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The Radiopharmaceutical Chemistry
of Alpha-Emitting Radionuclides

D. Scott Wilbur

Fundamentals

Radiopharmaceuticals bearing a-emitting radionuclides have
generated significant interest for cancer therapy and the treat-
ment of viral- or bacterial-related diseases [1-6]. This enthu-
siasm stems from the fact that o particles travel short distances
in tissues but have excellent cell-killing properties when car-
rier molecules bearing a-emitting radionuclides are bound
to—or internalized within—target cells. This combination of
traits allows targeted a-emitting radiopharmaceuticals to kill
single cells while having minimal toxicity to non-targeted tis-
sues. However, three obstacles have hampered the develop-
ment of radiopharmaceuticals containing a-emitting
radionuclides: (1) the low availability of the radionuclides,
(2) a critical need for the development of appropriate carriers
or targeting vectors, and (3) the requirement to develop chem-
istry that keeps the a-emitting radionuclide attached to the
disease-targeting carrier and its metabolites in vivo. In this
chapter, the radiobiological rationale for the interest in
a-emitting radiopharmaceuticals will be explained, as well as
the process of identifying and producing medically useful
a-emitting radionuclides. In addition, the chemistry under-
pinning the incorporation of a-emitting radionuclides into
targeting vectors will also be addressed in conjunction with a
discussion of the issues surrounding the in vivo stability of
o-emitting radiopharmaceuticals.

Details

While there has been a recent surge in the development and
evaluation of a-emitting radiopharmaceuticals, it should be
noted that the very first radionuclide used for targeted radio-
therapy of any kind was in fact an a-emitting radionuclide. In
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1903—only 5 years after the discovery of radioactive ele-
ments—an article appeared in the “Medical Record” journal
describing the potential use of radium (***Ra) rays in the
treatment of cancer [7]. The use of radium for the treatment
of cancer, which included both irradiation with external
sources as well as the ingestion or injection of salts, increased
greatly in the two decades after the turn of the twentieth cen-
tury [8, 9]. This movement prompted the Curies to donate
virtually all of the radium they isolated to physicians for the
treatment of cancer. Ultimately, this generosity resulted in
Marie Curie having to come to the US in 1921 to obtain a
single gram of the radionuclide—paid for by donations
obtained by “women of America”—so she could continue
her research. Unfortunately, without regulations on radioac-
tive materials, radium was used in many non-medical appli-
cations that resulted in toxicity to people [10, 11], and
interest in this form of therapy diminished. Thankfully, how-
ever, much more knowledge about radiochemistry, radiobiol-
ogy, and radiopharmaceutical development has been gained
in the past 100 years, so the potential of a-emitting radio-
pharmaceuticals for therapy is now beginning to be realized.
It is an interesting coincidence that the first US FDA-
approved a-particle-emitting radiopharmaceutical is also
based on a radioisotope of radium: ?2RaCl, (Xofigo™).

Radiobiological Effects of a-Emission

Since the first medical uses of radioactivity in the early
1900s, much has been learned about the effects of radiation
on biological materials [12]. It is this knowledge that allows
investigators to develop new therapeutic radiopharmaceuti-
cals based on the expected biological responses in target and
non-target tissues. To better understand why o-emitters have
garnered so much interest as radionuclides for therapy, one
only needs to contrast their physical and radiobiological
properties with those of the more commonly used [ particle
emissions. Some important differences in the physical prop-
erties of these two particle types are shown in Table 1. It
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Table 1 Comparison of the physical properties of « particles and f particles

Radionuclide Mass Energy Velocity (% light
emission (amu) distribution® speed)

o particle (He 4.0012 Discrete 2%

nucleus)

P particle (electron) 0.000549  Continuous 95%

Energy range of
particles Range in air (cm) Range in H,OP (cm)
3 MeV (to) 8 MeV 1.6 cm (to) 0.0016 cm (to)
7.5 cm 0.0075 cm
0.5 MeV (to) 3 MeV 127 cm (to) 0.15 cm (to) 1.9 cm
1270 cm

“The term discrete means that the particle has a single energy upon emission, whereas continuous means that the electrons emitted have many
different energies and thus travel varying distances (maximum distance is shown).
"Biologic tissues are primarily composed of water, so these values can be used an approximation of distance traveled in tissues.

should be noted that the mass of an « particle is 7468 times
that of a P particle(!) This large difference in mass—along
with differences in the energy, velocity, and charges on the
particles—produces very different interactions with biologi-
cal materials. While it is hard to relate to a ~7,500-fold dif-
ference in mass, one can get some appreciation for this by
visualizing the damage done to a factory (representing a cell)
by a very fast-moving military battle tank weighing 55,000 kg
compared to that done by a fast-moving bowling ball weigh-
ing 7.3 kg. Indeed, the energy deposited by an « particle can
be 1000 times that of a p particle per unit distance traveled.
This high deposition of energy over a short distance is
referred to as having a high linear energy transfer (or high
LET), a term often used in discussions of expected radiobio-
logical response [13].

It should be noted that the distance that an a-particle trav-
els in tissue—16—75 pm—is only a few cell diameters (10—
30 pm for eukaryotic cell), whereas a p particle can travel
several hundred cell diameters. The 3-8 MeV of energy that
an a-particle deposits over the short range of its travel results
in a high LET (keV/pm), which in turn results in a high rela-
tive biological effectiveness (RBE) when compared to f3 par-
ticles [14]. Radiobiological cell survival studies have shown
that the most effective LET for killing mammalian cells is
around 100 keV/pm [13]. It has been proposed that at this
optimal LET, the ionization events coincide with the diame-
ter of DNA double stands (~2 nm), resulting in lethal double
strand breaks in cells. Higher LET radiation (e.g. 200 keV/
pm) has similar cell-killing properties, but the extra energy
deposition might be considered “wasted.” However, as o par-
ticles interact with biological material, the o energy deposi-
tion decreases rapidly on its path, so an average energy of
greater than 100 keV might be of value in cell killing. This
highly efficient cell killing when an a particle transverses a
cell negates two important factors that usually affect cell sur-
vival when irradiating with lower LET radiation: the dose
rate effect and the oxygen effect. When cells are damaged by
low LET dose rates, cellular repairs can occur during the
period of irradiation, making it harder to kill the cells.
Similarly, if oxygen concentrations are low or absent—as in
hypoxic and necrotic tissues—it can be more difficult to kill
cells with radiation.

The radiobiological properties of a particle-emitting
radiopharmaceuticals make them of particular interest for
the treatment of disseminated (micro)metastatic disease and
blood-related cancers. Indeed, it has been hypothesized that
as few as one transversal of a cell (nucleus) by a single a
particle can kill that cell, whereas it might take 400 f particle
transversals to kill the same cell. It is generally believed that
radiopharmaceuticals containing f-emitters might be more
effective at treating large solid tumors than radiopharmaceu-
ticals containing an o-emitter. This belief stems from two
phenomena: the expression of target antigen within tumors
can be highly heterogeneous, and it can be difficult to access
cells in necrotic portions of the tumor. Both of these factors
favor radiation delivered over longer distances (a radiation
field). However, some investigators believe the fact that o
therapy is not affected by the dose rate or the oxygen present
in the target tissue may provide advantages over f particle-
emitting radionuclides even in treating large tumors. They
note that treatment with o-particles may require multiple
administrations (fractionated doses) of the radiopharmaceu-
tical to be effective in larger tumors.

