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Small Animal PET Imaging with [*lIFIAU for Herpes Simplex Virus Type

1 Thymidine Kinase Gene Expression in a Hepatoma Model

Min Jeong Chae, MD. Tae Sup Lee, PhD?, June Youp Kim, MS Gwang Sun Woo, BAz,
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University of Ulsan College of Medicine, Seoul, Korea.

Purpose: The HSV1-tk gene has been extensively studied as a type of reporter gene. In hepatocellular carcinoma
(HCO), only a small proportion of patients are eligible for surgical resection and there is limitation in palliative
options. Therefore, there is a need for the develoopement of new treatment modalities and gene therapy Is a
leading candidate. In the present study, we investigated the usefulness of substrate, 2-fluoro-2-deoxy-1-8
-D-arabino-furanosyl-5-"* "™ liodo- uracil (™™ IFIAU) as a non-invasive imaging agent for HSV1-tk gene therapy in
hepatoma model using small animal PET. Material and Methods: With the Morris hepatoma MCA cell line and
MCA-tk cell line which was transduced with the HSV1-tk gene, in vitro uptake and correlation study between
["“IIFIAU uptake according to increasing numeric count of percentage of MCA-tk cell were performed. The
biodistribution data and small animal PET images with ["“lIFIAU were obtained with Balb/c-nude mice bearing
both MCA and MCA-tk tumors. Results:. Specific accumulation of [“IFAU was observed in MCA-tk cells but
uptake was low in MCA cells. Uptake in MCA-tk cells was 15 times higher than that of MCA cells at 480 min.
[(FAU uptake was linearly correlated R2=0.964, p=001) with increasing percentage of MCA-tk numeric cell
count. Biodistribution results showed that [IFIAU was mainly excreted via the renal system in the early phase.
Ratios of MCA-tk tumor to blood acting were 10, 41, and 641 at 1 h, 4 h, and 24 h post-injection, respectively.
The maximum ratio of MCA-tk to MCA tumor was 1927 at 24 h. Ratios of MCA-tk tumor to liver were 13.8, 668,
and 5883 at 1 h, 4 h, and 24 h, respectively. On small aninal PET, “IFIAU accumulated in substantial higher
levels in MCA-tk tumor and liver than MCA tumor. Conclusion: FIAU shows selective accumulation to HSV1-tk
expressing hepatoma cell tumors with minimal uptake in normal liver. Therefore, radiolabelled FIAU s expected to

be a useful substrate for non-invasive imaging of HSV1-tk gene therapy and therapeutic response monitoring of
HCC. (Nucl Med Mol Imaging 2008;42(3):235-245)
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B §A%4 Axdo] BREskad 2ol

HSVI-ticz A4 3249 &A%
AAZE 7P¢ de] A4EL e A Rbelt}
TRAA7E 7149 S B pyrimidine %A
e} purine $EAEE A48 & F 917 gy’ vt
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2" -fluoro-2"-deoxy-1-B-D-arabino-furanosyl-5-iodouracil
(FIAU) MY 2"-Fluoro-2'-deoxy- 5-iodo-1-B-D-ribofuranosyl
uracil (FIRU),” 2'-fluoro-2'-deoxy-5-methyl-1-B-D-ara-
binofuranosyluracil (FMAU),® 2'-fluoro-2"-deoxy-5-iodo-
vinyl-1-B-D-ribofuranosyluracil (IVFRU)'W Sz, % i)

5% purine (acycloguanosine) FEA )+  8-fluoro-
9-[ (2-hydroxy-1-(hydroxymethyl) -ethoxymethyl) guanine
(FGCV).® 8-fluoro-9-[ (4-hydroxy-3-(hydroxymethyl) bu-

thyl)] guanine (FPCV) *® 9-[3-fluoro-1-hydroxy-2-propoxy -
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methyl Jguanine (FHPG).” 9+ 9-[4- fluoro-3-(hydrome-
thyl)butyllguanine (FHBG)® Zo] gt} o] & 1189 &
B BRI B4R} 9atsts o] Alxle] AR7AIZ]
= 30’“‘ A= 7RIS dth

g2 dArdFelA e P pyrimidine =A<
FIAU, FIRU 1813 FMAU %3 purine 5421 FGCV,
FHPG, Z12] 3 FHBG So] HSVI-tk %37 928 424
EL Solng WiAEE BT it Iy HLe &
FAFNME pyrimidine nucleoside FEAQ FIAUS
FMAU%o©| HSVI-tk f8x7F FH 2 FAATL oY
o] dastE XY AR JHE A@FH AAFYAA
purine -Fri=# ¢ FHBGS FHPGETH &4 o L 5o|4
ol WAls9) PAo] olg Hoa ¥yHAY wg,
7129 B purine (acycloguanosine) &%A1¢)
FHBGE A%FE 4A
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e, AAEL 7+ T2 BN HSVI-tk B3l
Az 2d S Hrbshs 993 gAEe SYstaal FIAUE
R 71A2 AMR-3te] Buffalo AES] A 2zl HSVI-tk
SRR AR A o2 @A st AEE PET 942 ©
3 By fAAe] GdgdE FEIA ST

