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第1章 序論 
 

インフルエンザウイルスのウイルス学的性状 
4

300

5 9

4

NP M1 5 A B C

A IAV

4 IAV 8 RNA 4

hemagglutinin HA neuraminidase NA matrix protein 

2 M2 HA NA 5 5 H19 H18

N19 N11 IAV

5 85 H1N1 H3N2 IAV

5  

IAV 4 5

IAV HA

1

5 HA IAV

M2 IAV

IAV 9 RNA vRNA

vRNA IAV RNA RNA RdRp

vRNA mRNA IAV

vRNA IAV IAV

IAV NA 9

IAV 6

 

 

抗インフルエンザ薬の現状 
IAV IAV 4 5

M2 4 IAV 4

IAV 9

IAV 5 IAV 100
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5 9 5 5 M2 5

NA IAV IAV 4 2001

5 	 5 NA 4

IAV

4 9 2008 5 IAV 90%

NA 4 1%

IAV 5 6 7 1

IAV 4 9 4  

IAV RdRp IAV vRNA

mRNA

5 5 8

9 5 5 2018 9

NA IAV IAV

5 + 5 IAV 85

6 0 IAV 5

4  

 

新規創薬標的分子としてのHA 
HA HA

9 1 4

3 2 HA

0

IAV 6 Epithelial growth factor 

receptor (EGFR) Ca 8 HA

IAV 9

5 	 9

0

HA1 HA2 	 HA2 N

85 HA

IAV HA 6 IAV

85 4

5 9 HA 76 HA

5 5  
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本研究の創薬アプローチならびに目的 
HA

HA 3
	

5 6

4  

8

0 5

5 HA 9 HA
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図 1. IAVの増殖サイクル 
IAV HA

HA

IAV

M2 IAV IAV RNA

5 RNA RNA

IAV mRNA IAV RNA

IAV IAV NA

9  
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図 2. HAの構造 
HA RBS HA1 Cyan

TMD HA2 Green, Magenta, Yellow 9 4

5 （左） 85

HA2 2 ,-helix Green, Yellow Magenta

（中央） 5

6 5,

-helix （右） IAV

Pymol 5 PDB 5 PDB: 1HTM 4WE4
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第2章 HAを標的とする新規抗 IAV薬の開発  
 
2-1 本章の概要 

3 Lys 4

9 HA

6 HA

4 HA 4 Leu194 Ala

L194A HA 5 HA

9 HA HA

 

7 384

5

9 HA

HA HA

HA HA 2

6 9 HA

85 5

5 4

HA  

 

2-2 実験方法 
2-2-1 実験試薬 

 細胞培養、IAV感染実験 
TNM-FH insect cell medium   Sigma-Aldrich  

Modified Eagle’s Medium MEM    Nacalai Tesque  

Fetal Bovine Serum FBS    biosera  

Penicillin/Streptomycin Solution   Nacalai Tesque  

MEM with HEPES     GIBCO  

35%   Wako  

200 mM L-Glutamine    GIBCO  

Dulbecco’s modified Phosphate Buffered Saline D-PBS  Nacalai Tesque  

2x MEM      GIBCO  
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DEAE-     Sigma-Aldrich  

1 M HEPES solution    GIBCO  

   Sigma-Aldrich  

Zanamivir      

Cell Counting Kit-8    Nacalai Tesque  

 バキュロウイルス発現系を用いた組換えHAの調製 
BacPAK    Clontech  

Tris      Wako  

NaCl     Wako  

Glycerol     Wako  

Imidazole     Wako  

Complete Protease Inhibitor Cocktail   Rosche  

Nonidet P-40 (NP-40)     Sigma-Aldrich  

Ni Sepharose High Performance   GE Healthcare Sciences  

NAP-5 desalting column    GE Healthcare Sciences  

BCA assay reagent    ThermoFischer Scientific  

 スクリーニング 
     Wako  

     GIBCO  

Iodogen     Pierce  

I    PerkinElmer  

    Wako  

 固相結合実験 
V   Wako  

Tween-20      (Sigma-Aldrich) 

His-tag clone 9C11   Wako  

HRP IgG    Cell Signaling Technology  

o-Phenylendiamine    Wako  

KH2PO4     Wako  

Citric acid monohydrate    Wako  

30% H2O2     Wako  

 AlphaScreen法 
AlphaScreen His-Detection kit   PerkinElmer  
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α2-3 Sialyllactose-PAA    Glycothech  

 BiaCore システムによる相互作用解析 
NTA     GE Healthcare Sciences  

Nickel solution     GE Healthcare Sciences  

 MALDI-TOF/MSによる質量分析 
Acetonitrile     Wako  

Trifluoric acetic acid     Wako  

2-2-2 細胞培養ならびに IAVの調製 
Sf21細胞の培養 Sf21 10% FBS 100 units/ml Penicillin

100 μg/ml Streptmycin TNM-FH 5

75 cm  5 Sf21

10 ml 15 ml 

75 cm  2 x 10  

cells/ml 10 ml 28ºC  

MDCK細胞の培養 IAV H1N1 A/Puerto Rico/8/34 (PR8 )

4 MDCK ATCC CTL-34 MDCK

10% FBS 100 units/ml Penicillin 100 μg/ml Streptmycin

MEM 5 75 cm  

5 MDCK 5 ml D-PBS 2.5 ml

-EDTA 37ºC CO2 20

9 -EDTA 8.5 ml

15 ml 4ºC, 180 g, 5

5 ml 0.25 ml

10 ml 5 75 cm  37ºC CO2

 

IAVの調製 IAV 2 x 10  cells MDCK 75 cm  

3 MDCK

5 ml D-PBS 2 0.001 MOI  (pfu) / 

6 IAV PR8 10 ml 1 μg/ml 

trypsin, 2 mM L-glutamine, 0.2% BSA, 100 units/ml Penicillin and 100 μg/ml Streptmycin in 

MEM with HEPES 7 72 4ºC, 

1000 g, 10 IAV -80 ºC
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IAVの力価測定 IAV

6 well MDCK 2 ml D-PBS

10 310 IAV

200 μl 37ºC CO2 1

2 ml D-PBS 2 2 ml 1 

μg/ml trypsin, 0.01% DEAE- , 0.2% BSA, 25 mM HEPES and 0.6% Agar in 1 

x MEM 15

37ºC CO2

40 40 2 ml 1%

well pfu

IAV pfu/ml  

2-2-3 バキュロウイルス発現系を用いた組換えHAの調製 
組換えバキュロウイルスの調製 5 7 HA H1N1 

A/Puerto Rico/8/34 Sf21 Clontech 5

HA L194A HA C His-tag

7 pBacPAK8 transfer vector pBacPAK6

DNA Sf21 72

4ºC, 1000 g, 10 P0 7

5 Sf21 0.7 x 10  

cells/10 ml 75 cm 2 1 ml 7

96 P1 5 6

7 P2  

HAの発現ならびに精製  0.7 x 10  cells/10 ml 75 cm

2 1 ml P2 48

15 ml 4ºC 1000 

g 5 5 ml PBS

4ºC, 1000 g, 5

1 ml Lysis buffer 1% NP-40 10 mM Tris-HCl pH 8.0 150 mM NaCl 10% Glycerol

Complete Protease Inhibitor

4ºC, 20,000 g, 5 Lysate

5 packed vol. 10 μl Ni beads 4ºC

Ni beads 1 500 mM NaCl, 20 mM Tris-HCl, 5 mM 
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imidazole, pH7.9 2 500 mM NaCl, 20 mM Tris-HCl, 60 mM 

imidazole, pH7.9 3 5 HA

500 mM NaCl, 20 mM Tris-HCl, 1 M imidazole, pH7.9

3 NAP-5

HA HA BCA  

2-2-4 多価型ペプチドライブラリー法によるスクリーニング 
250 μg HA 300 μg 200 

μl PBS 4ºC PBS

HA 5 HA

30% SpeedVac

5 N 9

5 Cys 19

19 6

5 HA 5 L194A HA 5

HA L194A HA 19 6

HA L194A HA 5

5 1  

2-2-5 IAVの細胞傷害活性を指標とする候補ペプチドの抗 IAV活性の解析 
Single-cycle infection 96 well 3 x 10  cells/well

3 MDCK MDCK

5 MDCK 30

10 MOI IAV PR8

5 24 D-PBS 2 5

Cell Counting Kit-8  

Multi-cycle infection  IAV

HA 4

Single-cycle infection 4 Multi-cycle infection

IAV 5 0.001 MOI

40 D-PBS 2 5

Cell Counting Kit-8  

2-2-6 多価型ペプチドアレイによるスクリーニング 
Intavis AG 5
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5% /PBS 1

