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A Novel Polysaccharide/Polynucleotide Complex
and its Application to Bio-functional DNA Delivery System

By Shinichi MOCHIZUKI' and Kazuo SAKURAI'>*

B-1,3-glucans such as schizophyllan (SPG) and curdlan can form a novel complex with polynucleotides through hydrogen
bonding between the two main chain glucoses and the one nucleotide base. The complex can be used as carriers for
therapeutically functional polynucleotides such as antisense DNA, siRNA and CpG ODN. Cellular uptake efficiency of the
complexes was remarkably enhanced by attaching functional groups that can be recognized by cells. Recent immunology
revealed that a receptor dectin-1, normally expressed on antigen presenting cells (APCs) such as macrophages and dendritic
cells, can recognize -1,3-glucans. This fact suggests that the complex can deliver the bound DNA to the APCs. The present
article reviews the fundamental and structural studies of this novel complex as well as a recent result for applying its complex

to DNA carriers.
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Schizophyllan (SPG, Figure 1) is produced by a fungi as an
extracellular polysaccharide and belongs to the S-1,3-glucan
family. It consists of the main chain B-(1—3)-D-glucan and
one fB-(1—6)-D-glycosyl side chain that links to the main chain
at every three glucose residues.? According to previous
studies>® SPG adopt a triple helical structure in nature (see
Figure 6C) and the triple helix of SPG (t-SPG) can be
dissociated into single chains (s-SPG) in dimethylsulfoxide
(DMSO) or basic solutions with pH > 13. When water is added
to the s-SPG/DMSO solutions or the alkaline solutions are
neutralized, t-SPG is regenerated from three s-SPG chains
through hydrophobic and hydrogen-bonding interactions, being
similar with the renaturation process of proteins.” When homo-
polynucleotides are present in the renaturation process, s-SPG
forms a complex with the polynucleotides instead of retrieving
the original triple helix. The complexation not only provides
scientifically interesting issues but also a new tool to deliver
biologically functional polynucleotides to specific targets.

Recent studies have shown that synthetic oligonucleotides
including antisense, CpG DNAs and siRNA are useful in
treatment for various incurable diseases. The first generation of
antisense oligonucleotides is in late phase clinical testing!'®!3
in various sites, while many groups propose the second
generation with higher binding affinities, greater stability and
lower toxicity as clinical candidates.'*' However, there are
a number of problems to overcome in vivo, such as rapid
excretion via kidney, degradation in serum, uptake by
phagocytes of the reticuloendothelial system, and inefficient
endocytosis by target cells. In order to put these therapeutic
oligonucleotides to practical use, an efficient drug currier is
seemed inevitable.!”' A variety of supramolecular nano-
carriers including liposomes,?” cationic polymer complex?! and
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various polymeric nanoparticles’? have been used to deliver
antisense and siRNA oligonucleotides.!>?>-2 Complexation of
oligonucletides with polycations is a common approach for
intracellular delivery; this includes PEGlyated polycations,?
polyethyleneimine (PEI) complexes,®*3! cationic block co-
polymers3? and dendrimers.’>-3 However, the large size and/
or considerable toxicity’®37 of cationic lipid particles and
cationic polymers may render them problematic candidates for
in vivo utilization.

The fungi containing 8-1,3-glucans have been used Chinese
herbal medicine for long time*® and among others SPG and
lentinan® have been commercially distributed as medicines for
various cancers and health food for activating gut immunity in
Japan. Recent work has revealed that the immunostimulatory
nature of B-glucans is related to the effector functions of
leukocytes as well as inflammatory processes. Recently, dectin-
1 was identified as a major receptor involved in the recognition
of B-glucans.***! Dectin-1 was originally found as a dendritic
cell (DC)-specific receptor and thus it was named after
‘dendritic-cell-associated C-type lectin-1’. However, it is
revealed that dectin-1 is expressed by many other antigen
presenting cells (APCs), including macrophages, monocytes,
neutrophils and a subset of T cells.*> The APC binding ability
of B-1,3-glucans implies that the glucans can specifically
deliver the bound oligonucletides to APCs.