Medically Useful a-Emitters

Although there are a large number of a-emitting radionu-
clides, only a few of them have been identified as appropriate
for use in radiopharmaceuticals [15]. There are several
important factors to consider when determining whether an
a-emitting radionuclide is suitable for the development of
therapeutic radiopharmaceuticals: (a) the abundance of o
emissions; (b) its physical half-life; (c) the daughters it pro-
duces, along with their half-lives and emissions; (d) the
availability of facile production routes; and (e) the cost of its
production. For example, a radionuclide that has a low abun-
dance of a-emissions may be unattractive, as more radioac-
tivity is required to deliver the o dose than in cases where a
radionuclide has a high abundance of o emissions. The
requirement for higher quantities of radioactivity being used
may result in higher non-target toxicity. The half-life of the
radionuclide is also important, as too short a half-life (e.g.
<30 min) may preclude the radiopharmaceutical from
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reaching its target in vivo before a large portion has decayed.
In addition, the short half-life makes it very difficult to pre-
pare the radiopharmaceutical and conduct quality control on
it before significant amounts decay. In contrast, too long a
half-life (e.g. over a month) prolongs the treatment period,
which is not desired since many patients are medically com-
promised. Another important consideration is the nature of
the daughter nuclides produced when the a-emitter decays.
The ideal situation is that the radionuclide decays to a stable
isotope so that no additional radioactive materials are gener-
ated. However, this does not generally occur. Rather, the
radionuclide often decays to another radionuclide, which
then decays to yet another radionuclide, and so on. If an
a-emitting radionuclide is produced from the decay of the
parent radionuclide, the resultant daughter or daughters
could redistribute in the body and cause unwanted toxicity.
Table 2 lists ten a-emitting radionuclides that have been
identified as candidates for medical application [15]. The
selection of an a-emitting radionuclide to develop a thera-
peutic radiopharmaceutical might ideally be accomplished
by assessing the intended application and matching the prop-
erties of the radionuclide to the disease being treated and the
targeting vector to be used. In reality, however, the primary
factors in the selection of a radionuclide from the table have
all too often been the availability and cost of the radionu-
clide. Another important consideration in the selection of an
a-emitting radionuclide is the chemistry for incorporating it
into a targeting molecule. These factors must be considered
before entering clinical trials and developing a marketable

product. Fortunately, the logistics and economics of avail-
ability can be overlooked in the selection of a radionuclide
used in early exploratory evaluations, as the availability can
change dramatically when technology is advanced.

The decay characteristics of a-emitting radionuclides are
critical in the selection of a suitable a-emitter. Table 2 pro-
vides information on the energy of a and photon emissions
for each radionuclide listed. Major a-emission energies are
listed for each radionuclide in the table, and the photon emis-
sions are provided to allow for evaluation of whether each
isotope can be used for imaging and quantification of the
activity in the patient’s organs and tissues. With the move
toward theranostic radiopharmaceuticals in personalized or
precision medicine, radionuclides that provide “imageable”
photons might be favored over others that do not. Many of
the photon emissions of the listed radionuclides occur in low
abundance, calling into question whether imaging could
actually be practically accomplished. It is important to note
that one radionuclide—bismuth-213 (*'*Bi)—has a 440 keV
y emission in high enough abundance to be used for single-
photon emission computed tomography (SPECT), and
indeed, imaging has been conducted when this isotope was
used. In addition, given that 2*Bi is a daughter of **Ac, its
440 keV v emission can also be used for that radionuclide as
well. Another radionuclide, terbium-149 (**Tb), has many
photon emissions that might be used for SPECT, but it also
has a 511 keV y emission from positron annihilation that can
be used for positron emission tomography (PET) [16]. It is
apparent from entries in Table 2 that alternative theranostic

Table 2 «-Emitting radionuclides identified for radiopharmaceutical development®

Total of o
Radionuclide® Half-life  emissions a-emission energy in keV (% abundance) Imageable photon emissions in keV (% abundance)
Thorium-226 30.57 min 100% 6234 (22.8%); 6337 (75.5%) 111 (3.3%); 131 (0.3%); 242 (0.9%)
Bismuth-213  45.61 min  100% (from 5875 (2.2%) 440 (25.9%)
Po-213) 8376 (97.8%)
Bismuth-212  60.55 min® 100% (from 6051 (25.1%); 6090 (9.8%) 288 (0.3%); 453 (0.4%)
Po-212) 8785 (64%)
Terbium-149  4.118 h 16.7% 3967 (16.7%) 165 (26.4%); 352 (29.4%); 389 (18.4%); 511
(14.2%); 652 (16.2%); 817 (11.6%); 853 (15.5%)
Astatine-211 7214 h 100% (from 5870 (41.8%); 7450 (58.1%) 77 (12%); 79 (21%), 687 (0.3%)
Po-211) 569 (0.5%); 898 (0.6%)
Fermium-255 20.07 h 100% 6963 (5%); 7022 (93.4%) None
Radium-224  3.632 days 100% 5449 (5%); 5685 (94.9%) 241 (4%)
Actinium-225 10.0 days  100% 5732 (8.0%); 5791 (8.6%); 5793 (18.1%); 108 (0.2%); 112 (0.3%) 154 (0.3%); 157 (0.3%); 188
5830 (50.7%) (0.5%)
Radium-223  11.43 days 100% 5540 (9.0%); 5607 (25.2%); 5716 122 (1.2%); 144 (3.3%); 154 (5.7%); 269 (13.9%);
(51.6%); 5747 (9.0%) 324 (4.0%); 338 (2.8%); 445 (1.3%)
Thorium-227 18.70 days 100% 5709 (8.3%); 5713 (5.0%); 5757 (20.4%); 236 (12.9%); 256 (7.0%); 286 (1.7%); 290 (1.9%);

5978 (23.5%); 6038 (24.2%)

300 (2.2%); 330 (2.9%)

“Half-lives and emission information obtained from the National Nuclear Data Center Chart of Nuclides, Brookhaven National Laboratory. https://
www.nndc.bnl.gov/chart/. Accessed 6 Apr 2018. Highest abundance emissions are shown; major Auger and P-emissions are omitted for

simplicity.
"The listed radionuclide order is based on its decay half-life.

“When the parent 2'?Pb (t,, = 10.64 h) is used, it provides an in vivo generator system, and the effective biologic half-life of *'*Bi is longer.
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pair radionuclides will be required for imaging of most
radiopharmaceuticals containing an o emitter.

The daughter radionuclides produced during the decay of
an a-emitting radionuclide are also of high importance in
selecting a suitable a-emitter. The four panels (a—d) in Fig. 1
show the daughters produced during the decay of >*Ac, "*Bi,
227Th, ?*Ra, ***Ra, >"’Bi, and »*°Th (highlighted in red). All of
the radionuclides except for >*Th are produced via naturally
occurring radioactive decay processes occurring in the earth’s
crust. With the exception of the ?>Bi and ?!*Bi, the a-emitters
in Fig. 1 identified as acceptable for use in humans (in red)
are associated with four or five a emissions arising from their
initial decay and their daughters’ decay before ultimately
decaying to a stable nuclide. Having four or five a decays

associated with a radionuclide has been cited as an advantage
for therapy, as there is an increased dose to the target tissue.
However, the o decay chain can also introduce an unwanted
source of toxicity depending on the nature of the daughter
radionuclides produced and their half-lives. Although very
stable attachments of a-emitting radionuclides to targeting
vectors can be obtained, the recoil energy from alpha decay is
so high that the resultant daughter nuclide will no longer be
associated with the targeting vector. If the released daughter
nuclide—or one of the subsequent daughter nuclides—has a
long enough half-life, it can redistribute within the body and
irradiate non-target tissues elsewhere [17].

