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Gene delivery systems

® Viral vectors

adeno-associated virus, lentivirus, retrovirus,
adenovirus, etc.

® Non-viral vectors

liposome, cationic lipid, cationic polymer,
polymer micelle, etc.

® Physical methods

hydrodynamic method, electroporation,
ultrasonic levitation, etc.



Gene delivery using chitosan
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plasmid DNA chitosan

(pDNA) /L
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MW = 40k ~ 50k
Deacetylated degree ca. 80%

Natural cationic polysaccharide

® o
pDNA/chitosan
complex Cell

Advantages

* High transgene expression
In the presence of serum

* Low cytotoxicity
Disadvantages
- Aggregation
* No cell specificity
* Low transgene expression /n vivo

Biomaterials, 22, 2075-2080 (2001), Biochim. Biophys. Acta, 1514, 51-64 (2001)

Biomaterials, 23, 4573-4579 (2002)



Gene delivery using chitosan
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pPDNA; normalized to 100, Biochim. Biophys. Acta, 1514, 51-64 (2001)



Gene delivery using chitosan
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Co-localization

Transfection time in the nucleus

Texas-Red-
Chitosan

Biochim. Biophys. Acta, 1514, 51-64 (2001)



Mechanism of cell transfection using
PDNA/chitosan complex

/ 3) Nuclear Import
1) Cell Uptake * Accumulation into Nucleus

= Adsorption to cell surface
* Endocytosis
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Complex 2) Release from Endosome

" Buffering effect




pDNA/chitosan/chondroitin sulfate ternary complex

Improvement of pDNA/chitosan complex
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pDNA chitosan chondroitin sulfate pDNA/chitosan/CS

(CS) ternary complex
f A A
_ oR _
COO CH,0R
~ (@) 9
o)
mo O
OR /N\H
| R=HorSO;5 O CHs |n
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Biomaterials, 33, 7251-7260 (2012), J. Gene Med., 15, 83-92 (2013).



Particle size and zeta-potential of ternary complexes

cS Mw Degree of Digmeter Zeta-potential

(X 103) (pSerijiIsE?cEIa(r)idr:) (nm) (mV)
pLuc/
chitosan - . - 187 12 +18 = 1
P:N=1:5

CS-10 10 1.02 1039 +9 -39 £+ 3

CS-14A 14 1.21 296 £ 37 -40 = 3

pLuc/chitosan CS-14B 14 0.96 873 £18 -39 %2
P:N:(-/)Sis:le CS-15 15 1.06 269 £ 3 -40 £ 2
CS-22 22 1.20 186 £ 8 -39 £+ 3

CS-40 40 1.08 172 £ 2 -39 £ 1

P:N:(-) = phosphate group(pDNA) : amino group (chitosan) : carboxy group and sulfate group (CS) n=3

Ternary complexes of CS-22 and CS-40 formed particles of about 180 nm.

Biomaterials, 33, 7251-7260 (2012)



AFM observation of ternary complexes

Ternary complexes of CS—14A, CS—22 and CS—40 formed uniform spherical particles.
Biomaterials, 33, 7251-7260 (2012)



Transgene expression activity and cellular uptake

/ N <7 \

: L YOYO-1-labelled
Luciferase  complex P SLuc complex ’ Flow
assay < 10% FBS, [pDNA] 3 ug/mL Cytometry
. J
Transgene expression activity Cellular uptake
(=)
CS-10
CS-14A
CS-14B
CS-15 |
CS-22
CS-40
60 40 20 0 n=3 0 30 60 90 120
10% RLU/mg protein Relative MFI

Enhanced transgene expression corresponds to increased cellular uptake.

Biomaterials, 33, 7251-7260 (2012)



Intracellular trafficking of pDNA/complexes
(COS7 cells)

macropinocytosis _
pDNA/chitosan PDNA/chitosan/CS-22

_ _cytochalasin D _ _
caveolae-mediated wortmannin clathrin-mediated
endocytosis 5 endocytosis

chlorpromazine

Escape from endosome
by buffering effect

bafilomycin, monensin

- Lysosomal localizatio
\ of pDNA/chitosan
®  Translocation
Nucleus ~ of compléx into




Expression activity of pLuc complexes after storage

pLuc/chitosan
/CS-22

(P:N:(-) = 1:5:106)

pLuc/chitosan
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> assay
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10° RLU/mg protein J. Gene Med., 15, 83-92 (2013).



Suicide gene therapy of tumor-bearing mice

Prodrug: intraperitoneal injection of GCV
1 1 1 (100 mg/kg x 5 days)

0 / 10 14 15 (day)

—————————— 1252
1 111 h

Intratumoral injection of pTK complexes

Subcutaneous
inoculation of Huh7 cells /\ [pTK] = 10 ug/100 pL x 3 days
(8 x 10 cells/head)
« pTK/chitosan/CS-22 @
P:N:(-) = 1:8:16

* pTK/chitosan
P:N=1:8

p TK: HSV-1 thymidine kinase gene




Suicide gene therapy of tumor-bearing mice
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O PBS
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Days after administration of Huh7 cells

J. Gene Med., 15, 83-92 (2013).



Histopathological analysis of tumor sections
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/n vivo B-galactosidase assay
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Enhanced invasiveness of the ternary complex in tumor tissue
J. Gene Med., 15, 83-92 (2013).



pDNA/chitosan/hyaluronic acid ternary complex

Improvement of pDNA/chitosan complex
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J. Controlled Rel., 112,382-388 (2006) J. Gene Med., 19, €2968 (2017)
Polymer J., 54, 603-613 (2022)