We are in the middle of investigating fundamental proper-
ties of this novel polysaccharide/polynucleotide complex as
well as developing a new method for DNA delivery using
this complex. The present paper reviews the discovery of
the complex, its characterization, and the delivery of CpG
oligonucleotides to the APCs by using this complex in an
in vitro and in vivo study.
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Figure 1. Chemical structures of schizophyllan (SPG) and curdlan.
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Figure 2. Comparison of the UV and CD spectra between poly(C) and
poly(C) + s-SPG measured at 10 °C for a concentration of poly(C)
was 7.16 x 1073 gdL~" (2.22 x 10~* M) with a 1 cm cell.

DISCOVERY OF COMPLEXATION BETWEEN THE
B-1,3-GLUCANS AND POLYNUCLEOTIDES

SPG can form a macromolecular complex with homo-
phosphodiester polynucleotides, such as poly(C), poly(A),
poly(U), poly(T) and poly(dA), when the polynucleotide is
present during the renaturation process of s-SPG.*7 Figure 2
compares the ultraviolet absorbance (UV) and circular dichro-
ism (CD) spectra between poly(C) itself and a complex made
from poly(C) and s-SPG (the complex is denoted poly(C)/s-
SPG).* Here M,, (weight average molecular weight) of s-SPG
is 150K and the cytosine base number is approximately 250.
Upon the complexation, the absorbance of cytosine at 270 nm
decreases by 12% (hypochromic effect) and the CD intensity of
the positive peak at 275 nm increased and a new broad peak
appeared at around 245nm. Since SPG does not have
absorbance within this range, the hypochromic effect of UV
should be ascribed to that the stacked bases interaction was
enhanced upon the complexation. Furthermore, the increment
of CD intensity after the complexation implies that the
polynucleotide takes an ordered helical structure, and the
content of the helical structure (or an ordering of it) is
increased. Consequently, the complexation creates a new

ordered helical structure of polynucleotide. This SPG-induced
ordered structure is different from random aggregation induced
by polycation-polynucleotide interactions, through which the
CD spectrum is usually depressed.*®

Figure 3 shows the pH dependence of the CD spectra
compared with poly(C) and poly(C) + s-SPG mixtures. Here,
the complex forms between pH = 6.5-10 and dissociates
between pH = 4-6.*8 The cytosine moiety in poly(C) becomes
protonated at pH = 4-6 and dimerization of cytosine occurs
with an intermolecular or intramolecular hydrogen bond. In
the range pH = 6.5-10, poly(C) maintains a single stranded
structure and has unoccupied hydrogen bonding sites. The pH
region for the single strand is in good agreement with that of
the complex, indicating that the hydrogen bonding formation
between poly(C) and SPG is essential for complex formation.

Table I summarizes which homo-polynucleotide has ability
to complex with SPG in natural and salt-free aqueous solutions.
Poly(G), poly(U), poly(I), poly(dG) and poly(dC) show no
appreciable change in their UV and CD spectra.*® In contrast,
poly(C), poly(A), poly(dA) and poly(dT) are able to form
complexes with s-SPG. According to previous work, the
guanines in poly(G) and poly(dG) form a tetramer or trimer.*
In all cases, the hydrogen-bonding sites on the bases participate
in intramolecular interactions. However, poly(C), poly(A),
poly(dA) and poly(dT) do not form such intramolecular
aggregations, thus leaving their hydrogen-bonding sites un-
occupied. There is a clear correlation between complexation
ability and the presence of free hydrogen-bonding sites, i.e., the
polynucleotide can interact with s-SPG only when hydrogen-
bonding sites are available. This interaction indicates that
hydrogen-bonding interactions are essential to induce the
complexation.

