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Abstract

For the treatment of minimum residual diseases such micrometastases and residual tumor margins
that remain after debulking of the primary tumor, targeted radiotherapy using radiopharmaceuticals
tagged with a-particle-emitting radionuclides is very attractive. In addition to the their short range
in tissue, which helps minimize harmful effects on adjacent normal tissues, a-particles, being high
LET radiation, have several radiobiological advantages. The heavy halogen, astatine-211 is one of
the prominent a-particle-emitting radionuclides in practice. Being a halogen, it can often be
incorporated into biomolecules of interest by adapting radioiodination chemistry. A wide spectrum
of compounds from the simple [211At]astatide ion to small organic molecules, peptides, and large
proteins labeled with 211At have been investigated with at least two reaching the stage of clinical
evaluation. The chemistry, cytotoxic advantages, biodistribution studies, and microdosimetry/
pharmacokinetic modeling of some of these agents will be reviewed. In addition, potential problems
such as the harmful effect of radiolysis on the synthesis, lack of sufficient in vivo stability of
astatinated compounds, and possible adverse effects when they are systemically administered will
be discussed.

INTRODUCTION

Targeted radionuclide therapy involves radiolabeled biomolecules and is a promising approach
with which curative doses of radiation can be selectively delivered to tumors. Most targeted
radionuclide therapeutic investigations employ radionuclides that emit B-particles such

as 1311 and 20Y. For example, 90Y-labeled Zevalin® and 131|-labeled Bexxar® are two FDA
approved radiopharmaceuticals for the treatment of lymphoma [1,2]. Beta-particles have a long
range in tissues and therefore deposit their energy over several millimeters. As a result of this,
the fraction of absorbed radiation dose in tumor decreases with the decreasing size of the tumor.
For example, it has been calculated that the ratio of fractional absorbed dose from the a-particle
emitter 211At to that from 20Y will be 9 and 33 for a 1000 um and 200 pm diameter tumors,
respectively [3]. Thus B-particles are appropriate for the treatment of larger tumors. The long
B-particle range is advantageous because it can help compensate for heterogeneous
radiopharmaceutical uptake; however, this property can also lead to detrimental irradiation of
normal tissues adjacent to smaller tumors.

On the other hand, the short range a-particles are ideal for the treatment of minimal residual
diseases, settings in which the targeted radiotherapy has the greatest chance of success [4].
Such diseases include micrometastatic lesions, residual tumor margins that remain after
debulking the primary tumor by surgery, and tumors in circulation including lymphoma and
leukemia. In addition, targeted alpha particle therapy may be ideal for ovarian cancer and
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neoplastic meningitis, which spread as thin sheets of compartmentalalized tumor often
accompanied by free-floating cells.

Due to their short range and high energy, a-particles are radiation of high linear energy transfer
(LET). This property offers a number of radiobiological advantages [5]: 1) Their relative
biological effectiveness is very high. This is due to the fact that the average separation between
ionizing events at this ionization density nearly coincides with the diameter of the DNA double
helix, increasing the probability of double-strand breaks. 2) Because of the higher probability
for creating double-DNA-strand breaks, which are generally not repairable [6], the cytotoxic
effectiveness of a-particles is much less dependent on dose rate compared with B-particles.
This is an important advantage since in many cases, the dose rates achieved with targeted
radiotherapy have not been high. 3) Another advantage of high-LET radiation is that their
oxygen enhancement ratio is nearly unity making it possible to treat both normoxic and hypoxic
cell populations. 4) Finally, the cytotoxic effect of high-LET radiation does not depend on the
cell cycle status [5].

There are about 100 radionuclides that are known to decay by the emission of a-particles.
However, a number of factors must be considered in choosing an a-particle emitter for a
particular therapeutic application. It will be advantageous if the fraction of decays that yield
a-particles is high and, for certain applications, there should be none or minimal B-particles
emission. Emission of gamma rays or x-rays, which are suitable for imaging, will be a plus
because it permits determination of pharmacokinetics and dosimetry of the labeled therapeutic.
Other considerations in selecting an appropriate a-emitter include physical half life of the
radionuclide, which ideally should match the biological half life of the radiotracer or its
catabolites, ease of chemical synthesis and availability at a reasonable cost. Bismuth-212

[7], 213Bi [8], 223Ra [9], 225Ac [10,11], and 211At [12] are some of the most commonly
investigated a-particle emitting radionuclides. A strong case can be made that 211 At is the most
promising among these for the a-particle therapy. This review is focused on astatinated
radiopharmaceuticals, especially covering the developments that have occurred since this area
was reviewed previously [12-14].

ASTATINE-211

General

In 1869, the Russian chemist Dmitri Mendeleev predicted the existence of a fifth halogen and
termed it eka-iodine. However, it wasn't discovered until 1940 when Corson et al. [15]
produced it by the bombardment of 299Bi with alpha particles and named it Astatine, which in
Greek means unstable. Astatine-211 has a half life of 7.2 h and decays by a double branched
pathway (Fig. 1) producing one a-particle per decay. The first branch (42%) involves decay
to 207Bj via the emission of 5.87 MeV o-particles; the long half life of the daughter 297Bi is
not problematic because less than 0.001 207Bi decays occur per 211At decay. The
intermediate 297Bi eventually decays to stable lead. The second branch (58%) is by electron
capture to 520 ms 211po, which in turn de-excites by the emission of 7.45 MeV a-particles to
stable lead. The mean ranges in tissue of the lower and higher energy a-particles emitted

by 211At are approximately 55 and 80 um, respectively. The LET nean 0f 211 At a-particles is
about 100 keV/um™1, which is close to the value at which the relative biological effectiveness
of ionizing radiation is highest [5]. The electron capture decay of 211At to 211Po emits polonium
K x-rays which make it convenient to count 211At activity levels and to perform scintigraphic
imaging of 211At uptake in tissues in vivo [16,17].
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Production

Chemistry

Perhaps the major hurdle in the utilization of 211At for radiotherapy is its lack of availability
[18]. A medium-energy cyclotron with the capability of generating a 25-30 MeV a-particle
beam is needed for its production. Unfortunately, there are currently not many institutions that
have this kind of cyclotron. Astatine-211 is produced by the cyclotron bombardment of natural
bismuth metal targets with 28-29 MeV a-particles via the 299Bi(o, 2n)211At reaction, followed
by isolation of 211At by dry distillation [19-24]. Care must be taken to minimize production
of 8.1 h half life 210At, which decays to 210Po, an a-emitter with a 138 d half life. Polonium-210
is harmful to normal tissues especially to bone marrow because of its proclivity to bone uptake
[25], and a method to assess this impurity in 211At has been described [26]. For this reason,
beam energies are kept below the threshold for the 209Bi(a, 3n)219At reaction during the
production of 211At [27]. Using internal cyclotron targets, up to 6.6 GBq of astatine-211 has
been produced to date [28]. Typically, 211At is isolated from the irradiated targets by dry
distillation; however, other methods for its isolation have been explored [29,30].

Astatine belongs to the halogen family in the periodic table and has properties similar to that
of other halogens; however, it does exhibit metallic characteristics as well [31-34]. A serious
limitation of astatine with respect to chemical synthesis is that it does not have a stable isotope,
preventing the characterization of astatinated compounds by common analytical techniques.
Furthermore, the availability of a stable isotope also would have helped to further understand
its redox chemistry and metallic behavior. Because carbon-halogen bond strength decreases
with increasing atomic number of halogen [35,36], carbon-astatine bond is not remarkably
strong. This can be detrimental in the use of astatinated radiopharmaceuticals because of the
potential toxicity to normal organs like thyroid, bone marrow, spleen, stomach and lungs where
released free astatide sequesters preferentially [37]. The carbon-halogen bond strength is higher
when the halogen is attached to a sp2 carbon (aryl and vinyl) than when it is attached to a sp3
carbon [35]. For this reason, in most of the astatinated compounds investigated, the astatine is
attached to an unactivated aromatic carbon. Attempts to introduce astatine on a vinylic carbon
and the synthesis of vinyl-substituted astatinated steroid hormones have been reported
[38-40].

In the early stages of development, aromatic astato compounds were synthesized by exchange
halogenation [41-45] or by electrophilic substitution on unactivated [46] or activated aromatic
rings [38,47,48]. Recently, a commonly used method for exchange radioiodination using
copper catalysts has been adapted for astatination [49]. Low specific radioactivity is a serious
limitation with exchange radiohalogenation and the presence of an activating group such a
hydroxyl in phenols make the carbon-astatine bond further labile. Nucleophilic displacement
of a diazonium moiety also has been used for the introduction of astatine onto an aromatic ring
[50]. This method, however, results in multiple side products. The nucleophilic displacement
of triazenes, a method used for radioiodination, has recently been utilized for astatination
[51]. Currently, the most prevalent and versatile method is the electrophilic astatodemetallation
of various organometallic derivatives, especially of organostannanes [52-58].

Due to the higher bond strength of boron-astatine bonds compared to carbon-astatine bonds,
the use of nido-carborane and closo-dodecaborate (2-) for astatine labeling has been
investigated [59] (see an accompanying article in this issue by Wilbur for more details).
Labeling strategies that attempt to exploit the metallic character of the astatine atom through
the formation of complexes of 211At with chelating agents such as diethylenetriamine
pentaacetic acid (DTPA) [60] and calix[4]arenes [61] have been reported. Likewise, labeling
of antibodies via DTPA complexation also has been described [62-64]. The possibility of
generating stable astatinated prosthetic groups by exploiting its soft anionic character has been
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explored by attaching 211At anion to soft metal cations such as mercury, rhodium, and iridium,
which were complexed by bifunctional ligands [65-67].

SMALL MOLECULAR WEIGHT COMPOUNDS
[211At]Astatide

Like iodide, astatide also accumulates in thyroid and stomach, and its uptake in macrophage-
bearing organs such as spleen and lung is an order of magnitude higher than that of iodide
[68]. Due to this proclivity, the simple [?11At]astatide ion may be suitable for the treatment
cancers with upregulated sodium iodide symporter (NIS; see below). Such usefulness of
[211At]astatide has been investigated by determining its biodistribution in mice bearing
subcutaneous anaplastic or follicular undifferentiated thyroid carcinomas; tumor accumulation
of 11-28% of injected dose was observed [69-71]. Accumulation of iodide in the thyroid tissue
is mediated by NIS, a membrane protein expressed on the basolateral surface of the thyrocyte.
A recent study evaluated the biodistribution of free [211At]-astatide and [12°1]iodide in mice
bearing anaplastic thyroid carcinoma (ATC) and non tumor-bearing mice [72]. Except in
thyroid, the uptake of [211At]astatide was higher than that of [12°I]iodide in all tissues. Because
the mean absorbed dose to normal tissues was higher than that to tumor tissues, the authors
concluded that it may not be feasible to use [?11At]astatide for the treatment of ATC. The
potential of simple radioiodide for the therapy of a variety of tumors transfected with the NIS
gene has been explored. Due to the fast efflux of iodide from tumors, the physical half life
of 1311 may not be suitable in treating tumors using this strategy. The 7.2 h half life of [211At]
astatide, on the other hand, is better matched to the egress kinetics of iodide observed in these
tumors and therefore [211At]astatide may be a better agent for this purpose. NIS-mediated
uptake (Fig. 2) and the potential utility of [211At]astatide in the treatment of N1S-expressing
tumors has been demonstrated [73,74]. In NIS-transfected glioma cells, the absorbed doses per
unit administered radioactivity were 54- to 65-fold higher for [211At]astatide than for [1311]
iodide. Both NIS-expressing and control cells showed increased sensitivity to 211At

