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Abstract

Objective  3-[ ! 8F]Fluoro-oc-methyl-L-tyrosine (L-[l 8F]
FAMT) is a useful amino acid tracer for positron emission
tomography (PET) imaging of malignant tumors. Because
D-amino acids are not well distributed in non-target organs
and are rapidly excreted in urine, the bp-isomer of
["®FIFAMT could allow clear PET imaging of tumors early
after administration. In this study, we prepared 3-['*F]flu-
oro-o-methyl-p-tyrosine (p-['*FJFAMT) and evaluated its
usefulness.

Methods p-['"*FIFAMT was synthesized according to the
method for preparation of L-['*FJFAMT. The in vitro and
in vivo stability of ["®FJFAMT were evaluated by high-
performance liquid chromatography. Cellular uptake of
['FJFAMT was evaluated using LS180 colon adenocar-
cinoma cells. Biodistribution studies were performed in
LS180 tumor-bearing mice, and the tumors were imaged
using a small-animal PET scanner.
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Results The radiolabeling yield of p-['"*FJFAMT was
approximately 10 %, similar to that of L-['*FJFAMT. Over
95 % of D-[18F]FAMT remained intact in mice until
60 min after administration. p-['*FJFAMT was gradually
taken up by the LS180 cells. Tumor uptake of
p-["®FIFAMT was competitively inhibited by pretreatment
with o-methyl-L-tyrosine, a selective substrate for the
system L-amino acid transporter 1 (LAT1), suggesting the
involvement of LAT1 in tumor uptake of D-[18F]FAMT. In
biodistribution studies, D-[]8F]FAMT showed rapid clear-
ance from the blood, marked accumulation and retention in
the tumor, and lower accumulation in non-target organs,
especially kidney and pancreas, compared to L-['*FJFAMT.
The amount of b-['*FJFAMT in the tumor was also
reduced, and tumor-to-blood ratio and tumor-to-muscle
ratio of D-['SFIFAMT were similar to those of
L-['"®FIFAMT at every time point. PET imaging with
p-["®FIFAMT did not provide a clear image of the tumor
early after administration. However, D—[lsF]FAMT
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provided higher tumor-to-background contrast than L-['*F]
FAMT.

Conclusions p-['"*FIFAMT showed rapid blood cleara-
nce, low accumulation in non-target organs, and tumor-
selective imaging compared with L-['®FJFAMT. Thus,
p-['®F]FAMT could potentially serve as a novel PET tracer
for imaging malignant tumors.

Keywords 3-['®F]Fluoro-o-methyl-L-tyrosine
(L-["*FIFAMT) - 3-['"*F]Fluoro-o-methyl-p-tyrosine
(p-["®F]FAMT) - Positron emission tomography (PET) -
Amino acid tracer - Tumor

Introduction

Radiotracers that enable the visualization of abnormal
tumor metabolism are useful tools for tumor diagnosis, and
many tracers have been developed and used for clinical
diagnosis [1]. 2-[1SF]Fluoro—2—deoxy-D-gluc0se (['"*FIFDG)
is most widely used for tumor imaging in positron emission
tomography (PET) [1, 2]. However, high levels of accu-
mulation in non-target tissues such as brain and inflam-
matory sites often impede the accuracy of PET in
diagnosing tumors [2]. Amino acid tracers usually show
low accumulation in non-target tissues compared to
['®F]FDG, and they are favorable tracers in terms of tumor
selectivity [1, 3]. At present, several amino acid tracers,
including ["'C]methionine and '3F-labeled L-tyrosine ana-
logs, have been introduced into clinical practice and have
been used to visualize malignant tumors in patients [1-5].

Further, 3-[]8F]ﬂuoro-oz-methyl-l,-tyrosine (L-[]8F]FAMT)
is auseful amino acid tracer, and it is selectively accumulated in
tumors without incorporation in protein synthesis [6, 7]. Clin-
ical studies have shown that L-[ISF]FAMT can be used to dif-
ferentiate between benign lesions and malignant tumors [8, 9].
L-["8F]FAMT has shown higher specificity than ["®FIFDG with
regard to the detection of maxillofacial tumors, thoracic tumors,
and lymph node metastases of non-small cell lung cancer [10—
12]. L-["®F]JFAMT is transported into tumor cells solely through
amino acid transport systems, and in particular, the involvement
of system L-amino acid transporter 1 (LAT1) has been sug-
gested [10, 13—15]. LAT1 is a major nutrient transport system
responsible for Na*-independent transport of large neutral
amino acids including branched and aromatic amino acids
[16-18]. LAT1 is also known to be widely expressed in human
cancers and cancer cell lines, where it has been shown to play
essential roles in growth and survival [19].

