DR YN

o RINZ Lo THEFHMPELZZDT, WEROFRNZMAEETHS (F 1),

o fiffit 7T X €/ L > (DDAVP) (3 &P & #lkE 72 & 12 BT/ & M fzvon Willebrand factor
(VWEF) 2 MR IR LU, 2 E21E0E2EE LTV SRS, VWFESEL KAWL
T2 (Type3 ) H 20, BESTFEEELU TS ERE (Type 2 BY) Tld ik mah 5 12 47
HTE, |
-Dmmmiﬁ%?éﬁ’%ﬁﬁﬂ&éﬁm,ﬁ%%%mwtg<

o VWFIZ m#Erf THVIEF (FVI) &AL TV B 7=8, —iRE0IC I3 mEESERVIISsLE] 1=
VWEBEENTWD, LML, 7DZI4%Mimm$%@M§f%%ﬁ /00—
FIHAR TR IN TV SO VWERIBEAESEEN TR,

o FVI/VWFEIENZ TR TOREICENTH 57, 20OHREELHRELHEIIH MOBEIC
LoTELD, SHBEEETAIVWFOLME=Z Y — 33 F 3 TH DM, MEVWE
RCoEHWBDH—RETH 5,

e E#¥M#EHRDVWE : RCo%100% &9 3 &, FVI/VWFE %% VWF : RCox LT 13
L/ kgDEHEIC L > TEBERNTIZ 1 ~2%BDVWE ! RCoD LAMEFEZ N2,

L R EDEE

e DDAVPI34EMk, TEJE, HEERR, 7 MU YLEBREORERSSH 2180, LEED
HBBEDHEIRLEIIIEERIRENLETH B,

e VWFIZHFE VN Fv—BEERZ L2 TEY, VILFv—HA1XMNERCEETS, F
VI/VWEFBIEI OO MiZk > TEENDVWET L F T —HEEINTVLEIHDOLH 2D
THEEEET D,

B RS

"‘» FRIL

e DDAVPIZ, IRV FEULLEIFT D7, S TOERFERIZIZRTH 3,

e DDAVPIZ, Type?2, 3ZUTIFEIMTH B4, &< iZType 2BICIIBRESEERTH 5,
Type 2BEZ, VWEDM/IMRIEGPIbIZH g 2 AN T E T 5 Z & THHEE LS FVWE

VIVF V= EET D, DDAVPIZIM/IMREE 2SR I TOTEREINT NS,
(AR AHER] ]

el 483



BAD

I E3REE

AFIFIS, EEMT

E1fEREER 7 & — TR ATREER

o M, MUVIVR, MIAHERLEDS <DBIGTFHEIRMEMERRSE U TRESNTNS.

o BIRFICK D CIFHABICHERDIESDENDD.
o XFTF UV RICKDBEDMABROBEHITHNTNS.
o BIMMBLFHET(E, RARNERIE ERNFERRETF TEEL.

[ U#IC

Mg EE, BAR M & BRI TF
2 BB H B . REEIR MARAE R M M AR 224 5
D X 9 R EIRIASRE T, I R E R - <o & i ]
MEFOREGIKE L, MEEERE LTHEED
FERMEEERE - BEHHEFRZEFALONLTY
B, —), MEERTENIIRESICA LN ERIN
B, M/MREHESTRTEROERTH D, B
REALD & 9 I ENBEDEHIESELESE L
TWwa. $hbh, Nk, B2E, SiME, HERE,
BE 72 & DB RPER DS, B A G - TEK
MRFEDFERREAF L LTRELES LTS, 2
O Z & HEIRIEAE TORRNMAEEROFE
R LTS, KR, ERIRIRE Bk
MARFEDEEHZER TN E ZHRICES LT
vy,

2D &) WCEIIRIMASEE 1 3B R IVER O 55
KEWEEZ ONDH, BIENERDH LM
ELTwaZ e, RAEREZHWIED LMD
w5 N7V, Flossmann 51, ZHF Tl
NIAFERER A L, WIEEDFERI—IIE
FETIMRAERDH AT, HEVITIEKIRE
ML o TEVWEHLPENERF L. 20
FER, IR TR R ) BRI
EO—H % (Fv X 1.65; 95 %IEHEK

1.2~2.3), BEMEROFT ZHRH L5,
W o DOWFRIZE L DBETFOHFGEFTERFTLT
WAH DT TRV, BEOFZE Tk s O&ER
FERDPERE T L LTHE S5,
LUFIC, BiMmnEREEZ & CEIRMAZEE O
BIEWERE LT, HESNTEHA OERET
ERO LN TOIFICL SN TV A LRI %4
T 5. '

MENZEZNIFTET

1. 7o0F Ty oEER (ACE) (b0

16 A () /X% (D) B

Ty IFT vy R (angiotensin con-
verting enzyme ; ACE) XL =v-7 V47
VYRTHWLANKEFYRTFEF—ETHY, 7
YUFT UV DERR T T VX DR
. AEMIBRAGICEETH LD, &
T - BiiREE L2 & ORERLIME ) €7 v 7L
bEEII Do TWA, ACE B FIIEA »
b 16 12 Alu £RBCS (287 bp) @ I/D £445%
FETH., ZOEMHACE OMAREICKE L
B DTVULIMELOE POIMLH ACE LAV
DPENWT EHHE SN, 0%, BIELE
BRMIEZE & ORED S { OWFFEIC & o TIRET &
N, D7 LNV ELEDI ERMBEEDI LG
BIRTCh b LHE Sy, BRAERSICL

FRISIETIS - EEEIERORAHR 407




7eHigECh, D7 VIVIEEILERZE BT 50K
FEOBREATTHLEENTWEY, AEAL
B % DD BETEHOMBUEE I8 % ThH s
2. AFLF I FOERETER (MTHFR)

C677T %A

KEVATFAVIES-AF VT b T POl
PHRAFNEERIF, AFF o UANERENA,
CORGTHERLZERE, AFLry7FhIel
ORISR (methylenetetrahydrofolate re-
ductase ; MTHFR) 2& 0 5-XAFNF b F
DML VA 7 VS b. MTHFR OFEEED
BTT4E, REVATAUYBOLAFEFZUAND
RBMAPMET L, MEREIATA VIRENERT
B, REVATFA Vi, IWMROEMEL, EEEE
FOEELER, ~XF VIRBOFERET, bar
KXY OFEL EOSERERICLY, I
FOWREEESRITEEZOND, MTHFR &
ZF D C677T (Ala222val) ZE£1%, MTHFR ©
HEEKAOMBEE L FAD OEHAINEL, FORKE
BHAMET L, REYAF A ¥ ORBEEIET
+ 25, TTRETFHE, BEOEREVATA
VIER R L, Bk BAROHZE ChEESTE
REBDERETTH2 L OHRES 55557,
fEBREAFTERVETIHRELHL., 0L %
FERO—HEE LT, MPOEBHEEL, C677T
LR LB OB BT AR BETF Lo T
VAT AR S LTV 2. HAACBITS
TT BEFE O HBEEER 10~11 % T 25,

3. WEB—BLERSREFR (eNOS(NOS3 &

HLWhh3))

AR - LB ZEEE (endothelial NO
synthase ; eNOS) 25L& S5 NO i, I
SRR ORI EIIH, FEAOBRIIROEE
EIH, IMARMEOMERER L, & F ST e
BEMdH B, eNOSBIEFIIE, TUE—F — Gk
WEHEERITT T-786C, A v b0V 41IH 5
27bp BHID 4 [ F /i3 S EOEYEL, BED
TEMIHE Y RITT Glu298Asp BEVFH LN
TWa, Ih60%iE, FICHEAAZWRE L

PRI T OERE OBESHE S LTWEY . L
»LABDEE 2 B0 R LT L~
LTwiw'? §f, MIEEOY 74 4 7 & 45
EDMEBBITICE Y, T FEEL Glu298Asp
ER (p=0008)", 1 EV4ichsLHE (p
=0.01)" L ORIESHE S, IO LIkH
BEARESELTRFTHILICED, LD
REE L OBEF RIS NDTREED H B 2 &
EREL TV,

[i#EEE - #RICRIS T DEF

1. factor V Leiden (Arg506GIn) &, 7O b

Ar e G20210A $2!

