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added the 2! At activity (20-100 MBgq) in 50-100 ul of 0.1 N NaOH followed
by 5 ul of a 3:1 mixture of acetic acid:30% hydrogen peroxide. The hetero-
geneous mixture was sonicated for 15-20 s. After evaporation of chloroform,
the residual solution was transferred to a HPLC syringe with the help of 2 X 25
wul 0.1 N NaOH and injected onto the HPLC. The product was isolated in
85-90% yield. No unlabeled IUdR was observed in the u.v. trace of the HPLC.
(detection limit, about 1 nmol). The HPLC fractions containing the activity
were concentrated using a solid-phase cartridge. After removing most of the
methanol by an argon stream, the aqueous solution was passed through an
activated Sep-Pak Plus tC18 ENV cartridge column (Waters) and further
washed with 2 X 1 ml of water. The cartridge was eluted with one 500-ul and
three to four 250-ul portions of methanol; the majority of the [>''AtJAUdR
eluted in the second and third 250-ul fractions. These were pooled, the
methanol was evaporated using argon, and the [2'' AtJAUdR was reconstituted
in the buffer required for in vitro or in vivo studies.

For the paired-label validation experiments, ['*'[JIUdR was prepared using
conditions identical to those described above, with the exception that the '>'I
activity was added in a volume of 1-5 ul of 0.1 N NaOH. Radiochemical yields
were somewhat higher, ranging from 90 to 95%.

Cell Lines and Culture Conditions. Because of the clinical potential for
using radiolabeled IUdR for the treatment of primary central nervous system
malignancies (10), a human glioma cell line was selected for these studies. The
D-247 MG cell line, derived from a malignant human glioma (11), was
obtained as a gift from Dr. Darell Bigner (Department of Pathology, Duke
University). The doubling time for this cell line is 19.9 * 0.2 h. The incubation
medium consisted of 500 ml RPMI 1640 (JRH Biosciences, Lenexa, KS), 75
ml fetal bovine serum, 5 ml penicillin-G/streptomycin (5000 units penicillin
and 5 mg streptomycin in 1 ml), and 5 ml glutamine (200 mM in saline).

Uptake of [>''At]JAUdR and [**'IJIUdR by D-247 MG Glioma Cells.
Two uptake experiments were performed: the first in paired-label format with
[2"'AtJAUdR and ['*'1]JIUdR; and the second using ['*'I)IUdR alone. Cells
(5 X 10% in 4 ml media) were plated in 25-cm? flasks, and 3 days later, the cells
were counted again. Varying activities of [>''At]JAUdR and ['*'I]IUdR
(or ['*'I]IUdR alone) were added in 25 ul of medium such that the final
activity concentration of each tracer ranged from 0.2 to 55 kBg/ml. Cells were
incubated at 37°C in a humidified incubator for 24 h with or without 10 uM of
nonradioactive IUdR in the incubation medium. At the end of the incubation
period, cells were harvested and solubilized by 30-min incubation with 0.1 N
NaOH; then the cell-bound activity was determined by counting for '*'I and
2! At activity in a gamma counter using a single- or dual-label program. The
counts were decay-corrected to the beginning of the incubation period. Both
experiments were performed in quadruplicate. The mean cellular uptake (mBg/
cell) was plotted as a function of the initial activity concentration (kBg/ml) in
the medium.

Incorporation of [*''AtJAUdR into DNA. Simultaneously, the percentage
of total cell-bound activity incorporated into DNA was ascertained following
a procedure by Azure et al. (12). Briefly, cell membranes were ruptured by
vortexing a suspension of the cells in 2 ml of sucrose buffer (0.25 M sucrose,
3 mm CaCl,, and 50 mM Tris, pH 7.0) containing 2% Triton X-100. The tubes
were kept on ice for 5 min, vortexed, and spun at 2000 rpm for 15 min at 4°C.
The pellet containing the nuclei was washed with sucrose buffer and resus-
pended in 2 ml of the same buffer. DNA-associated activity was precipitated
by adding 2 ml of cold 6 M guanidine-HCI to 1 ml of the suspension of cell
nuclei and mixing with a glass rod. After adding 3 ml cold 95% ethanol and
mixing, the contents were passed through a Gelman Type A-E filter. The filter
was washed three times with 2 ml cold guanidine-HCl:ethanol (1:1) solution,
and the activity on the filter was counted. These assays were performed in
triplicate.

