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1-1  
17 Antony van 

Leeuwenhoek, 1632-1723 (1)
Micro-

biology fungi
protozoa bacteria virus

3 Micro-
organism (1)

(1)

50% (2)

(2)  

1857 Louis Pasteur, 1822-1895
(3)

(4, 5)

(6)
(7, 8)

1-2kg
(9)

(10)  

(11)
2

DC



(11)
(11)

PRRs
(12, 13) PRRs

PAMPs
(14) PRRs Toll-like receptors

TLRs nucleotide oligomerization domain NOD -like receptors NLRs
(15) TLR

PRRs (16, 17) TLR PAMPs
(18) 12

TLR TLR 1 3
N 16-28

LRR LRR
LxxLxLxxN x 20-30

C Toll/IL-1
IL -1

(11, 19-21) 2
Mycobacteria

(11) Table 1-1 TLR
Peptidoglycan, PGN

Mycobacteria Lipoarabinomannan, LAM
Mycobacteria Mycoplasma /

Lipopeptide Lipopolysaccharide, LPS
Flagellin CpG DNA

DNA PGN LAM TLR2 Lipopeptide
TLR2/1 TLR2/6 LPS TLR4 Flagellin TLR5 CpG 
DNA TLR9 (22) Table 1-2 TLR

TNF -α IL-1β IFN -γ IL-12
(22-24)  

 
1-2  

TLR TLR9 oligodeoxynucleotide, 
ODN 1

ODN
CpG ODN inhibitory ODN iODN

 
 



1-2-1 CpG ODN iODN 
1-1 TLR9 CpG DNA DNA

(22) DNA
DNA 20 CpG PAMPs

(17) TLR9 / CpG ODN
(25) CpG ODN (a) NK DC

APCs (b) DC APCs
DC (c) DC

(d) MHC  class CD40 CD80
CD86 (f) Th1 DC

Ig E IgG IFN-γ
(g) Th1

IFN-γ IFN-α/β IL-12 IL-18
(26-30) CpG ODN Class A B C

(31) CpG

Class A CpG ODN DC pDC IFN-α
B Class B CpG ODN B

Class C CpG ODN Class A
B CpG ODN B pDC

(32) CpG ODN

(33)  
iODN Trieu Class 

4 (34) Class  iODN G
ODN TLR9 (35, 36) Class G

TLR9
(35) Class  iODN TLR9

STAT 1 3 4
(37) Class  iODN 4

dG DNA Class  iODN
TLR9 PS-ODN (38)

iODN CpG ODN (35, 39)
CpG ODN

(24, 40-45)
 

 



1-2-2 ODN  
2004 Kitazawa

ODN ODN
(3) Table 1-3 TLR9 DC

B

ODN
(46) ODN

Lactobacillus gasseri AT5ACL LGAT243
CpG A T

ODN
LGAT243 AT 6

Lactobacillus gasseri OLL2716
AT (47)

ODN 2015 ODN
Pohar TLR9

Class B CpG ODN ODN
(48, 49) TLR9 Class B 

CpG ODN 6-10 2 CpG 5’
T CpG (48)
TLR9 Class B CpG ODN 5’ 4-6

1 CpG (49)
CpG ODN CpG ODN

TLR9 (50)
CpG ODN TLR9 CpG ODN

TLR9
(50) Chan Class A CpG ODN

DNA DNase (51)
ODN

 
iODN 2013 Ito

Class  iODN H154 Class  iODN A151
iODN iSG3 CentroidFold

http://rtools.cbrc.jp/centroidfold/ iSG3 2 5’-
TTAGGG-3’ 3’ 3-5 dG

(38) Ito iSG3
iODN (38)



ODN
 

CpG ODN Th1
(52) Th1 Th2 (53)

CpG ODN
(32, 54, 55)

2009 Shimosato Streptococcus 
thermophilus ATCC19258 LacZ
CpG ODN MsST (56) Wang ODN

ODN
DNA Wang ODN

DNA
DNanocap (45) MsST iSG3

DNanocap AD
MsST DNanocap AD

iSG3 DNanocap AD
(45) 2010 Shimosato MsST IL-33

(57) IL-33
(58, 59) MsST

IFN-γ IFN-γ Th2 Th1

AD CpG ODN IFN-γ AD
(60) MsST AD IL-

33 IFN-γ (45) MsST
CpG ODN

 
MsST IL-33

ODN Tripathi Class A CpG ODN
IL-22

(61) Hong TLR9 2
TLR9 TLR9

TLR9 2 (62)
TLR9



ODN
 

 
1-3  

TLR

ODN
MsST ODN

ODN ODN
ODN

ODN

 
 
1. IFN-γ IL-33 ODN

 
 
2. PAF-AH ODN

  



Table 1-1 Component of bacterial cell wall 

 

Gram-positive bacteria have a thick layer of PG. Lipoteichoic acids and lipoproteins are 
embedded in this cell wall. The cell wall of Gram-negative bacteria is characterized by 
the presence of LPS. Mycobacteria have a thick hydrophobic layer containing mycolyl 
arabinogalactan and dimycolate, in addition to a lipid bilayer and a PG layer. 
Lipoarabinomannan (LAM) is a major cell-wall-associated glycolipid. Lipoproteins are 
common structures for various types of bacteria. The table is reffered from Akira et al. 
(11). 

 



Table 1-2 A relationship between TLR and PAMPs(22) 

TLR 
Location of 

TLR 

PAMPs recognized 

by TLR 
Co-receptor (s) 

Signaling 

adaptor 

Transcription 

factor (s) 

Effector 

cytokine 

induced 

TLR1/2 

Plasma 

membrane 

(cell 

surface) 

Triacyl lipopeptides 

(Bacteria and 

Mycobacteria) 

Hetrodimer of 

TLR1/2 forms 

a functional 

receptor 

TIRAP, 

MyD88 
NF-κB 

Inflammatory 

cytokines 

(TNF-α, IL-6 

etc.) 