PBS-T 3 5 5 Iodogen I

I-HA L194A 1 μg/ml

PBS-T 3 5

BAS-2500 GE Healthcare Sciences

HA 4 5 L194A HA

5

6 HA

5 HA L194A HA

HA L194A HA L194

5 4 HA

 × HA L194A HA

 

2-2-7 候補ペプチドのHA結合活性の解析 
PBS 10 μg/ml ELISA 96 well

well 4ºC 2% 

BSA/PBS 1 PBS-T 0.1% Tween-20

PBS 3 HA 2% BSA/PBS

well 1

1 His-tag 2 HRP

IgG 0.012% H2O2, 40 mM o-Phenylendiamine, 50 mM 

Na2HPO4 and 24 mM Citric acid 10

1 M Multiskan FC Thermo Fischer Scientifics

 

2-2-8 候補ペプチドのHA-受容体間相互作用に対する競合阻害活性の解析 
AlphaScreen assay buffer HA 10 μg/ml

16 nM 384 well

well HA 5 μl 30

5 μl 60

5 μl Ni-chelate Acceptor beads 20 μg/ml 5 μl

Streprtavidin Donor beads 20 μg/ml 1 EnVision

 

2-2-9 Biacore システムを用いたPVF-tet と HAの相互作用カイネティクス解析 
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T100 Biacore GE Healthcare sciences

5 μl/min Nickel solution 240 NTA

Ni 20μl/min 10 μg/ml ( HA )

60 20μl/min

PVF-tet PVF-monomer 180

HA 8

 

2-2-10 MALDI-TOFを用いたペプチドの質量分析 
1 μg/ml 85 0.1 μg PVF-tet4 5 (D)PVF-tet 37ºC

24 1 μl 5 μg/ml 

CHCA/0.1% TFA/ 50% acetonitrile 384 MALDI target

Autoflex II MALDI-TOF Bruker Daltonics

 

2-2-11 IAVの増殖を指標とするPVF-tet の抗 IAV活性の解析 
24 well 1.5 x 10  cells/well 3

MDCK 5 MDCK

MDCK 30 0.2 MOI 6 x 10 pfu/ml IAV PR8

16

2-2-2 IAV

 

 

2-3 結果 
2-３-1 多価型ペプチドライブラリースクリーニングによるHA結合ペプチドの同定 

3A 4 9

HA HA L194A HA

85 Lys 1

2 85 Val 85 Gly 3B

2

Lys Val

85 5

3B 5 5

9 1HHTKRRR2 1RRRVNHH2

4 TKR-tet RVH-tet
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IAV 5 IAV

RVH-tet

3C  

RVH-tet IAV 1RRRVNHH2

5 18 Cys

HA

4A, 4B 2

5 RRPVNHD RRPMNHH RRPVNHN

RRPVNHF RRPVNHP HA  

2-３-2 新規HA結合ペプチドの抗 IAV活性の解析 
5 4 4

PVD-tet PMH-tet PVN-tet PVF-tet PVP-tet

HA 5 5 HA

HA

5A, 5B IAV 5

NA 4 Zanamivir PVD-tet 4

IAV PVF-tet

5C 5 4

MA-tet 9 60 μM

5 5D  

4 9 HA

5 PVF-tet 1RRPVNHF2

1 PVF-monomer HA IAV

Biacore 5

PVF-tet 5

6A PVF-monomer 5 HA

IAV 5 6B PVF-tet

5 IAV 9  

2-３-3 トリプシン耐性型PVF-tet の開発 
HA 85

pH 	

IAV 4 IAV 4
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0 5

9 5

Arg/Lys/His C

5 9 2 Arg PVF-tet 5

IAV PVF-tet

9 PVF-tet

7A 9 N Arg

5 Arg D

(D)PVF-tet

(D)PVF-tet 7A  

(D)PVF-tet 5 IAV Multi-cycle infection Single-cycle 

infection

4 fetuin 5 fetuin 10

4 HA IAV

5 	 4 Multi-cycle infection

(D)PVF-tet PVF-tet IAV

fetuin 4 7B, 5

4 Single-cycle infection fetuin PVF-tet

(D)PVF-tet 7B, Single-cycle 

infection IAV 16 600 PVF-tet

(D)PVF-tet 5 7C  

PVF-tet (D)PVF-tet HA IAV

6 5  

 

2-4 考察 
2

5 IAV

HA 9 HA

5 5 5

HA IAV

PVD-tet IAV 5

7 IAV HA

HA IAV
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7 5 fetuin IAV

5 PVF-tet IAV PVF-tet fetuin

IAV 5 5  
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2-5 図表 
3A 

 
3B 

 
3C 
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図3. 多価型ペプチドライブラリーの構造 
(A) 3 Lys9 U

4 X Cys 19

4 5  

(B) 1 2 85

85 5 HA

L194A HA 8 1.3 5

5  

(C) MDCK 85 10 MOI IAV PR8

24 D-PBS

3 S.E. 5 *P < 0.05 

(compared with TKR-tet by two-sided Student’s t-test). 

 
 
  



 20 

4A 

 
4B 
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図4. 多価型ペプチドアレイによるスクリーニング 
(A) Ori, RRRVNHH 5 Cys

18 4

I- HA I-L194A HA

HA HA HA L194A

HA

20 5  Ching-Yi Tseng., 2014

 

(B) 3 RRPVNHH, RRRDNHH, RRSVNHH

5 Cys 18

4 1st 5

20 5

3 S.E. 5

 Ching-Yi Tseng., 2014  
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5A          5B 

       

5C 

 

5D 

 

 

図5. 候補ペプチドのHA阻害活性ならびに抗 IAV活性の評価 
(A) ELISA  (2 μM) HA
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His-tag HRP IgG 5 3

S.E. 5  

(B) HA (10 μg/ml) 30

α2-3  (16 nM) 60

HA AlphaScreen

8 100%

3 S.E. 5  
(C) MDCK 85 10 MOI IAV PR8

24 D-PBS

3 S.E. 5  

(D) MDCK 85 24 D-PBS

3

S.E. 5  
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6A 

 

6B 

 
 

図6. PVF-tet はクラスター効果に基づいて抗 IAV活性を示す 
(A) HA PVF-tet 4 5 PVF-monomer

Biacore T-100  

(B) MDCK 85 10 MOI IAV PR8

24 D-PBS

3 S.E. 5  
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7A 

 

7B 

 

7C 
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図7. (D)PVF-tet の開発ならびにその抗 IAV活性の解析  
(A) 1 μg/ml 0.1 μg PVF-tet4 5 (D)PVF-tet 37ºC

24 MALDI-TOF/MS  

(B) MDCK 8

5 0.001 MOI IAV PR8 48 D-PBS

3

S.E. 5  

MDCK 85 10 MOI IAV PR8

24 D-PBS

3 S.E. 5  

(C) MDCK 85 0.2 MOI (60,000 pfu/ml) IAV PR8

16 IAV

5 IAV  (60,000 pfu/ml) fold increase

3-6 S.E.

8 5 *P < 0.05; ***P < 0.001 (compared with no 

compound treatment by ANOVA followed by one-sided Dunnett’s test). 
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第３章 PVF-tet の抗 IAVメカニズムの解明  
 
3-1 本章の概要 

9 PVF-tet IAV

IAV 5 IAV

HA IAV

RNA 6

HA IAV

PVF-tet IAV IAV 5

4 Single-cycle infection IAV

PVF-tet

PVF-tet IAV  

 

3-2 実験方法 
3-2-1 実験試薬 

 抗体 
HA clone C102    Genetex  

HA     Genetex  

NA clone GT288    Genetex  

M2     Genetex  

NP clone HT103    Kerafast  

His-tag clone 9c11   Wako  

FITC     Molecular Probes  

β-actin     MBL International  

HRP IgG    Cell Signaling Technology  

HRP IgG    Cell Signaling Technology  

Alexa Fluor488 IgG   Thermo Fischer Scientific  

Alexa Fluor546 IgG   Thermo Fischer Scientific  

Alexa Fluor488 IgG   Thermo Fischer Scientific  

Alexa Fluor546 IgG   Thermo Fischer Scientific  

 IAV感染実験 
2-2-1. 細胞培養、IAV感染実験  

 免疫蛍光染色法 
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13 mm      

Bafilomycin A1    Cayman Chemicals  

Paraformaldehyde PFA    Wako  

HEPES     Wako  

    Wako  

    Wako  

Triton X-100     Wako  

V   Wako  

DAPI      

Glycerol     Wako  

Alexa594    ThermoFischer Scientific  

 ウェスタンブロット法 
NP-40     Sigma-Aldrich  

Sodium Deoxycholate    Wako  

SDS     Wako  

Dithiothreitol DTT     Wako  

Bromo-phenol blue BPB    Wako  

Acrylamide-bis     Wako  

Methylene-bis-acrylamide    Wako  

Glycine     Wako  

Methanol     Wako  

ECL plus     PerkinElmer  

Immunostar LD    Sigma-Aldrich  

 固相結合実験 
     

Biotin-Sulfo-Osu     

Sodium Bicarbonate    Wako  

     Wako  

Leupeptin     Wako  

fetuin     Sigma-Aldrich  

asialofetuin     Sigma-Aldrich  

3-2-2 IAVの細胞内侵入の定量解析 
24 well well 13 mm MDCK
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5 vehicle PVF-tet (20 μM)4 5 Bafilomycin A1 100 nM

