avidity I35 < \FHREO 7 4 70 ) —4F v
FEFET THI/IMREFEET 5 Z &
BETH D, FERICEFIRZEIC XY /MR
ﬂ’}rv 7 A DB M OEMENFERO i
TWAEHR, BRICHZBE LSS, 8
DEERED L TEMD R STV IUE R
LRV, T70bb, BAFIMOEREOIXS
XEE/NRIZE EDR IR B2, £
D7=HIZ1%, Hl12-vesicle DHEEEA IS
HBIERDFELNARAI R TH B,
H12-vesicle OHEEEDHIEIEITIZEE SO

DHENEZBNDHD, FNENMEERE
iz Wb, 1) Mm/vkE Hl12-vesicle @

faealliE « ZOE, Hl2-vesicle &5t
HEFEDHDVITHHET A Y N —7 T
L, m/MkEBERMLEZIZ, & LE
H12-vesicle &% FACS & 2\ I HciiE]
TEREEE CHIET 5, Z DiafE THI12-vesicle
AL FEEMHT D LD D,
H12-vesicle OHERENFEA 1T 5 FIREME
WD, L L DIOCI8 7 X O#taHEIT
REERER T RER T D728 aIIbBS el
{if&'aé H12-~_7'F RER4s L3
PNEEZBND, F, H‘ﬁiﬁbf:i 2T
/R AS H12-vesicle &FEET 57D
EHEL2 TR 6720, ZO7-0IIZidm
/MR%E ADP, ha B REOT I=2 K
ERISSEAUERHD, T2 TRADOM
A, £bEbIvMREZE FBERIT 5
B CIEE (b EZ T AN HDH Z L T
»HbH, £/-, ADP, rer oo

RIEAENRHDZ L HRE fiFn'ﬁE’E’C‘%éo

OF Y FEMEOH HEREEH DT,
%ﬁ@@AﬁgwmmW%ﬁwﬁi@ﬁh
17259, Flz% 5 THLEREOIERRE T/
ROBSRENEEEZZITCLE ) falRten s
WV, b, M/MREDSDZRNDD
i, AERE LTRETIIRWEEZ B
e

2) olIbp3 ZEMAE & H12-vesicle DfE&
ZHE (K1A) : ZTNETOMIET, b

A) TRANSIENT TRANSFECTANTS

CHO n lbg3 mAd
G

IbeDNA - RpE.ant-mouse Igf
(53 cDNA electnic pulse ooce iposome \
i 48 hours v 3

FACS

" PROBLEMS in using cells transiently
+  expressing wild-type allbp3.

Subject to condition of the cell

L e e, sen VARIABLE ulibfi3 expression
: g B Need to label cells with anti-lIbp3 mAb & 2nd. Ab.
i i x|
] ‘ . 4 . Depends upon the POTENCY of PT25-2 preparation.
+PT25-2

FUTTTT Need 1o label iposome with fluorescent dye.

Select ciones with high ullbji3
expression by FACS

“———  PROBLEMS in using clonal cell line
expressing Q595NTT mutant.

-, Subject to condition of the cell.

Constant cllbf3 expression
No need to label cels.

" {
. ‘ ‘ a‘ Does not require PT25-2 activation

“ Need o label liposome with fluorescent dye.
NA

C) STRATEGY TO MEASURE «lIb3-LIPOSOME INTERACTION IN BIACORE

1) Immobilize anti-clibp3 mAb on CM5 sensor chip

((C (L7

2) Capture «llbjs3 from cell lysates

1. H12-vesicle DEEFERIE SR

biE CHO MRS Zallb B3 % —if
MEREL S E 7 HlaZ v, Hl12-vesicle @
MErBRET L Xk, ZZ2ThH,

H12-vesicle ZAEi#T 20 E N HDH A, 1ML
/RO Y IZallbB3 2 FEL L 7= Ehfl
faz WS 72, I/IMRO X 5 ITEAZESR
B OIEET @Efﬁg%ﬁﬂf??é i
%, LU, CHO HEfZIZ3E L 7=allbp3
IIRNEETH D720, Hl2-vesicle & DfE



EHRFARD=OIE, BT/ 7 e—F
IR PT25-2 2 AV Callbp3 =D b D%
EMALT DMERD D, Thbb, ERE
EMERT % PT25-2 OIEFMHICEET 5 Z
LB, £, —BHERBEDORTIL,
allbp3 DFHHELX EFEIZT Y b—/LT
X720, BIE Z &iZallbB3 DFEBREL
BIEL., MEAMZL T bivy,
3) ollbP3 FEMMpLLE & H12-vesicle Dif
A7AE (K1B) : JIERIL2) LRLT
HAHM, FFAITallbps ZRERKBR L/ o
— AR WA T2, IE S & 1Zallbp3
DFIREFIRDLEN2 L BEORIERE
BOHELES LD, ZO%E S PT25-2
PHEATHILERD DN, THEERET S
FiEL LT, ollbp3 @ Q595NTT £ £
EOFEAREZ OGNS, Ziud, allbp3 D
ERAEENEIT extended DIRAEEIZ /2D L
HTTFHA L ENTELOTHY ., FEITHEE
PRIREEIZH D = & BHER STV D, 2D
BIER T RICHEL 5 2 D RHEEERIL,
MR OREE & H12-vesicle DIEFRD A TH
A9, LosUEKRORERE, ollbf3 %=
I LIRS LD D ENTH D,
4) FETT AT LHEBIZE DHallbp3 &
H12-vesicle DE#EEEOEIE (K1C) :
R 7T AE P lllZallbp3 % [EH
ik L. F0_ iz H12-vesicle 29T
Yo TREZ VT NVEA LATHET D, =
DHBE., AEx-MREEEAET.
Hi2-vesicle DIEEFHRLAETH LD, Hl
Wb R REERLZIZTPRT L2 &
MWTE 5B,

AAERE DRFZE ClL, H12-vesicle DI%EE
DOHEREHIR & L CEBRMEORWER DR
TEVEE i L TR FIEORBEREELET D
&l iz, FERT H12-vesicle BFID T »
N TENIRD HND N ENERE LT,

B. Bz %
I aIIbB3 ZE KDk

ollb $4. B3 #4 cDNA % Joseph C.
Loftus f+ (Mayor Clinic. AZ) 765
ST, INHEHHIERBAN 4 — Th
% pBJ-1 (Mark Davis{#=+:  University of
California, San Francisco) 7Hft5) [T
7 a—=7 Ui, miEiilallb ZBEEKT
H5 QFISNTT @ cDNA [T site-directed
mutagenesis E% FVTHERL LT,

II. ffatsEL N2 R 7229

Chinese hamster ovary (CHO -K1) #f
FalX 10% fetal calf serum. 1% penicillin
and streptomycin . 1% non-essential
amino acids ¥JJ0 Dulbecco’s modified
Eagles medium % f\> 37 °C, CO2BE
5%® incubator T{T-72, 50 ug DoV
iE allb cDNA 1350 ug @ B3cDNA &
—#&1Z CHO-K1 #Efg~ electroporation
EERAWTC RS VA7 27 b Lz, —i@tE
REBMRZ AWEERTE, P AT =
7k UT-HERAIT 48 FRRIICEEENL ) B F
B USERTIZ A,

1L Flow Cytometry

MR A FIBE L /2% 1mM Caz/1mM
Mgzl Hepes-Tyrode buffer (HTB) (ZH
FilESHE, £/ 7 a—F PR 10ug/ml
EIRFN LK ET 30 SRR ST, Bl
Pt Uictk, ek & LT RPE &bt
<7 2 IgG &k BT 30 Hfds S H/iz,
mOPEE %M Z 1mM Ca?/1mM
Mgzl Hepes-buffered saline (HBS) I
gk S¥, FACSCalibur % VN CHIAE
DEE ) 7 a—FNVFURC L DGR L&
e EE 2 IE LTz,