1. A%

H.0; solution® NaHSO;+= AldrichAFe] A &L, trypan
blue solution, 10 mM phosphate buffer< ©|=f Sigmai}2]
A &L, diethyl ethers= "= Tediarle] AlFE AMESIAT

Na'”I3 7% Perkin-ElmerA b2 58 7481900, Na'“1&
S xpE oj gt o] 50 MeV Aol EREECE A4 A
& AMEEY 5-Tributylstannyl-1-(2-deoxy-2-fluoro-B

~d-arabinofuranosyl) uracil (FTAU) Z+3+ Futurechem



AIZRE FYste] A3 T
DT AAAZREIHH(HPLC) & |- WatersAH]
AEL o) &3F o, AHL p-Bondapak C-182 AFE-3+4
N FFLEE &4 L2 Waters 486 absorbance detector® ARE-
9o =

=4 RaytestAbe] GABI RI detecterS

Trypsin-EDTA, Dulbecco’s modified eagle medium-& 7
= Gibcorl AFS AFE3IFCH, AZMYg HAE "5
CorningAl A& AFE5}Y T, fetal bovine serum2 M=
BiowhittakerAl A &S AH&-3FdTh

MCA-RH7777 (MCA) Al¥®F+ v]= American type
culture collection=F¥ Y3t ALt A Eu| S
A8 3k d7) = v Forma scientificAh] water jacket
3250 24 AH&stth

AYFTEZE specific pathogen free (SPF) grade?]
Balb/c-nu/nu¥ Japan SLC Inc. At 2HE ¢35l ALL3}

Hrts= 487 Hetd & Fel9 Nal crystalg 7}

4 E "= Wallac WizardA} AlEE AHE315 L
M, 8 A AFE AL PETS o83ty Fg535%o
Concorde Microsystems Inc.A}2) microPET R4 1) & o]&
sttt AA G s FEAHQA fAE vl HrrEr] 93
o AEE HA FE2 HE7(Autocryotome) = L&
Nakagawa SeisakushoAl A &S A3

o

2. BAMd 29F #A G FEAQA FIAUY Ax

5-Tributylstannyl-1- (2-deoxy-2-fluoro-B-d-arabinofuranosyl)
uracil (FTAU) A7A 238 5-*"-odo-1-(2'-deoxy-2-
fluoro-B-D-arabino-furancsyl) wracll ([*“1IFIAU)7} A=
H9Aqct (Fig. 1). 5-Tributylstannyl-1-(2-deoxy-2-fluoro-3
-d-arabinofuranosyl) uracil (FTAU) 15 ugS 20 ul®]
ethanol®l =AA] eppendorf tubeol ¥ Na'™l (Perkin-
Elmer, UK) =+ Na“l (50 MeV cyclotron, KIRAMS,
South Korea)E 185~185 MBqE Y& F A4
H207:1IN HCI:H:0=4:1:95 &< 0.1 ml #7Fst:L 15 &7
o WHEAIZHERE 3 & IHH L2 vortexE Ald)dte] FAIRES
€ T939t HSS FE HOE st st
23} NaHSOsE 0.1 ml #7186t

AR FARA L C-18 Sep-pak FFE B A (Waters, co., USA)
& AH-EE Y 7FEEAE 10 ml9 100% EtOHZ 10 mie]
SHTE o83t TAHOE AHS & w9y SFAE
T 1 mle ol&3to At ol 7IEA| Y EEFE §
10 ml®] /2 Al A st Wkg FodEE A7AsHL 1 mlé

=2 QUMM 2-fluoro-?-deoxy-1- B-D-arabinofuranasyl-5- [ *fliodo-uracl ((*IFIAU)

ASE PET Q4 17

100% EtOHE ©]8-3l¢] £&3}2L argon 714 stollA AL
A7) olE HiF AETE At 022 ume FAM7] E
HE o] &3ty ofxst Fof o Ao ARSI