over 1311 with significantly lower Dy (absorbed dose required to reduce the survival fraction
to e 1) and SF, (2-Gy survival fraction) values, highlighting the higher intrinsic cytotoxicity
of alpha-particles. Petrich et al. also have demonstrated the potential advantages of [211At]
astatide for the treatment of NIS-expressing tumors [75,76]. Compared with nontransfected
control cell lines, steady state radionuclide uptake in NIS-expressing cell lines increased up to
350-fold for 1231, 340-fold for °*™Tc0O, ", and 60-fold for 211 At [75]; somewnhat similar results
also were obtained by scintigraphic imaging in xenograft models in vivo. Dosimetric
calculations performed for 131] and 211At based on the scintigraphic data for 123] and 211At
yielded tumor absorbed dose values of 3.5 Gy/MBq and 50.3 Gy/MBq for 13| and 211At,
respectively. A follow up study evaluated the long term effects of [2}1At]astatide in NIS-
transfected tumor-bearing mice [76]. Complete eradication of the tumor was observed within
three months in all cases with no tumor recurrence seen during 1 year follow up. Compared to
a 40 day survival for the control group, 96% of the treated group survived after 6 month and
60% after 1 year. However, some side effects such as normal tissue damage and formation of
secondary tumors were observed. Use of an anion channel blocker, 4,4'-
diisothiocyanostilbene-2,2'-disulfonic acid (DIDS), to diminish the apical efflux of [211At]
astatide, thereby increasing its cellular retention has been investigated [77]. Employing an in
vitro model of the thyroid follicular epithelium [78], it was shown that DIDS reduces the efflux
of [?11At]astatide in cells prestimulated by thyroid stimulating hormone (TSH). On the
contrary, unlike for iodide, in control cells and the cells treated with the mitogen EGF, there
was a paradoxical increase in the retention of [211At]astatide. Thus, it may be possible on the
one hand to increase retention of [21At]astatide in TSH stimulated tumor cells and on the
other, reduce unwanted accumulation [2*1At]astatide in the follicle lumen of intact thyroid
during the treatment of extrathyroidal tumors.
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Particulates

As described before, alpha particle therapy is suitable for tumors that grow as thin sheets on
the surface of body cavities. Due to their relatively large size, particulate materials are less
likely to leak out after direct administration within the cavity, and for this reason, colloids
impregnated with 211At have been investigated in an intraperitoneal ovarian tumor model
[79,80]. Animals were cured with only 1-2 Bq of 211 At-tellurium colloid; in comparison,
although three B-emitting radiocolloids prolonged median survival at activity levels of 296
MBq (16°Dy), 7.4 MBq (°°Y), and 5.6 MBq (32P), no cures were obtained. These colloids were
not pursued due to concerns of lack of their stability. Larsen et al. [81,82] have developed a
stable form of the particulates by covalently linking [211At]astatobenzoyl groups to
monodisperse polymer particles (MDPP). After up to a 24 h incubation with fetal calf serum
at room temperature, more than 90% of the radioactivity was still associated with MDPP.
Significant prolongation in median survival was observed even at doses as low as 7 kBq of
these 211 At-labeled mono-disperse polymer particles. Specific activities (MBg/mg) of the
preparations did not influence the therapeutic efficacy and this was attributed to the larger size
of these particles. From a study of 211 At-labeled human serum albumin microspheres B-20, it
was found that in mice transplanted with malignant ascites, survival was prolonged in a dose-
dependent manner; at a dose of 10 Gy, five out 16 animals survived [83]. Earlier, this group
has reported the results from a clinical study involving one lingual carcinoma patient who was
subjected to endoarterial therapy using 211 At-labeled HSA microspheres [84]. While complete
remission was achieved, except for a slight depression in thyroid function, no adverse effects
were observed. The feasibility of using silver nanoparticles covalently coated with
polyethylene oxide as a carrier for 211At also has been investigated [85]. Quantitative labeling
yields have been obtained under reducing conditions and the labeled particles were stable even
when chased with a large excess of chloride ions. Hartman et al. [86] have developed ultra
short single walled carbon nanotubes (US-SWNT) loaded with 211AtCI, which was retained
by noncovalent van der Waals interactions within the interior side walls of the nanotubes
[86]. Reasonable stability with respect to retention of 211At activity was achieved after a serum
challenge. Both silver nanoparticles and US-SWNT are amenable to modification with tumor
targeting vectors. Liposomes are sequestered by tumors by the enhanced permeability and
retention effect and possible tumor delivery of 211At by conjugating astatinated molecules to
liposomes has been proposed [87].

Astatinated Naphthaquinone and Methylene Blue Derivatives

The alkaline phosphatase isozyme, onco-APase is over expressed by certain epithelial and germ
cell tumors and is a target for several 1,4-naphthoquinone diphosphates. As we reported in our
earlier review [12], Brown and colleagues have synthesized astatinated naphthoquinone
derivatives as a means to selectively deliver 211At to tumor. Since that review, no further work
on this topic has appeared. Melanoma is a radioresistant cancer and for this reason, targeted
a-particle therapy should be beneficial for its treatment. The pheothiazin dye methylene blue
(MB) has a very high affinity for melanin, which is synthesized at elevated levels by pigmented
melanoma. Brown, Link and colleagues have investigated the usefulness of astatinated
methylene blue for the treatment of melanoma (Summarized in Reference [12]). The group
from Dubna also has evaluated methylene blue labeled with 211At in preclinical models [88,
89]. They found that the [21LAt]MB accumulation rate in pigmented melanoma cells in vitro
was two times higher than that in non-pigmented cells [88]. The therapeutic effectiveness of
[211At]MB in pigmented melanoma cells was an order of magnitude higher than in normal
fibroblasts. The tumor uptake in vivo of [1311]MB reached a maximum of 5% at 5 h after i.v.
administration and retained at the same level within 24 h thereafter; the pharmacokinetics of
[211At]MB was similar to that of [1311]MB.

Curr Radiopharm. Author manuscript; available in PMC 2010 February 10.
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Agents that Undergo DNA Incorporation

Targeting DNA is the most effective way of inflicting cell kills by ionizing radiation; thus,
localizing the radionuclide in close proximity to DNA or, even better, getting it incorporated
in the DNA should be ideal. This is especially critical for those radionuclides such as 1251 that
emit very short range Auger and Cdster-Kronig electrons. Extreme cytotoxicity for cells
undergoing DNA synthesis has been demonstrated with the thymidine analogue, 5-iodo-2'-
deoxyuridine (IUdR) labeled with 1251 and 123]. However, the strength of this agent, its
specificity for rapidly dividing cells, is also its most severe drawback in that tumor cells not
undergoing DNA synthesis during their exposure to this agent will not be sensitive to its
cytotoxic effects. It was hypothesized that an analogue of IUdR labeled with 211At will be
cytotoxic not only to cells which incorporate the a-particle-emitting agent into its DNA via the
high LET a-particle recoil nuclei but also to adjacent cells due to its emission of relatively
longer range a-particles. The astatinated analogue, 5-[?11At]astato-2'-deoxyuridine (AUdR;
Fig. 3) was first synthesized by Roessler et al. [90] from an amino precursor via a diazonium
salt. The radiochemical yield was a meager 3% and the labeled AUdR was contaminated with
other byproducts. Subsequently, it was synthesized from a mercury precursor; although higher
yields were obtained, it was necessary to use carrier iodide in the reaction [52]. We developed
amethod for the synthesis of AUdR at a no-carrier-added level from a tin precursor in excellent
radiochemical yields [91]; this method was adapted by other investigators subsequently [92,
93]. Substitution of 211At for iodine in IUdR did not compromise its biological characteristics;
the uptake of AUdR in D-247 MG human glioma and SK-Mel-28 human melanoma cells was
nearly identical to that of IUdR and increased linearly with radioactivity concentration;
furthermore, the uptake of both of these radiopharmaceuticals was abrogated by 10 uM IUdR
[91]. AUdR was demonstrated to be extremely cytotoxic to these cells as reduction in survival
to 37% was achieved with only 1-3 211At atoms bound per cell [91,94]. Using the neutral
elution method, the yield for DNA double strand breaks was shown to be 10-fold higher for
[21IAt]JAUdR compared to that for [1221]1UdR [95].

Despite these encouraging results, AUdR may not be suitable as an endoradiotherapeutic agent
if it has to be administered intravenously due to its poor stability. IUdR is known to undergo
rapid deiodination in vivo and is also subject to degradation by nucleoside phosphorylases.
Because the carbon-astatine bond is weaker than the carbon-iodine bond, AUdR is expected
to behave similarly if not worse. Substitution of 2’-hydrogen in nucleosides with the hydrogen
bioisostere fluorine is a tactic that is employed to bring about increased in vivo stability to these
molecules without sacrificing their biological characteristics. A fluorine substituted analogue
of IUdR, 5-iodo-1-(2-deoxy-2-fluoro-p-o-arabinofuranosyl)uracil (FIAU) has been developed
and shown to be a stable alternative to IUdR. We have developed a method for the no-carrier-
added synthesis of FIAU from a tin precursor, and by using this tin precursor, synthesized the
astatinated analogue, 5-[?1At]astato-1-(2-deoxy-2-fluoro-p-o-arabinofuranosyl)uracil
(FAAU: Fig. 3) [96]. While the uptake of [1251]FIAU in D-247 MG human glioma cells in
vitro was 20-fold higher than that of [12°1]1UdR, a similarly enhanced uptake was not seen for
FAAU over AUdR. While the fluorine substitution increased the stability of AUdR with respect
to the glycosidic bond cleavage, extensive deastatination was still a problem. These results
suggest that therapeutic applications of AUdR and FAAU may be limited to settings where
they can be administered by non-intravenous routes.

Meta-[211At]Astatobenzylguanidine

Meta-iodobenzylguanidine (MIBG) is a functional analogue of the neurotransmitter
norepinephrine and is sequestered into the cells of sympathomedullary tissues by the
norepinephrine transporter (NET). Because a number of neuroendocrine tumors such as
neuroblastoma over express NET, radiolabeled MIBG has been used extensively in the
diagnosis and treatment of these cancers. While radioiodinated MIBG has excelled as an

Curr Radiopharm. Author manuscript; available in PMC 2010 February 10.
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imaging agent, the therapeutic efficacy of [131I]MIBG, especially in the case of neuroblastoma,
is not that impressive. One of the contributing factors for this lackluster performance is related
to the physical properties of the 1311. Neuroblastoma is known to undergo metastases and as
described before long range B-particles that are emitted by 1311 are not ideal for the treatment
of micrometastatic diseases. Hypothesizing that an astatinated analogue of MIBG will be an
excellent candidate for the treatment of such smaller tumors, we developed a method for the
synthesis of meta-[211At]astatobenzylguanidine (MABG; Fig. 4) at high specific activities
(16,000 TBg/mmol) [53]. Our earlier attempts to synthesize a tin precursor from which MABG
could be synthesized in a single step were futile and we resorted to a silicon precursor; however,
recently we were able to synthesize the elusive tin precursor in a protected form and
demonstrated its usefulness for the synthesis of various radioiodinated MIBG and MABG
[54]. Further, by utilizing a tin precursor that was anchored to a solid support, MABG was
synthesized by a kit method in a sufficient quantity and quality suitable for clinical evaluations
[971.