MDCK 30 10 MOI IAV PR8

3 D-PBS 2 5 5 PFA

3.75% PFA, 100 mM HEPES pH7.2, 50 mM MgCl2, 9 mM CaCl2

20 PBS 0.3% Triton X-100/PBS

10 5 5 2% BSA/PBS 30

NP 1

5 PBS Alexa Fluor IgG 1:2000

1 1 μg/ml DAPI

PBS 90% glycerol/PBS

Zeiss  

LSM710 5 NP

 

3-2-3 IAV感染タイムコースにおけるPVF-tet の作用点の解析 
96 well MDCK 5 10 MOI IAV PR8

MDCK 45 D-PBS

2 37ºC 0 1 5

9 vehicle PVF-tet (20 μM)4 5 Bafilomycin A1 100 nM

37ºC CO2

5 24 D-PBS 2 5

Cell Counting Kit-8  

3-2-4 ウェスタンブロット法による新生 IAVタンパク質の半定量解析 
サンプルの調製 24 well MDCK 5 10 

MOI IAV PR8 1 vehicle4 5

PVF-tet (20 μM) 3 6 9 16

D-PBS 50 μl Lysis buffer 50 mM Tris-HCl pH7.5, 150 mM 

NaCl, 1% NP-40, 0.5% Sodium Deoxycholate, 0.2% SDS, Complete protease inhibitor 

cocktail Cell lysate Cell lysate

DNA BCA 6

1/4 vol. 5x Laemmli Sample Buffer 250 mM Tris-HCl pH6.8, 500 mM 

DTT, 10% SDS, 0.5% BPB, 50% glycerol 95 ºC 5

 

SDS-PAGEならびにウェスタンブロット法 
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NA-1020 NIHON EIDO.Corp 5 SDS-PAGE

8

 = 30 : 0.8 5 6%9

16% 10 100 mM Tris, 

192 mM Glycicne, 20% Methanol

AE-6677 ATTO PVDF 8 HA

Methanol 10% 0.01% SDS

5 5% BSA/TBS-T 0.1% Tween-20 TBS 1

5 5 1 4ºC

TBS-T 3 HRP 2 1

β-actin ECL plus Perkin 

Elmer Immunostar LD Wako 5

LAS500 imager GE Healthcare Sciences  

3-2-5 免疫蛍光染色法による新生 IAVタンパク質ならびにペプチドの局在解析 
細胞内の新生 IAVタンパク質の局在解析  24 well well

13 mm MDCK 5 10 MOI IAV 

PR8 1 vehicle4 5 PVF-tet (20 

μM) 16 D-PBS 2

PFA 20 5

3-2-2 FITC

5 FITC 1

LSM710 Zeiss 5  

細胞膜表面HAの検出 HA 16

D-PBS 2 HA

PFA 20 5 3-2-2
HA HA

IgG IgG HA HA

LSM710 Zeiss 5

9 0.6 μm

ZEN 5 z-  

ペプチドの細胞内局在解析 
MDCK 250 μg/ml Alexa594 4ºC4

5 37ºC 85 1 PFA
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LSM710 Zeiss 5  

3-2-6 IAV粒子ならびに開裂HAに対するPVF-tet の結合活性の解析 
ビオチン標識 IAVの調製 2-2-2. IAV の調製

4ºC, 18,000 g, 30 5 40 ml

4 520 μl 20% 4ºC 1

10 ºC, 1,250 g, 5 IAV-

PBS 10 ºC, 1,250 g, 5

PBS 37ºC 1 6 9 IAV

IAV 30% 4ºC, 100,000 g, 90

9 IAV PBS IAV HA 5 μg

100 mM Sodium Bicarbonate 2 μg Biotin-sulfo-Osu 1

30% 4ºC, 100,000 g, 90 5

IAV 5

IAV 2

0.5% U 96 well well IAV HA

4

= 5

IAV 1 HA unit

 

開裂HA標品の調製  HA 10 μg/ml

PBS 37ºC 30 1 mM Leupeptin

HA SDS-PAGE CBB

 

結合試験  PVF-tet fetuin asialofetuin 10μg/ml

2-2-7 HA HA

5 His-tag HRP 2 IAV

5 100 μM Zanamivir 5

HRP  

3-2-7 PVF-tet の HA架橋活性の解析 
7 HA 2 μM PVF-tet4 5 PVF-monomer PBS

4ºC 1 0.5% PFA

10 1/4 vol. 5x Laemmli Sample Buffer

10 0.1% SDS, 
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40 mM Tris-Acetate pH7.4, 2 mM EDTA 2% acrylamide

 = 20 : 1 1% agarose

ImageJ

 

 

 

3-3 結果 
3-３-1 PVF-tet は感染後期に作用点を有する  

IAV 4 NP IAV RNA

early protein 5 IAV NP

IAV IAV

RNA 3 85 50%

NP Bafilomycin A1 Baf A1 NP

8A Baf A1 IAV

5 5 PVF-tet 85

50% NP 4 PVF-tet IAV 5

5 8A IAV 4 5 1 5 9

Baf A1 IAV 5

PVF-tet 9 IAV 9

8B IAV 8 PVF-tet

4 5  

3-３-2 PVF-tet は感染後期に新生されるHAを液胞状オルガネラへと隔離する 
85 IAV

HA 9 IAV

16 PVF-tet 16 85

5 9A 9

HA

PVF-tet

5 9 9B FITC PVF-tet 5

HA PVF-tet HA 85

9C PVF-tet puncta

9 9 IAV

4 NA M2 NP 5 PVF-tet 85
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5 9 PVF-tet HA 7  

5 2 HA 5

HA 9 HA

5 HA

HA HA 2

HA 9D, PVF-tet

HA 5

HA 9 9D, PVF-tet

HA

HA 5  

3-３-3 PVF-tet の HA結合親和性はHAの開裂状態に依存する 
PVF-tet 7 HA IAV

5 7 HA IAV PVF-tet

7 HA fetuin

IAV fetuin 5 5

10A IAV HA 7 HA

5 4

7 HA PVF-tet PVF-tet HA

HA 9 10B  

3-３-4 PVF-tet はエンドサイトーシスにより細胞内へとターゲティングする 
PVF-tet IAV HA

PVF-tet 5 FITC PVF-tet

4 4ºC 4 5 37ºC

37ºC 85

4ºC 85 PVF-tet

11A PVF-tet

5 PVF-tet 5

5 PVD-tet 85

9 9

11B  

3-３-5 PVF-tet は HAの分子間架橋を起こす 
PVF-tet 4 9 1 HA 1 1

HA 85
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PVF-tet 7 HA PVF-tet 9

12 PVF-monomer 5 HA 40

6 9 PVF-tet HA

5  

 

3-4 考察 
PVF-tet 8 IAV

4 9 PVF-tet HA

IAV HA

85 HA 9

PVF-tet HA 5

HA ER 0

5 	 + PVF-tet

HA 5

5 7 HA

HA 1

85 5

HA 5

5 4  

PVF-tet IAV HA HA PVF-tet

HA HA 7 4

HA

PVF-tet IAV HA

5 HA 7 HA 4 PVF-tet

IAV HA HA 6 7  

6 PVF-tet IAV 7 5 5

7 HA

4 1 (HIV-1) TAT

Arg

5

5 	

4 5
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2 Arg 4 9 5

C 4

Asp PVD-tet Asn PVN-tet

IAV 9 PVD-tet Asp

IAV 5 7  
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3-5 図表 
8A 

 
8B 

 
 
図 8. PVF-tet は IAVの細胞内侵入を阻害しない 
(A) MDCK Bafilomycin A1 (Baf A1, 100 nM)4 5 PVF-tet (20 μM) 8

5 2 MOI IAV PR8 3 D-PBS PFA

5 IAV NP

80 5 NP

4 S.D. 5 ***P < 0.001 (compared 

with no compound treatment by ANOVA followed by one-sided Dunnett’s test). n.s., not significant. 