factor V Leiden &, {HHIL7Hm T4 >~ CiT &
B LCEUER R L, Z O REEREDS
Fo#T 5. Leiden ZEIZ, FOkAOMAHE
He L TRMELENZLDTHY, —ix AL
B AHBBEEDNI B EEVY, HEATIEZ
nNETHRE SR TWARW, Yo bo ¥y
G20210A £ Ei%, mRNA @ 3’ JEFIER4ER AL
BLTBY, mRNAD IO VB2 Rk
3. Bok TR IR ERE TORBUEEYH
BEILBWERESINTWABED, factor V Leiden
FREAANCIRED STy (&1).
2. 747/ =4 p#E G-455A &R

M7 47 =7 E0EMmE BRMEE &
OB, ZLOMBICLVEIOONTVS,
BERDGEI D 12 42T id G-455A 2 b & (R
NTBH, AABETFEREEIL GG ERAEE &
W74 7)) =7 VBENPEW. LaL,
G-455A &7 & EENIR R B AESE & ORI D
WK, —HLAERERESB LN TR W,
ok, 74TV )= VH, 4 vy—u~
FUORELTRERLET A28 MINGERAT
HBEZELEBBLTWARL LNV, 747
J =y OMFREE, Fin, B, BREopE
TRELEHTAHIEPMONTEY, ThbHD
ER IR 5 BHIREALIRZE O 55 FUG & S L
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1. 8%

£ 1 BAEA - FRACSIS BMiMRA L S DB TFEEDT U IVBELLE

53 VATEES  mEA KA
factor V Leiden (Arg506Gin) Gin 0 0.02~0.03
70 O G20210A A 0 0.01~0.02
717U/ =45 [#H G-455A A 0.13 019~10.26
PAI-1 4G/5G 4G 0.63 0.55
7’5 X 3/ —4 > Tochigi (Ala601Thr) Thr 0.02 0

BE I — A D T OIRE.

TWbETLHNH 5.

3. PSR/ =HF T IFN—G—HERF
( plasminogen activator inhibitor ; PAI)~1
4G/5G %E

PAT-1 13PTSR ¢ RIS 575,

MAEBVWCRMEOEREZFHHLTWE.

PAI-1 BiEF 70 E— % —D-675 2k, GiE

HEORE - AL B 4G/5G LRIBHLETS.

4G 7T VVREHE OIMLF PAI-1 BE, 5SGT L

VREEZHELDE V., ZOZRFEIIRMZEE & DO

HTELOMEDNDH HHS, HimidFE—wTiE%

vy,

4, FEHRHETFRZE

e E I R F O RIBAE L, FHIRIMASE O fa iR Al

FLLTELZLNEILEDEWVD, WEEDRE

MEAFELTHRBEINDEIRETHS., MWOEK

KTF et O BFEFER, MEREDORKENSE

FEG, BRIRIAEDAPEFIZ & CIE, BEEHIEE T

REZIEDTEEEDEEDNSL. HARANTIE, 707

A4S, 7ar4rC, TrFrur¥rRZE

MA oD, GeE G EFIFENEED 50 %

PIFic7 5 & ieEmas i 5.

iR EEICRE S5 I BIET

/M & H (glycoprotein ; GP) i, /MK
DEBALIC & ) EREEE AR L, /MR
BOFBERE CHONEEIEZES . 74 7))/ —
7S BARTH B GP lIb/Ila E&KD GP Illa
BIZTF LD Leud3Pro R, TBINRE B R AR

ELOMETEZHOMEDND H0HERIE—HLT
W7\, Leu33Pro BEDEE T H AN TIEFEE
W, 74 2 EVT S Y FET (von Wille-
brand factor) &K TH 5 GP Ib/IX/V AR
D GP IbaBIZTF ED%E (Thri45Met 22) 12
DWTH, EIRFAZEMEE & OE CHEEORE
DHAH. H—HRERIEDLY TEZWD, HEA
PG L L7-HIE CRBEE L OES i ST
W2 (p=0.0005)".

ItEER(CRAR I DB FZRID
AT FUIA—CNETICHESINS
B (CBERRE DEEE

WMEEOECHNEZERTIERTHMEIL, S
DRIETFLERBEOERICZ Y ) 5 & LTHE
ENTER, LoL, ZFR500BLOMIEHERD
BRENPZ L, WELERREF & U THERS
NTWB DI TR, BIFER THEROFIRMEAS
FZLWEREE LT, WCOPDTREENREZ bR
5.

@ &R O BHEHEEFR Y, HDVITHERELK
DARRDI-OIC, FRLSTE OMEZFFHIT 5
729 DRI N SRR LT 72T e,

@ REBEOTHA v (v FBEA Y POFKE) ®°
WEREEN (FFICEER) OB, RICL-
TEL > TWAHHFEM.

O ANEHEERS~ATaREMENEE L TR
BRATHEAT S 7= gEE (S B0 BB AL (3 N ]
TRELERS).

N DEREZHRT A0, FUIRFHE®E

BESIETES  EEBERORATR 409




K2 WEROFRRREETT

BET s | BW £ f%g;@; BEH iﬂ@&(%;éggﬁ)pmwm
factor V Leiden (26) * | Arg506Gin 1Bt 6.5 4,588 | 13,798 | 1.33(1.12-1.58) 0.03
MTHFR (22) C677T eaty:s 13.7 3,387 4597 | 1.24 (1.08-1.42) 0.22
JOrOvEr (19" | G20210A B4 2.9 3,028 7131 | 1.44(1.11-1.86) 0.91
ACE (11) I/D & 264 2,990 11,305 | 1.21 (1.08-1.35) 0.47
factor Xl (6) * Val34Leu L 6.6 2,166 1,950 | 0.97 (0.75-1.25) 0.08
7RYREBEWNQ) | €4, €3, €2 TLWedys b7 LIV 29.3 1,805 10,921 | 0.96 (0.84-1.11) 0.02
GP 1lla (9) Leu33Pro Bl 27.3 1,467 2,537 | 1.11(0.95-1.28) 0.76
eN0S (3) Glu298Asp A 12.5 1,086 1,089 | 0.98 (0.76-1.26) 0.40
PAI1 (4) 4G/5G EAL 18.9 842 1,189 | 1.47 (1.13-1.92) 0.75
GP lbe (3) VNTR D/Dvs {77 Lo 2.08 816 719 | 0.81(0.39-1.70) 0.78
GP 1lb (3) lle — Ser ik 13.9 770 1,090 9.99 (0.74-1.32) 0.42
GP Ibea (4) Thr —Met B 13.4 564 962 | 1.55 (1.14-2.11) 0.68
factorVIl (3) A1/A2 B4 24.8 545 504 | 1.11 (0.83-1.48) 0.20
GP lba (3) Kozak 25! T/TvsC/CH+C/T 71.7 350 549 | 1.88 (1.28-2.76) | < 0.001
LPL (3) Asn291Ser B 478 452 8,879 | 1.27 (0.80-2.01) 0.73

Pret Value : ERICH I 54 v LEDIESDED pliE (EXNSWEE, BBLHEESD2ENMHB), VNTR : variable

number tandem repeat
"EANCHBOH ShEVSE

(Casas JP, et al. Arch Neurol 2004 ; 61 : 1652-61'% & +))

SEL7-BERAINEL, BREEEICHKE L THE
WMEETARAT T A TS, MEEIZHE
TEAYTF) L AZT TV OLDEEND
B, BEHE SN7: Casas b ORE® 112 h
FCCHRARBETHL. Eoid, 200341 A F
TIRERSNI T RCORFEIZET LS — X -
I Y P VBIRICOWTIRERIT, EEIC

LMBEOEEZH DY, AADOAZIRIZL

TV 120 DIMEIC DOV 2 D 72 (8 A°
18 ki, HRILE TOREHIBRIL).

#9 18,000 ADEE & 15 58,000 ADEE#H 12D
W 32 BIZF R L7, REER 2™ 1IRT.
CNFETLHLCHRSINTE 4 DDEH, factor
V Leiden, MTHFR C677T, 7Yu by v v
G20210A, ACE I/D i3 BiHiZE & D AR 25200 &
Nz, TR LT, ARCEROMEDTH 2
factor XIII, 7RV R&EHE, /MR GP Illa %
EDBEFIIASEOMIT THEAEERTE R o7k,

WICOWTEHBEDRTEIT SN0, NTuys 47

BT OERTHHLEDNS.