L—[lsF]FAMT exhibits slower clearance from the blood
than [18F]FDG with high accumulation and retention in the
kidney, possibly hindering diagnostic accuracy. However,
L-amino acids have corresponding D-isomers that have

some favorable properties for the development of PET
tracers. Since mammals rarely use p-amino acids for their
biological activity, p-amino acids would not be taken up by
the normal tissues. In addition, p-amino acids are rapidly
cleared from the circulation and highly excreted in the
urine compared with L-isomers [20, 21]. Previous studies
reported that radiolabeled p-amino acid showed rapid
clearance from the blood and provided clear PET images of
tumors [22]. Thus, we expected the p-isomer of FAMT to
allow clear PET imaging of a tumor early after adminis-
tration. In this study, we synthesized p-['*F]JFAMT and
evaluated its usefulness as a novel PET tracer. In addition,
we investigated the mechanism of tumor uptake of
D-[ISF]FAMT both in vitro and in vivo.

Materials and methods
Generals

Alpha-methyl-L-tyrosine, 2-aminobicyclo[2.2.1]heptane-2-
carboxylic acid (BCH), 2-(methylamino)isobutyric acid
(MeAIB), and dimethyl sulfoxide (DMSO) were purchased
from Sigma-Aldrich (St Louis, MO, USA). Alpha-methyl-
D-tyrosine was purchased from IRIS Biotech (Marktred-
witz, Germany). Dulbecco’s modified Eagle’s medium,
penicillin, streptomycin, Hank’s balanced salt solution
(HBSS), and L-tyrosine were purchased from Wako Pure
Chemical Industries (Osaka, Japan). Fetal bovine serum
was purchased from AusGeneX (Santa Clara, CA, USA).
Male ddY mice were purchased from Japan SLC (Ham-
amatsu, Japan), and male BALB/c (nu/nu) mice were
purchased from CLEA Japan (Tokyo, Japan). All other
chemicals used were of the highest purity available.

Production of p- or L-['"*FIFAMT

Positron-emitting fluorine ('®*F,) was produced by a
*ONe(d,o)'®F nuclear reaction using the biomedical cyclo-
tron CYPRIS HM-18 (HM-18; Sumitomo Heavy Industries
Ltd., Tokyo, Japan). L- and p-['*F]JFAMT were synthesized
according to the method developed by Tomiyoshi et al. [6].
Briefly, a-methyl-L-tyrosine and o-methyl-pD-tyrosine were
fluorinated by ['®F]acetyl hypofluoride, and separation and
purification were performed by a remote control system.
Separation of ['®*FJFAMT was carried out by high-perfor-
mance liquid chromatography (HPLC): column, LiChrosorb
RP-18 10 mm internal diameter (ID) x 250 mm, 10 pm
particle size; column temperature, 25 °C; mobile phase,
methanol/0.1 % acetic acid = 1/9; flow rate, 6 ml/min;
detection, absorbance at 280 nm and radioactivity. Reten-
tion times of D- or L-[lgF]FAMT and their 2-fluoroisomers
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were 7.4 and 6.4 min, respectively. The radiochemical
purity of ["®FJFAMT was analyzed using the following
HPLC conditions: column, LiChrosorb RP-18, 4.6 mm
ID x 250 mm, 10 mm particle size and Inertsil ODS-3,
4.6 mm ID x 150 mm, 5 mm particle size; column tem-
perature, 25 °C; mobile phase, methanol/0.1 % acetic
acid = 1/9; flow rate, 2 ml/min; detection, absorbance at
280 nm and radioactivity (radiodetectors, Universal Giken,
Odawara, Japan). Retention times of p- and L-['’FIFAMT
were 4.5 min with LiChrosorb RP-18 and 3.0 min with
Inertsil ODS-3. Enantiomeric purity of p- or L-['"*FJFAMT
was analyzed after fractionation by the following conditions:
column, CHIRALPAK MA (+), 4.6 mm ID x 50 mm,
10 um particle size; column temperature, 25 °C; mobile
phase, 0.25 mM cupric sulfate solution; flow rate, 0.5 ml/
min; detection, absorbance at 280 nm and radioactivity. The
retention times of D-[lgF]FAMT and L—[lgF]FAMT were 50
and 75 min, respectively. Non-radioactive p- or L-FAMT
was synthesized by direct fluorination of o-methyl-p-tyro-
sine or a-methyl-L-tyrosine, using fluorine gas according to
the method developed by Tomiyoshi et al. [6], and identified
by '"H.NMR analysis [400 MHz, D,O/DCl, L-FAMT: §
(ppm) 1.39 (3H, s), 2.76 (1H, d, J = 14.0 Hz), 3.08 (1H, d,
J = 14.0 Hz), 6.76-6.90 (3H, m); p-FAMT: & (ppm) 1.39
(3H, s), 276 (1H, d, J=14.0 Hz), 3.08 (1H, d,
J = 14.0 Hz), 6.76-6.90 (3H, m)] and optical rotation
[L-FAMT: [a](25, D) = —10.9 (deg) (¢ = 0.05, 1 N HCI),
D-FAMT: [a](25, D) = 10.6 (deg) (c = 0.1)]. For the
measurement of optical rotation, FAMT was dissolved in
ultrapure water at a concentration of 0.05 g/100 ml.

