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Abstract—Schizophyllan having folate-appendages was synthesized from native schizophyllan through NalO4-oxidation and the
subsequent reductive amination in aqueous ammonia followed by amido-coupling with folic acid. The resulting folate-appended
schizophyllan can form stable complex with poly(dA), show specific affinity toward folate binding protein, and mediate effective

antisense activity in cancer cells.
© 2004 Elsevier Ltd. All rights reserved.

Effective, safe, and low cost delivery systems are essen-
tial to establish practical antisense therapy.' At the very
early stage of investigation, viral vectors were thought to
be promising,? however, little viral vector has been used
in practical therapy so far because of their inherent dan-
ger including its strong immunogeneity and possible
mutation. Increasing research efforts have been, there-
fore, placed on developing artificial carriers (liposomes,>
linear polymers,* dendrimers,® etc.) which mostly utilize
their inherent polycationic nature for complexation with
polyanionic antisense. However, since polycationic nat-
ure itself induces strong cytotoxicity, no artificial carrier
so far reported satisfies all the requisites for practical
delivery systems.

Schizophyllan (SPG), B-1,3-glucan having B-1,6-gluco-
side-appendages at every three repeating units, has been
received great interest because of its reversible coiled-he-
lix transition.® As illustrated in Figure 1, SPG has homo
triple-helix structure (z-SPG) in water whereas it is disso-
ciated into random coiled single strands (s-SPG) in
dimethylsulfoxide (DMSO). Recently, we found that
when s-SPG in DMSO is mixed with certain homo poly-
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Figure 1. Helix-coil transition of schizophyllan (SPG) and formation
of SPG/polynucleotides macromolecular complexes.

nucleotides in water, unique hetero triple-stranded
macromolecular complexes consisting of two SPG
strands and one polynucleotide strand are formed.” This
phenomenon is of quite interest, since such SPG/polynu-
cleotide complexes are formed not through the conven-
tional polyelectrostatic interactions but through novel
‘shape-fitting’ interactions between helical SPG and hel-
ical polynucleotides. Since no cationic nature is required
for the complex formation, SPG should be a potent can-
didate to overcome the aforementioned conventional
dilemma.

In the series of our intense research, we found various
advantages of SPG as antisense carriers, that is, (1)
excellent thermal stability of the complex under the
physiological conditions,® (2) long blood circulation
time of the complex owing to the lack of B-1,3-glucanase
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in the mammals,’ (3) protection of the complexed poly-
nucleotides against degradation by DNases,'® and (4)
quick release of the complexed polynucleotides to
hybridize with target RNA.!!

Our next step is to develop cancer-targeted antisense
carriers, by which the complexed antisense oligonucleo-
tides (AS-ODNSs) are delivered specifically into cancer
cells. Such specificity is quite important to establish
practical cancer therapy, since it can increase effective
antisense concentrations in the cancer cells and decrease
required doses of antisenses to reduce total costs. Fur-
thermore, such cancer-specificity can also minimize
unfavorable uptake of antisenses by nontarget cells to
reduce burdens on the patient’s body. The most poten-
tial strategy to develop such delivery systems includes
conjugations of SPG with cancer-specific ligands, such
as folate.!>!3 Since cancer cells over express folate bind-
ing proteins (FBP) on its cell surfaces to uptake folic
acid and the other folate-related molecules, SPG carry-
ing folate-appendages (SPG-FA, Chart 1) should be a
potent candidate for cancer-targeted antisense carriers.

SPG-FA was synthesized from native SPG
(M,, = 150kDa) that was first converted to aldehyde
functionalized SPG through 1,2-diol-selective oxidation
by treatment with aqueous NalO,.'* B-1,6-Glucoside-
appendages were selectively modified in this oxidation
step whereas SPG mainchain having no 1,2-diol remains
intact. This appendage-selective oxidation is quite essen-
tial to develop various SPG-based antisense carriers hav-
ing cell-targeting potency, since structural and
conformational perturbation on the mainchain should
destabilize the resulting carrier/AS-ODNs complexes.
The subsequent reductive amination using aqueous
ammonia and NaBH;CN afforded amino functionalized
SPG, which was finally coupled with folic acid in the pres-
ence of DCC and Et;N to afford SPG-FA. The weight-
averaged molecular weight (M) was estimated to be
90kDa, that is slightly decreased in comparison to that
of native SPG. The conversion (z in Chart 1) was esti-
mated to be 0.09 based on absorbance at 283 nm which
is characteristic for the folate-appendages.'> We assumed
that less hindered terminal-carboxylates should be pref-
erentially used for the coupling, although we have no
structural evidence to support our assumption.
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Chart 1. Structure of schizophyllan-based antisense carrier (SPG-FA)
presenting folate-appendages as targeting signals for cancer cells.

