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TBYFRIS—LUZBM: invivo 1 A—DUFREORF
HAZTEAR: FRK 20 £108 ~FR24453A
B E: L EF

, IR DA5L
In vivo IZTEWTEKREZHENICRETI2ET, ZBEOBYFIEEZETS MR 44—
DU BNV AREE (MRI-CA) DBIFEEHAT-.

2, AEAR

2.1 EBRBUICEVRMEERE IS //A\—T1U)LE MRI-CA
ZORRBREBDEENRERELLGLST7TAO—LEFIREILED in vivo REZBRIE
LT, ZT7R—RICEVEMNMEEZE T HEZEEMEYRIL/NIE (low-density lipoprotein, LDL)
MR EMHETO—TTEEL, in vivo SRERIZAULV:=.

2. 1.1 MRl EETO—TDER

A8—hL—avIZky LDL &8T5 MR FHETIO—TELT, BBERTREMIZED
NTWWS MRl 70— D55, EHEOEL G DORFRENLEMDEL DO3A FERKEZEARK
L1= (Scheme 1). ¥R THOHEADIEE L 'H-, )C-NMR, MS, IR HERHERIZTERIZx v
59854 XL, UV-Vis REAARELREIEEY (2 XY Gd2) (X, Nano Quantity Analyte
RS EEEH LIz HPLC ICkYBBERILT-.
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Scheme 1. Synthesis of MR-active probe (Gd2) and its precursor (2).
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2.1.2 MRI EERF/IR—T1IOLDORABLEFYSI2)E—aY

2.1.2. 1 EEAA—HL—aVI2&BF//IN\—T 149 (Particle A) DEER: EFED LS
ZERLT- Gd2 ZAWNT, E#EMIC LDL OIEBEADA2—hL—arEik#A Tz (Figure
1). LDL [& Children Hospital of Philadelphia ) Lund-Katz #i% DR E CRELFF—H DR
DBRLUEDIZEKYERIN-TL Y akiEs LDL &, B#ZAN-. 1v4—AL—23avid,
PBS(-) 1, Eg, 2 BRIOEHTITo1-.

DO3A-0A) FJ%
@O(Gd 03 ° QBEWO - in vivo tests

one step % ~5 Gd3+ per LDL
h“ma" LDL GdDO3A-LDL

Figure 1. Schematic illustration of LDL-modification
with Gd2 by one-step intercalation (Particle A).

#R, —ENEIET Gd2 % LDL [ITA—FFBFITHTILTZ. ICP-MS T—2M5IF(E LDL —
D12 Gd* MN5EO—KREN, DLST—EMST I UGS —2a T BELELFT/IS—T47 LD FEH
LM RSN CHERWLT, i vivo IRERBREEY, MR /A A—UU 5 RBEEDHHEH
(2, BICEWSIET Gd* 20—FIE5=00D/ N \—T10ILEHDREILEIToT-.

2.1.2.2 AV3—HL—23 %D Gd* FL—avRiEIZEDFT//A\—T429)L (Particle
A) DFRAH:IDL HIFHYD G DA—FEZRLEIE, KUBBIVWIVUNVRAAVMNEFLT
&, LDL &fi%, KAMDE L 2 %I LDL AU E3—AL—RESETHD, RVT G FL
—2 a3V RIEEITIFIE (Figure 2) IZEA THRBIEZIToz. Gd* FL—2ar RIGITHEL, R
FDT)—0 Gd* A LDL REEIZHEETIENFREING=O, ThERDEAGEFL—F
#| tropolone TItERSH, BRELT-. FRLS- GI*EEHE LDL (X DLS BIFEE CryoTEM BIE
(Figure 3, Paul Scheer FAZEFR®D Ishikawa BT DIHAHIZELD) DFER, 7I U5 —av RS
nigh-ofz. FlTREIEDFER, LDL —HIFHY, 200 G OO—FMNATREERY, ChER
LT, invivo BEEBRBLY, MR [ A—U U0 EBETIEELT-.

Figure 3 CryoTEM images of particle B nanoparticles (left) and intact LDL (right). The
nanoparticles exist as dispersed single particles in buffer in both images. (The small
dark spots in images are ice crystals generated during sample preparation.)
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%gégé%%%gj cholesterol ; %ﬁQ E‘gﬁg ~200 Gd3* per LDL

humanLDL STEP1 STEP 2 —Gg3+ STEP 3 GdDO3A-LDL

Figure 2. Schematic illustration of LDL-modification with 2 by intercalation and
subsequent chelation reactions (Particle B).