TLR2 

Plasma 

membrane 

(cell 

surface) 

Peptidoglycan 

(Gram-positive 

bacteria) 

CD36, RP105 
TIRAP, 

MyD88 
NF-κB 

Inflammatory 

cytokines 

(TNF-α, IL-6 

etc.) 

  
LAM 

(Mycobacteria) 

  
hemagglutinin 

(Measles virus) 

  
phospholipomannan 

(Candida) 

  

Glycosylphophatidyl 

inositol mucin 

(Trypanosoma) 

TLR3 Endosome ssRNA virus (WNV)  

TRIF 
NF-κB,  

IRF3, 7 

Inflammatory 

cytokines 

(TNF-α, IL-6 

etc.), type  

IFNs 

  
dsRNA virus 

(Reovirus) 
 

  RSV  

  MCMV  

TLR4 

Plasma 

membrane 

(cell 

surface) 

LPS (Gram-negative 

bacteria) 
MD2, CD14, 

LBP, RP105 

TIRAP, 

MyD88, 

TRAM and 

TRIF 

NF-κB,  

IRF3, 7 

Inflammatory 

cytokines 

(TNF-α, IL-6 

etc.), type  

IFNs 

  Mannan (Candida) 

  Glycoinositol 



phospholipids 

(Trypanosoma) 

  
Envelop proteins 

(RSV and MMTV) 

TLR5 

Plasma 

membrane 

(cell 

surface) 

Flagellin (Flagellated 

bacteria) 
 MyD88 NF-κB 

Inflammatory 

cytokines 

(TNF-α, IL-6 

etc.) 

TLR6/2 

Plasma 

membrane 

(cell 

surface) 

Diacyl lipopeptides 

(Mycoplasma) 

Heterodimer of 

TLR6/2 or 

dectin-1 forms 

a functional 

receptor 

TIRAP, 

MyD88 
NF-κB 

Inflammatory 

cytokines 

(TNF-α, IL-6 

etc.) 
  LTA (Streptococcus) 

  
Zymosan 

(Saccharomyces) 

TLR7 Endosome 
ssRNA virus (VSV, 

Influenza virus) 
 MyD88 NF-κB, IRF7 

Inflammatory 

cytokines 

(TNF-α, IL-6 

etc.), type  

IFNs 

TLR8 Endosome 
ssRNA from RNA 

virus 
 MyD88 NF-κB, IRF7 

Inflammatory 

cytokines 

(TNF-α, IL-6 

etc.), type  

IFNs 

TLR9 Endosome 
dsDNA viruses 

(HSV, MCMV) 
 

MyD88 NF-κB, IRF7 

Inflammatory 

cytokines 

(TNF-α, IL-6 

etc.), type  

IFNs 

  
CpG motifs from 

bacteria and viruses 
 

  
Hemozoin 

(Plasmodium) 
 

TLR11 
Plasma 

membrane 

Uropathogenic 

bacteria 
 MyD88 NF-κB 

Inflammatory 

cytokines 



(cell 

surface) 

(TNF-α, IL-6 

etc.) 

  

profillin-like 

molecule 

(Toxoplasma gndii) 

 

 

LAM, Lipoarabinomannan; WNV, West Nile virus; RSV, Respiratory syncytial virus; 
MCMV, Murine cytomegalovirus; MMTV, Mouse mammary tumor virus; LTA, 
Lipoteichoic acid; VSV, Vesicular stomatitis virus; HSV, Herpes simplex virus and 
CpG, Cytidine-phosphate-guanosine. 

  



 
 
 
 
 
 
Table 1-3 Immune-stimulatory ODN from lactic acid bacteria and Bifidobacterium (3) 
Name Origin Sequence 5' - 3' Reference 

OLLB7 
Lactobacillus Bulgaricus 
NIAIB6 

CGGCACGCTCACGATTCT
TG (63) 

ID35 
Lactobacillus rhamnosus 
GG (ATCC53103) 

ACTTTCGTTTTCTGCGTC
AA (64, 65) 

BL7 
Bifidobacterium longum 
BB536 

GCGTCGGTTTCGGTGCTC
AC (66-68) 

AT5ACL 
Lactobacillus gasseri 
JCM1131T 

TATAATTTTTACCAACTA
GC (69, 70) 

LGAT243 
Lactobacillus gasseri 
OLL2716 

TTAACAATTTTTACCCAA
GA (47) 

MsST 
Streptococcus thermophilus 
(ATCC19258) 

CAGGACGTTGTATCACT
GAA (56, 57) 

 



 
 

 
 
 
 
 
 
 
 

 
 

 
 

 
  



2-1  

2-10%
(71, 72)

(73) QOL

Th2 IL-4 IL-5 IL-13
B

(72) IL-4
B E

IgE (72)  
IL-33 IFN-γ AD

(45, 60, 74) IL-33 Th2 ST2
(75, 76) ST2 IL-33

Th2 IL-33 Th2
in vivo in vitro IL-4 IL-5 IL-13 Th2

(77) Takakura AD
IFN-γ i.p. (60)

Wang Shimosato Streptococcus themorphilus 
ATCC19258 lac Z CpG ODN MsST
IL-33 IFN-γ in vivo in vitro

(45, 57) MsST IL-33 IFN-γ
(78)  

MsST
OVA

(32, 79-81)
s.c.

i.p. i.v.
i.v. i.g.

1



IL-33 IFN-γ MsST i.p.

