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The receptor-mediated endocytosis uptake pathway for the vitamin
folate was investigated as a target for tumor-selective radiopharma-
ceutical delivery. The molecular target for this delivery mechanism is
a membrane-associated folate binding protein (FBP) that is overex-
pressed by a variety of malignant cell lines. Methods: The ability of
a %’Ga-labeled deferoxamine-folate conjugate (6’Ga-DF-folate) to
target tumor cells in vivo was examined using an athymic mouse
tumor model. Subcutaneous inoculation of ~4 x 108 folate-recep-
tor-positive KB (human nasopharyngeal carcinoma) cells into athy-
mic mice yielded ~0.20 g tumors in 15 days, at which time either
87Ga-DF-folate, 5’Ga-deferoxamine (¢’Ga-DF) or 8”Ga-citrate was
administered by intravenous injection. Results: The 8’ Ga-DF-folate
conjugate showed marked tumor-specific deposition in vivo, with
1.0 *+ 0.3% of the injected dose (%ID) in tumor at 4 hr postinjection
(equating to 5.2 + 1.5 %ID/g tumor; n = 3 mice). Corresponding
tumor-to-background ratios at 4 hr postinjection were: tumor/blood
= 409 * 195; tumor/muscle = 124 * 47; tumor/liver = 11 *+ 3; and
tumor/kidney = 2.6 = 0.9. Tumor uptake of 8’Ga-DF-folate conju-
gate was effectively blocked bz co-injection of 2.4 + 1.0 mg free
folate. In control experiments, ®’Ga-citrate exhibited tumor uptake
of 2.2 + 0.4% of the injected dose (10.9 + 0.2 %ID/g tumor), but
very poor target-to-background contrast (tumor/blood = 0.84 *
0.19; tumor/muscle = 5.4 * 0.7; tumorfliver = 2.3 * 0.2; and
tumor/kidney = 2.4 = 0.3). Unconjugated %’Ga-deferoxamine
showed no tumor affinity. Conclusion: Receptor-mediated endocy-
tosis of radiolabeled folate-conjugates may offer a suitable mecha-
nism for selectively delivering radiopharmaceuticals to tumors for
diagnostic imaging and/or radiation therapy.
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Receptor-mediated endocytosis (/-5) is an attractive mecha-
nism for cell-selective drug targeting, since this process exhibits
high transport capacity, as well as ligand-dependent cell spec-
ificity. In cultured cells it is well established that receptor-
mediated endocytosis of folate-conjugates can be employed to
achieve tumor cell-selective uptake of a wide variety of exog-
enous molecules that are normally excluded from the cell
(6-12). Folic acid is an essential dietary vitamin used by all
eucaryotic cells for DNA synthesis and one-carbon metabolism.
Folic acid primarily enters cells through facilitated transport by
a membrane transport protein (K, = 1.5 X 107 M for folic
acid) (13-16). Some cells also possess a membrane-associated
folate-receptor, folate binding protein (FBP), that additionally
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allows folate uptake via endocytosis (K, ~ 5 X 107'* M for
folate) (/,4). When folate is covalently conjugated to macro-
molecules or liposomes via its gamma-carboxylate, the folate
moiety is no longer recognized by the facilitated transport
system, but can still be recognized by the folate binding protein
(6-12). Thus, such folate-conjugates are selectively concen-
trated by cells that express the membrane folate receptor.

A number of tumor cell types (e.g., breast, ovarian, cervical,
colorectal, renal and nasopharyngeal) are known to overexpress
FBP (17-27). Such neoplasms would appear to be good
candidates for tumor-selective radiopharmaceutical targeting
via folate receptor-mediated endocytosis. Folate binding protein
is so dramatically overexpressed in many tumors that this
receptor has already been exploited in vitro as a marker to
localize and visualize tumor cells (/3-25). In fact, FBP has
even been found to be the antigen target for a number of
tumor-specific monoclonal antibodies (17-19,22,25,28).

We report here an investigation of tumor-selective radiophar-
maceutical targeting using a ¢’Ga-deferoxamine-folate conju-
gate (°’Ga-DF-folate) (Fig. 1). The animal model employed for
these drug-targeting studies was the athymic mouse subcutane-
ously implanted with human nasopharyngeal carcinoma (KB)
cells known to overexpress FBP. Previously, we have shown
that the %’Ga-deferoxamine-folate conjugate exhibits saturable
FBP receptor-mediated uptake into these KB cells in vitro (29).

