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Abstract. Pancreatic cancer is associated with the worst
5-year survival rate of any human cancer. This high mor-
tality is due, in part, to difficulties in establishing early
and accurate diagnosis. Because most tumours share the
ability to accumulate amino acids more effectively than
normal tissues and any other pathology, assessment of
amino acid transport in tumour cells using radiolabelled
amino acids has become one of the most promising tools
for tumour imaging. This study investigated the potential
of p-[121]iodo-L-phenylalanine (IPA) for detection of
pancreatic cancer by single-photon emission tomogra-
phy. IPA affinity for pancreatic tumour was investigated
in human pancreatic adenocarcinoma PaCa44 and PanCl
cells, followed by analysis of the underlying mechanisms
of tracer accumulation in neoplastic cells. Thereafter,
IPA was evaluated for targeting of pancreatic tumours
using SCID mice engrafted with primary human pancre-
atic adenocarcinoma cells, as well as in acute inflamma-
tion models in immunocompetent mice and rats. IPA ac-
cumulated intensively in human pancreatic tumour cells.
Radioactivity accumulation in tumour cells following a
30-min incubation at 37°C/pH 7.4 varied from 41% to
58% of the total loaded activity per 10° cells. The cellu-
lar uptake was temperature and pH dependent and pre-
dominantly mediated by specific carriers for neutral ami-
no acids, namely the sodium-independent and L-leucine-
preferring (L-system) transporter and the alanine-, ser-
ine- and cysteine-preferring (ASC-system) transporter.
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Protein incorporation was less than 8%. Biodistribution
studies showed rapid localization of the tracer to tu-
mours, reaching 10%+2.5% to 15%+3% of the injected
dose per gram (I.D./g) in heterotopic tumours compared
with 17%+3.5% to 22%+4.3% 1.D./g in the orthotopic
tumours, at 60 and 240 min post injection of IPA, respec-
tively. In contrast, IPA uptake in the gastrointestinal tract
and areas of inflammation remained moderate and de-
creased with time. Excellent tumour detection was ob-
tained by gamma camera imaging. The specific and
high-level targeting of IPA to tumour and the negligible
uptake in the gastrointestinal tract and areas of inflam-
mation indicate that p-[1Z3I]iodo-L-phenylalanine is a
promising tracer for differential diagnosis of pancreatic
cancer.
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Introduction

Of all the gastrointestinal tumours, pancreatic cancer has
one of the worst prognoses. This high mortality rate re-
sults from difficulty in early detection, the lack of effec-
tive treatment and limited knowledge of the biological
characteristic of the disease [1, 2]. At present, only radi-
cal resection of the tumour with the surrounding lymph
nodes provides a chance of cure. Unfortunately, this op-
tion is limited to only 10-20% of patients because the
majority of cases are diagnosed at late stages of disease
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[3, 4, 5]. At the time of diagnosis, the tumour is often al-
ready large, with invasion of surrounding tissue or me-
tastasis to distant organs. Therefore, beside substantial
attempts to improve our understanding of the malignan-
cy, major efforts have to be directed towards earlier and
more accurate diagnosis of the disease with a view to im-
proving the outcome in patients with pancreatic cancer.

Development of novel diagnostic modalities requires
appropriate models that closely mimic the clinical course
of the disease in humans. A suitable in vivo model for
studying pancreatic carcinomas is the severe combined
immunodeficient (SCID) mouse. The unique feature of
this model is that the implanted human tissues maintain
their normal architecture and function [6, 7]. In particu-
lar, primary human pancreatic cancers engrafted into
SCID mice disseminate in a pattern analogous to human
disease [8]. On the other hand, because there is no highly
sensitive clinical test for the diagnosis of pancreatic can-
cer, intensive efforts have been made to explore imaging
methods for the detection and staging of pancreatic car-
cinomas. However, the detection of pancreatic tumours
by current imaging techniques, and especially accurate
differentiation between inflammatory, i.e. acute or
chronic pancreatitis, and neoplastic masses, remains
problematic [9, 10, 11]. One promising approach that ap-
pears more sensitive and accurate than other imaging
modalities, including computer tomography, magnetic
resonance imaging (MRI), ultrasonography and positron
emission tomography (PET) with fluorine-18 labelled
deoxyglucose, is the use of tumour-affine radiolabelled
amino acids to study physiological processes associated
with the high utilization of amino acids in malignant
cells non-invasively [12, 13]. Previous investigations
have demonstrated that tumour imaging with amino acid
tracers is less influenced by inflammation due to the gen-
erally low accumulation of amino acids in inflammatory
cells [13, 14, 15, 16]. This indicates that amino acid trac-
ers with high affinity for pancreatic cancer are potential-
ly more tumour specific and therefore more suitable for
differentiating between viable neoplastic tissues and in-
flammatory lesions. However, development of amino
acid-based tracers for pancreatic tumour diagnosis has
not been the subject of intensive study in the past
decade. As part of our efforts to explore radiolabelled
amino acids for non-invasive diagnosis of pancreatic
cancer, we developed a series of tumour-affine radioiodi-
nated amino acids. Among them, iodine-123 labelled L-
phenylalanine, p-[!23I]iodo-L-phenylalanine (IPA), showed
marked affinity for pancreatic tumours in a previous in
vitro experiment [17, 18].

