
â€˜231V1Pbinding. Whetherthis maybethe casein all VlPomas,
and whether all VlPomas can be detected by VIP scintigraphy
remains unclear.

CONCLUSION
A small VIPoma was detected by â€˜231-VIP scintigraphy

before its successful surgical removal. We recommend VIP
scintigraphy in VMS patients with tumor sites that are unde
tectable by conventional imaging before surgical intervention.
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delivery to ovarian, endometrial and other human tumors
known to overexpress folate-binding protein (FBP). The folate
receptor is known to be overexpressed by a variety of neoplastic
tissues, including breast, cervical, ovarian, colorectal, renal and
nasopharyngeal tumors, while being highly restricted in most
normal tissues (1â€”10).Previously, it has been shown that this
receptor system can be targeted in vitro and in vivo with low
molecular weight folate-chelate conjugates such as 67Ga-defer
oxamine-folate and â€˜â€˜â€˜In-diethylenetriamine pentaacetic acid
(DTPA)-folate (11â€”15). This study was undertaken to better
characterize the ability of â€˜â€˜â€˜In-DTPA-folate to target tumor
folate receptors in vivo using an athymic mouse tumor model.

MATERIALS AND METhODS

Gen@al

A Capintec CRC 12R radionuclide dose calibrator (Capintec,
Inc., Ramsey, NJ) was used for assays of â€˜â€˜@ In radioactivity in the
MCi-mCi range, whereas low-level (<0.01 MCi) samples of â€˜â€˜â€˜In
were counted in a Packard 5500 automatic gamma scintillation
counter with a 3-in. large-bore NaI(Tl) crystal. Folate-deficient
rodent chow was obtained from ICN Biomedicals (Costa Mesa,
CA) and UV-irradiated before use. The DTPA-folate conjugate
(Fig. 1) was prepared as described previously (15)

Preparation of Indium-Ill Radiotracers
The â€˜â€˜â€˜In-DTPA-folateconjugate, â€˜â€˜â€˜In-DTPAand â€˜â€˜â€˜In-citrate

were prepared from no-carrier-added â€˜â€˜â€˜In-indium(III)-chloride
(Mallinckrodt, Inc., St. Louis, MO). Briefly, to prepare â€˜â€˜â€˜In
DTPA-folate, the dilute HC1 solution of â€˜â€˜â€˜In3@was buffered by
addition of sodium citrate, followed by addition of an aqueous
solution ofthe DTPA-folate ligand. Labeling was always complete

Indium-i i i -labeled diethylenetriamine pentaacetic acid (DTPA)-fo
late was evaluated as a radiopharmaceutical for targeting tumor
associated folate receptors. Methods: Athymic mice were subcu
taneously inoculated with â€”1.8 x 106 folate receptor-positive KB
(human nasopharyngeal carcinoma) cells, yielding 0.2- to 0.6i
tumors in i 5 days, at which time@@ 11n-DTPA-folate,@@ 1ln-DTPAor
1 111n-citrate was administered by intravenous injection. Results:

The â€˜@ 11n-DTPA-folate conjugate afforded marked tumor-specific
11 11n deposition in vivo using this mouse model. The involvement of

the folate receptor in mediating tumor uptake of@@ 1ln-DTPA-folate
was demonstrated by the blocking of tumor uptake by coadminis
tration of free folic acid (intravenous). The@@ 11n-DTPA-folate also
shows folate receptor-mediated uptake and retention in the kidneys,
presumably reflecting radiotracer binding to folate receptors of the
proximal tubules. In control experiments,@@ 11n-citrateradiophar
maceutical precursor was also shown to afford significanttumor
uptake of@@ 11n,but with much poorer tumor-to-background tissue
contrast than that obtained with â€˜@ 11n-DTPA-folate.Unconjugated
1 1 11n-DTPA showed no tumor affinity. Conclusion: Indium-i i i -

DTPA-folate appears suitable as a radiopharmaceutical for targeting
tumor-associated folate receptors.
Key Words: indium-i i i -diethylenetriamine pentaacetic acid folate;
folate receptor; tumor targeting
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were exclusively fed folate-free rodent chow ad libitum for 2 1â€”23
days before radiopharmaceutical administration.

Imaging and Radiotracer Biodistribution Studies
The general procedure for the animal biodistribution studies has

been described previously (12). Animals were anesthetized by
inhalation of diethyl ether during radiotracer injections via the
exposed femoral vein, as well as at the time of kill by decapitation.
Syringes used for radiotracer injections were weighed on an
analytical balance before and after injection to quantitate the dose
received by each animal. The biodistribution of tracer in each
sample was calculated as both a percentage of the injected dose
(%ID) per organ and as a %ID/g of tissue wet weight, using
reference counts from a weighed and appropriately diluted sample
of the original injectate. Tumor-to-nontarget tissue ratios were
calculated from the corresponding %ID/g values. A one-tailed
Mannâ€”Whitneytest (19) was used to assess the significance of
differences in radiotracer tumor uptake between groups of exper
imental animals in the reported biodistribution studies.