T/ LD A RENTIC R DEEDRR

&iT, MEECHETAHLVWERTLLT,

RAKRYTAF T —¥ 4D (PDEAD)™ & 5-1) K
¥4 — PIEEAED (ALOXSAP)™ 3R
EN. bR, 7 ARBIOAETASRI<
— A= RBLOMEBTICE Y EES N &
N6 DEETFIE, FIOEFTER L OMBEIME
ENns Tk, EEOREL BETHEL OFE)
JRE S B 2 LS, AHROFEIERS LT
B 41k, SORSEF—FR—ANTEL, ¥
Ay THEMAPHESETIE, 7 LT 4 R R
W& D H - EEEERETPRE S D REN
BhH5b.

BELMESRE SNAEETHo T, Mh% (Bbb(:

EMRET V) bIFTid ok (v XLk 1.21

~1.44), T ZTIXHMDLE & JHiEE & OBE AR D %2 21y, BW—DEETRBE CHRIE
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L, #0FHRBEFIHEEINTVELDLH
5. L LREBOREEIX, ZZFETHETE
o9, BROEREBEWEREDHEEIEM
DR SETLLDEEZLbNA, ITNE T
FE s BEFORKRRT L L TOFSFRM,
FNEFNEMTEBRWER T SRS O TIRZ%

7oL, WD E TSI L Tn A 2 B I
B LT T2z s v, &L FE
EziE, AEECHBEEIZEVYD S b 00%
W ERPL D, BB RIS IEIC D WA kR
ALY T ) VAN, HEAERBIZODWTIThi
B LIRSS,

WEITHhE. TOL) LERNERNEZFRET 5
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NI ® -G WHEE PEREE - BHE

Bt oo HeS

&
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.l 3 /NI

ADAMTS 13 (& von Willebrand &+ % t1#7 9 Mg
RTHD. ZOBEMNZE, MBI NMTRMEEBERORE

I s 2, HSV(IHRIEMMTR MEEIR P EEE N ENRE
p— T B ERBEORINZHICERTS 3.

ADAMTS 13(a disintegrin-like and metalloprotease with thrombospondin-1 motif, 13) i3,
WSS HEET 2 BET W ETH D, von Willebrand BHF (von Willebrand factor ;: VWE) %%}
BENCUINTT 5. VWF W, BESTEOREZALF—& L THIEPHINE S 5 & 15 B EE
THY, HFFEHRE VI ENUMOREBHEE A G, Licai> T, ADAMTS 1313 VWFE %
BEACUIWTY 2 2 & TIMBERE R WML T2 & H 25N B,

ADAMTS 13 OWEHEAME T ¥ 5 &, MR 2T 50 VWE 258 RIT 2 00, MM AEEE
LR nRiBic s, 2ORE, & & 2SoMmE Tl »E U, $AGERE L7
5. :1175{1(11#3‘&.[&1.']\1‘&;)&’}‘&5&3&%(thrombotic thrombocytopenic purpura ; TTP) o 7&di 5%
T s,

TTP OEREERE, IR AR R (hemolytic uremic syndrome : HUS) E8EILTE D,
FERTEEIOUE PSERAE 1 IFE (disseminated intravascular coagulation ; DIC) & d#blS & % v, ADAMTSIS

WPED IR E R E 35 TTP £ HBUEE e 8N T 2720, ADAMTS 13 @D ME AN TH
3.

BRELDEE |

ADAMTS 13 OEKAP T 2 Lliis s, VWF WIS EEE 208 3 2 Filesh T &1,
@&, Furlan l-w1c k% SDS 74 0 — A5 LB wkdiE: &, Tsai o & 3 SDS-H®Y 7 2
DVT I P77 VERIIETH S, e, Bl N VWF w0+ = — & U & KIG )
KBS T 2 Ay 7 ay N ETD,

NS DTEE TTP WHED M 2 7oh8, BENEMETH Y, GRREL ~LTEHRT 5
ALY DD, DBIICa 5——’7"/1’.'u’7ﬁt(|"lu_(_k, #rFA v FELISAW, VAMeFra7777%
— PR ME 2 SRR S AL 7 h%, K DI HiEAE Tz,

EHo, Hizo VWEF W 278U, ADAMTS 13 & O£ 3~ 7-. ZOEHE, Asp'™Hn
5 Arg*tETOD DT I /EEREN SR BT F RAE ML & 43 2 BN TH 5 2 E AP L
120 ZOWEE VWE 73 EIFATWL S

T, &Y

EBS, VWFTID2MEAEMIL 2 &M~ 7F F FRETS-VWF 73 P& L #2Y, Jivlg,
S = oL F — I (fluorescence resonance energy transfer : FRET) Bl % I U 7ot
NEEETHY, ADAMTS 134C & 2 YIlnc Lefl U CHOCEIE A8 2. FllE, 967¢7v— b+ I
fﬁmmmmwuﬁmut7xyMMﬁbgﬁmM@%mL,m%fv—ru—y-f%wmmmm
THEDATHAS ), MAEE LIKMITHET U, SO O BN & Bt 0 & Lo+ %, {E

i) von Willebrand Al ¥ FEREER NLFRE mvjxﬂiﬂ»ﬂi’}"I'l:‘é}ffxfaiii
mﬁkﬁﬁ¢%ﬂ%ﬁ%§mﬁﬁag.ﬂﬁ—f WD SR Em s EaEKe L, LiIZLE

RMIMVRREEAEICES L, —RiIEMIZET HIREFPRER, FES, RALHRTOIH

SMIMEDHERRE AN T 3. A RRECEREIINEEND.

—100—



RS FRAE & (96 L) 4% (4 L) J

U
FRETS-VWF7383 (4 xM, 100 zL) J

NS
BET L~ kU — & — (Bi2340nm, FIZE4400m) J

54 Z EZ1RERGAE

N4

AN £ AL [ & bR J FRETS-VWF 73 B\ /2% ADAMTS 13

EMEDRE

METd 500, MRREL XL TOYE»BIFF &N S, FRETS-VWFE 73 138~ 7' 1O
SHHEENTEY, ZiMEL LT AT~ Lz BE T Tv 3,

~7%, ADAMTS B HUEDOMECHL T, W=FLEritaorrsdy e LTREENT
uxé.mwtt@W%¢MirfﬂjﬁtnhMLwAwﬁmfuw;m

L D

TTP &, ADAMTS I3 G TOERIC L 2/RM: &, ADAMTS 131204 2 Bl o I
L BBRMCKAE DA, TS BWT & BB & iERMNGES TR TH 5, PiEO LA H
<, BOCHARMELEDZE b B, TES TR RN CHIEBEAIMAE & 2 i 2
POETINRETH S, BHIrDMUI LB EHE T LoOMBIEEDCD E2E LT,
ADAMTS I3 66D ME R ENTH B, BWHEDO LIS, H v M ZHBEEMED S B Lwbih T
Wh

EWIC BT, WIS EHTHE EH 2N B, B2 I HERRGE O U0 i LT O R
REWXTENT AL L,

TTP DifEE Wi T, #ﬁﬂud&ﬂ@ﬂ“&m&meP%.Mkbﬁﬂf%
TTP EHAOM/NMIUHEIZEZSTH 5 700, FWAHEL VWAEH TIE ADAMTS 13 66 & wm¢
ZENHEHETH S

 tOfERI SR
TTP BOEGRAER A H D, & 512 ADAMTS I3 @& MEAER L Twvdud, TTP &z T& 5, L
, BURLETTP £BWiT 200ZYTH->ThH, EETRWGEEAES SN BN L FEET 5
fh/)*‘(é'[f‘(!"!ﬂi‘iﬂ:ff ETBDH, H 35wk ADAMTS 13 KOO BEMHEA T 5 DAy, B ).J.*\’C‘
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Summary