  



2-2  
 
2-2-1  

260060  
 
2-2-2  

Osaka, Japan
Q

PS ODN Integrated DNA Technologies Coralville, IA, 
USA CpG ODN 1585 ODN1585 CpG 
ODN 1826 ODN1826 CpG ODN 2395 ODN2395 MsST
Table 2-1  
 
2-2-3  

4 BALB/c Japan SLC Shizuoka, Japan
MF, Oriental 

Yeast Co., LTD., Tokyo, Japan 1
 

5
100 μg Table 2-2 2 mg Aluminum Hydroxide gel

Alum, Sigma , MO, USA 100-500 μg CpG ODN 200 μL 
phosphate-buffered saline PBS i.p. 2
1mg Table 2-2 1.3 mg Alum 200 μL PBS i.p.

i.p. 45 min
Table 2-4 ANXS
Fig. 2-1  
 
2-2-4  

2-2-3 45 min
CX6, Ricoh, Tokyo, Japan

SEFI IBA-200 Calibration MICRO PRECISION 
CALIBRATION INC., CA, USA  
 
2-2-5 FACS  
 
2-2-5-1  



2-2-4
RPMI 1640

pore size: 40 μm, 352340, Corning Incorporated, Corning, NY, USA
0.4 % 

trypan blue T10282, Life Technologies Corporation, Eugene, OR, USA
Countess cell counting chamber slides C10283, Invitrogen Corporation, 

Eugene, OR, USA Countess automated cell counter Invitrogen 
Corporation RPMI 1640

2×106 cells/mL 1 mL/well 2×106 cells 24well
142475, Nalge Nunc International K. K., Tokyo, Japan  

 
2-2-5-2  

2-2-5-1 RPMI 1640 2 μg/mL
Ionomycin Calcium Salt from Streptomyces conglobatus, 

19446-71, Nacalai Tesque Inc., Kyoto, Japan 10 μg/mL A
BFA: Brefeldin A from Penicillium brefeldianum, B7651, Sigma 20 ng/mL

12- 13- PMA: Phorbol 12-Myristate 13-Acetate, 
27547-14, Nacalai Tesque Inc. 24well 

2-5-1) 2×106 cells/500 μL 500 μL
final 1 mL 37 5 %CO2 5 hr

400×g 5 min 4% PFA 200 μL
25 15 min

500 μL 800×g 5 min
0.5 %Triton-X100, 1 %BSA/PBS 200 μL

4 15 min 500 
μL 800×g 5 min 100

PE-labeled anti-mouse IFN-γ 505807, Biolegend, CA, USA
anti-mouse IL-33 516503 Medical  Biological Laboratories, Tokyo, Japan
20 μL on ice 60 min IL-33 PE-labeled 
Streptavidin 405203, Biolegend 20 μL on ice 60 min

500 μL 800×g 5 min
300 μL FACS BD FACS 

Calibur BD  
 
2-2-6 ELISA 
2-2-6-1  

18G 1-4909-01, TERUMO Corporation, Tokyo, Japan 10 mL
SS-10SZ, TERUMO Corporation



100~150 μL
BI-516, , Fukuoka, Japan 24 30 

min 4 
3500, KUBOTA, Tokyo, Japan 4 3,000×g 10 min

-80  
 
2-2-6-2 1 MCP-1

 
100 100,000 Mouse IgE ELISA 

Quantitation Kit E90-115A, Bethyl Laboratories, Montgomery, TX, USA Mouse 
IgG2a ELISA Quantitation Kit E90-107A, Bethyl Laboratories Mouse IgG1 
ELISA Quantitation Kit E90-105A, Bethyl Laboratories

IgE IgG2a IgG1 Capture Affinity purified 
Mouse IgE coating antibody, A90-115A; Affinity purified Mouse IgG2a coating 
antibody, A90-107A; Affinity purified Mouse IgG1 coating antibody, A90-105A
PBS 1,000 96well 50 μL/well 4 

1 PBS-T+ 5 %BSA 01859-47, Nacalai Tesque 
Inc. 100 μL/well 30 2 hr

Mouse IgE Calibrator, 
RC90-115; Mouse IgG2a Calibrator, RS10-101; Mouse IgG1 Calibrator, RS10-101
1/5 30 2 hr PBS-T Q
well HRP Goat anti-Mouse IgE-HRP conjugate, A90-
115P; Goat anti-Mouse IgG2a-HRP conjugate, A90-107P; Goat anti-Mouse IgG1-HRP 
conjugate, A90-105P 2 1+5 %FCS Heat inactivated 
fetal calf serum, Sigma 10,000 50 μL/well 30 1 hr

PBS-T Q TMB 05298-80, 
Nacalai Tesque 100 μL/well 24 1 mol/L

95626-06, Nacalai Tesque 100 μL/well
Bio-Rad, CA, USA 450 nm  

25 Mouse MCPT-1 mMCP-1 ELISA Ready-
SET-Go! 50-174-16, eBioscience Inc., CA, USA MCP-1

Capture Anti-Mouse MCPT-1 Purified, E11951-1636 Coating 
Buffer E10287-1639 250 96well 100 μL/well

4 PBS-T Assay Diluent
ELISA/ELISPOT Diluent, E00009-1637 200 μL/well 25 1 hr

PBS-T
Mouse MCPT-1 Recombinant Protein, E11955-

1635 1/2 24 2 hr PBS-T



Detection Anti-Mouse MCPT-1 Biotin, E11953-1636 Assay Diluent
250 100 μL/well 24 1 hr PBS-T