(B) IAV MDCK 10 MOI IAV PR8

1 D-PBS

85 vehicle Baf A1 (100 nM)4 5 PVF-tet (20 μM) 37ºC CO2

24 D-PBS

3 S.E.
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8 5 **P < 0.01; ***P < 0.001 (compared with 

vehicle treatment by ANOVA followed by one-sided Dunnett’s test). n.s., not significant. 
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9A 

 
9B 
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9C 

 
9D 

 
 

図9. PVF-tet は感染後期に新生されるHAを液胞状オルガネラへと隔離する 
(A) MDCK 10 MOI IAV PR8 1 D-PBS

PVF-tet (20 μM) 4 5

Lysis buffer
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(B) MDCK 10 MOI IAV PR8 1 D-PBS

PVF-tet (20 μM) 4 5

16 D-PBS PFA 5 IAV

5  

(C) MDCK 10 MOI IAV PR8 1 D-PBS

FITC-(D)PVF-tet 2.5 μM 4 5

16 D-PBS PFA 5 HA (D)PVF-tet

 

(D) MDCK 10 MOI IAV PR8 1 D-PBS

PVF-tet (20 μM) 4 5

16 HA C102 HA

PFA 5 HA HA

HA Alexa488 IgG Alexa546 IgG

z-stack

5  
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10A 

 

10B 

 

 

図10. PVF-tet の HA結合親和性はHAの開裂状態に依存する 
(A) ELISA PVF-tet (2 μM) fetuin (0.3 μM) asialofetuin (0.3 

μM) IAV HRP 5

7 HA

His-tag HRP IgG 5

3 S.E. 5  

(B) 7 HA (6 μM) 37ºC 8 HA

SDS-PAGE 10 μg/ml 30

HA0 HA1 HA2 ELISA PVF-tet (2 μM)

fetuin (0.3 μM) asialofetuin (0.3 μM) HA HA

His-tag HRP IgG 5

3 S.E. 5  
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11A 

 
11B 

 
 
図 11. 4 価型ペプチドの細胞内移行活性の解析 
(A) MDCK FITC-PVF-tet (2.5 μM) Alexa594-dextran 250 μg/ml

4ºC4 5 37ºC 85 1 D-PBS

PFA 5 PVF-tet dextran



 43 

 

(B) MDCK FITC  (2.5 μM) 1

D-PBS PFA 5
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図 12. PVF-tet は HAの分子間架橋を起こす 
 7HA (2 μM) PVF-tet4 5 PVF-monomer

PFA 2% acrylamide/1% agarose

ImageJ

* ** *** HA monomer dimer trimer 5   
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第４章 HAを隔離する液胞状オルガネラの性状解析 
 
4-1 本章の概要 

85 PVF-tet HA

IAV 9 5 PVF-tet IAV

85 4 HA

5 PVF-tet

5 4 PVF-tet 5 7

5

5 IAV

 

 

4-2 実験方法 
4-2-1 実験試薬 

 抗体ならびに細胞染色試薬 
HA clone C102    Genetex  

LAMP1     Abcam  

EEA1     Thermo Fischer Scientific  

Calnexin     Santa Cruz  

p230     BD Biosciences  

HSP47 clone M16.10A1   BD Biosciences  

GS28 clone 1/GS28   BD Biosciences  

β-actin     MBL International  
HRP IgG    Cell Signaling Technology  

HRP IgG    Cell Signaling Technology  

Alexa Fluor488 IgG   Thermo Fischer Scientific  

Alexa Fluor546 IgG   Thermo Fischer Scientific  

Alexa Fluor488 IgG   Thermo Fischer Scientific  

Alexa Fluor546 IgG   Thermo Fischer Scientific  

Lysotracker DND-99    Thermo Fischer Scientific  

Filipin     Cayman Chemicals  

BODIPY-TR-C5-ceramide    Thermo Fischer Scientific  
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 IAV感染実験 
2-2-1. 細胞培養、IAV感染実験  

Leupeptin     Wako  

Pepstatin A      

E-64      

 ウェスタンブロット法 
3-2-1 ウェスタンブロット法  

 免疫蛍光染色法 
2-2-1. 免疫蛍光染色法  

 MDCK細胞の樹立 
pcDNA3.1 (-)     ThermoFische Scientific  

pVenus-N1     Addgene  

KOD FX Neo     TOYOBO  

BamH I     TOYOBO  

Bacterial alkaline phosphatase (BAP)    TOYOBO  

DH5α     TOYOBO  

Mini prep kit      

ScreenFect A plus    Wako  

G418     GIBCO  

pSpCas9(BB)-2A-GFP (px458)    Addgene  

Bbs I     New England Biolabs  

 RT-PCR法 
Sepasol     Nacalai Tesque  

    Wako  

DEPC      Nacalai Tesque  

RNase-free DNase    Promega  

SuperScript III     Applied Biosystems  

SYBR Green Real-Time PCR Master mix  Applied Biosystems  

 電子顕微鏡解析 
Paraformaldehyde    Wako  

20% Glutalaldehyde    Wako  

SeaPlaque agarose    Lonza  

    TAAB  
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    Wako  

EPON 812 embedding kit    TAAB  

 

4-2-2 免疫蛍光染色法による液胞状オルガネラの性状解析 
MDCK IAV 3-2-5 3-2-2
5 1 5 Lysotracker

5 IAV 15 75 nM Lysotracker 37ºC

CO2 30 0.3% Triton X-100 50 μg/ml 

BODIPY-TR-C5 Ceramide 5 IAV

75 nM BODIPY-TR-C5 Ceramide 30

D-PBS 5 IAV Filipin IAV 16

3.75% PFA 20 100 μg/ml filipin

1 LSM710 Zeiss

5  

4-2-3 ウェスタンブロット法によるHA分解の評価 
24 well MDCK 5 10 MOI IAV PR8

1 vehicle4 5 PVF-tet (20 μM)

3 20 μM 

Leupeptin, 20 μM Pepstatin A, 20 μM E-64 13 D-PBS

5 50 μl Lysis buffer Cell lysate

SDS-PAGE 3-2-4 5 HA

β-actin  

4-2-4 遺伝子安定発現MDCK細胞の樹立 
発現コンストラクトの構築 2-2-3 85 HA pBacPAK8

1 5 PCR HA

ORF ABCA3 ORF 5 4-2-6
MDCK cDNA 1

5 PCR Monomeric Venus (mVenus) ORF

5 pVenus-N1 Addgene, #61854 1

5 PCR PCR KOD FX Neo

5 2 HA4 5

ABCA3 mVenus DNA BamHI 37ºC 2 BAP

37ºC 2 pcDNA3.1(-) 2 2 1
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Gibson Assembly 2x master mix 50 ºC 1

DH5α 5

LB 37ºC

LB 37ºC

5

1 5  

薬剤耐性を指標とする安定発現MDCK細胞のセレクション 

ScreenFectA plus 5 MDCK

24 well 72

-EDTA 4ºC, 180 g, 5

-EDTA 10 cm dish G418 (500 μg/ml)

1 G418 -EDTA 4ºC, 180 

g, 5 FACS AriaII BD mVenus 96 

well well 1 G418 (500 μg/ml)

10 mVenus

8 Western 

blot 5 5  

 

4-2-5 遺伝子ノックアウトMDCK細胞の樹立 
 sgRNA発現コンストラクトの構築 ABCA3

sgRNA CRISPR-direct 9 3’ 10

8 20 9 PAM

DNA

DNA .1 BbsI

37ºC 2 px458 Addgene, #48138

16 ºC 30 4-2-3 発現コンストラクトの構築
5 sgRNA  

ABCA3-KO細胞の樹立 ScreenFectA plus 5

sgRNA MDCK 6 well

48 -EDTA 4ºC, 

180 g, 5 FACS AriaII BD GFP

96 well well 1 10

5
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2 5 96 well 10

3100 50 mM NaOH 1 M Tris-HCl pH 8.0

.1 sgRNA

DNA KOD FX Neo 5 2 PCR

5 PAM PCR 2%

85 PAM

4 PCR

sgRNA-Cas9 indel

5 PCR 5 indel

5 1 5 cDNA

5 ABCA3-KO  

4-2-6 RT-PCR法によるmRNA発現解析 
total RNAの抽出 total RNA 24 well 1 x 10  

cells/well MDCK 5 D-PBS 1 ml

Sepasol 5 1.5 ml 0.2 ml

5 4ºC, 13000 g, 15

20 4ºC, 13000 g, 15 RNA

75% DEPC total RNA

5 5 5

18S 28S rRNA  

cDNAの合成ならびにPCR反応 total RNA RNase free DNaseI

37ºC 30 RNA cDNA

5 cDNA SuperScriptIII 5 Random hexamer

20 μl 100 ng total RNA

4-2-3 発現コンストラクトの構築 5 ABCA3 ORF

cDNA 5 DNaseI Oligo-dT cDNA

1 μl cDNA

1 KOD FX Neo 5 2 PCR

PCR 1 5

SYBR Green Real-Time PCR Master Mix PCR

PCR Applied Biosystems PCR
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Ct 9 GAPDH ΔΔCt 5 ABCA3

mRNA  

4-2-7 組換えMDCK細胞を用いた IAV感染実験 
IAVの細胞傷害活性を指標とする解析 96 well MDCK

5 10 MOI IAV PR8 1

vehicle4 5 PVF-tet (20 μM)