Utilizing SK-N-SH human neuroblastoma cells, it has been demonstrated that MABG is
analogous to MIBG [53,98]. Its uptake in these cells was similar to that of MIBG and was
blocked by agents and conditions that inhibit NET suggesting that substitution of iodine in
MIBG by 211At did not compromise the biological characteristics of the compound. The ability
of SK-N-SH cells to retain MABG, after an initial uptake, also was similar to that of [1311]
MIBG. Paired-label biodistribution of [131I]]MIBG and MABG in normal mice indicated
striking similarity in organ levels for the two agents especially in thyroid, spleen and lungs
[53]. Because spleen and lungs have remarkable avidity for astatide, the similar uptake

of 131] and 211At suggest that MABG is quite stable to deastatination in vivo. MABG was
evaluated in athymic mice bearing subcutaneous SK-N-SH xenografts also [99]. Statistically
significant higher uptake of MABG, compared to that of co-administered [*31[JMIBG, was
seen in tumor tissue and this uptake was reduced to half with NET inhibitor desipramine. Like
MIBG, MABG also demonstrated high myocardial uptake because heart is very rich with
sympathetic neurons. Although no myocardial radiotoxicity has been reported from clinical
administration of up to Curie (37 GBq) quantities of [L311]MIBG, due to the high LET nature
of the a-particles, this is an issue that needs to be considered before MABG can be administered
intravenously in patients. Treatment with both unlabeled MIBG (4 mg/kg) and the vesicular
uptake inhibitor tetrabenazine (20 mg/kg) reduced the uptake of MABG in heart without
concomitant reduction in tumor suggesting that these are approaches that can be used to reduce
any potential myocardial toxicity of MABG.

The superior cytotoxicity that MABG can deliver, compared to [1311]MIBG, was demonstrated
in a number of experiments. The ability of SK-N-SH cells to incorporate [3H]thymidine was
reduced to less than 50% of control values when treated with 118 Bg of MABG whereas no
significant reduction in [3H]thymidine uptake was seen when the cells were treated with up to
2960 Bq of no-carrier-added (n.c.a.) [131IJMIBG under the same conditions [98]. From
clonogenic assays using SK-N-SH cells, D values of 0.215 kBg/ml and 3.84 x 102 kBg/ml
were obtained for MABG and n.c.a. [131I]MIBG, respectively suggesting that, under single
cell conditions, the a-particle emitter is more than 1000-fold more cytotoxic [100]. Further,
the cytotoxicity of MABG was 80-fold higher than that obtained for [211At]astatide, confirming
a significant advantage for targeted versus nonspecific a-particle irradiation. The Dg values
for MABG in two other NET-expressing neuroblastoma cells were equivalent to 6-7 bound
atoms/cell and were similar to that obtained for SK-N-SH cells [100]; similar values have been
obtained for two medulloblastoma cell lines [101]. The exquisite toxicity of MABG compared
with that of Auger electron emitting [123/125]]MIBG and B-particle emitting [*31I]MIBG, has
been demonstrated in small human neuroblastoma multicellular spheroids as well [102].
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Targeting of non NET-expressing tumor cells with MABG via a gene therapy approach also
has been explored. Using human telom-erase promoters, which are more specific for tumor
than normal tissues, high levels of NET expression was induced in UVW glioma cells [103].
The toxicity of [1311]MIBG or MABG to the wild type UVW glioma cells and those transfected
with the NET gene under the control of RSV, and the telomerase promoters hTR or hTERT
was determined in multicellular mosaic spheroids. Little reduction in surviving fraction was
observed in spheroids composed of non transfected UVW cells on treatment with either of the
radiopharmaceuticals, suggesting that expression of functional NET is needed for cell kill using
these radiolabeled NET substrates in these radioresistant glioma cells. On the other hand, all
NET expressing spheroids regardless of the promoter driving NET expression succumbed to
[1311)MIBG-mediated cell kill in a dose dependent manner. With MABG, the dose required to
reduce survival to 0.1% (log SF = 0.001) was roughly similar for all three transfectants,
suggesting thata similar dose of MABG resulted in equivalent cell kill regardless of the strength
of the promoter driving NET gene expression. As expected from the exquisite toxicity of
MABG, the radioactivity levels required were 400-1000-fold lower than those required when
[1311]MIBG was used as the therapeutic. It has been demonstrated that MIBG derivatives
labeled with a-, B-, and Auger electron-emitting radionuclides can elicit radiation induced
biological bystander effect (RIBBE), which helps to sterilize those cells in which the NET gene
is under expressed or not expressed [104]. Thus, the lack of efficacy of MABG due to the
shorter range of alpha particles may be overcome by the substantial RIBBE that it generates.
An accompanying article in this issue by Mairs et al. has dwelt at length the various aspects
of this research. This group also has investigated the use of intracellularly concentrated MABG
for inducing wild-type p53 activated fragment (WAF1), a cyclin-dependent kinase inhibitor,
for promoting transgene expression [105].

For use in positron emission tomographic imaging, a fluorine-substitued analogue of MIBG
that can be labeled with the positron emitter 18F has been developed. This derivative, 4-[18F]
fluoro-3-iodobenzylguanidine ([18F]FIBG) was shown to be a useful positron emitter analogue
of MIBG. Subsequently, FIBG was labeled with both 31| and 211At and these compounds
were shown to have biological characteristics similar to that of MIBG [106]. The astatinated
analogue, 3-[211At]astato-4-fluorobenzylguanidine ([?11At]JAFBG) demonstrated a
significantly higher retention in SK-N-SH human neuroblastoma cells in vitro compared to
MABG [107]. This suggests that a higher cumulative radiation dose can be delivered to the
tumor with the fluorine substituted analogue; however, the uptake of FABG in normal tissues
in mice was higher indicating that it may not have any particular advantage over MABG in the
targeted a-particle therapy, at least for intravenous applications.

Biotin Derivatives

The large size of mADbs is disadvantageous in their use in radio-immunotherapy (RIT) in tandem
with short lived radionuclides such as 211At. A strategy that is often used to maximize the
tumor delivery of radiation dose in RIT is pretargeting. In pretargeting, the unlabeled mAb
conjugate is administered first and is allowed to localize in the tumor and clear from the
circulation. After an appropriate time, when a maximal tumor to background ratio can be
achieved, a small molecule labeled with the desired radionuclide and that has affinity to the
mADb conjugate is administered. In the most commonly used pretargeting strategy, the high
affinity (1012 — 1015 M™1) of the egg white protein avidin (65 kDa) or its bacterial analogue
streptavidin (54 kDa) to the vitamin H, o-biotin (244 Da) is exploited to achieve this binding
interaction.

The synthesis and evaluation of three biotin derivatives labeled with 211 At have been described
and we have covered this in our previous review [12]. To improve pharmacokinetics, the
development of charge-modified polylysine derivatives of different molecular weights
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decorated with astatinated biotin as effector molecules for pretargeted therapy of
intraperitoneal tumors has been reported [108]. When the molecular weight of the polylysine
was about 13 kDa, rapid clearance via the kidneys was observed after i.p. administration in
tumor-free mice. Higher molecular weight constructs demonstrated higher liver uptake and, as
a result of this, higher dehalogenation. Subsequently, this group of investigators compared the
tissue distribution of poly-o-lysine versus that of poly-.-lysine [109]. Because there was higher
cumulative kidney uptake of the o-than the .-isoform, presumably due to the faster
decomposition of the latter, the authors suggest that the use of 211 At-labeled .-isomer may yield
higher therapeutic efficacy. Wilbur et al. reported the synthesis and evaluation of a number of
astatinated aryl- and nido-carboranyl-biotin derivatives [110]. The presence of a COOH group
in the a-position of the biotinamide moiety imparted stability toward biotinamidase without
sacrificing avidin binding ability. The derivatives containing a nido-carborane moiety were
more inert to in vivo deastatination. However, even after introducing a trialky-lamine function
to counter unwanted putative interaction with the surface cationic charges of serum proteins,
these derivatives had a long retention in blood which may defeat the very purpose of pre-
targeting. Obviously, further work is needed before 211 At-labeled biotin derivatives reach the
stage where clinical evaluation is warranted.

Bisphosphonates

Bony metastases often result from lung, breast and prostate cancers in their advanced stage.
To alleviate the pain and to prevent tumor progression of such metastases, bone seeking
bisphosphonate complexes labeled with various B-emitting radiopharmaceuticals have been
developed. Because of the potential for irradiating bone marrow by the long range B-particles
from these agents, analogues labeled with a-particle emitters are desired. Our group has
developed methods for labeling Pamidronate®, a commercially available bis-phosphonate,
with 211At [111]. Astatine-211 labeled templates N-succinimidyl 3-[211At]astatobenzoate
(SAB) and N-succinimidyl 5-[211 At]astatopyridine-3-carboxylate (SAPC) were first
synthesized and then conjugated to 3-amino-1-hydroxypropylidene-1,1-bisphosphonate to
render 1-(3-[211At]astato)benzamido-3-hydroxypropylidene-3,3-bisphosphonate ([211At]
ABPB) and 1-(5-[2}1At]-astato-pyridine-3-carboxamido-3-hydroxypropylidene-3,3-
bisphosphonate ([211At]APPB) in 60-80% yield. HPLC analysis indicated that both labeled
bisphosphonates are stable in murine and human serum in vitro over a period of 24 h. Both
compounds demonstrated high bone uptake (35-47% ID/g) in normal mice and co- or pre-
injection of Pamidronate® reduced the uptake in normal tissues without concomitant decrease
in bone uptake [112]. Dosimetric estimates showed that bone surface to bone marrow dose
ratios were 3 times higher for the astatinated analogues than for 131I-labeled congeners [113]
suggesting that it may be advantageous to use the a-particle emitting analogues for the
treatment of osseous cancers.

Benzamides for Targeting Melanoma

Several tumors including melanoma and glioma are known to over express o, receptors and
benzamides accumulate in these tumors, presumably mediated by their binding to o, receptors.
Based on the high tumor accumulation and favorable pharmacokinetics of N-(2-
piperidinylethyl) 4-[123I]iodobenzamide ([12°1]IPAB), its astatinated analogue N-(2-
piperidinylethyl) 4-[211At]astatobenzamide ([21LAtJAPAB) was synthesized in 69-82%
radiochemical yields from a tin precursor [114]. Compared to the radioiodinated analogue, a
2- to 3-fold higher binding of [211At]JAPAB to SK-MEL 28 melanoma cells in vitro was seen.
From a paired label biodistribution study of [211AtJAPAB and [1311]IPAB in normal mice, the
accumulation of 211At was shown to be substantially higher in lungs, stomach and spleen
compared with that of 1311 suggesting that [211At]JAPAB has undergone extensive
deastatination in vivo and thus may not be suitable for intravenous administration. The n.c.a.
synthesis of N-(2-diethylaminoethyl)-3-[?11At]astato-4-methoxybenzamide ([211AtJAMBA),
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Steroids

another potential agent for the alpha therapy of melanoma has been described but no studies
on its evaluation have been reported [115].

Steroid hormone receptors are over expressed by breast, prostate and ovarian cancers and the
potential of targeting these tumors with radiolabeled steroids has been explored. For possible
a-particle therapy of such cancers, attempts have been made to radiolabel steroids with 211At.
Visser et al. synthesized astatinated estradiol and cholesterol in a carrier-added form from their
mercury precursors [52]. Estradiol derivatives containing 211At on a vinylic carbon also have
been synthesized at a no-carrier-added level from tin precursors [38,39]. The synthesis of 6-
[211At]astatomethyl-19-norcholest-5(10)-en-3p-ol, a potential agent presumed to target
adrenal neoplasms, by the crown ether-mediated exchange halogenation has been reported
[116]. High accumulation (136 — 181% ID/g) in adrenal glands in normal mice was seen;
however, it underwent extensive deastatination in vivo.

