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18F-Labeled amino acids represent a promising class of imaging
agents in tumors, particularly brain tumors. However, the deter-
mination of their potential to image peripheral tumors, possibly
depending on individual transport characteristics, still remains
an area of investigation. The present study investigated the
transport mechanism for 3-O-methyl-6-'8F-fluoro-L-dopa
(OMFD), a novel '8F-labeled phenylalanine derivative, into tumor
cells. Methods: OMFD has routinely and reliably been prepared
for clinical use in 20%-25% radiochemical yield (decay cor-
rected, related to 8F-F,) using 6-'8F-fluoro-L-3,4-dihydroxyphe-
nylalanine preparation devices with minor modifications. In vitro
uptake assays with HT-29 (human colon adenocarcinoma) cells,
FaDu (squamous cell carcinoma) cells, and RBE4 (immortalized
rat brain endothelial) cells were performed with OMFD under
physiologic amino acid concentrations without and with the
competitive transport inhibitors 2-aminobicyclo-[2,2,1]-hep-
tane-2-carboxylic acid and a-(methylamino)isobutyric acid plus
serine and without or with Na*. Results: Transport inhibition
experiments using specific competitive inhibitors demonstrated
that uptake of OMFD in all cell lines tested was mediated mainly
by the sodium-independent high-capacity amino acid transport
systems. The highest OMFD uptake was in FaDu cells. Conclu-
sion: OMFD seems to be a promising PET tracer for imaging of
amino acid transport in tumors.

Key Words: amino acid transport; '8F; PET; radiotracer
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Radiolabeled amino acids are becoming increasingly
useful as tracers for the delineation of tumors, particularly
brain neoplasms. Over the past 2 decades, a variety of
labeled amino acids have been synthesized and evaluated
for such a potential in oncology (/,2). In the field of PET,
amino acids labeled with 8F are of particular interest be-
cause of its advantageously short half-life—only 20 min—
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compared with ''C. Recently, improved labeling procedures
have overcome some limitations of tracer synthesis for
routine PET application, and new '8F-labeled amino acids,
such as O-(2-8F-fluoroethyl)-L-tyrosine (FET), have been
introduced (3—6). Our own studies with 3-O-methyl-6-'8F-
fluoro-L-dopa (OMFD), known as a metabolite of 6-!8F-
fluoro-L-3,4-dihydroxyphenylalanine, revealed promising
tumor-imaging properties for this compound (7,8). The syn-
thesis of OMFD might significantly be improved so that it
finds widespread application (9). We hypothesized that
OMFD will be transported by the Na*-independent trans-
port system L, which is most reactive with both branched
chain and aromatic neutral amino acids and is often char-
acterized using the selective nonmetabolizable analog
2-aminobicyclo-[2,2,1]-heptane-2-carboxylic acid (BCH)
(3). The present study aimed at the mechanisms involved in
specific transport of OMFD into tumor cells. Therefore,
human colon adenocarcinoma cell line HT-29 was used as
an accepted tumor model. Considering the cellular, tissue,
and microenvironmental heterogeneity of tumors, for the
present study the human squamous cell carcinoma model
cell line FaDu was also studied. Furthermore, additional
experiments were performed using immortalized rat capil-
lary cerebral endothelial cell RBE4 as an accepted model of
microvascular endothelium.

MATERIALS AND METHODS

OMFD Tracer Synthesis

OMFD was synthesized as published previously (9). Briefly, the
synthesis of OMFD starts from N-formyl-3-O-methyl-4-O-boc-6-
trimethylstannyl-L-dopa-ethyl ester and proceeds as shown sche-
matically in Figure 1.

Cell Culture

HT-29 Cell Line. The HT-29 cell line was obtained from the
European Collection of Cell Cultures (reference number
91072201). HT-29, which is established from primary colon ade-
nocarcinoma, is described as heterotransplantable and as forming
well-differentiated grade I tumors. The cells were routinely cul-
tured in 75-cm? flasks with McCoy’s 5A medium containing a
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FIGURE 1. Reaction scheme of synthesis of OMFD (9).