In vitro and in vivo stability

The animals were cared for and treated in accordance with
the guidelines of the animal care and experimentation
committee at our facility. For the evaluation of in vitro
stability, 20 pl of p- or L-['"*FIFAMT (1 MBq) was added
to 180 pl of freshly prepared murine plasma or human
plasma (Kohjin Bio, Saitama, Japan), and the solution was
incubated at 37 °C for 1, 3, and 6 h. After filtration through
a 10-kDa cutoff ultrafiltration membrane (Vivaspin 500;
Sartorius, Goettingen, Germany), the radioactivity of the
sample was analyzed by HPLC with the Inertsil ODS-3
column. For the evaluation of in vivo stability, blood was
collected from normal ddY mice at 10, 30, and 60 min after
administration of - or L—[lgF]FAMT (20 MBg/head). After
centrifugation at 5,000 rpm for 5 min at 4 °C, the resultant
serum samples were filtered through a 10-kDa cutoff
ultrafiltration membrane. The radioactivity of the sample
was analyzed by HPLC as described above. The fraction of
p- or L-['"*FIFAMT was expressed as a percentage of the
total radioactivity in the sample.

@ Springer

Cellular uptake studies

A human colon adenocarcinoma cell line, LS180, was
purchased from the American Type Culture Collection
(Manassas, VA, USA) and routinely maintained in Dul-
becco’s modified Eagle’s medium containing 10 % heat-
inactivated fetal bovine serum, penicillin (100 U/ml),
streptomycin (100 pg/ml) and r-glutamine (2 mM) at
37°C in 5 % CO,, 95 % air. For the cellular uptake
studies, cells (2.0 x 10° cells/well) were pre-incubated in
the medium for 24 h in a 24-well culture plate. After
incubation, the culture medium was removed, and the cells
were washed twice with HBSS. The cells were then incu-
bated in HBSS for 10 min and incubated with
D—[IBF]FAMT (200 kBq, final concentration; 3 pM) or
L-["|FIFAMT (200 kBq, final concentration; 3 pM) at
37 °C for 5, 10, 20, 30, 45, and 60 min. After the incu-
bation, cells were washed twice with HBSS and then lysed
with 500 pl of a 1 % Triton X-100 solution. The radioac-
tivity in the cell lysate was measured by a well-type
v-counter (ARC-7001; Aloka, Tokyo, Japan). The radio-
activity of each sample was normalized for the total protein
concentration, which was determined using a Quick Start
Protein Assay kit (Bio-Rad Laboratories, Hercules, CA,
USA). For inhibition assay of cellular uptake, the cells
were washed twice with HBSS or Na't-free HBSS
[137 mM choline chloride, 5.3 mM KC1, 1.3 mM CaCl,,
0.49 mM MgCl,, 0.41 mM MgSO,, 0.35 mM K,HPO,,
0.44 mM KH,PO,, 4.2 mM KHCOj;, 5.6 mM b-glucose
(pH 7.4)] after pre-incubation. L-Tyrosine, o-methyl-L-
tyrosine, BCH and MeAIB were dissolved in 1 % DMSO/
HBSS or 1 % DMSO/Na™-free HBSS at a concentration of
1 mM. Then, the cells were incubated in HBSS or Na*-free
HBSS for 10 min and treated with 0.1 % DMSO (vehicle),
100 uM  of L-tyrosine, o-methyl-L-tyrosine, BCH, or
MeAIB for 10 min before addition of p-['"*F]JFAMT [23].
At 30 min after treatment with p-['*FJFAMT (200 kBq,
final concentration; 3 uM), cells were washed with HBSS
or Nat-free HBSS and dissolved in 1 % Triton X-100. The
radioactivity of the lysate was measured by a well-type
Y-counter.

Reverse transcription polymerase chain reaction
(RT-PCR)

Total RNA was isolated from cells using a Fast Pure RNA
kit (Takara Bio, Shiga, Japan). The first-strand complement
DNA was synthesized from 0.5 pg of total RNA with
PrimeScript Reverse Transcriptase (Takara Bio). The
sequences of the specific primers for LATI, the heavy
chain of 4F2 cell-surface antigen (4F2hc), which associates
with LAT1 for its functional form [16], and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) are shown
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Table 1 RT-PCR primers -
Accession no.

Primer sequences

Expected size (bp)

LATI1
AB018009

Sense: ATTGTGCTGGCATTATACAGCGGC 271

Antisense: AGGATGTGAACAGGGACCCATTGA

4F2hc
ABO018010

Sense: AGCCGAGAAGAATGGTCTGGTGAA 423

Antisense: AGCAAGTCAGTCTGAGCGACATCA

GAPDH
BC083511

Sense: TCATGACCACAGTCCATGCCATCA 450

Antisense: CCCTGTTGCTGTAGCCAAATTCGT

in Table 1. The PCR analysis was performed by first
incubating each complement DNA sample with the primers
(0.5 uM each), Blend Tag polymerase (1.25 U: Toyobo,
Osaka, Japan), and deoxynucleotide mix (0.2 mM each:
Toyobo). Amplification was carried out for 35 cycles
(95 °C for 30 s, annealing at 60 °C for 30 s, 72 °C for
1 min). The products were then subjected to 2 % agarose
gel electrophoresis. Bands were stained with ethidium
bromide and photographed.

