod-
nase, dsDNAsg, and ssDNAsg in this order. The rank
order in cellular uptake was exactly the same as that in
the cytokine release (Figure 5). Then, the cellular
uptake of polypodna preparations consisting of 240
nucleotides was also investigated by measuring the
remaining amounts of these DNA preparations in
culture media. The amount of DNA in culture media
hardly decreased with time when incubated with cells
at 4 °C or without cells at 37 °C (data not shown), so the
disappearance of DNA from culture media was used to
estimate cellular uptake of polypodna preparations.
Hexapodnas, and pentapodnasg disappeared most
quickly, followed by tetrapodnag, and tripodnagg in
this order (Figure S1). These results strongly suggest
that the efficient cellular uptake is one of the reasons
why polypodna preparations with many pods are
effective in inducing cytokine release.

To examine the mechanism of the cellular uptake of
these DNA preparations, Alexa Fluor 488-labeled tri-
podnase was added to cells with or without unlabeled
DNA preparations. Figure 7B shows the MFI values of
RAW264.7 cells at 2 h after addition of Alexa Fluor 488-
labeled tripodnase. Addition of unlabeled tripodnasg
resulted in the reduction of the MFI values in a dose-
dependent manner, suggesting that the uptake is a
saturable process. The uptake of Alexa Fluor 488-
labeled tripodnasg was inhibited by the addition of
dsDNA or any polypodnase preparation. Octapodnasg
showed the strongest potency to inhibit the uptake,
followed by hexapodnase, pentapodnase, and so on,
with ssDNA being the least. These results strongly
suggest that these polypodna preparations are taken
up by cells through the same mechanisms as ss- and
dsDNA, and the affinity for the uptake is increased with
increasing pod number. Qualitatively similar results
were obtained when Alexa Fluor 488-labeled hexapod-
nase was used for the competitive studies (Figure S2).
Figure 7C—F shows the images of RAW264.7 cells
added with Alexa Fluor 488-labeled hexapodnase.
The fluorescence signals were detected within the cells
as punctate forms, suggesting its uptake by endocy-
tosis. Similar results were observed using other poly-
podna preparations (data not shown). It was reported
that longer DNA are taken up by cells more efficiently
than shorter ones.3* These previous findings, as well as
our present results of tripodna preparations with dif-
ferent sizes (Figure 6A), suggest that the internalization
is accelerated by multiple interactions between DNA
and cell surface, although the mechanism of the inter-
action and components involved in it have not been fully
understood.>>*% When polypodna are constructed using
36-mer ODNs, one unit of each polypodna contains
108, 144, 180, 216, and 288 nucleotides for tri-, tetra-,
penta-, hexa-, and octapodna, respectively. Thus, the
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Figure 7. Uptake of DNA preparations in RAW264.7 cells.
(A) Each Alexa Fluor 488-labeled DNA sample in Opti-MEM
was added to cells at a final concentration of 2 or 4 ug/mL,
and cells were incubated for 8 h at 37 °C. The amounts of
DNA associated with cells were measured by flow cytome-
try, and the normalized MFI was calculated to compare the
cellular uptake of these DNA preparations. Results are
expressed as the mean =+ SD of three determinations. Data
are representative of three independent experiments. #,
Values were not evaluated. (B) Alexa Fluor 488-labeled
tripodnasze in Opti-MEM was added to cells at a final con-
centration of 2 ug/mL with or without unlabeled DNA
samples at a concentration of 2, 6, or 20 ug/mL, and cells
were incubated for 2 h at 37 °C. Results are normalized to
the MFI of the control group (*tripodna, without unlabeled
DNA) and are expressed as the mean + SD of three
determinations. (C—F) Typical images of RAW264.7 cells
after addition of Alexa Fluor 488-labeled hexapodnase. Cells
were counterstained with DAPI to visualize the nuclear
DNA. (C) DAPI staining; (D) Alexa Fluor 488-labeled hexa-
podnasg; (E) merged image; and (F) bright field.

uptake of one unit of polypodna results in different
amounts of DNA taken up by cells depending on the
pod number.