2 mmol/L concentration of GlutaMAX-I (Gibco BRL), 10% fetal
bovine serum (Sigma), and 1% penicillin/streptomycin (10,000
U/10,000 pg/mL; Biochrom KG) at 37°C in a humidified atmo-
sphere of 5% CO,. The medium was routinely renewed 3 times
weekly. Two days before the in vitro experiments, the cells were
trypsinized and plated on 24-well (5 X 10* cells per well) flat-
bottom tissue culture plates (Cell+; Sarstedt, Inc.).

FaDu Cell Line. FaDu cells established from human hypopha-
ryngeal squamous cell carcinoma were cultivated in Dulbecco’s
minimal essential medium (MEM) with a 2 mmol/L concentration
of GlutaMAX-I (Biochrom KG) completed with 10% fetal bovine
serum (Biochrom KG), 1 mmol of sodium pyruvate per liter, 1%
MEM nonessential amino acids (Biochrom KG), 20 mmol of
N-(2-hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) (HEPES)
buffer (Biochrom KG) per liter, and 1% penicillin/streptomycin
(10,000 U/10,000 pg/mL) (10). At confluence the cells were
washed with phosphate-buffered saline (PBS) and harvested with
0.025% trypsin/ethylenediaminetetraacetic acid (Biochrom KG).
Cells were counted, centrifuged, and diluted in PBS as 108 cells
per milliliter. These cells were cultivated at 37°C and 5% CO, in
RPMI 1640 medium with a 2 mmol/L concentration of Glu-
taMAX-I (Life Technologies GmbH) completed with 10%
stripped fetal bovine serum (Greiner), 1 mmol of sodium pyruvate
per liter, 1% MEM nonessential amino acids, 20 mmol of HEPES
buffer per liter, 1% penicillin/streptomycin (10,000 U/10,000 g/
mL), and 10 pg of insulin per milliliter. The solution used for
transport experiments was a modified culture medium consisting
of a-MEM/Ham’s F10 (Gibco) (1:1 v/v) supplemented with 2
mmol of glutamine per liter and 1% (v/v) albumin. Cells were
plated on 24-well (5 X 10* cells per well) flat-bottom tissue culture
plates (Cell+).

RBE4 Cell Line. Immortalized rat capillary cerebral endothelial
cells (RBE4) were kindly supplied by Dr. Francoise Roux (Institut
National de la Sante et de la Recherche Medicale, Unite 26,
Hopital Fernad Widal) (//-13). RBE-4 cells were grown in culture
medium consisting of a-MEM/Ham’s F10 (1:1 v/v) supplemented
with 2 mmol of glutamine per liter, 10% heat-inactivated fetal calf
serum (Sigma), 1 ng of basic fibroblast growth factor (Boehringer
Mannheim) per milliliter, and 300 g of geneticin (G418; Sigma)
per milliliter in humidified 5% CO,/95% air at 37°C. For tracer
experiments performed with RBE4 cells, cells of passage 20—-40
were seeded into 24-well flat-bottom tissue culture plates (Cell+)
at day 3 or 4 after plating. The cell densities at that time were 5 X
10° cells per well (87 * 35 pg of protein per well). Washing

solution for clearing of the extracellular space was phosphate-
buffered solution containing Mg?* (0.5 mmol/L) and Ca’** (0.9
mmol/L) (PBS?%).