Immunoblotting

For preparation of in vitro samples, LS180 cells were dis-
solved in sample buffer (25 % glycerol, 1 % SDS, 62.5 mM
Tris—Cl, 10 mM dithiothreitol) and incubated at 65 °C for
15 min. For preparation of in vivo samples, the tumor tissue
was excised after the attenuation of radioactivity and
minced. Approximately 40 mg of the tumor was dissolved in
lysis buffer [20 mM Tris—HCI1 (pH 7.5), 150 mM NaCl,
1 mM Na,EDTA, 1 mM EGTA, 1 % Triton, 2.5 mM
sodium pyrophosphate, 1 mM B-glycerophosphate, 1 mM
NazVOy, 1 pg/mlleupeptin). After 1 hincubation onice, the
samples were centrifuged at 15,000 rpm for 30 min. The
supernatant was mixed with 2x sample buffer (50 % glyc-
erol, 2 % SDS, 125 mM Tris—Cl, 20 mM dithiothreitol) and
incubated at 65 °C for 15 min. Aliquots of samples con-
taining 40 pg of protein were analyzed by 10 % SDS-poly-
acrylamide gel electrophoresis and transferred onto a
polyvinylidene difluoride membrane. Blots were incubated
at4 °Covernightin 10 mM Tris—HCI, 100 mM NaCl, 0.1 %
Tween 20, pH 7.5 (TBST), with 5 % skim milk, and then
with rabbit anti-LAT1 N-terminus antibody (1:5,000) at
4 °C overnight [24]. After TBST wash, the blots were
incubated with goat horseradish peroxidase (HRP)-conju-
gated anti-rabbit IgG antibody (1:20,000; Cell Signaling
Technology, Beverly, MA, USA) for 1.5 h at room tem-
perature. The blots were again washed with TBST, and
specific proteins were visualized with enhanced chemilu-
minescence western blotting detection reagents (GE
Healthcare, Piscataway, NJ, USA).

Biodistribution studies

For the biodistribution studies in tumor-bearing mice,
LS180 cells (5 x 10° cells/head) were implanted into the
flanks of BALB/c nude mice. When palpable tumors
developed, p-['"*FIFAMT (200 kBq) or L-['*F]JFAMT
(200 kBq) in 100 pl of saline was injected into the tail
veins of the mice. At selected time points after adminis-
tration, the mice were euthanized, and the tissues of interest
were dissected and weighed. The radioactivity was mea-
sured by a well-type y-counter. Uptake of the tracers was
expressed as a percentage of injected dose/gram of tissue.

PET imaging

PET imaging was performed using an animal PET scanner
(Inveon, Siemens, Knoxville, TN, USA). L-[ISF]FAMT
(10 MBq) was injected intravenously into the mice-bearing
LS180 tumors, and imaging was performed 30 min, 1 h,
and 2.5 h later. One day after the L—[ISF]FAMT-PET study,
p-["*FIFAMT (10 MBq) was injected intravenously into
the mice, and imaging was performed 30 min, 1 h, and
2.5 h later. Mice were anesthetized with isoflurane (1.5 %
isoflurane/98.5 % air, flow: 1.5 L/min) prior to the PET
scan. Each PET scan with L-['"*FJFAMT or p-['*FIFAMT
was performed for 15 min. For the inhibition study, BCH
and o-methyl-L-tyrosine were dissolved in 0.3 M HCl/sal-
ine at concentrations of 125 and 100 mM, respectively.
Then 130 pl of 0.3 M HCl/saline, BCH (100 mg/kg), or
o-methyl-L-tyrosine (100 mg/kg) was injected intrave-
nously into tumor-bearing mice under anesthesia with
isoflurane (1.5 % isoflurane/98.5 % air, flow: 1.5 L/min)
10 min before the administration of p-['*F]JFAMT. Then
tumor-to-muscle ratios were calculated to analyze the
inhibitory effects induced by BCH or a-methyl-L-tyrosine
semi-quantitatively. For analysis of the image, a region of
interest around the tumor or muscle was manually marked
on the PET image and radioactivity was quantified using
ASIPro VM software (CTI Concorde Microsystems,
Knoxville, TN, USA).
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Statistical analysis

Results are expressed as mean + SD. The significance of
differences was determined by a one-way analysis of var-
iance, followed by Bonferroni’s test for multigroup com-
parisons. Student’s ¢ test was used for two-group
comparisons. The criterion of significance was P < 0.05,
as determined with GraphPad Prism 4 software (Graph Pad
Software, San Diego, CA, USA).

retention times of D-[ISF]FAMT and L-[18F]FAMT were
different, and no enantiomeric contamination of each of
p- and L-["®F]FAMT preparation was observed (Fig. Ic, f).
The specific activities of both p-["FJFAMT and 1-['®F]
FAMT were over 120 GBg/mmol.