Cytotoxicity Measurements. D-247 MG cells were cultured as monolay-
ers in 80-cm? flasks and were subcultured every 4-6 days using trypsin/
EDTA. For the cytotoxicity measurements, 2 X 10* cells were plated in
25-cm? flasks containing 4 ml of media. Four days later, when each flask
contained approximately 5 X 10° exponentially growing cells, varied activities
of [2'"'At]AUdR, or as a control, [2''At]astatide, were added to the medium in
50 pl of pH 7.4 PBS:media (1:1, v/v) and incubated at 37°C for 20 h. The cells
were trypsinized and washed; then an aliquot was plated in 25-cm? flasks. The
cells were washed three times with 2 ml of media, and the cell pellets were
counted for 2'' At activity. After 7-10 days, the medium was removed from the
flasks; then the colonies were washed with 4 ml of isotonic saline and fixed by

exposure to 96% ethanol for 4 min. Following a final wash with saline, the
colonies were stained with trypan blue and then washed three times with 2 ml
water. After drying for 2-3 days, colonies were counted using a Darkfield
Quebec Colony Counter (Cambridge Instruments, Buffalo, NY). Colonies
containing 50 cells or more were scored as surviving. The Dys and 90%
confidence limits of the regression fit were determined using the Sigma Plot
computer program (Jandel Scientific, San Rafael, CA).

Biodistribution. BALB/c mice were injected via the tail vein with 330 kBq
of [>''AtJAUdR and 220 kBq of ['*'I]IUdR. Groups of five mice were killed
with an overdose of halothane at 0.25, 1, 4, and 24 h after injection. Tissues of
interest were harvested, washed with saline, blot-dried, weighed, and counted
for 2''At and '3'I activity along with injection standards in an automated
gamma counter using a dual-label program. For both radionuclides, localiza-
tion data were expressed as the percentage of the injected dose retained per
organ. A paired Student ¢ test was used to determine statistical significance
with a P < 0.05 considered to be significant.

Results and Discussion

High-LET radiation offers several properties that are attractive for
endoradiotherapeutic applications. These include a high relative bio-
logical effectiveness and a low dependence on oxygen or dose rate for
exerting maximum cytotoxic effects (13). Two types of high-LET
radiation have been pursued, a-particles and low-energy Auger elec-
trons, with the later confined to molecular carriers capable of local-
izing the radionuclide in close proximity to DNA. Because their range
in tissue is several cell diameters, approaches for a-emitters such as
211At have not been constrained to those involving DNA binding. A
variety of 2!'At-labeled substances, including monoclonal antibodies
(5, 14), colloids (15), and meta-['' At]astatobenzylguanidine (6),
have been investigated, and promising results have been obtained in
vitro and in animal models.

The current study represents, to the best of our knowledge, the first
biological evaluation of a thymidine analogue labeled with 2''At as a
potential endoradiotherapeutic agent. Compared with ['>*'2*[]IUdR,
[>''At]JAUdR might offer significant advantages since an important
limitation of these Auger electron emitters is that only cells in S-phase
can be treated effectively. A second concern with Auger electron
emitters is that the number of disintegrations per cell required to
achieve effective cell killing is relatively high. For example, the
number of decays required to achieve 99% cell killing has been
calculated to be about 500 and 750 decays of ['>’IJIUdR and
['**I]IUdR, respectively, whereas the number of 2!' At decays needed
would be at least two orders of magnitude lower (4). As a result, it
would be anticipated that the fraction of a tumor cell population taking
up sufficient radionuclide to induce cell inactivation would be higher
for [>''AtJAUdR compared with either ['2’T]IUdR or ['#I]IUdR.