Uptake Experiments

The experiments were performed in RPMI 1640 medium with
modified amino acid concentrations corresponding to human
plasma amino acid levels including tyrosine. Before the incubation
with OMFD, the cells were preincubated for 10 min at 37°C in 250
L of medium or incubation buffer with and without Na*. In the
case of Na*-free buffer, the Na* was replaced by choline. After
preincubation of the cells, 250 pwL of incubation medium with
OMEFD (2 MBg/mL) were added, and the samples were incubated
at4°Cor37°Cfor 1,2, 3,5, 7, and 10 min. After tracer uptake had
been stopped with 1 mL of ice-cold PBS, the cells were washed 3
times with PBS at 4°C and dissolved in 0.5 mL of a 0.1 mol/L
concentration of NaOH plus 1% sodium dodecylsulfate. The ra-
dioactivity in the cells was measured with a well counter (COBRA
II; Packard). The protein concentration in the samples was deter-
mined by the Lowry method (Sigma). The energy dependence of
tracer uptake was characterized by comparing the uptake kinetics
of OMFD at both 37°C and 4°C or in experiments using various
concentrations of NaNj (ranging from 0 to 15 mmol/L). To study
the relationship between OMFD and *H-L-leucine uptake in HT-29
cells containing various concentrations of BCH (ranging from 0O to
15 mmol/L), the cells were preincubated in RPMI 1640 medium
with modified amino acid concentrations as described above.
Then, the medium was replaced by the same medium containing 1
MBq of OMFD and 0.1 MBq of *H-L-leucine per milliliter, and the
cells were incubated in 0.25 mL for 5 min. Uptake was terminated
by 3 rapid washes with ice-cold PBS?*, and the cells were lysed in
0.5 mL of 0.IN NaOH containing 0.1% sodium dodecylsulfate.
Aliquots (100 L) were used to count the total '8F activity in a
well y-counter (COBRA 1I), and the tritium activity was counted
in 4 mL of scintillate (UltimaGold; Perkin-Elmer) 2 d later.

Competitive Inhibition Experiments

To characterize the transport system, inhibition experiments
were performed with the specific competitive inhibitors BCH for
system L, a-(methylamino)isobutyric acid (MeAIB) for system A,
and serine for system ASC. The concentration of the inhibitors
used was 10 mmol/L or varied between 0 and 15 mmol/L. Exper-
iments were performed with increasing concentrations of OMFD
to investigate the capacity of the transport system. After preincu-
bation of the cells in 250 pL of this medium for 10 min at 37°C,
250 pL of incubation medium with OMFD (2 MBg/mL) with one
or more of the inhibitors were added, and the samples were
incubated at 37°C for 2 min or for 1, 2, 3, 5, 7, and 10 min. After
the tracer uptake had been stopped with 1 mL of ice-cold PBS, the
cells were washed 3 times and were dissolved, and the radioactiv-
ity and protein concentrations were measured as described above.
To determine the median effective concentration (ECsy) of BCH
inhibition of the tracer transport in HT-29 cells, kinetic curves of
the activity at time t (A, were fitted using an equation for the
monoexponential association (A, = Ay X [1 — exp(—k X t)] +
NSB). The curve starts at nonspecifically bound activity (NSB)
and increases to a plateau at Ay, + NSB (A, equals maximal
activity) with a rate constant k. Then, the initial rate constants (k)
were plotted against the log of BCH concentration, in mmol/L.
This curve was fitted for a sigmoid dose-response curve using Y =
bottom + (top — bottom)/(1 + 101eES =Xl " \where X is the
logarithm of concentration, Y is the rate at a defined BCH con-

OMFD KINETICS IN VITRO * Bergmann et al. 2117



centration using BCH; and k; obtained from the experiments be-
fore, and Y starts at bottom and goes to top with a sigmoid shape.
The kinetic data were processed using Prism (version 3.00; Graph-
Pad, Inc.).

Release Experiments

After the cells had been preloaded with tracer through 60 min of
incubation with OMFD, the medium was replaced by 1 mL of
tracer-free culture medium without (control) or with 2 mmol of
BCH per liter, and the samples were incubated at 37°C for 1, 2, 3,
5, 7.5, and 10 min. After the incubation, the medium was removed
and the cells were washed 4 times with ice-cold PBS. Dissolving
and measuring of the activity in the cell pellets were performed as
described above.

Acid Precipitation

The cells were incubated with OMFD for 30 min as described
above, and the medium was then removed and the cells were
detached with 1 mL of trichloroacetic acid (1%). After 10 min on
ice, the samples were centrifuged at 20,000g for 3 min. The
supernatant was removed and the pellet was washed 3 times in
trichloroacetic acid (1%). Dissolving and measuring of the activity
in the acid-precipitable fraction were done as described above. The
collected supernatant underwent high-performance liquid chroma-
tography as previously described (/4).