Stability of p-['"*F[FAMT and L-['"*FIFAMT
Over 95 % of p- and L-['*FJFAMT remained intact until

6 h after incubation in murine or human plasma, indicating
that both were stable in plasma. Furthermore, over 95 % of

Results both p- and L-['®F]JFAMT remained intact at 60 min after
administration to mice, indicating that both were also sta-
Radiolabeling ble in vivo.

The radiolabeling yield of p-['SFJFAMT was approxi-
mately 10 %, similar to that of L-['*FJFAMT. In the HPLC
analysis with the LiChrosorb RP-18 column, the retention
times of p-['"®*FJFAMT and the major byproduct,
2-[18F]ﬂuoro-OL-methyl-D-tyrosine (D-2-[18F]FAMT), were
4.3 and 3.9 min, respectively. To avoid contamination by
p-2-['"*FJFAMT, we discarded product that corresponds to
the first half of the p-['*FJFAMT peak by HPLC, achieving
radiochemical purity of 96-99 % without p-2-['*FIFAMT
(Fig. 1). In the HPLC analysis with a chiral column, the

Cellular uptake studies

As shown in Fig. 2a, L-['8FIFAMT immediately accumu-
lated in LS180 cells until 10 min after addition, and
reached the plateau. D-[ISF]FAMT accumulated more
gradually in the LS180 cells, and the total amount of
p-["®FIFAMT in the LS180 cells was significantly lower
than that of L-[18F]FAMT. To investigate the mechanism of
cellular uptake, the uptake of p-['*FJFAMT was competi-
tively inhibited with selective inhibitors of amino acid

a 4 b 4 c 4
I
g |
S g 2 2z |
< o 2 >
W = = —
= O o (&) ‘
@
2 8 S 8
il 5 2
(- a _ B
5 o [ o
el : VI VMM Mgk, et el | /|
L LLIL L UL
0 25 5 75 10 0 2.5 5 7.5 10 0 25 50 75 100
Time (min) Time (min) Time (min)
d 4 | e A f A
8 .
=B g z f\
< o 2 2
S
L s o © l
L @ © ©
® 9 ] o -
< 5 9
S o - I
= o o \
] |
i 52 pame — I . IO i T : I
0 25 5 7.5 10 0 2.5 5 7.5 10 0 25 50 75 100
Time (min) Time (min) Time (min)

Fig. 1 HPLC profiles of p- and L—[18F]FAMT. Analytical HPLC profiles of standard of FAMT (a, d) and [ISF]FAMT (b, e). HPLC profiles after
enantiomeric analysis of p-['®F]FAMT (c) or L-['*F][FAMT (f)
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Fig. 2 Cellular uptake of p-['FIFAMT was regulated by LATI.
a Cellular uptake of p- and L-['8FJFAMT was determined at various
time points. A statistically significant difference between
p-["®FIFAMT and L-['"®FJFAMT is indicated by ***P < 0.001.
b Cells were pretreated with 0.1 % DMSO (vehicle), L-tyrosine
(100 pM), o-methyl-L-tyrosine (100 pM), BCH (100 pM), and
MeAIB (100 pM) for 10 min in HBSS or Na'-free HBSS. At
30 min after incubation with D—[ISF]FAMT, cells were lysed and the

transporter in HBSS or Na'-free HBSS. The uptake of
p-["®FIFAMT was significantly inhibited by pretreatment
with 100 pM of L-tyrosine, o-methyl-L-tyrosine (a selective
inhibitor of LAT1) [18, 24], and BCH (a selective inhibitor of
system L) (Fig. 2b). The uptake was not inhibited by pre-
treatment with 100 uM of MeAIB (a selective inhibitor of
system A). No difference of cellular uptake between HBSS
and Na™-free HBSS was observed. RT-PCR analysis showed
that both LAT1 and 4F2hc were expressed in LS180 cells,
and the expression level of LAT1 was high (Fig. 2c). The
expression of LAT1 protein was also examined by immu-
noblotting (Fig. 2d). Only one band with a molecular weight
of approximately 38 kDa, corresponding to LATI1, was
detected. These results indicate that p-['*FIJFAMT was
transported into LS180 cells through LAT1.
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radioactivity was determined. A statistically significant difference
from the control is indicated by ***P < 0.001. ¢ Expression of LAT1
and 4F2hc mRNA in LS180 cells was determined by RT-PCR.
Representative images from three independent experiments are
shown. GAPDH was simultaneously detected as a control. d Expres-
sion of LATI1 protein in LS180 cells was determined by immuno-
blotting. A representative image from three independent experiments
is shown

