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Abstract: The cell membrane folate receptor is a potential molecular target for tumor-selective drug delivery.
To probe structural requirements for folate receptor targeting with low molecular weight radiometal chelates,
specifically the role of the amino acid fragment of folic acid (pteroylglutamic acid) in mediating targeting
selectivity, the amide-linked conjugate pteroyl-NHCH,CH,OCH,CH,OCH,CH,NH-DTPA was prepared by
a three-step procedure from pteroic acid, 2,2'-(ethylenedioxy)-bis(ethylamine), and t-Bu-protected DTPA.
This conjugate, 1-{2-[2-[(2-(biscarboxymethyl-amino)ethyl)-carboxymethyl-amino]ethyl]-carboxymethyl-
amino}-acetylamino-3,6-dioxa-8-pteroylamino-octane (1), was employed for synthesis of the corresponding
n(1Il) radiopharmaceutical. Following intravenous administration to athymic mice, the *In complex of 1
was found to selectively localize in folate receptor-positive human KB tumor xenografts and to afford
prolonged tumor retention of the 1!In radiolabel (5.4 & 0.8, 5.6 + 1.1, and 3.6 + 0.6% of the injected dose
per gram of tumor at 1, 4, and 24 h, respectively). The observed tumor localization was effectively blocked
by co-administration of folic acid with the '*In—1 complex, consistent with a folate receptor-mediated
targeting process. In control studies, tumor targeting with this pteroic acid conjugate appears as effective
as that seen using '*1In—DTPA—folate, a radiopharmaceutical that has progressed to clinical trials for
detection of folate receptor-expressing gynecological tumors.
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malignant cell$-3* The folate receptor binds, and allows

(20) Holm, J.; Hansen, S. |.; Hoier-Madsen, M.; Birn, H.; Helkjaer, PA€h.
Biochem. Biophys1999 366, 183—-191.
(21) Ross, J. F.; Chaudhuri, P. K.; Ratnam, G&ancer1994 73, 2432-2443.

(1) Elnakat, H.; Ratnam, MAdv. Drug Delivery Re.. 2004 56, 1067-1084.
(2) Sabharanjak, S.; Mayor, &dv. Drug Delivery Re.. 2004 56, 1099—
1109.

(3) Wang, S.; Lee, R. J.; Mathias, C. J.; Green, M. A.; Low, PBiSconjugate
Chem.1996 7, 56—62.

(4) Mathias, C. J.; Lee, R. J.; Wang, S.; Waters, D. J.; Low, P. S.; Green, M.

A. J. Nucl. Med.1996 37, 1003-1008.

(5) Mathias, C. J.; Wang, S.; Low, P. S.; Waters, D. J.; Green, MNécl.
Med. Biol 1999 26, 23—25.

(6) Wang, S.; Luo, J.; Lantrip, D. A.; Waters, D. J.; Mathias, C. J.; Green, M.
A.; Fuchs, P. L.; Low, P. SBioconjugate Cheml997, 8, 673-679.

(7) Mathias, C. J.; Wang, S.; Waters, D. J.; Turek, J. J.; Low, P. S.; Green, M.

A. J. Nucl. Med.1998 39, 1579-1585.
(8) Garin-Chesa, P.; Campbell, I.; Saigo, P. E., Jr.;
Rettig, W. J.Am. J. Pathol 1993 142 557-567.
(9) Stein, R.; Goldenberg, D. M.; Mattes, M.ldt. J. Cancerl991], 47, 163—
169

Lewis, J. L.; Old, L. J.;

(10) Li, P.Y.; Del Vecchio, S.; Fonti, R.; Carriero, M. V.; Potena, M. |.; Botti,
G.; Miotti, S.; Lastoria, S.; Menard, S.; Colnaghi, M. I.; Salvatore,M.
Nucl. Med 1996 37, 665-672.

(11) Buist, M. R.; Kenemans, P.; den Hollander, W.; Vermorken, J. B.; Molthoff,
C. J. M.; Burger, C. W.; Helmerhorst, T. J. M.; Baak, J. P. A,; Roos, J. C.
Cancer Res1993 53, 5413-5418.

(12) Toffoli, G.; Cernigoi, C.; Russo, A.; Gallo, A.; Bagnoli, M.; Boiocchi, M
Int. J. Cancer1997 74, 193-198.

(13) Williams, W. M.; Huang, K. CAm. J. Physiol1982 242, F484-F490.

(14) Selhub, J.; Franklin, W. Al. Biol. Chem.1984 259 6601-6606.

(15) Selhub, J.; Emmanouel, D.; Stavropoulos, T.; ArnoldAR. J. Physiol.
1987 252 F750-F756.