The stability of CpG DNA is another important param-
eter determining its potency. Our previous studies
showed that Y-DNA is less stable than dsDNA.'""'®
Therefore, the effect of pod number of polypodna
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Figure 8. Degradation of polypodna preparations in mouse
serum. (A,C) Polypodna preparations were incubated in
20% mouse serum at a concentration of 100 ug/mL at
37 °C, and the reaction was terminated at indicated periods
of time by adding EDTA. The samples were run on 12%
PAGE at 4 °C and stained with SYBR Gold. (B,D) Amounts of
remaining polypodna were plotted against incubation time.
These experiments were performed three times with similar
results, and one representative gel is shown.

on the stability in mouse serum was investigated
(Figure 8). All polypodna preparations were degraded
with time. The longer the pod length of tripodna, the
faster the degradation rate (Figure 8AB). Then, the
polypodna preparations consisting of 36-mer ODNs
were compared (Figure 8C,D). Although polypodna
preparations with many pods were more effective in
inducing cytokine release, they were less stable in
mouse serum (Figure 8). DNA is mainly degraded by
exonucleases in biological fluids,?” so that one with
many ends, like hexa- and octapodna, will be quickly
degraded than one with fewer ends. Therefore, in-
creasing pod number can be a trade-off between
efficient interaction with TLR9 and low enzymatic
stability, but the results of the present study have
shown that the pod number-dependent reduction in
the stability would not have large impact on the
immunostimulatory activity of polypodna.

The results of the present study together with a
previous one?' show that the pod number-dependent
increase in the amounts of cytokine release is much
greater than the increase in cellular uptake (Figures 5
and 7A), suggesting that other factors than the uptake
is involved in the effective induction of cytokines with
polypodna preparations with many pods. Double-
strand formation greatly reduced the immunostimula-
tory activity of CpG DNA,*® and this reduction has
been explained by experimental evidence that TLR9
binds single-stranded CpG DNA.3° Because the T, of
polypodna was a function of the pod number and

decreased with increasing pod number (Table 1), CpG
DNA in polypodna with many pods would more easily
become single stranded. To confirm this speculation,
we evaluated the dissociation of the assembled DNA in
and outside of cells by measuring the T, values of DNA
samples under simulated extracellular (pH 7.4, a high
sodium concentration) and endosomal (pH 5.5, a med-
jum sodium concentration) conditions.* Irrespective
of the samples, the T,, values under the simulated
endosomal conditions were lower than those under
the extracellular ones (Table S2). Under the low pH
condition, the T,,, of polypodna decreased with increas-
ing pod number. Taken together, it can be concluded
that the significant increase in the immunostimulatory
activity of CpG DNA by building it up into hexa- or
octapodna is due to an efficient uptake by TLR9-
positive cells and a facilitated dissociation to single
strands. The results of polypodna consisting of 240
nucleotides (Figure 6B) also indicated that increasing
the pod number is more effective than increasing the
ODN length for increasing the amounts of cytokines
released from TLR9-positive cells.

It is important whether these polypodna preparations
are more effective than ss- or dsDNA in inducing cytokine
production not only in cultured cells but also in vivo. In a
different set of experiments, we prepared six ODNs of 40
nucleotides and developed a hexapodna preparation
containing CpG motifs. When injected into the dorsal
skin of mice, this hexapodna preparation induced sig-
nificantly higher mRNA expression of IL-6 at the
injection site than its component, that is, single-
stranded CpG DNA (Nishikawa et al., manuscript in
preparation). Together with the findings of the pre-
sent study of the pod number-dependent increase in
the immunostimulatory activity of CpG DNA, these
results support the notion that polypodna prep-
arations with many pods are effective in inducing
cytokine production also in vivo.

A variety of other nanosized systems, including lipo-
somes and gold nanoparticles, have been used for
delivering CpG DNA to stimulate the innate immune
cells*'*? Recent examples include tertiary-structured
DNA origami and tetrahedral DNA, which increased the
immunostimulatory activity of CpG DNA.'5*® It is inter-
esting to compare the present results with those reported
in the literature. However, it is an open question whether
these other systems are effective for the delivery of
natural phosphodiester CpG DNA, not phosphorothioate-
stabilized ones.