To investigate the therapeutic potential of [>'' At]JAUdR, the devel-
opment of a practical method for its synthesis was required. Two
attempts to prepare [>'' AtJAUdR have been reported, but neither was
sufficiently useful to permit in vitro or in vivo evaluation of its
biological properties. Rossler et al. (16) prepared [*''At]AUdR from
the corresponding S-amino derivative via a diazonium intermediate
but in only 3% radiochemical yield and, presumably, with significant
levels of 5-substituted 2'-deoxyuridine by-products. Although higher
yields were obtained starting from a mercury precursor, carrier iodide
was required (17). Since the uptake of IUdR by tumor cells is
generally low and saturable (2, 3), preparation of [*'' AtJAUdR via a
no-carrier-added method would be desirable.

An astatodestannylation reaction was used for the synthesis of
no-carrier-added [>''At]JAUdR for two reasons: (a) this approach
has been used successfully for the site-specific labeling of other
211 At-labeled compounds in high yield (5, 14); and (b) radioiodinated
IUdR has been synthesized in high yield and radiochemical purity
from the tin precursor TMSdUrd (8). The scheme for the synthesis of
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Fig. 1. Scheme for the synthesis of [''AtJAUdR via the astatodestannylation of TMSdUrd.

[*"'AtJAUGR is shown in Fig. 1. Using our modified method, the
precursor TMSdUrd was obtained in considerably higher yield (88%
versus 54%) than that reported previously (8). In addition, we isolated
TMSdUrd as a crystalline solid, suggesting a higher purity of the
precursor. Using the TMSdUrd precursor, [>''AtJAUdR could be
synthesized in 85-90% radiochemical yield in reaction times of less
than 1 min. Parallel reactions using identical conditions gave slightly
higher yields for ['*'I]JIUdR. Similar differences between astato- and
iododestannylation yields have been reported for other compounds
(14), an observation consistent with the greater bulk of the astatine
atom. Reverse-phase HPLC purification resulted in a product with

high chemical and radiochemical purity; no IUdR (pseudo carrier) has
been detected in HPLC. To date, we have prepared up to 75 MBq of
[*''AtJAUdR; however, our current 2''At production capabilities
should permit the production of at least 10-fold higher activity levels
(9). The specific activity calculated based on the HPLC detection limit
of 1 nmol is greater than 75 GBg/mmol; however, since there are no
stable isotopes of astatine, a specific activity nearer the theoretical
limit (16,000 TBg/mmol) is more likely.

Both IUdR and bromodeoxyuridine behave remarkably like thymi-
dine, and this can be attributed to the similarity of the van der Waal’s
radii of iodine (2.15 A) and bromine (1.95A) to that of the methyl

2
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Fig.2. Paired-label cellular uptake of 1 4

[2'"'AtJAUdR and ['*'1]IUdR in D-247 MG human
glioma cells as a function of activity concentration
initially present in the incubation media. A 20-h
incubation at 37°C in the presence and absence of
10 um nonradioactive IUdR was performed.
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group (2.00 A) found at the 5-position in thymidine. However, asta-
tine has been estimated to have an ionic radius of about 2.3 A (18),
making the halogen-for-methyl substitution more likely to alter the
molecular properties in [*'' AtJAUdR. Cell uptake and DNA binding
studies were performed to determine whether [*''At]JAUdR, like
IUdR, was a good analogue of thymidine. Because the treatment of
brain tumors is one of the most likely clinical applications of

TIME (HOURS)

[2''At]JAUdR, a human glioma cell line was used. Since the IUdR
uptake by D-247 MG cells had not been described previously, paired-
label protocols were used to allow direct comparison of the cell uptake
and DNA binding of [2'' At]JAUdR and ['*'I]IUdR.

