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Development of systemically injectable siRNA delivery systems by fine-tuning of
block copolymers
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siRNA is expected to be used for the treatment of various diseases due to its
capability to efficiently knockdown the target mRNA in a sequence-specific manner. However, the
development of useful vehicles for siRNA is a critical issue. We have recently found that polygethylene
glycol)-polycations block copolymers can form small-sized polyion complexes with single molecule SiIRNA,
and in this study, we have studied the utility of small-sized polyion complexes named “ PIC
nanocarriers” as siRNA delivery systems. The optimized PIC nanocarriers exhibited prolonged circulation

and enhanced tumor accumulation after the systemic administration. We have demonstrated the usefulness of
PIC nanocarriers for the treatment of solid tumors and kidney diseases.

SiRNA  DDS (PEG) (L- )(PLL)




siRNA(small interfering RNA: 30
RNA) mRNA

SIRNA
SIRNA

SIRNA

SIRNA
(J. Pharm. Sci. 101,
4046-4066 (2012))

SIRNA
SIRNA
(PEG) poly(L-lysine)(PLL)
SIRNA
(PIC)
PIC
SIRNA
PIC
SIRNA
PIC
PIC
PEG-PLL  siRNA
PEG-PLL
PIC
« )
SIRNA
(1) PIC
PEG PLL PEG-PLL
PEG-NH, Lys(Z2) N-
(NCA)
PEG PEGasus-PLL
PEG-PLL  SIRNA

(FCS)

(2 PIC
PEG-PLL PIC
SiRNA
PIC
@3) PIC
Cy5-SiRNA PEG-PLL
PIC PIC
10
SiRNA
0S-RC2
PIC 4
(4) siVEGF siPlk-1 PIC
(VEGF)

Polo-like kinase 1(Plk-1)

SIRNA  PEGasus-PLL(21kx 2-20)
PIC
0S-RC2
1,4,7 25ug
SIRNA )
(5) PIC
(DOCA)
(TH) SIRNA PIC
(siRNA:10mmol) 2
6
TH
(1) PIC
PEG PLL PEG-PLL
PEG(PEGasus) PEGasus-PLL
SIRNA
(FCS)
40
SIRNA
PEG-PLL PEGasus-PLL
( D PLL
20 40 80
1 SiRNA 2 PEG-PLL 1
SIRNA 1 PEG-PLL 2
SIRNA 1 PEG-PLL PIC



5.7nm
—

- = S AWW B~

siRNA PEG-PLys40 a=whPIC
(B —40) (1)
> l:> ~STUmmeoy=e
PEG-PLys20 a=wyhPIC
(2:1)
PEGasus-PLys20 ? N
a=wyhPIC
:1)
1. PIC
(2) PIC
PEG PLL
PEG-PLL SIRNA
( )
PEG ( 42,000) PLL
(20 )siRNA
( 2A) PIC
PEG
PEG
PIC (
2(B))
PLL PEG
PIC
(A)
2
l\
= 15 -
$31
PEE
uﬁ'
o~

A3 4]

=
e

0.08

0.075

0.07

0.065

BT DA ug)

0.06

0.055

0.05

0 20 a0 60 80 100

2A=wPICHOPEGH E &5y 5 [%)]
. PIC

R

N

@3) PIC

PEG-PLL

PEG(PEGasus) PEGasus-PLL

(Cy5) SIRNA PIC
10
Cy5-siRNA
(%dose) PLL
20 PEG(PEGasus) (10kx 2
21kx 2) Cy5-siRNA
C 3

10x2

Q
- 21x2
3. PIC 10
Cy5-siRNA
PEG-PLL(12k-21 21k-21)
PEGasus-PLL(10kx 2-21 21kx 2-20)
PIC
4
(0S-RC2) Cy5-SiRNA
') PEG
PEG
60

24 pg Cy5-siRMNAJinjection
4 hr after i.v. injection
50

40
30

20

" L

12-21 21-21

10x2-21 21%2-20

& Fluorescence Intensity of Cy5-siRNA (x107)

(0S-RC2)
Cy5 SIRNA

(4) siVEGF siPlk-1 PIC

VEGF PIk-1 SIRNA
PEGasus-PLL(21kx 2-20)