PEPTIDES AND SMALL MOLECULAR WEIGHT PROTEINS

Peptides

Because of their favorable pharmacokinetics, low antigenicity and ease of synthesis, peptide
radiopharmaceuticals play a significant role in nuclear medicine. There are a variety of
bioactive peptides that can be targeted to a number of different receptors. Perhaps the most
widely used class of peptides is the one that targets somatostatin receptors (SSTR), which are
expressed by anumber of cancers. The biological half lives of oligopeptides are ideally matched
with the physical half life of 211At and therefore astatinated peptides should be potentially
useful in the targeted alpha therapy of cancer.

Oligopeptides are amenable for direct radioiodination provided they possess one or more
tyrosine residues in their structure. However, due to the lability of iodotyrosine for in vivo
dehalogenation, it is desirable that the radioiodine resides on a different moiety. Furthermore,
it may be not be practical to astatinate peptides on their tyrosine residues due to the extreme
instability of astatotyrosine. Peptides have been radioiodinated by conjugation with preformed
labeled prosthetic groups such as N-succinimidyl 3-[*I]-iodobenzoate and N-succinimidyl 5-
[*Iliodopyridine-3-carboxylate (SIPC). We have labeled the SSTR2-reactive octapeptide
octreotide with 211At using this strategy [117]. To prevent modification of the
pharmacologically relevant lysine side chain, it was necessary to first protect it and
subsequently remove the protecting group after conjugation. This necessitated the use of 3
HPLC purification steps, which in combination with the shorter half life of 211At, reduced the
effective over all radiochemical yields. To overcome this, the peptide was first conjugated with
tin moiety; however, it still involved two radiochemical steps. To our knowledge, this is the
first time a peptide has been modified with a tin function and subsequently radiohalogenated

(Fig. 5).

Subsequently, a better analogue of octreotide, octreotate was astatinated in a single step (Fig.
6) [118]. The peptide was synthesized with an orthogonal protecting group on the lysine side
chain and the N-terminal amino group was conjugated to a prosthetic group containing both a
guanidine function and a tin moiety. The orthogonal protecting group was then removed,
rendering the tin precursor peptide. Astatodestannylation and concomitant removal of Boc
protecting groups on the guanidine function were achieved in a single step by the treatment of
this tin precursor with 211At and tert-butyl hydroperoxide in acetic acid at 70°C; however,
typical radiochemical yields for astatination were only 15-20%. The astatinated peptide was
taken up and internalized by the SSTR2-expressing D341 human medulloblastoma cells in
vitro to the same degree as that seen for the same peptide radioiodinated with the analogous
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prosthetic group (Fig. 7). These results demonstrate that octreotate can be labeled with 211At
using this strategy without sacrificing the SSTR2 binding ability of the peptide.

The ability to synthesize another 211At-labeled octreotate analogue from a tin precursor in a
single step has been demonstrated (Fig. 8) [55]. The attachment of a sugar residue to the N-
terminus of octreotide or octreotate has been shown to improve receptor binding affinity and
tumor and normal organ pharmacokinetics of these peptides. To accommodate both the
prosthetic group and the sugar residue in order to combine these strategies, an extra lysine
(lys%) was attached to the N-terminus of octreotate. Then a fructose unit was attached to the
a-amino group and a 3-(trimethylstannyl) benzoyl group to the e-amino group of lys?, after
which the orthogonal protecting group on lys® was removed to obtain the tin precursor.
Astatodemetallation of this precursor peptide gave the 211At-labeled peptide in about 50%
radiochemical yield. While the affinity to SSTR2 did not seem to be affected by this
modification as demonstrated from receptor binding assay of the cognate iodinated peptide,
both the radioiodinated and astatinated peptides had a lower uptake and internalization in D341
cells in vitro compared to a gold standard octreotate derivative. Although methods have been
developed for the astatination of octreotate derivatives that can possibly be applied to other
peptides as well, other modifications may be necessary to improve specific tumor targeting of
these labeled peptides.

Small Proteins/Large Peptides

With the goal of treating hepatocarcinoma and other insulin receptor expressing cancers, 5.8
kDa insulin has been labeled with 211At using preformed N-succinimidyl 5-[?11At]
astatopyridine-3-carboxylate (SAPC) in conjugation yields of 30-40% [119]. The labeled
product was stable in PBS at room temperature up to 24 h. Similar stability was imputed in
vivo also based on the fact that the uptake of labeled insulin at 30 min and 3 h in lung, spleen
and stomach in normal mice was 15- to 20-fold lower than that of free astatide.

Affibody molecules, proteins of molecular weight 6-7 kDa, are derived from one of the 1gG
binding domains of staphylococcal protein A by phage display methods [120,121]. The
relatively small size allows their synthesis by chemical means with homogeneous site-specific
introduction of prosthetic groups amenable for radiolabeling. Indeed, affibodies have been
labeled with various radionuclides including 9°™Tc, 111In, 177y and 0Y. Two affibody
molecules, (Zygr2:4)2 and Zyer2-342-Cys Were recently labeled with 211At using N-
succinimidyl 4-[211At]astatobenzoate (PAB): ZzneR2:342-CyS Was also conjugated with

the 211At-labeled B10 decaborate prosthetic group containing a maleimide function [122]. In
tumor-bearing mice, the uptake of 211At from both constructs labeled using PAB was
substantially higher in lungs, stomach, and thyroid compared to the 1251 uptake from the
corresponding 1251-labeled constructs. The uptake in some normal tissues could be reduced by
preadministration of lysine or sodium thiocyanate. The uptake of 211At from ZHER2:342-cys
labeled with the B10 template in lungs, thyroid and stomach was considerably less; however,
there was a concomitant increase in hepatic and renal uptake. The authors concluded that
although the pharmacokinetics of affibody molecules are ideal for labeling with 211At the
labeling chemistry needs to be improved before this strategy can be translated to clinical
studies.

To target epidermal growth factor receptor (EGFR), which is expressed by a number of cancers,
human EGF (~6.2 kDa) has been labeled with 211At. To label the protein in a stable manner,
the use of nido-carborane prosthetic group was employed [123]. EGF was first derivatized with
7-(3-amino-propyl)-7,8-dicarba-nido-undecaborate (—) (ANC-1) using either glutaraldehye
(EGF-GA-ANC) or the bifunctional cross linking agent, sulfo-MBS; in the latter case, EGF
was first treated with Traut's reagent to generate sulfhydryl groups (EGF-TR-ANC). EGF
conjugated with ANC-1 by both methods was astatinated directly using Chloramine-T as the
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oxidizing agent. For comparison, EGF was also astatinated using the PAB reagent. Highest
radiochemical yields (68 + 9%) were obtained for the direct astatination of EGF-ANC-1
conjugate derived using glutaraldehyde. In comparison, 32 + 18%, 44 + 5%, and 5 + 7% yields
were obtained for EGF-TR-ANC, EGF-PAB, and unmodified EGF (direct labeling),
respectively. The in vitro stability of both EGF-GA-ANC and EGF-PAB were similar with
88.1 + 1.5% and 81.6 + 1.4%, respectively, of the astatine associated with intact peptide after
15 h of incubation in PBS. Because gefitinib, an EGFR tyrosine kinase inhibitor, has been
shown to enhance the antitumor effect of ionizing radiation, its effect on the uptake of 211At-
labeled EGF in EGFR-expressing glioma cells was studied [124,125]. In comparison with
untreated cells, treatment with 1 uM gefitinib resulted in 3.5-fold increase in the uptake EGF
labeled with 211At using PAB in U343 glioma cells. Further, this difference persisted over a
21 h (3 half lives of 211At) incubation period and excess of unlabeled EGF blocked the uptake
significantly in both cases. There was a concomitant reduction (3.5-fold) in survival of
gefitinib-resistant U343 cells treated with both 211At-labeled EGF and gefitinib compared to
that treated with 211At-labeled EGF alone. Paradoxically, 211At-labeled EGF treatment
resulted in low survival of gefitinib-sensitive A431 squamous carcinoma cells but co-treatment
with gefitinib increased the survival by 20-fold. These results were interpreted as suggesting
that combined treatment with gefitinib might increase the effect of ligand-mediated
radionuclide therapy in gefitinib-resistant tumors and decrease the effect of such therapy in
gefitinib-sensitive tumors. In another study, the effect of lysosomotropic agents such as
ammonium chloride and chloroquine on the uptake, retention and cytotoxicity of 211At-labeled
EGF in A431 cells was investigated [126]. About a 2-fold increase in uptake and retention
of 211At-labeled EGF by these cells was seen when they were treated with 20 mM ammonium
chloride. A radiation dose corresponding to 191 decays per cell was calculated for cells treated
with ammonium chloride compared to 112 decays per cell for the group that was not treated
with the lysosomotropic agent. The delay in the growth of cells treated with 211 At-labeled EGF
or ammonium chloride alone or in combination was compared to untreated controls. Treatment
with ammonium chloride alone did not cause any growth delay nor was there any significant
reduction in the survival of cells in which the uptake of 211 At-labeled EGF was blocked by
treatment with excess unlabeled EGF suggesting no significant effect from radioactivity in the
medium. There was a significant (p < 0.001) delay in growth (24 = 5 days) for cells treated
with 211At-labeled EGF and no regrowth was seen when 211 At-labeled EGF was combined
with ammonium chloride. Provided the administration of lysosomotropic agents does not cause
undue toxicity, use of these agents may increase therapeutic efficacy of 211At-EGF. In yet
another study, the uptake, retention and intracellular processing of 211At-labeled EGF was
compared with that of its radioiodinated analogue in A431 cells [127]. The extent of uptake,
retention and internalized radioactivity was significantly higher in the case of the astatinated
derivative. The authors have speculated that this might be due to higher rate of dehalogenation
of the astato analogue and possible binding of free astatine to cellular proteins.

ANTIBODIES AND THEIR ENGINEERED FRAGMENTS

Chemistry

Due to the slow clearance of 1gG molecules from the blood, 211At-labeled intact mAbs may
be best suited to settings where the labeled mAb can be administered loco-regionally. On the
other hand, 211 At-labeled small molecular weight mAb fragments may find application for
systemic administration because of their lower molecular weight. In the following sections,
the approaches for labeling mAbs and their fragments as well as the in vitro and in vivo
evaluation of these labeled molecules including a clinical trial will be described.

While a very large number of proteins and antibodies have been radioiodinated by the direct
electrophilic method, which incorporates the radioiodine at the ortho position of the phenolic
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hydroxyl group of tyrosine moieties, this strategy for astatination has been found to be futile
due to the extreme instability of astatotyrosine [48,128]. As an alternative, the possibility of
introducing the astatine onto histidine residues in proteins has been explored [129]. While the
authors were able to astatinate several imidazole derivatives from mercury precursors, they
were found to be unstable under the oxidizing conditions needed for protein labeling. This
necessitated the development of conjugation labeling methods and one of the first methods
developed was labeling proteins by reacting with preformed [211At]astatobenzoic acid, which
was derived from a diazonium precursor [130-133]. The labeled acid was activated by
converting it to the isobutyrl anhydride derivative and coupled subsequently to the protein.
This method was not found to be generally very attractive because of the modest radiochemical
yields and formation of several undesirable byproducts. However, successful labeling of a mAb
and its Fab fragment utilizing this method has been reported by other investigators [134,135].