For gamma scintigraphy, mice were anesthetized with ketamine
(40 mg/kg, intraperitoneally) and xylazine (4 mg/kg, intraperito
neally). Gamma images of intact animals were obtained using a
Searle 37GP gamma scintillation camera fitted with a 300-keV
parallel-hole collimator and linked to a Siemens MicroDELTA
computer intravenous. Planar whole-body images were acquired at
5 hr (200,000-count image) and 24 hr (100,000-count image) after

intravenous administration of â€˜â€˜â€˜In-DTPA-folate(400 pCi â€˜â€˜â€˜In;
85 @gDTPA-folate) to an athymic mouse (29.3 g) with subcuta
neous human KB cell tumor (0.296 g). Shortly after â€˜â€˜â€˜In-DTPA
folate administration, the animal was given 1.5 ml sterile saline by
intraperitoneal injection to promote voiding of the urinary bladder
before imaging.

Indium- 111-DTPA-folate (â€”200MCi/mouse; -@17 p.g DTPA
folate per mouse) was administered intravenously to three tumor
bearing athymic mice under diethyl ether anesthesia. At 4 hr
postinjection, the mice were anesthetized with ketamine (40 mg/kg,
intraperitoneally) and xylazine (4 mg/kg, intraperitoneally) and
whole-body perfusion performed through the left ventricle of the
heart using a 4% paraformaldehyde-0.l% glutaraldehyde in 0.15 M
Millonig's phosphate buffer. The kidneys were removed, and
sections of kidney placed in fixative for an additional 30 mm. The
tissues were then rinsed in buffer, dehydrated through a graded
ethanol gradient, rinsed two times in propylene oxide and embed
ded in epoxy resin (Poly/Bed 812; Polysciences, Inc., Warrington,
PA). One-micron-thick sections of the kidney were placed onto
silane-coated slides and stained using a periodic acid-iron hema
toxylin stain. The slides were then dipped in Ilford L4 autoradiog
raphy emulsion that was diluted 1:1 with distilled water and
warmed to 40Â°C.The slides were allowed to dry in the dark and
placed in slide boxes containing silica gel desiccant at 4Â°Cfor 1â€”3
days. The slides were developed in undiluted Kodak D-19 devel
oper at 4Â°Cfor 10 mm, rinsed in water and then fixed in 24%
sodium thiosulfate at 4Â°C.After rinsing in distilled water, slides
were air-dried and coverslipped using Permount.

RESULTS
The primary model for evaluation of the biodistribution and

pharmacokinetics of â€˜â€˜â€˜In-DTPA-folate has been the athymic
mouse bearing subcutaneously implanted folate-receptor-posi
tive human KB cell tumors. Because normal rodent chow
contains a high concentration of folic acid (6 mg/kg chow), the
mice used in these receptor targeting studies were maintained
on folate-free diet for 3 wk to achieve serum folate concentra
tions close to the range of normal human serum. After 3 wk on
folate-free diet, mouse serum folate levels drop to 25 Â±7 nM

FIGURE1. Structuralformulaof the DTPA-folateconjugate.In thisconju
gate, ethylenediamineserves as an amkle-linkedbridge between a DTPA
carboxylateand the â€˜y-carboxylateof folicacid.

after the reaction mixture was allowed to stand at room temperature
for 2 hr. For control experiments, â€˜â€˜â€˜In(III)-citrate was prepared by
buffering the â€˜â€˜â€˜In-chloridesolution with 0.1â€”0.2ml 3% sodium
citrate (pH 7.4). A portion of the resulting â€˜â€˜â€˜In-citratesolution
(25â€”50p1) was mixed with 0.15 mg DTPA to obtain â€˜â€˜â€˜In-DTPA
for further control experiments. The radiochemical purity of each
I I I In-labeled compound was determined by thin-layer chromatog

raphy on C- 18 reverse-phase plates developed with methanol and,
in all cases, was found to exceed 90% at the time of use. Both
I I â€˜In-DTPA-folate and â€˜â€˜â€˜In-DTPA migrate with Rf = 0.6â€”0.8,

whereas the â€˜â€˜â€˜In-citrate precursor remains at the origin (Rf = 0.0).
All experiments using the â€˜â€˜â€˜In-DTPA-folate tracer were per
formed within 1â€”3days of radiolabeling; the radiochemical purity
of the product was always reconfirmed by thin-layer chromatog
raphy before use.

Growth and Preparation of KB Cells
KB cells, a human nasopharyngeal epidermal carcinoma cell line

that greatly overexpresses the FBP (16,17), were cultured in
75-cm2 flasks continuously as a monolayer at 37Â°Cin a humidified
atmosphere containing 5% CO2. Folate-deficient modified Eagle's
medium (FDMEM) was used [a folate-free modified Eagle's
medium purchased from Life Technologies, Inc. (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 @tg/ml)and 2 mM L-glutamine. The final folate
concentration in the complete FDMEM is â€”3nM, i.e., a value at
the low end of the physiological concentration in human serum
(1 7,18). For implantation, subconfluent KB cells were harvested
by treatment with trypsin (140 USP units/ml) and EDTA (0.07
niM)in buffer(136.9 mMNaCl,2.68 mMKC1,8.1mMNa2HPO4,
I .47 mM KH2PO4, and Phenol Red). The cells were then washed
once with FDMEM and pelleted by spinning at 1000 X g for 3â€”5
mm. The cell pellet was resuspended at 7.2 X 106 cells per 0.4 ml
in FDMEM.