(16) Selhub, J.; Nakamura, S.; Carone, FAM. J. Physiol1987, 252 F757—
F760

a7) Kamén, B. A.; Caston, J. [J. Biol. Chem1975 250, 2203-2205.

10.1021/ja043006n CCC: $30.25 © 2005 American Chemical Society

(22) Wu, M.; Gunning, W.; Ratnam, MCancer Epidemiol. Biomarkers Pre
1999 8, 775-782.

(23) Mantovani, L. T.; Miotti, S.; Menard, S.; Canevari, S.; Raspagliesi, F.;
Bottini, C.; Bottero, F.; Colnaghi, M. [Eur. J. Cancerl994 30A 363—
369.

(24) Reddy, J. A.; Haneline, L. S.; Srour, E. F.; Antony, A. C.; Clapp, D. W.;
Low, P. S.Blood 1999 93, 3940-3948.

(25) Nakashima-Matsushita, N.; Homma, T.; Yu, S.; Matsuda, T.; Sunahara,
N.; Nakamura, T.; Tsukano, M.; Ratnam, M.; MatsuyamaAtthritis
Rheum.1999 42, 1609-1616.

(26) Spinella, M. J.; Brigle, K. E.; Sierra, E. E.; Goldman, I.DBiol. Chem.
1995 270, 7842-7849.

(27) Holm, J.; Hansen, S. I.; Hoier-Madsen, M.; Helkjaer, P.-E.; Bzorek, M.
Acta Pathol. Microbiol Immunol. Scand995 103 862—-868.

(28) Baggnoli, M.; Canevari, S.; Figini, M.; Mezzanzanica, D.; Raspagliesi, F.;
Tomassetti, A.; Miotti, SGynecol. Oncol2003 88, S140-S144.

(29) Maziarz, K. M.; Monaco, H. L.; Shen, F.; Ratham, M Biol. Chem1999
274, 11086-11091.

(30) Shen, F.; Wu, M.; Ross, J. F.; Miller, D.; Ratham, Bilochemistry1995
34, 5660-5665.

(31) Matherly, L. H.; Wong, S. C.; Angeles, S. M.; Taub, J. W.; Smith, G. K.
Proc. Am. Assoc Cancer ReE994 35, 307.

(32) Shen, F.; Zheng, X.; Wang, J.; Ratnam,Bibchemistry1997, 36, 6157

33)

)
)
)

—

Wang, H.; Ross, J. F.; Ratnam, Mucleic Acid Res1998 26, 2132
2142.

Holm, J.; Hansen, S. |.;
280, 267-271.

35) Leamon, C. P.; Reddy, J. Adv. Drug Delivery Re.. 2004 56, 1127—
1141.

(36) Ke, C.-Y.; Mathias, C. J.; Green, M. Adv. Drug Delivery Re.. 2004
56, 1143-1160.

6163.
(34

Hoier-Madsen, M.; BostadBlochem. J1991,

—

J. AM. CHEM. SOC. 2005, 127, 74217426 = 7421



ARTICLES Ke et al.

Chart 1. Structural Formulas of Folic Acid, Pteroic Acid, DTPA—Folate, and DTPA-NOON-Pte (1)
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both in vitro and in vivo, these folate conjugates selectively radiometal-labeled'in, 66-68Ga, %°"Tc¢) folate—chelate con-
target folate receptor-expressing cells. Internalization of the jugatesi®:5® The present study was undertaken to better probe
folate conjugates appears to occur via a receptor-mediatedthe structural requirements for folate receptor targeting with low
pathway, since the uptake is specific for the attached folate molecular weight radiometal chelates, specifically examining
molecule, saturable at nanomolar concentrations, inhibited atthe role of the amino acid fragment of folic acid (pteroylglutamic

low temperatures, competitively blocked by excess free folate acid) in mediating folate-receptor affinity.

or FBP antibody, and eliminated by removal of FBP from the
cell surface?6:40-50

Characterizations of the folate “binding pocket” and structural

Results and Discussion

Pteroic acid was conjugated with diethylenetriaminepentaace-

requirements for folate receptor ligands have been inves-tjc acid (DTPA) via an amide-linked hydrophilic spacer,'2,2

tigated~53 to improve the binding affinity and selectivity of

(ethylenedioxy)-bis(ethylamine), yielding the bifunctional che-

ligands to the receptor; however, the detailed structure of the |ate: pteroyl-NHCHCH,OCH,CH;OCH,CH,NH-DTPA (1).
folate receptor has not been crystallographically established. The three-step synthesis is outlined in Scheme 1. Briefly, pteroic