Subsequently, several labeled active esters that can be derived from suitable precursors and
that can be conjugated to proteins under mild conditions in good yields with the preservation
of protein function, have been developed. Although conjugation agents that are reactive with
amine, sulthydryl, and carbohydrate functions have been developed for the radiohalogenation
of proteins, astatination has been performed predominantly using active esters which mainly
react with amine moieties. N-succinimidyl 3-[211At]astatobenzoate (SAB) was the first such
agent developed and was derived from a tin precursor, N-succinimidyl 3-(tri-n-butylstannyl)
benzoate [136]. An isomeric agent, N-succinimidyl 4-[211At]Jastatobenzoate (PAB) also has
been synthesized in a similar manner [137] and both these reagents have been used for labeling
a variety of different proteins [138-145].

A number of other 211At-labeled succinimidyl esters have been reported ever since.
Hypothesizing that reduction in dehalogenation would be achieved by introducing substituents
on both ortho positions of the halogen carrying carbon, a dimethoxy derivative of SAB has
been developed [146]. This agent could be derived from either a trimethylstannyl or a
tributylstannyl precursor in similar radiochemical yields. Biodistribution of a mAb F(ab"),
fragment labeled with this agent indicated normal tissue uptake at early time points similar to
that of the radioiodinated congener but by 14.5 h, substantially higher uptake of 211 At in spleen,
lungs and stomach were seen. The synthesis and evaluation of analogues of SAB and PAB
with other substituents in the benzene ring as well as that of N-succinimidyl 4-[211At]
astatophenethyl succinimate (SAPS) and its N-methyl analogue (Methyl-SAPS) also have been
reported [56,147,148]. The authors concluded that SAPS is a better agent than the benzoic acid
derivatives with respect to labeling chemistry, blood clearance and normal tissue uptake.
Methyl-SAPS was developed to obviate the inconsistencies in the radiolabeling and
conjugation chemistry, and Herceptin labeled with Methyl-SAPS was found to be superior to
that labeled with simple SAPS.

Hypothesizing that the degree of recognition of iodinated heterocyles by endogenous
deiodinases may be less than that of carbocyclic analogues and therefore iodo-heterocycles
may be more inert to in vivo deiodination, a radioiodination agent containing a pyridine ring
in place of benzene ring was developed. In addition to being inert to deiodination, labeled
catabolites resulting from proteins radioiodinated using this agent were expected to clear faster
from normal tissues due to their lower lipophilicity. Further, use of this agent to label mAbs
that undergo internalization after receptor binding should result in a higher tumor-associated
radioactivity, compared to the same mAb radioiodinated with the carbocyclic analogue, due
to the fact that the catabolites will be protonated at lysosomal pH thereby preventing their
traversal across lysosomal membranes. For these reasons, the astatinated analogue of this agen
t, N-succinimidyl 5-[211At]astato-pyridine-3-carboxylate (SAPC) was synthesized and
evaluated [149]. SAPC was synthesized from a tin precursor in about 50% radiochemical yields
and coupled to L8A4, an anti-EGFRvIII mAb in 46% conjugation efficiency. The affinity and
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immunoreactive fraction of the astatinated mAb was similar to that of the mAb radioiodinated
using the same template. Also, the internalization and catabolism in vitro and the
biodistribution in vivo of the two labeled mAbs were similar, suggesting the potential
usefulness of the SAPC reagent for labeling internalizing mADbs.

Because guanidines have a pKa of about 13, they are expected to remain exclusively protonated
at lysosomal pH. It was hypothesized that catabolites resulting from proteins labeled with
prosthetic groups containing guanidine function will be trapped within the tumor cells due to
the presence of positively charged guanidine moiety. To investigate this, a radioiodination
agent containing the guanidine group was developed. Indeed, when radioiodinated with N-
succinimidyl 4-guanidinomethyl-3-[*I]iodobenzoate ([*I]SGMIB), radioactivity from mAbs
that undergo internalization was retained to a substantially higher degree by tumor cells both
invitro and in vivo. To exploit the advantage of this template in targeted alpha particle therapy,
the astatinated analogue N-succinimidyl 3-[?1LAt]- astato-4-guanidinomethylbenzoate
(SAGMB) (Fig. 9) was developed [150]. SAGMB was synthesized from the same tin precursor
used for the preparation of [*I]SGMIB in 62% radiochemical yields and coupled to the anti-
EGFRvIII mAb L8A4 in 36% vyields. Paired-label in vitro internalization assays using
U87MG-AEGFR glioma cells demonstrated that the cellular retention of L8A4 labeled with
SAGMB was similar to that labeled with [1311]SGMIB and was 3- to 4-fold higher than that
seen for the directly radioiodinated L8A4 (Fig. 10). Over a 24 h period, the tumor uptake in
vivo was similar for L8A4 labeled with SAGMB and [1311]SGMIB (Fig. 11). The uptake

of 211At in tissues such as lung, spleen and stomach that sequester astatide was higher than
that of 1311; however, the 211At /131 ratios seen in these tissues were considerably lower than
that seen with other labeling methods. Taken together, SAGMB may be a useful agent for
labeling internalizing mAbs (and possibly low molecular weight mAb fragments) with 211At.

As described in a previous section, to exploit the higher stability of boron-astatine bond
strength, Wilbur's group has developed methods for labeling mAbs with 211At using boron
cage pendant groups [151]. Higher in vivo stability with respect to deastatination was obtained
by using the so called Venus fly trap complexes; however, long blood residence times and high
hepatic uptake was a problem [141]. A Fab' fragment conjugated with the anionic closo-
decaborate-(2-) could be directly astatinated in 58-75% radiochemical yields and the labeled
fragment demonstrated good in vivo stability [59]. However, uptake of the conjugate was higher
in normal tissues, especially the liver, compared to that of unconjugated Fab' that was labeled
with radioiodine (direct or PIB) or with 211 At (PAB). More details of these studies can be found
in an accompanying article of this issue by Wilbur.

Another method for directly labeling proteins with 211At utilized the metallic properties of
astatine. In an early study, DTPA was first labeled with 211At and the labeled complex was
conjugated to a polyclonal antibody [152]. In another study, the IgG molecule was first
derivatized with DTPA and then the DTPA-1gG conjugate was labeled with 211At in 80 - 85%
yields [62]. While the stability of thus labeled protein in vitro was reasonable, it was found to
be very unstable in vivo.

In Vitro Cytotoxicity

In determining the cytotoxicity of 211At-labeled mAbs, the geometric arrangement of target
cells is an important factor that needs to be considered because of the short range of a-particles.
The contribution to cell kill from unbound 211At from the media and the cell-to-cell cross fire
irradiation can vary considerably from one assay format to another. Various formats such as
single cell suspension, monolayer, and multicellular spheroids have been utilized for studying
the cytotoxicity of 211 At-labeled mAbs.
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An anti-human leukocyte antibody, BK 19.45 and the plant lectin Conconavalin A (MW = 96
kDa) have been labeled with Z11At and their cytotoxicity determined [153]. Cell pellets
containing 1-5 x 106 cells were treated with labeled proteins and the clonogenic potential of
the treated cells was determined. With the antibody, the radiation dose needed to reduce
survival to 37% (Dg) was determined to be 12 211At atoms per cell. The cytotoxic potential of
TP3, a mAb that reacts with an antigen present on the osteosarcoma cells, was evaluated in 3
human osteosarcoma cells under single cell conditions [154]. Cell survival was determined
after treatment of the cells with 1) 211At-TP3 of three different specific activities (MBg/mg),
2) 211At-labeled BSA, 3) free [211At]astatide, and 4) external beam x-rays. The survival curves
were similar for all cell lines subjected to 3 latter agents/conditions. On the other hand, the
survival curves among the 3 cell lines differed significantly after treatment with 211At-labeled
TP3 and the difference was related to the degree of antigen expression. Additionally, survival
of the cell lines was dependent on the specific radioactivity of the labeled mAb. Higher specific
activity preparation demonstrated 80-fold higher potency compared to controls with a Dy
equivalent to 40 211 At atoms bound per cell. The cytotoxicity of 211 At-TP3 also was determined
using two osteosarcoma cell lines and one melanoma cell line in microcolonies consisting of
10-15 cells in planar arrays [155]. The therapeutic gain factors (TGF), calculated for survival
levels, were in the range of 1.3 + 0.4-4.5 + 0.7 for 211At-TP3 and was 1.6-fold higher in the
case of the antigen-rich OHS cell line compared to that of the antigen-poor KPDX cell line.
TGF values for free [211At]astatide and 211 At-BSA were only 0.6 +0.1-1.0 + 0.3. In yet another
study, the cytotoxicity of 21LAt-TP3 to OHS cells and to bone marrow cells was evaluated
[156]. Cells in suspension were incubated with the labeled antibody and, after removal of
unbound radioactivity, the survival was determined by a clonogenic assay. For comparison,
the cells were also irradiated with a single dose of external y-rays. The Dg values estimated by
microdosimetry after exposure to labeled mAb were 0.33 Gy and 1.1.8 Gy for OHS cells and
bone marrow cells, respectively; these values after external y-ray irradiation were 0.86 and
1.71 Gy.

The cytotoxicity of 2 211At-labeled mAbs, one reactive with the extracellular matrix antigen
tenascin (81C6) and the other with the cell membrane antigen proteoglycan chondroitin sulfate
(Mel-14) along with that of a nonspecific control mAb TPS 3.2 was evaluated in microcolonies
of D-247 MG human glioma and SK-Mel-28 human melanoma cells [157]. The microcolonies
of D-247 MG consisted of an average of 16 cells with a cell diameter of 18.5 ym and of SK-
Mel-28 consisted of an average of 25 closely packed cells with a cell diameter of 20 um. Cell
uptake of 211At increased linearly with labeled mAb concentration and, with a 18 kBg/ml
concentration and a 1 h incubation, 2- to 5-times higher activity from the specific mAb was
bound compared to control mAb. For both cell lines, achieving Dg killing required an average
of only 1-2 a-particle hits to the cell nucleus. Hypothesizing that hyperthermia may promote
homogeneous tracer distribution, a sine qua non for a-particle therapy, the effect of
hyperthermia on the cytotoxicity of 211At-labeled 81C6 in D247-MG spheroids of radii greater
than the maximum range of the a-particles was determined [158]. While the labeled mAb was
effective in reducing the doubling time of the spheroids, hyperthermia did not have any
significant effect on the uptake and distribution of the labeled mAb. The anti-CD20 mAb
rituximab (aka IDEC-C2B8) was labeled with 211 At and the cell killing efficiency of the labeled
mAb was determined by clonogenic assays in two B-lymphoma cell lines and in normal
hematopoietic progenitor cells [159]. While the uptake of the labeled mAb increased as a
function of initial radioactivity concentration in both control cells and antigen expressing
RAEL cells, the uptake in the latter was about 15- to 20-fold higher. At an initial radioactivity
concentration of 50 kBg/ml, the log cell kill value for RAEL cells were about 4-fold higher
compared to control cells.