EXPERIMENTAL PROCEDURES

General

The deferoxamine-folate (y) conjugate (DF-folate) (Fig. 1) was
prepared as described elsewhere (29). A radionuclide dose calibra-
tor was used for assays of ®’Ga radioactivity in the uCi-mCi range;
while low level (<0.01 uCi) samples of ’Ga were counted in an
automatic gamma scintillation counter with a 3-inch large-bore
Nal(TIl) crystal. Gamma images of intact animals were obtained
using a gamma scintillation camera fitted with a 300-keV parallel-
hole collimator and linked to a computer. Folate-deficient rodent
chow was obtained commercially and autoclaved prior to use. All
animal experiments were carried out in accordance with procedures
approved by the Purdue Animal Care and Use Committee.

Preparation of the Gallium-67 Radiotracers

The ¢’Ga-deferoxamine-folate conjugate, ¢’Ga-citrate and ¢’Ga-
deferoxamine were prepared, as described elsewhere (29), from
no-carrier-added ¢’Ga-gallium(III) chloride. Briefly, a dilute HCI
solution of ’Ga>* was evaporated to dryness with heating under a
stream of N, and the tracer reconstituted in ~300 ul ethanol
containing 0.002% acetylacetone (acac). The ethanolic ¢’Ga(acac),
solution (3.2 mCi) was diluted with an equal volume of TRIS-
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buffered saline (pH 7.4) (30) followed by addition of 2.25 X 107¢
mole of aqueous DF-folate (7y) conjugate. Labeling was complete
after standing at room temperature for 18-24 hr. For control
experiments *’Ga(Ill)-citrate was prepared by evaporating a *’Ga-
chloride solution to dryness and reconstituting with 0.1 ml of 3%
sodium citrate (pH 7.4). A portion of the resulting %’Ga-citrate
solution (50 ul) was mixed with 0.1 mg deferoxamine to obtain
$7Ga-deferoxamine (*’Ga-DF) for control experiments. The radio-
chemical purity of each ®’Ga-labeled compound was determined by
thin layer chromatography on C,3 reverse phase silica gel plates
developed with methanol and in all cases was found to exceed 98%
at the time of use. The radiochromatograms were evaluated using
a Berthold (Wildbad, Germany) Tracemaster 20 Automatic TLC
Linear Analyzer. R; values of 0.93; 0.0; 0.1; and 0.74 were
obtained for ®’Ga-DF-folate (); ’Ga(acac),; ®’Ga-DF; and ¢’Ga-
citrate, respectively. All experiments employing the $'Ga-DF-
folate (7y) tracer were performed within 1-3 days of radiolabeling.

Growth and Preparation of KB Cells

KB cells, a human nasopharyngeal epidermal carcinoma cell line
that greatly overexpresses the folate binding protein (3/), were
cultured in a 75 cm? flask continuously as a monolayer at 37°C in
a humidified atmosphere containing 5% CO,. A folate-deficient
modified Eagle’s medium (FDMEM) was used (a folate-free
modified Eagle’s medium purchased from Gibco (Grand Island,
NY) supplemented with 10% v/v heat-inactivated fetal calf serum
as the only source of folate) containing penicillin (50 units/ml),
streptomycin (50 pg/ml) and 2 mm L-glutamine. The final folate
concentration in the complete FDMEM is ~3 nM, i.e., a value at
the low end of the physiological concentration in human serum
(13,32). To prepare for implantation, KB cells were transferred
into 225 cm? flasks and grown in FDMEM until confluent. At this
point the cells were harvested by treating with trypsin (140 USP
U/ml) and EDTA (0.07 mM) in buffer A (136.9 mM NaCl, 2.68
mM KCl, 8.1 mM Na,HPO, 1.47 mM KH,PO, and phenol red).
The cells were then washed once with FDMEM and pelleted by
spinning at 1000 X G for 3 to 5 min. The cell pellet was
resuspended at 4 X 10 cells per 0.4 ml in FDMEM.