Notably, pteroic acid, a fragment of folic acid lacking the distal

glutamyl residue (Chart 1), does not appreciably bind to the ysing

high-affinity folate recepto??

acid and 2,2(ethylenedioxy)-bis(ethylamine) were coupled
benzotriazole-1-yl-oxy-tris(pyrrolidino)phosphonium
hexafluorophosphate (PyBOP) ard-hydroxybenzotriazole

We, and others, have shown that the folate receptor can be(HOBY) in the presence dfi-methylmorpholine (NMM) as a

targeted for medical diagnostic imaging with a variety of
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1993 268 10171023.
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24854.
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base. Due to the poor solubility of pteroic acid and its
derivatives, dimethyl sulfoxide (DMSO) was used as a solvent
for all the synthetic steps. After removal of DMSO by trituration

with methanol and diethyl ether and vacuum evaporation of
volatile reagents, pteroyl-ethylenedioxy-bis(ethyldiamine) (in-
termediate2, yellow solid) was produced in 57% vyield.

DTPA dianhydride is a commercially available and commonly
used starting material for synthesis of DTPA bioconjugates.
However, to avoid the undesired cross-linking side reaction that
is possible with DTPA dianhydride5° tri-tert-butyl-protected
DTPA was instead prepared and utiliZ€dChe yellow solid2
was mixed with DTPA tritert-butyl ester using the same
coupling conditions as the previous step; however, a strong base,

(55) Ke, C.-Y.; Mathias, C. J.; Green, M. Alucl. Med. Biol.2003 30, 811—
817 and references therein.

(56) Deal, K. A.; Motekaitis, R. J.; Martell, A. E.; Welch, M. J. Med. Chem.
1996 39, 3096-3106.

(57) Arano Y.; Uezono, T.; Akizawa, H.; Ono, M.; Wakisaka, K.; Nakayama,
M.; Sakahara, H.; Konish, J.; Yokoyama, A. Med. Chem1996 39,
3451-3460 and references therein.

(58) Scozzafava, A.; Menabuoni, L.; Mincione, F.; Supuran, Q. Med. Chem.
2002 45, 1466-1476.

(59) Lee, R. T.; Lee, Y. CBioconjugate Cherm001, 12, 845-849.

(60) Achilefu, S.; Wilhelm, R. R.; Jimenez, H. N.; Schmidt, M. A,; Srinivasan,
A. J. Org. Chem200Q 65, 1562-1565.
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Scheme 1. Synthesis of Compound 12
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aReagents: (a) 2'Zethylenedioxy)bis(ethylamine), PyBOP, HOBt, NMM, DMSO; (b) DTPAtaitbutyl ester, PyBOP, HOBt, NMM, DMSO, MTBD;
(c) 70% TFA/CHCI,.

—

N-methyl-1,5,9-triazabicyclo[4.4.0]decene (MTBD), was added (a
to improve the solubility of pteroyl-ethylenedioxy-bis(ethyl-

diamine)?! The pteroyl-ethylenedioxy-bis(ethyldiamired TPA ‘g

tert-butyl ester,3, was double-purified using semipreparative g Radioactivity
reverse-phase HPLC. The threbutyl protecting groups were = [ A

then removed with 70% trifluoroacetic acid in methylene 5

chloride, and the desired produdt, was isolated as a pure )

yellow solid by trituration with diethyl ether. Both and 3 uv

exhibit the expected molecular ion peaks in their positive ion z m s 2 Py "

and negative ion electrospray mass spectra. Retention Time (minutes)
The pteroic aciesDTPA conjugatel (“DTPA-NOON-Pte”)

was used to prepare the corresponding indium(lll) chelate (b)

radiolabeled withttln (67.3 h half-life; abundant photons at -~

171 keV (90.2%) and 245 keV (94.0%)). The radiopharmaceu- §

tical was conveniently obtained frolin chloride via ligand e IK_JL Radioactivity
exchange in acetate buffer. The radiochemical purity of the S -
resulting crudé!in—DTPA-NOON-Pte was evaluated by radio 5

HPLC (Figure 1a); the major radioactive HPLC peak, eluting «

with a retention time of 14.2 min, was collected. To verify this N uv

peak as the desirédfin' —1 complex, stable indium(llI{{¥114n] 3 P %o o %0
chloride was added to the crude radiopharmaceutical solution Retention Time (minutes)