Avidin-HRP E00005-1636 Assay Diluent 250 100 μL/well
24 30 min PBS-T TMB TMB 

Solution, E00007-1639 100 μL/well 24 1 
mol/L 50 μL/well

450 nm  
 
2-2-7  

ystat2004.xls, Igakutosho Shuppan, Tokyo, 
Japan ANXS

Student-Newman-Keuls SNK ANXS
T α 0.05  



 
 
 
 
 
 
Table 2-1 CpG ODN sequences used in this study 

Name ODN class Sequence 5' - 3' Reference 

ODN1585 Class A CpG ODN 
G*GGGTCAACGTTGAG*G*G*G*
G*G (82) 

ODN1826 Class B CpG ODN 
T*C*C*A*T*G*A*C*G*T*T*C*C
*T*G*A*C*G*T*T (83) 

ODN2395 Class C CpG ODN 
T*C*G*T*C*G*T*T*T*T*C*G*G*
C*G*C*G*C*G*C*C (84) 

MsST Class B CpG ODN 
C*A*G*G*A*C*G*T*T*G*T*A*T
*C*A*C*T*G*A*A (57) 

 Asterisks (*): phosphorothioate bond 



 
 
 
 
 
 
Table 2-2 Food antigen used in this study 
Food antigen Reference 

Buckwheat (BW, Fagopyrum esculentum, lyophilized form, GREER 
Laboratories, Lenoir, NC, USA) (85) 

α-casein from bovine milk, 70% αs-casein (CAS, Sigma) (86) 

β-lactoglobulin (BLG, Sigma) (87) 

albumin from chicken egg white (Ovalbumin, OVA, grade V; Sigma) - 
 



 
 
 
 
 
 
Table 2-3 Score of anaphylactic symptom 
Score Status 

0 No symptom 

1 Moving, scratching, rubbing of face and snout. 

2 
Crouching, open eyes, moving in response to tapping the cage with a glass 
rod. 

3 
Weak cyanosis, no moving in response to tapping the cage with a glass rod. 
Movement in response to tapping the body with a glass rod. 

4 
Severe cyanosis. No movement in response to tapping the body with a glass 
rod. 

 



 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 2-1 Schedule for inducing anaphylactic shock in female BALB/c mice. Five-
week-old mice were initially sensitized with 100 μg antigen and 2.0 mg alum gel as 
adjuvant administered intraperitoneally (i.p.). After 2 weeks, mice were i.p. challenged 
with 1 mg antigen and 1.3 mg alum gel. The severity of anaphylactic symptoms was 
assessed 45 min after the final antigen challenge. The figure is taken from Yamamoto et 
al. (84). 

 
  



2-3  
2-3-1 MsST  

BALB/c 5 100 μg BW 2.0 mg Alum 100 μg
MsST PBS 200 μL i.p. 2 1.0 mg BW
1.3 mg Alum i.p.

Fig. 2-1 45 min 0-4
ANXS Fig. 2-2 BW BW+MsST

ANXS BW n=10, average=2.20±0.29 BW+MsST
n=10, average=3.00±0.26, p=0.054, Fig. 2-2 CAS BLG+MsST

BW+MsST ANXS OVA+MsST
BW+MsST 500 μg CAS+MsST

n=5, average=1.20±0.73 BLG+MsST n=5, average=1.60±0.40
OVA+MsST n=5, average=3.00±0.00 BW+MsST 500 μg n=5, 
average=3.00±0.32, Fig. 2-2 BW ODN1585 Class A ODN1826 Class 
B ODN2395 Class C BW+ODN1585

BW+ODN1826 Fig. 2-2
BW 100 μg MsST i.p.

 
 
2-3-2 BW+MsST i.p.  

45 min
NT BW MsST BW

NT BW
BW+MsST Fig. 2-3A-
C NT BW BW+MsST

Fig. 2-3D  
 
2-3-3 BW+MsST i.p. IgG2a  

NT BW BW+MsST IgE IgG1 IgG2a

MCP-1 ELISA Fig. 2-4 IgE BW
BW+MsST Fig. 2-4A MsST IgE

MCP-1 IgG1 BW
BW+MsST Fig. 2-4B, D

IgG2a BW+MsST Fig. 2-4C
MsST IgE

IgG2a  
 
 
 



2-3-4 IFN-γ+ IL-33+ BW+MsST  
NT BW BW+MsST IFN-γ+ IL-33+

Fig. 2-5 IFN-γ+ IL-33+ NT
BW+MsST Fig. 2-5B, C BW+MsST BW

IFN-γ+ Fig. 2-5B MsST
IL-33 IFN-γ

  



 
 
 
 
 
 
 
 

 
 
Fig. 2-2 Anaphylaxis scores of mice sensitized with various antigens and 
oligodeoxynucleotides (ODNs) and induced to experience anaphylaxis. Anaphylactic 
symptom score: 0, no symptoms; 1, moving, scratching, rubbing of face and snout; 2, 
crouching, open eyes, moving in response to tapping the cage with a glass rod; 3, weak 
cyanosis, no moving or moving in response to tapping the cage with a glass rod; 4, 
severe cyanosis, no movement in response to tapping the cage with a glass rod. Data are 
shown as the mean ± SE for each animal; n = 5-10 mice/group. **P < 0.01 for the 
indicated group(s). The figure is taken from Yamamoto et al. (84). 

 

  



 
 
 

 
 
Fig. 2-3 Effect of MsST on mouse spleen size and weight. Five-week-old mice were 
initially sensitized with 100 μg of buckwheat (BW) and 2.0 mg alum gel with or 
without 100 μg MsST as adjuvant administered intrapertinoneally (i.p.). After 2 weeks, 
mice were i.p. challenged with 1.0 mg of BW and 1.3 mg of alum gel. Forty-five 
minutes following the final antigen challenge, mice spleens were collected, 
photographed as non-treated (NT) (A), BW (B), BW+MsST group (C), and weighed 
(D). Scale bar equals 1 cm. The results represent the mean ± SE (n = 3) from three 
independent experiments with similar results. **Indicates a statistically significant 
difference (P < 0.01). The figure is taken from Yamamoto et al. (84). 