An anti-gastric cancer mAb and its Fab fragment were labeled with 211At using 4-[?11At]
astatobenzoic acid, which was prepared via a diazonium salt, and their toxicity in vitro
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determined in M85 human gastric cancer cells along with that of free [211At]astatide [134].
The labeled mAb and its fragment were about 2-fold more toxic than free [211At]astatide. The
possibility of treating disseminated ovarian cancer has been studied using a murine mAb
labeled with 211At [160-164]. This mAb, MOV18, recognizes a membrane folate-binding
glycoprotein and reacts with 90% of human ovarian carcinomas. The labeled mAb bound to
the ovarian cancer cells OVCAR-3 in vitro (about 5% of input radioactivity) only when the
medium was devoid of folic acid. The 211At-labeling of a chimeric mAb U36, reactive to tumor-
associated antigen CD44v6 that is found on most human head and neck squamous cell
carcinoma, and its evaluation has been reported [165]. The uptake, retention and internalization
of the astatinated mAb by SSC-25 cells were similar to the same mAb labeled with radioiodine.
Cells in monolayer were subjected to either unlabeled mAb or mAb labeled with 211At

and 1311, and then clonogenic survival and cell growth assays were performed. While unlabeled
mADb did not have any significant effect on the survival, there was a dose-dependent reduction
in survival when the cells were treated with astatinated mAb. The survival was reduced to about
66% and 10% when the cells were incubated with astatinated mAb at doses equivalent to 12
and 50 decays per cell, respectively. The survival was reduced to only 85% when the cells were
subjected to a dose equivalent to 50 decays per cell in the presence of a large excess of unlabeled
mAb. When exposed to 1311-labeled mAb at a dose equivalent to 55 decays per cell, 55% of
the cells survived. Results obtained from cell growth assays were similar with that obtained
from the clonogenic assay.

Aslowly rotating, widely dispersed single cell suspension of Colo-205 human colorectal cancer
cells was treated with 211At-labeled C215 mAb and the cell survival was determined [166].
The number of 211At decays per cell needed to reduce survival to 37% was calculated to be 35
+ 2. The cytotoxicity of 211At-labeled trastuzumab, a mAb that reacts with HER2 receptors,
was evaluated in three HER2-expressing breast cancer cells by clonogenic assays [167]. The
specific radioactivity (kBg/ug) of the labeled mAb was shown to be an important factor in cell
survival—the survival was inversely proportional to specific radioactivity. A pharmacokinetic
model demonstrated that there was a competition between the labeled and unlabeled mAb. The
survival curves were biphasic when the survival fractions were plotted against the radioactivity
concentration but became mono-exponential after applying a pharmacokinetics/
microdosimetry model to enable the results to be plotted vs. radiation dose. Compared to
external beam therapy, the relative biological effectiveness of 211At-labeled trastuzumab was
about 10 times higher.

Evaluation in Animal Models

In a number of studies cited above as well as others, several 211At-labeled mAbs or their
engineered fragments have been evaluated in animals bearing tumor xenografts. Because it is
the first 211At-labeled targeted radiotherapeutic that was evaluated in cancer patients, the anti-
tenascin mAb 81C6 will be described in a separate section. Probably the first 211At-labeled
mADb to be evaluated in tumor-bearing mice is the BK 19.9 antibody that has specificity for the
human transferrin receptor [168,169]. A specific tumor localization, 2- to 5-fold higher than
that seen for any other tissue, was obtained. A mAb (anti-thy 1.1, IgG1, OX7) labeled

with 211At was used in the treatment of mice bearing thy 1.1 T-cell lymphoma (A120)
xenografts [170]. Forty-eight hours after receiving an i.v. injection of 103 or 105 A120 cells,
mice were treated with phosphate-buffered saline, 211At™, antibody alone, or 211At-OX7.
Treatment with 212 At-OX7 increased the median survival time of mice compared to controls;
at 200 days after treatment, 6 of the 15 mice given 10° cells and 21 of the 27 mice given 103
cells were alive. In the above two cases, the mAbs were labeled with 211At using 4-[11At]
astatobenzoic acid derived from its diazonium salt precursor. An anti-gastric cancer mAb
(3H11) and its Fab fragment also have been labeled this way and evaluated in mice bearing
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M85 gastric cancer subcutaneous xenografts [134]. Counter-intuitively, the Fab fragment
demonstrated a considerably higher tumor uptake than the intact mAb.

Our group has evaluated several mAbs and their fragments labeled with 211At using N-
succinimidyl 3-[211At]astatobenzoate. The F(ab’), fragment of Mel-14 (see above) was labeled
with 211At and its biodistribution over 24 h period compared in athymic mice bearing D-54
MG glioma xenografts to the same fragment radioiodinated with the same template [171]. The
tumor retention of 211At was essentially identical as that of 1311 except at 24 h. However, the
labeled mAb underwent some deastatination as reflected by higher uptake of 211At in spleen,
lungs and stomach [172]. The effect of hyperthermia on the tumor uptake in vivo of this
fragment has been investigated in another study [173]. Heating the tumors at 42 °C for 4 h
resulted in a ~3-fold increase in the tumor uptake of 211At-labeled Mel-14 F(ab’),. C110, a
mAb against carcinoembrionic antigen and its F(ab’), fragment were labeled with 211At

and 131] and their biodistribution determined in normal mice [68]. While similar tissue
distribution of the two nuclides was seen with the intact mAb, higher uptake of 211At from the
F(ab), fragment in spleen, lungs, and stomach was observed suggesting that astatinated
fragment was less inert towards in vivo deastatination.

Over the years, several other mAbs and mAb fragments have been labeled with the
astatobenzoate active ester agent and evaluated in animal models. Both the intact 1gG and the
Fab fragment of an antimelanoma mAb, NR-ML-05 were labeled with PAB and their
biodistrubution, along with that of the radioiodinated counter-parts, was studied in athymic
mice bearing A375 Met/Mix human tumor xenografts [174]. In the case of both proteins, the
uptake in tumor tissues was similar for both isotopes over 22 h. The labeled intact mAb seemed
to be stable with respect to deastatination because the uptake in spleen and lungs for the two
isotopes were similar early; however, uptake of 211At at later time points was considerably
higher than that for 1251, With the Fab fragment, the uptake of 211At in all these three tissues
was significantly higher at all time points suggesting considerable deastatination has taken
place. The biodistribution of a 211 At-labeled F(ab'), fragment of another mAb—anti-renal cell
carcinoma antibody A6H—was evaluated in mice bearing TK-82 renal cell carcinoma
xenografts [175]. The uptake of both astatinated and radioiodinated fragments in tumor, spleen
and lungs were similar; however, higher retention of 211At in the stomach was seen.

Targeted a-particle therapy is ideally suited for the treatment of ovarian cancers. The potential
of 211At-labeled mAb MOv18 for radioimmunotherapy has been investigated in nude mice
with intraperitoneal ovarian cancer [160,164,176-178]. Intraperitoneal administration of

the 211 At-labeled specific mAb was more effective than intravenous administration or the
intraperitoneal administration of a 211 At-labeled nonspecific mAb. This group of investigators
also has studied another mAb MX35 and its F(ab’), fragment, labeled with 211At using SAB,
that are potentially useful for the treatment of ovarian carcinoma. MX35 is a murine 1gG1 that
reacts with a 95 kDa cell surface glycoprotein expressed by OVCAR-3 cells. The myelotoxicity
of 211At-MX35 (i.p. or i.v.) and its RBE, compared with that of the electron emitter 99MTc-
MX35 and external beam irradiation, were determined in non-tumor-bearing nude mice
[179]. A myelotoxic in vivo RBE of 3.4 + 0.6 compared with #9MTc-MX35 and 5.0 + 0.9
compared with external beam irradiation were obtained. In a subsequent study, the RBE

of 211At-MX35 F(ab'), fragment was determined in tumor-bearing mice using growth
inhibition as the end point [180]. Absorbed doses of 1.35, 2.65, and 3.70 Gy were delivered to
the tumor after administering 0.33, 0.65, and 0.90 MBq, respectively of the labeled fragment.
Compared to external beam irradiation, a RBE of 4.8 + 0.7 was calculated for the 211At
irradiation. The therapeutic efficacy of 211At-MX35 and its radiation absorbed dose were
determined in athymic mice with intraperitoneally growing OVCAR-3 cells [164]. In 3 groups
of animals treated (i.p.) with 400, 800, or 1200 kBq of 211At-MX35, only 3 of 25 animals
developed ascites. None of the animals had macroscopic tumors but 8 of them had microscopic
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tumors. In comparison, in control groups either given saline or treated with unlabeled mADb,
all of 18 animals had ascites and microscopic growth; 6 out 9 in each group had macroscopic
tumors. The absorbed dose due to specific binding of 211At-MX35 (400 kBq) for a cell cluster
with a radius of 50 um ranged from 413 to 223 Gy at distances of 0- and 45-um from the cluster
center. The therapeutic efficacy of 211At-MX35 F(ab'), fragment in comparison to that of a
nonspecific fragment labeled with 211At as a function of tumor size, has been determined by
scanning electron microscopy [181,182]. When the tumor radii were < 30 um, the tumor-free
fractions (TFF) resulting from the treatment with either mAb fragment were 95-100%. On the
other hand, when the tumor sizes were larger, the specific mAb fragment yielded significant
better TIFF. Another study investigated whether any therapeutic advantage can be obtained by
fractionating the dose of 211At-MX35 F(ab’), fragment [183]. Animals were treated at 3 dose
levels as a single injection or 3 equal fractions. While no particular therapeutic advantage was
seen atany dose level by fractionating the dose, myelotoxicity was alleviated in the fractionated
regimen. Treatment of radioresistant, HER2-expressing ovarian cancer in animal models
with 211At-labeled trastuzumab has been reported recently [184]. Several combinations of
doses of labeled and unlabeled trastuzumab were administered. Therapeutic efficacy was
dependent on both the mAb dose and the radioactivity dose with complete eradication of tumor
when the mice were treated with the combination of 500 pg unlabeled mAb with 400 kBq of
labeled mADb.

Several other mAbs, radiolabeled with 211At using the astatobenzoyl template, have been
evaluated in tumor models. Adult T-cell leukemia has an abundance of T cells, which express
CD25 and mAbs 7G7/B6 and daclizumab react with different epitopes of CD25 (IL-2a).
Treatment of a murine model of adult T-cell leukemia using 2}1At-labeled mAb 7G7/B6 alone
or in combination with daclizumab has been reported [185]. In NOD/SCID mice growing
MET-1 human leukemia cells, administration of both 211At-7G7/B6 (0.44 MBq) and
daclizumab (100 pg) was more effective than either agent alone with 91% of the mice surviving
for 94 days compared to a median survival of about 62 days in the control groups. Therapeutic
efficacy of 211 At-7G7/B6 also was evaluated in NOD/SCID mice bearing karpas299 leukemia
and in nude mice bearing SUDHL-1 lymphoma [186]. In the NOD/SCID mice model, the blood
clearance and tissue distribution of 211At-7G7/B6 was similar to that of 12°1-7G7/B6, and a
Kaplan-Meier plot demonstrated significant prolongation in survival in the cohort treated
with 211At-7G7/B6 (0.56 MBq) compared to the saline control group and that treated

with 211 At-labeled nonspecific mAb. In the solid tumor model (SUDHL-1), only a modest
effect in inhibiting tumor cell growth in vivo was seen. Similarity in the biodistribution

of 211At and 129] labeled rituximab, another anti-CD20 mAb, in non tumor-bearing mice has
been demonstrated earlier [159]. An anti-CD30 mAb HeFi-1 also has been labeled with 211At
and its therapeutic effectiveness evaluated in the karpas299 model [187]. Treatment

with 211At-HeFi-1 (0.44 MBq) alone prolonged the survival of mice compared to those treated
with unlabeled HeFi-1; the combination of labeled and unlabeled further increased survival.