Biodistribution studies in LS180-bearing mice

As shown in Table 2, p-['®F]JFAMT showed rapid clearance
from the blood, marked accumulation and retention in the
tumor, and low accumulation in the non-target organs.
However, the level of accumulation of p-['*F]JFAMT in the
tumor was lower than that of L-[ISF]FAMT. The radioac-
tivity of p-['*F]JFAMT in the kidney and pancreas was
reduced to levels similar to the other normal organs by 3 h
after administration, while the radioactivity of L-['®F]JFAMT
in the kidney and pancreas was retained and remained ele-
vated at 3 h after administration as opposed to that of the
other normal organs. The tumor-to-blood and tumor-
to-muscle ratios of p-['*FIJFAMT were similar to those of
L-['"®F]JFAMT at every time point, while tumor-to-kidney
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Table 2 Biodistribution of b-['*F[FAMT and L-['*FJFAMT in
tumor-bearing mice

30 min 1h 3h
p-['"*FIFAMT
Blood 0.79 £ 0.12 0.27 £ 0.10 0.00 £ 0.00
Liver 1.47 £ 0.36 0.58 £ 0.03 0.02 £+ 0.01
Kidney 3.87 £ 1.59 1.39 £ 0.21 0.15 £ 0.08
Intestine 047 £ 0.04 0.33 £ 0.10 0.27 £ 0.04
Pancreas 3.41 £+ 1.03 2.24 + 048 0.16 £ 0.15
Stomach 0.26 £ 0.11 0.01 £ 0.02 0.00 £ 0.00
Muscle 044 £+ 0.21 042 £+ 0.28 0.24 £+ 0.21
Tumor 1.13 £ 0.32 1.14 £ 0.31 0.67 £ 0.12
Tumor-to- 1.45 £ 0.47 4.35 + 0.82 -
blood ratio
Tumor-to- 3.19 £ 1.96 3.72 + 2.36 2.12 £ 0.46
muscle ratio
Tumor-to- 031 +£0.11° 081014 546+ 3.02"
kidney ratio
Tumor-to- 0.33 £ 0.04 0.50 £ 0.03 2.65 + 025
pancreas ratio
L-['®FIFAMT
Blood 2.56 £ 045 092 +£0.23 0.07 £ 0.07
Liver 2.63 £+ 0.34 1.11 £ 0.30 0.14 £ 0.02
Kidney 6048 £ 943 2523 +5.61 420 £ 042
Intestine 1.94 £ 043 091 £0.15 0.13 £ 0.01
Pancreas 17.12 £ 3.74 8.61 + 1.29 092 £ 0.14
Stomach 0.58 £ 0.08 0.60 £ 0.36 0.14 £ 0.11
Muscle 1.75 £ 0.52 1.36 £ 0.19 0.53 £+ 0.08
Tumor 591 £ 0.54 4.55 + 048 1.36 £ 0.36
Tumor-to- 2.37 £ 0.51 513 £ 1.17 13.13 £ 3.92
blood ratio
Tumor-to- 3.61 £ 1.06 3.37 £ 0.25 2.54 £ 0.36
muscle ratio
Tumor-to- 0.10 £ 0.02 0.19 £ 0.05 0.33 £ 0.12
kidney ratio
Tumor-to- 0.36 £+ 0.07 0.53 £ 0.05 1.47 £+ 0.30

pancreas ratio

Each value represents the mean % injected dose per gram of
tissue = SD of three or four animals. A statistically significant dif-
ference of tumor-to-kidney ratio and tumor-to-pancreas ratio between
p-["®FIFAMT and L-['"®FJFAMT is indicated by * (P < 0.05) or
% P < 0.001

and tumor-to-pancreas ratios of p-['*F]JFAMT were signifi-
cantly higher than those of L-['"*FJFAMT.

PET imaging

Corresponding to the results of the biodistribution study,
retention of D-[18F]FAMT in the kidney was low (Fig. 3).
High radioactivity was observed in the bladder after
administration of r- or p-['*F]JFAMT, indicating that both
tracers were excreted from the kidney to the urine. The
implanted tumor was visualized by PET with both
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L-['8SFIFAMT

D-['8FIFAMT

20 MBg/ml

30 min

0 MBg/ml

15 MBg/ml

Time after administration

0 MBg/ml

3 MBqg/ml

0 MBg/ml

Fig. 3 PET images of LS180-bearing mice with p-['*FJFAMT
(10 MBq) and L—[ISF]FAMT (10 MBq) in isoflurane-anesthetized
mice. Mice were imaged at 30 min, 1, and 2.5 h after intravenous
injection of each PET tracer. Representative coronal sections at each
time point are shown. Arrows indicate the position of the implanted
tumor. The calibration bar is shown at the right side of the images