For example, during the decay of *Ac (see Fig. 1, Panel
A), 2PBi is formed, which has a long enough half-life

a b
231pa (32,760 y)
229Th (7932 y) o
[Jo . 27p¢ (21.77 y) P>227Th (18.70 d)
225R3 (14.9 d) > 225A¢ (10.0 d) o
o 223Ra (11.43 d)
221Fr (286 s) ﬂ“
ﬂ"‘ 219Rn (3.96 s)
217At (32.3 ps) ﬂ“
ﬂ“ _ 215Pg (1.78 ps)
213Bi (45.6 min) —~>  213Po (3.72 us) ﬂa _
22% ]|t _ a _ 211pp (36.1 min) P> 211Bi (2.14 min)
209T (2.16 min) P> 209Pb (3.23 h) P> 209B; (stable) ﬂa )
207T| (4.77 p) —> 207Pb (stable)
c d
228Th (1.91 y) 230y (20.8 d)

ﬂoc
224Ra (3.63 d)
ﬂoc
220Rn (55.6 s)
ﬂoc
216Po (0.145 s)
ﬂoc
212ph (10.64 h) P> 212Bi (60.55 1) —P> 212Po (0.30 pis)
e e

208T] (3.05 ) B, 20spp, (stable)

Fig. 1 Radionuclide decay schemes showing a-emitting radionuclides
of interest for use in therapeutic radiopharmaceuticals (in red). Panel A
shows the natural decay scheme (part of Neptunium Series) for **Ac
and *"*Bi. Panel B shows the natural decay scheme (part of Actinium
Series) for >’Th and **Ra. Panel C shows the natural decay scheme

ﬂ(x
226Th (30.57 p)
ﬂoc
222R3a (38.0 )
ﬂ(x
218Rn (35 pus)
ﬂcx
214po (163.6 us)
ﬂ(x
210pp (22.20 y) Py 210 (5.012 d) B, 210pg (138.4 d)
ﬂa

206Pp (stable)

(part of Thorium Series) for ***Ra and 2'’Bi. Panel D shows the decay
series (that feeds into the Uranium Series) for *°Th. Radionuclide half-
lives were obtained from the National Nuclear Data Center Chart of
Nuclides, Brookhaven National Laboratory. https://www.nndc.bnl.gov/
chart/. (Accessed 6 Apr 2018)
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(i.e. 45.6 min) to redistribute to non-target tissues. In the
decay of **Ra (see Fig. 1, Panel C), another bismuth
nuclide—?"?Bi—is formed. 2'?Bi may end up in non-target
tissues, as the 2'2Pb (t;, ~ 10.6 h) formed in the decay of **Ra
can redistribute prior to its decay to 2'’Bi. In fact, the redistri-
bution of 2'2Pb seems very likely, and thus the redistribution
of 2’Bi is also highly likely. The chief concern with the
redistribution of *'*Bi or ?!’Bi is the natural sequestration of
bismuth (and thus these radionuclides) in the kidney.
Methods to remove bismuth isotopes from the kidney have
been somewhat successful, but the potential for kidney dam-
age should be of concern when using **Ac or **Ra.
Fortunately, thus far no significant kidney toxicity has been
noted in clinical trials involving the use of ?*°Ac.

When employing ?*'Th there is also a concern about redis-
tribution of its daughter >**Ra (see Fig. 1, Panel B), since the
half-life of ***Ra is certainly long enough (11.4 days) for sig-
nificant redistribution to occur. Fortunately, a lot is known
about the distribution and toxicity of ?*’Ra in humans, as it is
an approved therapeutic radiopharmaceutical (***RaCl,).
Importantly, **Ra is not sequestered in normal tissues but
rather on bone surfaces (or eliminated quickly through the
hepatobiliary system). This knowledge of the distribution
and toxicity profile of ??Ra makes the use of **’Th very
attractive for targeted alpha therapy. Another thorium iso-
tope, 2°Th (see Fig. 1, Panel D), is also very interesting for
use in therapeutic applications. While 2°Th’s short half-life
(t,,=30.6 min) will limit its applications, the three a-emitting
daughters leading up to 2'°Pb (t,, = 22.2 years) have very
short half-lives, making it unlikely that they will redistribute.
In contrast, it is very likely that the long-lived ?!'°Pb produced
will redistribute, but its lack of damaging particle emissions
seems unlikely to cause toxicity. 'Tb (Fig. 2, Panel A) has

Fig.2 Schemes showing the
production routes and decay
schemes for '“Tb (Panel A)
and >''At (Panel B).
Radionuclides of interest are
in red and stable nuclides are
in green. Radionuclide
half-lives were obtained from
the National Nuclear Data
Center Chart of Nuclides,
Brookhaven National
Laboratory. https://www.
nndc.bnl.gov/chart/.
(Accessed 6 Apr 2018)

181Ta (stable)

proton
spallation

149Dy (4.20

heavy ion
spallation

Lanthanide Isotopes (stable)

b 238y o 232Th

only one o emission, but it is produced in low abundance
(e.g. 16.7%). It should be noted that there are several radio-
active daughters produced from its decay. Even though these
radionuclides do not have a-emissions and will not give a
large radiation dose to tissues, radioactivity will likely
remain in the patient for an extended time. Another a-emitting
radionuclide, 2''At, has a branched decay path (Fig. 2, Panel
B) that provides 100% o emission. ?''At is a very attractive
a-emitting radionuclide as it has no a-emitting daughters to
cause toxicity through redistribution, but it must be pointed
out that 2''At has a long-lived *’Bi daughter that could
remain in the body for an extended period of time.

Production of Radionuclides

The paucity of production methods and the high costs associ-
ated with producing the a-emitting radionuclides of interest
have limited their use in preclinical and clinical investiga-
tions. Many of the radionuclides studied have been obtained
from natural radioactive sources or produced in highly spe-
cialized irradiation and isolation facilities. Another issue in
obtaining them is that the radionuclides are particularly dif-
ficult to handle and purify. These costly facility and difficult
technical barriers may ultimately preclude the use of some of
the o-emitting radionuclides of interest. Additionally, the
radionuclides with half-lives less than 1 day can have limited
availability because much (or all) of the radionuclide might
be lost in transit. It can be very difficult to prepare a radio-
pharmaceutical from the short half-lived radionuclides, as
they decay rapidly during the processes of radiolabeling,
conducting quality control assessments, and transferring to a
patient injection area for administration. Fortunately, all the

min) 1> 149Th (4.118 d) E:G: 149Gd (9.28 d) —» 149Eu (93.1 d) —» 149Sm (stable)
+

16.7% ﬂoc

+B

145Eu (5.93 d) ——>145Sm (340 d) —> 145Pm (17.7 y) —>145Nd (stable)

spallation 211Rn (14.6 h)

s |

2098 (stable) %2> 211At (7.21 h) —5> 2P0 (0516 sec)

42% ﬂa ﬂoc

207Bj (31.55 y) B, 20pp (stable)
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short-lived a-emitting radionuclides of interest, except 4°Tb,
have longer-lived parent radionuclides that can be used as
generators. The use of a generator system allows for the pro-
duction of the radionuclide at specialized facilities and ship-
ment to multiple sites for the isolation of the o-emitting
daughter radionuclide and on-site production of the radio-
pharmaceutical. As can be seen in the decay schemes in
Fig. 1, ?Ac can be used as a generator for 2"°Bi [18]; ?**Ra
can be used as a generator for 2?Bi [19]; and *°U can be used
as a generator for production of 22Th [20]. Also, as shown in
Fig. 2, radon-211 (*''Rn) can be used as a generator for >!'At,

potentially allowing broader distribution for radiopharma-
ceutical development and application.