2. 1.3 invivo 855

ETILIIAELTIL, University of Pennsylvania, Department of Pharmacology @) FitzGerald
BREDBIDEE, ApoE /YT IRI IR (ApoE™) &Y LDL /YT IR IR (LDL™)
[Z#y AR S EIHARNE S -BIRELERBETILIVRAZERL, ALV 9XTOTA
Fa—JLI&, University of Pennsylvania, Institutional Animal Care and Use Committee (IACUC)
[CERBERIFASNEDOFAL:.

2. 1. 3. 1 Particle A ZAUL\=1%5RER:PBS(-)FIZFAEILT= Particle A & ApoE” R E:HR
Mo/ ELf-. avkA—LELTES FE GIDO3A L&Y TH S ProHance®Z¥ 5 LT-. —H
%, BROIIALL, HiREBEIRYEL, GEEXEET H=HIZ, ICP-MS BIFE(ZHELT-.
&R, Table 1 IZRT &KSIZ, ProHance®IF 58 ML ERY H LF-EARMER A 5 1E, GI* [FHFEIC
BHEINGEA 1A, Particle A 58 TIE, HEL GEOEEMNRONT-. COKEEHIDL,

LDL A% Vehicle £L T Gd* & ENARIEIL R BEB AL EWEL TLISEBEMN RSN,

Table 1 The accumulation of Gd3* in the aorta of apoE-- mice
receiving Gd2-loaded LDL (Particle A) versus ProHance®

Tracer injected Dose of Gd3*  Dry wt of Gds3* content by
[umol Gd/kg]  aortic tissue  ICP-MS [ppm]

Gd2-loaded LDL  0.16* 8.3mg 0.073

Prohance® 11.6 5.1 mg undetectable

* Estimated based on the ICP-MS result of labeled LDL.

2. 1. 3. 2 Particle B ZRAULV-% 58 Ai11H2. 1. 3. 11T RLI=AEERBRIZLT, Particle
B #ETILYVR, ApoE” HEW LOLIZ#HRE LTz a2 bA—LELTIFEEREIVRATHD
C57BL/6j ICEI#DREEZE1ToT=. 1’5 72-96 BRI, £ DYV AMLEARMEMEZRYHLT,
ICP-MS I ICftLT=. #5F, Table 2 [TRT &KIIZ, IFHRBTVADEARMERH (X, 0.32 ppm
BEDED GEHIREEIN-DHATH=DIZHLT, KEETILIY IR ApoE HiblE 5.4
ppm, LDLs” M i5lE, 6.8 ppm DEEED GEAREINT-. COBEMND, FHRLT- GESA
JLEL DL F//8—TFT4O)LIF, REETILIIRIZEWTEIRIE\CERBICERL, 14—
JHEIELTHEET DEDN, KEHIFSINT=.
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Table 2. Quantification of the Gd®* content in artery segments of mice injected with Particle B!
Mouse models

ApoE—+- LDLr- C57BL/6j
(n=7) (n=12) (n=4)
Tissue dry weight [mg] 0.24£0.14 030+£014 045%0.26
Gad3* content [ppm] 5.4 +3.928 6.8 + 3.04 0.32+0.44

1The data are presented as mean =+ stdev.

2p = 0.44 from the Student’s t-test comparing Gd3* content in atheromas of ApoE~-vs LDLr-- mice.
3p = 0.014 when comparing the Gd3* content in atheromas of ApoE-- versus C57BL/6j mice.

4p =1.04 x 10> when comparing the Gd3* content in atheromas of LDLr-- versus C57BL/6j mice.

2.1. 4 invivoMR /A= 5 HER

2.1.4.1 Particle A ZFHLM=MRAA—=DVJHER: In vivo MRAA—DUT 1K, RUD LA
ZTREBEZED Zhou BB LEHFE T, RV JL/INZT KZE Small Animal Imaging Facility FR®
Varian Direct Drive 32— JL &, horizontal bode (ID = 33 cm) 9.4 T magnet ZAL\TI{To7=.

quadrature volume 'H coil (ID = 3.5 cm, length = 8 cm) % 40 gauss cm™ £ THY SIS
MIFBNB gradient coil [THEAL, ALV TEETILIY DR ApoE 134V ISV FEET, BRA
[Z&Y 365 °C ICRF-NF=a7 AT, DERBIURREE=S4—T, 12—V snf-. &5
BT RF Yo% (To1-t, B#ARKLY Particle A OF5%1TLY, 30, 100, 220 73M&ITT VR
D MR A A= J % 4751= (Figure 4).
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Figure 4 In vivo MR imaging of atherosclerosis in an apoE-- mouse model
(a) A scout image showing the slice selection parallel to the red line; (b) A
white blood image enabling the ascending aorta (A), descending aorta (D),
pulmonary artery (P), and vena cava (V) to be identified; (c) a black blood
image pre-contrast (T: trachea); and black blood images; (d) 30 min; (e) 100
min; (f) 220 min post administration of Gd2-loaded LDL (Particle A). FOV =
26 x 26 mm, matrix size = 256 x 192, slice thickness = 0.5 mm.

