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The folate receptor is a proven target for folate-based diagnosis
and treatment of cancer. Several folic acid conjugates have
been developed as radiopharmaceuticals, but a suitable 18F-
labeled folic acid derivative for routine clinical use is still lacking.
The purpose of this study was to investigate the potential of
2'-18F-fluorofolic acid as a PET agent for folate receptor—pos-
itive tumors. Methods: The binding affinity of the cold reference
compound 2’-fluorofolic acid was determined by in vitro dis-
placement assays using human folate receptor-positive KB
cells and 3H-folic acid. '8F labeling of 2'-fluorofolic acid was
accomplished via a direct nucleophilic aromatic substitution of
N2-(N,N-dimethylamino-methylene)-2'-nitrofolic acid di-tert-
butylester followed by acidic cleavage of the amino and carbox-
ylic protecting groups. The new radiofolate was evaluated in
nude mice bearing KB tumor xenografts under control and
blocking conditions. Animals were either scanned from 75 to
105 min after injection of the radiotracer or sacrificed 75 min
after injection for ex vivo biodistribution studies. Results:
2’'-fluorofolic acid showed a high binding affinity (inhibition con-
stant, 1.8 = 0.1 nM) for the folate receptor. Direct aromatic '8F
labeling of 2'-fluorofolic acid was achieved within 80 min via a
convenient 2-step procedure in satisfactory radiochemical
yields. The new radiotracer exhibited excellent pharmacoki-
netics with fast renal clearance and only moderate hepatobiliary
elimination. Uptake of 2'-'8F-fluorofolic acid in folate receptor—
positive KB tumors was high and specific, allowing a clear-
cut visualization by PET. Conclusion: 2'-'8F-fluorofolic acid,
obtained via an integrated approach, is a promising PET agent
for folate receptor-positive tumors and outperforms previously
reported '8F-labeled folates.
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Folic acid, vitamin By, is required in eukaryotic cells in
its reduced forms as a cofactor for de novo DNA synthesis
in which they act as a 1-carbon source (/). In general, cells
use 3 different mechanisms for folate uptake. Under phys-
iologic conditions, healthy cells transport folates mainly via
membrane-spanning proteins, the reduced folate carrier and
the proton-coupled folate transporter, directly into the cy-
tosol. The proton-coupled folate transporter is highly ex-
pressed in the duodenum and jejunum, where it transports
folates preferentially at low pH values (2). The reduced
folate carrier displays only a low, micromolar affinity for
the oxidized forms of folic acid, whereas the reduced forms
of folic acid have a high affinity for the reduced folate carrier
(3). In pathophysiologic situations, highly proliferating cells
such as cancer cells additionally express a 38-kDa glycopro-
tein receptor, the folate receptor, which internalizes folic acid
by endocytosis. The folate receptor exhibits high affinity
(dissociation constant [K4], ~1 nM) for folic acid in its
oxidized form and lower affinity for reduced folates (3,4).
The membrane-anchored folate receptor isoform o of this
receptor (a-folate receptor) is associated with various epi-
thelial malignancies such as ovarian and endometrial carci-
nomas, breast cancer, and lung cancer and can reach
immensely elevated expression levels, whereas its physio-
logic expression in healthy tissues is highly restricted to only
the choroid plexus, lungs, kidneys, and placenta (4-6).

Over the past 2 decades, the utility of folic acid for
targeting the a-folate receptor on epithelial cancer cells has
been demonstrated using folate-conjugated chemotherapeu-
tics and imaging agents (7-9). Several folate-conjugated
radiopharmaceuticals have been synthesized and evaluated
successfully using imaging modalities such as SPECT and
PET (9). All these folate radiopharmaceuticals have been
labeled via conjugation to folic acid, and most of them are
metal complexes of radionuclides such as *°™Tc¢ (10-12),
n (13), and 6%/67/08Ga (14,15).

In general, folate-based radiopharmaceuticals show a high
radiotracer accumulation in the kidneys due to a physiologic
folate receptor expression in proximal tubule cells (/6).
Recently, Miiller et al. reported a favorable effect of the
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antifolate pemetrexed on kidney and tumor uptake (17,18);
thus, the high radioactivity accumulation and the potential
risk of damage to the kidneys may no longer be an issue.