IV, olTb3 % ZEFH LI 21— Fijan
YERK

50 ug @allb cDNA | 50 ug @ 3 cDNA
& 32 5 ug @ Neomycin resistant gene
pFneo # A7 =7 F LT 48 BfHE:
F L=, 700 pg/ml O G418 & ATZEE
BETIHIZ2-3 @z o =—2F I
AHETER L, an=—4%FHEEL 7715,



PLollbp3 ik, kil L LT RPE 5%
i~ A 1gG & i =+, single cell sorter
IZCallbp3 FHHEDE AR Z —E5 >
96 N7 L— MIEEEL7=, 700 pg/ml @
G418 Z & ATTHERIR TS bIT 2-3 R
L CHIBaZ 882 L7214, ollbp3 DB &
Z FACS I[ZCHIE L TEEHEDOE G
2URIE LT,

V. H12-vesicle ##& 5%

BAEMD DL WIIEREZEF T Hallb
cDNA 50 ug & BFAHIB3 ¢DNA 50 ug %
CHO #faiz v 7> A7 7 FL7-, 48
BEfE P4 AR 2 FBE L C 10 ug/ml OHiallb
£/ 7 v—F UK PLISDF6 # &8T5
HTB | ZFElE LK ET 30 oG S H
7o %Al A L% L, RPE it~ 7 A
IgG &k ET 30 RIS S H 7=,
H12-vesicle &allbp3-CHO & OfE&EIL.
2 BBED DIOC18 ik H12-vesicle

(FH12V) #%. 10 ug/ml O~ % IgG.
PT25-2, 53 1mM @ GRGDS <7
F R&EE AT HTB &0k BT 2 B RS &
BTo72, Mgz 1mM Ca2/1mM Mg2*
0 HBS |2 <, FACSCalibur % H
W T FL2>500 DOEIROMFEER O
K E (FL1) Z8IE L7z, SPEFET
TOREEND GRGDS X7F REETT
DFERZE /NNy I 7T 7 RE L TELBIE,
REOGESZEM LT

C. Mo
1. DiOC18 #Z55% H12-vesicle @ FACS fizlfr
AR L7= &k 912, DIOC18 XV AR Y —A
DREEER TR ET HEAEERTH D,
ZTOHMETHIENITIFHEETHIED,
FACS TiZ FITC ¢RI LT+ > %V FL-1
CTEHEIFIRECTH 5D, K2 (FTBLEHREOEA:
% H12-vesicle #H| Lot#903 & Lot#904
% DiOC18 5% L, FACS TZDHE %
EHELIEERTHD, BNy by
k (FSC/SSC), HHRIZ Ny 7 r vy b

1000

FSC-H
FSC-H

0 30 60 90 120 150

=3

e
109 10" 102 10% 10* 109 10! 102 10° 104
SSC-H FLI-H FLI-H
Histogram Statistics

H12V-LOT#903

Sample ID: H12V#303 SET#3 Gate: No Gate

Marker Left, Right Events % Gated % Total Mean GeoMean CV Median Peak Ch
All 1, 9910 12967 10000 100.00 573.11 6808 19482 4698 1

FSC-H
ou
0 30 60 90 120 150

3
1000 109 10" 102 10% 10% 109 10! 102 108 10*
FL1-H FL1-H

SSC-H

Histogram Statistics

H12V-LOT#904
Sample ID: H12V#304 SET#3 Gate: No Gate

Marker Left, Right Events % Gated % Total Mean GeoMean CV Median Peak Ch
All 1, 9910 12432 100.00 10000 61528 61.02 196.14 3368 1

2. DiOC18 =% H12-vesicle ® FACS f#&#T

(FSC/FL1). Ak 2 ~Z5 A (FL1)
e, Ny 7y (FSC/SSC) %A
% LRI FSC EIZIERI UL TH Y |
BICKFREBE L TWAZ L5, L
L, Ky h7evy h (FSC/FL1) %2#%
L. B I RY — DRF O EITHE—T
1372, REL ZHOOERICGINDZ &
Db, EANT T LERD L, HHF
DEAFEENIDR D DT XRHY |
QUEMEIZ 72 > TWD Z EBHLNTH D,
LaaL, FatsifE (Geo Mean) % H
% &, Lot#903 T 68.08, Lot#904 T 61.02
ThHY, [ZFEFRUEZRL TV,

II. H12-vesicle & allbB3-CHO D#E4fiE
BT — B EFEBA & T ENT

9, FHAERIIbR3 ZFH L7~ CHO #
oz W TCHIEZIT -7, H12-vesicle I
BLEARROR2 D Lot#903 L#904 % fH
L7z, X 313#NE3E DIOC1S8 TIE# L7z
H12-vesicle &allbp3-CHO HiimDFEA %
FACS IZCHIEL7=bDTH D, Bl
DiOC18 13 H12-vesicle JEEE, fitah 1A
fa~DOfE & & (F#EHE MFI) 277,
TNENREEEELEEHEERITH S
RGD <7 F NEEFET COFHRREIES




LOT#903
500
-a— NA
£ 400- —= RGD
< 400
2 300-
~
3
2 2001
oN
| 5o
T 1004
04 T T T 1
0 1 2
5009 Kd=2.75+/-0.54 mg/ml
= Bmax=278.7+/-27.7 ehank
% 400+ —8-PT25-2+RGD
2 300-
=
8
2 200
N
-
I 1004
4] T T 1
0 1 2 3 4 5
H12V added (mg/ml)
LOT#904
500~
—o— NA
E 400 == RGD
2
5 3001
c
3
8 2004
>
N
T 1001
0 l I L] L] T L]
0 1 2 3 4 5
5009  Kd=2.45+/-0.39 mg/ml
Bmax=302.0+/-23.3 =Y, o
400+ —&- PT25-2+RGD

H12V bound (MFT)

H12V added (mg/ml)

3. B olIbp3-CHO & Hi12-vesicle DfEA

Za L7z, M Lot & HIEMHLPIETH S
PT25-2 FE7FE T Cld. olIbp3-CHO L1{£
MICHFEET AT o7, &2 AN,
PT25-2 1F7E | CIIAEIRFEITRHE S D
Az, FofEa0 Kd EixEnEh
2.75+0.54 mg/ml, 2.45+0.39 mg/ml

LOT#903

5007 Kd=1.78+/-0.24 mg/ml
Bmax=417.9+/-23.9

-o— NA
-~ RGD

H12V bound (MFI)

H12V added (mg/ml)
LOT#904

5009 Kd=1.12+/-0.11 mg/ml
Bmax=383.2+/-13.3

-o— NA
-&-RGD

H12V bound (MFI)

H12V added (mg/ml)

X 4. EiEERallbp3 (Q595NTT) -CHO &
H12-vesicle DfEE

Bmax fE X % L £+ 278.7+27.7 |
302.0£23.3 Th-o7z, KIZT, QBI5NTT 24
BARZFEH LU= Ha 2 O CRBROFE B3
BRa1To7- (X 4), Q95NTT ZEIKITE
TEMERLODAlTbB3 ZHEL L7 Aifa <. ik
PR L THL 747V ) =T ERAET D,
EREIZ, T Lot & & PT25-2 FE7EE F Cig
FERIEMEIC QROSNTT 8 BARIE AR &
G LT A0 KdfEFENEi 1.78+0.24
mg/ml, 1.12+0.11 mg/ml . Bmax fEIZZ
NI 417.9+23.9, 383.2+13.3 TH o7z,