To determine whether the tissue uptake data obtained from mAbs labeled with the positron
emitters 76Br and 1241 could be used to calculate the absorbed doses of the same mAb labeled
with 211At, A33—a mAb that reacts with an antigen present on most of colorectal cancers—
was radiolabeled with 76Br, 1241, and 211At using N-succinimidyl 4-halobenzoates and the
biodistribution of the labeled mAbs was determined in Sprague Daley rats [188]. The absorbed
doses to critical organs such as liver, kidney, bone, brain etc could be determined with 10%
accuracy; however, it was necessary to use correction factors in determining doses to astatine-
seeking organs such as stomach, spleen, and thyroid. A chimeric mAb U36 that recognizes
CD44v6, a 200 kDa protein expressed by HNSCC cells, was labeled with 211At and its
therapeutic potential determined in mice bearing subcutaneous HNSCC xenografts [143].
Significant reduction in tumor growth was seen in groups treated with the labeled mAb, alone
or in combination with unlabeled mAb; no undue toxicity was seen.
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Evaluation of mAbs labeled with 211 At using other prosthetic groups also has been performed.
The internalizing anti-EGFRvIII mAb L8A4 was astatinated with SAPC and its biodistribution
was compared to that of the same mAb labeled with [1311]SIPC in mice bearing
U87MG-AEGFR glioma xenografts [149]. Except in stomach at all time points and in lungs,
spleen, and thyroid at later time points, the uptake of 1311 and 211 At were similar over 24 h.
L8A4 labeled with SAGMB has been evaluated in the above athymic mouse model along with
the radioiodinated mAb [150]. Tumor uptake of both isotopes was identical over the 24 h period
(Fig. 11) and although the uptake of 211At in astatine-avid tissues were higher compared to
that of 1311, the 211At/131] ratios in these tissues were considerably lower than that seen for
other labeling methods.

Trastuzumab (Herceptin) was labeled with 211At using three different N-succinimidyl esters
and their biodistribution was studied in mice bearing LS-174T human colon adenocarcinoma
xenografts [147]. Two of these templates, one with a methoxymethyl and the other with a
methylthiomethyl groups ortho to the halogen-carrying carbon, were less advantageous
compared to SAPS with respect to tumor uptake in vivo. SAPS was used to label amAb (201B)
that targets lung blood vessels [189]. Administration of 370 kBq of labeled mAb to mice
bearing about 100 colonies of EMT-6 cells eradicated all lung tumors. While therapeutic
effects, compared to control, also were achieved when 211At-labeled glycine or nonspecific
mAb were injected, the effective dose was roughly twice that of the specific mAb. Trastuzumab
labeled with a N-methyl substituted derivative of SAPS also have been evaluated in LS-174T
model and the methyl derivative was found to be slightly superior [56]. Therapeutic
effectiveness of an anti-HER2 diabody C6.5 (~55 kDa) labeled with 211At using the SAPS
template in mice bearing HER2-positive MDA-MB-361/DY T2 xenografts has been
demonstrated recently [190]. These investigators have shown that this diabody labeled

with 20Y and 131] was suboptimal for the treatment of these mice. Hypothesizing that an a-
emitter may be advantageous, they explored the therapeutic potential of this diabody labeled
with 213Bi: however, they found that the physical half-life of this radioisotope is too short to
allow the localization of systemically administered therapeutic and hence resorted to 211At.
Indeed, a 30-day tumor growth delay was obtained with a single i.v. injection of 20 uCi

of 211 At-SAPS-C6.5 diabody and a 57-day delay (60% tumor-free after 1 year) when a 45
uCi dose was used.

81C6: Preclinical Studies

Initial studies utilized the murine 81C6, an 1gGoy, that reacts with an epitope present on
fibronectin domains 11-12 of the tenascin molecule. The therapeutic effectiveness of 211At-
labeled murine 81C6 was determined in a rat model of neoplastic meningitis, which was created
by intrathecal injection of TE-671 human rhabdomyosarcoma cells into an indwelling catheter
inserted into the subarachnoid space [191]. Mice were treated with intrathecal injections

of 211At-81C6, saline or an 211 At-labeled nonspecific mAb. The nonspecific mAb (0.44 MBq)
did not significantly increase survival compared with saline, while 211At-81C6 at the same
dose prolonged survival by 113% with 3 of 9 animals cured of their disease. Furthermore, 6
of 10 animals receiving 0.67 MBq 211At-81C6 were alive after 300 days with no evidence of
disease. The neuraxis from long term survivors was evaluated by histopathological analysis,
and except for focal edema in one rat, no toxicities were seen. The lack of therapeutic effect
observed with an 131|-labeled mAb fragment in the same animal model is indicative of the
potential advantage for using a-particle emitters in this setting.

To reduce immunogenicity, a human/mouse chimeric mAb was engineered and a paired-label
comparison of the radioiodinated murine and the chimeric congeners demonstrated the
superiority of the chimeric form with respect to in vivo stability and tumor uptake. Therefore,
subsequent evaluations were carried out with the chimeric mAb. The tissue distribution of
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chimeric 81C6 labeled with 211At was determined in athymic mice with subcutaneous D-54
MG human glioma xenografts along with that of the radioiodinated mAb [192]. The uptake
of 211At in tumor increased with time and peaked at 16 h (20 + 4% ID/g) and remained constant
through 48 h. The accumulation of 211At was similar to that of 1311 in most tissues except in
spleen and stomach at some time points. However, the 211 At/131] ratios were lower than that
seen with mAb fragments suggesting that 211At-ch81C6 is reasonably stable in vivo. The
radiotoxicity of 211 At-ch81C6 was determined and its LD established from studies using the
B6C3F; mouse strain [193]. The LD1q was found to be 45.7 kBag/g body weight in females
and 101.5 kBg/g in males, equivalent to patient doses of 2.7 GBg and 7.1 GBq in females, and
males, respectively. Toxic effects consisted of perivascular fibrosis of the intraventricular
septum of the heart, bone marrow suppression, spermatic maturational delay, and splenic white
pulp atrophy, and were seen in only a few animals receiving the highest doses of 211At-ch81C6.
The toxicity of intravenous 211At-ch81C6 was about half observed for [?11At]astatide, which
was speculated as reflecting differences in the homogeneity of dose deposition within critical
organs.

81C6: Clinical Studies

A phase | study has been conducted with 211At-ch81C6 in patients with recurrent malignant
glioma to determine the feasibility, safety, and efficacy of this regimen [139,194]. Due to the
lack of information regarding the behavior of a-particle-emitting endoradiotherapeutics, the
study was conducted in a setting that would subject normal tissues to minimal exposure

to 211 At—the agent was administered directly into a surgically created resection cavity
(SCRC). In addition, direct administration into the SCRC rather than the intravenous injection
should increase tumor dose and perhaps minimize catabolism of the labeled mAb in systemic
organs.

A total of 18 patients (14 glioblastoma multiforme (GBM) (78%), 3 anaplastic
oligodendroglioma (AO) (17%), and 1 anaplastic astrocytoma (AA) (5%)) were treated with
escalating radioactivity levels of 211At-ch81C6 (71-347 MBq) but with a constant amount (10
mg) of the mADb. As part of standard of care, these patients subsequently received salvage
chemotherapy. Serial y-camera imaging and blood sampling over 24 h after administration
were performed to obtain pharmacokinetic data. A total of 96.7 + 3.6% of the 211At decays
occurred within the cavity and the mean percent injected dose in the blood pool was <0.3
suggesting that leakage of radioactivity from the SCRC was minimal and that 211 At-ch81C6
was remarkably stable in vivo. None of the patients experienced dose-limiting toxicity. Within
6 weeks of 211At-ch81C6 administration, six patients experienced grade 2 neurotoxicity that
was resolved fully in all but 1 patient. The median survival times for all patients, those with
GBM, and those with AA or AO were 54, 52, and 116 wk, respectively. These results
demonstrate the feasibility of regionally targeted radiotherapy with 211At-labeled agents and
suggest that further evaluation of 211 At-ch81C6 in patients with CNS tumors is warranted.

DOSIMETRY AND MODELING

Absorbed dose calculations by conventional dosimetry assume a uniform radioactivity
distribution within the tissues. However, due to the short range of a-particles, the absorbed
dose and the corresponding therapeutic efficacy of an a-particle radiotherapeutic can be quite
different if the radioactivity is not distributed uniformly, which is the norm than exception.
Several microdosimetric models have been developed and applied to determine the absorbed
dose of 211At-labeled radiopharmaceuticals. It is beyond the scope of this review to cover all
of these; instead, a few examples will be presented.
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Vascular Targeting

A microdosimetric approach, based on two-dimensional histological images, was used to
evaluate the therapeutic effectiveness of o-particle emitting 211 At and 213Bi conjugated to 201B
mADb, which targets lung vascular endothelial cells, in the treatment of EMT-6 lung tumor
colonies in nude mice [195]. Autoradiography images were used to define the tissue
morphology and the activity distribution within lung tissues. Probability density functions
(pdf) were used to describe the variability in the average absorbed dose, Z, and normalized
survival probability, T, among tumor and normal cells. The pdf for the normalized survival
probability, pdf (T), was used to assess the overall survival fraction, SF, of tumor and normal
tissue as a function of average cumulated activity concentration, d; in the tissue of interest.
When the normalized average absorbed dose for a uniform activity distribution (z), is set as
a threshold, the pdf (2) (pdf for Z) can be divided into the following regions: the under-dose
fraction Fs is the area where 2> (z),, and the over-dose fraction Fs is the area where 2>
()., and the zero-dose fraction Fq is given when z= 0. Two animal groups were studied, Group
A with small tumors (< 130 um), and Group B with larger tumors (< 600 um). The average
absorbed dose to tumor cells per unit cumulated activity concentration for animals in Group
Awas 1.10x1073 and 1.37x1073 Gy g MBq 1 s71 for 211At and 213Bi, respectively, and for
animals in Group B was 3.8x10~4 and 5.6x10~* Gy g MBq* s71 for 211At and 213Bi,
respectively. The fraction of tumor cells that received a zero absorbed dose for animals in
Group A was 0.04% for 213Bi and 0.2% for 211At, and for animals in Group B was 25%

for 213Bj and 31% for 211At. Both 213Bj and 211 At-labeled 201B mAb were effective therapies
for animals with small tumors consistent with the prediction of the microdosimetric method;
however, they were ineffective for animals with larger tumors. In summary, the
microdosimetric methods based on knowledge of tissue morphology and activity distribution
on a small-scale level can be a useful tool for evaluating a priori the therapeutic efficacy and
limitations of targeted endoradiotherapeutic strategies.