(containing compound. in excess) generating carrier-added Figure 1. (a) HPLC of the crude no carrier-add&din—DTPA-NOON-
11Yn—DTPA-NOON-Pte at a concentration sufficient for detec- Pte product. Théin—DTPA-NOON-Pte product, eluting at 14.2 min,
tion by both the UV and radioactivity detectors connected in a corresponds to 82% of the total radioactivity. The identities of the
. . radiochemical impurities, eluting as 2.8 and 10.6 min, are unknown. The
series at the HPLC CF"Um” outlet. As expected, the radiochro- UV signals arise from the excess dfin the formulation, which may be
matogram of the carrier-addé#in—DTPA-NOON-Pte prepa-  present as a mixture of the free ligand and its complexes with trace metal
ration was identical with that of the no-carrier-addéén— contaminants. (b) HPLC of the carrier-addé8in—DTPA-NOON-Pte

DTPA-NOON-Pte, but with the appearance of UV intensity for product, obtained by addition of carrier indium(lll) chloride to an aliquot
! of the crude reaction mixture that produced (a), showing the appearance of

the Carrier'added_ product (Fig_ure _lb)-_ Electrospray MaSS carrier [I-DTPA-NOON-Pte} in the output from the UV detector. In
spectrometry confirmed the chemical identity of the nonradioac- both cases, the eluate passes through the-U¥ detector~15 s before

tive carrier product,f¥119n—DTPA-NOON-Pte} ", eluting at ~ the radioactivity detector.

14 min. o To assess the ability of t#éin—DTPA-NOON-Pte complex
The HPLC-purified'*in—DTPA-NOON-Pte complex Was 5 target the folate receptor in vivo, the biodistribution and

isolated from the HPLC solvent system by solid-phase extraction nharmacokinetics of this radiopharmaceutical were evaluated
and then repeatedly analyzed by HPLC to assess complexin athymic mice bearing subcutaneous folate receptor positive
stability. This HPLC analysis showed the isolat€dif—DTPA- human KB cell tumor xenograffs’ The 4n—DTPA-NOON-
NOON-Pte} radiopharmaceutical to remain stable for atleast pie agent rapidly cleared from the blood (Table 1) and was found
7 days at room temperature (Figure 2). Radio TLC of the HPLC- 4 selectively localize in the folate receptor positive tumors (5.4

purified 11]1n—DlTPA-NO_ON-PteliJroduct (Figure 3) confi_rms + 0.8 and 5.6+ 1.1% of the injected™in dose per gram of
the absence oftlin chloride and™'Yin acetate, both of which  {,mor 41 h and 4 h postinjection, respectively). Prolonged

irreversibly adsorb to & (Rr = 0). tumor retention of the radiolabel was observed, with-3.8.6%
o 1 ’ .
(61) Luo, J.; Smith, M. D.; Lantrip, D. A.; Wang, S.; Fuchs, PJLAm. Chem. of the In]e_Ct_edl_lln dose per gra_m o_f tumor still rem_ammg at
So0c.1997, 119, 10004-10013. 24 h postinjection. Tumor localization of tHélin radiolabel

J. AM. CHEM. SOC. = VOL. 127, NO. 20, 2005 7423
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Table 1. Biodistribution of 111In—DTPA-NOON-Pte in KB Tumor-Bearing Athymic Mice at Various Times Following Intravenous
Administration

percentage of injected **!In dose per gram (tissue wet mass)?

1h 4h 4 h - blocked® 24h
blood 0.18+0.01 0.050+ 0.009 0.016+ 0.010 0.035+ 0.002
heart 3.5+t04 2.9+ 0.9 0.015+ 0.010 1.2+ 0.5
lungs 1.5+0.2 1.4+ 0.3 0.041+ 0.027 0.72+0.21
liver and gall bladder 4.3 0.7 1.9+ 0.6 0.051+ 0.029 1.2+ 0.6
spleen 0.3H10.09 0.294- 0.07 0.028+ 0.017 0.2740.08
kidney (one) 65 81+7 0.90+ 0.59 105+ 7
stomach, intestines, and contents +0.2 1.5+ 0.9 1.7+1.1 1.2+0.2
muscle 3.5: 0.5 2.84+0.8 0.080+ 0.057 1.94-0.6
tumor 5.4+ 0.8 5.6+ 1.1 0.12+0.07 3.6+ 0.6
tumor/blood 30+5 1114+ 11 75+2.4 105+ 20
tumor/kidney 0.088+ 0.013 0.069+ 0.013 0.12+0.03 0.035+ 0.008
tumor/liver 1.3+ 04 3.0+ 05 2.2+ 0.6 3.7+ 14
tumor/muscle 1.6+ 04 2.1+ 0.2 1.5+ 0.7 2.0+ 0.6
tumor mass (g) 0.15+0.10 0.08a-0.031 0.07#A:0.010 0.104+ 0.097
animal mass (g) 29.5+1.2 28.6+ 1.6 28.2+1.1 28.6+0.8
animal quantity and gender 3M aM aM aM

aValues shown represent the mearstandard deviatior?. Folate receptors blocked by co-injection of folic acid dihydrate at a dose af .14 mg/kg.