We examined whether other polysaccharides show a similar
change in UV or CD spectra when they were treated in the
same manner. The results (Table II) indicate that the complex-
ation is only observed for -1,3-glucans. Although not shown,
the natural triple helix of SPG also showed no appreciable
change in its CD and UV spectra when mixed with poly(C).
These indicate that the renaturation process of -1,3-glucans is
indispensable for the complexation.

Stoichiometry and Molecular Modeling of Polysaccharide/
Polynucleotide Complex

To determine the stoichiometry of the complex, we
examined the changes in the CD spectra of poly(C) by
changing the molar ratio between polynucleotides and s-SPG.
Figure 4 shows [0],,x against the molar ratio of s-SPG in the s-
SPG/poly(C) mixtures, where [6],,.x is the molar ellipticity at
the top of the positive peak. The [6],.x value increases linearly
with increasing molar ratio, following an upward convex curve,
finally stabilizes at approximately 0.4. From the cross section
of the plateau and increment regions, the stoichiometric ratio
(N) was determined to be 0.38-0.42.* This result suggests
that two SPG repeating units combine with three base units,
namely, 8 glucoses versus 3 bases. When we examined the
curdlan/poly(C) complex, the results showed 6 glucoses versus
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Figure 3. (a) The apparent pH dependence of the CD spectra for poly(C) (dotted lines) and its mixture with s-SPG (solid lines) measured at 10°C. (b) pH
dependence of [0],.x for poly(C) itself and the poly(C)/SPG complex, where [6],,4 is plotted.

Table 1. Nucleotide specificity in the complex formation
in neutral & salt-free aqueous solution
Complex Formation Conformation
RNA  poly(C) Yes single chain
poly(A) Yes single chain
poly(U) No intramolecular H-bond (hairpin like)
poly(G) No 4G wire (intramolecular H-bond)
poly(l) No intramolecular H-bond
DNA  poly(dC) No intramolecular H-bond
poly(dA) Yes single chain
poly(dT) Yes single chain
poly(dG) No 4G wire (intramolecular H-bond)
Table Il. Relationship between the capability to form the complex

and the glucose linkage of natural glucans

Name Units Linkage Side chain

Amylose a-D-Glucose 1-4 No No
Carrageenan  B-D-Galactose Alternating 14 Sulfonic No

and 1—-3 groups
Cellulose B-D-Glucose 1-4 No No
Dextran a-D-Glucose 1-6 «(1=3) or No

a(1—4)
Pullulan a-D-Glucose 1-6 No No

. G G
Lentinan -D-Glucose 1-3 v v Yes

. -G-G-G-G-G-
Curdlan B-D-Glucose 1-3 -G-G-G-G-G- Yes
Schizophyllan ~ B-D-Glucose 1-3 (-; Yes
-G-G-G-
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Figure 4. The job plot for the poly(C) + s-SPG system. The molar ratio is
defined by MS—SPG/(MS—SPG + Mp0|y(c)), where Ms,spe and Mpoly(C)
are the molar concentrations of poly(C) and s-SPG, respectively.
The cross section of the plateau and increment regions shows that
the stoichiometric ratio = 0.39-0.41. The different marks show the
different series of measurements.

3 bases.* The structural difference between SPG and curdlan is
the side chains; curdlan has no side chains while SPG has one
glucose side chain. The discrepancy in the stoichiometric
numbers can therefore be rationalized by assuming that the
main chain of the g-1,3-glucans participates in the complex-
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Figure 5. Three possible structures for the poly(C)/s-SPG complex. G and
C denote the glucose and cytosine in the chains, respectively. In
model D1, every glucose residue in the main chain interacts with
the cytosine. Model T supposes that the complex adopts a triple
helix similar to that existing in the g-1,3,-glucans.

OH
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ation, while the side chain of SPG is not involved in the
complexation.