Table 3 lists some possible production routes for the
radionuclides of interest and their parent (generator) radio-
nuclides. Some of the very long-lived radionuclides—for
example, 2*U, 22Th, and **Ra—can be irradiated to produce
many of the longer-lived parent nuclides, such as **’Ac,
228Th, 2°Th, 2*°Pa, and *''Rn. Thus, the radionuclides listed
can be used to produce most of the a-emitting radionuclides
of interest. An example in which difficulties in the prepara-
tion and isolation of the radionuclide may ultimately preclude

Table 3 Some production routes for a-emitters and their parent radionuclides®

a-emitting radionuclide parent and/or Decay type and (% Possible production methods for making the
daughter® Half-life abundance) a-emitting radionuclide or its generator parent
Radon-211 14.6 h o (27%); EC (73%) #8U(p,xn)*"'Rn
Astatine-211 7.214 h o (41.8%); EC (58.2%) #2Th(p,xn)*''Rn
Polonium-211 0.52s o (100%) **Bi(’Li,5n)*''Rn
29Bi(ar,2n)* 1At
Thorium-229 7932 years o (100%) Decay of *3U
Radium-225 14.9 days B (100%) 22Ra(n,y)**Th
Actinium-225 10.0 days a (100%) 28Ra(n,y)**Th
Bismuth-213 45.61 min o (2.2%); B~ (97.8%) #7Ac(n,y)*Th
Polonium-213 3.7 ps o (100%) 28Th(n,y)**Th
26Ra(y,n)*Ra
226Ra(p’2n)225Ac
26Ra(d,3n)**5Ac
Thorium-228 1.91 years a (100%) Decay of *Th
Radium-224 3.63 days a (100%) Decay of **Th
Radon-220 55.6's o (100%) *Ra(n,y)***Th
Polonium-216 0.15s o (100%)
Lead-212 10.64 h B~ (100%)
Bismuth-212 60.55 min a (35.9%); B~ (64.1%)
Polonium-212 0.299 ps o (100%)
Einsteinium-255/ 39.8 days o (8.0%); B~ (92.0%) 28U(0,xn)*Fm
Fermium-255 20.07 h o (100%) Cm(n,y)*Fm
Actinium-227 21.77 years o (1.4%); B~ (98.6%) Decay of U
Thorium-227 18.70 days o (100%) 26Ra(n,y)**’Ra(p)*’Ac
Radium-223 11.43 days a (100%)
Dysprosium-149 4.20 min EC (100%) 142,144 146N (101'B,xn) ' Th
Terbium-149 4.118 h o (16.7%); B~ (83.3%) 41pr(2C,4n)"“Th
140Ce(l4’15N,Xn)149Tb
139La(16,180’xn)149’rb
IJSCS(ZO,ZZNe’Xn)NQTb
]42,]44Nd(12C’Xn)149Dy to 149Tb
]41Pr(14.]5N7xn)l49Dy to ]4‘)Tb
140Ce(16.180’xn)149Dy to 149Tb
‘38Ba(2°"22Ne,xn)'49Dy to 149Tb
132Gd(p,4n)'*Tb
151,153Eu(3,4He’Xn)l49Tb
Ta(p,x)'“Tb
Protactinium-230 17.4 days EC (92.2%); B~ (7.8%) 22Th(p,x)*Pa
Uranium-230 20.8 days a (100%) #2Th(d,x)*’Pa
Thorium-226 30.57 min o (100%) Z1Pa(p,2n)*'U

“The listed radionuclide order alphabetical.
"Not all decay radionuclides shown — only long-lived parent and a-emitting daughters of interest (bold). Half-lives and emission information was
obtained from the National Nuclear Data Center Chart of Nuclides, Brookhaven National Laboratory. https://www.nndc.bnl.gov/chart/. Accessed

6 Apr 2018.

‘Direct production routes shown in bold. Other production routes produce a radionuclide that (ultimately) decays to the desired a-emitter. The

production of parent radionuclides can be used to make a generator system, i.e. >''Rn/?''At.
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investigation is fermium-255 (**Fm). While >*Fm has favor-
able radiochemical properties, such as a reasonable half-life,
a decay pathway that ends in a long-lived daughter (*'Cf;
t;, = 898 years), and the availability of an einsteinium-255
(®Es; t,,, = 39.8 days) generator system, it is unlikely that
sufficient quantities of **Es or 2Fm will ever be produced
for the development of radiopharmaceuticals. In the 1950s,
trace quantities of »Fm were obtained in debris from the
first US hydrogen bomb and in Sweden from the irradiation
of uranium-238 (***U) with oxygen-16 (1°0) atoms. The pro-
duction of quantities of *Fm on the order of 37 MBq
(1 mCi) was carried out by the neutron activation of curium
in the High Flux Isotope Reactor (HIFR) at Oak Ridge
National Laboratory, but much more would have to be made
to develop and test radiopharmaceuticals containing this
radionuclide. Similarly, another man-made radionuclide (not
listed in Table 1)—?33Es (t,, = 20.5 days)—has been sug-
gested as a possible therapeutic a-emitter for human use, but
both its production [21] and the production of useful quanti-
ties of a possible generator (***Cf; t,, = 17.8 days) would also
be extremely difficult. Thus, at this time, neither of these
a-emitting radionuclides is really practical for development
of therapeutic radiopharmaceuticals.

Another a-emitting radionuclide that is very difficult to
produce is terbium-149 ('*Tb). It can be produced using
heavy-ion irradiations of lanthanide isotopes [22, 23] (as
listed in Table 3) as well as by high-energy proton spallation
reactions. High-energy proton spallation (1-1.2 GeV) reac-
tions on tantalum foil targets, coupled with mass separation,
have provided enough quantities, e.g. 1 GBq (37 mCi), of
9Tb to conduct animal studies [24] and conduct PET imag-
ing [25]. Although '¥Tb is difficult to produce, the fact that
it is a theranostic radionuclide that could be harnessed for
therapy as well as PET and SPECT imaging makes it of high
interest (Table 2). One can hope that the development of new
accelerator technology might make this radionuclide more
available in the future for the development of
radiopharmaceuticals.

Bonding and Chelation

Another challenge in creating effective a-emitting radio-
pharmaceuticals has been the development of chemical
methods for stably attaching the radionuclide to disease-tar-
geting carrier molecules. Because of the highly cytotoxic
nature of a emissions, it is of paramount importance that the
radionuclide remain stably attached to the carrier molecule
and its metabolites while in the body. If the radionuclide
becomes detached from the disease-targeting molecule, the
therapy will less efficacious for the quantity of activity
injected. Further, it is likely to be more toxic, possibly
decreasing the therapeutic window to a point at which treat-

ment with the radiopharmaceutical is not viable. Thus, the
bioconjugation method used to attach the radionuclide to the
targeting vector is absolutely critical. The low availability
and high cost of a-emitting radionuclides has proven trou-
blesome in this regard, too, as these issues have made it dif-
ficult to fully optimize bonding or chelation methods. In
addition, it is important to note that of the isotopes we have
discussed, only terbium and bismuth have stable isotopes. As
a result, the characterization of the products in chelation or
bonding studies involving the other elements is quite diffi-
cult, since macroscopic analytical techniques (e.g. NMR,
crystallography) are not feasible. An example of this is the
difficulty in characterizing ?!'At-labeled compounds. There
are no stable isotopes of astatine, and a radioactivity quantity
as high as 2 GBq (54 mCi) of *''At is only ~26 ng, making
the physical characterization of ?!'At-containing radiophar-
maceuticals very difficult if not impossible. Importantly,
iodinated (and radioiodinated) derivatives can be used as
chromatographic standards for 2''At-labeled compounds.
While this approach generally provides retention times that
indicate approximately where the corresponding *!! At-labeled
compound might elute, it does not necessarily provide
unequivocal proof that a radiochromatographic peak in that
area comes from an 2!At-labeled compound with the
expected structure.

The choice of a bonding or chelation method used with
a-emitting radionuclides is also somewhat dependent on the
emissions from decay of the radionuclide of interest (or its
prompt daughter). The ideal scenario is to use a chelation or
bonding method that can bind the a-emitting radionuclide
and a radionuclide that is useful for imaging. In general, it
is important to conduct imaging (PET or SPECT) both to
determine if a therapeutic radiopharmaceutical will be effi-
cacious in a particular patient and to follow the course of
therapy. If the therapeutic radionuclide has a gamma emis-
sion useful for imaging, it is considered a theranostic radio-
nuclide. If, on the other hand, the therapeutic radionuclide
does not have an “imageable” gamma, but another isotope
of that element does have an “imageable” gamma, this is
considered a theranostic radionuclide pair. Theranostic pairs
are of high value: the same labeling chemistry can be used
for both radionuclides, and identical in vivo behavior can be
expected for each agent. A third situation is where the thera-
peutic radionuclide is not theranostic and does not have a
theranostic pair. In this case, one must use an “imageable”
radionuclide of another element to create a diagnostic scout
probe for the therapy. Since the same element is not used, a
chelation/bonding reagent is chosen such that binding/bond-
ing of both elements results in high in vivo stability. The two
agents in this situation are typically referred to as a “ther-
anostic matched pair.”