Wiz, H12 R_7°F REHEEL TOHRNY
R — LRIFAZON T RIBEORET 1T o
oo HALERENIRERREORR D
Lot#901 & Lot#902 TH VY ., M b
DiOC18 TIE# L 7=, M 5 1TRr L X 91T,
Lot#901, Lot#902 £z, PT25-2 TIEMAL
L7 B4 AlalIbp3-CHO & &< fEEeH7T,
ETEMRL O QRISNTT A £ % ZH L 7=/
fal bal{#Eae Lol



wt-allbf3/LOT#901 —— PT25-2
_ 4004 == PT25-2+RGD
s
= 3004
©
5
3 200
2
> 1004
c L] T L] L
0 1 2 3 4 5
V added (mg/ml)
500+
wt-allbp3/LOT#902 —— PT25-2
- 400+ ~#= PT25-2+RGD
)
= 3004
©
5
3 2004
2
> 1004
]
0 L] T T 1
0 1 2 3 4 5
V added (mg/ml)
500+
Q595NTT/LOT#901 — NA
4004 -== RGD
r
= 300-
©
5
3 2004
2
> 100-
o] T = T T T 1
0 1 2 3 4 5
V added (mg/ml)
500+
Q595NTT/LOT#902 o NA
4004 -&- RGD
frof
= 3004
HE
S 200+
4]
2
> 1004
el
C L] T lJ L] L]
0 1 2 3 4 5

V added (mg/ml)

5. UK Y—Avesicle £allbp3-CHO DiEA

III. H12-vesicle &allbB3-CHO DifEE : &
JEFEBLHE & FH O T ERT

BFAFlallbp3 & QB95NTT EE{EDZE
TESSIAME % single cell sorting L 7-f&5 5.
LONDOMIAEEHFDL Z ENTE, X6
ICEDORBZRT, b I rey—2
D7 a—rPELNTEAREBITELS, FRC
QB95NTT 7 m— o DFEIIHA9 ZR%.
MFI<200 Th -7, Wild type #67

tk010412.034
#34/342.16

tk010412.070
#26/ 99.55

150

Counts
1] 1530
Counts

[=1

102 10" 102 10% 10* 100 10! 102 10° 10%
FL2-H FL2-H
tk010412.042 ITO011212.033

[
u
—

#42/ 234.68 #42/112.31

COuRts
150
Counts

(=] [—
10° 107 102 108 10* 100 10! 102 108 104
FL2-H FL2-H
& 11O 011212.007 = 1T0011212.037
EERE e
] #51/323.74 ~ 1 #46/116.69
w3 1
§ 3 :
33 S
=3 =
109 10" 102 108 10* 109 101 102 103 10t
FL2-H FL2-H
= _IT0011212017 = _IT0011212039

#61/ 267.65 #48/153.42

Counts

1
Counts

1

= =

109 10" 102 10% 104 10% 10! 102 10% 10t
FL2-H FL2-H
o 110011212023 o IT0011212.040
u r
= 3 #67/406.10 o 1 #49/ 456.06
T T
P [ =]
=l 2o
38 38
2 =
= L=
109 0 107 102 108 104

10! 102 10% 104 10
FL2-H FL2-H

wild type Q595NTT

6. ollbf3 LZEFHBMATED FACS fElT

& QB95NTTH49 DI & (X T 41 E MFI
>400 EED ST, HEIEDFEF ICEL E
O AICITE S o7z, K713 wild
type #5651, Qb95NTT#48 » HI12-vesicle
Lot#903. Lot#904 DOfE&E# T b DT
55, wild type #51 |L PT25-2 fTFfE F CTD
fEEZ TN, BEREEICHES OB
HOENTE DD, —IBHEFRETHIIEZ =
LRV, 5 mgml THHEEIZTTI



5009  wt c#51/LOT#903

- pPT25-2
T 4004 -=- PT25-2+RGD
=
T 300-
=
Q
9 2004
>
N
T 1004
O-M
0 1 2 3 4 5
H12V added (mg/ml)
500
wt c#51/LOT#904 ——pTo52
E 400+ -= PT25-2+RGD
B 3004
3
[}
2 200
>
o
; 102/
L) T L] L] 1

2 3 4 5
H12V added (mg/ml)

o
¥

3
g

595 c#48/LOT#903

-— NA
T 4004 -=- RGD
=
T 300
3
[=]
S 2004
>
o
= e
L] L L] L] 1
0 1 2 3 4 5
H12V added (mg/ml)
5007 595 c#48/LOT#904 —~ NA
401 ==~ RGD

w
(=1

H12V bound (MFl)

H12V added (mg/ml)

7. olIbp3 ZEFHAEE & H12-vesicle DfEE

—IZEL72h o7, [FRRIZ, QBI5SNTTH48
~DFEE S PT25-2 FEF/E T CHERFME
WZHEAN L 7= DD, 5 mg/ml THIFMER %
T, 10 mg/ml OFEEE THEMTS
Lot (F—FREET),

D. &%
AHFZEIE.
H12-vesicle DIRE

1) BEOBIERZ AWT
ML, FOBIESR

NEETHAIDERWET EIRT, 2)
H12-vesicle HH|D Lot [ TOREEEDIE
PHETAZ BB E LT

R L7=@ Y . H12-vesicle HERERIEE
1Zi%. 1) Mk E H12-vesicle OfEEHI
E. 2) ollbp3 FHHAMAL - H12-vesicle D
FEAHIE, 3) allbp3 & H12-vesicle DE
BREEOHEIE, "EZLNS, ZDH b,
1) [T—FBHIZE-> TV A H00, HBEE
22 L, BIEEE LTUREY TRV e
Zzohb, 2) ZM/MRORDY I
ollbp3 ZHE L7-HlaZ A2 FIETH
%, Primary cell Tid7e<., MK TH S
Z L BEE LA, ollbp3 S EITHRI L
IR TR L2\ 2 . olThp3 B ET-
2 ANTEA LR E AW, ZOHFET
X, BRI & ZERTMRD —o
N5, —EPEFRIR Tliallbf3 DFEHE
(THIRRIC Lo CTRA DA, RITITFERIZE
BICRB L EBL 203 TE D, L
L., ZORBII—BETHDTD, BIE
T MR ol Tbp3 BETFHEA L
2L B0y, F72, ollbp3 DHBE
IEERR DD, —EORBABERF -
WL ORESERLT-DITR, BH
ollbp3 DHEBFEZFE L, ZOETHEE
FRETHREDODFEBMPVETHD, —H,
LERBRITHRZ BT 27201 5
EREALETHD, Lo, —BAERRL
TLE L, BEIE—Dallbp3 BEEL
ST-HE H12-vesicle DFEREEZTHD Z
ENTEDID BHHRMEICEND, LAL,
A DB T 2 SEITHE L - a3
FERREE DB 20, ERRICITallbp3 25 E
[ZHH LTI OERIIREETH H Z & A
FHSHh5, 3) THEEAVT, BRL
7-allbp3 & H12-vesicle DE G & & 5~
BHETHDH, TIUIHRREZER L2RW:
DR HEHRMEICENTCHETH D, £,
H12-vesicle #A{b54Z#d 2 MEN 2N
b, ALFHEIC LA ELEHTE S, L

—100—



DL, R 72allbp3 # ED X H I LTE
LD E 12D,

HpE &2 W= RIEE T, H12-vesicle
AV T DVEN DD, ZOBE,
A= L T A Y b= & AR
EZONDN, FUEEEZE L E#Rs
BN U7z, @GR L7~ H12-vesicle &
faDFEEIE, FACS R0m Y — & —% A
THIEFRIRETH A3, FEEDOHIIEER & D
AT BE7: FACS Z3&IR L 7=,
H12-vesicle D EEq#kT DiOC18 TiT-
77. DIiOC18 1%V AR Y — LD IEE R 51T
fEAET D72, ollbp3 FEAEMI TH D H12
DB IE/INBIZE EDAH T ENTE B,
L7 . DiOC18 & H12-vesicle & FACS
THEAT L7o#ER T, DIOC18 DHLY iA A
I ThIL TR BT, S0y M
ETRVEMO IR 2 LTz, BhEHR
BEDER D Lot#903 & Lot#904 % Lhilg L
TRERTYH, WE &b IO E I —
VERLTED, SEAERE—IATH O
MREECHDZ EERLTND, SRR
ETI1, Lot#903 & Lot#904 DI E iR
Ei3FnEh 68.08, 61.02 THH, Kx
IREVNT o7, LnL, FEEEDRE
R DB D VR Y — LB U fERT
I3, EEFREICRE BV H o7,
ZD X HITY R Y — AMERRBIT =S
179 &, FOliEEE=a ha—L350
IREEE Bbivs, 5%IZY R Y — LBk
BRCIBRE DB BRETO—TEDEIE T
EHIELRE, EREY T O LEN
bHHEEZBND,