Athymic Mouse Tumor Model
Three- to 4-wk-old athymic mice (nu/nu strain) were purchased

from Harlan Sprague Dawley, Inc. (Indianapolis, IN). All food,
water and bedding were sterilized before use. Mice were housed
under conditions of controlled temperature (72 Â±2Â°F)and humid
ity in polycarbonate cages using a microisolator system (Lab
Products, Inc., Aberdeen, MD). Daily light cycles were 12 hr
light/l2 hr dark. After a 7-day acclimation period, the mice were
inoculated subcutaneously with 0. 1 ml tumor cell suspension
(1 .8 X 106@ 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 were per
formed 15 days after tumor cell implantation. Unless otherwise
indicated, animals used in the reported biodistribution experiments
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111ln%lD/g4 hr after intravenousadministration111ln-DTPA-folate

111ln-DTPA-folate+
folate + folatechase1111n-DTPA-folate

coinjection* at 3 hr@hhlln@DTPA*111ln-citrateDTPA-folate

dose (pxnovkg) 2.77 Â±0.35 2.78 Â±0.24 2.87 Â±025â€”â€”Animal
mass (g) 29.0 Â±3.6 29.5 Â±2.2 29.2 Â±1.1 28.5 Â±3.530.3 Â±2.5Tumor
mass (g) 0.33 Â±0.15 0.31 Â±0.11 0.31 Â±0.i8 0.21 Â±0.080.44 Â±0.25Blood

0.0093 Â±0.0029 0.20 Â±0.10 0.026 Â±0.008 0.0036 Â±0.00049.9 Â±2.3Heart
0.032 Â±0.008 0.10 Â±0.04 0.033 Â±0.005 0.013 Â±0.0013.7 Â±1.0Lungs

0.048 Â±0.005 0.21 Â±0.09 0.050 Â±0.010 0.026 Â±0.0016.5 Â±2.0Liver
0.10 Â±0.02 2.8 Â±0.3 0.084 Â±0.013 0.084 Â±0.0115.1 Â±1.3Spleen

0.038 Â±0.011 0.58 Â±0.14 0.039 Â±0.002 0.024 Â±0.0055.3 Â±1.8Kidney
3.2 Â±0.6 31.2 Â±11.9 1.97 Â±0.15 0.85 Â±0.0713.0 Â±1.3Intestines

and contents 0.45 Â±0.16 1.1 Â±0.5 0.38 Â±0.08 0.22 Â±0.133.3 Â±1.4Muscle
0.094 Â±0.012 0.28 Â±0.08 0.059 Â±0.006 0.02 Â±0.011 .6 Â±0.4Tumor

3.1 Â±0.6 0.31 Â±0.13 2.38 Â±0.85 0.045 Â±0.0053.6 Â±0.8Tumor-to-blood5
346 Â±101 1.73 Â±0.45 96.8 Â±40.6 12.5 Â±0.50.38 Â±0.08Tumor-to-livers
3i .1 Â±9.7 0.12 Â±0.06 28.8 Â±iO.9 0.54 Â±0.020.72 Â±0.04Tumor-to-kidneys
1.00 Â±0.34 0.010 Â±0.002 1.22 Â±0.46 0.05 Â±0.010.28 Â±0.07Tumor-to-muscles
33.3 Â±9.8 1.10 Â±0.23 41.4 Â±17.6 2.4 Â±0.52.4 Â±0.4*Folate

(205 Â±18 p.mot/kg)coinjectedwith111In-DTPA-folate.tFolate
chase (203 Â±24 @.tmoVkg)administeredby intravenousinjection188 Â±10 mmafter administrationof1111n-DTPA-folate.*n

=3.@Tumor-to-background
tissue ratios based on corresponding %ID/gdata.Values

shown represent the mean Â±s.d. of data fromfouranimals(n = 3 for In-DiVA).

TABLE I
Biodistnbution of Indium-i i i -DTPA-Folate and Reference Tracers in Athymic Mice with Folate-Receptor-Positive KB Cell Tumors

from the initial 720 Â±260 nM serum folate level when the
animals were fed normal rodent chow (12). This dietary
intervention is believed to be a reasonable manipulation of the
animal model because the mice would have serum folate levels
that were only slightly higher than the 9â€”14nM folate concen
tration of normal human serum (18). Thus, in these mouse
biodistribution studies, the â€˜â€˜â€˜In-DTPA-folate is competing for
tumor folate receptors against physiologically relevant concen
trations of endogenous serum folate.