Characterization of ternary complexes

(O Agarose gel electophoresis

O Particle size and zeta-potential

HA MW P:N:C Diameter Zeta-potential
HA-400 400k 1:5:16 264 nm -41.6 mV
HA-600 600k 1:5:16 311 nm -41.3 mV
HA-700 700k 1:5:16 317 nm -44 .8 mV

HA-1300 1300k 1:5:16 336 nm -45.4 mV

P:N:C = phosphate group(pDNA) : amino group (chitosan) : carboxy group (HA)

(O Atomic force microscope

500 nm H 500 nm I 500 nm I 500 nm la

HA-400 HA-600 HA-700 HA-1300

J. Gene Med., 19, e2968 (2017)



Transgene expression activity using pDNA/chitosan/HA
ternary complexes (in vitro)

/ \ COS7 Bi6 [ Huh7

300
pLuc/chitosan/HA
complexes (1:5:16) 250 - T
} i
e e 200
150 -

COS7 cells, B16 cells,
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b

[pLuc] = 3 pg/mL

100 | (1 I
v B
Medium exchage 0 - , _
(-)

HA-400 HA-600 HA-1300

Relative RLU/mg protein

d24n
Luciferase assay “The expression activity was dependent on MW of HA.
\ / *Inhibition experiment suggested the involvement of CD44

(COS7 cells).
J. Gene Med., 19, e2968 (2017)



Suicide gene therapy of tumor-bearing mice

Prodrug: intraperitoneal injection of GCV
(100 mg/kg x 6 days)
r |

| I
10 30 45 18

——rT T
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' Sut_)cutaneous Intratumoral injection of ~ Euthanasia
inoculation of Huh7 cells TK complexes
(5 x 108 cells/head) P ?\

* pTK/chitosan/HA
P:N:C = 1:8:16

* pTK/chitosan
P:N=1:8

[pTK] = 10 pg/100 pL x 3 days




Suicide gene therapy of tumor-bearing mice

1800

¢ pTK/chitosan + GCV (n = 4-6)
—- Control (n = 4-6)
& Control + GCV (n = 4-6)

= Chitosan + HA + GCV (n = 4-6)
—# Naked pTK + GCV (n = 4-6)

1600
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b
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Days of administration (GCV) J. Gene Med., 19, e2968 (2017)



Histopathological analysis of tumor sections

— — Hematoxylin-eosin
stain

Immobilization,
preparation of sections
pTK/chitosan pTK/chitosan/HA-1300

(Fresh) Fresh Freeze-dry
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Tumor growth,
Necrosis in a small part

Complete tumor necrosis
J. Gene Med., 19, e2968 (2017)



Comparison of binary and ternary complexes

pDNA/chitosan pPDNA/chitosan/
PDNA HA(CS)

binary complex ternary complex

Stability X X O

Cell transfection activity X O O
Gene transfer into nucleus X O O
Cell specificity X X O
Storage — X O

Suiside gene therapy X X O

(In vivo)




Solid-phase reverse transfection (RTF)

® Forward transfection (FTF)

Addition of @
PDNA complex

L |
7 7 Evaluation of cell
Cell seed Transfection transfection

® Solid-phase reverse transfection (RTF)
J

® I
Cell seed O O w
s —> D090 = Evaluation of cell
Immobilization of Transfection transfection
PDNA complex
s N

- Useful for cell array development

 Gene carriers are limited and the gene expression

mechanism is not elucidated.
\_ y,

Polymer J., 54, 603-613 (2022)




Cell transfection activity of
pDNA/polysaccharide complexes in RTF

/ \ - FTF of pLuc/chitosan complex was normalized to 1.
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HA ternary complexes are suitable for RTF.

Polymer J., 54, 603-613 (2022)



Cell dependence of trangene expression in RTF

COS7
pLuc/chitosan/HA
RTF
pLuc/chitosan
Luc/chi
ETE pLuc/chitosan/HA
pLuc/chitosan 23

o 1 2 3 4
X 108 RLU/mg protein

Huh?7

pLuc/chitosan/HA
RTF
pLuc/chitosan

pLuc/chitosan/HA
pLuc/FhH>

FTF

n=3
0 2 4 6 8
X 102 RLU/mg protein

Gene expression of the HA ternary complex was enhanced in RTF.
Polymer J., 54, 603-613 (2022)



Intracellular delivery of
pLuc/chitosan/HA-840 compexes (Huh7)

Dose of Nuclear mRNA gene expression
pLuc complex import expression activity
copies/cell copies/cell RLU/mg protein

ies/cell copies/cel |

1.2x107/ 3.9x10°  6.0x10? 1.3 x103 5.2 x 10/

FTF s s s
3.3% 0.15%  2.1x102% 4.0 x 106%
12x107 5.8x105  1.5x10* 5.2 x 10* 2.0 x 10°
RTF N s _

MY
N
\

2.6% 52x10°% 3.8 x 10°%

N

4.8%

Huh7 cells "| RTFimproved HA enhansed RTF enhansed
| express CD44 77 nuclear import | transcription [ transgene 7
and RHAMM via microtubules efficiency expression

Polymer J., 54, 603-613 (2022)



Summary of pDNA/polysaccharide complexes

pDNA/chitosan/chondroitin sulfate ternary complex
- Cell uptake by macropinocytosis
- Storage stability by lyophilization

= Transgene expression and anti-tumor activity in vivo

pDNA/chitosan/hyaluronic acid ternary complex
- HA receptor-mediated endocytosis
* Nuclear import mediated by microtubule
- Storage stability by lyophilization
= Anti-tumor activity in vivo

= Improving transgene expression by solid-phase reverse transfection