In this report, we studied the uptake characteristics of
IPA in cultured human pancreatic adenocarcinoma cells,
followed by investigation of the mechanisms promoting
cellular uptake. Thereafter, [IPA was evaluated in an or-
thotopic and heterotopic model of human pancreatic can-
cer in SCID mice, as well as in inflammation models in
immunocompetent mice and rats, in order to assess its
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potential as a tracer for accurate targeting of pancreatic
tumours by means of routine single-photon emission
tomography (SPET).

Materials and methods

Reagents. Sodium [!23T]iodide for radiolabelling and [!8F]fluo-
rodeoxyglucose (FDG) were commercially obtained from For-
schungszentrum Karlsruhe (Karlsruhe, Germany). L-Alanine,
L-phenylalanine, L-tyrosine, L-leucine, L-serine, L-cysteine, L-leu-
cine and their b-isomers, as well as 2-amino-2-norbornane-carbox-
ylic acid (BCH), a-(methylamino)-isobutyric acid (MeAIB), nige-
ricin, valinomycin, 4-bromo-L-phenylalanine and non-radiola-
belled 4-iodo-L-phenylalanine (“cold” IPA) were from Sigma-
Aldrich (Deisenhofen, Germany). Concanavalin A (ConA) for
induction of acute inflammation was purchased from ICN
(Eschwede, Germany). ConA was dissolved in PBS (pH=7) for in-
jection. Unless otherwise stated, all other solvents were of analyti-
cal or clinical grade and were either obtained from Merck (Darm-
stadt, Germany) or purchased via the local university hospital
pharmacy. Radioactivity in tissues, blood and tumour was mea-
sured on a Berthold LB 951 G scintillation counter (Berthold,
Wildbad, Germany) after reference samples (triplicates) of the in-
jected dose had been prepared as standards.

Preparation of p-[1231]iodo-l-phenylalanine. IPA was prepared
by non-isotopic Cu(Il)-assisted [!23[]iodo-debromination of p-bro-
mo-L-phenylalanine in the presence of ascorbic acid. IPA was iso-
lated from unreacted starting materials and radioactive impurities
by isocratic reverse-phase HPLC and the fraction containing the
radiopharmaceutical was collected into a sterile tube, buffered
with PBS (pH 7.4) and sterile-filtered through a 0.22-um filter
into an evacuated sterile tube prior to studies. Details concerning
the radiosynthesis and formulation have been described previously
[17,19].

Cell cultures. The human pancreatic adenocarcinoma PaCa44 (es-
tablished by Dr. M. v. Biilow, Mainz, Germany) and PanC-1
(American Type Culture Collection, Rockville, MD) cell lines
were provided by the oncological research laboratory of the Uni-
versity Center of Saarland (Homburg, Germany). Cells were culti-
vated in RPMI-1640 medium containing 10% (v/v) heat-inactivat-
ed fetal calf serum (FCS), penicillin (50 U/ml), streptomycin
(50 pg/ml) and 50 pl insulin (10 pl/ml) (PromoCell, Heidelberg,
Germany). The cells were incubated in a humidified 5% CO, incu-
bator at 37°C. Cells were passaged routinely every 5 days. Before
the experiment, subconfluent cell cultures were trypsinized with a
solution of 0.05% trypsin in PBS without Ca2* and Mg2* and con-
taining 0.02% EDTA. Cells were washed with medium and placed
in PBS shortly before implantation or uptake experiments after
counting by vital staining on a haemocytometer. Cells were free of
mycoplasmas. Viability of the cells was assessed by trypan blue
and was >95%.