Athymic Mouse Tumor Model

Four- to 5-wk-old male athymic mice (nu/nu strain) were used.
All food, water and bedding were sterilized prior to use. Mice were
housed under conditions of controlled temperature (72 * 2°F) and
humidity in polycarbonate cages using a microisolator system.
Daily light cycles were 12 hr light, 12 hr dark. After a 7-day
acclimation period 17 mice were inoculated subcutaneously with
0.1 ml of tumor cell suspension (4 X 10° KB cells) into the
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interscapular region using a 25-gauge needle. All inoculations were
performed within a laminar flow cabinet using aseptic technique.
Subcutaneous tumor growth was monitored daily and radiotracer
distribution studies performed 9 to 15 days after tumor cell
implantation when tumors reached approximately 50 mm? (0.008—
0.28 g). Unless otherwise indicated, animals used in the reported
biodistribution experiments were exclusively fed folate-free rodent
chow ad libitum for 2-3 wk prior to radiopharmaceutical admin-
istration.

Mouse Serum Folate Concentrations

Blood was collected from three athymic mice receiving regular
(folate-supplemented) rodent chow and 1, 2 and 3 wk after diet was
changed to folate-free rodent chow. In each instance blood was
collected by left ventricular puncture using a 27-gauge needle.
Blood samples were centrifuged and serum collected and frozen at
—70°C until assay for folate concentrations.

Serum folate was determined using a ligand binding competition
assay. Briefly, KB cells were plated in 35-mm culture dishes and
grown to ~80% confluence in FDMEM. The cells were then
washed with ice-cold phosphate-buffered saline (PBS; 136.9 mM
NaCl, 2.68 mM KCIl, 8.1 mM Na,HPO,, 1.47 mM KH,PO,, pH
7.4) and 100 pmole of [*H]-folic acid added in 1 ml folate-free
medium (free folates were removed by dialysis) in the absence or
presence of 50 ul mouse serum. After 30 min incubation at 4°C,
the cells were washed with 3 X 1 ml cold PBS and suspended in
PBS by scraping. The cell-associated radioactivity was determined
by scintillation counting and cellular protein content evaluated
using the BCA (bicinchoninic acid) protein assay kit. The folate
concentration in mouse serum was calculated by the following
equation:

Serum folate (nM)

_ 100 pmole X (CPM, per cell — CPM,; per cell)
B (CPM; per cell) X 0.05 ml ’

where CPM, is the cell-associated radioactivity with 100 pmole
[*H]-folic acid alone and CPM,; is the cell-associated radiotracer in
the presence of 50 wl mouse serum.

Imaging and Radiotracer Biodistribution Studies

Animals were anesthetized with ketamine (40 mg/kg, intraperi-
toneally) and xylazine (4 mg/kg, intraperitoneally) for radiophar-
maceutical injection, for gamma imaging studies and again prior to
death. Syringes used for radiotracer injections were weighed on
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TABLE 1
Biodistribution of Gallium-67 Radiotracers in Athymic Mice with Subcutaneous KB Cell Tumors

%ID/g of tissue 4 hr after intravenous administration*

$’Ga-DF-Folate' %’Ga-DF 5’Ga-citrate
Group 1 Group 2 Group 3 Group 4* Group 5 Group 6
Blood 0.014 = 0.004 0.019 = 0.011 0.45 +0.16 0.046 = 0.009 0.026 + 0.009 135 =32
Heart 0.029 + 0.004 0.024 = 0.014 0.17 £ 0.05 0.025 + 0.005 0.021 = 0.002 34 +02
Lungs 0.038 + 0.005 0.063 = 0.001 0.38 £ 0.14 0.052 + 0.010 0.054 = 0.010 91 *27
Liver 0.46 = 0.08 040 *0.16 0.87 = 0.18 043 =0.03 0.082 = 0.010 47 *03
Kidney 202 *032 35 *18 243 *16 1.79 +0.82 126 *0.19 46 *04
Muscle 0.044 + 0.006 0.029 = 0.023 0.13 = 0.06 0.028 + 0.005 0.037 = 0.001 2.04 =029
Tumor 62 =*15 10 =029 0.26 = 0.09 222 *0.36 0.094 + 0.004 109 =02
Tumor mass (g) 021 *0.07 020 *=0.02 0.11 £ 0.07 022 *0.02 0.13 *0.09 0.20 = 0.03
Animal mass (g) 281 *11 256 =*25 279 =27 283 =06 278 =*23 276 *20

“Values shown represent the mean + s.d. of data from three animals (n = 2 for Group 2).
tGroup 2—mice on normal (folate-rich) diet; Group 3—folate receptor blocked with preadministration of folate; Group 4—folate chase intravenously 3.5

hr following ¢’Ga-DF -folate administration.