In an initial study to evaluate the ability ofâ€•â€˜In-DTPA-folate
to target folate receptors in vivo, three groups of four tumor
bearing mice received the â€˜â€˜â€˜In-DTPA-folate conjugate intra
venously. To competitively block the folate receptor, one group
of mice receiving@ â€˜â€˜In-DTPA-folate also received simulta
neously an intravenous dose of folic acid. To allow examination
of competitive displacement of the â€˜â€˜â€˜In-DTPA-folate radio
tracer, one group of mice receiving@ â€˜â€˜In-DTPA-folate subse
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quently received a chase dose of folic acid (intravenously) 3 hr
after the â€˜â€˜â€˜In-DTPA-folate administration. A fourth group of
animals (n = 3) received unconjugated@@ â€˜In-DTPAintrave
nously and, as an additional control experiment, a fifth group of
animals (n = 4) received@ â€˜â€˜In-citrateintravenously. All ani
mals in this study were killed by decapitation 4 hr following
radiotracer administration and the tissue uptake of radiotracer
quantitated (Table 1). The tumor uptake of radiotracer obtained
with â€˜â€˜â€˜In-DTPA-folate, â€˜â€˜â€˜In-DTPA, and â€˜â€˜â€˜In-citrate was
reasonably reproducible within the groups of mice, whereas
clear variations were apparent between groups (Fig. 2 and Table
1).

The â€˜â€˜â€˜In-DTPA-folate tracer was found to significantly
concentrate in the folate receptor-bearing KB tumors (Table 1
and Fig. 2) with tumor uptake of I .0% Â±0.5% of the injected
dose (3.1% Â± 0.6%ID/g) at 4 hr postinjection. Excellent
tumor-to-blood, tumor-to-liver and tumor-to-muscle contrast

3.6 Â±0.8

3.1 Â±0.6

2.4 Â±0.9

I FIGURE2. Tumoruptakeof 111ln-DTPA
folate,111ln-DTPAand 1111n-citratein
micewithfolate-receptor-positiveKBcell
tumors. Each column represents data
fromone animal.The mean tumor uptake
(Â±s.d.)isshownabovethedataforeach
group of animals.

0.045 Â±0.005

11@ln.DTPA
0

1@ 1ln-DTPA-Folate

0.31 Â±0.13

1t tIn-DTPA-Folat.
+Folat. Co-injection

11tln.DTPA.FoIate
+Folat. Chase

@3hrs.

â€˜@â€˜In-Cifrate
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97 Â±41

1 7 Â±0 5@ 12 5 Â±05

1t@ln-DTPA.Folate
+Folate Co-injection

folate radiopharmaceutical (44 nmol DTPA-folate/kg) was
administered (intravenously) with varying blocking doses of
folic acid (0.0, 0.31, 3.2, 32 or 320 @mol/kg)to mice bearing
the folate-receptor-positive human KB cell tumors. The tumor
uptake of â€˜â€˜â€˜In-DTPA-folate at 4 hr was found to vary in a
dose-dependent fashion, dropping from 6.9% Â± 1.7%ID/g at
the highest effective specific activity to 1.1% Â±0.2%ID/g when
administered with 320 @mol/kgcompeting folic acid (Fig. 4 and
Table 2). Thus, the unlabeled free folic acid does appear to
effectively compete with â€˜â€˜â€˜In-DTPA-folate for occupancy of
tumor receptor sites.

Retention of@@ â€˜Inin the kidney was also found to vary in a
dose-dependent fashion, presumably reflecting radiotracer
binding to folate receptors known to be present in the proximal
tubules (20â€”24). This interpretation is supported by a micro
autoradiographic study of kidney slices that shows the
renal-associated â€˜@ 1In-radiotracer to be selectively localized in
the proximal tubules (Fig. 5). Four-hour kidney levels of II1In
progressively drop as the dose of free folic acid increased from
0.0 @mol/kgto 0.3 1 p.mol/kg and 3.3 jtmol/kg (Table 2). This
finding is consistent with competitive folate receptor binding by
folic acid. However, the kidney uptake of IIâ€˜Inthen paradoxi
cally rises at the higher 32 @mol/kgand 320 j.@mol/kgfolic acid
doses. The latter dose-dependent increase in renal levels of
I I â€˜In is believed to artifactually result from mechanical obstruc

tion of the collecting system as folic acid is concentrated and
acidified in the urine (analogous to the known tendency of
similarly soluble antifolates, such as methotrexate, to precipitate in
the collecting system as urine is concentrated and acidified) (25).

FIGURE 3. Tumor-to-bkodratiosafter
intravenous administration of 1111n-
DTPA-folate,1111n-DTPAor111ln-citrate
to micewithKBcelltumors.Eachcolumn
represents the data fromone animal.The
mean tumor-to-blood ratio (Â±s.d.) is
shown above the data for each group of
animals.

was observed with the four animals that received â€˜@ â€˜In-DTPA
folate alone, where the tumor-to-blood, tumor-to-liver and
tumor-to-muscle ratios were 346 Â±101, 3 1.1 Â±9.7 and 33.3 Â±
9.8, respectively. Tumor-to-intestine contrast obtained with
I I â€˜In-DTPA-folate was better than that previously observed

with 67Ga-deferoxamine-folate (12, 13), due to more efficient
renal clearance of the â€˜@@ In tracer and a corresponding decrease
in the fraction of â€˜â€˜â€˜Incleared into the intestines through the
hepatobiliary system.