Cell uptake experiments. To assess non-specific binding of the
tracer to plastic tubes, they were presaturated with 1% bovine se-
rum albumin in 0.1 M PBS (pH 7.4) followed by addition of fresh-
ly prepared IPA. The solution was maintained in an incubator at
37°C for 30—180 min, followed by treatment with ice-cold PBS at
the end of the experiment. The radioactivity binding to plastic
tubes was less than 0.5% of total loaded radioactivity for incuba-
tion periods up to 180 min.
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All experiments were performed fourfold, simultaneously with
250,000, 500,000 and 10°¢ freshly resuspended human pancreatic
tumour cells. Before the experiments, subconfluent cells were
trypsinized as described above. The suspension was mixed thor-
oughly, and transferred to a 50-ml centrifuge tube (Falcon, Becton
Dickinson, USA). Cells were centrifuged for 5 min at 200xg; the
resulting supernatant was removed and the pellet resuspended in
serum-free Dulbecco’s modified Eagle medium and then trans-
ferred to Eppendorf tubes at concentrations of 100 cells/ml for the
uptake investigations. Before the incubation with IPA, the pancre-
atic tumour cells were pre-incubated for 15 min in 500 pl medium
at 37°C in 1.5-ml Eppendorf centrifuge tubes. Aliquots of
30-50 pl (109-1.5x106 cpm) freshly prepared IPA were added and
cells were incubated at 37°C for 1, 2, 5, 15, 30, 60, 90 and
120 min while shaking. Uptake was stopped with 500 ul ice-cold
PBS (pH 7.4) and an additional 3-min in an ice bath. The cells
were then centrifuged for 2 min at 300xg, the supernatant re-
moved and the pellet washed three times with ice-cold PBS. Cell
pellets were counted for radioactivity together with three aliquots
of standards on a Berthold LB951 gamma counter. The percentage
of binding of IPA was calculated by the formula: (cpm cell pel-
let/mean cpm radioactive standards)x100. The results were ex-
pressed either as percent of the applied dose per 100 cells or as
cpm/1,000 cells for better comparison.

In separate experiments the uptake of IPA into pancreatic tu-
mour cells was investigated at different temperatures (4, 20 and
37°C, pH 7.4) and pH (5.0-9.0, 37°C), as well as in sodium-con-
taining and in high K+ medium (135 mm KCI). Furthermore, the
contribution of the mitochondria to the cellular uptake was as-
sessed in the presence of valinomycin and nigericin (1 mmol/l,
100 pl), which are known to disrupt the metabolism of mitochon-
dria. Radioactivity retained in tumour cells was determined as de-
scribed above after a 30-min incubation at 37°C/pH 7.4.

Determination of the protein-incorporated fraction. The fraction
of IPA incorporated into protein was determined by acid precipita-
tion. After a 30-min incubation of the samples (10¢ tumour cells)
with IPA at 37°C, the medium was removed and the cells washed
as described above. The cells were detached with 250 ul PBS con-
taining 1% EDTA, followed by addition of 250 ul 10% trichloro-
acetic acid. After an additional 30 min at 0°C while shaking, sam-
ples were centrifuged at 10,000xg for 5 min. The supernatant was
removed, and the pellet washed three times with ice-cold PBS.
Radioactivity in the acid-precipitable fraction was counted as de-
scribed above.

Determination of the mechanisms underlying the tracer uptake
into tumour cells. Competitive inhibition experiments were carried
out to characterize the mechanisms promoting the uptake of IPA
into human pancreatic carcinoma cells. For this purpose, suspen-
sions containing 10° tumour cells/ml were pre-incubated with
100 pl of specific inhibitors for amino acid transport and with se-
lected neutral L- and D-amino acids with a known carrier system.
Aliquots of 30-50 pl (100-1.5x10° cpm) freshly prepared IPA
were added, followed by incubation of the mixture at 37°C/pH 7.4
for 30 min. At the end of the incubation, 0.5 ml ice-cold PBS
(pH 7.4) was added to stop the reaction. Cell pellets were isolated
after centrifugation and radioactivity retained in tumour cells de-
termined on a gamma counter as described above.

The following specific amino acid carrier inhibitors and neu-
tral amino acids were used: BCH, MeAIB and alanine-serine-cys-
teine (1:1:1), L-leucine, L-phenylalanine, L-tyrosine, L-proline, D-
phenylalanine, D-tyrosine and D-proline. The concentration of the

inhibitors used was 1 and 5 mmol/l. A parallel experiment was
performed with increasing concentrations of unlabelled 4-iodo-L-
phenylalanine to assess the capacity of the transport system.

Animals. All animal experiments were conducted in accordance
with the Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health (NIH Publication
No. 85-23, revised 1996) and in compliance with the German ani-
mal protection law. Experiments were approved by the local dis-
trict government (Saarpfalz-Kreis, AZ: K 110/180-07, January 22,
2002).

Pathogen-free severe combined immunodeficient (SCID) mice
(age: 7-8 weeks; strain: CB-17-scid/IcrCrl of both sexes) were ob-
tained from Charles River Germany (Sulzfeld, Germany). They
were maintained under sterile conditions in the animal facility of
the Saarland University Medical Center at the Institute of Clinical
and Experimental Surgery. After a period of adaptation, implanta-
tions were performed in SCID mice, which were 8—-10 weeks old
at the time of cell inoculation. In addition, immunocompetent CD
rats (230-300 g) and ICR mice (25-32 g) (Charles River, Sulzfeld,
Germany) were used to induce acute inflammation, because SCID
mice lack the ability to develop inflammation after ConA inocula-
tion, as confirmed in a control experiment.