RESULTS

OMEFD cellular uptake studies were conducted on estab-
lished tumor-model cell lines HT-29 and FaDu, and OMFD
cellular uptake studies were performed on immortalized rat
capillary cerebral endothelial cells RBE4. The latter are an
accepted model of microvascular endothelium and probably
the most extensively characterized cell culture model for
mechanistic studies of the blood—brain barrier. The tracer
amino acid OMFD was taken up quickly by all cells studied.
As a representative example, Figure 2A shows the kinetics
of OMFD uptake in HT-29 cells without and with the
specific L-amino acid transport system inhibitor BCH. With
increasing concentrations of BCH in HT-29 cells, the

OMEFD uptake velocity and magnitude were significantly
decreased (Fig. 2B). FaDu and RBE4 cells showed similar
results. The EC5, of BCH inhibition was calculated from the
sigmoid dose-response curve by a nonlinear curve fit of the
initial uptake velocity as 2.2 = 0.1 mmol/L for HT-29 cells,
0.2 = 0.1 mmol/L for FaDu cells, and 0.7 = 0.2 mmol/L for
RBEA4 cells.

To further characterize the specific cellular uptake of
OMED, competitive inhibition experiments were per-
formed. Therefore, in addition to BCH, the specific amino
acid transport inhibitors MeAib and serine were used to
inhibit all major transport systems of neutral amino acids
(Fig. 3). In the presence of BCH, the OMFD uptake was
decreased by approximately 80% in all cell lines studied
when compared with controls. MeAib and serine alone or in
combination did not affect cellular uptake of OMFD. To
determine the presence of Na'-independent amino acid
transport processes in all cell lines, cellular uptake experi-
ments were performed in the presence and absence of Na™.
Substitution of sodium ions by choline did not influence
uptake of OMFD in HT-29 cells, FaDu cells, or RBE4 cells
(Fig. 3). As a result, cellular uptake of OMFD was recog-
nized to be sodium independent.

To further characterize specific properties of cellular
OMFD transport, the release of OMFD in the presence and
absence of BCH was studied in HT-29 cells after preloading
of OMFD (Fig. 4). In addition, because the L-type amino
acid transport system is an exchanging transporter, mea-
surement of the extent of OMFD release after preincubation
with OMFD was exemplary in HT-29 cells. The release rate
of 8F-activity from HT-29 cells was as fast as uptake. The
estimated values were 0.47 = (0.06 for rate constant uptake
k; control, 0.20 = 0.02 for rate constant uptake k; BCH 6
mmol/L, 0.53 = 0.03 for rate constant efflux k, control, and
0.57 = 0.04 for rate constant efflux k, BCH 6 mmol/L.
Efflux of the OMFD did not significantly differ between the
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FIGURE 2. Representative curves showing time course of OMFD uptake in HT-29 cells without (control) and with various

concentrations of BCH in incubation medium (A) and OMFD uptake velocity (k) in HT-29 cells in presence of various concentrations

of BCH (B). Data are mean = SEM (n = 4).
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FIGURE 3. Influence of specific amino acid transporter inhib-
itors, sodium, and choline (without sodium) on OMFD uptake in
HT-29, FaDu, and RBE4 cells. Data are mean = SEM (n = 4).
**P < 0.01; *P < 0.001 (Student t test, SPSS software pack-
age).

control experiment and the experiment performed in the
presence of 6 mmol of extracellular BCH per liter.

To compare functional expression of the L-amino acid
transport systems in the 2 tumor cell models, the kinetics of
OMFD uptake were compared between HT-29 and FaDu
cells as shown in Figures SA and 5B. Therefore, uptake of
OMFD was also measured in the presence of unlabeled
OMFD ("?F-OMFD). Uptake of OMFD was approximately
6-fold higher into FaDu cells than into HT-29 cells. Uptake
of OMFD into both HT-29 and FaDu cells was saturable
and apparently followed Michaelis—Menten kinetics, with
Ky = 467 = 444 pmol/L and V., = 1.62 £ 0.06
nmol/min/mg of protein in HT-29 cells and Ky, = 99.8 *
14.5 pmol/L and V_,, = 14.6 = 1.15 nmol/min/mg of
protein in FaDu cells. Data represent the mean = SEM of 3
separate experiments. All uptake experiments were per-
formed with medium; therefore, extracellular and intracel-
lular amino acid concentrations are expected to be near their
physiologic concentration.