*Animals killed 4.5 hr (rather than 4 hr) following 5 Ga-DF-folate administration.

an analytical balance before and after injection to quantitate the
dose received by each animal.

In a pilot study to test the viability of the FBP-receptor as a
pathway for achieving tumor-cell-selective uptake of metal-labeled
radiopharmaceuticals in vivo, ~180 uCi 67Ga-deferoxamine-folate
conjugate were administered intravenously to each of two tumor-
bearing athymic mice via the femoral vein nine days after subcu-
taneous inoculation with 4 X 10° KB cells and 15 days after
initiation of folate-free diet. At 46 hr postinjection a lethal dose of
ketamine/xylazine was administered to one animal, a 0.1-ml blood
sample collected by cardiac puncture, and a 100,000-count static
gamma image acquired to visualize the tissue distribution of
radiotracer. The second animal was sacrificed at 45 hr post-*’Ga-
DF-folate administration. The tissues identified in Table 1 were
collected and, after radioactivity in the weighed tissue samples
decayed to a suitable ’Ga count rate, the tissue distribution of
tracer was quantitated by gamma counting.

A series of 18 additional mice was studied 15 days after
subcutaneous inoculation with 4 X 10° human KB cells into the
interscapular region. Each animal received 125-150 uCi of *’Ga-
DF-folate (12 mice; Groups 1-4), or ’Ga-DF (3 mice; Group 5),
or *’Ga-citrate (3 mice; Group 6) via intravenous injection into the
femoral vein. Injection volumes were ~130 ul of 10% ethanol in
saline per animal. All animals except three were maintained on
folate-deficient diet for 22 days prior to radiotracer administration;
the remaining three animals were maintained on normal rodent
chow and included in the animals that received *’Ga-DF-folate
(Group 2; one animal in Group 2 died after initial administration of
anesthesia, generating no data). To competitively block tumor
folate receptors, three mice received 2.4 = 1.0 mg folate intrave-
nously ~5 min prior to °’Ga-DF-folate administration (Group 3).
Three different mice that received ¢’Ga-DF-folate also received
3.5 = 0.9 mg of folate intravenously approximately 1 hr before
being sacrificed (Group 4). The tissue distribution of the tracers
was monitored by gamma scintigraphy at approximately 15 min, 1
hr and 3 hr postinjection to qualitatively assess tumor uptake of
tracer and tumor/background contrast. At 4-4.5 hr following
administration of the *’Ga-radiopharmaceuticals, the anesthetized
animals were sacrificed by decapitation and the tumor and selected
tissues removed, weighed and stored until *’Ga had decayed to
levels suitable for counting. The biodistribution of tracer in each
sample was calculated as both a percentage of the injected dose per
organ (%ID/organ) and as a percentage of the injected dose per
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gram of tissue wet weight (%ID/g), using counts from a weighed
and appropriately diluted sample of the original injectate for
reference. Tumor/nontarget tissue ratios were calculated from the
corresponding %ID/g values. A one-tailed Mann-Whitney test (33)
was used to assess the significance of differences in radiotracer
tumor uptake between the animals in Group 1 and the animals in
Groups 2, 3 and 4.

RESULTS

To create an animal model suitable for evaluation of folate-
receptor targeting in vivo, athymic mice were implanted sub-
cutaneously with ~4 X 10® human nasopharyngeal carcinoma
(KB) cells previously used in the study of folate-receptor
targeting in vitro (29). Measurable tumors consistently devel-
oped 7-10 days after cell implantation. Upon section at the time
of study the tumors had negligible degree of necrosis.

Since normal rodent chow contains a high concentration of
folic acid (6 mg/kg chow), unless otherwise indicated the mice
used in the tumor-targeting studies were maintained on folate-
free diet to achieve serum folate concentrations closer to the
4-6 pg/l (9-14 nM) range of normal human serum (32). Figure
2 shows the measured mouse serum folate levels as a function
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FIGURE 2. Variation of serum folate concentrations after placing athymic
mice on a folate-deficient diet. For reference, the concentration of folic acid
in normal human serum is 4-6 ug/l (9-14 nM) (32).
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FIGURE 3. Gamma image ob-

i 46 hr following intravenous
administration of & Ga-deferoxamine-
folate conjugate to a male athymic
mouse bearing a KB tumor (m-
planted subcutaneously on the left
side of the abdomen). In this dorsal
view the mouse is oriented nose up
with the mouse’s left to the reader’s
right. The kidneys are responsible
for the most intense (white-yellow)
spots in the abdominal region. The
yellow-green spot on the right is the
tumor.

of time following initiation of the folate-deficient diet. In most
of the present radiopharmaceutical-targeting studies animals
were used 3 wk after initiation of the folate-free diet, a time
when mouse serum folate levels were found to be 25 = 7 nM
(Fig. 2).