(Table 1). This is similar to the current (Table 2) and ior
findings for 1*in—DTPA—folate and contrasts with the com-
7 days bination of fecal and urinary clearance observed ¥Ba-
L deferoxamine-folate3°
The substantial retention &#n in the kidneys (Table 1) is
fully consistent with binding oft?in—DTPA-NOON-Pte to
90 minutes tissue folate receptors, since folate receptors are abundant in
the renal proximal tubules!®-16 This interpretation is supported
N [ by the expected, and observed, marked reduction in féHal
levels when'In—DTPA-NOON-Pte was co-administered with
excess folic acid. Prior studies étin—DTPA—folate and
_ - , 6’Ga-deferoxaminefolate in this mouse tumor model have
Figure 2. Repeat HPLC analyses of the HPLC-purified no carrier-added -
[11n—DTPA-NOON-Ptel- (tr = 14.2 min, Figure 1a). Bottom: Chro- shown that tumor/nontarget contrast can be substantially
matogram ca. 90 min following radiopharmaceutical isolation. Top: Manipulated by co-administering modest doses of folic acid with
Chromatogram 7 days later, confirming the radiochemical stability of this the radiopharmaceuticét®” however, for the purposes of the

Radioactivity

5 10 15 20 25 30
Retention Time (minutes)

product. present study, no effort was made to employ such a strategy to
160 further optimizel'in—DTPA-NOON-Pte targeting selectivity
~ 140 | Front in vivo.
2 120 | | The behavior of thé!in—DTPA-NOON-Pte radiopharma-
§ 100 - ceutical in this mouse tumor model (Table 1) is virtually
< so | identical to that observed fdfin—DTPA—folate (Table 2),
:‘E‘ 60 | an agent that has met with success in clinical trials for imaging
E wl folate_ rece_ptpr-expressing gynecologic canéemus, although _
:g 20 L Origin pteroic acid itself is a poor ligand for the folate receptor, pteroic
5 J acid conjugates appear viable as candidates for folate receptor-
0 directed drug targeting. The present results indicate that the
20 e glutamate residue of folate (pteroylglutamate) need not be
0 3 10 15 20 viewed as an essential component of drug conjugates designed
‘ _ Distance Migrated (cm) for tumor targeting via the folate receptor. This finding is
ﬁlg%el\fbteR}%déﬂrflo)f delsH ;F;:;(t:ép;ﬁftlgg Cv(i)tt?azrgoe/g_mgii@;ofgg consistent with the reported retention of folate receptor affinity
CN). ’ by conjugates based structurally upon substitution of glycine

for the glutamate of folaté? The slight decline in the tumor
clearly appears to be mediated by the cellular folate receptor, concentration ot'lin 24 h following*in—DTPA-NOON-Pte
since the tumor uptake of radiotracer drops dramatically (0.12 administration is similar to the findings previously reported for
+ 0.07% of the injected'lin dose per gram at 4 h, Table 1) 4in—DTPA—folate at 24-48 h postinjectior.
when!n—DTPA-NOON-Pte was co-injected with an excess ~ The affinity of the I-DTPA-NOON-Pte conjugate for the
of folic acid, which will compete for available folate receptor folate receptor has not been directly measured; however, the
sites. Urinary excretion appears to be the primary whole body
clearance pathway for tHéin—DTPA-NOON-Pte, since the (62) Siegel, B. A.; Dehdashti, F.; Mutch, D. G.; Podoloff, D. A.; Wendt, R.;

K . X i i Sutton, G. P.; Burt, R. W.; Ellis, P. R.; Mathias, C. J.; Green, M. A;
radiotracer was never appreciably found in the intestinal contents  Gershenson, D. MJ. Nucl. Med.2003 44, 700-707.
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Table 2. Biodistribution of 11In—-DTPA—Folate (*11In—DTPA-en-yGlu-Pte) in Athymic Mice with Subcutaneous KB Cell Tumor Xenografts

percentage of injected *!In dose per gram (tissue wet mass)?