Most of the a-emitting radionuclides of interest are radio-
metals, with the exception of the halogen ?''At. As with the
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positron- and f-emitting radiometals described in other
chapters, the attachment of a-emitting radiometals to carrier
molecules can be accomplished by complexation with
chelators having the appropriate functional groups. The
design of the ligand for stable bonding is based on the chemi-
cal nature, preferred oxidation states, and preferred coordi-
nation number of the radiometal. A tremendous amount of
effort has been dedicated to the creation of effective chela-
tors [26, 27]. An in-depth discussion of the many different
types of chelators is beyond the scope of this chapter.
However, extensive reviews of the ligands used for the chela-
tion of a-emitting radionuclides have been published [15,
28]. Despite the large number of chelators that have been
prepared and tested, there are only a few that are routinely
used for labeling targeting molecules with a-emitting radio-
metals. It is important to note that in addition to the func-
tional part of the chelator that binds the radiometal in
question, the molecule must also include a functional group
that allows for bioconjugation to disease-targeting mole-
cules. As a result, these modified chelators are typically
known as “bifunctional chelators.” The most commonly used
reactive functional groups on bifunctional chelators are
amine-reactive “active esters,” such as N-hydroxysuccinimidyl

Bifunctional
Chelator or
Bonding Moiety

Reaction Path A
(step 1)

or tetrafluorophenyl esters that form amide bonds and phenyl
isothiocyanates that form thiourea bonds. Another common
reactive functional group is a maleimide, which reacts with
sulfhydryl groups to form thioether bonds.

Generally speaking, there two approaches have been used
for the radiolabeling targeting molecules with a-emitters: (1)
radiolabeling the bifunctional chelator prior to its attach-
ment to the targeting molecule and (2) radiolabeling the
bifunctional chelator after its attachment to the targeting
molecule (reaction paths A and B, respectively in Fig. 3).
The second approach is typically preferred because it often
results in much higher radiolabeling yields, and it is easier to
characterize and evaluate the target binding properties of the
chelator-bearing targeting vector prior to radiolabeling.
However, due to the radiolabeling conditions of some chela-
tors as well as the possibility of side reactions during some
radiosyntheses, the first approach has been used in some
cases.

The structures of the most commonly used bifunctional
chelators are shown in Fig. 4, and information on which che-
lators have been used with each radionuclide is included in
Table 4. In general, acyclic ligands such as DTPA and its
analog CHX-A"-DTPA have fast radiolabeling kinetics

Bifunctional
Chelator or
Bonding Moiety

@

Reaction Path B
(step 1)

¥

Reaction Path B
(step 2)

Reaction Path A
(step 2)

¥

Bifunctional
Chelator or
Bonding Moiety

Fig. 3 General scheme depicting alternate reaction paths for radiola-
beling of a monoclonal antibody (mAb). Reaction Path A depicts
radiolabeling of bifunctional chelator or bonding moiety in the first
step, followed by conjugation of the radiolabeled reagent with the mAb
in a second step. Reaction Path B depicts conjugation of the bifunc-

'

Bifunctional
Chelator or

Bonding Moiety

tional chelator or bonding moiety in the first step, followed by radiola-
beling of the mADb conjugate in a second step. The circled X signifies a
functional group on the chelator or bonding moiety that is reactive with
a functional group on the mAb. The radioactivity emblem is representa-
tive of an a-emitting radionuclide
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Fig. 4 Chemical structures of bifunctional chelators used to prepare
monoclonal antibody (mAb) conjugates for labeling with o-emitting
radiometals. The conjugation of these ligands to smaller disease-target-

under mild reaction conditions, traits that are important when
working with radionuclides that have short half-lives or sen-
sitive biomolecules that require mild conditions (e.g. pro-
teins). However, while acyclic chelators do have fast
complexation kinetics, their complexes are often not stable
to in vivo demetallation. In contrast, more rigid macrocyclic
ligands such as DOTA can require harsh reaction conditions
to form complexes, but the resultant complex is often more
stable in vivo. Because peptides and small molecule target-
ing moieties are generally less sensitive to high reaction tem-
peratures and lower pH used to facilitate chelation, DOTA
can be used to radiolabel them.

The chemistry of bonding astatine to targeting molecules
merits a separate discussion as it is fundamentally different
from that of the radiometals discussed above. Astatine is a
halogen, and it undergoes reactions similar to the other halo-
gens. Interestingly, when astatine was first isolated and its
chemistry was evaluated, it was noted that its chemical prop-
erties were more similar to its metallic neighbor polonium

H,octapa-Bn-NCS

Hgdecapa-Bn-NCS

ing agents can use reactive functional groups other than the
isothiocyanato-benzyl group

than its nearest halogen neighbor iodine [29]. More recently,
calculations of condensed astatine have shown that it has
quite different properties from other halogens (e.g. monoat-
omic) and is metallic in nature [30]. While investigations
have been conducted to determine if it can be chelated, no
chelators that are stable in vivo have yet been found. Some
radiolabeling studies involving the binding of *''At to che-
lated rhodium and iridium have been published [31], but the
in vivo stability and general utility of this approach remain
undefined.

Similar to other halogens, astatine undergoes electro-
philic or nucleophilic substitution reactions. Significant
effort has been put into development of methods to label
molecules with astatine. In those studies, it has been noted
that astatine’s reactions are generally similar to that of radio-
iodine, but the properties of the radiolabeled molecules can
be quite different, resulting in radioiodine being a poor sur-
rogate for astatine. Nucleophilic substitution reactions
involving astatine have not been used much, as they generally
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Table 4 Alpha-emitting radionuclides and potential theranostic radionuclide pairs for imaging®

Most abundant imageable Half-life of  Imageable photon
a-emitting emissions in keV (% Ligand or group Potential theranostic ~ paired emissions in keV
radiometal® Half-life =~ abundance) most often used*?  pair radionuclide(s)*!  nuclide (abundance)®
Astatine-211 721 h 77 (12%); 79 (21%) m-benzoate Todine-123 13.2h 159 (83%)

Decaborate(2-) Bromine-76 16.2h 511 (109%)
Actinium-225 10.0 days 154 (0.3%); 157 (0.3%); DOTA Bi-213 daughter NA See Bi-213
188 (0.5%)
Bismuth-212 60.55 min Too low abundance CHX-A"-DTPA Gallium-68 (PET) 67.7 min 511 (178%)
DOTA Scandium-44 (PET) 397h 511 (189%)
Bismuth-213 45.61 min 440 (26%) CHX-A"-DTPA 440 keV (SPECT) 45.6 min 440 (26%)
DOTA Gallium-68 (PET) 1.1h 511 (178)
Scandium-44 (PET) 397 h 511 (189%)
Fermium-255 20.07 h None NAOR NAOR - -
Radium-223f 11.43 days 154 (5.7%); 269 (14%); 324 NAC NAC - -

(4.0%); 338 (2.8%)

Radium-224* 3.632 days 241 (4%) NAC NAC - -
Terbium-149 4.118 h 165 (26%); 352 (29%); 389 CHX-A"-DTPA NA - -

(18%); 511 (14%); 652 DOTA

(16%); 817 (12%); 853

(16%)

Thorium-226 30.57 min 111 (3.3%); 131 (0.3%); DOTA Gallium-68 1.1h 511 (178%)

242 (0.9%) HOPO
Thorium-227 18.70 days 236 (13%); 256 (7.0%); 300 DOTA Zirconium-89 78.4h 511 (46%)

(2.2%); 330 (2.9%) HOPO
Lead-212/Bi-212 10.64 h 239 (44%) TCMC NA - -

“The order of radionuclide listing is alphabetical.

