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Abstract

Objective Although 2-'®F-fluoro-2-deoxy-glucose ('*F-FDG) has established roles in the diagnosis of a variety of cancers,
it has limited value in the detection of primary/recurrent lesions in the bladder, mainly because of interference by the pooled
radioactivity in the urine. Our previous study revealed promising properties of L- and p-2-'®F-a-methyl-phenylalanine
(2-'8F-FAMP) as radiotracers; i.e., their rapid blood clearance and low renal accumulation. In the present study we evaluated
the utility of L- and p-2-'*F-FAMP for imaging bladder cancer in a mouse model.

Methods We used the human bladder cancer cell line HT1376 to prepare a bladder cancer xenograft model in mice bear-
ing both orthotopic and subcutaneous tumors. Biodistribution and PET imaging studies were performed at 1 and 3 h after
injection of L-2-'8F-FAMP or p-2-'8F-FAMP. '8F-FDG was used as a control.

Results At 1 h after injection, greater accumulations of both L-2-'®F-FAMP and p-2-'*F-FAMP were observed in the
orthotopic tumors compared to '*F-FDG. The orthotopic tumor-to-muscle ratio of p-2-'8F-FAMP was significantly higher
than that of '®F-FDG (p <0.01), because of the rapid blood clearance of p-2-'*F-FAMP. L-2-!8F-FAMP showed the highest
subcutaneous tumor-to-muscle ratio (p <0.01) due to its high subcutaneous tumor uptake. Compared to L-2-'*F-FAMP, p-2-
BE_.FAMP exhibited faster clearance and lower kidney accumulation. In the PET imaging studies, L- and p-2-'8F-FAMP
both clearly visualized the orthotopic bladder tumors at 1 h after injection.

Conclusion Our study showed that L-2-'8F-FAMP and p-2-'*F-FAMP have the potential to detect bladder cancer.
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Bladder cancer is the tenth most common cancer worldwide
[1]. At the time of diagnosis, 75% of bladder cancer patients
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essary to help guide patient management. The current gold
standard for the diagnosis of bladder cancer is an invasive
cystoscopy because the conventional noninvasive methods
such as computed tomography (CT) and magnetic resonance
imaging (MRI) that depend on morphologic information for
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established roles in the initial staging, response assessment,
and detection of the recurrence of many types of cancer [6].
However, the pooled radioactivity in the bladder derived
from the urinary excreted '®F-FDG hinders the detection of
bladder cancer [3, 7]. The potential of other PET tracers such
as '!C-acetate, ''C-choline, and ''C-methionine for detect-
ing bladder cancer has been investigated [3, 8], but the short
half-life of !'C (20 min) has restricted the wider application
of these tracers.

Another type of promising radiotracer for cancer imaging
is 18F-labeled amino acid analogs targeting L-type amino
acid transporter 1 (LAT1) [9, 10], which is overexpressed in
various types of cancer including bladder cancer [11]. The
relatively long half-life of '®F (110 min) and its high tumor
specificity make these tracers attractive. Regarding these
tracers, we recently found that two isomers of the '3F-labeled
phenylalanine analog '®F-fluoro-alpha-metylphenylalanine
(*F-FAMP) have an ideal property for bladder cancer imag-
ing; i.e., the rapid elimination from the entire body includ-
ing the kidneys and thus potentially eliminate the need for
the cumbersome bladder irrigation [12]. We conducted the
present study to evaluate the usefulness of two selected iso-
mers of 'SF-FAMP (L-2-'8F-FAMP and p-2-'8F-FAMP) for
imaging bladder cancer using a murine orthotopic and sub-
cutaneous tumor xenograft model.

Materials and methods
Preparation of radiotracers

BE_FDG, L-2-'8F-FAMP, and p-2-'8F-FAMP were produced
at the biomedical cyclotron facility of Gunma University as
described [12]. L- and p-2-'3F-FAMP were manually puri-
fied by reversed-phase HPLC and reconstituted in saline
after the removal of the organic solvent. The radiochemical
purity was >95% for all three tracers. The specific activity
of each!®F-FAMP was 2—-3 MBg/pumol.