The first '8F-labeled folate derivative, o/y-'8F-4-fluoro-
benzylamine (FBA) folate (Supplemental Fig. 1) (supple-
mental materials are available online only at http://jnm.
snmjournals.org), was developed by our group and synthe-
sized via a non-a/y-regioselective conjugation of 4-18F-
fluorobenzylamine to folic acid (/9). However, the multistep
radiosynthesis and the accompanying low radiochemical
yield limited the potential for routine use. More recently,
we reported another '8F-labeled folate conjugate designated
8F_click folate (Supplemental Fig. 1) (20). An efficient
2-step procedure provided the '8F-click folate in high radio-
chemical yields of 25%-35% in less than 90 min. Although
I8F_click folate showed good tumor uptake and high specif-
icity for folate receptor, it was accompanied by a strong
hepatobiliary excretion that resulted in high abdominal
background radioactivity.

So far, all 18F-labeled folic acid derivatives described have
been prepared via a conjugate approach by coupling pros-
thetic groups to the carboxylate functionality in the glutamate
moiety of folic acid. Our aim was to adapt a direct '8F-label-
ing strategy (integrated approach) whereby the newly devel-
oped '8F-labeled derivative would closely resemble folic
acid and lack a prosthetic group. An option was the direct
introduction of the !8F label at the 2'-position of the
4-amino-benzoyl moiety in folic acid. Here, we describe the
radiosynthesis and the preclinical evaluation of 2’-'8F-fluoro-
folic acid (Supplemental Fig. 1) as a high-affinity and specific
PET ligand for imaging folate receptor—positive tumors. Addi-
tionally, we report the effect of the antifolate pemetrexed on
kidney and tumor uptake of 2’-'38F-fluorofolic acid.

MATERIALS AND METHODS

Reagents and solvents were purchased from Sigma-Aldrich
Chemie GmbH or VWR International AG. All chemicals were
used as supplied unlike stated otherwise. The precursor, N>-(N,N-
dimethylaminomethylene)-2'-nitrofolic acid di-tert-butylester (Fig. 1),
and the reference compound, 2'-fluorofolic acid (217), were gen-
erously provided by Merck & Cie. 3H-folic acid was purchased
from Moravek Biochemicals Inc. Human KB cells were obtained
from DSMZ.

Analytic radio—high-performance liquid chromatography
(HPLC) was performed on an Agilent 1100 series HPLC system

equipped with a GabiStar (Raytest) radiodetector using an RP-18
column, Gemini 5-wm C18 (Phenomenex), 250 x 4.6 mm, with a
solvent system and gradient as follows: Eluent A was an aqueous
0.05 M NaH,PO, solution that was adjusted to pH 7.0 by the addi-
tion of 1 M sodium hydroxide solution, and eluent B was methanol.
The gradient was from 85% eluent A to 5% eluent A at 0—12 min,
5% eluent A at 12—-15 min, and from 5% eluent A to 85% eluent A
at 15-24 min. Specific radioactivity was determined from a cali-
bration curve obtained from different concentrations of the cold
reference compound 2'-fluorofolic acid (Supplemental Fig. 2).

Semipreparative radio-HPLC was performed on an HPLC
system equipped with a Merck-Hitachi L-6200A intelligent pump,
a Knauer variable-wavelength ultraviolet detector and an Eberline
RM-14 radiodetector. 2'-'8F-fluorofolic acid was purified on a
reversed-phase column, Gemini 5-pm C18 (Phenomenex), 250 X
10 mm, using a gradient as follows: eluent A was an aqueous
0.05 M NaH,PO, solution that was adjusted to pH 7.0 by the
addition of 1 M sodium hydroxide solution, and eluent B was
methanol. The gradient was from 98% eluent A to 40% eluent A
at 0-30 min and from 40% eluent A to 10% eluent A at 30—40 min.

Radio—thin-layer chromatography (TLC) was performed on
silica-coated polyester sheets (Polygram SIL G/UV,s4; Macherey-
Nagel). A solution of triethylamine (1%) in methanol was used as
mobile phase. TLCs were analyzed on an Instant Imager system
(Canberra).