p-["®)FIFAMT and L-['"®F]FAMT. Although the tumor-
to-background contrast of both tracers was similar until 1 h
after administration, tumor-to-background contrast of
p-['®F]FAMT became higher than L-['*FJFAMT at 2.5 h
after administration. As shown in Fig. 4a, the accumulation
of p-["®FIJFAMT in the tumor was decreased by pretreat-
ment with BCH (100 mg/kg) or o-methyl-L-tyrosine
(100 mg/kg). The absolute accumulation of radioactivity in
the tumor was significantly decreased by administration of
BCH in comparison with administration of control, and
while the radioactivity in the tumor was increased by
pretreatment with o-methyl-L-tyrosine, the radioactivity in
muscle, which was measured as a background, was also
increased. Since body clearance of radioactivity seemed to
be slowed by pretreatment with o-methyl-L-tyrosine,
radioactivity level would increase in the organs and the
tumor. Semi-quantitative analysis showed that the ratio of
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Fig. 4 Involvement of LATI in a
tumor uptake of p-['*FJFAMT
in vivo. a Mice were pretreated
with vehicle (control: 0.3 M
HCl/saline), BCH (100 mg/kg),
and o-methyl-L-tyrosine

(100 mg/kg) for 10 min, and
scanned at 2.5 h after
intravenous injection of

D-[ ! 8F]FAMT. Representative
projection images are shown.
Arrows indicate the position of
the implanted tumor. The
calibration bar is shown at the
right side of the images. b The
effect of inhibitors was semi-
quantitatively determined by
calculating the ratio of
radioactivity per cm? between
the tumor and muscle (control,
n = 5; BCH, n = 4; a-methyl-
L-tyrosine, n = 3). A
statistically significant 4
difference from control is
indicated by **P < 0.01 or
*#%P < 0.001. ¢ Expression of
LATI protein in tumors isolated
from LS180-bearing mice was
determined by immunoblotting.
A representative image from
three independent experiments
is shown

Control

o

*%

Ratio of radioactivity per cm?
between tumor and muscle

p-["*FIFAMT radioactivity per cm? between tumor and
muscle was significantly decreased by the administration of
both inhibitors (Fig. 4b). LAT1 expression was also
observed in the implanted tumor (Fig. 4c), indicating that
D-[lgF]FAMT was also accumulated in the tumor through
LAT1 in vivo.

Discussion

Since L-['"®F]JFAMT accumulates in tumors more selec-
tively than ['8F]FDG, it is used for the detection of
various types of human neoplasm [6, 7, 25]. Recently,
amino acid tracers using p-isomers have been developed,
which could reduce radioactivity in non-target organs and

BCH

o-Methyl-L-tyrosine

12 MBg/ml

0 MBg/ml

LAT1

*kk 150 kDa —»

100 kDa —»

37kDa —»> -

provide clear images of tumors [22], and we proposed
that the p-isomer of ['*FJFAMT could show rapid blood
clearance and low accumulation in non-target organs,
consequently achieving clear image of tumors early after
administration. In our experiments, p-[®FIFAMT was
prepared by radiolabeling of a-methyl-p-tyrosine with '*F
according to the published method for synthesis of
L—[ISF]FAMT [6]. In general, high enantiomeric purity is
required for the comparison of optical isomers. It has
been reported that the enantiomeric purity is affected by
radiolabeling conditions such as temperature and pH [26,
27]. Enantiomeric analysis of '®*F-labeled p- or L-FAMT
showed only one peak, which correspond to p- or L-['*F]
FAMT, and no enantiomeric contamination was obser-
ved. Thus, we confirmed that p- or L-[18F]FAMT was
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successfully synthesized without racemization in this
study.

L-['"®FIFAMT is transported into tumor cells solely
through the amino acid transport system, and in particular,
involvement of LAT1 has been suggested [10, 13—15]. In
our results, expressions of both LATI and 4F2hc were
observed in LS180 cells, and cellular uptake of bD-
["FIFAMT was significantly inhibited by pretreatment
with selective inhibitor of LAT1 in Na*t-free HBSS. The
expression of LAT1 was also confirmed in vivo in the
implanted tumor, and the accumulation of D—[lgF]FAMT in
the tumor tissue was significantly inhibited with selective
inhibition of LAT1. Therefore, our results suggest major
involvement of LAT1 in the uptake of D-[lgF]FAMT into
tumor tissues.