PIC
0S-RC2
SIVEGF

siPlk-1 PIC

(P<0.05)(  5)



-]

w A e N

Survival Number

N
—

| PIC (siVEGF&siPLK1)

PIC (siScramble)

-

NS

10 20 30 40 50 60 70
Days

o
o

5. 0S-RC2
PIC
(5) PIC

(TH)  siRNA  PIC

TH ( 6)
7) scramble
SiRNA
PIC TH
SiRNA
TH/Actb mRNA  P<0.001 P=0.016
f 1 P=0.006 '
| ——
4
2
. N
Control Scrambled TH
siRNA siRNA
6. TH
(RT-PCR)
(mg/gCre) RES WT)L?E’
_ (mg/gCre)
P<0.001 P=0.0129 P<0.001 P=0.0017
60- P=0.0100 P=0.0153
304
201
30-
101 '
04 1 0 — T T 1
Control Scrambled  TH Control Scrambled  TH
siRNA siRNA siRNA siRNA
7. TH siRNA
1 SiRNA
PIC

17
H. -J. Kim, H. Takemoto, Y. Yi, M.
Zheng, Y. Maeda, H. Chaya, K. Hayashi,
P. Mi, F. Pittella, R. J. Christie, K.
Toh, Y. Matsumoto, N. Nishiyama, K.
Miyata, K. Kataoka, Precise
engineering of SiRNA  delivery
vehicles to tumors using polyion
complexes and gold nanoparticles. ACS
Nano 8 (9) 8979-8991 (2014)
DOI: 10.1021/nn502125h
Y. Oe, R. J. Christie, M. Naito, S. A.
Low, S. Fukushima, K. Toh, Y. Miura,
Y. Matsumoto, N. Nishiyama, K. Miyata,
K. Kataoka, Actively-targeted
polyion complex micelles stabilized
by cholesterol and disulfide
cross-linking for systemic delivery
of sSiRNA  to solid  tumors.
Biomaterials 35(27) 7887-7895 (2014)

DOl: 10.1016/j.biomaterials.2014.05.
041

Y. Maeda, F. Pittella, T. Nomoto, H.
Takemoto, N. Nishiyama, K. Miyata, K.
Kataoka, Fine-tuning of
charge-conversion polymer structure
for efficient endosomal escape of
siRNA-loaded  calcium  phosphate
hybrid micelles. Macromol. Rapid
Commun. 35 (13) 1211-1215 (2014)

DOI: 10.1002/marc.201400049

H. -J. Kim, K. Miyata, T. Nomoto, M.
Zheng, A. Kim, X. Liu, H. Cabral, R.
J. Christie, N. Nishiyama, K. Kataoka,
SiRNA  delivery  from  triblock
copolymer micelles with
spatially-ordered compartments of
PEG shell, siRNA-loaded intermediate
layer, and hydrophobic  core.
Biomaterials 35 (15) 4548-4556 (2014)

DOI:10.1016/j -biomaterials.2014.02.

016

T. Nomoto, S. Fukushima, M. Kumagai,

K. Machitani, Arnida, Y. Matsumoto, M.
Oba, K. Miyata, K. Osada, N. Nishiyama,
K. Kataoka, Three-layered polyplex
micelle as a multifunctional

nanocarrier platform for
light-induced systemic gene transfer.
Nature Commun. 5 3545 (2014)

DOI: 10.1038/ncomms4545

H. -J. Kim, K. Miyata, T. Nomoto, M.

Zheng, A. Kim, X. Liu, H. Cabral, R.



J. Christie, N. Nishiyama, K. Kataoka,
SiRNA  delivery  from  triblock
copolymer micelles with
spatially-ordered compartments of
PEG shell, siRNA-loaded intermediate
layer, and hydrophobic  core.
Biomaterials 35 (15) 4548-4556 (2014)

DOI:10.1016/j -biomaterials.2014.02.
016

F. Pittella, H. Cabral, Y. Maeda, P.
Mi, S. Watanabe, H. Takemoto, H. -J.
Kim, N. Nishiyama, K. Miyata, K.
Kataoka, Systemic siRNA delivery to a
spontaneous pancreatic tumor model in
transgenic mice by PEGylated calcium
phosphate hybrid micelles. J. Control.
Release 178 18-24 (2014)

