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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 67Ga-labeled deferoxamine-folate conjugate (67Ga-DF-folate) to

target tumor cells in vivo was examined using an athymic mouse
tumor model. Subcutaneous inoculation of ~4 x 1Q6folate-recep-
tor-positive KB (human nasopharyngeal carcinoma) cells into athy
mic mice yielded -0.20 g tumors in 15 days, at which time either
67Ga-DF-folate, 67Ga-deferoxamine f 7Ga-DF) or 67Ga-citrate was
administered by intravenous injection. Results: The 67Ga-DF-folate
conjugate showed marked tumor-specific deposition in vivo, with
1.0 Â±0.3% of the injected dose (%ID) in tumor at 4 hr postinjection
(equating to 5.2 Â±1.5 %ID/g tumor; n = 3 mice). Corresponding
tumor-to-background ratios at 4 hr postinjection were: tumor/blood
= 409 Â±195; tumor/muscle = 124 Â±47; tumor/liver =11 Â±3;and
tumor/kidney = 2.6 Â±0.9. Tumor uptake of 67Ga-DF-folate conju
gate was effectively blocked by co-injection of 2.4 Â±1.0 mg free
folate. In control experiments, 67Ga-citrate exhibited tumor uptake

of 2.2 Â±0.4% of the injected dose (10.9 Â±0.2 %ID/g tumor), but
very poor target-to-background contrast (tumor/blood = 0.84 Â±
0.19; tumor/muscle = 5.4 Â±0.7; tumor/liver = 2.3 Â±0.2; and
tumor/kidney = 2.4 Â± 0.3). Unconjugated 67Ga-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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JLVeceptor-mediated endocytosis (7-5) 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). Folie acid is an essential dietary vitamin used by all
eucaryotic cells for DNA synthesis and one-carbon metabolism.
Folie acid primarily enters cells through facilitated transport bya membrane transport protein (Km = 1.5 X 10~6 M for folie

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 (Ka *Â°*5 X 10 I0 M for

folate) (1,4). 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 (13-25). 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 67Ga-deferoxamine-folate conju
gate (67Ga-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 67Ga-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 67Ga radioactivity in the /xCi-mCi range;
while low level (<0.01 /nCi) samples of 67Ga were counted in an

automatic gamma scintillation counter with a 3-inch large-bore
Nal(Tl) 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 67Ga-deferoxamine-folate conjugate, 67Ga-citrate and 67Ga-

deferoxamine were prepared, as described elsewhere (29), from
no-carrier-added 67Ga-gaIlium(IlI) chloride. Briefly, a dilute HC1
solution of 67Ga3+was evaporated to dryness with heating under a
stream of N2 and the tracer reconstituted in â€”300/il ethanol
containing 0.002% acetylacetone (acac). The ethanolic 67Ga(acac)3

solution (3.2 mCi) was diluted with an equal volume of TRIS-
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FIGURE 1. Chemical structures of folie
acid, deferoxamine and the deferoxam-
ine-folate conjugate.
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buffered saline (pH 7.4) (30) followed by addition of 2.25 X 10~6

mole of aqueous DF-folate (y) conjugate. Labeling was complete
after standing at room temperature for 18-24 hr. For control
experiments 67Ga(III)-citrate was prepared by evaporating a 67Ga-

chloride solution to dryness and reconstituting with 0.1 ml of 3%
sodium citrate (pH 7.4). A portion of the resulting 67Ga-citrate

solution (50 ju.1)was mixed with 0.1 mg deferoxamine to obtain
ft7Ga-deferoxamine (67Ga-DF) for control experiments. The radio-
chemical purity of each 67Ga-labeled compound was determined by

thin layer chromatography on C]l( 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. Rf values of 0.93; 0.0; 0.1; and 0.74 were
obtained for "7Ga-DF-folate (y); 67Ga(acac)3; 67Ga-DF; and 67Ga-
citrate, respectively. All experiments employing the 67Ga-DF-

folate (y) 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 (31 ), were
cultured in a 75 cm2 flask continuously as a monolayer at 37Â°Cin

a humidified atmosphere containing 5% CO2. 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 ju.g/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 cm2 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 KC1, 8.1 mM Na,HPO4 1.47 mM KH2PO4 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 IO6 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 Â±2Â°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 IO6 KB cells) into the