PET was performed with the 16-module variant of the quad-
HIDAC tomograph (Oxford Positron Systems). This small-animal
PET camera provides an ultrahigh resolution of less than 0.9 mm?
(22).

Production of No-Carrier-Added '8F-Fluoride

No-carrier-added '3F-fluoride was produced via the '30(p,n)'8F
nuclear reaction at a Cyclone 18/9 cyclotron (IBA). Isotopically
97% enriched '80-water was irradiated by an 18-MeV proton
beam using a 2.1-mL target. The target volume was transferred
to a hot cell using a helium stream. No-carrier-added '3F-fluoride
(~80-100 GBq) was trapped on an anion exchange cartridge
(Sep-Pak Light Accell Plus QMA; Waters AG), preconditioned
with 5 mL of aqueous 0.5 M potassium carbonate solution and
5 mL of water.

Synthesis of No-Carrier-Added 2'-18F-Fluorofolic acid

The no-carrier-added '8F-fluoride trapped on the anion
exchange cartridge was directly eluted into a 10-mL sealed reac-
tion vessel using a solution of potassium carbonate (1 mg) and
Kryptofix 2.2.2 (§ mg) in 1.5 mL of acetonitrile and water (4:1).
The solvents were removed at 85°C-90°C under a vacuum and a
stream of nitrogen. Subsequently, 0.8—1.0 mL of dry acetonitrile
was added 3 times and evaporated to dryness.
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FIGURE 1. Radiosynthesis of 2’-'8F-fluo-
rofolic acid (['8F]-FFA).
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To the dry !'8F-fluoride—cryptate complex the precursor, N>-(N,
N-dimethylaminomethylene)-2'-nitrofolic acid di-fert-butylester
(5.2 mg, 8 pmol), in 0.25 mL of dimethylformamide was added.
The mixture was heated to 140°C—145°C for 20 min. After 5 min
of cooling and the addition of 8 mL of water, the mixture was
passed though a reversed-phase cartridge (Sep-Pak C18 Plus;
Waters AG). The cartridge was washed 3 times with 10 mL of
water and dried for 2 min using a stream of nitrogen. The '8F-
labeled protected intermediate, N?-(N,N-dimethylaminomethy-
lene)-2'-18F-fluorofolic acid di-tert-butylester, was eluted with
2.5 mL of acetonitrile into another 10-mL sealed reaction vessel.
The volume of acetonitrile was concentrated to 0.3 mL under
reduced pressure and a nitrogen stream at 80°C-90°C.

For hydrolysis, 0.5 mL of 4 M hydrogen chloride solution was
added and the mixture was heated to 60°C for 12 min. After cooling,
the mixture was neutralized with 0.5 mL of 4 M sodium hydroxide
solution. Half a milliliter of 0.15 M phosphate buffer solution was
added, and the mixture was filled with HPLC eluent A to a total
volume of 5 mL and was injected into the semipreparative radio-
HPLC column. The product fraction was collected, and the mobile
phase was evaporated under reduced pressure and a stream of nitro-
gen at 80°C-90°C. For formulation, water and 0.15 M phosphate
buffer solution were added to the dry product and the mixture was
passed through a sterile filter into a sterile, pyrogen-free vial.

In Vitro Binding Affinity Assays

Binding affinity assays were performed with KB cells derived
from human nasopharyngeal epidermal carcinoma known to
overexpress the folate receptor (4). The cells were cultured as
monolayers in 75-cm? flasks at 37°C in a humidified atmosphere
with 5% CO,. The cells were kept under folate-starved conditions
in a special folate-deficient RPMI 1640 medium (FFRPMI 1640;
Cell Culture Technologies) supplemented with heat-inactivated
fetal calf serum (10%), L-glutamine, penicillin (100 [U/mL), and
streptomycin (100 pg/mL). The fetal calf serum was the only
source of folate in the medium to provide a final folate concen-
tration of about 3 pM, which is at the low end of the physiologic
serum concentration in humans (23).