"When the parent 2'?Pb (t;, = 10.64 h) is used, it provides an in vivo generator system which makes the effective biologic half-life of ?!’Bi is

longer.

°NA is not applicable due to the fact that the a-emitting radionuclide has an imageable photon.
INAOR refers to not able to obtain the radionuclide; NAC refers to not able to chelate the a-emitting radionuclide. In these situations, there is no

need to identify a theranostic radionuclide pair for imaging.

*Emissions of 511 keV are from positron annihilation (PET imaging); other imageable photons are used in single-photon emission computed

tomography (SPECT imaging).

No ligands have been found for use with radium that provide high enough stability for in vivo applications.

require more stringent reaction conditions than electrophilic
substitution reactions. However, some nucleophilic substitu-
tion reactions using iodonium salt intermediates appear to
have promise. It should be noted that electrophilic reactions
on activated aromatic compounds such as phenols (e.g. tyro-
sine moieties on proteins) can provide a labeling approach,
but the resultant astatinated molecules are readily deastati-
nated. In contrast, the astatination of non-activated or deacti-
vated aromatic compounds provides compounds that are
stable (in vitro). Of particular importance has been the elec-
trophilic substitution of non-activated aromatic compounds
that is facilitated by organometallic intermediates, including
organomercury, organosilanes, and organostannanes [32].
Both trimethyl and tri-n-butyl organostannanes have proven
to be the intermediates of choice for these reactions. Very
high astatine labeling yields (>95%) can be achieved using
these intermediates.

The critical issue with astatine labeling methods is that
most result in an astatine-labeled molecule that is unstable
in vivo [33]. Not surprisingly, this has made it particularly
difficult to develop radiopharmaceuticals containing astatine.

This instability appears to be related to the in vivo metabo-
lism of the astatine-labeled biomolecule, as the same conju-
gates are often quite stable in vitro. However, the short
half-life of astatine is an advantage when the carrier molecule
is slowly metabolized—as in the case of monoclonal anti-
bodies (mAb)—because the astatine undergoes decay more
rapidly than the protein is metabolized, so the presence of
free 2!'At is kept to a minimum.

An alternate approach for astatine labeling is the use of
anionic aromatic boron cage moieties, in which the 2!'At is
bound to an aromatic boron atom rather than a carbon atom.
Boron-halogen bonds are in general stronger than carbon-
halogen bonds, particularly in aromatic compounds. In stud-
ies directed at boron neutron capture therapy, aromatic boron
cage moieties—such as the closo-decaborate>> moiety
(empirical formula of BjoH,;>*")—have been shown to have
low toxicity. Furthermore, the dianionic aromatic nature of
the closo-decaborate®™ moiety makes it extremely reactive
with electrophilic astatine, resulting in high radiochemical
labeling yields. These factors, along with the fact that the
aromatic boron cage moieties are similar in size to a phenyl
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ring, make them very attractive for use in radiohalogena-
tions. This labeling approach has been shown to provide
211 At-labeled compounds that are stable to in vivo deastatina-
tion [34]. While the use of anionic boron cage moieties for
labeling proteins with astatine has been very successful, their
use in labeling small molecules has not been demonstrated
and may be questionable. This is because the anionic charge
on the borate labeling moiety can potentially change the
in vivo pharmacokinetics and tissue/cell penetration of the
small molecule targeting agent. It is apparent that additional
astatine labeling methods are needed to develop a broader
array of astatinated radiopharmaceuticals.

A description of the most common bifunctional reagents
used to modify disease-targeting and receptor-binding mol-
ecules for radiolabeling with a-emitting radionuclides is pro-
vided in the following sections. Examples of two mAb
labeling approaches are also provided for actinium-225 and
astatine-211 (see Fig. 3).

Actinium-225 Initial chelation studies with *Ac were con-
ducted with the commonly used acyclic chelators EDTA and
DTPA as well as the latter’s more sterically restricted methyl
(e.g. 1B4M-DTPA) and cyclohexyl (e.g. CHX-A"-DTPA)
congeners. These ligands were modified with isothiocyanato-
benzyl (Bn-NCS) functional groups for conjugation to pro-
teins (see Fig. 4). Unfortunately, when the protein conjugates
were radiolabeled with 2Ac, none of them provided ade-
quate in vivo stability for use as radiopharmaceuticals. The
macrocyclic DOTA ligand was subsequently studied as an
alternative. A DOTA-NHS derivative (in which an
N-hydroxysuccinimide ester is attached to an acetate side
group) was conjugated with a monoclonal antibody (mAb),
and radiolabeling with > Ac was evaluated. The initial radio-
labeling studies provided very low radiochemical yields
(<1%) when directly labeling the mAb, so an alternate 2-step
labeling approach was evaluated (see Reaction Path A,
Fig. 3). In this 2-step approach, the bifunctional chelator
isothiocyanato-benzyl-DOTA (DOTA-Bn-NCS) was radio-
labeled in the first step to provide an *2Ac-labeled amine-
reactive intermediate 2 that was subsequently conjugated to
a mAb to give the radiolabeled mAb 3. This approach pro-
vided higher radiochemical yields (~10%) than the first
approach, but these yields remained quite low [35]. More
recently, a direct labeling method (see Reaction Path B,
Fig. 3) in which the mAb is conjugated with DOTA-Bn-
NCS prior to radiolabeling with ?»Ac was reported [36].
This approach provided ~95% labeling yield of the radioim-
munoconjugate, and the 2> Ac-labeled antibody was found to
be stable in vivo. The difference in direct labeling yields
from the DOTA-NHS and DOTA-Bn-NCS conjugates—
which have 3 or 4 carboxylate groups available, respec-
tively—is striking. Other larger macrocyclic ligands similar
to DOTA have been tested for labeling mAbs. Interestingly,

a pentaaza-chelate (15 atom ring; PEPA) mAb conjugate was
found to be unstable in vivo, whereas the mAb conjugate of
a hexaaza-derivative (18 atom ring; HEHA-Bn-NCS) was
found to be stable [37]. Unlike more sensitive mAbs, DOTA-
bearing small molecules and peptides can be labeled under
elevated temperatures to obtain high radiochemical yields.
Other ligands that might improve the labeling conditions for
25Ac are currently under investigation, but it is likely that
DOTA-Bn-NCS will continue to be used for **Ac labeling
in the future.