Cellular uptake studies

Human bladder carcinoma cell line HT 1376 was purchased
from American Type Culture Collection (Manassas, VA).
For the cellular uptake studies, cells (1 X 10° cells/well) were
pre-incubated in the medium overnight in a 24-well culture
plate. After incubation, the culture medium was removed,
and the cells were washed with Na*-free Hank’s balanced
salt solution (HBSS). The cells were then incubated with
Na*-free HBSS containing L- or p-2-'8F-FAMP (100 kBq)
at 37 °C for 0, 10, 40, 70, and 120 min. After the incuba-
tion, cells were washed with Na*t-free HBSS and then lysed
with 200 uL of 0.2 M NaOH. The radioactivity in the cell
lysate was measured by a well-type y-counter (ARC-7001;
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Hitachi-Aloka Medical, Tokyo). The radioactivity of each
sample was normalized for the total protein concentration,
which was determined using a Protein Assay kit (Modified
Lowry Protein Assay Reagent; Pierce Chemical Co., Rock-
ford, IL). For inhibition assay of cellular uptake, L- or p-2-
BE_.FAMP (100 kBq) was incubated at 37 °C for 30 min in
the presence of 10 or 100 uM of a-methyl-tyrosine. Then,
the cellular uptake of each sample was analyzed as described
above.

Animal model

All experimental protocols were approved by the Labora-
tory Animal Care and Use Committee of Gunma University.

We injected BALB/c nude mice (Japan SLC, Shizuoka,
Japan) with 4 x 10 HT1376 cells suspended in 100 uL
of a 1:1 mixture of PBS and Matrigel (Corning Life Sci-
ences, Corning, NY) into the flank to obtain subcutaneous
tumors. Four weeks after the subcutaneous implantation,
orthotopic implantation was performed in the same animals
as described [13-15] to establish both subcutaneous and
orthotopic tumors of suitable sizes at the time of the experi-
ment. The bladder of the mouse was exposed by a midline
laparotomy under anesthesia with isoflurane. Then, 4 x 10°
HT1376 cells suspended in 50 pL of the 1:1 PBS/Matrigel
mixture were intramurally injected into the bladder wall of
the mouse. The orthotopic tumor’s growth was monitored
for 3—4 weeks by bladder palpation.

Biodistribution studies

After the orthotopic and subcutaneous tumors had devel-
oped, the mice were subjected to biodistribution studies.
A saline solution of L-2-'3F-FAMP, p-2-'F-FAMP, or '®F-
FDG (0.2 MBq/100 pL) was injected into the tail vein of
each mouse. At selected time points (1 and 3 h after the
injection of L- or p-2-'8F-FAMP and 1 h after the injec-
tion of 18F—FDG), mice were euthanized, and the organs of
interest were dissected out and weighed. To minimize urine
contamination, the bladder mucosa was washed with saline.
The radioactivity of the collected samples was counted
using a well-type y-counter. The measurement results are
expressed as the percentages of radioactivity per gram of
organ (%ID/g).

PET imaging

PET imaging was performed using an animal PET scanner
(Inveon; Siemens, Knoxville, TN). Approximately 2 MBq of
L-2-'"8F-FAMP or p-2-'8F-FAMP was injected into the tail
vein of tumor-bearing mice. At 1 and 3 h after the injection,
PET scans were acquired after euthanization and bladder
wash using a catheter. After the whole-body imaging, tumor



Annals of Nuclear Medicine (2020) 34:329-336

331

and the tissues of interest were dissected out and ex vivo
imaging was also performed.

For '8F-FDG PET imaging, 2 MBq of the radiotracer
was injected intravenously into the tumor-bearing mice
under isoflurane anesthesia after the mice had been fasted
overnight. The mice were kept under isoflurane anesthesia
and the PET scans were performed at 1 h after injection as
described above.