1 h postinjection

4 h postinjection

4 h postinjection blocked®

blood 0.14+ 0.03
heart 2.3:04
lungs 1.3+ 0.1
liver and gall bladder 4815
spleen 0.36t 0.03
kidney 90+ 9
muscle 3.5£0.8
stomach, intestines, and contents 1.0.2
tumor 53+ 04
tumor/blood 38+7
tumor/kidney 0.060+ 0.011
tumor/liver 1.5+ 05
tumor/muscle 1.6+0.3
tumor mass (g) 0.138+ 0.051
animal mass (g) 24+ 2

0.064+ 0.007 0.029+ 0.011
2.0£0.3 0.022+ 0.010
1.1+03 0.065+ 0.021
2.2+04 0.12+ 0.03

0.35+£0.11 0.060+ 0.021
85+ 12 5.0+5.5
2.9+ 0.7 0.023+ 0.013
1.0+0.2 0.49+0.20
6.8+ 1.2 0.164+ 0.07

106+ 15 5.5+0.8

0.08Gt 0.012 0.050+ 0.023
33+11 144+04
2.5+0.9 8.4+ 3.8

0.202+ 0.083 0.193+ 0.078
25+1 24+ 1

aValues shown represent the meanstandard deviatiom = 4. Each mouse received3 xCi In-111 in a formulation containing 0,29 of DTPA—
folate.? Folate receptors blocked by co-injection of folic acid dihydrate at a dose of-D.6@8 mg/kg.

literature has shown that folate conjugates, such as DTPA
folate, can exhibit folate receptor affinities very similar to that

obtained by reaction of 342Ci *4n with 15 ug of DTPA—folate,
had a radiochemical purity 98% by Gg TLC.%54 High-field NMR

of folic acid itselfs® In screening candidate folate receptor- Spectra were recorded in DMS@-on a Bruker ARX 300 H at 300
targeted radiopharmaceuticals, we have instead focused orMH2) spectrometertH chemical shifts are reported inppm relative

assessment of targeting efficiency and selectivity in vivo, where

success implicitly depends not only on receptor affinity, but

also on factors such as the effectiveness of drug delivery to

to residual DMSO (2.49 ppm) as internal standard. Multiplicities in
1H are reported as (s) singlet, (d) doublet, (t) triplet, () quartet, and
(m) multiplet. The HPLC methods employed a Rainin Rabbit-HP system
with a Knauer UV~vis detector and a Nal(Tl) radioactivity detector

receptor-rich tissue, levels of nonspecific binding, the rates and (Bioscan). The HPLC flow rate was 0.5 mL/min for 46250 mm
routes of agent metabolism, and the rates and routes Ofcolumn, and 2.35 mL/min for 16 250 mm column. Program 1: 5%
radionuclide clearance and excretion. The reported data indicatesolvent B at 0 min, ramped to 25% B at 25 min, then to 60% B at 27

that, in vivo,'1In—DTPA-NOON-Pte targets the folate receptor
as efficiently, and selectively, as the clinically studiédn—
DTPA—folate radiopharmaceuticéd.

Conclusion

Tumor-selective drug targeting via the folate receptor is
feasible with pteroic acid conjugates lacking amino acid
fragments, such as the glutamic acid moiety of folic acid. This

finding is expected to somewhat simplify folate receptor-based
drug targeting strategies, obviating the need to selectively control

conjugation via theo- or y-carboxylates of folic acid, while

min, and reached 100% B at 30 min (solvent A is 56 mM/QAC
(99.99+%) in water; solvent B is CECN). Program 2: 5% solvent B

at 0 min, to 70% B at 30 min, then ramped to 100% B at 32 min, and
remained 100% B to 40 min (solvent A is 5% @EN in 0.1% aqueous
TFA, solvent B is 10% water in C#N with 0.1% TFA). Program 3:
(using the same solvents as program 2) 5% solvent B at 0 min, ramped
to 40% B at 30 min, then to 100% B at 32 min, and remained 100%
B to 40 min.

Synthesis of 1{2-[2-[(2-(Biscarboxymethyl-amino)ethyl)-car-
boxymethyl-amino]ethyl]-carboxymethyl-amina} -acetylamino-3,6-
dioxa-8-pteroylamino-octane (1).To a suspension of pteroic acid
(0.025 g, 0.080 mmol), PyBOP (0.125 g, 0.240 mmol), and HOBt

also avoiding amino acid chirality and/or racemization issues (g 037 ¢, 0.240 mmol) in DMSO (0.8 mL), NMM (0.049 g, 0.48 mmol)
that can exist in preparation of receptor-targeted conjugates\yas added under NAfter being stirred at room temperature for 10

based on folic acid itself.