24 D-PBS 2 5 Cell Counting Kit-8

 

IAVの増殖を指標とする解析 24 well MDCK

5 MDCK PVF-tet (20 μM) 4 5 30

0.2 MOI IAV PR8 16

2-2-2 IAVの力価測定  
IAV感染細胞におけるHAの局在解析 

MDCK IAV 5 3-2-5
5 3-2-2 Lysotracker filipin 5 5 4-2-2

 

4-2-8 透過型電子顕微鏡を用いた形態学的解析 
10 cm dish MDCK -EDTA 4ºC, 180 g, 

5 5 2% PFA/1% Glutaraldehyde/PBS

1 PBS 2 5% SeqPlaque

5 2% 1

50% 70% 80% 90% v/v 10

100% 3

EPON812 EM 

UC6, Leica Microsystems 50 nm

JEM-2010, JEOL

 

 

4-3 結果 
4-３-1 液胞状オルガネラは脂質を含有する酸性オルガネラである  

PVF-tet 5

HSP47 Calnexin

p230 GS28 GM130 EEA1
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5 9 /

4 LAMP-1 5 8 HA 13A-G

Lysotracker

9 /

4 9 13H

HA 5 9 HA 5 5

13I  

HA TGN 85

5 	 +	 	

5 9

6 HA 4 HA

4 Venus mVenus HAmVenus MDCK

MDCK-HAmVenus PVF-tet

HA HAmVenus 5

5 HA

4

5 HA

13J, 13K

 

9 HA 4

 

4-３-2 ラメラボディの過剰形成は IAV感染を抑制する 
	

II 85 4

ABC transporter subfamily A3 ABCA3

6 9 4 5 MDCK

8 ABCA3 mRNA 5

14A, 

4 MDCK 85 5 9

14A,  
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HA 4 56

MDCK cDNA 9 ABCA3 C

mVenus ABCA3mVenus MDCK

MDCK-ABCA3mVenus MDCK-ABCA3mVenus

ABCA3 mRNA 300

5 4 85 5

14B IAV PVF-tet 85

HA 5 ABCA3 9

14C ABCA3 IAV

IAV 14D

HA IAV

5  

4-３-3 ABCA3は液胞状オルガネラの形成に必須ではない 
CRISPR-Cas9

ABCA3 MDCK (ABCA3-KO )

15A ABCA3 4

indel 85 4 2bp

5 6 85 4

3’ 4 G

5 ORF 5 G

mRNA 4 9 9 4

mRNA PVF-tet

ABCA3-KO 85 IAV HA

15B, 15C ABCA3-KO 8 HA

Lysotracker

15D PVF-tet

85 ABCA3 5  

IAV

9 2 Lysotracker

filipin

IAV

16A, 16B  
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IAV HA

4 5  

 

4-4 考察 

HA 5 5 9 85 6

PVF-tet HA 9

HA 5 7 HA

5 5

6 PVF-tet HA

5 6 8

HA HA 5

IAV 6 5

4

9 5 5

5 5  

4 9

1 4 2 56 5

ABCA3

9 HA IAV 9

5 ABCA3 85 PVF-tet

IAV HA

85 ABCA3

5 56

5 5 8

4  
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4-5 図表 
表 1. 使用したオリゴDNAの配列 
Oligo DNA name  

Gene cloning primer Sequence (5’ to 3’) 

HA-Venus_fwd1 CCACCACACTGGACTAGTGGGATCCGCGAAAGCAG 

HA-Venus_fwd2 CGACGATAAGGTGAGCAAGGGCGAGGAG 

HA-Venus_Rev1 CCTTGCTCACCTTATCGTCGTCATCCTTGTAATCA 

HA-Venus_Rev2 AGCTTGGTACCGAGCTCGTCACTTGTACAGCTCGT 

ABCA3(-99_2412)_fwd CACCACACTGGACTAGTGTGGCCAGTCCTGCCATA 

ABCA3(-99_2412)_rev ATAGGCCTTCGAACCTGTGTGTGCTCTC 

ABCA3(2413_5106)_fwd ACACAGGTTCGAAGGCCTATTTGCCAAGCTGGAGA 

ABCA3(2413_5106)_rev CCTTGTAATCCGGCCCCTCGTCCTCGGC 

FLAG-Venus_fwd CGAGGGGCCGGATTACAAGGATGACGAC 

Sequencing prime Sequence (5’ to 3’) 

ABCA3_567 AAACCCAGGACCAAGGGAG 

ABCA3_1198 ACTCTCAGCCAGAAGCTG 

ABCA3_1797 GGTTCAGATCCGCAAGAG 

ABCA3_3086 ATGTCGGTGAGCGGACAG 

ABCA3_3782 GCTTCCATGAGAACTTCG 

ABCA3_4489 CTTCGGGGCCTTCTTCTG 

sgRNA template Sequence (5’ to 3’) 

sgABCA3_exon4 CACCGCGAGGGAAAGCCTCGAGCTG 

sgABCA3_exon4c AAACCAGCTCGAGGCTTTCCCTCGC 

ABCA3_exon4_PCR_F TGTCCTTGCGGCAGCCAATC 

ABCA3_exon4_PCR_R TGGTTTCCTGGCTTCATGCTG 

cDNA sequencing primer Sequence (5’ to 3’) 

ABCA3(287-306) AGAGGAATTCCGGCGCGGAGGACATTGGTC 

qRT-PCR primer Sequence (5’ to 3’) 

ABCA3_F1 AAGGAGTACATGCGCATGA 

ABCA3_R1 TGACCATGAAGCTGAAGGA 

cGAPDH_F2 ACGGCACAGTCAAGGCTGAG 

cGAPDH_R2 CAGCATCACCCCATTTGATGTTGG 
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13A      13B 

 
13C      13D 

 
13E      13F 
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13G      13H 

 
13I 

 
13J      13K 

 
 
図 13. 液胞状オルガネラは脂質を含有する酸性オルガネラである 
(A-G) MDCK 10 MOI IAV PR8 1 D-PBS

PVF-tet (20 μM) 4 5

16 D-PBS PFA 5 HA
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LAMP-1(A) EEA1(B) HSP47(C)
Calnexin(D) p230(E) GS28(F) GM130(G) HA 5  

(H) MDCK 10 MOI IAV PR8 1 D-PBS

PVF-tet (20 μM) 4 5

15 Lysotracker (75 nM) 30 D-PBS

PFA 5 HA  

(I) MDCK 10 MOI IAV PR8 1 D-PBS

PVF-tet (20 μM) 4 5

3 0.1% DMSO - 4 5 PI

13 16 Lysis buffer

4

S.E. 8 5

**P < 0.01; n.s., not significant (by one-way ANOVA followed by Tukey’s test ). 

(J) MDCK-HAmVenus 10 MOI IAV PR8 1 D-PBS

PVF-tet (20 μM) 4 5

16 D-PBS PFA 5 5 filipin

 

(K) BODIPY-TR-C5-Ceramide MDCK 10 MOI IAV PR8

1 D-PBS PVF-tet (20 μM) 4 5

16 D-PBS PFA
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14A  14B 

 
14C 

 
14D 
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図14. ラメラボディの過剰形成は IAV感染を抑制する 
(A) MDCK total RNA RT-PCR ABCA3 mRNA