A 29yt B8 5[ Jiodo-1-(2 -deoxy-2-
fluoro-B-D-arabino-furanosyl) uracil (["***I]FIAU)<] ®
Ate e 2§ 3718t7] 9t 1A T A A ARt E L
S A&t} 282 p-Bondapak C-182 ARS8,
AN e ZF5 (8 A)3} methanol(£4 B)E AHE3}
Gk ANEE 0 BA 5 ES A =100%. B = 0% 4 &
&0 7 HNsHL, 5 -‘5.-01]7‘1 25 = A =0% B = 100%
= 100%, B = 0%<} 4}
93er =39 B4+ 254 nmo
X Z2A A9l GABI RI detecter
&

3. HSVI-tk ¥3d 7HHA X
2 FIAU9 43 4%
1) ZHMZFOIA el HAE8 A
HSVI-tk §A4A7F 238 AlXYo] Eojd o2 ¥AlZ
A FIAUZ} HAHAH=AE H71ehr] ot A1d# HFH&
AL 4339 th Morris hepatoma A EFS MCAS
HSVI-tk €Ax7} retrovirus®] Q8iA FHEH AlZF<
MCA-tK*Z 6 well plated] welld 1x10° cell(n=3)°] I =
E  geedingdty 18 A7 w3 vh Zzhel  Alazo
[PTIFIAU 185 KBqg 9< DMEM 3 mie 747+¢e) A Z o
Gy 15 B30 2, 60 &, 120 B, 240 ¥, 480 Hol A Zhz}Fe]
A EEZ trypsin-EDTAE A &lato] dolu it Cold PBS 1
1S o] 23t x1,000 rpml 2 AR F T, FI1R 2 J
Hl’ﬁlo}oﬂ A2l 48 rbsS ZVHEEE o] 83
AZsted FHrietdoh WALEA FIAUSY H3e2 FYF
WAL o] MR8 (9% ID: percentage of injected dose)E U
ERU Aot

EFON A 20E B

) HSViI-tk 2had MZo| e 0| M2 M E AT AY

MCA A X HSVI-tk %87} o]¥® MCA-tk A%
ol MCA-tk AIE WEg Z7td w2 [IIFIAU 4
o] FABAE st 918t MCA-tk AlE:E HA A
E229) 0%, 10%, 20%, 30%. 50%, 70%, 80%, 90%, 100%
7} 5 %E MCA M2 33817 6 well plate®] ZF well B
ox10° 7 (n=3)9 AEE seeding ) DMEM Aol A 24
A7+ wlekstr [IIFIAU 148 MBg2 #7bsted 2 A7 &
oF 712 wjoFste] HHFAIZ H WA E S YU A A3
t} Trypsin-EDTAE A& ste MAEE gojii 1 ml9
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cold PBSE 3 3] Al#3te] oJojo] WALg< Al AT Al
el HHE PAsE ArhEEHE olgdtd AS
M

4. HSV1-tk 93

}-(}} ;‘q] L= N 3

24 ZEXYS W57 Y8 MCA M X9 HSVI-tk &
AR ol AEFQA MCA-tk MEE wj3o trysin-
EDTAZ @l 5 1000 rpm, 5 27+ 43 3he] A=9 u)
Fh= AAS FH PBSE AFF3 F 100 i F ZF HEL
1x10'707} &8 3|43t Balb/c-nude w929 #& 9
TEole MCA MEE, $5 478 MCA-tk AEES
TS FAL 2 F7b Aolg A T 4P 27
Sk B4E £ F70) 7 ~ 10 mm FEQ] vHp2S
AWt ethyl ether® v} A171 | ["IIFIAU 370 KBq
(n=3) AUFASRL FAF F 1 A7 4 A7 24 A2 7
3§ ohg2g SAetel B, 7 A, v A, 9, 2%,
9%, A 25 9EE 59 7% MCA %

o)

FHEFY A}EY DA

per gram of tissues: % ID/g)_‘?_?._ %’&0}@] H 713 R T},

5. HSVI-tk 28 s T4 HddA9 4F5E
PET A A g2
T4 FERYZ WET] 98 MCA M9} HSVI-tk
2L ol A EFQ MCA-tk HIEE w3t trysin-
EDTAZ doldl & 1000 rpm, 5 £7F 943 sl Ar==9 wf
SHZ A A 5 PBSE AF T 100 w F ZH AlE7}
1x10707 H % 348t Balb/c—nude mice®] 5 H+
glol= MCA Al2E, +5 d7ddle MCA-tk Al X g =
SHE FALSILL 2 F7F Ao E PAAN FY S #EE)
At FAH T4 F40o] 10 mm AL §&F FdE A
Hate 2FE PET 94 H7tel ol &3tk A o)A
deiodinasedl] 2|7t 2] WAMI R 859 THA A 9=
o) &S WAF7] Aste [PIIFIAUS FA1817] 30 & 7
o sodium perchlorateE 25 mg/kge] £ 2 E7h) 9]
AT A F FE vhEAE ethyl ether® v AIZ H
[IIFIAU 111 MBq& &g WS Eahe] FA} LHE 2
AlZE &S A HEAAS AN H 10 ® HH2E A