R, 10 1%, 220 D RIZTHh T M TILHSHY, ascending aorta (Figure 4 1, A TirSh=ER4L0)
[CEBGIVNVRAVI RN THITFEEBEEE—FHLTHY, ALV Particle A BM&E &
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BRI DENTREINT. REMICKYBRABELGRAA—DU T ZREEE T 5128, BIZLDL X
YD G DO—KRE%XMALEEET- LDL F//8—T 1L EAVWERENERTHIEEZONT-.
Fz, RRBRICHEVLTIE, B AU T EHERICRI—OERTITSHIC, IORETY
YRR TRELEEE 220 DBETHRELED, COBBATL -2/ LDEREL, B
BHEDFHNMNSLIZIXRREEZT-.

2.1.4. 2 ParticleB ZRAWL=MRA AU HER Sl G O—RE%HF T 5 Particle B %,
ETILI VR ApoE 12 EL, MR A A= U 3B % 1T o1, BIIALRERR, Zhou HiREE R
T, A—OEEZA:=. LYRBBOR/IUTOEREEZITIO, BRERODTLAXTYUET
ofztk, —EEEMNMSTIREMYHL, 5% 24, 48, 96 B %, MR A A—U U5 %4707z, O
UbA—)LELTIE, FEEE TR C57BL/6j LV -

S #R, OO (Wikipedi &Y EREL)

BR AVFA— LY IDRTIEEELBIVN\VRAVMIRONEMNST=DIZHKL, ApoE 1ZEHL
TlE, BEELGI N AA MR SN T=(Figure 5h). 512, Figure 5b, ¢ IZTRENB LI, I/ E
1% 24, 48 BfE#RIZ, brachiocephalic artery (BA, BISEEIAROEALICHE LT, MEMICHLA LT
DNV ARAVIDR LT, BIZ, Figure 5f, g (21, ¥ 51% 48, 96 BEfE (2485175, pulmonary trunk
(PT, FHEIAR) EBLIICEHIFEIUNDRAVRIREND.
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Signal Enhancement (%NSE)
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L\ A .
e b injection 48 hr-post - >~ 96 hr-post

Figure 5. In vivo MR imaging results and histopathological findings in ApoE-- mice injected with
GdDO3A-LDL. T = trachea, BA = brachiocephalic artery, AA = ascending aorta, DA = descending aorta, PT =
pulmonary trunk. (a-c) Images obtained at pre- and 24 and 48 hours post-injection of GADO3A-LDL into an
ApoE-+ mouse demonstrate enhancement of an atheroma in the wall of the BA (image c). (d) Cellular
components of the atheroma visualized in image c (inset: the entire H&E stained cross-section). Major
features of the atheroma include macrophages (dotted arrows), areas containing crystallized cholesterol
(arrows), and calcium deposits as a cellular dark purple band (arrows with diamond head). Scale bar = 100
pm. (e-g) Images from a separate mouse that show enhancement of the pulmonary trunk at 48 and 96 hours
post-injection as compared to pre-injection. The inset images in a-c and e-g are scout images in the coronal
view where the thoracic aorta and its three branches are clearly shown; the branch on the left is the BA. The
red line in the scout images indicates the axial plane of the image shown in the same panel. (h) Signal
enhancement estimated from MR images by the formula below using the chest muscle as a reference (p =
0.01 comparing enhanced versus unenhanced arteries by the Student's t-test).  %NSE =100% x ((I wallpost /
| musclepost) / (| wallpre / | musclepre) — 1)

A A=V ICHAWVREETILI DAL O HREZBZIRYEHL, @EDLEEE (NI
Yo &IFAIUE) ZRWV-HEBYI R OBEEITo-ECA, MR [ A=V (2BWNVTIVN\Y
RAENF=EHRLER—DEPLLIZH LT, ALATA—ILYYRZIL, form cell, ROAT7—ImEM

.‘_'T-fhf
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SN (Figure 5d), CO#ERM D, BAREILRBHUNAFEMICA A—D2T BT
NVARENTWVERIENRENT-.