Binding assays were performed after a growing phase of 2-3 d
when a constant cell growth was reached. A cell suspension in
pure FFRPMI 1640 medium (no additives, ice-cold) was distrib-
uted to 1.5-mL vials (~7,000 cells and ~240 pL per vial). The
cells were incubated in triplicates with *H-folic acid (0.84 nM)
and increasing concentrations of the nonradioactive reference
compound 2'-fluorofolic acid (5.0 X 1077 to 5.0 x 107!2 M) at
2°C—4°C for 30 min. Nonspecific binding was determined in the
presence of native folic acid (1073 M). After incubation, the sus-
pension was centrifuged at 800g and 4°C for 10 min and the
supernatant was removed. By addition of 0.5 mL of 1 M NaOH,
the cell pellets were resuspended and lysed at the same time. The
lysed cells were stirred in a vortex mixer and transferred into
scintillation tubes containing 4 mL of scintillation cocktail
(Ultima Gold; Perkin Elmer). Radioactivity was measured using
a B-counter (LS6500; Beckman), and the inhibitory concentrations
of 50% were determined from displacement curves using Origin
8.0 software (OriginLab Corp.). Inhibition constants (K; values)
were calculated according to the Cheng—Prusoff equation (24)
using a K4 of *H-folic acid of 1 nM.

In Vivo Experiments
Animals. Animal studies complied with Swiss and local laws on
animal protection and husbandry. NMRI nude mice (Charles
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River) were kept under a folate-deficient rodent diet to reduce
their serum concentration of folate to a level comparable to human
serum levels (23). After an acclimatization period, the mice were
inoculated with 0.1 mL of a KB tumor cell suspension in phos-
phate-buffered saline (PBS) (5 x 10° cells/mL) into the right axilla
of each animal. After a 10- to 14-d growing period, the KB tumors
had reached a weight of 80-300 mg and the animals were used for
the experiments.

Ex Vivo Biodistribution Studies. 2'-'8F-fluorofolic acid (~1
MBq, ~42 pmol) in PBS was injected into each animal via a
lateral tail vein. In the blockade group (n = 4), each animal
received an excess of folic acid (200 pg in 100 pL of PBS) via
intravenous injection 10 min before the radiotracer. The control
group (n = 4) received an injection of PBS only. Animals were
sacrificed by decapitation 75 min after radiotracer injection.
Tumors, organs, and tissues were dissected, and the accumulated
radioactivity was measured in a y-counter (Wizard; PerkinElmer).
The incorporated radioactivity was expressed as percentage
injected dose (%ID) per gram of tissue.

Ex Vivo Metabolite Studies. 2'-'8F-fluorofolic acid (30-60
MBgq, 1.3-2.5 nmol) in PBS was injected into each animal (n =
4) via a lateral tail vein. Animals were sacrificed by decapitation
15 and 90 min after radiotracer injection. Blood and urine were
taken, and tumors were dissected. Whole blood was separated into
plasma and cells by centrifugation. Proteins in plasma and in urine
were denatured by the addition of methanol and separated by
centrifugation. The supernatants were analyzed by radio-HPLC
and radio-TLC. Tumor tissue was homogenized in a small volume
of PBS using a PT 1200 C Polytron (Kinematica AG) for about
1 min at speed 4. After centrifugation, the supernatant was sepa-
rated and proteins were denatured by the addition of methanol and
removed by centrifugation. The supernatant was analyzed by
radio-HPLC and radio-TLC.

Effect of Pemetrexed on Ex Vivo Biodistribution. 2'-'3F-fluoro-
folic acid (~1 MBq, ~42 pmol) in PBS was injected into each
animal via a lateral tail vein. In the antifolate group, each animal
(n = 3) received 400 pg of pemetrexed via intravenous injection
1 h before radiotracer administration. The control group (n = 3)
received an injection of only 2’-'8F-fluorofolic acid. At 75 min
after injection, the animals were sacrificed by decapitation.
Tumors, organs, and tissues were dissected, and the accumulated
radioactivity was measured in a Wizard y-counter and expressed
as %ID/g.