 

  



 
 
 
 

 
 

Fig. 2-4 Effect of MsST on serum immunoglobulin E (IgE), IgG1, IgG2a and mast cell 
protease-1 (MCP-1) production. Forty-five minutes following the antigen challenge, 
serum was collected, and the levels of IgE (A), IgG1 (B), IgG2a (C) and MCP-1 (D) 
were then measured by ELISA. Data are shown as the mean ± SE for each animal; n = 3 
mice/group. **P < 0.01 for the indicated group(s). The figure is taken from Yamamoto 
et al. (84). 

 
  



 
 

 
 
Fig. 2-5 Proportions of interferon (IFN)-γ+ and interleukin (IL)-33+ cells in the 
spleens. Flow cytometric analysis (A) was performed to determine the proportions of 
IFN-γ+ cells (B) and IL-33+ cells (C). Representative fluorescent-activated cell sorter 
(FACS) plots gated on IFN-γ+ cells and IL-33+ cells (A). Forty-five minutes following 
the antigen challenge, mouse spleens were collected, and splenic cells were isolated and 
stained with anti-IFN-γ and -IL-33 antibodies. The results are presented as the mean ± 
SE (n = 3) from three independent experiments with similar results. **P < 0.01, *P < 
0.05 for the indicated group(s). n.s., not significant. The figure is taken from Yamamoto 
et al. (84). 

  



2-4  
IL-33

IFN-γ CpG ODN
MsST IgE

(88, 89)
D2

MCP-1
Th2 IgE (90, 91)

IgG
PAF PAF

IgE MsST
MCP-1 IgG1 IgG2a

Fig. 2-4 Kulis Class B 
CpG ODN MCP-1 Th2

IgG2a IFN-γ
(32) MsST IgG2a

MCP-1
Class B CpG ODN MsST

MsST CpG ODN
IL-33 IFN-γ (45, 57) Komai-Koma IL-33

(75) IFN-γ Th1
(92)

IFN-γ Th1 (93)
IFN-γ CD11b+ CD11c+ PAF (94, 95)

BW+MsST Fig.2-
3 MsST
Th1

 

(96-98)
Reber

(99)  
IgE

Starkhammar TLR9 CpG ODN
TLR

(14) TLRs
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3-1  

(100) 2,700 800
 / TLR

TLR4 LPS DC
TNF-α IL-1β IFN-γ IL-12

“ ” (23, 24)
2

(101, 102) 1 Eritoran Rhodobacter 
sphaeroides lipid A MD-2 LPS

(101, 103) TAK-242 TLR4
Cys747

(102, 104) TAK-242

(101, 102)
(105)  

 
PAF

(106) PAF
disseminated intravascular coagulation, DIC (107-109)

PAF TNF-α
(110, 111) Jacob PAF

(112) PAF
PAF PAF acetylhydrolase, PAF-AH

LPS CLP
PAF-AH rPAF-AH (113)
PAF-AH rPAF-AH

(114) PAF-AH
 

ODN
Rice CLP Class B CpG ODN IL-17

(115) Gao CLP Class B 
CpG ODN (116) Shirota

iODN A151



STAT1 STAT4 LPS IFN-β

Class B CpG ODN
(24) ODN

ODN
PAF-AH

ODN ODN PAF-AH
PAF-AH CpG ODN

CpG ODN
PAF LPS

  



3-2  

3-2-1  

280029  
 
3-2-2  

Osaka, Japan
Q

PS ODN Integrated DNA Technologies Coralville, IA, 
USA Gene Design Inc Osaka, Japan PS
ODN PBS 0.22 μm 02927601, 

, Tokyo, Japan CpG 
ODN 1585 CpG-A1585 CpG ODN 1826 CpG-B1826 CpG ODN 2395 CpG-
2395 GpC ODN1612 Ctr1612 GpC ODN1585 non-CpG-A1585

iODNH154 Table 3-1 Escherichia coli 0127:B8 LPS
Sigma-Aldrich L3129-100MG, St. Louis, MO, USA Methyl 
arachidonyl fluorophosphonate MAFP PAF C-16 Cayman Chemical Co.

70660, Ann Arbor, MI, USA; 60900 Polyinosinic acid 
Poly(I:C) InvivoGen tlrl-pic, San Diego, CA, USA

IFN-α rmIFN-α BioLegend 752802, San Diego, CA, USA
 

 
3-2-3   

6 BALB/c ICR Swiss albino
Japan SLC Shizuoka, Japan

MF, Oriental Yeast Co., LTD., Tokyo, Japan
1  

 
3-2-4  

8 BALB/c
RPMI 1640

pore size: 40 μm, 352340, Corning 
Incorporated, Corning, NY, USA

0.4 % trypan blue T10282, Life Technologies 
Corporation, Eugene, OR, USA Countess cell counting chamber slides

C10283, Invitrogen Corporation, Eugene, OR, USA Countess 
automated cell counter Invitrogen Corporation



RPMI 1640 1×106 cells/mL 1 mL/well
1×106 cells 24well 142475, Nalge Nunc International K. K., Tokyo, 

Japan 0.01-10 μM CpG ODN 0.01-10 μg
poly(I:C) 0.01-1 ng rmIFN-α 24 hr Fig. 3-1, 3-
2 Real-time PCR qPCR