The macromolecular complexes composed of SPG-FA
and polynucleotides can be easy prepared by mixing
SPG-FA in DMSO with polynucleotides aqueous solu-
tion.'® Formation of the macromolecular complexes
was confirmed by circular dichroic (CD) spectra. As
shown in Figure 2a, SPG-FA/poly(dA) complex shows
a CD spectrum, in which a predominant negative peak
(250nm) observed for free poly(dA) is suppressed and
new negative (265nm) and positive (282nm) peaks ap-
pear. This CD spectral change is similar to that of
SPG/poly(dA) complex, indicating the formation of a
hetero triple-stranded macromolecular complex consist-
ing of two SPG-FA strands and one poly(dA) strand.

One apparent difference between the CD spectra of
SPG-FA/poly(dA) complex and SPG/poly(dA) complex
is a strongly enhanced positive CD signal of the former
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Figure 2. CD spectra of SPG-FA/poly(dA) complex, SPG/poly(dA)
complex, and free poly(dA) at (a) 5 and (b) 75°C and (c) temperature-
dependence of their CD intensities (250nm): d=0.5cm,
[SPGs] = 0.43mg/mL, [poly(dA)]=0.083mg/mL, 0.83mM Tris—HCl
buffer (pH8.0) containing 8.3% v/v DMSO.
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at around 280nm which should arise from the folate-
appendages. This assumption was supported by a posi-
tive CD signal of SPG-FA/poly(dA) complex at 75°C
(Fig. 2b), at which SPG-FA/poly(dA) complex is disso-
ciated into the individual strands. Since (1) no or negli-
gibly weak CD signal was observed at this wavelength
for the liberated (or free) poly(dA) and (2) folate-
appendages have a significant adsorption band at this
region (1. = 283 nm), this spectral data clearly indicate
that the folate-appendages attached onto chiral polysac-
charide are origins of this enhanced positive CD signal.

We measured the CD spectra at various temperatures
(5-80°C) to assess thermal stabilities of the complexes.
The CD spectra of SPG-FA/poly(dA) complex are inde-
pendent of the temperature up to 40°C, which are sud-
denly changed with increasing temperature at around
50°C into the CD spectra attributable to free poly(dA).
This CD spectral change proves that the complex is dis-
sociated cooperatively at this temperature. SPG-FA/
poly(dA) complex showed the melting temperature
(Ty) at around 50°C (Fig. 2¢), which is lower than that
(63°C) of SPG/poly(dA) complex but still sufficiently
higher than the physiological temperature.

Specific FBP-affinity of SPG-FA/poly(dA) complex was
evaluated by using surface plasmon resonance (SPR) as-
say using Au-surfaces immobilized with FBP from bo-
vine milk. Before the binding assays, commercially
available sensor chips whose Au-surfaces are immobi-
lized with carboxymethyldextran (Biacore, sensor chip
CM5) were first treated with EDC/NHS in water to acti-
vate the carboxyl groups. FBP was then immobilized by
coupling their amino groups with activated carboxyl
groups on the resultant sensor chips. The residual acti-
vated carboxyl groups were finally deactivated by treat-
ment with aqueous 2-aminoethanol to yield sensor chips
having a FBP-immobilized Au-surface.

An injection of SPG-FA/poly(dA) complex induces a ra-
pid increase in the resonance unit, indicating a binding
of this complex onto the FBP-immobilized Au-surface
(Fig. 3). On the other hand, such an increment is ob-
served neither for SPG/poly(dA) complex nor for free
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Figure 3. SPR sensorgrams obtained by (plane line) SPG-FA/poly(dA)
complex, (dotted line) SPG/poly(dA) complex, and (thin line) free
poly(dA): FBP-immobilized Au-surface, 25°C, 80 mM Tris—HCI buffer
(pH8.0), 25°C, Flow rate = 20uLmin~", [poly(dA)] = 0.54mgmL~",
[SPG-FA] or [SPG] = 2.7mgmL ",

poly(dA). We also confirmed that SPG-FA/poly(dA)
complex has no affinity toward other proteins, such as
bovine serum albumin (BSA). These data clearly demon-
strate that the folate-appendages of SPG-FA/poly(dA)
complex act as effective ligands to mediate the specific
binding between SPG-FA/poly(dA) complex and FBP.
One can expect therefore that SPG-FA/polynucleotide
complexes can specifically bind onto over expressed
FBP on the surfaces of cancer cells.