—iBPERF ML 2 W= EBR T,
ollbp3 FEE (BIHEE) >500 OMffEE
~® H12-vesicle fEA & (EHHIIRE
Geo Mean) ZHIE L7z, BFARIIbRS %
FEE UM, H12-vesicle OfEETT
T ENTHo T, L LIEHEHE
PT25-2 OFFEF Cid, FAEERFEMHICHER
RIFE S DEMMA A iz, Lot#903 &

Lot#904 O HESTIX, 60 KdEIXZh
ZH 2.75+£0.54 mg/ml, 2.45+0.39 mg/ml
TH Y. Bmax EITEIEI 278.7£27.7,
302.0£23.3 TH -7z, Z DFEFRIE. Lot#903
& Lot#904 DallbP3 (2519 5 fEEEH
HIFERICTHAZ ERBHRLTNS, £
7= 00 E > H12-vesicle f5EEpIE A Kk
95 Bmax fEHIFIER UETH- 72, 21
5 OFEREN ST, Lot#903 & Lot#904 Dk
RRICRE RTINS cx 5, —5,
EEERL D QB95NTT A AR A I L 7=l
FACIE. PT25-2 EL THHRWESLR ARG
N7z, Lot#903 & Lot#904 @ Kd fEIZ-Z1
21 1.78+0.24 mg/ml, 1.12+0.11 mg/ml
Bmax fE X % £ 417.9+239 .
383.2+13.3 TH o7z, Z DFEFIT, Lot#903
& Lot#904 13X Q595NTT ZHERA FTI1TT
B U EEMEEs BT b 00, fEEEF
Pl Lot#904 AEmNZ L AEHR LT 5,
fild, FAMIIb3 % FEH L7-Mpa L
QBISNTT EEMIB TR AERIELN
DO THAHN?2KID [BEDLEHE Tk
QB95NTT IO T A FIAKETH Y |
QB95NTT D F A PT25-2 TiEMAL LT~
ollbB3 LV bEEETHHZ EERLT
W5, 2FD, ollbp3 DIEENEVIES
H12-vesicle DEFFIHEDBEVDH S22 5
EEZ bD, BAERGIIbR3 FEE M A
WZBITETIE, PT25-2 DIEMENGELE 725
e, TNDERICEELY B2 D RHEE
L7205 5, U EDORERNG, Q595NTT
FEMEE W= IERPHERE S NS,
—EMERB A BV RERTIE,
EEIZERT2ME0allbp3 FHREITE
b9 57, BIEERDES T —X % IEREIC
T 2 OIXREETH D, BEREMAE
AuiniZallbp3 BHREILEIC—ETH S
7o, ZOREIIRRIID, Dhvbiu
FAARIIIbR3. QBISNTT & EFIH L7
MR Z1ERE L. H12-vesicle OfEE %3
Nz, BRI LT, T ORI R
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% H12-vesicle DFESIIFEFITIERLS | B8
TEXLHNRTA—H—FEDHT LILTERDN
ST, BRI, —@MERIR T H12-vesicle
EEEFANDLRRE LIEEED IR
I BT 800-1000 THAHDIZX L, &BFE
IR DR R BT E Aol Tbp3#61 T
323.74, Q595NTT#48 T 153.42 LKWV T
CICERTAEEZOND, BHAE
allbp3#51 1X L EORBRELF T DI
Lo 65T, QPISNTTHIS L ¥ b
H12-vesicle DfEEEMEN ST, TOK
EiZ. PT25-2 (= Xk Aallbp3 DiEMHE(LL
QBISNTT LV bRV EEZ LDDE
LTHAD,

—IEPEREAER, B QRISNTT ZZRIK
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Ultrastructural analysis of thrombin-induced interaction between human platelets
and liposomes carrying fibrinogen y-chain dodecapeptide as a synthetic
platelet substitute
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ARTICLE INFO ABSTRACT

Background: The dodecapeptide HHLGGAKQAGDV (H12) in the carboxy-terminus of the fibrinogen y-chain is
a specific binding site of the ligand for platelet GPIIb/Illa complex. We have evaluated liposomes carrying
fibrinogen <y-chain dodecapeptide as a synthetic platelet substitute.

Objectives: We examined the interaction between human platelets and H12-liposomes during thrombin-
induced activation using flow cytometry and electron microscopy (EM).

Methods and results: After thrombin-activation, a remarkable time-dependent increase in binding of the H12-
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ﬁm‘;ﬁs’ liposomes to platelets was found by flow cytometry. A large-sized swollen open canalicular system (OCS) was
Platelet substitute observed in the spheroidal platelets from 60 sec to 5 min after thrombin-activation, but intact H12-liposomes
Liposomes were not evident by conventional EM. Cryoultramicrotomy and immunogold staining with anti-H12 antibody
Dodecapeptide (H12) were successful in identifying the liposomes; they appeared as small particles with a unit membrane around
Aggregation 0.2 to 0.4 ym in diameter, and gold labels representing H12 were distributed homogeneously on the surface.

Electron microscopy Abundant H12-liposomes were localized not only on the surface membrane but also in the lumen of the large-
sized swollen OCS in the platelets at 60 sec after thrombin-activation. The formation of the large-sized
swollen OCS was inhibited by pre-incubation with unbound H12, EDTA or anti-GPllb/llla antibody. In
thrombin-induced platelet aggregates we observed electron-transparent areas between adherent platelets, in
which abundant H12-liposomes were distributed.

Conclusions: We demonstrate morphologically that H12-liposomes bind to thrombin-activated platelets and

accumulate between adherent platelets like fibrinogen, leading to large-scale aggregation.

© 2011 Elsevier Ltd. All rights reserved.

Introduction

Platelet transfusion plays an important role in prophylactic or
therapeutic treatment for patients with thrombocytopenia caused by
hematologic malignancies or intensive chemotherapy for solid tumors
or as a result of surgical procedures and radiotherapy. However, due
to the short storage life of platelets (4 days in Japan), the possibility of
a shortage of platelets for transfusion has become a serious concern in
our aging society. Furthermore, the risk of viral and bacterial
infections being transmitted through transfusion is also a serious
issue, To solve these problems, various platelet substitutes [1] have
been developed, such as solubilized platelet membrane protein-
conjugated liposomes (Plateletsome) [2], infusible platelet mem-
branes (IPM) [3], fibrinogen-coated albumin microcapsules (Syntho-
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Institute of Medical Science, 2-1-6 Kamikitazawa, Setagaya-ku, Tokyo 156-8506, Japan.
Tel.: +81 3 5316 3100x1782; fax: + 81 3 5316 3150.

E-mail address: suzuki-hd@igakuken.or.jp (H. Suzuki).

0049-3848/$ ~ see front matter © 2011 Elsevier Ltd. All rights reserved.
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cyte) [4], red blood cells with bound fibrinogen [5], liposomes bearing
fibrinogen [6], and arginine-glycine-aspartic acid (RGD) peptide-
bound red blood cells (Thromboerythrocyte) [7].

We have developed platelet substitutes using polymerized
albumin particles [8-11], phospholipid liposomes [12-15] and
nanosheets [16] as biocompatible and biodegradable carriers and
shown that carriers carrying recombinant fragments of platelet
membrane proteins (rGPIba [17,18] and rGPla/lla complex [19,20])
specifically interact with a surface that mimics the site of a bleeding
injury, such as von Willebrand factor (VWF) and collagen immobi-
lized on a surface under flow conditions in vitro. Moreover, we
demonstrated that rGPla/lla-conjugated albumin particles reduced
the tail bleeding time of thrombocytopenic mice [8]. These carriers
have the ability to induce hemostasis; however, they cannot recruit
flowing platelets to induce platelet aggregation.