CONCLUSION

We have demonstrated that polypodna prep-
arations with three to eight pods can be constructed
under physiological conditions, and their polypod-like
structures were clearly shown in AFM images. Increas-
ing pod number is directly linked with reduced thermal
stability, efficient cellular uptake, and large amount of
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cytokine production from TLR9-positive cells. These
findings provide useful information on the use of these

MATERIALS AND METHODS

Chemicals. RPMI1640 medium was obtained from Nissui Phar-
maceutical Co,, Ltd. (Tokyo, Japan). Fetal bovine serum (FBS) was
obtained from Equitech-Bio, Inc. (Kerrville, TX, USA). Opti-modified
Eagle's medium (Opti-MEM) was purchased from Invitrogen
(Carlsbad, CA, USA). The 100 bp ladder was purchased from
Watson (Tokyo, Japan). All other chemicals were of the highest
grade available and used without further purification.

ODNs. All ODNs used were purchased from Integrated DNA
Technologies, Inc. (Coralville, IA, USA). The sequences of the
ODNs are listed in Table S1. Each ODN was named, such as
tripodnase-1, with the base length as the subscript followed by
the ODN number (#1 to #3 for tripodna, #1 to #4 for tetrapodna,
and so on). For the cellular uptake experiments, fluorescently
labeled tri-, tetra-, penta-, hexa-, and octapodna were prepared
using Alexa Fluor 488-labeled tripodnas¢-2 at the 5 end, a
common component of these polypodna preparations.

Preparation of Polypodna. Each polypodna was prepared by
mixing equimolar amounts of ODNs as previously described.??

High-Speed AFM Imaging of Polypodna Preparations. AFM images
were obtained on a high-speed AFM system (Nano Live
Vision, RIBM, Tsukuba, Japan) using a silicon nitride cantilever
(Olympus BL-AC10EGS).** In brief, the sample (2 ul) 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,. Scanning was
performed in the same buffer solution.

Measurement of Melting Temperature. The melting temperature
(Tm) was obtained by measuring the absorbance of polypodna
or other DNA preparations in a Tris HCI (TE) buffer solution
(10 mM Tris, 1 mM EDTA, pH 8) containing 5 mM sodium
chloride at 260 nm with a Shimadzu UV-1600 PC spectrometer
(Kyoto, Japan) equipped with a TMSPC-8 temperature con-
troller."® To estimate the thermal stability of polypodna in and
outside of cells, the T,, of polypodna was also measured in TE
buffer solutions of pH 7.4 (a simulated extracellular fluid con-
taining 142 mM sodium, 4 mM potassium, and 5 mM calcium
ions) and pH 5.5 (a simulated endosomal fluid containing
70 mM sodium and 32.5 mM potassium ions). These conditions
of pH and ion concentrations were determined according to
published data.*®

Dynamic Light Scattering Analysis. The apparent size of poly-
podna was determined by the dynamic light scattering method
using a Malvern Zetasizer 3000HS (Malvern Instruments,
Malvern, UK) at 20 °C. The measurement was repeated at least
three times, and the results were expressed as the mean
because the standard error (SE) values were less than 5% of
the mean in all cases.

(D Spectra of Polypodna and Other DNAs. The CD spectra of DNA
were recorded using a JASCO-820 type spectropolarimeter
(JASCO, Tokyo, Japan) at 4 °C with a 0.1 cm path-length quartz
cell at 25 °C. The DNA samples after annealing were diluted with
TE buffer containing 5 mM sodium chloride to a final DNA
concentration of 25 ug/mL. The CD spectra of DNA were
measured in the range of 200 to 320 nm.

Cell Cultures. Murine macrophage-like cells, RAW 264.7, were
grown in RPMI1640 medium supplemented with 10% heat-
inactivated FBS, 0.15% sodium bicarbonate, 100 units/mL pe-
nicillin, 100 mg/mL streptomycin, and 2 mM L-glutamine at
37 °C in humidified air containing 5% CO,. Cells were then
seeded on 24-well or 96-well culture plates at a density of 5 x
10” cells/mL and cultured for 24 h prior to use.