The specific involvement of the folate receptor in mediating
tumor uptake of IIâ€˜In-DTPA-folate is demonstrated by the
10-fold reduction of tumor radiotracer accumulation in mice
that received â€˜â€˜â€˜In-DTPA-folate with a simultaneous blocking
dose of folic acid (p 0.05) (Table 1 and Fig. 2). This contrasts
with the behavior of I1â€˜In-DTPA-folate in animals that received
a â€œchaseâ€•dose of folic acid (intravenously) 3 hr after radio
tracer injection, where tumor uptake of â€˜â€˜â€˜Inis only slightly
reduced from 3. 1 Â±0.6 to 2.4% Â±0.9%ID/g, suggesting that
tumor-localized â€˜â€˜â€˜Intracer had largely been internalized by the
tumor cells. Control experiments demonstrated that, as ex
pected, unconjugated â€˜â€˜â€˜In-DTPAhas no tumor affinity (Table
1 and Figs. 2 and 3). The@@ â€˜In-citrate synthetic precursor does
itself show tumor affinity (presumably mediated via â€˜@ â€˜In
transfemn) but provides much poorer tumor-to-background
tissue contrast (Table 1 and Figs. 2 and 3).

To better characterize the ability of â€˜â€˜â€˜In-DTPA-folate to
target tumor folate receptors, the indicator-dilution method was
used to demonstrate that tumor uptake of radiotracer behaves as
expected for a receptor-mediated process. The â€˜@ â€˜In-DTPA

FIGURE4. Bargraphillustratingthattu
mor uptake of@@ 1ln-DTPA-folateis com
petitivelyblocked by coinjectionof free
folic acid. Data shown is from athymic
mice beating folate-receptor-positiveKB
ceiltumors.Eachcolumnrepresents data
fromone animal.Allanimalswere killed4
hr followingintravenousadministrationof
the radiotracer.Forallanimals,the dose
of DTPA-folateconjugate was 44 nmoV
kg.
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1 111n %ID/g4 hr after intravenousadministrationBCDEA

1111n-DTPA-folate1111n-DTPA-folate1111n-DTPA-folate1 111n-DTPA-folate1

11ln-DTPA-folate + folic acid+ folic acid+ folic acid+ folicacidFolic

acid dose (j@moVkg) 0 Â±0 0.305 Â±0.0243.29 Â±0.2832.2 Â±1.6321 Â±47DTPA-folate
dose (nmoVkg) 46.9 Â±3.7 41.2 Â±3.344.4 Â±3.843.4 Â±2.243.5 Â±6.4Animal

mass (g) 27.2 Â±1.7 27.6 Â±4.629.1 Â±2.329.9 Â±1.428.9 Â±2.1Tumor
mass (g) 0.38 Â±0.19 0.60 Â±0.210.55 Â±0.140.69 Â±0.060.57 Â±0.22Blood

0.062 Â±0.009 0.025 Â±0.0030.021 Â±0.0020.40 Â±0.291 .05 Â±0.26Heart
1.4 Â±0.2 0.069 Â±0.0090.033 Â±0.0160.18 Â±0.120.44 Â±0.12Lungs

0.94 Â±0.17 0.077 Â±0.0180.057 Â±0.0160.38 Â±0220.89 Â±0.24Uver
1.82 Â±0.26 0.16 Â±0.020.14 Â±0.080.49 Â±0.210.80 Â±0.21Spleen
0.28 Â±0.06 0.060 Â±0.0090.058 Â±0.0340.25 Â±0.110.52 Â±0.12Kidney
82.1 Â±8.5 15.5 Â±0.82.6 Â±0.243.5 Â±14.1102.0 Â±4.7Intestines

and contents 0.98 Â±0.20 0.43 Â±0.060.54 Â±0.081 .7 Â±0.41 .4 Â±0.3Muscle
2.3 Â±0.3 0.15 Â±0.020.068 Â±0.0350.29 Â±0.120.94 Â±0.07Testes

1.49 Â±0.38 0.25 Â±0.030.072 Â±0.0150.21 Â±0.080.35 Â±0.09Tumor
6.93 Â±1.66 5.16 Â±0.281 .74 Â±0.230.77 Â±0.341 .08 Â±0.22Tumor@to@bIood*
114 Â±32 210 Â±3282 Â±152.4 Â±0.91 .0 Â±0.1Tumor-to-liver'

3.9 Â±1.3 32.9 Â±4.315.1 Â±6.11.58 Â±0.151.37 Â±0.15Tumor@to@kidney*
0.085 Â±0.021 0.33 Â±0.030.68 Â±0.130.01 7 Â±0.0030.01 1 Â±0.003Tumor@to@muscle*

3.1 Â±0.7 35.7 Â±4.930.8 Â±16.42.68 Â±0.751.14 Â±0.16â€˜Tumor-to-background

tissue ratios based on corresponding %lD/gdata-
Values shown represent the mean Â± s.d. of data from four animals.