Next we began the development of synthetic platelet substitutes
based on a strategy of using polymerized albumin or liposomes (mean
diameter, 0.22-0.26 pm for each) as a carrier vehicle and synthetic
H12 peptides as a surface-coating ligand to target activated platelets
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[11,21-23]. It is well established that platelet aggregation is mediated
via fibrinogen by bridging adjacent platelets through integrin allbp3
(GPIIb/Ila) in an activation-dependent manner [24-26]. Several
sequences in fibrinogen have been designated as GPIIb/Illa recogni-
tion sites: the RGD-based sequences *>RGDF®® and 572RGDS®* in the
Aa chains; and “°°HHLGGAKQAGDV#!? (H12, the fibrinogen <y-chain
dodecapeptide) in the carboxy-terminus of the y-chain [27-29].
Selection of the H12 peptide was derived from general observations
that the interaction of H12 is highly specific to GPIIb/Illa, whereas RGD
related peptides are promiscuous with many integrins from various
cell types [30]. In fact, H12-coated polymerized albumin and
liposomes with polyethyleneglycol (PEG)-surface modifications
show specific interactions with activated platelets and augmented
effects on platelet thrombus formation onto collagen-immobilized
surfaces under flow conditions in vitro, and prolonged hemostatic
ability in vivo to correct bleeding time in a dose-dependent manner in
a thrombocytopenic rat model [11,21-23].

However, we have only indirectly demonstrated the interaction
between platelets and H12-particles in vitro or in vivo. In the present
study, we carefully examined ultrastructural interactions between
human platelets and H12-liposomes during thrombin-induced acti-
vation and aggregation, focusing on liposome localization using
cryoultramicrotomy including immunogold staining. Although we
failed to detect H12-liposomes using conventional electron micros-
copy, the application of cryoultramicrotomy has enabled us to identify
these liposomes in both activated and aggregated platelets.

Materials and methods
Reagents

Cholesterol and 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcho-
line (DPPC) were purchased from Nippon Fine Chemical (Osaka,
Japan), and 1,2-distearoyl-sn-glycero-3-phosphatidyl- ethanolamine-
N-[monomethoxypoly(ethyleneglycol)] (PEG-DSPE, 5.1kDa) was
from NOF (Tokyo, Japan). 1,5-Dihexadecyl-N-succinyl-L-glutamate
(DHSG) and H12-PEG-Glu2C18, where fibrinogen <y-chain dodeca-
peptide (C-HHLGGAKQAGDV, Cys-H12) was conjugated to the end of
the PEG-lipids, were synthesized. Carboxyfluoroscein (CF) was
obtained from Acros Organics (Geel, Belgium). Polyvinylpyrrolidone,
polyvinylalcohol (10 Da), prostaglandin E; (PGE;), human thrombin
and bovine serum albumin (BSA) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Paraformaldehyde, glutaraldehyde, Epon, and
uranyl acetate were obtained from TAAB Laboratories (Aldermaston,
West Berkshire, UK). Rabbit antibody to H12 was synthesized by
Oriental Yeast Co., Ltd. (Tokyo, Japan). PAC-1, a mouse anti-GPIIb/Illa
antibody, was purchased from Becton Dickinson (San Jose, CA, USA).
Rabbit anti-human fibrinogen antibody and goat anti-rabbit IgG
conjugated to 10- or 15-nm colloidal gold were obtained from Cappel
Organon Teknika (West Chester, PA, USA) and BioCell Research
Laboratories (Cardiff, UK), respectively. 2-[4-(2-Hydroxyethyl)-1-
piperazinyl]ethanesulfonic acid (HEPES), ethylenediaminetetraacetic
acid (EDTA) and other reagents were acquired from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan).

Preparation of H12-liposomes

The preparation was performed exactly as described previously
[11,21-23]. Briefly, DPPC (100 mg), cholesterol (52.7 mg), DHSG
(18.9 mg), PEG-DSPE (5.2 mg) and H12-PEG-Glu2C18 (4.7 mg) were
dissolved in benzene and then freeze-dried (DPPC/cholesterol/DHSG/
PEG-DSPE/H12-PEG-Glu2C18 = 5/5/1/0.033/0.033, by molar ratio). The
resulting mixed lipids were hydrated with phosphate-buffered saline
(PBS, pH 7.4, 5 mL) for 3 h at room temperature (RT) and extruded with
membrane filters of pore size of 0.45 pm first and then with that of
0.22 pm (Durapore®; Millipore, Tokyo, Japan). For flow cytometric

analysis, we also prepared the liposomes hydrated with a solution of
CF in PBS (1 mM, 5mL). The liposomes were washed with PBS by
suspension and centrifugation (100,000 xg, 30 min, 4 °C, twice), and the
H12-liposomes and CF-labeled H12-liposomes were collected. We also
prepared control liposomes (CF-labeled and unlabeled) in the absence
of H12-PEG-Glu2C18 by the same procedure. The liposome diameter
was analyzed using a dynamic light scattering method (N4 PLUS Particle
Size Analyzer, Beckman-Coulter, Fullerton, CA, USA). The lipid concen-
tration of liposome was quantified using a phospholipid test kit (Wako
Pure Chemical Industries Ltd., Osaka, Japan).

Preparation of human washed platelets

Blood drawn from healthy volunteers was mixed with 10% volume
of 3.8% sodium citrate. Blood collection was approved by the
Committee of Tokyo Metropolitan Institute of Medical Science on
the Ethics of Research in Human Experimentation. Platelet-rich
plasma (PRP) was prepared by centrifugation of the blood (100xg,
15 min) at room temperature (RT). PRP was mixed with a 15% volume
of acid-citrate-dextrose solution composed of 2.2% sodium citrate,
0.8% citric acid, and 2.2% glucose (ACD) containing 1 pM PGE,. The
suspension was centrifuged (2,200 xg, 7 min, RT), and the plasma was
replaced with a Ringer's-citrate-dextrose solution (RCD solution,
composition: 0.76% citric acid, 0.09% glucose, 0.043% MgCl,, 0.038%
KCl, 0.60% NaCl, pH 6.5) containing 1 uM PGE;. After the pellets were
resuspended in the RCD solution, the suspension was centrifuged
(2,200xg, 7 min, RT) and the concentrated platelets were resus-
pended at 1.0x10%/ul in a Hepes-Tyrode buffer (H-T buffer, pH 7.4)
containing 137 mM NaCl, 2.7 mM KCl, 04 mM NaH,PO,4 12 mM
NaHCO3, 1 mM MgCl,, 22 mM NaH;CgHs0, 5 mM HEPES, 0.35% BSA
and 0.1% glucose. The platelet count was determined using an
automated hematology analyzer (K-4500; Sysmex Co., Kobe, Japan).

Flow cytometry

After the addition of human thrombin (final concentration 0.1
U/ml) to mixtures of washed platelets (1.0x10°/ul) and H12-CF-
liposomes or control CF-liposomes (final concentration 3 mg/ml), the
mixtures were gently shaken three times and allowed to stand
without stirring for 30 sec, 60 sec, 5min and 10 min at 37 °C. The
incubation was terminated by adding an equal volume of 3%
formaldehyde in PBS. After centrifugation, the platelets were
resuspended in PBS. This washing procedure was repeated three
times, after which platelets were gated according to their character-
istic forward scatter versus side scatter, and 20,000 platelets were
analyzed using a FACSCalibur flow cytometer (Nihon Becton Dickin-
son, Tokyo, Japan). The number of platelets bound to the H12-CF-
liposomes or control CF-liposomes was quantified as a fraction of the
fluorescent-positive platelets. Each experiment was performed at
least three times.