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 mm1 (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
-70Â°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 â€”80% confluence in FDMEM. The cells were then
washed with ice-cold phosphate-buffered saline (PBS; 136.9 mM
NaCl, 2.68 mM KC1, 8.1 mM Na2HPO4, 1.47 mM KH2PO4, pH
7.4) and 100 pmole of [3H]-folic acid added in 1 ml folate-free

medium (free folates were removed by dialysis) in the absence or
presence of 50 /xl mouse serum. After 30 min incubation at 4Â°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 (CPM0 per cell - CPMÂ¡per cell)
(CPMÂ¡per cell) X 0.05 ml ~~'

where CPM0 is the cell-associated radioactivity with 100 pmole
[3H]-folic acid alone and CPMÂ¡is the cell-associated radiotracer in

the presence of 50 /Â¿Imouse 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 intravenousadministration*67Ga-DF-FolatetBloodHeartLungsLiverKidneyMuscleTumorTumor

mass(g)Animal
mass (g)Group

10.014

Â±0.0040.029
Â±0.0040.038
Â±0.0050.46
Â±0.082.02
Â±0.320.044
Â±0.0065.2
Â±1.50.21

Â±0.0728.1
Â±1.1Group

20.01

9Â±0.0110.024
Â±0.0140.063
Â±0.0010.40
Â±0.163.5
Â±1.80.029
Â±0.0231.0

Â±0.290.20
Â±0.0225.6

Â±2.5Group

30.45

Â±0.160.17
Â±0.050.38
Â±0.140.87
Â±0.1824.3
Â±1.60.13
Â±0.060.26
Â±0.090.11

Â±0.0727.9
Â±2.7Group

4*0.046

Â±0.0090.025
Â±0.0050.052

Â±0.0100.43
Â±0.031.79
Â±0.820.028

Â±0.0052.22
Â±0.360.22

Â±0.0228.3
Â±0.667Ga-DFGroup

50.026

Â±0.0090.021
Â±0.0020.054
Â±0.0100.082
Â±0.0101.26

Â±0.190.037
Â±0.0010.094
Â±0.0040.13

Â±0.0927.8
Â±2.367Ga-citrateGroup

613.5

Â±3.23.4
Â±0.29.1

Â±2.74.7
Â±0.34.6

Â±0.42.04
Â±0.2910.9

Â±0.20.20
Â±0.0327.6
Â±2.0

*Values shown represent the mean Â±s.d. of data from three animals (n = 2 for Group 2).

fGroup 2â€”mice on normal (folate-neh) diet; Group 3â€”folate receptor blocked with preadministration of folate; Group 4â€”folate chase intravenously 3.5
hr following 67Ga-DF-folate administration.

*Animals killed 4.5 hr (rather than 4 hr) following 67Ga-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 /xCi 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 IO6 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-67Ga-

DF-folate administration. The tissues identified in Table 1 were
collected and, after radioactivity in the weighed tissue samples
decayed to a suitable 67Ga 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 IO6 human KB cells into the
interscapular region. Each animal received 125-150 /Â¿Ciof 67Ga-
DF-folate (12 mice; Groups 1-4), or <>7Ga-DF(3 mice; Group 5),
or 67Ga-citrate (3 mice; Group 6) via intravenous injection into the
femoral vein. Injection volumes were ~ 130 /nl 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 67Ga-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 Â±1.0 mg folate intrave
nously ~5 min prior to 67Ga-DF-folate administration (Group 3).
Three different mice that received 67Ga-DF-folate also received

3.5 Â±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, l
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 67Ga-radiopharmaceuticals, the anesthetized

animals were sacrificed by decapitation and the tumor and selected
tissues removed, weighed and stored until 67Ga 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

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 IO6 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

folie 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 /j.g/1(9-14 nM) range of normal human serum (32). Figure

2 shows the measured mouse serum folate levels as a function

800 -
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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 folie acid
in normal human serum is 4-6 ^.g/l (9-14 n/W)(32).
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deferoxamine complex (67Ga-DF) lacking the conjugated folate

fragment would exhibit no tumor affinity.
The behavior of 67Ga-citrate was also of interest as a control

study, both because of its current clinical application in tumor
imaging with 67Ga and because it illustrates the tumor-targeting
efficiency that would result if the 67Ga-DF-folate conjugate,
like 67Ga-citrate, underwent rapid ligand exchange in plasma to
form ''7Ga-transferrin (41-44). The 67Ga-citrate tracer (Group

6, Fig. 4) affords approximately 2-fold higher tumor uptake of
radiotracer than 67Ga-DF-folate (Group 1); however, tumor-to-
background contrast is vastly superior with ft7Ga-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 67Ga-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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