Tumour implantation and induction of inflammation. Two differ-
ent tumour implantation methods were used in this study: hetero-
topic implantation by subcutaneous injection of primary human
pancreatic tumour cells into the flank of SCID mice and orthoto-
pic inoculation of tumour cells into the pancreas of the animals.

A first group of mice (n=36) received subcutaneous injections,
into the right flank, of 2.0-2.5x10 human pancreatic adenocarci-
noma PaCa44 or PanC-1 cells in 35-60 pl PBS. For the orthotopic
implantation, animals (n=36) were anaesthetized by intraperitone-
al administration of a mixture of ketamine (70 mg/kg) and xyla-
zine (Rompun 2%, 20 mg/kg). Thereafter, laparotomy was per-
formed by a midline incision, and the spleen and distal pancreas
were mobilized. Then, 1.5-2.0x10°¢ tumour cells in a volume of
20-25 pul PBS were injected into the proximal part of the exposed
pancreas. After cell inoculation, the incision was closed in two
layers using continuous vicryl suture (Metric 1.5, Norderstedt,
Germany). After tumour implantation, the animals were inspected
daily for complications and checked for tumour formation visually
and by palpation. Tumour size was calculated by the following
formula: tumour volume (cm3)=W 2xLx1/2; where L is the length
(cm) and W the width (cm) of the tumour [20]. Tumour growth
was additionally monitored non-invasively by MRI, starting 10
days after implantation.

Inflammation was induced by injection of a solution of ConA
(150 pg in 100 pl PBS) into the right posterior foot pad of male
immunocompetent rats and mice (n=15) as described elsewhere
[15].

Magnetic resonance imaging. MRI was performed using a 2.4-
Tesla small animal magnetic resonance tomograph (Brucker
Biospec 2.4, Karlruhe, Germany). This system was equipped with
a mouse coil to fix the animal and transmit homogeneous signals.
All SCID mice were imaged while under ketamine/xylazine anaes-
thesia. Multiple axial and coronal images (T1 and T2 weighted)
were acquired for 20 min without contrast media. The parameters
used were: T1 weighted: TR=100 ms, TE=6.5 ms, flip angle 30°,
FOV=2x2 cm, 256x128x64 matrix; T2 weighted: TR=500 ms,
TE=17.5 ms, 1 acquisition, RARE factor 16, FOV=2x2 cm,
256X256x32 matrix, slice thickness 16 mm. The size of the detect-
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ed tumours was calculated from the multislice T2-weighted imag-
es by counting the total number of tumour voxels in each tumour-
containing slice and multiplying by the voxel size (0.1 mm?), as
described previously [21].

Biodistribution studies and gamma camera and PET imaging.
Biodistribution studies were carried out in SCID mice 3—4 weeks
after tumour implantation to assess tumour and organ uptake of
IPA quantitatively. To this end, tumour-bearing mice were anaes-
thetized by ketamine/xylazine as described above. Thereafter,
freshly prepared IPA (2-3 MBq in 0.1-0.2 ml injectable solution)
was administered via a tail vein and animals held in metabolic
cages. Four mice per group were sacrificed 15, 60 and 240 min af-
ter injection. The abdomen and thoracic cavity of the animals were
examined systematically for the presence of tumour and metastas-
es. Samples of blood were obtained by heart puncture. Tumours
and various organs were excised and weighed. Radioactivity con-
centration in organs and tumours was determined by gamma
counting. After correction for physical decay, percent injected
dose per gram tissue (% 1.D./g) was calculated for each tissue. At
the end of the experiment, tumour mass and organs of interest, in-
cluding the lung, kidneys, pancreas, spleen, stomach, liver, intes-
tine and bladder, were examined histopathologically. ICR mice
and rats with acute inflammations received i.v. injections of IPA
(24 MBq) in the same manner, 24 h after ConA inoculation,
while under pentobarbital (50 mg/kg, i.p.) narcosis. Four animals
per time point were sacrificed at 15, 60 and 240 min after injection
of the tracer. Radioactivity accumulation in organs and inflamma-
tory lesions was determined by gamma counting as described
above, followed by histopathological examinations of the tissues.

In separate experiments, whole-body distribution of the tracer
in tumour-bearing SCID mice and in rats presenting acute inflam-
mation was visualized at different time points after intravenous
administration of §—12 MBq of IPA. Images were acquired over
10 min using a single-head gamma camera [APEX SPX 4, Elscint
Medical Systems (formerly Elscint Ltd), Haifa, Israel]. The cam-
era was equipped with low-energy, high-resolution parallel-hole
collimators (APC-45S, Elscint), and 20% energy window was
used, centered on the 159-keV photopeak of 1231. At the end of the
gamma scintigraphy, rats with induced acute inflammation were
subsequently injected with 10 MBq of FDG and PET imaging was
performed at 60 min post injection on an ECAT ART PET scanner
(Siemens/CTI, USA). Attempts to acquire the whole-body distri-
bution of FDG in SCID mice (25-30 g) accurately by means of
PET were unsuccessful owing to the low resolution of our PET
scanner.