MDCK 8

5  

(B) MDCK 8 ABCA3mVenus

mRNA qRT-PCR

Clone #6 8 5 mRNA

Clone #1 #2 #3 3

S.E. 8

5  

(C) MDCK-ABCA3mVenus Clone #6 10 MOI IAV PR8

1 D-PBS 16 D-PBS

PFA 5 HA ABCA3mVenus

DIC 5  
(D) MDCK-ABCA3mVenus 0.2 MOI (60,000 pfu/ml) IAV PR8

16 IAV

5 IAV  (60,000 pfu/ml) fold increase  

MDCK 10 MOI IAV PR8 1 D-PBS

24 D-PBS

3

S.E. 8 5 *P < 0.05; **P 

< 0.01 (by two-sided Student’s t-test). 
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15A 

 
15B 

 
15C 
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15D 

 
 
図 15. ABCA3は液胞状オルガネラの形成に必須ではない 
(A) ABCA3-KO ABCA3

ABCA3-KO ABCA3 PCR

5 ABCA3-KO

cDNA ABCA3 PCR

5  

(B) MDCK ABCA3-KO 10 MOI IAV PR8

1 D-PBS PVF-tet 20 μM 4 5

24 D-PBS

3

S.E. 8 5 *P<0.05; **P < 0.01 (by 

two-sided Student’s t-test). 
(C) MDCK ABCA3-KO 10 MOI IAV PR8

1 D-PBS PVF-tet 20 μM 4 5

16 Lysis buffer

 

(D) MDCK ABCA3-KO 10 MOI IAV PR8

1 D-PBS PVF-tet (20 μM)

15 Lysotracker (75 nM) 30

D-PBS PFA 5 HA

9 Lysotracker

9 HA ImageJ 85
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150 5 5

3 S.E. 5  
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16A 

 
16B 

 
 

図16. HAを隔離する構造体はラメラボディとは異なる性状を示す 
(A) MDCK-ABCA3mVenus 10 MOI IAV PR8 1

D-PBS 15 Lysotracker (75 nM)

30 16 D-PBS

PFA 5  
(B) MDCK-ABCA3mVenus 10 MOI IAV PR8 1
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D-PBS 16 D-PBS

PFA filipin
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第5章 液胞状オルガネラの形成を担う必須分子の同定 
 
5-1 本章の概要 

9 HA PVF-tet 4 5

ABCA3 2 5

6 5 9 5 5

85 9 5

5

5 9  

 

5-2 実験方法 
5-2-1 実験試薬 

 抗体ならびに細胞染色試薬 
HA clone C102    Genetex  

HA     Genetex  

ULK1 clone F-4    Santa Cruz  

PIK3C3     Cell Signaling Technology  

LC3 clone 5F10    Nano Tools  

LC3 PM-036    MBL International  

p62     MBL International  

HRP IgG    Cell Signaling Technology  

HRP IgG    Cell Signaling Technology  

Alexa Fluor488 IgG   Thermo Fischer Scientific  

Alexa Fluor546 IgG   Thermo Fischer Scientific  

Alexa Fluor488 IgG   Thermo Fischer Scientific  

Alexa Fluor546 IgG   Thermo Fischer Scientific  

Alexa594-dextran    Thermo Fischer Scientific  

Lysotracker DND-99    Thermo Fischer Scientific  

Filipin     Cayman Chemicals  

 IAV感染実験 
2-2-1. 細胞培養、IAV感染実験  

Leupeptin     Wako  
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Pepstatin A      

E-64      

SAR405     Cayman Chemicals  

 ウェスタンブロット法 
3-2-1 ウェスタンブロット法  

 電子顕微鏡解析 
4-2-1. 電子顕微鏡解析  

    

 MDCK細胞の樹立 
4-2-1. MDCK細胞の樹立  

５-2-2 透過型電子顕微鏡による液胞状オルガネラの超微細構造の解析 
MDCK-ABCA3mVenus細胞の解析 10 cm dish MDCK

5 10 MOI IAV PR8 1

24 D-PBS 2

-EDTA 4ºC, 180 g, 5

5 2% PFA/1% Glutaraldehyde/PBS 1

4-2-7  

光-電子相関顕微鏡観察法（CLEM 法）による MDCK-HAmVenus 細胞の解析
 24 well well

MDCK 2x10  cells/well 10 MOI IAV PR8

1 PVF-tet  (20 μM) 4 5

16 D-PBS 2

3.75% PFA 20 5

1% Glutaraldehyde 60

4-2-7 5 5

 

５-2-3 ウェスタンブロット法によるタンパク質発現解析 
24 well MDCK 5 10 MOI IAV PR8

1 vehicle4 5 PVF-tet (20 μM)

3

20 μM Leupeptin, 20 μM Pepstatin A, 20 μM E-64 13

D-PBS 5 50 μl Lysis buffer Cell lysate
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SDS-PAGE

3-2-4 5  

５-2-4 遺伝子ノックアウトMDCK細胞の樹立 
 sgRNA発現コンストラクトの構築 ULK1 PIK3C3

sgRNA

2 DNA 5 4-2-5  

ULK1-KO細胞ならびにPIK3C3 (+/-)細胞の樹立 sgRNA

5 4-2-5
10 5

2 5

96 well 80% 30 μl Lysis 

buffer 6 total cell lysate

SDS-PAGE 3-2-4
5 ULK1 PIK3C3

5 5

MDCK 5  

5-2-5 免疫蛍光染色法 
液胞状オルガネラの性状解析 MDCK IAV 3-2-5

3-2-2 LC3 p62

5 0.3% Triton X-100 7 100 μg/ml 

/PBS 10 Alexa594

5 13 Alexa594  (250 

μg/ml) 16 5

LSM710 Zeiss 5  

オートファゴソームの定量 MDCK

24 well well 13 mm 2x10  

cells/well MDCK 5 D-PBS 3

4 5 HBSS(+) 7 37ºC CO2

24 D-PBS 2

3.75%PFA/PBS 10 100 μg/ml 

/PBS 10 5 3-2-2
LC3

ORCA-ER CCD
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5  

5-2-6 IAV感染実験 
遺伝子ノックアウトMDCK細胞における IAV細胞傷害活性の解析 96 well

MDCK 5 10 MOI IAV PR8

1 PVF-tet

24 4 5 40 D-PBS 2 5

Cell Counting Kit-8  

遺伝子ノックアウトMDCK細胞におけるHAの局在解析 MDCK IAV

5 3-2-5 5 3-2-2
 

PIK3C3阻害剤を用いた解析 96 well MDCK

5 10 MOI IAV PR8 1

PVF-tet 4 5 5 1

100 nM SAR405 24 D-PBS 2 5

Cell Counting Kit-8  

 

5-3 結果 
5-３-1 液胞状オルガネラはラメラボディとは異なる膜構造を持つ  

CLEM 4

5

CLEM PVF-tet

5 17A

MDCK-ABCA3mVenus

IAV

5 9 17B

HA  

5-３-2 液胞状オルガネラはアンフィソームである  

+	

4

4

4 5 9

5
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4 LC3

6 LC3

PE LC3-I 9

LC3-II  

LC3 5 85

puncta IAV

18A M2

5 PVF-tet IAV

85 HA LC3

5 p62 5

18B

MDCK-ABCA3mVenus 85 LC3

IAV 85 LC3

18C  

LC3-II 5 IAV 85 LC3-II

18D IAV

PVF-tet LC3-II

18D PVF-tet LC3-II 9 5

85 5 9

HA 85 LC3 5 5

18D HA

5  

Alexa594

5 5

HA 5 PVF-tet

5 18E  

9 4

 

5-３-3 液胞状オルガネラの形成はオートファジーの分子機構に依存する 
4

Phosphatidylinositol 

3-phosphate PI(3)P
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9 PI(3)P 4 Class III Phosphatidylinositol 3-kinase PIK3C3

4 9 5

PIK3C3 ATG14L Vps15 Beclin-1

4 Unc-51 like autophagy activating kinase ULK1

5 5 ULK1

DNA 0

9 PIK3C3

5 	 5 PIK3C3 ULK1 MDCK

8 5

19A 8 PIK3C3

9

PIK3C3 +/- 5  

LC3 puncta

ULK1 9 19B

PIK3C3 

4

5

IAV 8 HA 5

5 85 HA

19C PVF-tet 85 HA

HA

MDCK-ABCA3mVenus 8

5 PIK3C3 4 SAR405 5

SAR405 IAV

HA 19D  

5

7 4 7  

5-３-4 オートファジーの分子機構はPVF-tet の抗 IAV活性に必須である 
8 IAV 5

24 85 80%
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70% 5 19E 40

85 5 80% 9 PIK3C3

ULK1 IAV 5 9

IAV 4

+ PVF-tet IAV

5 24 5 40 85

85 PVF-tet IAV 5

19F  

9 HA

4 IAV 5 4 9  

 