A plasma metalloprotease, ADAMTS13, cleaves von Willebrand factor
(VWF) multimers and downregulates their activity in platelet aggregation.
Functional ADAMTS13 deficiency leads to the accumulation of hyperactive
large VWF multimers, inducing a life-threatening disease, thrombotic
thrombocytopenic purpura (TTP). Although measuring ADAMTSI13
activity is important in TTP diagnosis, existing methods require time and
skill. Here, we report a fluorescence resonance energy transfer (FRET) assay
for ADAMTSI13 activity. We developed a synthetic 73-amino-acid peptide,
FRETS-VWEF73. Cleavage of this substrate between two modified residues
relieves the fluorescence quenching in the intact peptide. Incubation of
FRETS-VWF73 with normal human plasma quantitatively increased
fluorescence over time, while ADAMTS13-deficient plasma had no effect.
Quantitative analysis could be achieved within a 1-h period using a 96-well
format in commercial plate readers with common filters. The FRETS-VWF73
assay will be useful for the characterization of thrombotic microangiopathies
like TTP and may clarify the importance of ADAMTS13 activity as a

Correspondence: Koichi Kokame, National
Cardiovascular Centre Research Institute, 5-7-1
Fujishirodai, Suita, Osaka 565-8565, Japan.
E-mail: kame@ri.ncve.go.jp

Thrombotic thrombocytopenic purpura (TTP), a syndrome
characterized by thrombocytopenia and microangiopathic
haemolytic anaemia, is often associated with neurological
dysfunction, renal failure and fever (Moschcowitz, 1924;
Moake et al, 1982). Although most patients with TTP experi-
ence these crises idiopathically throughout adulthood, some
patients present with neonatal onset and frequent relapses, also
called Upshaw-Schulman syndrome (USS). Recent genetic
studies have revealed that the majority of USS patients are
homozygous or compound heterozygous for a critical muta-
tion of the ADAMTSI13 gene (Levy et al, 2001; Kokame et al,
2002; Antoine et al, 2003; Assink et al, 2003; Savasan et al,
2003; Schneppenheim ef al, 2003; Matsumoto et al, 2004;
Pimanda et al, 2004). ADAMTSI13 encodes a plasma metallo-
protease of the ADAMTS family (Levy ef al, 2001; Soejima
et al, 2001; Zheng et al, 2001; Plaimauer et al, 2002; Banno
et al, 2004). Many patients with acquired TTP possess
inhibitory auto-antibodies against ADAMTS13 (Furlan et al,
1998; Tsai & Lian, 1998). As the clinical characteristics of TTP
are similar to those of other microangiopathic haemolytic
anaemias, such as haemolytic uremic syndrome (HUS) and
disseminated intravascular coagulation (DIC), an assay
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predictive marker for various thrombotic diseases.

von Willebrand factor, thrombotic

platelet,

measuring ADAMTS13 activity would be an useful tool for
appropriate diagnosis and treatment of TTP.

ADAMTS13 cleaves the peptidyl bond between Y1605 and
M1606 in the A2 domain of von Willebrand factor (VWF)
(Dent et al, 1990; Tsai et al, 1994; Furlan et al, 1996; Tsai,
1996), which circulates in plasma as large multimeric forms,
ranging in size from 500 to 20 000 kDa. Functional ADAM-
TS13 deficiency can lead to the accumulation of large,
hyperactive VWF multimers. A method to measure VWF-
cleavage activity of ADAMTS13 was originally developed by
Furlan et al (1996) and Tsai (1996), in which purified human
VWF multimers were incubated with plasma in the presence of
either urea or guanidine. The reaction products were separated
by sodium dodecyl sulphate (SDS}-agarose (Furlan et al, 1996)
or SDS-polyacrylamide (Tsai, 1996) gel electrophoresis, fol-
lowed by Western blotting analysis with anti-VWF antibodies.
Although these methods have significantly increased our
understanding of the role of ADAMTS13 in TTP pathogenesis,
they are not widely used at the clinical level because of
technical complications.

Several groups have attempted to develop more simple and
rapid diagnostic procedures for clinical use, including a
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collagen-binding assay (Gerritsen et al, 1999), an immunora-
diometric assay using two site-directed VWF antibodies (Obert
et al, 1999) and a ristocetin-cofactor assay (BShm et al, 2002).
Multicentre comparison studies of these different assays
showed varied performance but supported the usefulness of
the ADAMTS13 assay for TTP diagnosis (Studt et al, 2003;
Tripodi et al, 2004). These assays, however, still demand
complicated procedures and highly specialized materials.
Therefore, a more rapid, reliable and convenient method of
measuring VWF activity is eagerly awaited.

As chromogenic substrate assays are used in the clinical
measurement of protease activities, initial studies were sought
to identify a short oligopeptide that can be specifically cleaved
by ADAMTS13 (Furlan & Limmle, 2002). As these attempts
have systematically failed, the cleavage at Y1605-M1606 of VWF
probably depends on both the specific residues in the vicinity of
the scissile bond and more remote sequences. Recently, we have
succeeded in creating a recombinant substrate encompassing
the shortest region of VWT that serves as a specific substrate for
ADAMTS13 (Kokame et al, 2004). The peptide substrate,
designated VWF73, contains 73-amino-acid residues of VWE
from D1596 to R1668. In this study, we have chemically
modified VWEF73 to facilitate the quantitative measurement of
ADAMTS13 activity in a single-step procedure.

Materials and methods

Materials

The fluorogenic substrate, FRETS-VWF73, was chemically
synthesized by Thermo Electron GmbH (Sedanstrasse, Ulm,
Germany) and the Peptide Institute, Inc. (Osaka, Japan). It was
dissolved in 25% dimethyl sulphoxide/water to prepare the
100-umol/l stock solution. Human plasma was obtained by
centrifugation from whole blood that was treated with a 1/10
volume of 3-8% sodium citrate as an anti-coagulant. A protease
inhibitor cocktail (Sigma, St Louis, MO, USA) used in the
cleavage experiments contained 1 mmol/l 4-(2-aminoethyl)
benzenesulphonyl fluoride, 15 pmol/l pepstatin A, 14 pmol/l
trans-epoxysuccinyl-L-leucylamido(4-guanidino)butane, 36 pmol/l
bestatin, 21 umol/l leupeptin and 08 wmol/l aprotinin at a final
concentration.

Fluorescent assay to measure the ADAMTSI13 activity

Pooled human plasma (a range of 0-8 pl as a standard), or
4 i of each test plasma, was diluted in 100 pl of assay buffer
(5 mmol/l Bis-Tris, 25 mmol/l CaCl,, 0-005% Tween-20,
pH 60) in a 96-well white plate (Sumitomo Bakelite, Tokyo,
Japan). Then, 100 pl of 4 pmol/l FRETS-VWEF73 in the assay
buffer was added to each well. Fluorescence was measured at
30 Cin a Wallac 1420 ARVO multilabel counter (PerkinElmer
Japan, Yokohama, Japan) equipped with a 340-nm excitation
filter and a 450-nm emission filter. Fluorescence was measured
every 5 min. The reaction rate was calculated by linear

regression analysis of fluorescence over time from 0 to
60 min using the prisM software (GraphPad Software, San
Diego, CA, USA).

Preparation of recombinant ADAMTS13 (rADAMTS13)

Hela cells were cultured in Dulbecco’s minimal essential
medium (Invitrogen, Carlsbad, NM, USA) supplemented with
10% fetal bovine serum in humidified air with 5% CO, at
37 C. To produce rADAMTS13, the human ADAMTS13-
expression plasmid was transfected into the subconfluent cells

" using FuGENE6 (Roche Diagnostics, Indianapolis, IN, USA),

as described previously (Kokame et al, 2002; Matsumoto et al,
2004). Following a 4-h incubation, the culture medium was
replaced with serum-free OPTI-MEM I medium (Invitrogen)
and the culture was incubated for 44 h. The medium was
collected and concentrated to one-eighth the original volume
using Centricon YM-30 (Millipore, Billerica, MA, USA). As a
negative control, a series of operations was performed in
parallel as for the untransfected cells.

Subject population

The Suita study participants were arbitrarily selected from the
municipality population registry of Suita city, stratified by
gender and 10-year age groups. The basic sampling of the
population started in 1989 with a cohort study base (Mannami
et al, 1997). In the present study, 100 consecutive samples were
selected from this population as a control group. This study
was approved by the ethical committee on human research of
the National Cardiovascular Centre. Written informed consent
was obtained from all subjects prior to testing.