In Vivo PET. PET was performed with the 16-module variant of
the quad-HIDAC tomograph (22). The animals were injected with
5-8 MBq (210-336 pmol) of 2'-18F-fluorofolic acid via a lateral
tail vein. In the blockade group (n = 3), excess folic acid (200 g
in 100 pL of PBS) was injected intravenously 10 min before the
radiotracer, and the control group (n = 3) received the correspond-
ing volume of PBS only. The animals were anesthetized with
isoflurane (Abbott) in an air-oxygen mixture and scanned as
described previously (25). The PET scans were acquired from
75 to 105 min after injection for optimal tumor visualization.

RESULTS

Radiochemistry

2'-fluorofolic acid was labeled with '8F via a direct
nucleophilic aromatic substitution of the 2’-nitro group of
N?-(N,N-dimethylaminomethylene)-2'-nitrofolic acid di-
tert-butylester with '8F-KF-Kryptofix 2.2.2, followed by
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acidic cleavage of the amino and carboxylic protecting
groups (Fig. 1). The initial step involving the nucleophilic
aromatic '8F-fluorination was performed in dimethylforma-
mide at 140°C-145°C for 20 min to afford the protected
18F.labeled intermediate in a maximum decay-corrected
yield of 8%.

The second and final step involving the acidic hydrolysis
of the intermediate (4 M HCI at 60°C for 12 min) gave the
target compound in 50% maximal decay-corrected yield.
The product was purified by semipreparative radio-HPLC
and formulated in physiologic buffer solution. Maximal
overall decay-corrected yield was about 4%. Quality con-
trol by analytic radio-HPLC showed that the radiochemical
purity was always greater than 95% and the specific activity
averaged 23.7 = 12.2 GBg/pmol. The total synthesis time
was 80 min, and the identity of 2'-!8F-fluorofolic acid was
confirmed by coinjection with the reference compound
2'-fluorofolic acid.

Relative Lipophilicity

For the assessment of the relative lipophilicity, the
retention factor (k' value) of 1 (Fig. 1) was determined on
a reversed-phase HPLC system. The same HPLC system
was already used in previous studies for the determination
of the relative lipophilicity of native folic acid (k" = 0.30),
a/y-FBA folate (both regioisomeres: k' = 0.67), and F-
click folate (k' = 2.28) (20). For 2'-fluorofolic acid, a k'
value of 0.53 was obtained. This value is the second low-
est after native folic acid and points to a relatively low
lipophilicity.

In Vitro Binding Affinity Assays

The mean inhibitory concentration of 50% obtained for 2'-
fluorofolic acid from 3 independent experiments was 3.4 =
0.3 nM (K; = 1.8 = 0.1 nM). In the same assay, folic acid
exhibited an inhibitory concentration of 50% of 1.1 = 0.4 nM
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FIGURE 2. Displacement curves of folic acid and 2'-fluorofolic
acid using human KB cells (mean = SD of percentage specific
binding). 3H-folic acid (0.84 nM) was used as radioligand, and non-
specific binding was determined with excess folic acid (1073 M).

Ky = 0.6 = 0.2 nM) (20). The displacement curves of
2" -fluorofolic acid and folic acid are depicted in Figure 2.

Ex Vivo Biodistribution Studies

Nude mice bearing KB tumor xenografts on their right
shoulder were injected with 2’-'8F-fluorofolic acid and sac-
rificed 75 min after injection. In the control group, KB
tumor xenografts showed a radiotracer uptake of 9.37 =
1.76 %ID/g, which was reduced to 1.20 = 0.65 %ID/g
(87% specificity) under blockade conditions (Table 1). Spe-
cific accumulation of the radiotracer was also found in the
kidneys. In control animals, radioactivity accumulation in
the kidney was 46.06 = 13.39 %ID/g. This value was
clearly reduced to 8.68 = 11.44 %ID/g in the blockade
group. The highest absolute radioactivity concentrations

TABLE 1
Ex Vivo Biodistribution Studies in Nude Mice Bearing KB Tumor Xenografts

Blockade group (n = 4)

Ratio of control to blockade

Organ or tissue Control group (n = 4)
Lung 1.32 = 0.20
Liver 7.79 £1.23
Kidney 46.06 + 13.39
Brain 0.50 + 0.12
Heart 1.32 = 0.20
Spleen 1.60 = 0.46
Stomach 1.73 = 0.22
Intestine 2.80 = 0.76
Bone 1.59 + 0.11
Blood 0.40 + 0.08
Urine 50.29 *+ 29.10
Feces 5.82 = 3.01
Gallbladder 17.69 = 10.35
KB tumor 9.37 = 1.76