We can postulate possible structures based on the assump-
tions that: (1) since the second hydroxyl groups of the main
chain participate in the hydrogen-bonding interaction to
stabilize the original triple-stranded helical structure of g-1,3-
glucans [see Figure 6A], the same hydroxyl groups should be
involved in the complex formation, (2) the side-chain glucose
is not involved in complex formation (i.e., the s-SPG complex
is the essentially same as curdlan complex in terms of
spectroscopic nature), and (3) the highly regular helical
structure formed in the complex is supported by CD and
UV spectral data. Figure 5 illustrates three possible structures
for an s-SPG/posy(C) complex. In Model D1, every glucose
residue along the main chain interacts with the cytosine residue
in a DNA-like double helix. Since the distance between the
neighboring main-chain glucose is about 4 A and the stacking
distance between cytosine moieties is 3.0-3.6 A, this model
would be quite reasonable stereochemically. However, the
stoichiometric number (N = 0.20) of Model D1 does not agree

OH
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Figure 6. The left-handed helical hydrogen bond model proposed by Miyoshi et al.;** (A) a side view for the full turn triple helix, here the dot-lines indicate the
hydrogen bonds and (C) a cross-sectional view of the helix (perpendicular to the helix). For convenience, only two glucoses in each chain are
presented. The glucose rings marked with the same number belong to the same chain. The bold lines denote that the atoms are located at the upper
position than those of the thin lines. Blue broken wedges indicate non-coplanar hydrogen bond connected along the helix, traversing three curdlan
chains to make a left-handed helix. (B); Hydrogen bonds between the curdlan and the poly(C) in the complex. (D); the cross-sectional view indicates the
alternation of the hydrogen bonding combination upon the complexation.
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with the experimental data (Figure 4). The ribose or phosphate
moieties would be stretched unfavorably (D2 in Figure 5) in
order to satisfy N = 0.40 in the double strands which is highly
unlikely. For Model T1, we supposed that complex adopted a
triple-stranded helical structure similar to the original triple-
stranded helical structure of SPG. When we constructed the
helical structure using two s-SPG chains and one poly(C)
chain, the model satisfied both the stereochemistry and the
stoichiometry (N = 0.40) requirements. Therefore, we consid-
ered that Model T1 is the most likely structure given our
experimental results.

Based on the above discussion, we constructed a structural
model for the complex with computer chemistry. Firstly, we
constructed the triple helix of curdlan and took one chain out of
the helix. We created a poly(C) single helix referring to the
crystal structure. Secondly, we tried to merge the SPG double
helix and the poly(C) single helix. The poly(C) chain can fit the
groove that has been created after one SPG chain is taken out
because of the similarity in the helix parameters between
poly(C) and SPG. Both SPG and poly(C) adopt a right-handed
6, helix with the similar pitch. In the third step, using the
Discover 3 program and the Amber force field, we calculated
the most stable conformation of poly(C) confined in the groove.
The calculation was converged and indicated that poly(C)
can take a conformation that is very close to the original
one without creating any steric-hindrance. According to the
calculated model of the complex, the cytosine can be located
close to the second hydroxyl groups to form hydrogen bonding
as presented in panel (Figure 6B). In the original triple helix,
the intermolecular hydrogen bond array is formed as presented
in Figure 6C and 6D. After complexation, one glucose is
replaced by the inserted cytosine and the 3rd and 4th nitrogens
in cytosine form the hydrogen bonds. Therefore, the original
hydrogen bond array which had maintained the curdlan triple
helix is replaced by a hybrid array which consists of the
glucose vs. glucose hydrogen bond and the cytosine vs. glucose
hydrogen bond as presented by the panel C.

The inset of Figure 7 shows the chromatogram of the
poly(dA)eo/SPG complex obtained by GPC (gel permeation
chromatography) coupled result multi-angle light scattering
(LS) and UV. The LS intensity at 90° and the UV absorbance
at 1 =260nm show SPG and polynucleotides, respectively.
Upon the complexation, the UV peak appeared at shorter
elution time and the position overlapped with SPG. The radius
of gyration and molecular weight were obtained from the LS
data and plotted comparing with the original triple helix of SPG
(t-SPQG), renatured SPG (r-SPG), and batch measurements of
various fractionated t-SPG samples done by Norisuye et al. The
data points for t-SPG and the batch measurement agree with
each other. The solid line was calculated from the wormlike
chain model with the persistence length of 200 nm.” The data
of r-SPG and complex were downwardly deviated from those
of t-SPG, suggesting that the conformation of r-SPG and the
complex can be represented by a broken rod.