In a pilot study to test the viability of the folate-receptor as a
pathway for tumor-cell-selective uptake of metal-labeled radio-
pharmaceuticals in vivo, ~180 uCi of ®’Ga-deferoxamine-
folate conjugate was administered intravenously to each of two
tumor-bearing athymic mice that had been maintained on
folate-free diet for 2 wk. At ~45 hr postinjection, gamma
images were obtained, the animals killed and the tissue distri-
bution of ’Ga quantitated. The tumors from these two animals
were found to have masses of 29.6 and 8 mg, while the total
body mass of these animals was 19.3 and 22.6 g, respectively.
Despite the small size and suboptimal positioning of these
tumors relative to the kidneys, the 29.6-mg tumor was readily
detected by gamma scintigraphy (Fig. 3). At death, the 29.6-mg
tumor contained 3.3% of the injected dose per gram of tumor.
Relevant tumor-to-background ratios (%ID/g) for this animal
were: tumor-to-blood = 1600; tumor-to-muscle = 170; tumor-
to-liver = 59; and tumor-to-kidney = 2.4. The distribution of
tracer was similar in the second animal with the 8-mg tumor,
where we found 2.8% ID/g tumor with corresponding tumor-
to-nontarget ratios of: tumor-to-blood = 1200; tumor-to-muscle
= 290; tumor-to-liver = 92; and tumor-to-kidney = 2.7.

To better define the ability of ®’Ga-DF-folate to target tumor
cells in vivo and to confirm the role of the folate receptor in
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FIGURE 4. Tumor uptake of ”Ga radiotracers 4-4.5 hr following intravenous
administration. Each bar represents the data from one animal. Group
1—57Ga-DF-folate; Group 2—%"Ga-DF-folate in mice on high-folate diet;
Group 3—%"Ga-DF-folate administered with excess folic acid; Group
4—%"Ga-DF-folate with chase dose of folate intravenously 1 hr prior to
sacrifice; Group 5—°"Ga-DF; Group 6—%"Ga-citrate.

determining conjugate tumor uptake, a series of 17 additional
mice was studied after generation of subcutaneous KB cell
tumors in the interscapular region. Fifteen of these animals were
placed on folate-free diet for 3 wk prior to study, while the
remaining two animals were fed normal rodent chow. Gamma
scintigraphy provided a convenient means of qualitatively
monitoring the tissue distribution of 4’Ga following intravenous
injection of *’Ga-DF-folate; tumor uptake was evident at 1 hr
postinjection, and by ~3 hr postinjection the tracer initially
present in the liver had substantially cleared into the intestines.
A chase dose of folate was administered intravenously to three
of the animals at 3.5 hr (Group 4) and all the mice sacrificed at
4 or 4.5 hr after ®’Ga injection for quantitative evaluation of
tracer biodistribution. Tables 1 and 2 present a summary of the
biodistribution data for the $’Ga-labeled deferoxamine-folate
conjugate, plus the *’Ga-Df and ®’Ga-citrate reference tracers.
For each animal studied in this experiment, the tumor uptake of
’Ga is shown in Figure 4, while Figure 5 shows the corre-
sponding tumor-to-blood ratios.

The tumor targeting obtained with ®’Ga-DF-folate, ®’Ga-DF
and *’Ga-citrate was reasonably reproducible within the groups
of mice, while clear variations are apparent between groups
(Figs. 4, 5 and Tables 1 and 2). The *’Ga-DF-folate tracer was
found to significantly concentrate in these folate-receptor-

TABLE 2
Tumor-to-Background Tissue Contrast Obtained with Gallium-67 Radiotracers in the Athymic Mouse Model

Tumor-to-nontarget ratio 4 hr after intravenous administration of radiotracer*

87Ga-DF-folate! %7Ga-DF %7Ga-citrate
Group 1 Group 2 Group 3 Group 4% Group 5 Group 6