5-4 考察 
5

4 5

HA ULK1 PIK3C3

PVF-tet ABCA3 IAV

9

inducible amphisome

PVF-tet IAV 9

IAV 4 7  

HA 6

9 5 5

6

5 9

5

9 85

8 HA

9 HA TGN 85

5 7 85

HA 9 5 HA

post-TGN 7 HA

5 5 5



 72 

5 9 post-TGN

HA 5

PVF-tet ABCA3 HA 7 5

HA 5 7  

DNA 8

5

5 LC3-II

5 9 5

9 4 PVF-tet HA

ULK1

5

HA 7

5 9 5 7

4  
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5-5 図表 
表 2. 使用したオリゴDNAの配列 
Oligo DNA name  

Sequencing prime Sequence (5’ to 3’) 

U6_fw GAGGGCCTATTTCCCATGATTCC 

sgRNA template Sequence (5’ to 3’) 

ULK1_sgRNA_F CACCGCGGAATTGGCCATTTCCTGC 

ULK1_sgRNA_R AAACGCAGGAAATGGCCAATTCCGC 

PIK3C3_sgRNA_F1 CACCGGGCAGGTCAGGGTACTTTAC 

PIK3C3_sgRNA_R1 AAACGTAAAGTACCCTGACCTGCCC 

PIK3C3_sgRNA_F2 CACCGCCCAGGTGGCCCTCACTATA 

PIK3C3_sgRNA_R2 AAACTATAGTGAGGGCCACCTGGGC 
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17A 

 
17B 

 
 
図 17. 液胞状オルガネラはラメラボディとは異なる膜構造を持つ 
(A) MDCK-HAmVenus 10 MOI IAV PR8 1 D-PBS

PVF-tet 20 μM 4 5

16 D-PBS PFA 5

5
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8 5

5  

(B) MDCK-ABCA3mVenus 10 MOI IAV PR8 1

D-PBS 16

PFA 5

IAV

5  
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18A 

 
18B 
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18C 

 
18D 

 
18E 
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図18. 液胞状オルガネラはアンフィソームである 
(A-B) MDCK 10 MOI IAV PR8 1 D-PBS

PVF-tet (20 μM) 4 5

16 D-PBS PFA 5 HA LC3 (A)4 5 p62 (B)
 

(C) MDCK-ABCA3mVenus 10 MOI IAV PR8 1

D-PBS 16 D-PBS

PFA 5 ABCA3mVenus LC3

 

(D) MDCK 10 MOI IAV PR8 1 D-PBS

PVF-tet (20 μM) 4 5

3 0.1% DMSO - 4 5 PI

13 16 Lysis buffer

 

(E) MDCK 10 MOI IAV PR8 1 D-PBS

PVF-tet (20 μM) 4 5

15 Alexa594-dextran 250 μg/ml 1 16

D-PBS PFA 5 HAmVenus dextran
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19A 

 
19B 

 

19C 
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19D 

 

19E 
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19F 

 

 

図19. 液胞状オルガネラの形成はオートファジーの分子機構に依存する 
(A) ULK1-KO PIK3C3-KO 5

ULK1 PIK3C3  

(B) ULK1-KO PIK3C3-KO 4 5

HBSS(+) 24 D-PBS PFA 5

LC3 CCD

25 5 LC3 puncta

0 5

8 1.5 5 ***P < 

0.001 (by Mann-Whitney U test). n.s., not significant.  

(C) MDCK ULK1-KO PIK3C3-KO

10 MOI IAV PR8 1 D-PBS PVF-tet 

(20 μM) 4 5 16 D-PBS

PFA 5 HA

5  

(D) MDCK-ABCA3mVenus 10 MOI IAV PR8 1

D-PBS 100 nM SAR405

16 D-PBS PFA 5 ABCA3mVenus HA

 

(E) MDCK ULK1-KO PIK3C3-KO

10 MOI IAV PR8 1 D-PBS
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24 48 D-PBS

3

S.E. 8 5 ***P < 0.001 (compared 

with parent at 24 h by ANOVA followed by one-sided Dunnett’s test). n.s., not significant. 

(F) MDCK ULK1-KO PIK3C3-KO

10 MOI IAV PR8 1 D-PBS PVF-tet 

(20 μM) 4 5 5 24

ULK1-KO PIK3C3-KO 5 48

D-PBS 3

S.E. 8

5 **P < 0.01; ***P < 0.001 (compared with no compound treatment by ANOVA 

followed by one-sided Dunnett’s test). n.s., not significant. 
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第6章 個体致死感染に対する(D)PVF-tet の抗 IAV活性の解析 
 
6-1 本章の概要 

IAV

85 8 IAV

5 I

AT-I II AT-II 9

5 8 IAV AT-II

4 IAV AT-II

5

IAV 6

	 + IAV (D)PVF-tet 5

5 IAV

PVF-tet IAV 5  

 

6-2 実験方法 
6-2-1 実験試薬ならびに実験動物 

 抗体 
HA clone C102    Genetex  

HA     Genetex  

ABCA3 clone 3C9   Biolegend  

Pro-SP-C     Abcam  

FITC     Molecular Probes  

LC3 clone 5F-10    Nano Tools  

Biotin CD45 clone 30-F11  Biolegend  

Biotin CD16/32 clone 93  Biolegend  

Biotin EpCAM clone G8.8  Biolegend  

 生存解析ならびに肺 IAV力価の定量 
BALB/c ♀      

     Wako  

2-2-1. 細胞培養、IAV感染実験  

 肺組織の組織学的解析 
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SeaPlaque     Lonza  

     GIBCO  

ProLong Diamond mounting media   Thermo Fischer Scientific  

PARAPLAST PLUS Tissue Embedding Medium  McCormick  

     Nacalai Tesque  

    Sigma-Aldrich  

1% Y      

 ウェスタンブロット法 
3-2-1 ウェスタンブロット法  

 RT-PCR法 
4-2-1 qRT-PCR法  

 免疫磁気分離法 
20G      

Dispase II      

Dullbecco’s modified eagle’s medium (DMEM)   GIBCO  

DNase I    Wako  

Cell strainer (70 μm)     BD Falcon  

Dynabeads MyOne T1 Streptavidin magnetic beads Thermo Fischer Scientific  

 

6-2-2 マウス個体致死感染モデル 
生存解析 6 38 BALB/c ♀ 5

10 2000 pfu IAV PR8 (D)PVF-tet

PBS 50 μl 1

(D)PVF-tet 5 IAV PR8 (D)PVF-tet PBS 7

50 μl

5 5 (D)PVF-tet IAV IAV

(D)PVF-tet 2000 pfu IAV PR8 50 μl

6 2.5 mg/kg (D)PVF-tet 50 μl  

肺 IAV力価の定量 IAV 3 4 5

5 9

5 mm TOMY

1 Micro Smash MS-100R TOMY 5
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4ºC, 1,5000 g, 5 2-2-2 IAV
の力価測定 IAV  

6-2-3 肺組織の免疫組織化学的解析 
IAV 6-2-２ 3

9 4%PFA/PBS 72

5% SeaPlaque Micro Slicer DOSAKA

100 μm 0.1% Tween-20/PBS PBS-T 5

2 50% 80% 60

5 10% /PBS-T 1

1 48

PBS-T 1 4 2

ProLong Diamond

5 LSM710 Zeiss 5

 

6-2-4 WB法による肺組織のタンパク質発現解析 
 IAV 6-2-２ 3

9 5

27G 10 ml PBS

1 ml Lysis buffer 5 mm

1 Micro Smash MS-100R 5

4ºC, 1,5000 g, 5 Total Lung homogenate

3-2-4 SDS-PAGE WB

 

6-2-4 WB法による単離肺胞上皮細胞のタンパク質発現解析 
 IAV 6-2-２ 5 40 6-2-4

5

20G

3 ml 10 mg/ml Dispase II/DMEM 10% FBS 100 

units/ml Penicillin 100 μg/ml Streptmycin DMEM

0.5 ml 1% SeaPlaque

Dispase II

PBS

0.5 ml 10 mg/ml Dispase 
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II/DMEM 45 5

100 units/ml DNase I DMEM 1 mm 10

6 70 μm

4ºC, 300 g,10

CD16/32 CD45 5 μl 4ºC 85

1 4ºC, 300 g, 10

25 μl Streptavidin magnetic beads

4ºC 85 30

5 Streptavidin magnetic beads 5

EpCAM 5 μl 4ºC 85 1

Streptavidin magnetic beads

5 Streptavidin magnetic beads D-PBS

3 100 μl Lysis buffer

4ºC, 1,5000 g, 5 Lysate

3-2-4 SDS-PAGE

WB  

8 5 3.75% PFA/PBS

Pro-SP-C AT-II

5  

6-2-５ IAV感染に伴う肺組織炎症の解析  
組織学的解析  IAV 6-2-２ 3

9

4%PFA/PBS 72

5 50% 75% 80% 100% 85 10

5 50% / 8

5 10 100% 85 10

3 5

Leica 5 10 μm

HE

5  
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気管支肺胞洗浄液（BALF）の解析 IAV 6-2-２
3 6-2-4