The acquisition time of each image was 10 min. The imag-
ing data were reconstructed using an iterative OSEM3D/
MAP procedure with the matrix size 128 x 128 x 159,
including attenuation correction. The maximum intensity
projection (MIP) images were displayed using AMIDE 1.0.4
software (Stanford University, Stanford, CA). The tumor-
to-muscle ratio was calculated based on the %dose/mL of
each organ, which was determined by placing the region
of interest (ROI) on the whole organ of the ex vivo image
with the use of an Inveon Research Workplace workstation
(Siemens).

Immunohistochemistry

The expression of LAT1 in the fresh-frozen, O.C.T. com-
pound (Sakura Finetek Japan, Tokyo)-embedded subcutane-
ous and orthotopic tumors was analyzed by immunohisto-
chemical staining, which was carried out using an anti-LAT1
antibody (ab111106, Abcam, Cambridge, UK) and goat anti-
rabbit IgG H&L (HRP) (ab6721, Abcam) followed by detec-
tion with DAKO Envision DAB substrate solution (Agilent
Technologies, Santa Clara, CA). For a negative control, the
primary antibody was replaced with PBS containing 0.1%
bovine serum albumin.

Statistical analyses

The biodistribution study results are expressed as
mean + SD. The statistical analyses were performed using

GraphPad Prism 8.2.0 software (GraphPad Software, La
Jolla, CA). Differences between pairs of groups were ana-
lyzed using the unpaired #-test or one-way ANOVA with
the Tukey multiple comparisons test where appropriate.
Differences were accepted as significant when the p value
was < 0.05.

Results
Cellular uptake studies

Both L-2-'"®F-FAMP and p-2-'8F-FAMP were transported
into HT1376 cell in a time-dependent manner (Fig. 1).
L-2-'8F-FAMP showed a rapid uptake up to 10 min and
reached the plateau, while the uptake of p-2-'*F-FAMP was
gradually increased over time. As a result, the total uptake
amount of p-2-'8F-FAMP became comparable to that of L-2-
8E_.FAMP. The co-incubation of 100 uM of LAT I-specific
inhibitor a-methyl-tyrosine significantly reduced the uptake
of L- and p-2-"®F-FAMP to a similar extent (Fig. 1).

Biodistribution study

Figure 2 illustrates the radiotracer uptakes in the tumors
and major organs at 1 h after injection. The L-2-'8F-FAMP
uptake and the p-2-'8F-FAMP uptake in the tumors and
organs of interest over time are summarized in Table 1.
Reflecting rapid blood clearance, p-2-'8F-FAMP showed
low accumulations in the non-target organs compared to
L-2-"8F-FAMP (p <0.01 in the blood and liver, p <0.05 in
the kidney and muscle). L- and p-2-'3F-FAMP showed high
accumulation in the pancreas, which expresses LAT1 [16].
All three tracers showed accumulation in both the orthotopic
and subcutaneous tumors (Fig. 2), and the expression of
LAT1 was confirmed by the immunohistochemical analysis
(Fig. 3). At 1 h after injection, the uptake of p-2-'*F-FAMP
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Fig.2 Biodistribution of 1-2-'8F-FAMP, p-2-'8F-FAMP, and '*F-
FDG in tumor-bearing mice at 1 h after injection (n=4 or 5).
*p<0.05, **p <0.01

in the orthotopic tumors was significantly higher than that in
the subcutaneous tumors (p < 0.01). In contrast, the uptake
levels of L-2-'8F-FAMP and '8F-FDG were comparable
between the orthotopic and subcutaneous tumors.