Histological examination. Tumours and tissues from experimental
animals were fixed in 4% neutral buffered formalin and embedded
in paraffin wax. Sections were stained with haematoxylin-eosin
and Verhoeff-van Gieson and examined histopathologically.

Statistical analysis. The statistical significance of differences
among experimental groups was determined by Student’s ¢ test. A
P value less than 0.05 was considered significant.
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Results
p-[13I]iodo-L-phenylalanine

The p-[1231]iodo-L-phenylalanine (IPA) used in the pres-
ent study was obtained in 90%=+5% radiochemical yield
after HPLC isolation. A radiochemical purity of >99%
was obtained. IPA was formulated as previously de-
scribed [17, 19] prior to use in in vitro and in vivo exper-
iments.

Cell uptake and determination of uptake mechanisms

The uptake kinetics of IPA into primary human pancreat-
ic adenocarcinoma PaCa44 and PanCl1 cells and the re-
sults of inhibition experiments are given in Fig. 1. IPA
showed high accumulation in pancreatic tumour cells.
The IPA uptake into tumour cells was rapid and linear
during the first 7 min. More than 70% of the total radio-
activity binding in cells, as determined over 120 min, oc-
curred within the first 5 min of incubation. The uptake
kinetics increased slowly from 15 min onwards. Radio-
activity accumulation in pancreatic tumour cells follow-
ing a 30-min incubation at 37°C/pH 7.4 varied from 41%
to 58% of the total loaded activity per 10° cells (490-610
and 570-820 cpm/1,000 cells for PaCa44 and PanCl, re-
spectively). Pre-incubation of tumour cells with different
amount of unlabelled 4-iodo-L-phenylalanine (“cold
IPA”) resulted in no significant reduction in the tracer
uptake up to a concentration of 50 umol/l (Fig. 1B). In
addition, the tracer uptake was only slightly tumour cell
concentration dependent between 250,000 and 106 cells
(data not shown). Compared with the uptake at 37°C,
that at 4°C was reduced by up to 93%+5% (P<0.01).
Cell precipitation with trichloroacetic acid after incuba-
tion with IPA for 30 min demonstrated that IPA incorpo-
ration into protein is relatively low, at 7%=+3% of the ra-
dioactivity in the acid-precipitable fraction . While low-
ering the medium pH (from 7.4 to 5.0) resulted in a re-
duction in the cellular uptake by 40%=+10%, neither de-
polarizing the membrane potential in high K+ buffer nor
increasing the sodium concentration affected the accu-
mulation of IPA in tumour cells significantly <25%
(Fig. 1C). Valinomycin and nigericin, which are known
to influence the cellular mitochondrial activity, induced a
slight alteration in the cellular uptake of the tracer, sug-
gesting that membrane and mitochondrial potentials play
a minor role in the cellular uptake. In contrast, preload-
ing pancreatic tumour cells with BCH and L-alanine-ser-
ine-cysteine, or with the neutral L-amino acids L-leucine,
L-alanine, L-phenylalanine and L-tyrosine, affected the
uptake of IPA by up to 95%+3%, (P<0.01). In contrast,
MeAIB, the selective inhibitor of the amino acid trans-
port system A, L-proline and neutral D-amino acids in-
duced no significant alteration in the uptake of the amino
acid tracer into human pancreatic tumour cells.
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Fig. 1A-C. Uptake kinetics of IPA in primary human pancreatic
adenocarcinoma PaCa44 and PanCl cells at 37°C (pH 7.4) (A),
and after pre-incubation of tumour cells (PaCa44) with unlabelled
“cold” IPA (50 pmol, 100 pmol and 5 mmol) for 15 min (B). C
Alteration of tracer accumulation by o-(methylamino)isobutyric
acid (A), L-alanine/L-serine/L-cysteine (ASC), 2-amino-2-norbor-

Fig. 2A-E. T2-weighted coro-
nal (A) and T1-weighted axial
(B) MRI of a heterotopic hu-
man pancreatic adenocarcino-
ma PaCa44 xenograft, demon-
strating tumour in the flank of
the SCID mouse. Correspond-
ing whole-body gamma camera
imaging at 120 min (C) and