PAF-AH 3 μM CpG-A1585

24 hr 10 ng/mL LPS 6 hr qPCR 24 hr
ELISA Fig. 3-5  

8 BALB/c 5 mL PBS
18G 1-4909-01, TERUMO Corporation, Tokyo, Japan 5 mL

SS05SZP, TERUMO Corporation
1,500 rpm 5 min RPMI 1640

RPMI 1640 1×105 

cells/mL 1 mL/well 1×105 cells 24well 
3 μM CpG-A1585 24 hr

qPCR PAF-AH Fig. 3-1  
 
3-2-5 PAF  

Fig. 3-3A ICR PAF
6 ICR PAF CpG-A1585+PAF CpG-

A1585+PAF+MAFP n=8 ICR 50 μg PAF 0.1 %
013-10501, 0.5 mL

PBS i.p. PAF PAF 1 3
5 day 50 100 300 μg CpG-A1585 i.p.

MAFP CpG-A1585 20 min 1 mg/kg i.p. PAF 60 
min  
 
3-2-6 LPS  

Fig. 3-6A 7 BALB/c LPS
CpG-A1585+LPS CpG-A1585+LPS+MAFP n=8
BALB/c 750 μg LPS i.p.

LPS 3 hr 300 μg CpG-A1585 i.p.
Fig. 3-6 MAFP CpG-A1585 20 min 5 mg/kg i.p.
Fig. 3-7 LPS 3 hr 24 hr

NTC Tateyama Kagaku Industry Co., Ltd., Toyama, Japan
LPS 1 4 12 hr



2,000×g 15 min 4 
PAF-AH  

 
3-2-7  

PAF 10 min 5 min
18G 1-4909-01, TERUMO Corporation, Tokyo, Japan 10 mL

02921861, TERUMO Corporation
SEFI IBA-200 Calibration AS ONE Corporation, 

Osaka, Japan ml
1.035

2,000×g 15 min 4 
PAF-AH  

 
3-2-8  

10 % 068-
01663

& HE
PTAH Oita, Japan

(Media Cybernetics Inc., Bethesda, MD, USA)
 

 
3-2-9 qPCR 

CpG ODN LPS NucleoSpin® RNA (TaKaRa Bio 

Inc., Tokyo, Japan) total RNA PrimeScript® RT Master Mix 
(RR037A, TaKaRa Bio Inc.) 100ng total RNA cDNA
EASY Dilution 9160, TaKaRa Bio Inc. 20
qPCR Table 3-2 mβ-actin paf-ah2 tnf-α

TaKaRa Bio Inc.  
 
3-2-10 ELISA 

3-2-4 3-2-6 TNF-α IL-6
ELISA TNF-α: 88-7324-22, eBioscience Inc., San Diego, CA, 

USA; IL-6: 88-7064-22, eBioscience Inc.  
 
 
 



3-2-11 PAF-AH  
3-2-4 3-2-5 3-2-6 PAF-AH

PAF-AH assay kit (760901, Cayman Chemical Co.)(117) 10 
μL 10 μL 5,5′-dithiobis (2-nitrobenzoic acid) 96well

200 μL 2-thio-PAF
2 min Bio-Rad, CA, USA 450 nm

 
 
3-2-12  

ystat2004.xls, Igakutosho Shuppan, Tokyo, 
Japan GraphPad Sofware, Inc., La Jolla, CA, USA

in vitro
qPCR PAF-AH LPS

Student-Newman-Keuls SNK log-
rank in vitro qPCR PAF-AH

LPS T
Dunnett α 0.05   



 
 
 
 
 
 
Table 3-1 ODN sequences used in this study 

Name ODN class Sequence 5' - 3' Reference 

CpG-A1585 A class CpG ODN G*GGGTCAACGTTGAG*G*G*G*G*G (82) 

non-CpG-A1585 GpC ODN G*GGGTCAAGCTTGAG*G*G*G*G*G This study 

CpG-B1826 B class CpG ODN T*C*C*A*T*G*A*C*G*T*T*C*C*T*G*A*C*G*T*T (83) 

CpG-C2395 C class CpG ODN T*C*G*T*C*G*T*T*T*T*C*G*G*C*G*C*G*C*G*C*C (84) 

Ctr1612 GpC ODN G*C*T*A*G*A*G*C*T*T*A*G*G*C*T (45) 

iODNH154 inhibitory ODN C*C*T*C*A*A*G*C*T*T*G*A*G*G*G*G (35) 

Asterisks (*): phosphorothioate bond 



 
 
 
 
 
 
Table 3-2 Reaction solution and conditions for real-time quantitative PCR 
Component of reaction solution  

SYBR Premix Ex Taq  (Tli RNaseH Plus)(RR820, TaKaRa Bio Inc.) 10 μL 

Primer mixture (10μM each, TaKaRa Bio Inc.) 1 μL 

cDNA solution 9 μL 

  

Condition for reaction  

95  10 sec 

95  5 sec 

60  5 sec 

45 cycle  

Dissociation  
 



3-3  
3-3-1 CpG-A1585 TLR9 PAF-AH  

CpG ODN PAF-AH in vitro
CpG-A1585 CpG-B1826 CpG-C2395 paf-ah2 mRNA

PAF-AH CpG-A1585

ODN paf-ah2 mRNA p<0.01 (Fig. 3-1A, 3-
2A) CpG-A1585 paf-ah2 mRNA PAF-AH iODN

TLR9 H154 iODNH154

(Fig. 3-1B) CpG CpG-A1585

TLR9 (33, 118) CpG
non-CpG-A1585 CpG-A1585 CpG CpG-

A1585 paf-ah2 mRNA non-
CpG-A1585 Ctr1612 paf-ah2 mRNA Fig. 3-1C

CpG-A1585 Crt1612 PAF-AH
iODNH154 non-CpG-A1585 Ctr1612 PAF-AH

Fig. 3-1D
Fig. 3-1E, F  

CpG ODN CpG-A IFN-α
(31) IFN-α paf-ah2 mRNA IFN-α

Poly(I:C) rmIFN-α paf-ah2 mRNA
Poly(I:C) rmIFN-α paf-ah2 mRNA Fig. 3-2B, 

C CpG-A1585 IFN-α TLR9
PAF-AH

 
 