In the biodistribution study, p-['"*FIFAMT was rapidly
cleared from the blood, and the amounts of p-['*F]
FAMT retained in the kidney and pancreas were much
lower than that of r-['®FJFAMT. This rapid blood
clearance would be due to D-isomerism, since D-[lSF]
FAMT, similar to L-['*F[FAMT, remained intact in
the blood after administration in mice. In the kidney,
L-amino acids are reabsorbed from the proximal tubule
by various transporters, including amino acid transport-
ers, after glomerular filtration [28]. However, p-amino
acids are rarely reabsorbed from the proximal tubule
because of low affinity to the transporters [29] and are
mainly excreted in the urine [20, 29, 30]. Thus, low
reabsorption of p-['*F]JFAMT from the proximal tubule
would cause low radioactivity in the kidney and rapid
blood clearance. In inhibition study, body clearance of
radioactivity seemed to be slowed only by pretreatment
with o-methyl-L-tyrosine, suggesting that o-methyl-L-
tyrosine would inhibit renal excretion of D-[18F]FAMT. It
has been reported that o-methyl-L-tyrosine is excreted
from kidney to urine without metabolism [31]. Thus,
renal transport system of p-["*FIFAMT might be com-
petitively inhibited by administration of large amounts of
o-methyl-L-tyrosine. Previously, Shikano et al. [32, 33]
have shown an accumulation of 3-iodo-o-methyl-L-tyro-
sine, an iodine-labeled analog of L-[lgF]FAMT, in the
renal cortex and suggested involvement of tubular
secretion with amino acids transport systems including
organic anion transporters in the proximal tubular epi-
thelial cells. Thus, o-methyl-L-tyrosine might inhibit
transporters which are involved in the tubular secretion
of D-[IBF]FAMT, followed by the retention of radioac-
tivity in the body.

PET imaging using p-['®FJFAMT did not allow clear
visualization of tumor early after administration. However,
D-[ISF]FAMT did allow more selective and clearer visuali-
zation of tumors by PET at later time points compared to
L—[ISF]FAMT. A lower radiation burden from D—[18F]FAMT
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than from L-["*F]JFAMT can also be expected because of the
rapid blood clearance and lower accumulation of
p-["®F]JFAMT in the non-target organs. These results suggest
potential of p-['®F]FAMT as a novel amino acid tracer for
PET. Whereas, since accumulation of D-[lSF]FAMT in the
tumor was lower than that of L-[ISF]FAMT, the sensitivity of
tumor detection with D—[18F]FAMT would be low.
Decreasing of the sensitivity could not be critical faults in the
p-["®FIFAMT-PET since o-['*FJFAMT will be used for the
definitive diagnosis of the tumor which has been already
detected by [18F]FDG—PET, however, large amounts of p-
["®FIFAMT would be required to obtain clear image in some
clinical cases. It would be difficult to supply enough amount
of p-["®FIFAMT by current method to carry out PET in
routine clinical practice. Therefore, improvement of p-['°F]
FAMT synthesis would be important to apply p-['*FIFAMT
to clinical diagnosis.

In vitro evaluations also showed that cellular uptake of
D-[ISF]FAMT was slow, and the total amount of D-
["®FIFAMT in the LS180 cells was significantly lower than
that of L-[ISF]FAMT. It has been reported that there are
two interactions involved in L-amino acid recognition by
LAT]1, the electronic interaction of positive and negative
charges at the o-carbon, and the hydrophobic interaction
between the substrate side chain and the substrate binding
site of LAT1 [18]. Considering these mechanisms of sub-
strate recognition by LATI1, we speculated that both
interactions would be difficult with the p-isomers because
of the conformational differences, reducing the affinity
with LAT1 for p-amino acids, and resulting in low uptake
of p-['"®F]FAMT into LS180 cells and the corresponding
low uptake of D-[18F]FAMT in the tumor [29]. Conse-
quently, the tumor-to-blood and tumor-to-muscle ratios
were similar to those of L-['"*FJFAMT at every time point
after injection in mice, although the blood clearance of
p-["®FIFAMT was much more rapid than that of L-['®F]
FAMT.

Our results also demonstrated a reduction of radioac-
tivity in the kidney and pancreas, leading to elevation of
both the tumor-to-kidney and tumor-to-pancreas ratios
(D-[ISF]FAMT tumor-to-kidney ratio 5.46 £ 3.02, tumor-
to-pancreas ratio 2.65 £ 0.25 at 3 h; L-[lSF]FAMT tumor-
to-kidney ratio 0.33 &+ 0.12, tumor-to-pancreas ratio
1.47 £ 0.30 at 3 h). Since LAT1 is highly expressed in
renal and pancreatic cancers, these cancers could be the
possible targets of amino acid tracers [34, 35]. It is still
difficult to image renal or pancreatic cancers with existing
amino acid tracers because of high accumulation in normal
renal or pancreatic tissues. Therefore, the low baseline
accumulation in the kidney or pancreas observed in this
study indicates that D—[IBF]FAMT could be a novel amino
acid tracer that is useful for PET imaging of renal or
pancreatic neoplasms.
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In the present study, p-['*F]JFAMT showed rapid clear-
ance from the blood and reduced radioactivity in non-target
organs. Furthermore, our results showed that D—[]8F]FAMT
is highly stable both in vitro and in vivo and that it is
transported into the tumor via LATI1. Although PET
imaging with p-['®FJFAMT did not give a clearer image of
the tumor early after administration, as had been antici-
pated, the p-['FIFAMT did provide higher tumor-to-
background contrast and lower exposure dose to patients than
L-["®F]JFAMT. These results suggest that p-['*FJFAMT could
potentially serve as a novel PET tracer for imaging of
malignant tumors which has high expression of LAT1.
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