TABLE 2
Biodistnbution of Indium-i i i -Diethylenetriamine Pentaacetic Acid (DTPA)-Folate in Athymic Mice with Folate-Receptor-Positive KB Cell

Tumors: Dose Escalation Study

Renal folate receptors appear to be blocked at lower folate
doses than those required to saturate radiotracer uptake by
tumor cells, presumably because the receptors of the proximal
tubule are exposed to a higher fraction of the injected dose as
material clears into the urine. Thus, optimal tumor-to-kidney
contrast occurred at the intermediate dosage of competing folic
acid (3.2 @tmol/kg), where â€˜â€˜â€˜In-DTPA-folate provided tumor
uptake of 1.7% Â±0.2%ID/g and tumor-to-blood, tumor-to
liver, tumor-to-muscle and tumor-to-kidney ratios of 82 Â±15,
15 Â±6, 31 Â±16 and 0.68 Â±0.13, respectively (Table 2).

Somewhat elevated@ IIIn uptake was observed in heart, lungs,
liver, spleen, muscle and testes, when â€˜â€˜â€˜In-DTPA-folate was
administered at the highest effective specific activity (Table 2,
Group A). This may be due to radiotracer binding to folate
receptors associated with these normal tissues, because they
exhibited a 5- to 20-fold decrease in â€˜â€˜â€˜Inuptake when the

FIGURE 5. Autoradiograph of kidney
from mouse recelvingâ€”200@tCiof
1111n-DTPA-folate.This 1-piTt-thick
plasticsectioncontainsa portionofa
proximalconvolutedtubule(P)and a
distal convoluted tubule (D).The all
var grains (arrow) were lOcalizedex
clusivelyto the proximalconvoluted
tubule.Bar = 10 @tm.

radiotracer was coinjected with folic acid at a dose of 0.31
@mol/kg (Group B). The slight rise in normal tissue uptake of

â€1̃â€˜In at the highest folic acid doses (Groups D and E) is

probably an artifact of the radiotracer's dramatically altered
renal handling and excretion kinetics in those animals.

To better define the time course of â€˜â€˜â€˜In-DTPA-folate local
ization in folate-receptor-positive KB cell tumors, as well as to
provide data for estimation of the radiation absorbed dose that
could be expected from use of@@@ In-DTPA-folate to image
folate receptors in humans, a third animal study focused on
determination of how â€˜â€˜â€˜In-DTPA-folate biodistribution varied
as a function oftime (Table 3). For this pharmacokinetic study,
the â€˜â€˜â€˜In-DTPA-folate (35 nmol DTPA-folate/kg) was coad
ministered with folic acid at a dose (0.36 @mol/kg)that was
previously shown to provide reasonable tumor-to-background
contrast (Table 2).

The tumor uptake of â€˜â€˜â€˜In(expressed as a %ID/g) was found
to increase from 1 to 30 mm after@@@ In-DTPA-folate injection
but then essentially remained stable from 30 mm to 24 hr
postinjection. Specifically, the tumor uptakes of â€˜â€˜â€˜In-DTPAat
1 mm, 5 mm, 30 mm, I hr, 2 hr, 4 hr, 24 hr and 48 hr
postinjection were: 3.9 Â±2.0, 3.9 Â±0.8, 6.3 Â±1.7, 5.8 Â±1.3,
6.9 Â± 0.9, 7.3 Â± 1.8, 5.8 Â± 1.9 and 3.9% Â± 0.5%ID/g,
respectively (n = 4). As in the previous biodistribution studies,
a fraction of the radiotracer cleared from blood by the kidneys
was not efficiently excreted into the urine, again apparently due
to radiotracer binding to folate receptors of the proximal tubule.
However, renal radioactivity at the observed levels (Table 3)
may not be prohibitive for human studies. No tissues other than
tumor and kidney showed appreciable concentration ofthe â€˜â€˜â€˜In
radiolabel after intravenous administration of â€˜â€˜â€˜In-DTPA
folate. The uptake and retention ofâ€•â€˜In-DTPA-folate by tumor
and kidney, as well as the lack of appreciable radiotracer
concentration in other body tissues, are also qualitatively
apparent in whole-body gamma images obtained at 5 and 24 hr
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1111n%lD/g after intravenousadministration1

mm 5 mm 30 mm 1 hr 2 hr 4 hr24 hr48hrDose

folioacid 167 Â±26 176 Â±19 172 Â±18 189 Â±20 164 Â±25 152 Â±21173 Â±20175 Â±13dihydrate*
(,@g/1@@g)Dose