18 h (D) after injection of IPA
(10 MBq) demonstrates high
and specific uptake of the trac-
er by tumour and renal excre-
tion, while uptake in the gastro-
intestinal tract and the remain-
ing body was qualitatively in-
significant over time (D). His-
tological confirmation of tu-
mour (magnification 200-fold)
in haematoxylin and eosin
(H&E) paraffin sections is
shown in (E). Arrows indicate
the tumour location

In vivo models and animal studies

All SCID mice developed a pancreatic tumour within 4
weeks after implantation of primary human adenocarci-

nane-carboxylic acid (L), sodium (Na+), KCl (K+), nigericin
(Nig), valinomycin (Vali), room temperature (R7T), L-leucine (Leu),
L-phenylalanine (Phe) and L-tyrosine (7yr) after co-incubation for
30 min, as % of control (Ctrl). The influence of temperature and
pH on the IPA uptake into human pancreatic tumour cells is also
shown (n=4, mean+SD)

noma cells. The heterotopic implanted tumours were ac-
curately detected non-invasively by MRI and confirmed
histologically (n=36, tumour=100%). The heterotopic
PaCa44 tumours were palpable 14—18 days after subcu-
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taneous cell inoculation. In comparison, accurate detec-
tion of the heterotopic PanC1 tumours by palpation was
possible from 3 weeks onwards. Tumour size, as calcu-
lated by the method described by Adachi et al. [20] was
0.75+0.35 cm3 by 3.5-4 weeks after subcutaneous injec-
tion of tumour cells, compared with 0.62+0.27 cm? by
MRI determination. Figure 2 shows an example of T1-
weighted coronal (Fig. 2A) and axial (Fig. 2B) MR im-
ages of a heterotopic PaCa44 tumour xenograft. The cor-
responding whole-body scintigraphic images obtained
with a gamma camera at 120 min (Fig. 2C) and 18 h
(Fig. 2D) after injection of IPA demonstrate specific up-
take of the amino acid tracer in tumour tissues and excel-
lent visualization of the tumour masses. Histological
confirmation of the tumour after autopsy is demonstrated
in Fig. 2E. A representative example of T1-weighted
MRI of an orthotopic tumour xenograft and the corre-
sponding gamma camera image, as well as the histologi-
cal analysis of the isolated pancreas, are shown in Fig. 3.
MRI was true positive in only 70% and 90% of the histo-
logically confirmed orthotopic PanC1 and PaCa44 tu-
mours, respectively. Most of the orthotopic xenotrans-
planted tumours could not be confirmed by palpation.
The size of tumours, as determined by MRI at 4 weeks
after cell inoculation into the pancreas, ranged from
0.230 to 0.675 cm?3.

The heterotopic xenotransplanted tumours showed
only local invasion of adjacent muscle. No distant metas-
tases were macroscopically or histologically determined
in the abdomen or thoracic cavity even 4 weeks after
subcutaneous implantation of human pancreatic PaCa44
and PanC1 tumour cells. In contrast, most of the orthoto-
pic implanted tumours grew beyond the pancreas, with
invasion of adjacent organs and metastases in different
abdominal sites.

Biodistribution results for IPA in human pancreatic
tumour-bearing SCID mice are summarized in Fig. 4.
IPA showed high accumulation in engrafted tumours fol-
lowing intravenous administration. Tumour uptake in-
creased gradually with time, while accumulation in mus-
cle, spleen, kidney, stomach, pancreas, intestine and liver
remained moderate and decreased over time. Compari-
son of the two implantation models showed that the up-
take of IPA by the heterotopic tumours was lower than
that by the orthotopic tumours (P<0.02). At 60 and
240 min post injection of IPA, radioactivity binding in
tumour amounted to, respectively 10%+2.5% and
15%=+3% of the injected dose per gram tumour (I.D./g)
in heterotopic tumours (Fig. 4A, B) compared with
17%=+3.5% and 22%=+4.3% 1.D./g in orthotopic tumours
(Fig. 4C, D). The corresponding mean tumour-to-organ
ratios for heterotopic and orthotopic tumours at 60 and
240 min were 2.2+0.7 and 6.4+1.6 (tumour/blood),
3.4+1.1 and 6.71.5 (tumour/spleen), 2.1+0.7 and
4.4+1.6 (tumour/pancreas), 3.8+1.1 and 7.6x1.3 (tu-
mour/intestine), 3.4+1.3 and 7.2+1.5 (tumour/liver), and
6.1+1.4 and 11.5+1.6 (tumour/muscle), respectively.
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Fig. 3A-C. Axial T1-weighted MRI (A) of an orthotopic human
pancreatic PanC1 xenograft and the corresponding gamma camera
image (B) of the SCID mouse 360 min after administration of IPA
(8 MBq) through the tail vein. Tumour showed invasion into liver
and intestine as well as metastases in the abdomen. Histological
analysis of the isolated pancreas (200-fold; H&E paraftin sections)
confirmed the formation of a poorly differentiated adenocarcino-
ma (7U) within the pancreas (C). Arrows indicate the tumour loca-
tion