0.66 = 0.63 2.00 = 2.21
5.87 £ 2.23 1.33 = 0.71
8.68 = 11.44 5.31 = 8.54
0.05 = 0.03 10.00 = 8.40
0.32 £ 0.27 4.13 = 4.11
0.40 = 0.28 4.00 = 3.95
0.45 = 0.39 3.84 = 3.82
2.23 = 0.88 1.26 = 0.84
0.97 £ 0.43 1.64 £ 0.84
0.166 = 0.63 0.61 = 0.70
169.64 £ 111.71 0.30 = 0.37
7.08 £ 2.04 0.82 = 0.66
24.66 = 11.73 0.72 = 0.76
1.20 = 0.65 7.81 £ 5.70

In blockade group, each animal received 200 p.g of folic acid 10 min before radiotracer injection. All animals were sacrificed 75 min after

injection, and data are expressed as %ID/g.
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were found in the kidneys and urine. Radioactivity uptake
in the bile and intestine/feces was relatively low, suggest-
ing that renal elimination is the predominant excretion
pathway. Moreover, a remarkable blocking effect was also
found in the brain, heart, and spleen.

Ex Vivo Metabolite Studies

Nude mice bearing KB tumor xenografts on their right
shoulder were injected with 2'-'8F-fluorofolic acid and sacri-
ficed at 15 and 90 min after injection. Plasma, urine, and
tumor tissue were analyzed for radiometabolites using radio-
HPLC and radio-TLC. A set of typical HPLC chromatograms
are depicted in Supplemental Figure 3. Unaltered parent com-
pound, 2'-'8F-fluorofolic acid, and 1 major radiometabolite
with increased hydrophilicity were found in all samples (Table
2). The analysis indicated that less than 20% of the radio-
activity in urine at 15 and 90 min after injection was parent
compound. Plasma samples at both time points showed that
60%—70% of the radioactivity derived from a radiometabolite
that was more hydrophilic than the parent compound. In
tumor tissue extracts, 34% and 18% of the radioactivity was
associated with the parent compound at 15 and 90 min after
injection, respectively. The extraction method used was suit-
able because radioactivity recovery was efficient.

Effect of Pemetrexed on Ex Vivo Biodistribution

Antifolate injection 1 h before radiotracer injection had
only a marginal effect on KB tumor uptake. Radioactivity
in the tumor decreased only slightly, from 11.50 = 0.28
%ID/g to 8.65 = 3.05 %ID/g (Table 3), whereas the unfa-
vorably high kidney uptake was reduced by 61%, that is,
from 35.73 = 0.25 %ID/g to 14.05 = 1.02 %ID/g. Radio-
activity uptake in the liver and feces was also remarkably
reduced, by 57% and 50%, respectively, whereas gallblad-
der uptake remained almost unchanged after pemetrexed
preinjection.

In Vivo PET

PET studies performed on nude mice bearing KB tumor
xenografts showed high uptake of 2’-'8F-fluorofolic acid in
the a-folate receptor—positive tumors and folate receptor—

TABLE 2
Results of Radiometabolite Analysis Using 2'-'8F-Fluorofolic
Acid in Nude Mice Bearing KB Tumor Xenografts

Metabolite (%) (k' = Parent (%) (k' =

Sample 0.13; R; = 0.37) 1.06; R; = 0.74)
15 min
Urine 82.1 + 3.7 179 = 3.7
Plasma 66.6 + 4.3 33.4 + 43
Tumor 61.1 £ 5.7 33.8 £ 5.2
90 min
Urine 83.7 £ 6.3 12.8 = 9.6
Plasma 63.0 + 4.7 37.0 £ 47
Tumor 82.2 + 13.2 17.9 = 13.2

Animals were sacrificed 15 and 90 min after injection.
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TABLE 3
Ex Vivo Biodistribution Data of 2’-18F-Fluorofolic Acid at 75
Minutes After Injection in Nude Mice Bearing
KB Tumor Xenografts