DTPA-folate 29.7 Â±4.5 31.3 Â±3.3 30.4 Â±3.1 33.6 Â±3.5 29.2 Â±4.5 26.9 Â±3.730.7 Â±3.631.1 Â±2.3(JLg/kg)Animal

mass (@) 26.16 Â±3.28 25.44 Â±2.11 25.21 Â±1.85 24.66 Â±2.98 26.87 Â±3.05 26.23 Â±1.4624.75 Â±1.9724.73 Â±1.22Tumormass(g)
0.19Â±0.13 0.29Â±0.10 0.13Â±0.04 0.23Â±0.05 0.25Â±0.090.25Â±0.240.27Â±0.07029Â±0.27Blood
12.7 Â±0.7 6.3 Â±0.7 0.56 Â±0.18 0.094 Â±0.028 0.031 Â±0.006 0.024 Â±0.0060.015 Â±0.0040.0068 Â±0.0018Heart
4.2 Â±0.2 2.2 Â±0.2 0.25 Â±0.07 0.068 Â±0.012 0.044 Â±0.012 0.051 Â±0.0130.037 Â±0.0030.036 Â±0.009Lungs
8.8 Â±1.3 4.4 Â±0.5 0.70 Â±0.09 0.19 Â±0.05 0.077 Â±0.047 0.069 Â±0.0080.041 Â±0.0030.032 Â±0.002Uver
3.3 Â±0.2 1.9 Â±0.3 0.53 Â±0.07 0.31 Â±0.04 0.45 Â±0.52 0.12 Â±0.050.077 Â±0.0030.068 Â±0.020Spleen
2.9 Â±0.4 1.5 Â±0.3 0.19 Â±0.04 0.060 Â±0.010 0.054 Â±0.007 0.046 Â±0.0040.042 Â±0.0040.041 Â±0.021Kidney

(1) 39.7 Â±9.6 17.9 Â±4.4 9.4 Â±0.5 7.6 Â±1.4 9.6 Â±1.9 10.3 Â±0.77.8 Â±1.16.1 Â±0.9Adrenal
(1) 4.3 Â±1.0 1.7 Â±0.4 0.53 Â±0.25 0.32 Â±0.12 0.25 Â±0.18 0.47 Â±0.110.23 Â±0.140.17 Â±0.05Stomach

2.3 Â±0.9 1.14 Â±0.29 0.30 Â±0.06 0.084 Â±0.035 0.040 Â±0.021 0.052 Â±0.0230.053 Â±0.0200.035 Â±0.015Intestines
2.9 Â±0.4 1.6 Â±0.3 0.42 Â±0.06 0.35 Â±0.04 0.50 Â±0.31 0.42 Â±0.100.16 Â±0.050.063 Â±0.011Pancreas
2.1 Â±0.1 128 Â±0.21 0.22 Â±0.05 0.069 Â±0.016 0.058 Â±0.016 0.054 Â±0.0180.046 Â±0.0080.041 Â±0.009Ovary(1)
2.1 Â±0.5 2.16Â±0.89 0.48Â±0.15 0.16Â±0.03 0.18Â±0.060.22Â±0.070.12Â±00.680.16Â±0.02Uterus
6.0 Â±2.9 4.6 Â±0.95 0.57 Â±0.14 0.16 Â±0.03 0.14 Â±0.04 0.15 Â±0.030.14 Â±0.0720.14 Â±0.08Red

muscle 1.7 Â±0.2 1.3 Â±0.3 0.16 Â±0.03 0.089 Â±0.094 0.039 Â±0.017 0.028 Â±0.0050.0095 Â±0.00200.021 Â±0.010White
muscle 2.1 Â±0.3 22 Â±0.5 0.32 Â±0.07 0.078 Â±0.023 0.059 Â±0.013 0.064 Â±0.0210.039 Â±0.0060.051 Â±0.012Skin

3.9 Â±0.7 4.7 Â±0.6 0.77 Â±0.32 024 Â±0.07 0.18 Â±0.05 020 Â±0.060.14 Â±0.010.12 Â±0.02Bone
(femur) 2.3 Â±0.4 â€” â€” 0.063 Â±0.014 â€” â€”0.054 Â±0.0210.037 Â±0.015Bone
(tibia) 2.1 Â±0.3 â€” â€” 0.071 Â±0.034 â€” â€”0.051 Â±0.0070.038 Â±0.006Brain

0.4 Â±0.1 022 Â±0.02 0.06 Â±0.01 0.040 Â±0.004 0.051 Â±0.004 0.047 Â±0.0070.035 Â±0.0050.032 Â±0.010Bladder
and 72 Â±3.6 22.8 Â±12.7 2.17 Â±0.80 0.69 Â±0.18 9.3 Â±17.8 0.26 Â±0.120.32 Â±0.080.15 Â±0.02contentsTumor

3.9 Â±2.0 3.9 Â±0.8 6.34 Â±1.74 5.82 Â±1.32 6.87 Â±0.93 7.25 Â±1.825.79 Â±1.903.87 Â±0.53Tumor@to@bloodt
0.31 Â±0.15 0.63 Â±0.15 12.1 Â±4.6 69.8 Â±39.7 227 Â±64 301 Â±65384 Â±48604 Â±183Tumor@to@livert
1.19 Â±0.56 2.15 Â±0.55 12.0 Â±3.2 19.7 Â±7.3 29.5 Â±18.9 69 Â±3775 Â±2362.4 Â±23.6Tumor@to@kidneyt
0.10 Â±0.06 0.23 Â±0.07 0.67 Â±0.16 0.79 Â±0.29 0.74 Â±0.20 0.71 Â±0.200.75 Â±0250.65 Â±0.15Tumor@to@muscIet

2.4 Â±1.3 3.13 Â±0.96 38.8 Â±8.5 118 Â±67 197 Â±67 269 Â±90646 Â±324247 Â±194*Formuis

weightof folicacid dihydrate= 477 Da;molecularweightof DTPA-folicacid conjugate = 859Da.@Tumor-to-background
ratios based on corresponding%ID/data.Values

shown represent the mean Â±s.d. of data fromfouranimals.