Figures 8A and 8B compares the AFM images obtained for
s-SPG/poly(C) and r-SPG. For r-SPG, the image shows a
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Figure 7. A typical GPC chromatogram and obtained molecular weight
dependence of the radius of gyration for the native SPG (t-SPG),
renatued one (r-SPG) and the complex, compared with the
previously reported batch measurements by Norisuye et al.” The
solid line was calculated from the Kratky-Porod worm-like chain
model with the persistence length of 200 nm.

mixture of rods and rings.”® The image for t-SPG showed only
rods with a similar length to that of the rods in panel (A). The
height of each rod or ring is about 2-3 nm, being consistent
with that for the schizophyllan triple helix. We measured the
length of the rods (L) in this panel and plotted the results as the
distribution of L in Figure 8C. The distribution seems to follow
the F-distribution and has a maximum at Lyax = 180 nm.
According to Kashiwagi et al.,? the molar mass per unit contour
length (M) of the schizophyllan triple helix is 2170 nm~!.
Therefore, Lyax = 180nm leads to the molecular weight of
40 x 10*. This calculation indicates that the molecules with the
largest population have an equivalent molecular weight to that
of the original triple helix (M,, = 45 x 10*, where M,, is the
weight-average molecular weight). The s-SPG/poly(C) com-
plex showed a similar image with r-SPG while is has a different
length distribution to that of r-SPG, indicating that the mixture
has longer rods than r-SPG. The panel C has a second
maximum at around the 300-350 nm length. Since poly(C) has
570 bases, the extended poly(C) chain is about 200 nm long and
that of s-SPG is about 180nm long. Therefore, the second
maximum around 300-350nm can appear only when more
than two s-SPG chains are involved in the complexation, as
illustrated in the figure.

APPLICATION OF THE COMPLEX TO AN ODN
DELIVERY VEHICLE

CpG ODNS s are recognized by a pattern recognition receptor
called a Toll-like receptor 9 (TLR9) in endosomal compart-
ments of APCs.>"32 After CpG ODN binding to TLR9, NF-xB
is induced and eventually T helper 1 (Thl) phenotype is
invoked by secreting various cytokines.’>>* The sequence of
5'-GACGTT-3' is the key to induce an immune response from
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Figure 8. AFM images of the s-SPG/poly(C) complex (A) and the renatured s-SPG (B). The contour length (L) of the rod-like images in the AFM pictures was

measured, using a flexible ruler (C).

murine APCs and ODNs containing this sequence are known to
be excellent immune adjuvants in various murine disease
models.” Recent studies categorized CpG ODN into at least
two types of structurally and functionally different classes.’®->
One, denoted K-type, contains TCGT or TCGA motifs and
activates plasmacytoid DCs to produce IL-6 and IL-12, but
very little IFN-o or IFN-y. K-type structures also stimulate B
cells to proliferate and recreate IL-6 and IgM. The other class,
D-type, contains an unmethylated CpG dinucleotide flanked
by a palindromic sequence and G quartet attached to the 3’-end
to increase the cellular uptake.®® D-type structure activate
plasmacytoid DCs to secret a large amount of IFN-«, causing
stimulation of NK-cells to produce IFN-y and differentiate
monocytes into myeloid dendritic cells.”® D-type structures do
not stimulate B cells and other subsets of DCs. Ballas et al.
recently reported that D-type structure were more effective
than K-type structures for the immunotherapy of murine
melanoma.®!