The uptake of [*''At]JAUdR and ["*'I]IUdR in the D-247 MG
human glioma cell line are compared in Fig. 2. With both compounds,
cellular uptake of radioactivity increased linearly with increasing
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activity concentration initially present in the incubation media. The
presence of 10 uM nonradioactive IUdR significantly decreased the
slope of the uptake curve for both [>''AtJAUdR and ['*'I]JIUdR,
indicating that competitive inhibition had occurred. These results are
qualitatively similar to those reported previously for ['>*IJIUdR (2)
and ['Z’I]IUdR (3) in V79 cells; however, the magnitude of uptake
was lower in the current study.

Exploitation of extremely short range but high-LET radiations for
therapy requires localization of the radioactive atom in close proxim-
ity to cellular DNA. DNA incorporation could be important for
[*''AtJAUdR because of the potential to enhance cytotoxicity by
allowing the <0.1-pum range recoil nuclei emitted by 2''At to play a
role. Assays were performed at two activity concentrations to deter-
mine the fraction of cell-bound activity incorporated into DNA. At 7.5
kBg/ml of each tracer, the fraction of cell-bound activity that was
incorporated into DNA was 54.9 * 20.6% and 54.6 * 12.9% for
[*''AtJAUdR and ["*'I]IUdR, respectively, and at 15 kBq/ml, these
values were 40.6 * 11.0% and 55.6 * 15.3%, respectively. These
results indicate that the level of DNA incorporation of [2''AtjAUdR
and ["*'I)IUdR are quite similar.

An additional experiment was performed to determine the effect of
10 pM nonradioactive IUdR on the DNA incorporation of
[*''AtJAUdR. At [*'' AtJAUdR activity concentrations of 9.25, 18.50,
and 27.75 kBg/ml, cold IUdR reduced DNA-bound activity by factors
of 5.0, 7.3, and 9.0, respectively. These results are in good agreement
with those of Kassis et al. (2), who reported that incubation with 10
M TUdR reduced DNA-bound activity of ['2*I]JIUdR in V79 cells by
a factor of 4.4 at an activity concentration of 5.6 kBg/ml.

It should be noted that the levels of cell uptake and DNA incorpo-
ration of IUdR observed in the D-247 MG human glioma cell line
were lower than those reported previously in Chinese hamster V79
lung fibroblasts (2, 3). A number of factors could contribute to this
observation. Since only cells going through S-phase accumulate
IUdR, differences in the properties of the two cell lines are critical.
For example, the doubling time of these D-247 MG cells was
19.9 = 0.2 h, whereas doubling times as short as 9 h have been
reported for V79 cells (3). Differences in incubation conditions
(monolayer versus single-cell suspension; incubation time) also could
play a role. Finally, the uptake of ['>'I]IUdR by D-247 MG cells in
the absence of [*'' AtJAUdR was about 3 times higher than observed
in the paired-label protocol (data not shown), suggesting the possibil-
ity that [*''AtJAUdR cytotoxic effects (which can occur in this
activity concentration range) may have been a confounding factor.
Nonetheless, our results indicate that the cell uptake and DNA incor-
poration of [2'' AtJAUdR were nearly identical to those of ['*'I]IUdR
in D-247 MG cells, suggesting that astatine-for-iodine substitution did
not result in a significant alteration in molecular properties.