In further experiments, the relationship between *H-L-
leucine uptake and OMFD uptake in HT-29 cells without
and with BCH was measured (Fig. 6), and uptake of the 2
compounds was found to correlate closely (R* > 0.95). At
15 mmol of BCH per liter, uptake of *H-L-leucine was faster
than uptake of OMFD. Furthermore, to study the energy
dependence of the observed OMFD transport process in
HT-29 cells, the OMFD uptake at 37°C was compared with
that at 4°C. No significant differences were found (Fig. 7A).
In a set of experiments in both HT-29 and FaDu cells,
oxidative phosphorylation was inhibited by adding increas-
ing concentrations of sodium azide (NaN3, 0—15 mmol/L),
which mimics the effects of hypoxia under normoxic con-

ditions (Fig. 7B). However, NaN; did not influence the
uptake kinetics. After a 1-h incubation of OMFD with all
cell lines studied, only one high-performance liquid chro-
matography peak of '8F-activity in the cell lysate could be
observed, thus confirming the metabolic stability of the
tracer amino acid OMFD found by other studies (7,8).
Furthermore, no incorporation of '8F-activity into proteins
could be observed.

DISCUSSION

In the past, OMFD has been dealt with mainly as a
metabolite of 6-'8F-fluoro-L-3,4-dihydroxyphenylalanine
that is able to pass the blood—brain barrier, contributes to
I8F uptake in the striatum, and has to be considered for the
formulation of a quantitative 6-'3F-fluoro-L-3,4-dihydroxy-
phenylalanine kinetic model (/5). Because OMFD is a
methoxy derivative of the amino acid tracer 2-'8F-fluoro-L-
tyrosine (3) and could possibly still act as a substrate of the
transport system for the large neutral amino acids, it may
also have potential as an amino acid transport—based tumor
imaging agent.

The possible pathways for the transport of neutral amino
acids are described as 3 major systems: A, ASC, and L (16).
Systems A and ASC serve mainly for the uptake of amino
acids with short, polar, or linear side chains. In contrast,
branched and aromatic amino acids enter the cells mainly by
system L (/7). Therefore, we studied the transport system
for OMFD in an adenocarcinoma cell line from colon (HT-
29), a head and neck squamous cancer cell line (FaDu), and,
as a model of the vascular endothelium, a benign endothelial
cell line (RBE4). Only a very few in vitro studies have
investigated fluorine-labeled amino acids using tumor cell
lines of colorectal cancer or glioma (6,/8-20). However,
'1C-methionine was used in vitro on squamous cell carci-
noma (27) and was applied clinically to squamous cell head
and neck cancer (22). As concluded from studies on 3-123-
iodo-a-methyl-L-tyrosine (IMT) transport and 4F2 antigen
expression in human glioma cells, the phenomenon of in-
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FIGURE 4. Kinetics of OMFD release in HT-29 cells in pres-

ence and absence of BCH at 37°C after preloading of OMFD.
Data are mean = SEM (n = 4).
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creased amino acid transport in proliferating cells involves
all phases of the cell cycle (23). Therefore, we studied the
cells under confluent conditions and synchronization was
not necessary. Amino acid transport proteins with overlap-
ping substrate specificities mediate uptake of amino acids in
normal and tumor cells. In most cell types, the sodium-
independent transporter system L is present and has a broad
substrate specificity (24). Expression of amino acid trans-
port proteins differs among several cell types (25). Of note,
for the 2 tumor models studied we also found clear differ-
ences in cellular OMFD uptake. V.. was higher in FaDu
cells by a factor of 6 than in HT-29 cells. On the other hand,
the affinity of OMFD to the transport system (K,,) was 2
times higher in HT-29 cells than in FaDu cells. These cells
strongly differ in their extent of transformation and degree
of differentiation, respectively. It is likely that besides in-
fluencing physiologic functions, these differences also in-
fluence amino transport processes, thus in part explaining
the different tracer uptake velocities in HT-29 and FaDu

No. 12 ¢ December 2004
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cells. These differences in kinetic parameters in vitro con-
sequently should be considered to influence the absolute
accumulation and kinetics of OMFD in vivo. Therefore, for
clinical applications of OMFD (e.g., to estimate the optimal
time frame for PET), kinetic data for various tumor entities
will be needed.