Electron microscopy and immunogold electron microscopy

After the addition of thrombin to mixtures of washed platelets and
H12-liposomes or control liposomes similar to flow cytometry, the
mixtures were gently shaken three times and allowed to stand
without stirring for 30 sec, 60 sec and 5 min at 37 °C, fixed with 0.2%
glutaraldehyde in 0.1 M phosphate buffer (PB, pH 7.4). Part of the
mixture of platelets and H12-liposomes was stirred for 60 sec after
the addition of thrombin and fixed similarly above. To obtain control
platelets before the addition of thrombin, washed platelets incubated
with H12- or control liposomes alone were fixed in a manner similar
to that described above. To block the function of GPIIb/llla, on the
other hand, human platelets were pre-incubated with liposome-
unbound H12 (0.5 mM), EDTA (5 mM) or the anti-GPIlb/Illa antibody
PAC-1 (10 pg/ml) for 60 sec before the addition of H12-liposomes and
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thrombin. After fixation at 4 °C for 30 min, the fixed platelets were
centrifuged at 2,200xg for 3 min and the platelet pellets were
dissected into blocks of 1-mm cubes and divided into two samples:
one for conventional electron microscopy and the other for cryoul-
tramicrotomy including immunogold staining.

For electron microscopy, the samples were re-fixed with 2%
glutaraldehyde in the same buffer at 4 °C for 30 min, washed with
0.1 M PB, post-fixed with 1% osmium tetroxide in same buffer at 4 °C
for 60 min, dehydrated with a graded ethanol series, and embedded in
Epon. After electron staining using uranyl acetate and lead citrate,
ultrathin sections were examined with a JEM 1200EX transmission
electron microscope (JEOL, Tokyo, Japan) at an accelerating voltage of
80 kV.

For cryoultramicrotomy and immunogold staining, the samples
were processed according to the method of Tokuyasu [31] with minor
modifications as previously described [32]. Briefly, the fixed platelets
were rinsed with 0.1 M PB and PBS at 4 °C, then infused with 1M
sucrose in PBS for 60 min, 1.84 M sucrose in PBS for 2 h and then
1.84 M sucrose containing 20% polyvinylpyrrolidone in PBS overnight
at 4 °C. After freezing in liquid nitrogen, ultrathin frozen sections were
cut and were incubated with rabbit anti-H12 (1:5,000 dilution) or
anti-human fibrinogen antibody (1:2,000 dilution) in PBS overnight at
4°C. After rinsing with PBS five times, the sections were then
incubated with goat anti-rabbit IgG coupled to 10 or 15-nm colloidal
gold at a dilution of 1:100 for 60 min at RT. After rinsing with PBS
three times and then distilled water (DW) five times, the sections
were stained with 1% uranyl acetate, washed with DW, and then
adsorption-stained with a mixture of 3% polyvinylalcohol and 0.3%
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uranyl acetate. The stained sections were examined with a JEM 1200EX
electron microscope in a manner similar to that described above..

Resuits

Time-dependent increase in binding of H12-liposomes to thrombin-
activated platelets

When thrombin was added to the mixture of human washed
platelets and H12-liposomes, a significant time-dependent increase in
binding of the liposomes to platelets was found by flow cytometry
(Fig. 1). The binding of the liposomes to platelets had already begun
by 30 sec and almost reached a plateau by 5 min after the addition of
thrombin. The control liposomes, however, did not bind to platelets
during the thrombin-induced activation.

Formation of a large-sized swollen open canalicular system (OCS) in
platelets incubated with H12-liposomes after thrombin-induced activation

To assess the ultrastructural interaction of platelets with H12-
liposomes after the addition of thrombin, ultrathin sections from
Epon-embedded samples were subjected to transmission electron
microscopy (Fig. 2). Before the addition of thrombin to the mixture of
platelets and H12-liposomes, platelets had discoid forms, and
organelles such as a-granules, dense granules, mitochondria, glycogen,
and the open canalicular system (OCS) were well preserved in the
platelet cytoplasm (Fig. 2A). Thirty seconds after the addition of
thrombin, platelets had changed to spheroidal forms with pseudopodia,
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Fig. 1. Binding of H12-liposomes to thrombin-activated platelets by flow cytometry. After the addition of thrombin into mixtures of washed platelets and H12-CF-liposomes or
control CF-liposomes, these mixtures were gently shaken three times and allowed to stand without stirring for 30 and 60 sec and 5 and 10 min at 37 °C, fixed with formaldehyde,
washed with PBS, and analyzed using a FACSCalibur flow cytometer. The binding of the H12-CF-liposomes to platelets increased time-dependently, but that of control CF-liposomes

did not change.
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Fig. 2. Interaction of human platelets with H12-liposomes before and after the addition of thrombin. After the addition of thrombin, platelets were gently shaken three times and
allowed to stand without stirring for 30 and 60 sec and 5 min at 37 °C, fixed with glutaraldehyde, post-fixed with osmium tetroxide, and embedded in Epon; ultrathin sections were
then examined by transmission electron microscopy. (A) Before the addition of thrombin, platelets in the mixture with H12-liposomes have discoid forms containing cytoplasmic
organelles such as a-granules, dense granules, mitochondria, glycogen, and the open canalicular system (OCS). (B) Thirty seconds after the addition of thrombin, platelets show
spheroid forms with pseudopodia, and the centralization of granules can be seen. (C) At 60 sec, the OCS becomes expanded in the spheroidal platelets (arrows). (D) At 5 min,
activated platelets have several large-sized swollen OCS (arrows), in which fuzzy and/or formless contents are present.

and the centralization of granules was observed (Fig. 2B). At 60 sec, the
number of intact granules decreased; instead, several swollen OCS were
observed in the spheroidal platelets (Fig. 2C). At 5 min, intact granules
were no longer observed in the thrombin-activated platelets, indicating
arelease reaction had already occurred (Fig. 2D). The OCS was expanded
to a size much larger than that of platelets at 60 sec after the addition of
thrombin. There were several large-sized swollen OCS in the activated
platelets whose longer axis was approximately equal to or greater than
1 um. H12-liposomes, however, were not observed as intact forms
during the activation. By careful inspection, fuzzy and/or formless
contents were found to be present in the lumen of the large-sized
swollen OCS. In contrast, the formation of large-sized swollen OCS could
not be observed in the platelets incubated with control liposomes during
the thrombin activation (data not shown).

Identification of H12-liposomes in thrombin-activated and aggregated
platelets

To visualize H12-liposomes in the mixture with platelets before and
after the addition of thrombin, ultrathin frozen sections from the
samples were subjected to electron microscopy (Fig. 3). In the mixture
of platelets and H12-liposomes before thrombin-activation, the lipo-
somes were present independently from the platelets and were
observed as electron-lucent small particles with unit membranes,
around 0.2 to 0.4 um in diameter (Fig. 3A). Through a combination of the
immunogold method with an anti-H12 antibody, we were able to view
H12 distributed homogeneously on the surface of the liposome (Fig. 3B),
indicating that the method combining cryoultramicrotomy and immu-
nogold staining was more effective at identifying liposomes than
conventional electron microscopy methods.