HER2 Receptor

The EGF receptor HER2 is over expressed by 20-30% of human ovarian and breast carcinomas
and is a valuable target for radionuclide therapy. The use of a-particle emitters might be an
effective strategy because of the potential of these tumors to metastasize and spread as thin
sheets in body compartments. However, little is known about the effects of heterogeneous
target molecule expression on the potential effectiveness of a-particle-emitting
radiotherapeutics. To evaluate this, the anti-HER2 mAb, trastuzumab was labeled with 211At
and its in vitro cytotoxicity was evaluated on 3 HER2 expressing breast cancer cell lines—
SKBr-3, BT-474, and MCF-7/HER2 [167]. Analysis was carried out using a pharmacokinetic
(PK) model that calculated the bound and internalized activity distribution among cell
populations, based upon a) the competition of receptor sites between labeled and unlabeled
monoclonal antibody and b) the heterogeneity of HER2 receptor expression, measured by
FACS, among each cell line. The kinetics of 12°|-labeled Herceptin binding and internalization,
and the average number of receptors per cell was determined, and the average cell and nuclear
diameters were measured using an inverted microscope. Microdosimetry estimates were
carried out using a-particle Monte Carlo transport with the nucleus considered to be the critical

target. The estimated cell sensitivity z{,” from the PK model based microdosimetry calculations
was 0.29 Gy for SKBr-3, 0.355 Gy for MCF-7/HER2, and 0.63 Gy for BT-474 cells. In
comparison, the D37 values measured for external beam radiation of these cells were 2.5, 3.1,
and 6.1 Gy, respectively, indicating that the cytotoxicity of 211At-labeled trastuzumab was
about 10 times more effective than low-LET radiation. Although the receptor density,
determined by Scatchard analyses, was similar for MCF-7/HER2 cells (1.41 x 106 receptors/
cell) and BT-474 cells (1.72 x 106 receptors/cell), the distribution in receptor concentration
varied considerably between the two cell lines, with a more homogeneous distribution observed
for the BT-474 cell line. The shapes of the clonogenic survival curves for the two cell lines
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were shown to be different consistent with the variations observed in HER2 receptor
heterogeneity. The efficiency of cell killing for a higher specific activity 211At-labeled
trastuzumab preparation (45 kBag/ug) was better than for a low specific activity preparation
(4.4 kBa/ng). Taken together, these studies indicate that specific activity and homogeneity of
receptor expression are important parameters that affect cell killing.

Tumor-Associated Antigen on Colon Cancer Cells

Microdosimetric analysis of experimental data obtained from a study of the radiosensitivity of
Colo-205 human colorectal cancer cells to irradiation from [21At]astatide, [211At]-albumin
and [?11At]-C215 mAb in a slowly rotating, widely dispersed single cell suspension has been
performed [196]. The aim of this study was to calculate the single cell specific energy values
for the 3 labeled compounds and to determine the role of diffusion of 211Po, the daughter
nuclide created on the cell surface. The frequency-mean specific energy per event, zF-, was
slightly higher when diffusion of the 211Po atoms was included. The zF increased from 0.124
t0 0.135 Gy for free 211 At irradiation and from 0.121 Gy to 0.132 Gy for 211At-C215 irradiation
when 211pg diffusion was accounted for. For the 21 At-albumin irradiation, for which 211po
diffusion is irrelevant, zF was 0.168 Gy. The mean specific energy and the single-cell
radiosensitivity (z37) for 211At-albumin irradiation were 0.34 + 0.06 Gy and 0.22 + 0.07 Gy,
respectively. For free 211 Atirradiation, the value of z3; was 0.79 +0.17 Gy when the calculation
was based on simulations where the 211Po atoms created on the cell surface remained cell-
bound. When these daughters were instead simulated to diffuse away from the cell, the
calculated value of zg7 was 0.44 + 0.10 Gy. The corresponding values of z37 for 211At-C215
irradiation were calculated to be 0.78 £ 0.08 Gy and 0.41 + 0.05 Gy. These results show

that 211Po atoms will diffuse from the cell during its life-span. The increasing distance to the
cell nucleus will drastically decrease the probability of the emitted alpha particle to hit the
nucleus. This will result in fewer a-particle events in the cell nucleus. For dispersed cells, the
diffusion of 211Po atoms will reduce the total dose from cell-bound 211At by a factor of 2.

PROBLEMS ASSOCIATED WITH 211AT-LABELED RADIOTHERAPEUTICS
Supply of 211At

Radiolysis

Due to the scarcity of cyclotrons equipped with 25-30 MeV a-particle beams, which is a must
for the production of 211At, lack of radionuclide availability is a major impediment to the
development of 211At-labeled radiopharmaceuticals. Although considerable improvements
have been made, the amount of astatine that can be produced may not be sufficient to meet
routine clinical needs. Transportation of 211At in the elemental form is a yet another issue; its
relatively short half-life, volatility [197], loss of chemical reactivity with aging, and safety
aspects are not conducive for its shipping. However, efforts are underway to facilitate the use
of 211 At-radiotherapeutics at medical centers that do not posses a facility appropriate

for 211At production.

Because 211At is a relatively short-lived radionuclide that deposits large amounts of energy in
a highly focal manner, it can inflict deleterious effects on the labeling chemistry and on the
biological characteristics of the final labeled radiopharmaceuticals. Most of the astatinated
radiopharmaceuticals reported are synthesized at a level of approximately 37 MBg. However,
problems were encountered when the synthesis of SAB was attempted at a level that was
necessary to produce about 370 MBq of the labeled mADb for the clinical study [198]. The
radiochemical yields of SAB were reduced by about 2-fold and the immunoreactivity of the
labeled mAb was unacceptable; in addition, the adhesion of the radioactivity to the reaction
vessel was a problem. It should be pointed out that radiation dose-dependent loss of
immunoreactivity of another 211At-labeled mAb [199] and the fragmentation of 211At-
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polylysine [108] has been reported. Because the radiation dose delivered during the labeling
procedure was in excess of 1,000 Gy, it was hypothesized that the a-particle irradiation must
have decomposed the tin precursor and/or the SAB. An initial study was conducted
investigating the stability of MeSTB and BuSTB, two tin precursors from which SAB can be
derived, as a function of radiation dose in 3 different solvents [198]. The main conclusions
drawn from this study are that chloroform, the solvent used for the clinical level synthesis of
SAB, is very labile radiolytically and that the tin precursors underwent extensive
decomposition as a function of the radiation dose with concomitant generation of an
unidentified byproduct (Fig. 12). It was speculated that this byproduct is N-succinimidyl 3-
chlorobenzoate, presumably formed by the reaction of tin precursors with chlorine radicals
generated from the radiolysis of chloroform. On the other hand, the tin precursors were stable
to radiolysis in methanol and benzene. Further investigations of the effect of radiolysis on SAB
synthesis revealed that degradation of the tin precursor is not the sole cause of reduced
radiochemical yields [200]. It was speculated that, in methanol, production of reducing species
by its radiolysis-induced disproportionation might be affecting the yields adversely either by
consuming the oxidizing agent or converting the reactive astatine species to an inactive form.
Although benzene is more radiolytically inert, it was found to be not a good solvent for
astatination chemistry. This is due to the formation of, most likely, astatobenzene by the
reaction of reactive astatine with benzene presumably at a faster rate than with the tin precursor.
A suggested alternative for the production of higher amounts of astatinated
radiopharmaceuticals is the split and pool approach. From yet another study, it was shown that,
with increasing radiation dose, the reactive form of astatine is gradually converted to an inactive
form, presumably astatide; however, it could not be converted back to the reactive form in
sufficient amounts by treatment with the oxidizing agent NCS [201]. Taken together, the results
of these studies underscore the potential importance of radiolysis-mediated effects on the
chemistry of a-particle—emitting radiopharmaceuticals and the need to evaluate labeling
chemistry at the high radiation doses required for clinical use.

In Vivo Stability

Compared to their radioiodinated counterparts, astatinated radiopharmaceuticals are generally
more unstable in vivo presumably due to weaker carbon-astatine bond strength. Combined with
their extreme cytotoxicity, this makes them less suitable for systemic administrations. Thyroid,
spleen, lungs and stomach sequester free astatide preferentially and efforts have been taken to
block uptake of astatide by these tissues [202]. Of the seven agents studied, monovalent ions
iodide, thiocyanate and perchlorate reduced uptake in thyroid and stomach. On the other hand,
with the exception of thiocyanate, these agents did not have significant effect on the uptake of
astatide in lungs and spleen. The sulfhydryl-containing compounds were less effective in
reducing the uptake of astatide by various normal tissues. Thiocyanate also helped to reduce
the astatide accumulation in blood and kidneys suggesting it was the best compound for
reducing the uptake of astatide in normal tissues. Lysine has been shown to have an additive
effect in the reduction by thiocyanate of astatide uptake in stomach [122]. These studies show
that while such blocking strategies may augment the clinical utility of 211At-labeled
therapeutics, multiple agents may be necessary.

CONCLUSION AND FUTURE PROSPECTS

Notwithstanding the limitations of astatine-211, considerable progresses has been made to
exploit its useful features for targeted alpha particle therapy including a successful clinical trial
of 211At-labeled mAb. Areas that still need further development include the routine production
of astatine-211 at a scale useful for clinical applications, means to overcome the harmful effects
of radiolysis on radiosynthesis at higher doses, and chemistries with which molecules can be
labeled with 211At in a stable form so that the final therapeutic can be administered
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systemically. We strongly feel that efforts that are under way at various institutions around the
world will yield fruitful strategies for overcoming these problems and permit the promise of
astatinated radiotherapeutics for cancer treatment to be more fully realized.
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Fig (1).
Scheme for the nuclear decay of astatine-211.
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Fig. (2).

NIS expression confers iodide and astatide uptake ability. Uptake of iodide and astatide in
UVW cells transfected with cDNA for either the human NIS (NIS 6) or lac-Z (UVW-lac-Z).
Results are means + standard deviation (n = 3). Reprinted from: Carlin et al. Sodium-iodide
symporter (N1S)-mediated accumulation of [211At]astatide in NIS-transfected human cancer
cells. Nucl. Med. Biol. 2002, 29, 729-739 with permission from Elsevier Ltd.
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Fig. (3).
Scheme for the synthesis of AUdR and FAAU from the respective tin precursor.
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Fig. (4).
Scheme for synthesis of MABG from three different precursors.

Curr Radiopharm. Author manuscript; available in PMC 2010 February 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vaidyanathan and Zalutsky Page 35

ﬁ4ﬁﬁz

NHBoc
1.211At, NCS
2. TFA

o w S
t4iﬁ

ZT

NH,

Fig. (5).
Two steps scheme for synthesis of an 211At-labeled octreotide derivative from a tin precursor.
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Scheme for the synthesis of an 211 At-labeled octreotate derivative in a single step from a tin
precursor, which was derived via an orthogonal protection-deprotection strategy.
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Fig. (7).
Paired-label internalization of 211At- and 131l-labeled octreotate derivative by SSTR-
expressing D341 human medulloblastoma cells as a function of time.
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Scheme for the synthesis of an 211At-labeled octreotate derivative containing a sugar residue

in a single step from a tin precursor.
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Scheme for the synthesis of [211At]SAGMB and its conjugation to a monoclonal antibody.
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Fig. (10).

Intracellularly trapped radioactivity after UB7MG-AEGFR cells were incubated with L8A4
radiolabeled with 1311 using [1311]SGMIB (square), with 12| using lodogen (triangle), and
with 211At using [211At]SAGMB (circle).
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Fig. (11).
Tumor uptake of radioactivity in athymic mice bearing U87MG-EGFR xenografts after
administration of L8A4 labeled with 211At and 1311 using [211At]SAGMB and [131I]SGMIB,
respectively.
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Fig. (12).
Degradation of radiohalogenation precursor BuSTB, after exposure to 211At doses of 644
(—), 1,658 (---),and 4,157 Gy (...... ), followed by normal phase HPLC. For comparison,
HPLC profile of control (0 Gy exposure; - - -) is also shown.
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