Data on the biodistribution of IPA in the inflamma-
tion model in immunocompetent mice are presented in
Table 1. At 15, 60 and 240 min, the radioactivity accu-
mulation in areas of ConA-induced inflammation was
2.5%+1.2%, 2.4%=+1.1% and 1.9%+0.7% 1.D./g, re-
spectively, versus 1.8%+0.5%, 1.9%=0.6% and
1.5%+0.8% 1.D./g in the opposite left foot of the
mouse, which served as a control (Table 1). The result-
ing ratio between uptake of IPA in areas of acute in-
flammation and that in the healthy skeletal muscle of
immunocompetent mice was 1.1-1.3. The difference
between the radioactivity accumulation in areas of
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Fig. 4A-D. Tissue distribution of IPA in heterotopic (A, B) and
orthotopic (C, D) human pancreatic carcinoma PaCa44 (A and C)
and PanC1 (B and D)-bearing SCID mice at 15, 60 and 240 min
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after intravenous injection of 2—4 MBq of the tracer. Uptake is ex-
pressed as percent of injected dose/g tissue (% 1.D./g), (median,
n=4)

Table 1. Biodistribution of IPA

.. . . Organ IPA

in immunocompetent mice with

ConA induced inflammation 15 min 60 min 240 min
Blood 4.42+0.61 2.23+0.31 1.97+0.25
Lung 1.210.10 1.19+0.02 0.6420.20
Heart 1.10£0.24 0.97+0.10 0.73+0.13
Spleen 1.57+0.43 1.85+0.42 0.96+0.25

Uptake is expressed in percent [ jyer 3.260.63 2.68+0.20 1.98+0.74

of injected dose/g tissue Intestine 1.45+0.53 1.94+0.23 1.04+0.18

(% 1.D./g), (median, n=4) Kidney 2.37+0.51 3.72+0.31 1.1420.11

4 Skeletal muscle of the oppo-  pancreas 4.67+1.0 4.51+0.82 3.2120.61

site left foot (as control) Bone 0.76+0.20 0.88+0.10 0.76+0.03

® Tissue from the area of acute  gkeletal muscle® 1.82:0.51% 1.93+0.63* 1.46x0.76%

inflammation Inflammatory tissue® 2.46x1.20% 2.41+£1.12% 1.90+0.73*

*P>0.1; the difference is statis-  Brajn 0.32+0.06 0.33+0.04 0.29+0.06

tically non-significant

ConA-induced inflammation and that in the opposite
left foot of the mouse was not statistically significant
(P>0.1) (Table 1). Gamma camera imaging of a rat pre-
senting acute inflammation at 60 min after injection of
IPA and the PET images of the same rat following FDG
administration are shown in Fig. 5. The FDG uptake
was significantly increased in areas of acute inflamma-

tion (>500%). The ratio between the uptake of FDG in
inflammatory lesions and that in the healthy opposite
left thigh was at least 5:1 (n=4). In comparison, gamma
camera imaging demonstrated that the increase in IPA
in inflammation was relatively moderate, at 20-25%.
Histological analysis of the inflammatory lesions dem-
onstrated the presence of lympho-histiocytic cells and
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Fig. 5 A. Representative
whole-body image of an immu-
nocompetent rat bearing ConA-
induced inflammation in the
right foot, 60 min after i.v. in-
jection of IPA, showing quali-
tatively no significant differ-
ences between the uptake of the
amino acid tracer in areas of in-
flammation and in the unaffect-
ed left foot, used as a control.
B Histomorphological analysis
of the corresponding skeletal
muscle demonstrated acute in-
flammatory changes mainly
composed of lympho-histiocyt-
ic cells and scattered plasma
cells as well as granulocytes
and macrophages. H&E, origi-
nal magnification x200. C In
comparison, the subsequent

FDG-PET images of the same
animal 60 min after injection of
FDG shows high FDG accumu-
lation in areas of inflammation.
Arrows indicate the location of
inflammation

C SUV:0.61 vs 0.11

scattered plasma cells, as well as granulocytes and
macrophages (Fig. 5B).

Discussion

Because there is no highly sensitive clinical test for the
diagnosis of pancreatic cancer, intensive efforts have
been undertaken to improve both the sensitivity and the
specificity of imaging techniques for the detection and
staging of pancreatic carcinomas. However, although the
detection of pancreatic tumours has been considerably
improved using current imaging techniques, including
computer tomography, ultrasonography, MRI and FDG
PET, differential diagnosis of pancreatic cancers remains
a challenge, especially in the early stage of disease [9,
11, 22, 23, 24]. The aim of this study was to assess ex-
perimentally the ability of the novel amino acid tracer
p-['231]iodo-L-phenylalanine (IPA) to detect pancreatic
carcinomas. IPA was found to exhibit high uptake in hu-
man pancreatic tumour cells with a continuous increase
over the investigation time of 120 min. This result pro-
vides evidence of the high affinity of IPA for pancreatic
tumours.