DOI: 10.1016/j-jconrel.2014.01.008
H. -J. Kim, T. Ishii, M. Zheng, S.
Watanabe, K. Toh, Y. Matsumoto, N.
Nishiyama, K. Miyata, K. Kataoka,
Multifunctional polyion complex
micelle featuring enhanced stability,
targetability, and endosome
escapability for systemic SiRNA
delivery to subcutaneous model of
lung cancer. Drug Deliv. Transl. Res.
4 (1) 50-60 (2014)

DOI: 10.1007/s13346-013-0175-6

H. Takemoto, K. Miyata, S. Hattori, T.
Ishii, T. Suma, S. Uchida, N.
Nishiyama, K. Kataoka, Acidic
pH-responsive siRNA conjugate for
reversible carrier stability and
accelerated endosomal escape with
reduced IFN a -associated immune
response. Angew. Chem. Int. Ed. 52
(24) 6218-6221 (2013)

DOI: 10.1002/anie.201300178

T. Suma, K. Miyata, Y. Anraku, S.
Watanabe, R. J. Christie, H. Takemoto,
M. Shioyama, N. Gouda, T. Ishii, N.
Nishiyama, K. Kataoka,  Smart
multilayered assembly for
biocompatible SiRNA delivery
featuring dissolvable silica,
endosome-disrupting polycation, and
detachable PEG. ACS Nano 6 (8)
6693-6705 (2012)

DOI: 10.1021/nn301164a

F. Pittella, K. Miyata, Y. Maeda, T.
Suma, S. Watanabe, Q. Chen, R. J.
Christie, K. Osada, N. Nishiyama, K.
Kataoka*, Pancreatic cancer therapy
by systemic administration of VEGF
SIRNA contained in calcium
phosphate/charge-conversional
polymer hybrid nanoparticles. J.
Control. Release 161 (3) 868-874

(2012)

DOl: 10.1016/j-jconrel.2012.05.005
H. Takemoto, K. Miyata, T. Ishii, S.
Hattori, S. Osawa, N. Nishiyama, K.
Kataoka, Accelerated polymer-polymer
click conjugation by freeze-thaw
treatment. Bioconjugate. Chem. 23 (8)
1503-1506 (2012)

DOI: 10.1021/bc300182y

R. J. Christie, Y. Matsumoto, K.
Miyata, T. Nomoto, S. Fukushima, K.
Osada, J. Halnaut, F. Pittella, H. -J.
Kim, N. Nishiyama, K. Kataoka,
Targeted polymeric micelles for siRNA
treatment of experimental cancer by
intravenous injection. ACS Nano 6 (6)
5174-5189 (2012)

DOI: 10.1021/nn300942b

T. Suma, K. Miyata, T. Ishii, S.
Uchida, H. Uchida, K. Itaka, N.
Nishiyama, K. Kataoka, Enhanced
stability and gene silencing ability
of siRNA-loaded polyion complexes
formulated from polyaspartamide
derivatives with a repetitive array
of amino groups in the side chain.
Biomaterials 33 (9) 2770-2779 (2012)

DOI:10.1016/j -biomaterials.2011.12.
022

27
12 ,
) 2014 7 16
( )
, 10
\ 2014
6 20 ( )

N. Nishiyama, Development of
supramolecular  nanocarriers  for
cancer diagnosis and therapy,
Emerging Biomaterials 2014 (23 May),
KAIST Institute, Daejeon, Korea, May
23, 2014 ( )

DDS ,
23 2013 10 10
-11 , ,
2013 10 10 ( )
N. Nishiyama, Development of
polymeric micellar nanocarriers for
cancer diagnosis and therapy , The 4%
Asian Biomaterials Congress (26-29
June), The Hong Kong University of
Science and Technology, Kowloon, Hong
Kong, June 29, 2013 ( )




, 29
DDS 2013 7
4-5 s 3

\ 2013 7 5 (

)
2012-102841
(PCT/JP2013/062531)

2012 4 27
PCT

http://www_bmw.res.titech.ac.jp

o
NISHIYAMA, Nobuhiro

®
MIYATA, Kanjiro

®