TABLE 3
Biodistribution of Indium-i i i-DTPA-Folate in Athymic Mice with Folate Receptor-Positive KB Cell Tumors

following administration â€˜â€˜â€˜In-DTPA-folate to a mouse with
folate-receptor-positive tumor (Fig. 6).

DISCUSSION
The â€˜â€˜â€˜In-DTPA-folate radiopharmaceutical targets a cell

membrane folate receptor or FBP that is known to be overex
pressed by several tumor cell types (e.g., ovarian, cervical,
breast, colorectal, renal and nasopharyngeal tumors), while
being highly restricted in normal tissues (1â€”10,26â€”31). A few
normal tissues, such as the choroid plexus, placenta and

FiGURE6. Whole-bodygammaimages
(dorsalview)obtainedat 5 hr(A)and 24 hr
(B) following intravenous administration
of 1111n-DTPA-folateto a mouse withsub
cutaneousfolate-receptor-positiveKBcell
tumor in the nght shoulder.Onlythe kid
nays (lower pair of hot spots) and tumor
(upper hot spot) exhibit significant accu
mulation of radiotracer.

proximal tubules of the kidney, do express low concentrations
of the folate receptor, with very low levels also found in lung
and thyroid (4,5,9,26). Folate-binding protein is so dramatically
overexpressed in many tumors that this receptor has been
exploited in vitro as a marker to localize and visualize tumor
cells (3). Many tumor-specific monoclonal antibodies with
previously unidentified antigen targets have been recently
shown to simply recognize FBP (2,3,5,6,26â€”30). The ability of
I 1â€˜In-DTPA-folate to target the folate receptor in vitro has been

described using cultured human tumor cells (15).
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Two folate receptor isoforms are known, FR-alpha and
FR-beta (9). These differ in their tissue distribution, stereospec
ificity and relative affinity for folates (9). The tumor-associated
folate receptor of ovarian carcinoma and KB cells is the
FR-alpha isoform (9,31 ), which has the higher folate binding
affinity, whereas the FR-beta isoform is more common in
normal tissues (9).

This study demonstrates in an athymic mouse model that
â€˜I â€˜In-DTPA-folate is able to selectively target folate receptor

positive tumors, providing significant tumor uptake and reten
tion of the radiolabel. Involvement of the folate receptor in
mediating tumor accumulation of â€˜@ â€˜In-DTPA-folate is con
firmed by the competitive blocking observed when radiotracer
was coadministered with varying amounts of folic acid (Fig. 4
and Table 2). The â€˜â€˜â€˜In-DTPA-folate radiopharmaceutical was
found to provide excellent tumor-to-nontarget tissue contrast
for all tissues except the kidney (Fig. 6 and Tables 2 and 3),
where folate receptors of the proximal tubules afford tracer
uptake and retention that equals or exceeds that observed in the
folate-receptor-positive tumors. Because it is not known how
renal folate receptor concentrations vary between species, it
remains unclear whether renal uptake ofâ€•â€˜In-DTPA-folate will
be a prohibitive problem in humans.

An area where such a folate-receptor-targeted imaging agent
could have clinical impact is in the diagnosis and management
of patients with ovarian cancer. The folate receptor appears to
be overexpressed by >90% of both ovarian and endometrial
carcinomas (6,31 ), making these tumors excellent candidates
for imaging with a folate-receptor-targeted radiopharmaceutical
such as â€˜â€˜â€˜In-DTPA-folate. In addition, ovarian cancer is a
disease in which noninvasive tumor detection with high sensi
tivity and specificity might improve the quality of patient care,
due to:

1. The high probability of Stage III or IV disease with distant
metastasis at the time of presentation;

2. The importance of cytoreductive surgery in patient man
agement; and

3. The limited ability of alternative imaging modalities
(MRI, CT and ultrasound) to rule out disease recurrence
(32).

In the case of@ â€˜â€˜In-DTPA-folate,it remains necessary to define
how well radiopharmaceutical performance in humans can be
predicted by the tumor mouse data.

CONCLUSION
The available animal results demonstrate the feasibility of

targeting folate receptors with â€˜â€˜â€˜In-DTPA-folate in vivo. The
I I IIn-DTPA-folate radiopharmaceutical is rapidly cleared from

the blood after intravenous administration and is excreted
primarily in the urine. In athymic mice bearing folate receptor
positive KB cell tumors, tumor and the kidneys are the only
tissues that selectively concentrate and retain the receptor
targeted@@ â€˜Inradiolabel. The receptor-based tumor targeting
observed with â€˜â€˜â€˜In-DTPA-folate suggests that this radiophar
maceutical may be useful in humans for noninvasive imaging of
folate receptor-positive tumors.
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