One of the major points of discussion is the underly-
ing mechanism of tumour uptake. It is assumed that ami-
no acid transport may be more important for tumour im-
aging than the incorporation of the amino acid tracer into
proteins [12, 25, 26]. Therefore, we investigated the
transport mechanism responsible for the uptake of IPA
into pancreatic tumour cells. Several studies have char-
acterized a number of distinct systems for the transport
of amino acids inside mammalian cells [27, 28]. It has
been demonstrated that the uptake of neutral amino acids
into mammalian cells occurs predominantly through the
A, L and ASC carrier-mediated systems [27, 29, 30].
Analogous to these experiments, we studied the cellular
uptake of IPA by competitive inhibition, using substrates
known to be specific inhibitors for transport-mediated
systems A, L. and ASC. We found that the IPA uptake
into human pancreatic tumour cells was predominantly
mediated by the L and ASC transport pathways. This
finding was additionally confirmed by the strong inhibi-
tion of the tracer uptake by neutral L-amino acids known
to be solely transported by L- and ASC-systems [28, 31].
In contrast, neutral p-amino acids did not affect the IPA
uptake into cells, indicating the stereospecificity of the
tracer uptake into pancreatic tumour cells. This result
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is in agreement with the moderated accumulation of
p-['231]iodo-D-phenylalanine in glioma cells observed in
our previous investigations (unpublished data). Impor-
tantly, the protein incorporation of IPA was less than 8%
in our study. Therefore, the high uptake of IPA into pan-
creatic tumour cells could be primarily associated with
the increased amino acid transport activity in tumour
cells. Importantly, the transport capacity for unlabelled
IPA in tumour cells did not show saturation up to
200 pmol/l, confirming the relatively high capacity of
the transport system.

The second goal of this study was to evaluate the abil-
ity of IPA to identify pancreatic carcinomas in vivo, and
thereby to assess its potential as a tracer for accurate di-
agnosis of pancreatic cancer by means of SPET. We used
SCID mice engrafted with primary human pancreatic ad-
enocarcinoma cells as an animal model. MRI, autopsy
and histopathological analysis demonstrated that primary
human pancreatic carcinomas engrafted into SCID mice
disseminated in a pattern analogous to human disease,
including invasion by the tumour into adjacent organs
and formation of metastases in different sites of the ab-
domen. Thus, our model fulfils the major requirements
as an in vivo model of human pancreatic cancer and can
be used for preclinical evaluations. IPA was found to ac-
cumulate intensively in implanted pancreatic tumours.
This result is in agreement with data obtained in in vitro
experiments. Importantly, the tracer uptake by the lung,
liver, kidney, liver, stomach and intestine remained mod-
erate and diminished considerably with time, resulting in
an excellent contrast between tumour and organs, espe-
cially from 120 min onwards. The ability of SPET with
IPA to detect pancreatic cancer was impressively con-
firmed by gamma camera imaging (Fig. 2). From
360 min onwards only tumour tissues were demonstrated
scintigraphically, indicating that IPA is a highly selective
tracer for non-invasive diagnosis of pancreatic tumour.

As yet, accurate clinical differentiation between in-
flammation and neoplastic tissues is not possible. Conse-
quently, we also examined the uptake of IPA in areas of
inflammation in comparison with the uptake by normal
tissue and tumour. Inflammation was induced by inocu-
lation of ConA into the right foot of immunocompetent
rats and mice. The most prominent inflammatory reac-
tions occurred 12-24 h after ConA injection, which is in
agreement with previous reports [15]. Accumulation of
IPA in areas of inflammation was moderate and compa-
rable with the tracer uptake by the unaffected skeletal
muscle of immunocompetent animals, and significantly
lower than that in tumours (P<0.01). In comparison, the
uptake of FDG increased by up to 700% in inflammatory
lesions. This important finding indicates that IPA is a
valuable tracer for differentiation between neoplastic
masses and inflammation in vivo.

In conclusion, the radioiodinated amino acid IPA in-
hibits high affinity for human pancreatic cancer. Its
marked accumulation in tumour reflects the increased

amino acid transport activity in neoplastic cells and is
predominantly mediated by the L and ASC carrier path-
ways. In addition to its high tumour accumulation, the
uptake of IPA into the gastrointestinal tract and areas of
inflammation is moderate or decreases rapidly with time,
resulting in sufficiently high tumour-to-background con-
trast for clinical applications with SPET. These data indi-
cate that IPA is a very promising tracer for non-invasive
imaging of pancreatic carcinomas by routine SPET.
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