Our cellular uptake studies demonstrated, for what is to
our knowledge the first time, that OMFD was transported
into the cells following apparent first-order kinetics and was
saturable by the transported substrate. The transporter af-
finity of OMFD, described by the half-saturation constant
K., is similar to the affinity of other large neutral amino
acids to the L-type transporter. The fast release of !SF-
radioactivity from the cells demonstrates that the transport
system works as expected in both directions at the cell
membrane. The specific inhibition of radioactivity uptake
by BCH, which is a specific inhibitor of the L system
without inhibition by MeAib and serine, demonstrates that
most radioactivity is transported by the L system and that
only minor amounts can be transported by other pathways.
This finding is supported by the linear correlation between
OMED and leucine uptake in cells. In the present study, we
observed saturation of the transport system by nonradioac-
tive 'F-OMFD. This adds to a controversial discussion as
reviewed by Jager (26). In this context, our data seem, in
part, to contradict findings showing an increase in L-type
amino acid transporter activity when cells were loaded with
amino acids. Heiss et al. demonstrated, in colon carcinoma
cell line SW 707, that FET is mediated mainly by system L
and is sodium independent (/8). Furthermore, Heiss et al.
could not reach saturation of the L-type amino acid trans-
port system in a colon carcinoma cell line in vitro using FET
up to a concentration 5 times higher than the normal ty-
rosine concentration in human plasma. More recently, La-
houtte et al. showed that prior amino acid administration
increases IMT tumor accumulation and image contrast in

vivo (27). This effect possibly can be explained by the
increased antiport activity of the L-type amino acid trans-
port system under preloaded conditions. On the other hand,
Amano et al. found decreased in vivo uptake of r-3-('8F-
fluoromethyl)-L-tyrosine, a fluorinated variant of IMT,
when large neutral amino acids were administered before-
hand (28). However, for a direct comparison of the in vitro
results of the present study and both the in vitro and the in
vivo results published by others, the experimental condi-
tions have to be considered, particularly the different cell
types and cell culture conditions used and the kind and level
of amino acids used for preloading. For example, different
extents of transformation and degrees of differentiation for
different tumor cells is suspected to influence regulation of
amino acid transport systems in vitro. In this context, Lan-
gen et al. demonstrated that FET uptake in F98 rat glioma
cells is sodium dependent (20). Finally, the points raised
above imply that, for clinical application of OMFD, the
plasma levels of neutral amino acids can influence the
uptake kinetics of OMFD (/,2). Corresponding to the so-
dium independence of the OMFD transport, no energy de-
pendence could be found. Neither reduction of temperature
nor inhibition of oxidative phosphorylation by NaNj influ-
enced OMFD accumulation in the colon carcinoma cell line.
One would suppose that for clinical tumor imaging, tumor
hypoxia, in contrast to microenvironmental factors such as
perfusion, will not influence OMFD uptake at the cellular
level. Unlike 2-'8F-fluoro-L-tyrosine, described as a tracer
for protein synthesis (3), the methoxy derivative OMFD is
not incorporated into proteins. From kinetic modeling of
2-18F-fluoro-L-tyrosine uptake, the transport rate constant of
the tracer from plasma to tissue is known to significantly
increase in tumors and thus separate normal from pathologic
tissue (/). Given this importance of an increased transport
rate constant, it is understandable that comparison of amino
acids with and without protein incorporation (e.g., FET vs.
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L-methyl-!'C-methionine) revealed almost identical imag-
ing contrast in clinical studies—for example, in patients
with brain tumors (29).

CONCLUSION

Amino acid transport is generally increased in malignant
transformation. OMFD demonstrated a saturable and sodi-
um- and energy-independent accumulation in vitro in dif-
ferent tumor cell lines, suggesting its uptake to be mediated
exclusively by the sodium-independent large neutral amino
acid transport system (L system). This could be confirmed
by additional experiments on vascular endothelium cells
recognized as being L-amino acid transport system bearing,
as published elsewhere. OMFD was not included in the
synthesized proteins during the experiments, and no metab-
olism was detectable in the cells studied. OMFD has the
properties of a promising PET tracer for tumor imaging of
the functional expression of amino acid transport systems.
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