To further evaluate the tumor detectability of L- and p-2-
IBE_FAMP, we compared the tumor-to-muscle, tumor-to-
blood, and tumor-to-kidney ratios (Fig. 4). The orthotopic
tumor-to-muscle ratio of p-2-'8F-FAMP was significantly
higher than that of "*F-FDG (p <0.01) due to its high ortho-
topic tumor uptake and low muscle uptake. L-2-'*F-FAMP
showed the highest subcutaneous tumor-to-muscle ratio
(»<0.01) due to its high subcutaneous tumor uptake. The
subcutaneous tumor-to-blood ratios of L-2-'®F-FAMP and
p-2-'8F_-FAMP were lower than that of '8F-FDG. In contrast,

p-2-'8F-FAMP had an orthotopic tumor-to-blood ratio com-
parable to that of '8F-FDG due to its high orthotopic tumor
uptake and relatively fast blood clearance. There was no
significant difference in the tumor-to-kidney ratio among
the three tracers.

PET imaging studies

The PET imaging of L-2-'8F-FAMP, p-2-'8F-FAMP, and
FE_FDG in the murine HT1376 xenograft model was per-
formed at 1 h after each radiotracer’s administration (Fig. 5).
All three tracers clearly visualized the orthotopic tumors. In
contrast, the subcutaneous tumors showed weak radiotracer
uptakes. Following the whole-body imaging, ex vivo imag-
ing was performed to quantify the tumor-to-muscle ratios.
The orthotopic tumor-to-muscle ratios of all three trac-
ers were higher than their subcutaneous tumor-to-muscle
ratios. High uptakes of L-2-'3F-FAMP and p-2-'*F-FAMP
were noted in the pancreas and kidney. '*F-FDG showed
high accumulations in the heart and kidney. PET imaging
of L-2-'8F-FAMP and p-2-'8F-FAMP was also performed
at 3 h after injection (Fig. 6); due to the fast elimination
of these radiotracers from the body, the orthotopic tumors
were more clearly visualized, resulting in increased tumor-
to-muscle ratios.

Discussion

In the present study, we evaluated the utility of L- and p-2-
8 E_.FAMP for detecting bladder cancer using a LAT1-over-
expressing bladder cancer xenograft model, and our results
demonstrated that (1) L- and p-2-'8E-FAMP each showed
high accumulation in the bladder tumors and rapid clearance
from the body in the biodistribution study and (2) L- and

'll'gble 1 Biodistg';bution of L-2- Organ L-2-18E_FAMP b-2-1SE_EAMP BE_FDG
F-FAMP, p-2-"°F-FAMP, and

BF_FDG in tumor-bearing mice 1h 3h 1h 3h 1h
Blood 3.27+0.32 1.54+0.62 1.12+0.19 0.19+0.02 0.60£0.11
Liver 3.27+£042 1.54+0.71 1.21+0.21 0.21+£0.04 1.19+0.31
Kidney 8.3+1.64 395+1.84 3.57+0.64 0.57+0.10 5.98+4.40
Spleen 4.17+0.50 1.89+0.77 1.68+0.33 0.25+£0.05 2.67+0.63
Intestine 2.72+0.30 1.26 +0.49 1.33+0.22 0.76£0.13 2.49+0.53
Pancreas 31.5£8.77 16.0+7.20 5.09+1.33 0.77+0.15 1.49+0.74
Lung 3.31+£0.44 1.52+0.61 1.25+0.24 0.20+0.04 3.02+£0.94
Heart 3.63+0.35 1.76 £0.78 1.59+0.28 0.30+0.04 8.52+5.75
Stomach 4.02+1.80 1.56 +£0.72 1.02+0.26 0.23+0.03 222+1.14
Muscle 3.11+£0.54 2.59+2.41 1.69+0.46 0.51+£0.09 3.49+0.90
Orthotopic tumor 8.89+3.48 5.11+3.26 7.12+2.74 1.26+0.77 3.75+1.20
Subcutaneous tumor 7.17+1.30 545+1.84 2.38+0.73 0.67+0.05 3.98+0.20

Each value is the mean percentage of the injected dose per gram of organ+SD (n=4 or 5)
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Fig.3 Microscopy images (x10) of immunohistochemistry staining of LAT1 in HT1376 tumor. Orthotopic tumor samples with (a) or without
(b) anti-LAT1 antibody, and subcutaneous tumors samples with (¢) or without (d) anti-LAT1 antibody are shown
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Fig.4 Tumor-to-organ ratios of L-2-18F-.FAMP, p-2-'®F-FAMP, and
BE_FDG in tumor-bearing mice at 1 h after injection (n=4 or 5).
B blood, K kidney, M muscle, O orthotopic tumor, S subcutaneous
tumor. *p <0.05, **p<0.01

p-2-"®F-FAMP each clearly visualized the tumors in the PET
imaging. These results indicate the usefulness of both L- and
p-2-'8F-FAMP for imaging bladder cancers.