Results

Design of the fluorogenic substrate for ADAMTS13

To utilize fluorescence resonance energy transfer (FRET) to
measure ADAMTS13 activity, we chemically synthesized a
fluorogenic peptide, FRETS-VWE73 (Fig. 1), containing the
73-amino acids from D1596 to R1668 of VWE. Within this
peptide, the Q1599 residue at the P7 position was converted to
a 2,3-diaminopropionic residue (A2pr) modified with a 2-(N-

Nma i N02 pnp

Na FRET
[ W
0

NO2
N,-DRE~A2p r—APNLVY'MVTG—Azp r—PASDE IKRLPGDIQVVP

1GVGPNANVQELERIGWPNAP IL1QDFETLPREAPDLVLQR-coo

Fig 1. Structure of FRETS-VWEF73. Within the 73-amino-acid peptide
sequence, corresponding to the region from D1596 to R1668 of von
Willebrand factor (VWF), Q1599 and N1610 were substituted with
A2pr(Nma) and A2pr(Dnp) respectively. The arrowhead indicates the
site cleaved by ADAMTS13.
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methylamino)benzoyl group (Nma). The N1610 residue of the
P5 position was converted to A2pr modified with a 2,4-
dinitrophenyl group (Dnp). When the Nma group is excited at
340 nm, fluorescence resonance energy is transferred to the
neighbouring quencher, Dnp. If the bond between Y1605 and
M1606 is cleaved, the energy transfer quenching the fluores-
cence does not occur, allowing the emission of fluorescence at
440 nm from Nma.

Cleavage of FRETS-VWE73 by plasma ADAMTS13

To explore the cleavage activity present in plasma, FRETS-
VWF73 was incubated with normal human plasma in a
fluorescent plate reader. Emission at 450 nm increased with
time, indicating that FRETS-VWEF73 was cleaved between the
two A2pr residues by a plasma component (Fig. 2A). The
increase of fluorescence was not inhibited by the addition of a
protease inhibitor cocktail (mixed inhibitors effective against a
broad range of serine proteases, cysteine proteases, aminopep-
tidases and acid proteases), but was completely inhibited by a
divalent cation chelator (EDTA), suggesting that cleavage was
mediated by the plasma metalloprotease, ADAMTS13, with
minimal contribution of other plasma proteases. In fact,
neither thrombin nor plasmin (5 pg/ml each, Sigma) increased
fluorescence of FRETS-VWF73 (data not shown). The incu-
bation of FRETS-VWF73 with plasma from an ADAMTS13-
deficient patient showed no increase of fluorescence (Fig. 2A).
The addition of ADAMTS13-deficient plasma to the normal
plasma did not interfere with the cleavage of FRETS-VWE73
by the normal plasma (data not shown).

To verify further the cleavage by ADAMTSI13, the substrate
was incubated with the conditioned medium of cultured Hela
cells (Fig. 2B). Incubation with the medium of ADAMTS13-
transfected cells showed the time-dependent increase of
fluorescence, whereas the incubation with the medium of
untransfected cells did not. All these data supported the
conclusion that ADAMTS13 specifically cleaved FRETS-
VWE73.

Plasma-dose dependency

FRETS-VWEF73 cleavage was quantitatively dependent on
plasma dosage (Fig. 3). We monitored fluorescence increase
in the presence of variable volumes of normal plasma to the
reaction mixture. The fluorescence over time increased with
increasing plasma in a dose-dependent manner (Fig. 3A). To
compensate for any differences in background fluorescence
derived from plasma itself and to calculate the initial
reaction rate, we estimated the slopes of the fluorescence
over time using time points 0 and 60 min from a linear
regression. These slopes (reaction rates) were then plotted
against the plasma dosage (Fig. 3B). The data points fitted
to a non-linear regression, indicating that ADAMTSI3
activity in sample plasma could be estimated from the
fluorescence reaction rate.

Simple Fluorogenic Assay for ADAMTS13 Activity
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Fig 2. Cleavage of FRETS-VWF73 by ADAMTS13. (A) Fluorescence
changes in FRETS-VWF73 during incubation with plasma. FRETS-
VWPF?73 was incubated with normal plasma from a single donor in the
absence (closed circles) or presence of either protease inhibitors (open
circles) or EDTA (open triangles). The substrate was also incubated
with ADAMTS13-deficient plasma from a congenital thrombotic
thrombocytopenic purpura patient (closed triangles). Fluorescent
emission at 450 nm was measured at the indicated times. A repre-
sentative of three repetitive experiments is shown. (B) Fluorescence
changes in FRETS-VWE73 during incubation with recombinant
ADAMTS13 (rADAMTS13). FRETS-VWE73 was incubated with the
conditioned medium of HeLa cells transfected with (closed circles) or
without (open circles) ADAMTS13-expression plasmid DNA. Values
shown are the mean and SD (n = 3).

Optimization of the FRETS-VWEFE73 assay

We next optimized reaction conditions to increase both the
sensitivity and rapidity of measurement (Fig. 4). As ADAM-
TS13 requires divalent metal ions for proteolytic activity, we
monitored the cleavage of FRETS-VWF73 by plasma in the
presence of various metal ions (Fig. 4A). Ca®* and Ba®' ions
were the most favourable for the reaction, although Mg** and
Zn** also enhanced ADAMTS13 activity. In contrast, Mn®*
and N** could not activate the reaction, consistent with
previous reports (Furlan et al, 1996; Tsai, 1996). Testing of
various Ca® ion concentrations revealed that a range of
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Fig 3. Plasma-dose dependency of FRETS-VWEF73 cleavage. (A)
Fluorescence was measured at 5-min intervals after the addition of
FRETS-VWE73 to 0—6 pl normal plasma. (B) The reaction rates of
time points 0 and 60 min were plotted against plasma dosage. Values
were fit to a non-linear regression curve.
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10-50 mmol/l Ca®* was optimal for the reaction (Fig. 4B). We
also examined the effect of differing NaCl concentrations,
determining that lower concentrations provided more rapid
cleavage (Fig. 4C), as seen in previous reports (Furlan et al,
1996; Kokame et al, 2004). The pH optimum for the FRETS-

Rate (count/min) o
8

VWE73 assay was approximately 6:0 (Fig. 4D), which differed
from previous studies reporting an optimal pH of 8:0-10-0 for 0 50 150 500 1000
the cleavage reaction (Furlan et al, 1996). This inconsistency NaCl (mmol/L)

may be a result of different reaction conditions, such as the
presence or absence of denaturants. In addition, substitution of
Q1599 and N1610 to A2pr(Nma) and A2pr(Dnp), respectively,

Fig 4. Optimization of the FRETS-VWF73 assay. (A) To determine
metal ion dependency, FRETS-VWF73 was incubated with normal
plasma from a single donor in the presence of the indicated divalent
ions. (B) To measure Ca>*-concentration dependency, FRETS-VWF73
was incubated with plasma in the presence of 0—100 mmol/l CaCl,. (C)
Ton-strength dependency was determined by incubating FRETS-

Rate (count/min) ©
2

VWE73 with plasma in the presence of 0-1000 mmol/l NaCl. (D} To g - J = -
measure pH dependency, FRETS-VWFE73 was incubated with plasma 4 5 6 65 7 8 9 10

in the indicated pH buffer. The reaction rates of time points 0 and

60 min are shown with the mean and SD (n = 3). pH
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may affect the cleavage pH dependency. Alternatively, pH
dependency of the assay might be affected not only by the
cleavage efficiency, but also fluorescence emission, because
most fluorescence reactions are highly pH dependent. Regard-
less, these data indicated that the FRETS-VWEF73 assay was
most efficient in the reaction buffer containing 5 mmol/l Bis—
Tris, 25 mmol/l CaCl, and 0-005% Tween 20 at pH 60.