The association (k,) and dissociation rate constants (kq)
of the specific binding were estimated to be
823+ 132M s and 9.92+1.95%x 107 3s™!, respec-
tively, through computational curve fitting on the asso-
ciation and dissociation phases. The affinity constant
(K, = kalkq) could be, therefore, estimated to be
4.63 £0.52x 10*M~". It should be noted that we de-
fined the concentration of SPG-FA/poly(dA) complex
based on its nucleotide units. Since a folate/nucleotide
ratio in the complex can be estimated to be 0.12 based
on the conversion () and the stoichiometry of SPG-
FA versus poly(dA) in the complex, the K, value can
be converted to 3.9+ 0.4x10°M ™" based on the fo-
late-appendages. This K, value is comparable to that
(K,=33x10°M™") reported in the literature for a
binding between monomeric folic acid and FBP under
the neutral condition,'” although the FBP-affinity of fo-
late is intricate and various K, values (~10'M ') have
been also reported depending on experimental condi-
tions (pH, [FBP], etc.).'®

Antisense delivery mediated by SPG-FA was evaluated
using KB human epithelial cells (KB cells) and SPG-
FA/AS-ODN complex. In this assay, we used a comple-
mentary ODN (5'-GTGCCGGGGTCTTCGGGC-3')
that is well-known to bind to c-myb mRNA and to lead
depression of c¢-myb and suppression of cell growth.
Since our previous work revealed that SPG does not
form the macromolecular complexes with short and het-
ero-ODNs, we used phosphorothioate-type ODN hav-
ing (dA)g-tag (5-GTGCCGGGGTCTTCGGGC-
(A)s0-3', AS-c-myb)."?

KB cells were cultured for three days in folate-free MEM
containing SPG-FA/AS-c-myb complex, SPG/AS-c-myb
complex, or free AS-c-myb, and then the cell-numbers
were counted by using Cell Counting Kit-8 (Dojin). As
shown in Figure 4a, SPG-FA/AS-c-myb complex sup-
presses the cell growth much more effectively than
SPG/AS-c-myb complex as well as free AS-c-myb. SPG/
AS-c-myb complex also shows the enhanced antisense
efficiency in comparison to free AS-c-myb, suggesting
that the complexed AS-c-myb is protected against enzy-
matic degradations by DNases and/or nonspecific associ-
ations with serum proteins. Together with this data, large
increment of the antisense activity observed for SPG-FA/
AS-c-myb complex is clearly ascribed to a synergistic ef-
fect of (1) protection of the complexed AS-c-myb and (2)
enhanced cell affinity arising from the folate-appendages.
The latter effect can be easily confirmed from Figure 4b
and ¢, in which the antisense activity of SPG-FA/AS-c-
myb complex is suppressed with increasing concentration
of folic acid in the media. On the contrary, no such effect
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Figure 4. Relative cell growth (%) of KB cells after three days
incubation with (black bars) SPG-FA/AS-c-myb complex, (gray bars)
SPG/AS-c-myb complex, and (open bars) free AS-c-myb: MEM
containing (a) 0, (b) 10, or (c) 50;1gmL’1 of folic acid, [SPG-FA/
AS-c-myb], [SPG/AS-c-myb], and [AS-c-myb] = 50pgmL~" (nucleo-
tide-fraction).

of co-existing folic acid was observed for SPG/AS-c-myb
complex or free AS-c-myb. It should be noted that SPG-
FA/AS-c-myb complex shows a substantial antisense ef-
fect even in MEM containing 10pugmL ™" (ca. 20 uM,
Fig. 4b) of folic acid. The FBP-affinity of SPG-FA/AS-
c-myb is, therefore, expected in human body, in which
the blood concentration of folate is only ca. 0.01 uM.?°

We also carried out referential experiments using the
corresponding scrambled sequence (SC-c-myb). As ex-
pected, SPG-FA/SC-c-myb complex as well as free SC-
¢-myb showed no or negligibly weak antisense activity
(96.1 £9.8 and 98.3 £ 6.2 %, respectively), clearly prov-
ing that suppression of the cell growth observed for
SPG-FA/AS-c-myb complex can be ascribed not to the
cytotoxicity of SPG-FA but to the antisense activity of
AS-c-myb. It should be emphasized here that the non-
cytotoxicity of SPG-FA arises from its neutral nature
that is one of the most attractive advantages of SPG-
based antisense carriers over the conventional polycati-
onic ones.

In conclusion, SPG-FA forms stable complex with
poly(dA) and the resultant macromolecular complex
shows the specific FBP-affinity. SPG-FA is also applica-
ble to the complexation with an antisense carrying a
poly(dA)-tail to enhance its antisense activity in KB
cells. Along with many advantages of SPG as an anti-
sense carrier, SPG-FA should be useful as a non-cyto-
toxic and cancer-targeting antisense carriers.
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