Accordingly, the same methods were also used to analyze the
interaction between platelets and H12-liposomes during thrombin-

induced activation (Fig. 4-6). When thrombin was added into the
mixture of platelets and H12-liposomes and the suspension was
incubated without stirring from 30sec to 5min, the gold-labeled
liposomes were identified not only on the exterior surface but also in the
lumen of the large-sized swollen OCS in the platelets (Fig. 4).
Interestingly, some H12-liposomes were localized along the membrane
of the large-sized swollen OCS. In contrast, when the mixture of platelets

Fig. 3. Visualization of H12-liposomes by cryoultramicrotomy and immunogold
staining. H12-liposomes in the mixture with platelets were fixed and frozen in liquid
nitrogen, and ultrathin frozen sections were examined by electron microscopy before
and after immunostaining with an anti-H12 antibody and gold-conjugated secondary
antibody. (A) Liposomes show unilamellar small particles around 0.2 to 0.4 pm in
diameter (arrows). (B) Abundant gold particles representing H12 are distributed
homogeneously on the surface of the liposomes (arrows).
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Fig. 4. Localization of H12-liposomes in the platelets activated by thrombin without
stirring for 60 sec. The spheroidal platelet has several large-sized swollen OCS. Gold
particles representing H12 are distributed not only on the exterior surface (arrows) but
also in the lumen of the swollen OCS in the platelet. (Inset) At high-magnification,
electron-lucent liposomes labeled with gold particles are visible along the membrane of
the large-sized swollen OCS in the platelet (arrows).

and H12-liposomes was stirred for 60 sec after the addition of thrombin,
extensive aggregates of platelets had formed (Fig. 5). The aggregates
contained many electron-transparent areas between adherent platelets,
ranging in diameter from around 1 um to several pm, in which many
H12-liposomes were identified (Fig. 5 inset). Although the ultrastruc-
tural appearance of the electron-transparent areas resembled that of the
large-sized swollen OCS containing the liposomes in non-aggregated
and activated platelets, their size was greater than that of the OCS. On
the other hand, the localization of H12-liposomes in platelet aggregates
differed from that of fibrinogen, as detected by immunogold staining
(Fig. 6). Fibrinogen released from o~granules in platelets was densely
localized in regions where granules appeared to be fused and at sites of
discharge of the granule contents.

Inhibitory effect of antagonists to GPlIb/llla on the formation of the
large-sized swollen OCS in platelets incubated with H12-liposomes after
thrombin-induced activation

To assess the mechanism of formation of the large-sized swollen
OCS in platelets incubated with H12-liposomes after thrombin-
induced activation, liposome-unbound H12 and several antagonists
to GPIIb/Illa were subjected to ultrastructural analysis (Fig. 7). The
control platelets in the mixture with H12-liposomes changed their

Fig. 5. Localization of H12-liposomes in the platelet aggregates induced by thrombin for
60 sec. Large aggregates have formed and many platelets have been degranulated.
Electron-transparent areas between adherent platelets are widespread in the
aggregates (arrows). (Inset) At high-magnification, H12-liposomes can be observed
on the membrane of platelets in the electron-transparent areas (arrows).

Fig. 6. Localization of fibrinogen in the platelet aggregates induced by thrombin for
60 sec. Many H12-liposomes with unit membranes are present in the electron-
transparent areas between adherent platelets in the aggregates (arrows). Gold particles
representing fibrinogen are densely distributed in the swollen or fused a-granules in
the platelets discrete from the H12-liposomes.

form to spheroids and contained several large-sized swollen OCS
5 min after the addition of thrombin (Fig. 7A). In contrast, when the
mixture of platelets and H12-liposomes was pre-incubated with
liposome-unbound H12 (Fig. 7B), EDTA (Fig. 7C) or the anti-GPIIb/Illa
antibody PAC-1 (Fig. 7D) for 60 sec at 37 °C, the formation of the
large-sized swollen OCS at 5 min after the addition of thrombin was
inhibited completely. Especially in the platelets pre-incubated with
liposome-unbound H12, not only the formation of the large-sized
swollen OCS but also the release reaction of granules was inhibited
after the addition of thrombin.

Discussion

We have previously confirmed that H12-coated microparticles
such as liposomes, latex, and nanosheets show specific interaction
with activated platelets and augmented effects on platelet thrombus
formation onto collagen-immobilized surfaces under flow conditions
in vitro, and prolonged hemostatic ability in vivo to correct bleeding
time in a dose-dependent manner in a thrombocytopenic rat model
[11,16,21-23]. These findings indicated that H12 on the surface of the
particles reproduced the ability to bind GPIIb/Illa on the activated
platelet, leading to adhesion and aggregation at the site of vascular
injury [33]. Our purpose in this study was to visualize the specific
interaction between human platelets and H12-liposomes during
thrombin-induced activation using flow cytometry and electron
microscopy.

Our flow cytometry results suggest that many H12-liposomes
should be associated with the surface of the thrombin-activated
platelets, and that this should be visible through electron microscopy.
In contrast to our expectation, however, we could not identify H12-
liposomes associated with platelets before and after the addition of
thrombin in the sections of Epon-embedded sample using conven-
tional electron microscopy. Instead, we observed the formation of
large-sized swollen OCS, 1 ym in diameter or larger, in the spheroidal
platelets from 60sec to 5min after the addition of thrombin.
Furthermore, hazy and/or formless contents were present in the
lumen of the OCS. Swollen OCS is observed commonly during the
platelet release reaction; its size is usually about 0.5 pm in diameter
[32,34,35]. It is well known that actin assembly induced by an increase
of intracellular [Ca¥] and activation of protein kinase C in response to
several agonists results in the platelet release reaction as follows: o-
granules fuse with each other and the membrane of the OCS, resulting
in the formation of the swollen OCS, and causing the intra-granule
contents to be compressed so as to flow through the lumen of the OCS
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Fig. 7. Effect of antagonists to GPlIb/llla on the formation of the large-sized swollen OCS in platelets incubated with H12-liposomes after thrombin-induced activation. The mixture of
platelets with H12-liposomes was pre-incubated with lipesome-unbound H12, EDTA or the anti-GPIIb/Illa antibody PAC-1 for 60 sec at 37 °C, activated with thrombin for 5 min
without stirring, fixed and viewed by conventional electron microscopy. (A) Control platelets in the mixture with H12-liposomes appear as spheroid forms with several large-sized
swollen OCS at 5 min after the addition of thrombin (arrows). (B) When the mixture of platelets and H12-liposomes was pre-incubated with liposome-unbound H12, the platelets
have spheroid forms with pseudopedia, and the centralization of granules can be seen after thrombin activation, though the swollen OCS cannot. (C) The platelets pre-incubated with
EDTA appear as spheroid forms similar to H12-pre-incubated cells after thrombin activation. Some a-granules are fusing with the membrane of the OCS, resulting in the release
reaction of granules in the platelets. On the other hand, the lumen size of the OCS is relatively normal, and there is no large-scale swelling (arrows). (D) After thrombin activation, the
platelets pre-incubated with PAC-1 are striking similar in shape to the EDTA-pre-incubated ones. The release of storage granules is observed in the platelets (arrows), but the large-

sized swollen OCS is not.

to the exterior of the platelets. Moreover, recent studies have
suggested that soluble NSF attachment protein receptors (SNARE)
proteins such as syntaxin, SNAP-23 and VAMP and Rab proteins
participate in the a-granule fusion and the formation of swollen OCS
[36,37]. In the present study, using ultrathin frozen sections and
immunogold electron microscopy, we have succeeded in visualizing
H12-liposomes localized not only on the surface membrane but also in
the lumen of the swollen OCS in the platelets from 60 sec to 5 min
after the addition of thrombin. The swollen OCS containing H12-
liposomes in the platelets of ultrathin frozen sections expanded
greatly, similar to the platelet OCS in the sections of Epon-embedded
sample. We also observed that the large-sized swollen OCS failed to
form in the thrombin-activated platelets with control liposomes.
Taken together, these observations lead to the conclusion that the
large-sized swollen OCS is formed after specific interaction between
platelets and H12-liposomes by the following pathway: H12-
liposomes bind to the surfaces of spheroidal platelets after thrombin
stimulation, and a fraction of the liposomes redistribute into the
lumen of the OCS in the platelets, resulting in the formation of the
large-sized swollen OCS in the cells. We confirmed that the formation
of the large-sized swollen OCS was a GPIIb/Illa-mediated interaction,
because it was completely inhibited by pre-incubation with liposome-
unbound H12, EDTA or the anti-GPIIb/Illa antibody PAC1. However,
the physiological role of the redistribution of H12-liposomes from the
platelet surface to the OCS and the formation of the large-sized OCS
remains unknown, although several investigators have reported that
platelets have the ability to take up small particles such as cationized
ferritin, latex, bacteria and viruses [38-40] into the lumen of the OCS.
Some electron microscopic studies using cytochemical methods have
also demonstrated that these small particles were eventually

internalized into the platelet cytoplasm from the OCS by phagocytosis
[38,40]. Whether the above-mentioned redistribution of H12-lipo-
somes participates in platelet phagocytosis remains to be determined.
The hazy and/or formless contents present in the lumen of the large-
sized swollen OCS seemed to be the wreckage of the H12-liposome,
which had been dissolved and broken down by the ethyl alcohol used
for dehydration during sample preparation.