Tumor/Blood 409 *195 60 =*18 0.64 *0.31 48 =+ 5 39 *1.2 0.84 +0.19
Tumor/Muscle 124 =+ 47 4 +24 23 *1.2 82 =16 2.56 = 0.15 54 *07
Tumor/Liver 114+ 32 25 * 03 029 =*0.07 51+ 05 1.16 = 0.10 23 *02
Tumor/Kidney 26+ 09 0.31 = 0.08 0.011 = 0.004 14=* 05 0.08 + 0.01 24 *03

*Values shown represent the mean *+ s.d. of data from three animals (n = 2 for Group 2).
TGroup 2—mice on normal (folate-rich) diet; Group 3—folate receptor blocked with preadministration of folate; Group 4—folate chase intravenously 3.5

hr following ’Ga-DF-folate administration.
*Animals killed 4.5 hr (rather than 4 hr) after 5’ Ga-DF-folate administration.
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FIGURE 5. Tumor-to-blood ratios (%ID/g wet weight) at 4-4.5 hr postinjec-
tion for the various %”Ga radiotracers studied. Each bar represents data from
one animal. Group 1—%7Ga-DF-folate; Group 2—5Ga-DF-folate in mice on
high-folate diet; Group 3—°"Ga-DF-folate administered with excess folic
acid; Group 4—°%Ga-DF-folate with chase dose of folate intravenously 1 hr
prior to death; Group 5—°5"Ga-DF; Group 6—"Ga-citrate.

bearing KB tumors (Fig. 4, Group 1). The specific involvement
of the folate receptor in mediating this uptake is demonstrated
by the reduced tumor accumulation of °’Ga-DF-folate in the
mice that either received a blocking dose of intravenous folate
(Group 3; p < 0.05) or that were fed normal (high folate) rodent
chow (Group 2; p < 0.1). Some reduction of tumor ¢’Ga-DF-
folate was also apparent in the three mice that received a chase
dose of folate intravenously 1 hr prior to death (Group 4,
p = 0.05 relative to Group 1), apparently indicating that tumor
levels of the ®’Ga-DF-folate tracer had not been completely
internalized.

The other control experiments demonstrate that, as expected,
$7Ga-DF lacking the conjugated folate moiety shows no tumor
affinity (Fig. 4 and Table 1, Group 5). This contrasts with the
administration of ®’Ga-citrate, which provided higher tumor
accumulation of 4’Ga than observed with $’Ga-DF-folate (Fig.
4, Group 6). However, ’Ga-DF-folate yields vastly superior
tumor-to-background contrast than $’Ga-citrate, due to more
rapid tracer clearance from blood and other nontarget tissues
such as liver and muscle (Table 2 and Fig. 5).

DISCUSSION

Overexpression of the folate receptor is a common charac-
teristic of cell transformation, making tumor-selective drug
targeting possible with folate-drug conjugates. Normal tissue
such as the choroid plexus, placenta and proximal tubules of the
kidney express low concentrations of the folate-receptor, while
barely detectable levels may also be found in the lung and the
thyroid (9,10,17,18). In contrast, FBP may be expressed in
tumor cells at concentrations several orders of magnitude
greater than normal tissue (/7). In tumor cell cultures, folate-
receptor-mediated endocytosis allows over 10° molecules of
folate-conjugate to enter each cell per hour (6). Internalization
of these folate-conjugates must occur via a receptor-mediated
pathway, since the uptake is specific for the attached folate
molecule; saturable at nanomolar concentrations; inhibited at
low temperatures; competitively blocked by excess free folate
or antibody to FBP; and eliminated by removal of FBP from the
cell surface (6-12).

The present study was undertaken to evaluate tumor targeting
with a radiolabeled ®’Ga-deferoxamine-folate conjugate in in-
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tact animals and was based on previous experiments showing
this material to exhibit folate receptor-mediated tumor cell
uptake in vitro (29). The ®’Ga-DF-folate conjugate was synthe-
sized for these studies as a convenient experimental prototype
for the broad spectrum of radiopharmaceuticals that could be
developed based on folate conjugates of low-molecular weight
radiometal chelates. The deferoxamine chelator was specifi-
cally selected because it: (a) is commercially available and
relatively inexpensive due to its clinical use in treating iron
toxicity (34); (b) is known to bind the Ga>* ion with high
affinity (35-40), making commercially available ®’Ga a con-
venient gamma-emitting radiolabel; and (c) can be conveniently
conjugated via its terminal -NH, group to the folate-targeting
moiety.