In order to use CpG ODNS therapeutically, they have to be
protected from DNase mediated hydrolysis®*® and be deliv-
ered to the late endosome or lysosome where TLR9 is located.
Figure 9 plots vy against [S] when the poly(C)/complex was
mixed with RNaseA, comparing with naked poly(C).9> Here, vy
is the initial velocity for the hydrolysis and [S] is the substrate
concentration. vo was evaluated from the initial increment
in the ultraviolet absorbance (AAbs) at 260nm during the
hydrolysis. [S] was changed from 0.07 to 0.4 mM with fixing
M spG/Mporyc) = 1.2 (excess of s-SPG to the stoichiometry,
where M .spg and M) are the repeating unit molar
concentrations for s-SPG and poly(C), respectively). This

6.0 [

Vo ! M sect X 107

s-SPG+poly(C)

10* [S]/ M

Figure 9. Increment in the ultraviolet absorbance (AAbs) at 260 nm during

the hydrolysis of poly(C) and its complex with s-SPG. Poly(C) and
its complex were hydrolyzed by RNase A in 10mM Tris buffer
(pH = 7.5) with the water/DMSO volume fraction = 0.95. The
nuclease concentration was 10~* g/L, and the incubation temper-
ature was 37°C. The increment of poly(C) fragments during the
hydrolysis was measured by high-performance liquid chromatog-
raphy.

figure confirms that the complexation dramatically reduces the
hydrolysis rate.

In order to increase cellular-uptake for the SPG/ODN
complexes without loosing the complexation ability, we found
a synthetic method (Figure 10) to attach a cellular-adhesive
functional group to the side chain.®*® In this method, the 8-
1,3-glucan main chain remains intact and thus able to complex
with ODNs. The first step oxidizes SPG with NalO, to yield
formyl groups that are only generated in the side chain, because
this oxidation specifically cleave 1,2-diol. The subsequent
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Figure 10. Schematic presentation to introduce various functional groups to the side chain of s-SPG.

Table Il

Sample codes and the introduced chemical groups

Sample code R

Modification level?

H
—N/\/\N/\/\/N\/\/NHZ

S /\rg\N/( Arg }'SCOOH

4.6 £0.3mol%

6.9 £ 1.0mol%

0.5+ 0.1mol%

NH, H

SP-SPG
H H
Chol-SPG
o)
o~
H
o)
0 C
R8-SPG _N—C\/\/N\Cj\
H 0
o)
0 C
RGD-SPG NN j\
C™ g
H 0

NH,

1.3+ 0.3mol%

N Arg—Gly- Asp ~-COOH

H

2Determined by N elemental analysis.

reductive amination with various cellular-adhesion groups and
the formyl group can fix these functional groups to the side
chains (Table III).

Figure 11 compares the cytokine secretion between the
naked dose of CpG DNA and the carrier-mediated ones. When
the complex of native SPG and CpG DNA (s-SPG/CpG DNA)
was added, its secretion was increased by about 20-40%
compared with that of the naked dose.®” This increment can be
ascribed to the SPG-mediated protection from the nuclease-
mediated hydrolysis. The CpG DNA complexed with the

chemically modified SPG-derivatives increases the cytokine
secretion remarkably, i.e., five- to ten-fold compared with that
of the naked dose. Among these SPG-derivatives, R8-SPG had
the highest performance as the carrier, followed by RGD-SPG
and then Chol-SPG. The difference in the performance between
RGD-SPG and Chol-SPG was prominent for IL-6 but relatively
small for IL-12 and TNF-«. These increases are ascribed to the
increased cellular uptake mediated by the functional groups;
the R8-SPG complex was the most effective, followed by the
complexes of SP-SPG, and RGD-SPG, and lastly Chol-SPG.
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Figure 11.

Effect of chemical modification of s-SPG on CpG-motif-mediated cytokine secretion. The murine macrophage-like cell J774A.1 was stimulated with

various concentrations of CpG DNA for 24 h. The amount of cytokine secreted from the cells was determined by enzyme-linked immunosorbent assay.