Control group Antifolate group

Organ or tissue (n=23) (n=23)
Lung 0.55 + 0.07 0.39 = 0.09
Liver 8.64 = 1.21 3.63 + 0.52
Kidney 35.73 = 0.25 14.05 = 1.02
Brain 0.41 = 0.03 0.28 = 0.04
Heart 0.58 + 0.07 0.41 = 0.04
Spleen 1.57 £ 0.38 0.98 + 0.08
Intestines 4.36 = 1.52 3.31 £ 3.14
Bone 1.52 + 0.15 0.94 + 0.13
Blood 0.36 = 0.06 0.20 = 0.04
Urine 258.99 *+ 78.45 111.39 + 37.78
Feces 28.58 + 36.99 14.28 = 11.12
Gallbladder 72.11 = 16.98 69.85 + 22.40
KB tumor 11.50 = 0.28 8.65 + 3.05

In antifolate group, each animal received 400 p.g of pemetrexed
1 h before radiotracer. Data are expressed as %ID/g.

positive kidneys. The KB tumors and the kidneys were
clearly visualized under control conditions, whereas uptake
of 2'-18F-fluorofolic acid in both folate receptor-expressing
tissues was inhibited under blockade conditions (Fig. 3). In
line with the ex vivo biodistribution data, maximum-inten-
sity projections of the PET data confirmed the favorable
elimination pattern showing highest radioactivity concen-
trations in the urinary bladder, gallbladder, and intestines,
whereas liver uptake was only moderate.

FIGURE 3. Maximum-intensity projection of PET data generated
by injecting KB tumor-bearing mice (left: control; right: blockade)
with 2’-18F-fluorofolic acid. Scan time: 75-105 min after injection.
Arrows indicate KB tumors (bold arrows) and kidneys (dotted
arrows).
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The excellent resolution of the dedicated small-animal
PET system allowed visualization of a heterogeneous radio-
activity distribution within the KB tumor xenografts (Fig. 4).

DISCUSSION

In the present study, we sought to apply an integrated
approach whereby the bioisosteric replacement of hydrogen
by a fluorine atom appeared attractive. Except for the high
electronegativity, fluorine has a relatively small steric
footprint that induces minimal steric perturbations. Thus,
in contrast to previously developed folic acid conjugates,
the novel candidate featured only minimal structural differ-
ences from folic acid.

Radiochemistry

Nucleophilic aromatic '8F labeling via the fluoro-for-
nitro exchange normally results in moderate to good radio-
chemical yields depending on the type of molecule (26).
The precursor N?-(N,N-dimethylaminomethylene)-2'-nitro-
folic acid di-tert-butylester used for the '3F labeling in this
study can be seen as a moderately activated aromatic sys-
tem for nucleophilic substitution. The amide functionality in
the ortho-position to the nitro leaving group acts as a mod-
erate activating group (o, (-CONHMe) = 0.36 (27)),
whereas the amine moiety in the meta-position is electron-
donating and increases the electron density (o,,, (-NHMe) =
—0.21 (27)). As a result, the modest activation enabled the
fluoro-for-nitro exchange but required harsh conditions of
high temperatures and prolonged reaction times, which in
turn led to an extensive decomposition of the folic acid back-
bone as proven by HPLC analysis. Nonetheless, under opti-
mized conditions of a 20-min reaction time at 140°C-145°C
in dimethylformamide, the !'8F-labeled protected inter-
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FIGURE 4. Representative series of horizontal PET images of con-
trol nude mouse bearing KB tumor xenograft. Images show head
and thorax region including KB tumor in right shoulder (arrows).

Animal was injected with 2'-'8F-fluorofolic acid and scanned 75—
105 min after injection.
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mediate was obtained in a maximum radiochemical yield
of 8%. Several examples of (nonactivated) complex mol-
ecules labeled via nucleophilic aromatic substitution have
been reported in radiochemical yields ranging from 1% to
5% (28,29). Considering the structural features and the
molecular size of folic acid, the initial labeling yield of
8% (decay-corrected) and the isolated overall yield of
approximately 4% (decay-corrected) reported in this study
are acceptable.