An important issue that hampers the clinical use of
BE_-FDG-PET for the detection of bladder cancer is the
necessity of bladder irrigation. Efforts have been made to
improve the sensitivity of '*F-FDG-PET using a furosem-
ide injection or retrograde bladder irrigation [17, 18]; how-
ever, these techniques have provided only limited success
in reducing intravesical activity because urine containing
BE_FDG is excreted by kidneys and keeps trickling into the
bladder. Although bladder irrigation was also necessary for
the present study for L-2-'8F-FAMP and p-2-'8F-FAMP, we
expect that the urinary radioactivity could be minimized in
clinical settings by a simple urination control protocol. Since
8 E_.FAMPs have rapid blood clearance and low renal accu-
mulation [12], a continuous trickling of radioactivity into the
bladder is unlikely after a certain time. Therefore, delayed
postvoid scanning following natural diuresis (presumably
several times) and oral hydration would be effective enough
to minimize urine-derived radioactivity without decreasing
the radiotracer’s accumulation in the tumor. Although opti-
mal time points and urination control protocol should be
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Fig.5 aIn vivo PET images
of tumor-bearing mice with
L-2-18F-FAMP, p-2-'®F-FAMP,
and '8F-FDG at 1 h after injec-
tion (n=1). Red circles bladder
with the tumor. White circles
subcutaneous tumor. b Ex vivo
PET images and tumor-to-mus-
cle ratio at 1 h after injection
(n=1). H heart, I intestine, K
kidney, Li liver, Lu lung, M
muscle, O/M orthotopic tumor-
to-muscle ratio, O bladder with
orthotopic tumor, P pancreas,
Sc¢/M subcutaneous tumor-to-
muscle ratio, Sc subcutaneous
tumor, Sp spleen, St stomach

L-2-18F-FAMP

Sc/M: 2.24, O/M: 3.32

investigated in future clinical studies, our results support
the conclusion that '8F-FAMP could eliminate the necessity
for bladder irrigation and thus could be a more convenient
option for imaging bladder cancer compared to '*F-FDG.

Since LAT1 takes up substrate amino acids in an obliga-
tory exchange mechanism, the extracellular concentration
of radiolabeled amino acids greatly impacts the tumor radi-
otracer accumulation levels. As such, the tumor accumula-
tion level of radiolabeled amino acids gradually decreases in
parallel with the radiotracer’s blood clearance [12]. Radiola-
beled alpha-methyl-phenylalanine analogs are almost exclu-
sively excreted into the urine in their intact forms, which
yields high radiotracer concentrations in the bladder [19].
We hypothesized that this increased extracellular concentra-
tion of L- or p-2-'8F-FAMP in the urine can be harnessed to
facilitate the bladder tumor uptake of L- and p-2-'®F-FAMP
via an intravesical drug delivery mechanism [20].

As expected, p-2-'8F-FAMP showed dramatically high
orthotopic tumor uptake despite its subtle uptake in the
subcutaneous tumors. It was reported that the L-form of
18F_labeled alpha-methyl-tyrosine ('*F-FAMT), another
LAT1 radiotracer, had rapid tumor cell uptake kinetics and
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Sc/M: 1.17, O/M: 1.61 Sc/M: 4.37, O/M: 7.80