1 ml PBS

5 BAL

4 3 BAL 5 2.4 ml BAL fluid BALF

4ºC, 1,000 g, 5 BALF

BALF IL-6 ELISA

 

サイトカインの定量 IAV 6-2-２ 3

9

1 ml Sepasol 5 mm

1 Micro Smash MS-100R 5

RNA cDNA qRT-PCR 4-2-6
8 cDNA Random hexamer qRT-PCR

3 DNA 5  

 

6-3 結果 
6-３-1 (D)PVF-tet はマウス個体致死感染をレスキューする 

10 2000 pfu IAV PR8

3 9 5 6 9 8 9

20A 85 (D)PVF-tet 1.25 mg/kg 2.5 mg/kg

(D)PVF-tet 10%

50% IAV 6 (D)PVF-tet

IAV 20B

85 IAV 3 5 5

85 (D)PVF-tet IAV 20C

(D)PVF-tet IAV 4 5  

6-３-2 (D)PVF-tet は AT-II 細胞を作用標的とする 
(D)PVF-tet 8 IAV

AT-II 4 5 3

85 AT-II 4 Pro-SP-C
	 IAV 6 Pro-SP-C 21A, 21B

(D)PVF-tet Pro-SP-C 5
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(D)PVF-tet AT-II 4 5  

ABCA3 AT-II

AT-II 8 HA FITC-(D)PVF-tet HA

ABCA3 AT-I 85 AT-II 85

8 85 IAV

AT-II 4 5 4-3-2

ABCA3 5 AT-II IAV ABCA3 HA

21C 5 IAV 85 (D)PVF-tet

AT-I 5 AT-II 85

ABCA3 5 HA (D)PVF-tet

5 9 IAV AT-II

85 HA (D)PVF-tet ABCA3

5 5 21C  

7 (D)PVF-tet AT-II 85 HA

5 7 AT-II 8 LC3-II

9 AT-II

AT-I AT-II 7

CD16/32 CD45 negative selection

EpCAM positive selection

AT-II 6 21D

9 LC3 IAV

(D)PVF-tet LC3-I LC3-II 4

MDCK 85 PVF-tet 5  

(D)PVF-tet 85 AT-II

IAV

AT-II 5  

6-３-3 (D)PVF-tet は IAV感染時の炎症反応を緩和する 
AT-II 6

4 Pro-SP-C 4 SP-C 9

5 IAV (D)PVF-tet 5

HE IAV 3

85 22A
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(D)PVF-tet 5

4  

IAV 5 5

8 mRNA 3 TNF-α

0 IL-6 5

22B 5 IL-6 (D)PVF-tet

BALF IL-6 ELISA

(D)PVF-tet 22B, 

 

(DPVF-tet IAV

5 5 5  

 

6-4 考察 
(D)PVF-tet IAV

8 (D)PVF-tet AT-II 4  

AT-II HA AT-II 8 LC3-II

9 9 (D)PVF-tet AT-II

85 IAV 5 7

MDCK-ABCA3mVenus 85 ABCA3 HA AT-II

85 5 9

IAV AT-II

5 7 AT-II 85 ABCA3

5 (D)PVF-tet

ABCA3 5 9 AT-II 85 (D)PVF-tet

ABCA3 5

7  

(D)PVF-tet IAV 5

8 (D)PVF-tet AT-II 4 7

5 AT-II 5

7 9 0

85 5

SP-C 9

IAV 85 SP-C 4 Pro-SP-C
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5 8 	

5 6 7

(D)PVF-tet Pro-SP-C IAV

5 7  
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6-5 図表 
表 3. 使用したオリゴDNAの配列 
Oligo DNA name  

qRT-PCR primer Sequence (5’ to 3’) 

IL-15_F1 TTGAAGCTCTTACCTGGGCAT 

IL-15_R1 TGAAGACATGAATGCCAGCCT 

IL-12_F1 ATTACTCCGGACGGTTCACG 

IL-12_R1 ACGCCATTCCACATGTCACT 

IL-1β_F1 TGAAGTTGACGGACCCCAAA 

IL-1β_R1 TGATACTGCCTGCCTGAAGC 

TNF-α_F2 CCACCACGCTCTTCTGTCTAC 

TNF-α_R2 AGGGTCTGGGCCATAGAACT 

MIP-1α_F1 GCAACCAAGTCTTCTCAGCG 

MIP-1α_R1 GAGCAAAGGCTGCTGGTTTC 

MIP-1β_F1 TTTCTCTTACACCTCCCGGC 

MIP-1β_R1 GTCTGCCTCTTTTGGTCAGGA 

IL-6_F2 GCCACAGTCCTTCAGAGAGAT 

IL-6_R2 CTTGGTCCTTAGCCACTCCT 

GAPDH_F1 TGTGTCCGTCGTGGATCTGA 

GAPDH_R1 TTGCTGTTGAAGTCGTAGGAG 
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20A 

 
20B 

 
20C 

 
 
図 20. (D)PVF-tet はマウス個体致死感染をレスキューする 
(A) BALB/c ♀ PBS4 5 2000 pfu ( 10 ) IAV PR8

(D)PVF-tet

day 0 100%

5 Mock, open circle IAV 2000 pfu, closed circle

1.25 mg/kg open square 4 5 2.5 mg/kg closed 

square (D)PVF-tet 5 *P<0.05; **P < 0.01 (by Log rank 

test). 

(B) BALB/c ♀ 2000 pfu IAV PR8 6
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2.5 mg/kg (D)PVF-tet

Mock, open circle IAV 2000 pfu, closed circle

6 2.5 mg/kg closed square (D)PVF-tet

5 *P<0.05; **P < 0.01 (by Log rank test).**P < 0.01 (by Log rank test). 

(C) BALB/c ♀ (A) IAV 2.5 mg/kg (D)PVF-tet

3 5 8 IAV

*P < 0.05; **P < 0.01 (by Mann-Whitney U test). 
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21A 

 
21B 
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21C 

 

21D 

 
 

図21. (D)PVF-tet は AT-II 細胞を作用標的とする 
(A, B) BALB/c - PBS4 5 2000 pfu IAV PR8 2.5 mg/kg
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(D)PVF-tet 3 Pro-SP-C

(A) (B)  

(C) BALB/c - PBS4 5 2000 pfu IAV PR8 2.5 mg/kg (D)PVF-tet

4 5 FITC-(D)PVF-tet 3 8

HA ABCA3 FITC-(D)PVF-tet  

(D) BALB/c - (A) IAV 2.5 mg/kg (D)PVF-tet

3 AT-II

AT-II 4 Pro-SP-C AT-II

5 5 9 AT-II 8 LC3

β-actin  
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22A 

 

22B 

 
 

図22. (D)PVF-tet は IAV感染時の炎症反応を緩和する 
(A) BALB/c - PBS4 5 2000 pfu IAV PR8 2.5 mg/kg (D)PVF-tet

3 HE

8 5 BALF

BALF P value Mann-Whitney U test

 

(B) BALB/c - PBS4 5 2000 pfu IAV PR8 2.5 mg/kg (D)PVF-tet

3 total RNA qRT-PCR

mRNA mRNA PBS

Mock 1 5 3 BALF



 98 

ELISA BALF IL-6 *P < 0.05 (by 

Mann-Whitney U test). n.s., not significant. 
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第7章 結論 
 

IAV HA

1PVF-tet2 9 PVF-tet

4 (D)PVF-tet

IAV IAV 5  

IAV 4 23 IAV

PVF-tet IAV IAV

4 85 HA IAV

4 i PVF-tet 5

85 HA HA

PVF-tet

ii IAV

 

PVF-tet 85 9 5

AT-II 6 ABCA3 5 iii

IAV HA 5 iv

IAV  

9 4

ULK1 PIK3C3 4

9 IAV 85 PVF-tet4 5 ABCA3

9 1 2

IAV AT-II 85 HA (D)PVF-tet

ABCA3 5 AT-II (D)PVF-tet

ii ABCA3 iv

IAV 5 5  

xenophagy

RNA mitochondrial anti-viral signaling 

(MAVS) 	

9 5 HA IAV

IAV 4

5 IAV
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図23. 誘導性アンフィソームによる抗 IAV機構の概略図 
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