In the thrombin-induced aggregates, H12-liposomes were found
to localize in the electron-transparent areas between adherent
platelets in the aggregates. The large-sized swollen OCS containing
H12-liposomes observed in non-aggregated platelets may be formed
in each platelet even in the aggregates. Although it may appear that
the electron-transparent areas were just as small as the OCS, we could
not identify the OCS containing H12-liposomes in the aggregated
platelets due to difficulties in distinguishing between the demarcated
boundaries of each platelet in the aggregates. At any rate, these
findings indicate that H12-liposomes bind to stimulated platelets and
are incorporated between adherent platelets in the aggregates. The
process of platelet aggregation is known to be regulated by the
activation of GPIIb/llla and its subsequent binding of fibrinogen or
other adhesive proteins [24-30]. When washed human platelets in
the presence of exogenous fibrinogen were stimulated by ADP or
thrombin, fibrinogen was found to localize between entire adherent
platelets in the aggregates [35,41]. In the present study, although the
localization of H12-liposomes differed from that of fibrinogen
released from a-granules in the thrombin-induced aggregates, the
localization of liposomes seems to resemble that of the exogenous
fibrinogen in the ADP- or thrombin-induced aggregation, suggesting
that H12-liposomes behave like fibrinogen by bridging adjacent
platelets through GPIIb/Illa activation after the addition of thrombin,
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leading to the formation of the aggregates consisting of platelets and
the liposomes. H12-liposomes have two advantages over fibrinogen in
terms of their participation in the platelet aggregates. The first is that
the modified H12 on the surface of liposomes is specifically bound to
the activated GPIIb/Illa on the surface of the platelets. Several
sequences in fibrinogen have been designated as GPIIb/Illa recogni-
tion sites, including two RGD-based sequences in the Ax chains and
H12 in the carboxy-terminus of the y-chain [27-29]. Selection of the
H12 peptide was based on general observations that the interaction of
H12 is highly specific to GPIIb/Illa, whereas RGD-related peptides are
promiscuous with many integrins from various cell types [30]. Thus, it
is assumed that the binding ability of H12-liposomes to activated
GPIIb/Illa on the platelet surface is stronger than that of fibrinogen.
The second advantage of H12-liposomes is that they have a diameter
of about 0.3 um. It is assumed that due to their large size compared to
that of fibrinogen molecules, H12-liposomes are capable of forming
large aggregates in combination with only a small number of platelets.
In fact, even in a thrombocytopenic rat model, H12-liposomes
reduced bleeding time in a dose-dependent manner, suggesting that
the liposomes interact with small numbers of platelets and form big
aggregates at sites of vascular injury [22,23].

In conclusion, we have clarified the interaction between platelets
and H12-liposomes during thrombin-induced activation using flow
cytometry and electron microscopy. In a previous study, Okamura et
al. succeeded in visualizing the specific accumulation of H12-
liposomes at a site of vascular injury using iopamidol encapsulation
and computed tomography observation, and undertook semiquanti-
tative analyses of the H12-liposomes accumulated at the injured site
[33]. They also generated schematic images of the accumulation
mechanism of H12-liposomes at endothelial injury sites. Our present
finding, namely, that H12-liposomes were localized abundantly
between adherent platelets in the thrombin-induced aggregates,
strongly supports the theory that the liposomes could participate in
hemostasis by accumulating specifically in platelet aggregates at the
site of bleeding. H12-liposomes appear to require endogenous
platelets to work, and thus may not be sufficiently effective when
administered to patients with significant thrombocytopenia. Yet H12-
liposomes may be useful for the treatment of bleeding in patients with
qualitative platelet disorders, such as storage pool deficiency. Further
study is needed under conditions simulating various clinical settings
to establish potential indications in platelet transfusion.
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Phosphodlesterase (PDE)3 mhlbltors exert potent antlplatelet effects
through maintaining elevated mtracellularcycllc adenosine monophos-

phate levels, but do not prolong bleedmg time. To resolve this discrep-

ancy, we hypothes:sed that PDE3 inhibitors effectwely suppress shear-
induced platelet t thrombus formation initiated by the interaction of the

platelet receptor GPIbNIIX W|thk|ts llgand von W|llebrand factor :
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stable platelet thrombus formatlon (platelet flrm adhesion and subse-
quent aggregatlon) on the VWF or collagen surface under high shear,
but ASA. onIy |nhlb|ted aggregatlon Notably, inhibition by K-134 be-

came evident only when a low concentration of PGE1 was present.
“ These inhibitors did not block shear-induced initial platelet contact with
(VWF via GPIbN/lX In contrast under low shear, the inhibitory effects of
K-1340n platelet aggregataon onthe collagen surface were lower than

tlroflban orASA The observed shear- dependent suppression of platelet

: ‘thrombus formatlon by PDE3 mhlbltor in the presence of low levels of
‘adenylate cyclase stlmulator may contnbute to hlgh therapeutlc bene-
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Introduction

In platelets, cyclic adenosine monophosphate (cAMP) is a versatile
negative regulator of key signalling pathways including Ca® mobili-
sation and integrin olIbP3 (glycoprotein (GP)IIb/Illa) activation,
virtually through serine/threonine phosphorylation by the cAMP-
dependent protein kinase (PK)A. The cAMP is synthesised from
adenosine triphosphate (ATP) by adenylate cyclase (AC), activated
by Gs-coupled receptor stimulation with endogenous agonists such
as prostaglandin (PG)I2 (also known as prostacyclin) or adenosine,
and is degraded to 5-AMP by cyclic guanosine monophosphate
(cGMP)-inhibited cAMP phosphodiesterase (PDE)3. As a result,
cAMP concentrations in platelets are regulated by the activity bal-
ance between AC and PDE3 (1). In fact, a prominent functional syn-
ergy exists in vitro and ex vivo between AC stimulation (e.g. by the
PGI2 analogue PGE1) and PDE3 inhibition (e.g. by the PDE3 in-
hibitor cilostazol) to suppress platelet activation (1).

Cilostazol is the only PDE3 inhibitor to date approved for clinical
use to manage intermittent claudication in patients with peripheral
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arterial disease (PAD) (2), and has been shown to inhibit agonist-in-
duced human platelet aggregation ex vivo as effectively as the cyclo—
oxygenase inhibitor acetylsalicylic acid (ASA) and the P2Y12 in-
hibitor clopidogrel (3). Although use of ASA or clopidogrel is com-
plicated by an increased risk of bleeding, cilostazol does not prolong
human bleeding time (3,4), and the risk of haemorrhage associated
with treatment is quite low (5, 6). To clarify this discrepancy, we hy-
pothesised that PDE3 inhibitors suppress platelet thrombus
formation in a shear-dependent manner, since pathological throm-
bus at injured arterioles or stenosed arteries is more dependent on
high shear stress than physiological haemostatic plug formation.
Thrombus formation on von Willebrand factor (VWF) and collagen
surfaces under high shear requires association of platelet GPIb/V/IX
with the Al domain of VWEF (7,8),and GPIb/V/IX engagement itself
activates GPIIb/IIla independently of other receptors (9). Con-
versely, under low shear, direct platelet binding to collagen via GPVI,
and platelet-to-platelet crosslinking via GPIIb/Illa and fibrinogen
are functionally significant in thrombus formation on collagen (10,
11), whereas GPIb/V/IX is not necessarily required (8).
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