3-3-2 CpG-A1585 PAF  

PAF
(112) PAF DIC
(109, 119) CpG-A1585 PAF

PAF 1 3 5 day 50 100 300 μg
CpG-A1585 i.p. Fig. 3-3A PAF 20 min

300 μg CpG-A1585+PAF
p < 0.0001 Fig. 3-3B 50 100 μg CpG-

A1585+PAF Fig. 3-3B CpG-
A1585 PAF-AH PAF-AH

MAFP In vitro
MAFP PAF-AH PAF



(120, 121) in vivo LPS PAF-AH
MAFP (117) CpG-

A1585+PAF+MAFP 40 % Fig. 3-3B
CpG-A1585 PAF-AH PAF

 
 
3-3-3 CpG-A1585 PAF  

3-3-2 NT
PAF Fig. 3-4A PAF

(107)
PAF NT

p<0.01 CpG-A1585+PAF
p<0.01 Fig. 3-4B HE PTAH NT

PAF
Fig. 3-4C, D PAF CpG-A1585+PAF

Fig. 3-4C-E PAF
CpG-A1585+PAF PAF-AH

p<0.01 Fig. 3-4F CpG-A1585 PAF-AH PAF
 

 
3-3-4 CpG-A1585 TNF-α  

PAF in vitro TNF-α
(122) CpG-A1585 PAF-AH LPS

CpG-A1585

LPS tnf-α mRNA Fig. 3-5A, B
CpG-A1585 PAF-AH

 
 
3-3-5 CpG-A1585 LPS  

CpG ODN
Class B CpG ODN

(24, 115, 123) CpG ODN
in vitro in vivo LPS PAF

PAF (124, 125) Class A 
CpG ODN LPS

LPS 3 hr CpG-A1585 i.p. Fig. 
3-6A LPS CpG-A1585+LPS 24 hr



(p < 0.0005) Fig. 3-6B CpG-A1585+LPS
Fig. 3-6C CpG-

A1585+LPS+MAFP CpG-A1585

Fig. 3-7B LPS CpG-A1585+LPS LPS 12 hr
CpG-A1585 15 hr PAF-AH (p = 0.0199)
Fig. 3-6D LPS CpG-A1585+LPS LPS 12 hr

IL-6 TNF-α (IL-6: p = 0.0001; TNF-α: p = 0.0001) 
Fig. 3-6E, F CpG-A1585+LPS TNF-α LPS

(CpG-A1585+LPS : 45.4 ± 17.6 pg/ml; LPS : 190 ± 53.6 pg/ ml, p < 
0.001) CpG-A1585 LPS

  



 

 

 

 

 
 
Fig. 3-1 Effect of CpG oligodeoxynucleotide (ODN) on platelet-activating factor 
acetylhydrolase (PAF-AH) gene and enzymatic activity. Splenocytes or peritoneal 
macrophages were incubated with 3 μM CpG ODN, 3 μM CpG ODN 3 hr after 
iODNH154 treatment, or non-CpG-A1585. After 24 hr CpG ODN stimulation, the cells or 
supernatant were collected and used for PAF-AH expression or activity determination 
by quantitative PCR or PAF-AH assay kit, respectively. Paf-ah2 mRNA expression by 
(A) CpG-A1585, CpG-B1826, and CpG-C2395; (B) iODNH154 inhibition; (C) non-CpG-
A1585; and (D) PAF-AH activity in splenocytes. (E) paf-ah2 mRNA expression and (F) 
PAF-AH activity in peritoneal macrophages. Data are presented as the mean ± SD. **p 
< 0.01, significant differences vs. phosphate-buffered saline and/or Ctr1612. Values with 
different letters (i.e., a, b, c, and d) represent significant differences (p < 0.05). The 
figure is taken from Yamamoto et al. (100). 

 
 
 
 



 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3-2 Effect of CpG-A1585, CpG-B1826, CpG-C2395, and interferon (IFN)-α dose on 
platelet-activating factor acetylhydrolase (PAF-AH) mRNA expression. Splenocytes 
were incubated with 0.01–10 µM CpG oligodeoxynucleotide (ODN), 0.01–10 µg/ml 
poly(I:C), or 0.01–1 ng/ml rmIFN-α. After 24 hr CpG ODN stimulation, the cells were 
collected and used for PAF-AH expression determination by quantitative PCR. Paf-
ah2 mRNA expression by (A) CpG-A1585, -B1826, and -C2395 dose, (B) poly(I:C) dose, 
and (C) rmIFN-α dose in splenocytes. Data are presented as the mean ± SD. **p < 0.01, 
significant differences compared to phosphate-buffered saline (PBS). The figure is 
taken from Yamamoto et al. (100). 
 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 3-3 Protective effect of CpG-A1585 on platelet-activating factor (PAF)-induced 
lethal shock. (A) Experimental schedule to examine the effect of CpG-A1585 on PAF-
induced sudden death. After 1 week of rearing, ICR mice were injected with 50, 100, or 
300 μg CpG-A1585 with or without methyl arachidonyl fluorophosphonate (MAFP) (1 
mg/kg) 1, 3, and 5 days before receiving 50 μg PAF containing 0.1 % human serum 
albumin. (B) Survival was monitored for 60 min. n= 8 mice per group. The figure is 
taken from Yamamoto et al. (100). 