Reproducibility

We examined inter-run reproducibility of the FRETS-VWF73
assay. Plasma-dose dependency in the optimized condition was
observed independently seven times. Each regression curve
corresponded well with the other curves, indicating that the
assay was obviously reproducible (data not shown). The
relative ADAMTS13 activities of three different plasma samples
were also measured independently seven times, where the
activity of pooled plasma was normalized as 100%. The
mean + standard deviation (SD) values of the three samples
were 1139 £ 2+4, 62-5 £ 21 and 22'3 £ 14% (n = 7), respect-
ively, indicating that the inter-assay variation was significantly
small. The coefficients of variation of the three samples were
21, 34 and 6:3% (n = 7) respectively.

Plasma ADAMTS13 activity of patients and healthy
individuals

To evaluate the FRETS-VWEF73 assay for potential clinical use,
we measured the relative ADAMTS13 activity in 78 plasma
samples from various patients and 100 healthy individuals
(Fig. 5A). The relative activities were estimated from the
activity of pooled plasma prepared from all the 100 healthy
individuals (66:0 £ 117 years old). Plasma samples from
congenital TTP patients, homozygotes or compound hetero-
zygotes of critical ADAMTS13 mutations (Kokame et al, 2002;
Matsumoto et al, 2004), all exhibited very low (<1%) or
undetectable activities. The majority (33 samples) of plasma
samples obtained from 41 patients with idiopathic TTP also
showed low (<5%) or undetectable activities. The most

Fig 5. ADAMTSI3 activity in plasma from patients and healthy
individuals. (A) Relative ADAMTS13 activity was measured using the
FRETS-VWEF73 assay. FRETS-VWF73 was incubated with 4 pl of
plasma from seven congenital thrombotic thrombocytopenic purpura
(TTP) patients, 41 idiopathic TTP patients, 12 haemolytic uremic
syndrome patients and 18 heterozygotes of ADAMTS13 with critical
mutations. Plasma samples from randomly selected 100 healthy indi-
viduals were also examined. The relative ADAMTS13 activities were
estimated from the standard curve, which was drawn up on the basis of
the reaction rates of the pooled plasma prepared from all the 100
healthy individuals. (B) Association of ADAMTS13 activity with gen-
der. Plasma ADAMTS13 activity in the healthy individuals was plotted
by gender (45 men and 55 women). Bars indicate the means. Unpaired
t-test identified significant differences between men and women
(P = 0-0016). (C) Association of ADAMTSI3 activity with age. The
plasma ADAMTSI3 activity correlated significantly with age
(P < 0:0001). A line of best fit is indicated.

Simple Fluorogenic Assay for ADAMTS 13 Activity

possible explanation would be a deficiency of plasma
ADAMTSI13 level or generation of auto-antibodies against
ADAMTS13, although there may be some other factor, such as
auto-antibodies, that bind to the substrate and protect it from
being cleaved. In contrast, plasma from parents or siblings of
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congenital TTP patients, heterozygotes of ADAMTSI3 muta-
tions, exhibited on average approximately half the activity
(59-0 £ 14-4%) of healthy individuals, while the plasma of
patients with HUS showed substantial activity (732 + 32:3%).
Thus, the FRETS-VWEF73 assay can be used to measure
ADAMTS13 activity for TTP diagnosis in clinical samples.

Association of ADAMTSI13 activity with gender and age

The measured ADAMTS13 activities of plasma samples from
100 healthy individuals (45 men aged 674 + 11'5 years old
and 55 women aged 64-9 i 11-8 years old) were plotted
according to gender (PFig. 5B). Comparison of the ADAMTS13
activities between men (979 £ 192%) and women
(1135 £ 27-1%) using the unpaired t-test demonstrated a
significant difference between these groups (P = 0-0016),
suggesting that the ADAMTSI3 activity of women should be
significantly higher than that of men. Examination of the effect
of age on ADAMTSI13 activities using Spearman’s rank
correlation revealed a significant correlation (r = —0-396,
P < 0-0001) (Fig. 5C). The slopes of best fit in linear regression
analysis were —0-894 £ 0-196, with R? values of 0175
(P < 0:0001), suggesting that plasma ADAMTSI3 activity
should decrease with advancing age, at least after the early 40s.

Discussion

The Y1605-M1606 bond is inaccessible in native VWF and
made sensitive to ADAMTS13 by denaturation and shear
force. Structural modelling has suggested that the bond is
buried in the core B-sheet of the VWF A2 domain (Jenkins
et al, 1998; Sutherland et al, 2004). This partially explains
the requirement for denaturants or shear force in the
hydrolysis of the Y1605-M1606 bond by ADAMTSI3.
VWE73, corresponding to the C-terminal two-fifths of the
A2 domain, can be efficiently cleaved by ADAMTS13 in the
absence of denaturants and shear force (Kokame et al,
2004), suggesting that the N-terminal three-fifths of the A2
domain may prevent ADAMTSI3 from accessing the clea-
vage site. A recent study indicated that the VWF Al domain
inhibits cleavage of the A2 domain by ADAMTS13; binding
of platelet glycoprotein Iba to the Al domain appears to
relieve the inhibition (Nishio ef al, 2004). As VWF73 is a
relatively small substrate, cleavage is less likely to be affected
by other molecules. Therefore, VWF73 is an appropriate
core for the convenient single-step fluorogenic assay for
ADAMTS13 activity developed in this study.

Being a chemically modified version of VWF73 containing
A2pr(Nma) and A2pr(Dnp), FRETS-VWF73 was a good
substrate for ADAMTS13 cleavage, suggesting that Q1599 at
the P7 position and N1610 at the P5 position are not essential
for the cleavage. We also examined the substitution of N1602
at the P4 position to A2pr(Nma). Although the peptide could
be cleaved by plasma ADAMTS13, the efficiency was lower
than that of the original FRETS-VWF73 (data not shown). The

shorter distance of the modified residue from the cleavage site
may interfere with efficient cleavage by ADAMTS13.

Enzymatic studies of ADAMTSI13 will progress using
FRETS-VWF73 as a model substrate in the future. The
previously established substrate, purified plasma VWE, is
comprised of non-uniform multimers with multiple cleavage
sites. In contrast, FRETS-VWF73 is a monomeric molecule
with a single cleavage site, facilitating the determination of
cleavage kinetic parameters. No denaturants are required for
the reaction, making this assay more closely reflect the
physiological conditions. Although the optimal cleavage of
FRETS-VWEF73 still requires a hypotonic environment, iso-
tonic solution gives approximately 80% of the activity
observed in NaCl-free conditions (Fig. 3C) for kinetic analyses.
VWF73, however, is not suitable for studying the functions of
the other VWF domains, such as Al and A3.

The greatest impact of the FRETS-VWF73 assay will be as a
potential clinical diagnostic test. Unlike previous assays, the
assay is a simple procedure, requiring no special reagents or
equipment except a fluorescence spectrophotometer. These
advantages may popularize ADAMTS13-activity measurement
at the clinical level. The best possible application will be the
appropriate diagnosis of TTP. The FRETS-VWF73 assay could
be useful also for selecting curative plasma before administra-
tion to patients, as ADAMTS13 activity in the general
population varies widely (Fig. 5). The selection of high-titre
plasma may improve the responses of patients to plasma
infusion or exchange treatment.

The relationship between ADAMTS13 deficiency and TTP is
more complicated than originally thought (George & Vesely,
2004; Zheng et al, 2004); the problem may be because of
symptomatical and pathological variety and diagnostic criteria
of TTP. Not all patients with TTP present the classical five
features of disease, thrombocytopenia, microangiopathic hae-
molytic anaemia, neurological dysfunction, renal failure and
fever. Although severe ADAMTS13 deficiency is observed in
most patients with idiopathic TTP without pre-existing
medical conditions (Furlan et al, 1998; Tsai & Lian, 1998),
the association between ADAMTS13 deficiency and TTP is
unclear in less highly selected patient groups (Veyradier et al,
2001; Vesely et al, 2003). ADAMTS13 measurement cannot be
used to predict exactly response to plasma exchange in patients
that are clinically diagnosed with TTP (Vesely et al, 2003). An
accurate ADAMTS13 assay may help to categorize TTP
patients into subgroups and help establish objective diagnostic
criteria.