mBecause of its rapid dehalogenation following i.v. delivery,

[ TIUdR would be most useful for applications where compartmental
or intratumoral delivery is possible (1, 19). To determine whether
[>'"'AtJAUdR, like ['*'I)IUdR, was degraded rapidly in vivo, the
tissue distribution of these tracers was compared in normal mice. The
tissue retention of 2'' At was significantly higher (P < 0.05) than that
of '3'I in most tissues except intestines and thyroid (Fig. 3). In the
thyroid, '*'I uptake was significantly higher (P < 0.05) than that of
211 At at all time points. These tissue distribution patterns are quali-
tatively similar to those observed previously for free [*'' At]astatide
and ['*'Iiodide (20), suggesting that both halodeoxyuridines were
dehalogenated extensively in vivo. This behavior, in combination with
the short physical half-life of 2'' At, emphasizes the need for confining
the use of [*'' AtJAUdR to therapeutic applications where rapid tumor
uptake and limited exposure to normal tissues can be achieved, i.e.,
with intratumoral or compartmental delivery.
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Fig. 4. Clonogenic survival of D-247 MG human glioma cells following 20-h incuba-
tion at 37°C with various activity concentrations of [>'' AtJAUdR and [2''At]astatide. -,
90% confidence limits for the regression fit.

The clonogenic survival of D-247 MG human glioma cells was
determined following treatment with [*''AtJAUdR and [*''At-
Jastatide. A 20-h exposure was selected to approximate the doubling
time of this cell line. However, this also resulted in significant effects
from non-cell-associated %'' At in the media since about 85% of 2'' At
decays occurred during the incubation period. A D, of 13.0 = 1.1
kBg/ml was calculated for [*''AtJAUdR compared with 24.2 + 4.3
kBg/ml for [*''At]astatide (Fig. 4). For [*''AtJAUdR, this is equiv-
alent to less than 3 2''At atoms bound/cell, confirming predictions
that only a few [>''At]JAUdR atoms would be required for efficient
cell killing (4). Recently, we compared the cytotoxicity of
[*''AtJAUdR and ['*’IJIUdR for D-247 MG cells, and the *''At-
labeled agent exhibited more efficient and effective cell killing.*

Since the majority of 2''At disintegrations occurred during the
incubation period and the range of its a-particles is more than a cell
diameter, cytotoxicity related to the a-particles of 2''At should not
differ considerably for [*''AtJAUdR and [*''At]astatide. This sug-
gests that the enhanced cytotoxicity of [2'' AtJAUdR compared with
[2"'At]astatide may be related in part to radiative emissions with
subcellular range. This is consistent with the observation that
[2'' AtJAUGR is incorporated into the DNA of D-247 MG cells. It thus
appears that the recoil nuclei emitted by 2'' At could play an important
role in determining the cytotoxicity of this agent. This is in marked
contrast to a recent report investigating the cytotoxicity of a 2'?Pb
complex with significant DNA binding in which the a-particle recoil
nuclei were reported to exert minimal cytotoxic effect (12). However,
as noted by these authors, 2'2Pb decays by B-emission with a 10.6-h

4 R. H. Larsen, G. Vaidyanathan, and M. R. Zalutsky, Cytotoxicity of 5-[*''At]astato-
2'-deoxyuridine on human cancer cells, manuscript in preparation.
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half-life to 2'?Bi, and it is unclear whether this a-emitting daughter
remains bound to the ligand, thereby allowing the recoil nuclei to
irradiate the DNA.

In summary, a high-yield synthesis for [2''At]JAUdR was devel-
oped that now permits the biological evaluation of this potential
therapeutic agent. Since 2''At emits high-LET radiation of both
multicellular and subcellular range, [*'' AtJAUdR offers the possibil-
ity of eradicating not only tumor cells in S-phase but adjacent cells as
well. Using a human glioma cell line, we have demonstrated that,
despite the larger size of the ''At atom, the cell uptake and DNA
incorporation of [>''AtJAUdR is virtually identical to IUdR. Since
[>''At]AUdR, like IUdR, is susceptible to dehalogenation, use of this
agent should be limited to loco-regional applications. With that goal
in mind, we are investigating the therapeutic potential of
[*''AtJAUGR in a rat model of neoplastic meningitis, and preliminary
results are encouraging.
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