Experimental Section

Materials and General Methods. Unless otherwise specified, all

min, 2,2-(ethylenedioxy)bis(ethylamine) (0.237 g, 1.600 mmol) was

added. The suspension gradually turned clear after the addition of this
amine, with the reagents completely dissolved by 1 h. The reaction
was stirred at room temperature for 22.5 h, then concentrated under

reagents were purchased and used without further purification. Distilled, vacuum overnight. The resulting brown oil was triturated with MeOH,

deionized water (18 I®) was used throughout. DMSO was distilled

and the resultant suspension was centrifuged to produce a light yellow

from CahHb under reduced pressure and stored over activated 4 A solid. The solid was washed with MeOH and:@tand dried in a

molecular sieves!lin chloride was obtained from Mallinckrodt
Medical, Inc., St. Louis, MO. The tiiert-butyl-protected DTPA was
synthesized as described by S. Achilefu et°aC18 Sep-Pak Light

solid-phase extraction cartridges were purchased from Millipore, Inc.

vacuum desiccator to produce 20 mg of prod2cElectrospray MS
calcd for GoH2eNsO4: Mz 442, positive mode (M- HT) found 443,
negative mode (M- H™) found 441.*H NMR (DMSO-ds, 300 MHz):
0 ppm 2.73 (2H, m), 3.263.70 (10H, m), 4.46 (2H, s, broad), 6.61

A Capintec CRC-127R radioisotope calibrator was used for assays of (2H, d,J = 8.3 Hz), 6.88 (1H, m), 7.02 (2H, m), 7.59 (2H, 3= 8.3

n radioactivity in the microcurie to millicurie range, whereas low-
level (<0.01uCi) samples of'in were counted in a Packard A5530
automaticy scintillation counter with a 3-in. large-bore Nal(Tl) crystal.
n—-DTPA—folate was prepared as described previously for use in
control biodistribution studies®* The resulting**4in—DTPA—folate,

(63) Leamon, C. P.; Parker, M. A.; Vlahov, I. R.; Xu, L. C.; Reddy, J. A.;
Vetzel, M.; Douglas, NBioconjugate Chen2002 13, 1200-1210.
(64) Mathias, C. J.; Green, M. Aucl. Med. Biol.1998 25, 585-587.

Hz), 8.05 (1H, m), 8.61 (1H, s). For identification purposes, analytical
HPLC was performed with a 4.6 250 mm C18 reverse-phase column
with flow rate 0.5 mL/min using program 3. The desired product has
a retention time of 17.3 min detected with UV detector @ 254 nm.
To a solution of tritert-butyl DTPA (0.075 g, 0.134 mmol), PyBOP
(0.084 g, 0.163 mmol), and HOBt (0.025 g, 0.163 mmol) in DMSO
(0.4 mL), NMM (0.0247 g, 0.244 mmol) was added underairoom
temperature. This premixed solution was then added uneéeo the
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suspension of the yellow soli@ (0.0120 g, 0.0271 mmol) in DMSO temperature to produce the desifétin—1 complex for further study.
(0.2 mL). MTBD (0.0532 g, 0.347 mmol) was added after the reaction The complex was reconstituted in water for the reported stability study
mixture was stirred at room temperature overnight. The reaction mixture (Figure 2) or in saline for evaluation of radiopharmaceutical biodis-
was stirred at room temperature for another day and then concentratedribution following intravenous administration to tumor-bearing athymic
under vacuum. The resulting brown residue was triturated first with mice.

Et,0 and then with MeOH to produce crude product as a yellow solid. The stable In(lll) complex of, [1¥119n—DTPA-NOON-Pte}", was
This yellow solid was purified using semipreparative HPLC twice on prepared in a manner analogous to the radiolabeled chelate, but at a
a C18 column (10< 250 mm) with program 2. The peak with retention  1:1 In:1 stoichiometry. Electrospray MS calcd fof§n—DTPA-

time 30.5 min, detected by a UV detector at 254 nm, was collected NOON-Pte}~ (InCaHasN11013): m/z 928.21; negative mode (M

and concentrated to produce the desired pure pragiugtectrospray found 928.46; positive mode found (M+ 2H*) 930.14, (M + H* +

MS calcd for GeH7iN11013: Mz 985, positive mode (M- H™) found Na®) 952.18, and (M + 2Na") 974.16. High-resolution positive ion
986, negative mode (M- H*) found 984."H NMR (DMSO-ds, 500 electrospray mass spectrum for [KBN110:15+ 2H']: caled
MHz): 6 ppm 1.40 (18H, s), 1.45 (9H, s), 3.02 (4H, m), 3.22 (2H, m), 930.2237, found 930.2244,