What should be the cut-off value of ADAMTS13 activity for
the diagnosis of TTP or ADAMTS13 deficiency? The present
and previous studies (Mannucci et al, 2001; Veyradier et al,
2001; Bohm et al, 2002) showed a wide distribution of the
ADAMTS13 activity in the healthy population. Further, we
showed that the ADAMTS13 activity was associated with
gender and age. As we used pooled plasma that was derived
from relatively older individuals as a standard, the apparent
ADAMTS13 activity of patient plasma may be over estimated
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in the present study. To determine the universally applicable
cut-off value, the definition of standard plasma will be of
primary importance. The availability of purified or recombin-
ant ADAMTS13 may help the standardization of ADAMTS13
assay. The gender- and age-oriented distribution of ADAM-
TS13 activity will need to be determined in the general
population. Although the FRETS-VWEF73 assay detected
significant activity in some idiopathic TTP patients, the value
was evidently fower than the lowest activity of 100 healthy
individuals (Fig. 5A). Therefore, the cut-off value (for
instance, the mean —2 SD % of normal activity) may have to
be determined considering gender and age. The FRETS-
VWE73 assay, suitable for high-throughput measurement,
would accelerate such a population study.
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Brief report

Localization of ADAMTS 13 to the stellate cells of human liver

Masahito Uemura, Kouko Tatsumi, Masanori Matsumoto, Masao Fujimoto, Tomomi Matsuyama, Masatoshi [shikawa, Taka-aki lwamoto,
Toshio Mori, Akic Wanaka, Hiroshi Fukui, and Yoshihiro Fujimura

Although the chromosomal localization
(8g34) of the gene encoding the human
form of ADAMTS13 (a disintegrin-like and
metalloproteinase with thrombospondin
type-1 motifs 13) and its exclusive expres-
sion in the liver have been established,
the cells that produce this enzyme are yet
to be determined. We investigated the
expression of ADAMTS13 mRNA and pro-
tein in fresh frozen specimens obtained
during liver biopsies of 8 patients with

liver diseases. In situ hybridizations to
localize ADAMTS13 mRNA showed posi-
tive sighals exclusively in perisinusoidal
cells with irregularly elongated dendritic
processes extending between hepato-
cytes. Furthermore, ADAMTS13 was de-
tected immunchistochemically in perisi-
nusoidal cells, whereas no staining was
observed in hepatocytes. The positive
cells varied in shape from unipolar to
dendritic with irregularly elongated cyto-

plasmic processes, features common to
hepatic stellate cells (HSCs). Double-
labeling experiments revealed that the
ADAMTS13-positive cells also expressed
a-smooth muscle actin, confirming that
these cells were activated HSCs. These
results suggest that HSCs may be major
celle producing ADAMTS13 in human
liver. (Blood. 2005;106:922-924)

© 2005 by The American Society of Hematology

introduction

ADAMTS13 (a disintegrin-like and metalloproteinase with throm-
bospondin type-1 motifs 13) is a metalloproteinase that specifically
cleaves the multimeric von Willebrand factor (VWEF) between
Tyr1605 and Met1606 within the VWF A2 domain.!* VWF is
synthesized in vascular endothelial cells, and released into the
plasma as unusually large VWF multimers (UL-VWEMs).56
Usually, UL-VWFMs are rapidly degraded into smaller VWF
multimers by ADAMTS13. Deficiency of ADAMTS13 caused
either by mutations of the ADAMTSI3 gene!” or by inhibitory
autoantibodies against ADAMTS138%° increases the plasma levels
of UL-VWFMs, which leads to platelet clumping and/or thrombi
under high shear stress, resulting in thrombotic thrombocytopenic
purpura (TTP).5

Northern blot analysis indicated that the 4.6-kilobase
ADAMTS13 mRNA was exclusively expressed in the liver, and
a 2.4-kilobase ADAMTS13 mRNA was also expressed in
placenta and skeletal muscle.? In situ hybridization analysis
revealed that the mRNA signals were expressed exclusively in
the perisinusoidal cells,!® but without addressing the type of
cells expressing ADAMTS13. Moreover, a substantial decrease
of plasma ADAMTS13 activity in patients with chronic liver
disease has been associated with its disease progression, but not
always with the serum levels of enzymes produced by hepato-
cyte.!! Thus, specification and/or localization of the cells that
produce this enzyme in the liver should have clinical impor-

tance, and may help elucidate the pathogenesis of sinusoidal
microcirculatory disturbances and/or thrombotic complications
in patients with liver diseases.

In this study, we have clearly shown that ADAMTS13 is
produced specifically in hepatic stellate cells, formerly called Ito
cells, by both in situ hybridization techniques and immunohisto-
chemical analysis using 2 novel mouse monoclonal antibodies
specific for ADAMTS13.

Study design
Patients

This study examined 8 patients with liver disease (6 women and 2 men;
mean age, 54.6 years; range, 43-72 years) including 4 patients with
hepatitis C virus (HCV)-related chronic hepatitis, one patient with
hepatitis B virus-related chronic hepatitis, one patient with primary
biliary cirrhosis, one patient with autoimmune hepatitis, and one patient
with a drug-induced liver injury who had undergone laparoscopies or
percutaneous needle biopsies. Laboratory findings of these patients
showed well-preserved functional liver capacity and platelet counts
(mean, 18.3 X 10*/mm?; range, 8.8-32.3 X 10%mm?). Informed consent
was provided by the patients and their families before the biopsies. The
protocol used in this study was approved by the Nara Medical University
Hospital Ethics Committee, Nara, Japan.
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Production and characterization of anti-ADAMTS13 murine
monoclonal antibodies

Full-length wild-type recombinant (r) ADAMTS13 that was purified by
anti-FLAG (fludarabine, cytarabine, and granulocyte colony-stimulating
factor) M2 agarose affinity chromatography (Sigma, Saint Louis, MO) was
used as an immunogen!? to produce monoclonal antibodies (A10 and C7)
against ADAMTS 13 in mice following standard procedures.!* The immuno-
globulin subclasses of A10 and C7 were IgG2b-k and IgG1-, respectively.
These antibodies were purified with a Protein A column (Amersham
Biosciences, Uppsala, Sweden). These 2 monoclonal antibodies were able
to detect endogenous plasma ADAMTS13 as a 190-kDa/180-kDa doublet
band by Western blot analysis under nonreducing conditions. The epitopes
recognized by the A10 and C7 antibodies were determined to reside in the
disintegrin-like domain, and the seventh and eighth thrombospondin type-1
domains, respectively. Detailed characterizations of these antibodies are
shown as supplementary data (Figure S1, available on the Blood website;
see the Supplemental Figure link at the top of the online article).

Immunohistochemistry

Fresh liver specimens obtained from the 8 patients were fixed in 4%
paraformaldehyde solution before frozen sections were prepared. The
sections were incubated with primary antibodies (A10 and C7) overnight at
4°C. Bound primary antibodies were subsequently immunodetected using a
standard avidin-biotin-peroxidase complex technique. To simultaneously
detect A10- and anti-a-smooth muscle actin («-SMA) immunoreactivity,
sequential incubations using the following reagents were performed: A10
antibodies and anti—«-SMA antibodies (DAKO, Kyoto, Japan) followed by
Alexa 488-conjugated anti-mouse immunoglobulin G (Invitrogen, Carls-
bad, CA) and Alexa 546—conjugated anti—rabbit IgG (Molecular Probes).
These labeled sections were observed with a Nikon Labphoto-2 fluorescent
microscope and imaged with an MRC-600 confocal laser-scanning micro-
scope system (Bio Rad Laboratories, Tokyo, Japan). Figures were as-
sembled using Confocal Assistant software (Bio Rad Laboratories).

In situ hybridization

The ¢cDNA encoding human ADAMTS13 was kindly provided by Dr Kenji
Soejima (Chemo-Thero-Therapeutic Institute, Kumamoto, Japan). Digoxy-
genin (DIG)-labeled cRNA probes (sense and antisense) were transcribed
using either T3 (sense) or T7 (antisense) RNA polymerase and a plasmid
with an insert corresponding to nucleotides 3710-4237 of the full-length
human ADAMTS13 transcript (Genbank accession no. AB069 698). All
prehybridization procedures have been previously described.™ To visualize
the DIG-labeled probes, the sections were incubated with alkaline-
phosphatase—conjugated anti-DIG antibodies (Roche Diagnostics KK,
Tokyo, Japan) followed by 4-nitro blue tetrazolium chloride/5-bromo-4-
chloro-3-indolyl-phosphate solution (Roche).