sl e HSFAL, 4 A2k 24 A7l 212} 60
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Figure 1. Scheme for preparation of ( FIAU from organotin
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Figure 2. HPLC radiochromatogram of (*"“NFIAU affer Sep-Pak
C-18 cartridge purification.

5 £ utetium Oxyorthosilicate (LSO) 4
AL 7FA T Y= microPET R4 (Concorde Microsy -
stems, Knoxville TN) 2 E& o]-&3te 350~750 keV ol
HUA &3} 6 nS A7 Ao E MHA3S 3 span F 31 ring
difference® 53Rt F5H FA<S ASlpro (Concorde
Microsystems Inc, Knoxville, TN)S o] &3}o] A|-143}3L
BAS9T MCA £, MCA-tk £, 24 9] A1)

5 HAE £¥E PETIAS 7 Al A4 9
A 120 kA9 A7|E #AAFADE A BEA59 0
Aozl A FGH A AAE ISR YA

T nteAE FAHIY 3% carboxy methyl
o] & ol E3 Egto] oo AE o] g3
Hol] B0 gAEEFS THESUH &
o FAEES AT 54 HA7E o834 30 um 77
2 AHE AFSL ©]F imaging plated] &3t A7t
At 20l E T3-S 97 phosphor imagerE ©]-838fa] 23 %
o] AL E pseudo-color® W3a}T Hojzl AHe A3l
FH et g A7|EY AFETFHY ARXE Hobsly 4
s= PET %73 vlustsith



== UM 2-luoro-2-deoxy-1-B-D-arabinofuranosy-5-“lliodo-uraci ([ IFIAL) &

&= PEI 9 9+

Table 1. Biodistribution of ["“I1FIAU in MCA and MCA-tk tumor bearing nude mice*

Organ
1 h 4 h 24 h

Blood 2.16+0.66 0.79+0.32 0.04+0.02
Liver 1.64+0.62 0.47+0.19 0.04+0.01
Lung 2.08+0.59 0.88+0.39 0.05+£0.02
Spleen 1.54+0.58 0.75+0.15 0.07+0.02
Kidney 4.59+2.15 0.74+0.23 0.04+0.01
Stomach 10.33+1.92 8.25+3.75 0.31£0.24
Small intestine 2.10+0.49 0.92+0.32 0.29+0.11
Large infestine 3.72+0.49 2.60+0.61 0.11£0.02
Femur 1.28+0.25 0.56+0.05 0.06+0.01
Muscle 1.67+0.43 0.42+0.13 0.04+0.01
Thyroid 0.47+0.27 2.12+0.88 1.55+1.60
MCA 3.56+0.98 1.63+0,78 0.10+0.00
MCA-tk 21.74+6.17 26.89+7.06 18.91+8.50

* Data are mean+SD of % injected dose per gram of organ or tumor obtained from 3 animals per each fime point.
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Figure 3. incubation time dependent uptake of (**NFIAU in
cultured MCA and MCA-tk cells. Specific accumulation of

("®NFIAU is shown in MCA-tk cells, whereas it is minimal in MCA
cells.
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1. FIAU A7AE oj&a [*'"]IFIAU9 &4 ¥

TE] 07(1]

[“MIIFIAUS A4 FTAUS 23huhg-8 o] 3}
A8 [PIIFIAUS 2R e BXFEL oF 85-95% ©]
Aom [PIFIAUY #AF§L 55-70% o]9ed, HPLC
g o) g3te] WAL SR8 HrHE A% 08% ool
on AP A B F-EAIZES- 19.3 FolUthFig. 2).