Cleavage of the protecting groups was accomplished
with 4 M HCI at 60°C in a reaction time of 12 min to afford
2'-18F-fluorofolic acid in 50% radiochemical yield. After
purification by reversed-phase HPLC, the final product was
formulated in physiologic phosphate buffer for biologic
applications. The specific activity of the radiotracer was
found to be 23.7 = 12.2 GBg/p.mol, and the radiochemical
purity was greater than 95%.

In Vitro and In Vivo Characterization

In vitro displacement experiments using KB tumor cells
and 3H-folic acid as radioligand revealed a K; value of 1.8
nM, the highest in vitro binding affinity obtained so far in our
group for fluorinated folates (/9,20). In vivo PET studies in
nude mice found highly specific uptake of 2’-'8F-fluorofolic
acid in the tumor as well as in the folate receptor—positive
kidneys as demonstrated by blockade experiments (Fig. 3).
The specificity of tracer uptake in the tumor and kidneys was
also confirmed by ex vivo tissue counting and amounted to
87% and 81%, respectively. The brain, heart, and spleen also
showed a notable blocking effect (Table 1). Besides the kid-
neys, a significant folate receptor expression has been
reported for these tissues in BALB/c mice (30).

In ex vivo metabolite studies, only 1 hydrophilic radio-
metabolite was observed besides the parent compound.
Interestingly, the ratio of 2’-'3F-fluorofolic acid and the
metabolite in the plasma and urine did not significantly
change between 15 and 90 min. In tumor tissue, the ratio
of 2'-18F-fluorofolic acid to its radiometabolite decreased
from 15 to 90 min because the percentage of radiometabo-
lite was increasing over time.

In previous studies, the preadministration of the anti-
folate pemetrexed in combination with conjugated radio-
folates labeled with metallic radionuclides (°°™Tc, !!l]n,
77Lu) reduced the kidney uptake by approximately 70%—
80% (17,18). In this study, we also investigated the effect of
preadministered pemetrexed for the first time in combina-
tion with an '8F-labeled folate-based radiotracer. Ex vivo
biodistribution data showed a clear reduction of kidney
uptake by 61%. In contrast to the kidneys, tumor uptake
of the radiotracer remained unaltered. Thus, the effect of
pemetrexed on the kidney in this study was less pronounced
but still remarkably high. Reduced radioactivity uptake in
other excretion organs such as liver and intestines/feces was
also observed in animals that received pemetrexed. Such a
reduction in radioactivity accumulation in nontarget organs
is highly desirable for PET.
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The high resolution of the quad-HIDAC PET system and
the excellent imaging characteristics of the new '8F-labeled
PET tracer allowed visualization of heterogeneous radio-
tracer uptake in KB tumor xenografts.

Compared with our previously published '8F-labeled folic
acid derivatives, 2’-'8F-fluorofolic acid provides superior
imaging characteristics and outperforms previously reported
18F_labeled folates (Supplemental Fig. 4). Whereas the abso-
lute tumor uptake and the degree of specificity are in a
similar range for all three '®F-labeled folates, the new !¥F-
labeled folate is characterized mainly by fast and efficient
renal elimination and moderate hepatobiliary excretion.

Low intestinal tracer accumulation is crucial for the
flawless detection of tumors and metastases near excretion
organs. A tumor-to-bile ratio of 0.56 for 2’-!3F-fluorofolic
acid as determined in the ex vivo tissue sampling highlights
the favorable elimination pattern of the new derivative,
compared with a/y-'8F-FBA folate (0.025) and '3F-click
folate (0.0045). This favorability is also clearly visible from
Supplemental Figure 4, where 2'-18F-fluorofolic acid shows
the best target-to-background contrast.

CONCLUSION

2'-18F_fluorofolic acid, a novel !8F-labeled folic acid
derivative created from an integrated !8F-labeling approach,
has been developed. The new radioligand exhibits high
affinity and specificity for the folate receptor and outper-
forms previously developed '8F-labeled radiofolates. To the
best of our knowledge, 2'-'8F-fluorofolic acid is so far the
most promising !8F-radioligand for imaging folate recep-
tor—positive tumors.
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