Results and discussion

When immunostaining was performed with A10 antibodies on liver
specimens from a patient with HCV-related chronic hepatitis, dense
brown staining was observed in perisinusoidal cells inside the
lobule (Figure 1A). Furthermore, when the same liver section was
stained with C7 antibodies, staining patterns were similar to those
of A10 antibodies (Figure 1B). The varied morphologic features of
these positive cells were consistent with those previously described
for perisinusoidal stellate cells (Figure 1C-G).!3!¢ Control speci-
mens treated with unspecific mouse IgG instead of primary
antibodies displayed no significant staining (data not shown). In
situ hybridizations using antisense probes for ADAMTSI3 re-
vealed strongly positive labeling only in perisinusoidal cells with
irregularly elongated cytoplasmic processes extending between
hepatocytes (Figure 1H), whereas control specimens treated with

HEPATIC STELLATE CELLS PRODUCE ADAMTS 13
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Figure 1. ADAMTS13 protein and mRNA expression in frozen sections of a liver
specimen from a patient with hepatRis C-related chronic hepatitis. Immunostain-
ing using ADAMTS13-specific monoclonal antibodies (A10) showed dense brown
staining in perisinusoidal cells, but not in hepatocytes, inside the lobule (A). When the
same liver section was stained with C7 antibodies, staining patterns were similar to
those of A10 antibodies (B). The positive cells had a variety of morphologic forms.
Examples shown here include a tripolar cell with iong processes extending between
hepatocyles (C), combined cells surrounding a hepatocyte (D), a dome-shaped cell
(E), a bipolar cell with short processes (F), and a unipolar cell with long processes
(G). Panels A-B: original magnification, X 200; panels C-G: original magnification,
X 400. ADAMTS13 mRNA expression was examined using in situ hybridization.
Strongly positive labeling was seen only in perisinusoidal cells, which were unipolar
to dendritic in shape with irregularly elongated cytoplasmic processes extending
betwesn hapatocytes (H, arrows; original magnification, X 200). When sense probes
were used, we observed no significant staining (I; original magnification, X 200).
(Bar = 30 pm in A-l.)

sense probes showed no significant staining (Figure 1I). These
ADAMTS13 mRNA-—positive cells resembled HSCs morphologi-
cally, suggesting that HSCs produce ADAMTS13. In order to
evaluate whether the ADAMTS13-positive cells truly would be
HSCs, we performed double immunofluorescence immunohisto-
chemistry with A10 anti-ADAMTS13 antibodies and anti—-«-SMA
antibodies. The microfilament protein o:-SMA has been recognized
as a specific marker for stellate cells'’; activated stellate cells in
pathologic livers are strongly a-SMA-—positive, whereas in normal
adult human liver, some stellate cells are a-SMA-—positive.!8
Immunofiuorescence labeling with anti-ADAMTS13 antibodies
showed intense green fluorescence in perisinusoidal cells that
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Figure 2. Confocal laser-scanning immunofluorescence microscopy using
frozen sections of a liver specimen from a patient with hepatitis C-related
chronic hepatitis. Immunofluorescence labeling with anti-ADAMTS13 antibodies
showed intense green fluorescence in the perisinusoidal cells, which were irregular in
shape with spotty, oval, unipolar, and bipolar cytoplasmic processes extending
between the hepatocytes (A). Red fluorescence indicated o-SMA immunoreactivity,
reflecting the fact that these cells were activated HSCs (B). Colocalization of
ADAMTS13 (A) and a-SMA (B} in single cells yielded yellow color in the merged
figure (C). (Original magnification, X 400; bar = 30 pm in A-C.)

were irregular in shape with spotty, oval, unipolar, and bipolar
cytoplasmic processes extending between hepatocytes (Figure
2A). a-SMA antibodies revealed that these cells were also
positive for the HSC marker (Figure 2B). Colocalization of
ADAMTS13 and «-SMA in single cells clearly indicate that
stellate cells produce ADAMTS13 in the liver (Figure 2C).
Considering that a similar staining pattern was obtained with
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both A10 and C7 antibodies against ADAMTS13 using the same
liver sections (Figure 1A-B), it would seem that the HSCs may
produce full-length ADAMTS13 protein.

HSCs have many functions, including vitamin A storage, liver
fibrogenesis, and regulation of sinusoidal blood flow. These cells
are also rich sources of bioactive mediators for maintaining
homeostasis in the microenvironment of the hepatic sinusoid.!’
HSCs are located in the space of Disse adjacent to endothelial cells.
Itis, therefore, of particular interest that HSCs produce ADAMTS13.
In patients with liver cirrhosis, a remarkably high level of plasma
VWEF has been noted.!"' Inmunostaining with anti-VWF antibod-
ies has shown the presence of this protein in the sinusoidal lining
cells and at the scar-parenchyma interface in cases of liver
cirrhosis.?® This is particularly evident in the sinusoids of patients
at the early stages of alcoholic liver diseases,?! indicating the
capillarization of the sinusoidal endothelial cells. Considering that
ADAMTS13 is synthesized in the HSCs and its substrate, UL-
VWEFM, is produced in transformed vascular endothelial cells, the
deficiency of plasma ADAMTS13 activity in liver diseases may
play an important role in sinusoidal microcirculatory disturbances
and subsequent development of liver injury. It will be necessary to
clarify the intralobular heterogeneity of ADAMTS13 expression in
HSCs associated with the activity of plasma ADAMTS13 in
different stage of liver diseases.
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Development of ADAMTS13 inhibitor in a patient
with hepatitis C virus-related liver cirrhosis causes
thrombotic thrombocytopenic purpura

To the Editor:

Deficiency of von Willebrand factor-cleaving protease
(VWF-CP/ADAMTS13) increases the plasma unusually
large VWF multimers and leads to platelet clumping
and/or thrombi under high shear stress [1-3], finally
resulting in thrombotic thrombocytopenic purpura (TTP).
A few patients who developed TTP during the course of
liver diseases have been reported in the previous
publications, but without determination of the plasma
ADAMTS13 activity. We herein report on a TTP-patient
associated with hepatitis C virus (HCV)-related liver
cirrhosis, emphasizing the development of anti-
ADAMTS13 antibody (IgG inhibitor).

A 65-year-old Japanese man had been treated for
HCV-related liver cirrhosis and gastric ulcer in a local
hospital since April 1999. He had a history of prophylac-
tic endoscopic injection sclerotherapy because of risky
esophageal varices in June 2001. On August 25, he was
admitted into our hospital because of a high-grade fever

(38.1°C) and rapidly increasing ascites. No abnormal
neurological findings were noted. Laboratory data
revealed severe thrombocytopenia (15X 10*/mm®) and
hemolytic anemia (hemoglobin: 9.0 g/dl). The direct
Coombs test was weakly positive. Lactate dehydrogenase
(LDH) was elevated (823 IU/L, normal range (NR): 230-
460 TU/M). The serum levels of the total and indirect
bilirubin were 9.7 and 8.4 mg/dl, respectively. The C-
reactive protein (CRP) was slightly increased. The level of
fibrinogen was decreased (110 mg/dl, NR: 150-
450 mg/dl), and the fibrinogen degradation product was
increased (13.6 pg/ml, NR: <5 ug/ml). In spite of
administration of antibiotics (ceftriaxone 2 g/day, 1.V.)
and thrombin inhibitor (gabexate mesilate 1500 mg/day,
1.V.)) for 5 days, no improvements were observed (Fig. 1).
No Gram-negative organisms, such as Escherichia coli O-
157: H7, were detected in the bacterial culture of the
patient’s feces. The antinuclear antibody was negative.
The lupus anticoagulant and anti-cardiolipin antibodies
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Fig. 1. The clinical course of a cirrhotic patient with thrombotic thrombocytopenic purpura after admission. The inserted luminography includes the
standard curve of ADAMTS13 activity from a normal control plasma and the activity of the protease from the patient’s plasma. The activity of
ADAMTS13 in our patient is less than 3% of the control, which is consistent with the level in the patients with typical thrombotic thrombocytopenic

purpura.
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