2.2 REHMEICEBWLWTARIRE T 520 /1\VEE5—4 vyhELT- MRI-CA
—JELNFHADHERRDIER ~—

3, SEDER

LDL //8—TFT 47 JLE! MRI-CA (&, EBHIZITEEBARAOMBENSFERLT- LDL #EEHL,
BUAMA—DUTRIELTERETHET, BEN, BVE, RESEOMEEZIVTTEHIENT
5 TORT, BRICEBEMBEIF S TITCELRIEETIE RN EZEZONDS. A, 75—L
V& MRI-CA [CELTIE, £<#HRLGHETH L0, EEDABANDIEAEZEZLENGYE
HMICEICHEDERDND. LHL, FiRGH FERALREICIMEEMNICTERKRENREHY, F
=, EEBENGIVN\IVEEEBRIHYLANILT in vivo IZBRETERS, EEORERSLME
BAEDAN=ZZXLHARICRNELWAELLGLIRT, EETHLHIEEZD. BEORAEICEALT
(X, FLEERELTEZOFMERRTHLD, BSISHEARERIT, P FERBLUVETILE
W& R in vivo RERNEEDH DT ETHS.

4, B

AMRIZHWNTIE, EEBREMNL n vivo MR A A=V RZREO BT, (1)F//8—TF
1 DIWBIAVRSAMRE (MRI-CA) &, (2)RTFFE MRI-CA ORAFICERYIEATL. q1E O
RIZTHWTIE, HEDOER, FAE, ZBEILETEHIENTE, ThZRAWL: n vivo EERIZE
FILtz. BEOMREICEALTIE R FHRLLDOFRTHAI-OERICFHELILMNY, B FD5E
BITIEWEIZWZ, BIEIELTLVEL. ZORT, COMRIEIRERTHHEEZS. LHL, #
EOMREHEDI-FET, KEETILIDADIEIL, in vivo MR A A—D U T 5DREILEE ST,
BEEEICEH>TCIEEH RGN BHEZHEIBTERLAT, FEICERTHI-EERD.

MROEENENT-DIL, (1) FAIBBMAABL TN RUDVILNZTRKELISTORTOR
MO E K ST ARAVAVITHEVHAREDO BN ENT, 2) BECHMETHHH, AR
HERIZ, TAIADKEDNSRARDKEZIZERET HFITHST-128, FIROBIULLLITEE
£ DEFICHELMD O, EVVOERLHLH, BFESLEBNRVATIEGNELNIR
N—BREM-EBDHND. LHL, LLHICHBEZEH TV I HRAREOZEE(ETOD
IYMIZREEKERLTN TS, TORTIERL—XIZEIEALZDTIEIGELME

B,

5 WERLEFEDRAE
Invivo ICBEWTKRBEHEMICKRIETIEMNT, BRFRBEZHITHEHED MR A A—
CUTHADIVRSAMNRE (MRI-CAZRKTIIEAMAEDRLNTHD, THHE. D &
BEEICEWVERNMERT ST //8—T4U)LE MRI-CA, 8LV, Q HKEIBAICHELTAE
HINT B0 8E5—4vhELEE MRI-CAGEARDOHIERE) THS.
CZITIEHDIZOVWTERIRT S, QITDO2NTIE, HHBFHERBLTHL, ARFFETESL

DEEZ TNV,
Q0

569



ZLOT7TO—LEBAREILIED in vivo BEFBEMELT, 7T7O0—ICEVENEZSR
FTHRRBZEEM)RR /NG (low—density lipoprotein, LDL) # MR FH4HTO0—J TIEEHL,
E5IT G DFFREALLEMDAELY DO3A FEAKREERLT invivo HERIZAHWV:-. ZOHR,
BHEL G DERBMNESMN, LDL A Vehicle ELT Gd*ZEIARIEIL IR B NEMRLTLDE
MREhT=. 5% 24, 48, 96 BE112(Z, brachiocephalic artery (BA, BEEEENAR) ERGIIZHLNT,
BEMICHASHAEIVNVZAAVMRONT,

LDL 3//8—T4%7)LE MRI-CA (&, BEAXANDMBEMNSHERLT- LDL ZEEHL, BUA A
—DUTRELTERETAEICL > TEREMELRESHEOMEET V)7 TEHENTELLOA
Tl BRRICHEBEMBF > TIKELAEETEBELN TSNS, thh, QIZELTIE, £<
FRGRETHLD, ABANDICHAZEZEZALENGYRBRZETLHEEDODNLD, Fiif%
DFEFAGECENICETEKRONEADHLHYERKFEDRRNEON TS, Tz, FEFE
BB NI BEREBEYILARNILT invivo ITRETEREDL, REORESBWEIEBELDAD=X
LHARICRNBHRVAELLDTREMEEHO TS A TLERKED, DITELTIE, REOE
B, S8, RBEIEETED. nvivo BERICERDIL T CHI-BARELTEHETE LS. @122V T
H FETRTOERDEREBEICWLV > TWVELNLEDO D . SEDOEREMEZETHHRAILE
MORENFTE . SITHEAREOHARER T, P TFERSIVETILEYMEAL: in
vivo REENEHEDH TIELLVNEEZ B,
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