Bismuth-212/213 The half-lives of 2?Bi and *"*Bi are very
short (60.6 min and 45.6 min, respectively) for developing
radiopharmaceuticals, so the ligand and reaction conditions
used in labeling the targeting vector must provide very rapid
radiolabeling. Early chelation studies involved the use of a
bifunctional DTPA derivative; however, the resulting radio-
immunoconjugates were found to be unstable to in vivo
demetallation. Because of the requirement for rapid labeling
and the reaction conditions needed to label DOTA-bearing
mAbs with bismuth, the use of DOTA derivatives was not
favorable. Thus, considerable efforts were undertaken to find
more stable chelator for 2'?Bi and *"*Bi. Since the DTPA
ligand provided rapid labeling, DTPA derivatives with rigidi-
fying backbone modifications were developed [27]. These
included DTPA variants bearing methyl-substituted back-
bones (e.g. 1IB4M-Bn-NCS) as well as backbones that incor-
porated a cyclohexyl group (CHX-A”-DTPA-Bn-NCS) (see
Fig. 4). Unfortunately, substitutions on the DTPA backbone
introduced epimers and diastereomeric pairs that affected the
in vivo stability of the chelate complexes. More information
on the in vivo stability differences observed for the back-
bone-modified DTPA derivatives can be obtained from a
review on the labeling chemistry of a-emitters [15]. At pres-
ent, CHX-A"-DTPA-Bn-NCS might be considered the
bifunctional chelator of choice for labeling heat- and pH-
sensitive biomolecules with 2'2213Bi. It must be emphasized
that the CHX-A”-DTPA ligand does not provide high in vivo
stability for bismuth radionuclides, but it has adequate stabil-
ity for use with slowly metabolized molecules such as mAbs.
In contrast, the stability of bismuth-labeled CHX-A"-DTPA
chelate complex may not be adequate for labeling small mol-
ecules and rapidly metabolized proteins or peptides.
Importantly, small molecules and peptides can generally
withstand the reaction conditions required to label DOTA
derivatives with bismuth isotopes. Examples in which DOTA
has been incorporated into a disease-targeting small mole-
cule include a 2" Bi-labeled DOTATOC [38] and a
213Bj-labeled biotin-DOTA derivative [39]. Reaction temper-
atures of 80—100 °C were used to obtain these two products
in just 5 min reaction time. Importantly, 2*Bi can be used to
prepare theranostic radiopharmaceuticals, as it has a 440 keV
photon y emission that can be used for imaging.
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Fermium-255 Tt appears that there are no examples of 2>Fm
chelation for in vivo use, but studies evaluating binding of
24Fm with DTPA suggest that the cyclohexyl-bearing deriv-
ative CHX-A"-DTPA-Bn-NCS might facilitate the labeling
of proteins. However, considering the ~20 h half-life of
25Fm, it would be best if a macrocyclic bifunctional chelator
such as DOTA-Bn-NCS be evaluated as a labeling moiety.
The important point is that it is unlikely that >Fm will be
made available for developing radiopharmaceuticals due to
the difficulty of its production.

Radium-223/224 Because of its availability, there is a high
interest in the coupling of radium radionuclides—particu-
larly 2’Ra—to disease-targeting vectors. Radium’s chemis-
try is similar to that of barium, and in aqueous solution, it is
found almost exclusively in the +2 oxidation state [40].
While there have been many attempts to find a ligand that
will enable the stable in vivo chelation of radium nuclides,
none has been developed so far. Attempts with DTPA, DOTA,
and calix[4]arene tetraacetic acid have shown that the
calix[4]arene provided the most stable complexes, but that
stability was not sufficient for in vivo use [41]. As an alterna-
tive to chelation, incorporation of radium isotopes into
nanoparticles may provide an approach that is successful for
in vivo applications [42].

Terbium-149 The fact that there are several radioisotopes of
terbium that have emissions for imaging and therapy makes
the a-particle-emitting '**Tb attractive to develop theranostic
radiopharmaceuticals [43]. It has been demonstrated that ter-
bium radioisotopes, including '**Tb, can be readily chelated
by CHX-A"-DTPA and DOTA. While this is the case, the
difficulty in production of '“Tb calls into question the poten-
tial of this radionuclide for the development of theranostic
radiopharmaceuticals.

Thorium-226/227 The a-emitting isotopes of thorium—
26Th and ?*’Th—have very disparate half-lives: 30.6 min
and 18.7 days, respectively. As a result, it seems that differ-
ent ligand types (e.g. acyclic vs. macrocyclic) could be
used as bifunctional chelators for labeling radiopharmaceu-
ticals with each of these isotopes. As with the short-lived
bismuth isotopes, DTPA derivatives such as CHX-A"-
DTPA may be useful for radiopharmaceuticals employing
226Th [44]. Given its much longer half-life, >’ Th may be
best suited for use with antibody-based vectors, thus mak-
ing macrocyclic chelators attractive. The labeling of mAbs
with 2?’Th has been accomplished using DOTA-Bn-NCS as
the bifunctional chelator [45], but the labeling conditions
are not optimal and the labeling yields were low. More
recently, an octadentate bifunctional chelator containing
hydroxypyridinone (HOPO) moieties—(Me-3,2-HOPO),-
Bn-NCS (see Fig. 4)—has been developed and facilitates

the labeling of mAbs with ?*’Th under mild conditions [46].
The chelation of ?2’Th occurred within 30 min and provided
>96% labeling yield, making this chelator attractive for
labeling with 22Th as well. In vivo studies have shown that
(Me-3,2-HOPO),-chelated **’Th has good in vivo stability.
While 22°Th and 2*’Th do not emit imageable photons in
high enough abundance for use in theranostics, HOPO che-
lators have been shown to bind the positron-emitting radio-
nuclide zirconium-89 (¥Zr) [47], perhaps allowing for the
development of matched Th/Zr theranostic pairs. Other
bifunctional chelators with functional groups similar to the
HOPO ligands—such as carboxy-pyridyl derivatives hav-
ing denticities of 8 (octapa-Bn-NCS) and 10 (decapa-Bn-
NCS)—might also be used for theranostic applications in
which the chelation of two different radionuclides are
required [26].

Lead-212/Bi-212 The short half-life of '’Bi severely limits
its application in therapeutic radiopharmaceuticals. However,
investigators have noted that the parent radionuclide 2'?Pb,
which has a 10.6 h half-life, might be used as an in vivo gen-
erator to produce *!’Bi for therapeutic uses. Thus, studies to
find an appropriate chelator for ?Pb were conducted. While
some of the studies were directed at acyclic ligands, the
majority of chelation studies have been conducted with mac-
rocyclic ligands. Of several different macrocyclic chelators,
DOTA appeared most stable for both lead and bismuth.
Studies with DOTA-Bn-NCS conjugated to antibodies pro-
vided data that suggested the 2?Pb was being released
in vivo, so another DOTA derivative that had amide bonds
rather than the free carboxylates, denoted TCMC-Bn-NCS
(see Fig. 4), was prepared and tested as it had been previ-
ously shown to be particularly stable to the release of che-
lated lead [27]. The labeling of small molecule targeting
agents with '?Pb has been primarily accomplished through
the incorporation of DOTA into the small molecule. The
issue that arises with this 2?Pb/??Bi “in vivo generator”
approach is that some (>30%) of the ?'?Bi is released from
the chelator upon the decay of 2'2Pb, and a significant portion
of this released 2!?Bi redistributes to the kidneys. While
agents can be administered to release the 2'?Bi from the kid-
neys, the potential for latent kidney toxicity remains, so the
development of new approaches to the chelation of 2'?Pb are
needed.

Astatine-211 Radiolabeling with ' At is very different from
radiolabeling with the other a-emitting radionuclides, as (so
far) no methods for the stable chelation of this element from
the halogen family have been demonstrated. Being a halo-
gen, 2!'At can be bound to other molecules through nucleo-
philic and electrophilic reactions. A large number of studies
have been carried out using labeling methods based on these
approaches, but many reactions result in products that are not
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stable in vivo [33]. However, it was found that non-activated
aromatic ring-containing bifunctional reagents such as meta-
or para-astatobenzoate esters (Fig. 5) could be radiolabeled
and then conjugated with intact mAbs to provide radioim-
munoconjugates that are reasonably stable to in vivo deast-
atination. The result reinforces the notion that in vivo stability
is a function of the rate of metabolism of the astatinated
radiopharmaceutical, as small molecules and antibody frag-
ments containing the same astatobenzoate functionalities are
quite unstable in vivo. Unfortunately, due to the insolubility
of the tri-n-butylstannylbenzoate moiety and the high toxic-
ity of the trimethylstannylbenzoate moiety, the stannylben-
zoates are generally radiolabeled prior to conjugation with
proteins. This two-step labeling approach (see Reaction Path
A, Fig. 3) results in a moderate overall radiolabeling yield
(e.g. 40-50%). An alternative to the benzoate esters is to use
phenethylsuccinimide NHS ester conjugates, i.e. p-PESA-
NHS (see Fig. 5) [48].