3.31 (6H, m), 3.39-3.55 (18H, m), 4.46 (2H, s, broad), 6.52 (1H, s, Biodistribution Studies with 114n Radiotracers. All animal studies

broad), 6.61 (2H, dJ = 8.3 Hz), 6.88 (2H, s, broad), 7.59 (2H, &i= were conducted in accordance with procedures approved by the Purdue

8.3 Hz), 8.04 (1H, dJ = 5.5 Hz), 8.09 (1H, s, broad), 8.63 (1H, S).  Animal Care and Use Committee. The general procedure for the animal
Removal of thetert-Butyl Ester Protecting Groups. To the HPLC- biodistribution studies has been described previotisiThe athymic

purified coupling producB (2 mg) in a 5-mL round-bottomed flask  mice used in these studies were maintained for 3 weeks on a folate-
was added 70% TFA/CATI,. (The flask was twice rinsed with ultrapure e diet (to reduce their serum folate to a level near that of human
concentrated HCI and several times with water, then dried in £C10 serum) and had been implanted subcutaneously in the interscapular
oven overnight before use.) The reaction mixture was stirred°a& 0 region with human KB tumor cells, as described elsewRéfeThe

for 30 min. After being stirred at room temperature for an additional - gjethy| ether anesthetized mice were injected with radiotracer via the
5 h, the reaction mixture was repeatedly concentrated after twe CH exposed femoral vein and allowed to recover. Syringes used for

Cl; additions, using rotary evaporator, producings a yellow residue.  ragiotracer injections were weighed on an analytical balance before
Elecirospray MS calcd for £Ha7N1101s: m/f 817, posmvelmode (M and after injection to quantify the dose received by each animal.
+ H7) found 818, negative mode (M- H) found 816."H NMR Following animal sacrifice and dissection, tissue samples were weighed

(DMSO-ds, 500 MHz): 6 ppm 3.05 (4H, m), 3.22 (2H, m), 3.28.60 and counted to quantiffin. The uptake of radiotracer in each tissue
(24H, m), 4.48 (2H, s), 6.61 (2H, d,= 8.6 Hz), 7.36 (2H, s, very  sample was calculated as both a percentage of the injected dose (%ID)
broad), 7.59 (2H, dJ = 8.6 Hz), 8.05 (2H, t,J = 5.4 Hz), 8.66 (1H, per organ (Supporting Information) and as a %ID/g of tissue wet weight
s). This product was used for labeling witfin chloride without further (Tables 1 and 2), using reference counts from a weighed and
purification. . . . appropriately diluted sample of the original injectate. Blood was

Synthesis oft*in Complex of (1). Briefly, ca. 1.2 mCi no carrier-  assymed to account for 5.5% of total body mass. Muscle was assumed
added™in chloride in 0.05 mL of 0.05 N HCI was transferred to @ g account for 42% of the total body mass. To competitively block
test tube, and 0.05 mL of 0.1 N ammonium acetate (pH 5.5), followed tjssye folate receptors, a subset of the mice were co-injectedith

by 0.02 mL of 0.5 N ammonium acetate (pH 7.4) were added, producing radiopharmaceutical premixed with folic acid dihydrate at the doses
a solution with pH 7. A sample of liganti was weighed and diluted  gpecified (Tables 1 and 2).

in water adjusted wit 1 N NaOH to pH 9-10. A quantity of 1QuL of

this solution, containing 93g of 1, was added to thé"in acetate Acknowledgment. This work was supported by a grant from
solution (12QuL) and allowed to stand overnight at room temperature, the National Cancer Institute of the U.S. Public Health Service
protected from light> The crude*in—1 complex was purified by radio (RO1-CA70849). The athymic mouse, mass spectrometry, and
HPLC using a 4.6« 250 mm Dynamax C18 reverse-phase column R fagilities used in this project are affiliated with the Purdue
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1 and a flow rate of 1 mL/min. The fraction with retention time 14.2 .
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CHaCN to less than 5%. A C18 Sep-Pak light solid-phase extraction

cartridge was conditioned by washing with EtOH followed by water. S 11 1
The conditioned C18 Sep-Pak was loaded with the diluted HPLC the biodistribution of “in—DTPA-NOON-Pte and*in

fraction and washed with water (3 mL), and then tHén—1 complex DTPA—folate as a percentage of injectedin dose per organ _
was eluted with EtOH. The ethanol fractions containing radioactivity OF tissue (athymic mouse/KB tumor xenograft model). This

were combined and evaporated to dryness undes stidam at room material is available free of charge via the Internet at
http://pubs.acs.org.
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