Data represent the average = SD (n = 4).
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Figure 12. When A375 cells were exposed to AS-c-myb, the complexes with RGD-SPG and R8-SPG, the cell growth was measured.

According to the previous work, the cellular uptake for the
SP, RGD and Chol complexes can be ascribed to normal
endocytosis.®®® On the other hand, the R8 complex is
seemingly incorporated by an endocytosis pathway different
from the other functional groups, although it is still not clear
how R8 and its analogues are incorporated by cells.”®7> R8
binds to heparan sulfate proteoglycan which is a sulfated
polysaccharide anchored to the cell surface.”> The anchored
heparan sulfate may release R8 and its cargo during the
endocytosis transport.”* Furthermore, Khalil et al. have
reported that the density of R8 on the liposomes determines
the uptake mechanism and that this is directly linked to
intracellular trafficking, showing that a low RS8 density lip-
osomes were taken up mainly through -clathrin-mediated
endocytosis, whereas a high R8 density ones were taken up
mainly through macropinocytosis.” The enhanced secretion for
the R8-SPG complex may be caused by a combination of all
the endocytosis pathways.

The same method can be used to carry AS ODNs,62-6476.77

Several SPG/AS ODNs complexes were prepared and then
used for an antisense assay, in which phosphorotioate AS ODN
was administered to melanoma A375 or leukemia HL-60 cell
lines. The R8-SPG or RGD-SPG induced the strong antisense
effect (Figure 12), due to the enhancement of endocytosis by
the functional peptide-appendages. It should be emphasized
that the tendency observed in the antisense assay is clearly
consistent with that observed in the above mentioned CpG
assays. These results support the view that the SPG derivatives
having the cell binding appendages are potential ODNs-carriers
not only protecting the therapeutic ODNs from nonselective
protein absorption and enzymatic degradation but also enhanc-
ing the cellular uptake efficiency.

CpG ODN DELIVERY INTO APCs BY MEDIATING
THE B-1,3-GLUCAN RECEPTOR; DECTIN-1

Dectin-1 possesses a typical C-type lectin-like carbohydrate
recognition domein (CRD) and immunoreceptor tyrosine-based

©2009 The Society of Polymer Science, Japan

Polymer Journal, Vol. 41, No. 5, pp. 343-353, 2009



Application of Polysaccharide/Polynucleotide Complex to DNA Delivery System

25 =

B v
TLRO (-/-)

[0
o
|

IL-12 (ng/ml)
5 o
| |

0.5
0—l
0.8
E 0.6
S~
h
g
3 0.4
Z
[
(==
0.2
S R R B x
S 2 2 ] = @) x %6
S = = ¥ = = 5 A
[5) 1S 15 %) s} 17 ; —
= o) O + v + 2
o X o 8 )
« 2 N ; sl
~ S 2 A
< X - )
= < 5 =
3 = <
~ =
Figure 13. Difference of the cytokine secretions between K-type and D-type

DNA with unmodified SPG. FIt3 ligand (FIt3L)-induced BMDCs
(1 x 10° cells/well) were generated by culturing bone marrow
cells with Flt3-ligand (100ng/ml) for 8-9d. The cells were
stimulated with CpG DNAs (30ug/ml), R-848 (1uM) or LPS
(1ug/ml) for 24h and the supernatants were collected for
cytokine ELISA. WT and TLR9 (-/-) denote BMDCs obtained
from wild type and TLR-9 knockout mice, respectively. Data
represents the average + SD (n = 4), *p < 0.01.

activation motif (ITEM) in the cytoplasmic domain.”® The
cDNA sequence for dectin-1 indicates six cysteine residues
consisting of CRD and its CRD is responsible for recognizing
B-1,3-glucan moiety. The murine dectin-1 has 2 isoforms (A
and B), both of which possess a CRD for binding g-glucans.”
According to Gordon’s recent work, once B-1,3-glucans are
captured by dectin-1B, it seems that it is eventually ingested
into the cells.”® This fact suggests that the native-SPG/ODN
complex can be used as a targeting delivery vehicle.