Cytokine Release from RAW264.7 Cells. RAW264.7 cells were
seeded into 24-well plates at a density of 2.5 x 10° cells/well
and incubated for 24 h before treatment. Then, ssDNA, dsDNA,
or several type of polypodna diluted in 0.5 mL of Opti-MEM
were added to cells. The cells were incubated for 8 h, and the
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nanosized DNA assemblies for safe and efficient ad-
juvants or immunostimulatory agents.

supernatants were collected and stored at —70 °C until use. The
levels of TNF-oc and IL-6 in the supernatants were determined by
enzyme-linked immunosorbent assay (ELISA) using OptEIATM
sets (Pharmingen, San Diego, CA, USA).

Uptake of DNA in RAW264.7 Cells. RAW264.7 cells on 96-well
plates at a density of 5 x 10* cells/well were incubated with
Alexa Fluor 488-labeled ssDNA, dsDNA, or polypodna diluted in
0.1 mL of Opti-MEM for 8 h at 37 or 4 °C. Cells were then washed
twice with 200 uL phosphate-buffered saline (PBS) and har-
vested. Then, the fluorescent intensity of cells was determined
by flow cytometry (FACS Calibur, BD Biosciences, NJ, USA) using
CellQuest software (version 3.1, BD Biosciences), and the mean
fluorescence intensity (MFI) was calculated. Because the
amount of Alexa Fluor 488-labeled ODN (tripodnase-2) in the
DNA samples was not identical, a normalized MFl was calculated
as an indicator of cellular uptake of DNA preparations by
multiplying the MFI obtained with the fraction of Alexa Fluor
488-labeled ODN in samples (i.e., 3 for tripodna and 6 for
hexapodna). In different sets of experiments, Alexa Fluor 488-
labeled tripodnasg or hexapodnasze in Opti-MEM was added to
RAW264.7 cells at a final concentration of 2 ug/mL with or
without unlabeled DNA samples at a concentration of 2, 6, or
20 ug/mL. After 2 h incubation at 37 °C, the cells were treated as
described above and the MFI was calculated. The uptake of
polypodna consisting of 240 nucleotides was examined by
measuring the disappearance of polypodna from culture media.
Each polypodna diluted in 0.1 mL of Opti-MEM was added to
RAW264.7 cells at a final concentration of 2 ug/mL. After 0, 1, 2,
4,8,and 12 h of incubation, a 10 uL aliquot of culture media was
transferred to plastic tubes and mixed with 20 uL of 0.5 M EDTA
solution to stop the degradation and then stored at —20 °C until
use. These samples were run on a 6% PAGE and stained with
SYBR Gold (Molecular Probes, Eugene, OR, USA). The density of
DNA bands was quantitatively evaluated using the Image Quant
TL software (GE Healthcare Japan, Tokyo, Japan).

Fluorescence Microscopic Observation. RAW264.7 cells were seeded
on 13 mm diameter glass coverslips and incubated for 24 h. The
culture medium was replaced with Opti-MEM including Alexa Fluor
488-labeled hexapodnase. After incubation at 37 °C for 3 h, cells
were washed three times with PBS, fixed with 4% paraformalde-
hyde for 20 min, and washed again three times with PBS. Then,
60 nM 4’ 6-diamino-2-phenylindole (DAPI) was added to stain the
nuclei and washed three times with PBS after 10 min incubation.
Then, the coverslips were mounted on glass slides with SlowFade
Gold (Invitrogen, Carlsbad, CA, USA) and observed using a fluores-
cence microscope (Biozero BZ-8000, KEYENCE, Osaka, Japan).

Stability of Polypodna in Serum. Polypodna preparations were
incubated with 20% mouse serum diluted with RPMI1640
medium at a concentration of 10 #g/100 ulL at 37 °C. After O,
2, 4,8, 12, or 24 h of incubation, a 10 uL aliquot of the sample
solution was transferred to plastic tubes and mixed with 20 uL of
0.5 M EDTA solution to stop the degradation and then stored at
—20 °Cuntil use. These samples were run on a 12% PAGE at 4 °C
and stained with SYBR Gold (Molecular Probes). The density of
DNA bands was quantitatively evaluated using the Multi Gauge
software (FUJIFILM, Tokyo, Japan).

Statistical Analysis. Differences were statistically evaluated by
one-way analysis of variance (ANOVA) followed by the Fisher's
PLSD test for multiple comparisons. A P value of <0.05 was
considered to be statistically significant.
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