Successful execution of the present study required an animal
model that would mimic human neoplastic disease both in terms
of the folate receptor content of the tumor and the free-folate
concentration of the serum. As an initial animal model, we
employed the athymic mouse implanted subcutaneously with
human nasopharyngeal carcinoma (KB) cells known to overex-
press the folate receptor. It is expected that the results obtained
with this tumor model can be extrapolated to other human
tumors known to similarly overexpress FBP (/7-27).

Serum folate from normal dietary sources will directly
compete with the radiolabeled folate conjugate for tumor cell
uptake via the folate receptor pathway. In the current study this
became a substantial concern, since the high folate level of
normal rodent chow leads to mouse serum folate concentrations
that far exceed those of human serum (Fig. 2). Thus, to avoid
compromising the athymic mouse as a model for predicting the
feasibility of tumor-selective radiopharmaceutical delivery in
humans, the animals’ dietary intake of folate was restricted
prior to our radiotracer studies. After 3 wk on folate-free diet,
mouse serum folate levels dropped to 25 = 7 nM from the
initial 720 * 260 nM serum folate level when the animals were
fed normal rodent chow (Fig. 2). We believe this dietary
intervention to be a reasonable manipulation of the animal
model, since the mice used for the reported radiopharmaceutical
biodistribution studies in all cases would still have serum folate
levels higher than the 9-14 nM folate concentration of normal
human serum (32).

Excellent tumor targeting was observed in a pilot study with
two tumor-bearing mice that were studied 45-46 hr following
intravenous administration of the ®’Ga-DF-folate conjugate
(Fig. 3). The limited data available from this pilot experiment
stimulated a more comprehensive follow-up study in which the
involvement of the folate receptor was more critically probed at
a shorter 4—4.5 hr time point that would be of greater interest
from the standpoint of a clinical imaging study (Tables 1 and 2).
The tumor uptake of ¢’Ga-DF-folate at 4 hr postinjection in
Group 1 was significantly reduced (p < 0.05) by intravenous
pre-administration of excess folate (Group 3), as well as by
maintaining the animals on normal folate-rich rodent chow
(p =< 0.1). Thus, tumor uptake of the ®’Ga-DF-folate radiotracer
clearly appears to be a receptor-mediated process.

The animals of Group 4 received a chase dose of folic acid
intravenously 1 hr prior to sacrifice and also showed a signif-
icant reduction (p = 0.05) in tumor levels of tracer relative to
Group 1 (Table 1 and Fig. 4). The finding of displaceable
radiotracer in the animals from Group 4 suggests, unexpectedly,
that at 3.5 hr postinjection some of the tumor-associated
radiotracer had not been internalized. The animals in Group 5
show tumor uptake of ¢’Ga that is 50-fold lower than seen in
Group 1 (Table 1), confirming the expectation that the ¢’Ga-
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deferoxamine complex (°’Ga-DF) lacking the conjugated folate
fragment would exhlblt no tumor affinity.

The behavior of ’Ga-citrate was also of interest as a control
study, both because of its current clinical application in tumor
imaging with °’Ga and because it 1|Iustrates the tumor-targeting
efﬁCIency that would result if the ®’Ga-DF-folate conjugate,
like *'Ga-citrate, underwent rapid ligand exchange in plasma to
form ©’Ga-transferrin (41-44). The %" Ga-citrate tracer (Group
6, Fig. 4) affords approximately 2-fold higher tumor uptake of
radiotracer than ¢’Ga-DF-folate (Group 1); however, tumor-to-
background contrast is vastly superior with 67Ga—DF folate
(Fig. 5 and Table 2), due to the greater efficiency with which
the FBP-targeted agent is cleared from most nontarget tissues
(Table 1).

CONCLUSION

The reported results demonstrate the feasibility of radiophar-
maceutical targeting to tumors via the folate receptor. The
receptor-based tumor targeting observed with ¢’Ga-DF-folate
suggests that the folate receptor may be viable as a molecular
target for a broader spectrum of tumor-directed folate-chelate
conjugates in which the chelating agent and metal ion radiolabel
can be manipulated to optimize radiopharmaceutical biodistri-
bution, pharmacokinetics and nuclear properties.
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