One distinctive difference between K- and D-type structures
is in the immunological response for Flt3L-induced bone
marrow-derived dendritic cells (BMDCs) which can be
determined by whether the secretion of IFN-« is induced.
The resultant BMDCs contain CD11ct/B220% and CD11c*/
B220~ cells.®’ K-type leads both cells to secret IL-12; in
contrast, D-type leads IFN-a secretion from CDI11ct/B220™
and to IL-12 secretion from CD11c*/B220~. Therefore, when
K-type is administered to the Flt3L-induced BMDCs, only IL-
12 should be observed and the secretion level of IL-12 should
be higher than that of D-type. In contrast, both IL-12 and IFN-«
should be secreted from the D-type administration. The upper
panel of Figure 13 shows the IL-12 secretion comparing
(dA)40-K3 and (dA)4-D35, when the wild-type and TLR-9-
knockout (TLR9/") BMDCs were used. The IL-12 secretion

IL-12 (ng/ml)

10 15 20 25
Hours after injection

Time course of IL-12p40 secretion in vivo, when C57/BL6 mice
were injected intraperitoneally with 50pg CpG DNAs or the
complex per mouse. Serum was collected on hours. The amount
of IL-12p40 in serum was determined by ELISA. Results
represent the average + SD of three mice per group. *p < 0.05
when compared with naked DNAs at each time. Naked (dA)4-K3
and its SPG complex are indicated with unfilled and filled
squares, respectively. Naked (dA)4-D35 and its complex are
indicated with unfilled and filled circles, respectively. PBS alone
and SPG alone are indicated with open triangles and filled
triangles, respectively.

Figure 14.

remarkably increased when (dA)4-K3 was complexed. The
increment due to the complexation was also observed for the
case of (dA)4-D35; however, the amount of the secretion was
much smaller than those of (dA)s-K3. These features are
consistent with the difference between K- and D-type struc-
tures. The control experiment use with TLR9”- BMDCs did not
secret IL-12 at all for both (dA)49-K3 and (dA)4p-D35 systems,
while it showed a large amount of IL-12 for R848 and LPS
doses, which are recognized by TRL7 and TRL4, respective-
ly.3! These results indicate that the IL-12 production by
treatment of the complex of both (dA)4-K3 and (dA)4p-D35
can be ascribed to the signal induced by TLRY. The lower
panel shows the IFN-« secretions. The K-type structure did not
show any secretion; in contrast, D-type clearly showed the
secretion and complexation increased the secretion levels. The
present IFN-« assay clarifies the advantage of using the SPG
complex for the CpG ODN delivery.

Figure 14 shows IL-12 secretion of unmodified SPG/CpG
DNA complex in vivo.®” TL-12 secretion was hardly observed
by injection of unmodified SPG and naked CpG DNAs. On the
other hand, injection of the complexes clearly exhibited 2-9
fold increase in IL-12 productions compared with those of
naked doses. Maximum secretions appeared at 2—4h. These
enhancements can be ascribed to the stabilization due to the
complex. Moreover, the complex with (dA)4y-K3 produced a
large amount of IL-12 than that with (dA)49-D35.

CONCLUSIONS

In this review, we have demonstrated that g-1,3-glucans
have a novel feature to complex with polynucleotides,
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distinguishing from other polysaccharides. The resultant com-
plexes have well-defined helical superstructures composed of
two polysaccharide-strands and one polynucleotide-strand.
This unique property of $-1,3-glucans has made it possible to
utilize these polysaccharide as oligo-DNA carriers. Especially,
it was possible to deliver the polynucleotides into the APCs
selectively without using modified SPG because of the
presence of pB-1,3-receptor, dectin-1, on these cells. These
findings indicate that B-1,3-glucans are very attractive and
useful materials in biotechnology.
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