2. HSV-tk 33 WAl 252949 FIAU 43& 43

HSVI-tk FA47} o]d=A) &2 MCA M EF2] 2§
FIAUY| 3] 43 &°) 265 %IDZA AZU 2] FIAU J
Zol A Folr gAML Elvd F)uAl el 9% FIAU

Bl Eo]4 latslrt A5-E AT ¢ YAk oo gt
HSVI-tk $+RAA47}F old¥ MCA-tk Al2F2] Zf-dl+=
ACE Z71d AL S Yo 2M oY HSVI-tk
Aol &) MAE HSVI-TK &4 28] FIAUZF 914+
3} Ho AX yroE wAUsIA] Eetil YAEE AL &2
gk & Ak MCA-tk Ml E5 A <] FIAU A3 &2 16 &,
30 &, 60 &, 1205, 2405, 480 oA ZHz; 5,04 %ID, 771
%ID, 11.38 %ID, 15.78 %ID, 2529 %ID, 41.56 %ID 9.2
722 A7k e MCA MEF9 A3 vlste 742} 11 W,
1590, 13 v, 10 =), 14 »f, 15 8] S7FE A& (p<0.01)
Holz Aoz I AN (Fig. 3).

3

A}
o)
O

3. HSV-tk B3 29N E59) 93 2o B2 HH S
REAL
RAA AE FA HSVI-tk 524247 Edd MCA-tk Al
£50 MES Z7lo] B2 FIAU 47839 4auis
715 A3, MCA-tk Al ¥5ol wt& FIAU A3 &9 <7
g 42 £ e o FAdAs AAds Eodo
(R* = 0.964) (Fig. 4).

4. 5% FERDAAY FIAU AAEE
MCA M X9} HSVI-tk 42 o448 MCA-tk A&

o] &3t S A A7l Balb/c FE vF-2 ZdoA
[IFIAUS Al7HE A BEEE Table 10 Rk} )
[PIIFIAUS W& A2E Z7)d AZoR mEA e
m 1 A7 o] 3o AA| W deiodinaseo) 2|8t Ea & 9
o} Aol MH7F S7HE s BAch

HSVI-tk $3A 0|98 MCA-tk &2 4% 439 &
AVs9] 2ok o) g9 v] (Rratio of tumor to blood @ T/B)+
1 AIZF 4 A7, 24 AIZRl A 22 10.2, 415, 641.7 °]UL
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%I1D

Figure 4. Correlation between proportion of MCA-tk cells and
total cellular uptake of "NFIAU. Uptake of (FIAU was highly
correlated with proportion of MCA-tk cells (n=3, p<0.01).
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Figure 5. Tumor uptake ratios in Balb/c nude mice bearing both
MCA and MCA-tk tumors. Data are meantSD of MCA-tk/MCA,
MCA-tk/Blood, MCA-tk/Muscle, MCA-tk/Liver, and MCA/Liver
("FIAU uptake ratios at 1 h, 4 h, and 24 h after injection (n=3,
p<0.01).

Figure 6. Small animal PET images of (“NFIAU in Balb/c nude mice bearing MCA and MCA-tk tumors on both flank.
Coronal sections show HSVI-tk reporter gene specific (“)FIAU accumulation in MCA-tk tumor. Each imoge was
reconstructed from 10 min (image 1 to 12), 30 min (image 13), or 60 min (image 14) acquisition data at various times

post-injection. (1-12; 0-120 min, 13; 4 h, 14: 24 h)



Figure 7. Small animal PET images and autoradiographic image of (“)FIAU at in Balb/c nude mice bearing MCA
and MCA-tk tumors on each flank. (*I)FIAU PET image (A) during 110~ 120 min, (B) at 4 h, and (C) at 24 h. (D) Fused
image of frozen section photo image and autoradiographic image at 24 h.

Time Activity Curves —— MCA

=Y
=]

—a-- MCA-TK

—— Liver

o - =~ --] w
1 1 T T

% Injected doseq
-9

= - L] w

12 16 20 24
Time {(ht)

=]
B -
-

Figure 8. Time activity curves of ()FIAU activity in the MCA
tumor, MCA-tk tumor, and liver on small animal PET images.

=5 tig MH# Y& (The ratio of tumor to muscle :
T/M)<Z 135, 686, 62448 Ho wjE Hapso] &)
HSVI-tk g F4oll o] vhabs JAE7E A3 =2 4o
= YUEsT T8 HSVI-th §3 A7} o] g =R ¢ MCA
T el MCA-tk F¢9 43 vl& 921 1 A7H 4 A7
24 A7Vl A Z}z} 65, 20.3, 192724 Al7bo] A zgto) whel
Z7Ht AFHe 235 HoFo] MCA-tk %ol ¢
HSV1-TK &ao 93 "-FIAU 914kste] o) Sojz o
Z A#H7t olF oA AL AT & Ak T3 MCA £
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