  



 

Fig. 3-4 Mechanism of platelet-activating factor (PAF)-induced lethal shock 
ameliorated by CpG-A1585. ICR mice were injected with 300 μg CpG-A1585 for 1, 3, and 
5 days before receiving 50 μg PAF containing 0.1 % human serum albumin. Mice were 
then euthanized within 10 min after PAF injection. (A) Representative image of the 
abdominal cavity of (i) non-treated (NT), (ii) PAF-treated, and (iii) CpG-A1585 + PAF-
treated mice. (B) Heart blood volume. (C) Hematoxylin-eosin staining, which shows 
polycythemia and morphological changes in the kidney. (i) NT, (ii) PAF-treated, and 
(iii) CpG-A1585 + PAF-treated mice. Scale bar = 100 μm. (iv) NT, (v) PAF-treated, and 
(vi) CpG-A1585 + PAF-treated mice. Scale bar = 20 μm. Fibrin thrombus is stained dark 
red. (D) Phosphotungstic acid hematoxylin staining, which shows fibrin accumulation 
in the kidney. (i) NT, (ii) PAF-treated, and (iii) CpG-A1585 + PAF-treated mice. Scale 
bar = 100 μm. (iv) NT, (v) PAF-treated, and (vi) CpG-A1585 + PAF-treated mice. Scale 
bar = 20 μm. Fibrin is stained dark blue. FB, fibrin; RBC, red blood cell; RC, renal 
corpuscle; RT, renal tubule; VI, interlobar veins. (E) The area of fibrin accumulation 
was determined by Image Processing Software, and the results are presented as the 



mean ± SE (n= 9 samples per group). (F) Serum platelet-activating factor 
acetylhydrolase (PAF-AH) activity in mice. n= 8 mice per group. Data are presented as 
the mean ± SE. Values with different letters (i.e., a, b, and c) represent significant 
differences (p < 0.05). The figure is taken from Yamamoto et al. (100). 

  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 3-5 Suppressive effects of CpG-A1585 on lipopolysaccharide (LPS)-induced tumor 
necrosis factor (TNF)-α production. Splenocytes were first incubated with 3 μM CpG-
A1585 and then incubated with LPS (10 ng/ml). After LPS stimulation, the cells or 
supernatant was collected and used to evaluate tnf-α mRNA expression or TNF-α 
protein level by quantitative PCR or enzyme-linked immunosorbent assay, respectively. 
(A) tnf-α mRNA expression and (B) TNF-α protein level in splenocytes. Data are 
presented as the mean ± SE. Values with different letters (i.e., a, b, and c) represent 
significant differences (p < 0.05). The figure is taken from Yamamoto et al. (100). 

  



 
 
 
 
 
 

 
 
Fig. 3-6 Protective effect of CpG-A1585 on lipopolysaccharide (LPS)-induced 
endotoxin shock. (A) Experimental schedule to examine the effect of CpG-A1585 on 
LPS-induced endotoxin shock. BALB/c mice were intraperitoneally injected with 300 
μg CpG-A1585 3 hr before challenge with 750 μg LPS. (B) Survival and (C) changes in 
body temperature were monitored for 24 hr. (D) Kinetics of platelet-activating factor 
acetylhydrolase (PAF-AH) activity in serum collected from the tail vein after receiving 
300 μg CpG-A1585 and 750 μg LPS. (E) Serum interleukin (IL)-6 and (F) tumor necrosis 
factor (TNF)-α levels in mice that received LPS with or without 300 μg CpG-A1585 12 
hr after LPS challenge. n= 8 mice per group. Data are presented as the mean ± SE. *p < 
0.05 and **p < 0.01, significant differences between the LPS and CpG-A1585 + LPS 
groups. The figure is taken from Yamamoto et al. (100). 

 
  



 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 3-7 Effect of a platelet-activating factor acetylhydrolase inhibitor on amelioration 
of lipopolysaccharide (LPS)-induced endotoxin shock by CpG-A1585. (A) Experimental 
schedule to examine the effect of methyl arachidonyl fluorophosphonate (MAFP) on 
LPS-induced endotoxin shock ameliorated by CpG-A1585. BALB/c mice were 
intraperitoneally injected with 5 mg/kg MAFP for 20 min before receiving 300 µg CpG-
A1585. After 3 hr, the mice were challenged with 750 µg LPS. (B) Changes in body 
temperature within 24 hr. n= 8 mice per group. Data are presented as the mean ± SE. 
The figure is taken from Yamamoto et al. (100). 
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Fig. 3-8 Overview of sepsis prevention by CpG-A1585 priming. Leukocytes including 
macrophages, monocytes, eosinophils, neutrophils, and basophils produce platelet-
activating factor (PAF), which plays a significant role in the pathogenesis of endotoxin 
shock and sepsis in response to invading pathogens. PAF is degraded into lyso-PAF by 
platelet-activating factor acetylhydrolase (PAF-AH), resulting in the deactivation of 
PAF. CpG-A1585 induces PAF-AH from splenocytes, especially macrophages, via a 
TLR9-dependent pathway. Although CpG-A1585 is a strong inducer of interferon (IFN)-
α, CpG-A1585-induced IFN-α does not affect PAF-AH. CpG-A1585 inhibits PAF-induced 
blood clotting via induction of PAF-AH, and this effect is inhibited by a PAF-AH-speci 
c inhibitor, methyl arachidonyl fluorophosphonate (MAFP). The figure is taken from 
Yamamoto et al. (100). 
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