The in vivo instability and low labeling yields of the phe-
nyl ring-based conjugates led to the development of new
reagents for labeling targeting vectors with *''At that rely
upon the formation of aromatic boron-astatine bonds. The
underlying concept here is that boron-halogen bonds are gen-
erally more stable than carbon-halogen bonds, and aromatic-
halogen bonds are more stable than aliphatic-halogen bonds.
A number of different aromatic boron cage molecules have
been prepared, conjugated with antibody fragments, and
tested in vivo to evaluate their stability. The nonahydro-closo-

00
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decaborate®~ aromatic moiety was found to provide the best
properties for labeling proteins with 2!!At. Two bifunctional
variants of the closo-decaborate’~ moiety—isothiocyanato-
phenethylureido (B10-NCS) and maleimido-trioxadiamine
(B10-Mal) derivatives—have been used extensively to radio-
label intact antibodies and antibody fragments (see Fig. 5).
The use of these bifunctional reagents has provided immuno-
conjugates that can be rapidly labeled (under 2 min) to give
high radiochemical labeling yields (80-95%) and have been
found to be stable to in vivo deastatination [34]. While the
closo-decaborate®~ moiety has provided excellent results for
labeling proteins, this moiety may be problematic when
incorporated into some small molecule carriers, as the dian-
ionic charge may negatively affect their in vivo targeting, cell
penetration, and pharmacokinetics. This has yet to be deter-
mined, however. It should be noted that astatinated benzoate
derivatives are being used to prepare mAb-based radiophar-
maceuticals, as they undergo minimal deastatination due to
the slow metabolism of intact mAbs. Furthermore, an
approach that allows for the direct labeling of mAbs conju-
gated with the trimethylstannylbenzoate moiety has been
developed. The direct labeling approach uses a large excess
of N-iodosuccinimide to cleave the trimethylstannyl group
after astatination [49], alleviating the issue of toxicity of the
stannylbenzoate conjugate. An improvement in radiolabeling
yield was obtained, but the yields were not as high as those
obtained using the closo-decaborate’"-based conjugates. It
should also be noted that the arylstannanes and closo-decab-
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c: X =At-211 c: X =At-211 c: X =At-211

d: X =1-123,124,125,131 d: X =1-125,131 d: X =1-125,131

B10-NCS

Fig. 5 Chemical structures of benzoate esters, phenethylsuccinimide
ester, and closo-decaborate™ derivatives used to prepare radiohalogen-
labeled monoclonal antibody (mAb) conjugates. In the aryl compounds
either a SnBu; or SnMe; labeling group was used, and the radioiodin-
ated derivatives that have been prepared are shown for the demonstra-
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N/\/\o/\/o\/\o/\/\NJ\/\N
H H /
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tion of their theranostic potential. In the depicted closo-decaborate®~ cage
structure, the open circles represent boron atoms, and the protons
attached to the boron atoms are left off for simplicity (as in other
aromatic rings)
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orate’~ moieties readily react with radioiodine and radiobro-
mine, making it possible to develop theranostic matched pair
radiopharmaceuticals.

The foregoing description of labeling methods are cur-
sory in nature, as they do not include descriptions of reagents
or reaction conditions and do not include a fairly large num-
ber of the alternative reagents studied. Of course, one must
read reviews and original literature publications to obtain
that information. Instead, the descriptions provided cover
what might be identified as the most important findings in
this area, but such classification is subjective in nature.

Controversial Issues

There are several controversial issues that come up when dis-
cussing the potential of a-emitters radionuclides in treating
human disease. Some of those issues include (1) the question
of how stable the radionuclide bond to the targeting molecule
needs to be to develop a useful targeted a-emitting radio-
pharmaceutical, (2) the belief that only one o-emitting
radionuclide can be used for any or all applications, (3) the
tendency to dismiss the issue of the redistribution and toxic-
ity of o daughter radionuclides, and (4) the belief that tar-
geted a-emitting radionuclides cannot effectively treat solid
tumors. Coming to a consensus on how to address these
issues is not easy, as the answers are based on the scientific
environment and personal beliefs of individual researchers.
Some comments on these issues follow.

With regard to the toxicity introduced by the redistribu-
tion of a radionuclide and/or its daughter radionuclides
(issues #1 and #3 above), the answer is admittedly not yet
clear for a-emitting radiopharmaceuticals. It is likely to be
highly dependent on the quantity of radionuclide adminis-
tered, the natural distribution of the radionuclide and its
daughter radionuclides, the rate of release from the organ or
tissue, and many other factors. With regard to one a-emitting
radionuclide being useful for all/many medical applications,
it is important to note that the low availability of a-emitting
radionuclides has often resulted in investigators using the
same radionuclide with different types of disease-targeting
carrier molecules (e.g. antibodies, peptides, small molecules)
rather than using a radionuclide which has a half-life or
decay characteristics that best suites the carrier molecule and
disease to be treated. Thus, a particular radionuclide can
become that investigator’s favorite nuclide. While this belief
may have merit for some applications, it seems that short
half-lived radionuclides might be optimal in some applica-
tions (e.g. marrow conditioning) and less optimal in others
(e.g. solid tumors). The issue of addressing the belief that

targeted a-emitters cannot be used to treat solid tumors is
perhaps the easiest to address, as it can be—and is currently
being—tested, so a definitive answer will be obtained for
some cancer types.

The Future

Based on the encouraging results obtained in several ongoing
preclinical studies, it seems very likely that a-emitting radio-
pharmaceuticals will be used in the therapy of human diseases
in the future. Perhaps one measure of whether a targeted
a-emitting radionuclide might be useful in the therapy of cancer
and other human diseases such as viral and bacterial infections
is its advancement into clinical trials. While not the first to enter
clinical trials, **Ra (***RaCl,; Xofigo™) was the first a-emitting
radiopharmaceutical to obtain approval for use in the therapy of
metastatic bone cancer (albeit only for non-resectable meta-
static prostate cancer at this time). Presently, five other
a-emitting radionuclides listed in Table 2—?*Ac, 2"*Bi, ?!'At,
212Pp/212Bi, and *Th—are currently in clinical studies. One of
the most important issues that will need to be addressed to bring
radiopharmaceuticals to clinical practice is overcoming the low
supply of o-emitting radionuclides. Fortunately, the US
Department of Energy (US DOE) has focused on providing the
quantities of ?Ac and other a-emitting radionuclides required
for the commercialization of radiopharmaceuticals containing
them. The US DOE is also setting up a network of universities
that could ultimately provide regional production of *''At for
preclinical and early clinical investigations.

The Bottom Line

The promise of a-emitting radionuclides for treating human
diseases is being tested in a number of preclinical and clini-
cal evaluations. Some important points about the develop-
ment of a-emitting radiopharmaceuticals are listed below:

¢ Blood-borne and metastatic diseases should be the focus
when developing a-emitting radiopharmaceuticals, as
radiopharmaceuticals can be of the highest utility and
value in these areas.

* At present, the supply of most a-emitting radionuclides is
not adequate for routine clinical use, but work is being
done to develop larger supplies, including the develop-
ment of new, less costly methods for their production.

* Highly selective disease-targeting agents with renal or
hepatobiliary excretion of metabolites need to be devel-
oped to minimize off-target toxicity.
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Methods for stably attaching a-emitting radionuclides to
disease-targeting agents have been developed for some
radionuclides, and new reagents are being developed for
the ones that do not presently have suitable methods for
stable attachment.

o-Emitting radionuclides which have short half-lives can
be used with less stable chelators or bonding agents if the
carrier molecule is slowly metabolized.

Methods for removing any free radionuclides from the
blood and/or organs need to be developed to minimize the
effects of the release of radionuclides from their carrier
molecules or the release of their daughters after decay.
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