reached a plateau after a 10-min incubation in vitro, whereas
its D-form had slow tumor cell uptake kinetics and accu-
mulated to a lesser extent [21]. p-2-'8F-FAMP also showed
delayed uptake kinetics, however, its total accumulation was
comparable to that of L-2-'8F_.FAMP. We, therefore, specu-
late that the increased p-2-'®F-FAMP concentration in the
urine and the extended contact with the tumor cells in the
present study contributed to the increase in the tumor uptake
levels of p-2-'®F-FAMP. In contrast, L-2-' ®F-FAMP showed
comparable uptake levels in subcutaneous and orthotopic
tumors. We suspect that L-2-'8F-FAMP accumulated at
the maximum levels in both tumors because of its rapid
tumor uptake kinetics and relatively slow blood clearance.
Although the absolute uptakes of L-2-'3F-FAMP and p-2-
8E_.FAMP in the orthotopic tumors were comparable, p-2-
3 E_.FAMP showed a better tumor-to-blood ratio due to its
fast blood clearance. Collectively, these results suggest that
an intravesical pathway is a suitable drug delivery mecha-
nism to facilitate the tumor uptake of p-2-'*F-FAMP.

In agreement with the biodistribution study, all three trac-
ers clearly visualized tumors in the PET imaging study. p-2-
BE_.FAMP showed that an orthotopic tumor-to-muscle ratio



Annals of Nuclear Medicine (2020) 34:329-336

335

L-2-18F-FAMP

D-2-18F-FAMP

Sc/M: 3.02, O/M: 2.19 Sc/M: 1.53, O/M: 4.08

Fig.6 a In vivo PET images of a tumor-bearing mouse with L-2-!8F-
FAMP and p-2-'8F-FAMP at 3 h after injection (n=1). Red circles
bladder with the tumor. White circles subcutaneous tumor. b Ex vivo
PET images and the tumor-to-muscle ratio at 3 h after injection
(n=1). H heart, [ intestine, K kidney, Li liver, Lu lung, M muscle,
O/M orthotopic tumor-to-muscle ratio, O bladder with orthotopic
tumor, P pancreas, Sc¢/M subcutaneous tumor-to-muscle ratio, Sc sub-
cutaneous tumor, Sp spleen, St stomach

in the PET imaging study was lower than that in the biodis-
tribution study. A possible reason for this difference might
be the high activity dose used in the PET imaging, which
increased the total amount of substrate amino acids. Indeed,
Ohshima et al. showed that a co-injection of a LAT1 sub-
strate amino acid analog decreased the tumor-to-background
contrast of D-'8F-FAMT by delaying blood clearance [21].
In addition to the increase in the background signal, the
delayed blood clearance may also affect uptake of p-2-'8F-
FAMP in the orthotopic tumor by delaying the inflow of
radioactivity into the bladder. However, we observed that
at 3 h after injection, the majority of the L-2-'®F-FAMP and
p-2-'8F-FAMP was eliminated from the body, resulting in a
clear visualization of both the orthotopic and subcutaneous
tumors. These results indicate that delayed PET scanning
would help to achieve the clear delineation of bladder can-
cers by L-2-'8F-FAMP and p-2-'8F-FAMP.

We took delayed images at 3 h after the radiotracer injec-
tions because L- and p-2-'8F-FAMP both showed retarded
whole-body clearance compared to the results of a study
examining a subcutaneous tumor xenograft mice model [12].
The high orthotopic tumor burden relative to the size of the
murine bladder might have caused urination impairment
and led to the increased retentions of L- and p-2-'8F-FAMP.
Considering the clinical situation, high tumor-to-background
contrast can be achieved at an earlier time point, because
urination disorders are not frequent and the rapid clearance
of '8 F-FAMPs is expected.

Conclusion

L-2-8F-FAMP and p-2-'*F-FAMP showed high uptake
in orthotopic bladder tumors and low accumulation in
non-target organs. PET imaging with L-2-'®F-FAMP and
p-2-"8F-FAMP clearly visualized the orthotopic bladder
tumors. These results suggest the potential usefulness of
the 2-'8F-FAMPs as radiotracers to detect bladder cancer.
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