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Alphatherapy, the new impetus to targeted radionuclide therapy?
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Over the last decade several radiopharmaceutical agents have
shown a real benefit for patients who had limited therapeutic
options and have been approved. Several clinical studies have
been performed with 90Y-ibritumomab tiuxetan (Zevalin®)
for treatment of follicular lymphoma. The results of a phase
III study in 414 patients have proved to be very effective, with
a conversion of partial response to complete or unconfirmed
complete response and a progression free survival (PFS) of
36.5 months versus 13.3 months for the control group with a
relatively high but easily manageable grade 3–4 hematologi-
cal toxicity of 66.6% for thrombocytopenia and 60.8% neu-
tropenia [1]. A commercial failure after approval can be ex-
plained by several non-medical reasons. Moreover, in a phase
III clinical trial using 177Lu-DOTATE for patients with ad-
vanced and progressive midgut neuroendocrine tumor, the
estimated rate of progression-free survival at month 20 was
65.2% as compared with 10.8% in the control group treated
with long-acting repeatable (LAR) octreotide considered as
the standard treatment in this clinical situation. The use of
177Lu-Dotatate resulted in a risk of progression or death that
was 79% lower than the risk associated with high-dose
octreotide LAR. A quite acceptable toxicity rate was observed
with less than 10% grades 3–4 and no renal toxicity over the
trial period [2]. Consequently, the radiopharmaceutical agent
was approved in 2018.

A real breakthrough in radionuclide therapy occurred in
2013 with the published results of a phase III clinical trial using
radium-223 dichloride (Xofigo®), the first alpha-emitting ra-
dionuclide being clinically used in patients with metastatic

castration resistant prostate cancer. The updated analysis in-
volving 921 patients confirmed a survival gain of 3.6 months
with regard to the control group (median 14.9 versus
11.3 months) [3, 4]. However, radium-223 dichloride does
not bind directly to tumor cells, but indirectly through binding
to newly formed bone stroma in close proximity to bone me-
tastases. Despite this limitation, the approval of this radiophar-
maceutical in 2013 was a real breakthrough and paved the way
for further clinical development of alphatherapy.

The great interest of alpha-emitting radionuclides for ther-
apy is based on a highly cytotoxic effect of alpha particles due
to their high linear energy transfer (LET) and a short path
length of less than 100 μm as compared to electrons of β-
emitting radionuclides that have a low LET and a path length
of a few mm resulting in radiation exposure to normal tissue
and less effective tumour cell killing effect (5). Consequently
it is anticipated that alphatherapy could be more efficient and
less toxic than conventional therapy using β-emitting radio-
nuclides. But, in this age of evidence-based medicine, this
advantage has yet to be documented and confirmed in large
randomized clinical trials, even though a number of early-
stage clinical studies tend to bear this out.

Four alpha-emitting radionuclides have been used in multi-
ple preclinical studies and in a more limited number of early-
stage clinical studies [5]: actinium-225, bismuth-213, astatine-
211 and bismuth-212, the daughter of β-emitting lead-212.
Each has advantages and drawbacks. Actinium-225 is currently
the most promising, due to a half-life of 10 days allowing its
distribution far from a centralized production site and its easy
labelling chemistry for a variety of molecules. However, its
major limitation is the mode of production, which needs ex-
pensive and rare high-energy accelerators or cumbersome irra-
diation of radioactive radium-226 targets with questionable
availability. Moreover, chelation of the daughter radionuclides
of actinium-225 after an alpha decay event is highly question-
able and could lead to unwanted side effects. Bismuth-213, a
short-lived daughter radionuclide (45.8 min) of actinium-225 is
available from a 225Ac/213Bi generator, but the very short half-
life of bismuth-213 limits its use to rapidly accessible tumor
targets such as hematological bone marrow malignancies or
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after intracavitary instillation. Astatine-211 is available from
mid-energy cyclotrons and its half-life of 7.2 h is more conve-
nient than that of bismuth-213. However, the chemistry of
astatine-211 is rich and studies are ongoing to develop labelling
for various molecules and its waste should be taken into con-
sideration. Finally bismuth-212 (half-life 60.55mn) is available
indirectly in hospital from a radium-224 generator (half-life of
3.6 days) extracted from old stocks of 232Th. The idea is to use
212Pb which decays to 212Bi as an in vivo generator to benefit
from its physical half-life of 10.64 h. However, rigorous control
of the in vivo generator is required to prevent any escape of
bismuth with uncontrolled behaviour.

The main problem to be solved in the next ten years will be
the availability of these radionuclides for extensive phase II
and III clinical studies including hundreds of patients.

Up to now and apart from non-tumor-specific radium-223,
more than 15 pilot or phase I/II clinical studies involving a total
of 185 patients have been performed worldwide using the four
aforementioned radionuclides [5]. The upshot of all these stud-
ies is a limited toxicity except for hematological malignancies
after intravenous injection, and encouraging and documented
efficacy. Nevertheless, the clinical proof of concept for real
efficacy has not as yet been documented using the 4 aforemen-
tioned radionuclides before implementation of clinical trials
phase II/III, which is expected in the coming ten years.

The choice for the most appropriate clinical situations for
efficient alphatherapy should take into consideration the phys-
ical characteristics of each radionuclide, especially the half-
life and the very short path length. Using short-lived radionu-
clides such as bismuth-213, astatine-211 and lead-212/
bimuth-212, the accessibility of the radiopharmaceutical agent
to its tumor target should be easy and fast to allow a high
tumor uptake, and the size of the tumor target should fit the
very short path length of alpha particles for a maximum tumor
cell killing effect. In the current issue of EJNMMI, Autenrieth
et al. report the results of a pilot study on alpha-
immunotherapy of carcinoma in situ of the urinary bladder
using bismuth-213 in 12 patients unresponsive to BCG thera-
py [6]. The choice for this clinical situation is quite appropri-
ate for an optimal effect of alphatherapy. Plurifocal superficial
carcinoma of the urinary bladder is indeed rapidly accessible
to intravesically-administered antibody labeled with bismuth-
213 resulting in fast tumor accessibility. Furthermore the
thickness of superficial tumor limited to the mucosa is less
than 2 mm, which fits the short path length of emitted alpha
particles even if it exceeds its limit of 0.1 mm. These favorable
conditions are illustrated by the quite encouraging efficacy
results with three complete responses lasting 15, 30 and
44 months and a fourth after a second treatment. Moreover,
no toxicity was observed. Such results are impressive for a
preliminary pilot study and should be followed by a phase I
clinical trial. Specific tumor uptake can be questionable using
an intracavitary route and tumor cell killing effect could be

due to unspecific effect after intravesical instillation of bis-
muth-213, but in this hypothesis irradiation of normal mucosa
should have led to inflammation and unwanted side effects,
which were not reported in this study.

The intracavitary route appears to be preferable for the
short-lived radionuclides but obviously does not exclude the
intravenous route, especially in situations of isolated tumor
cells or clusters of tumor cells disseminated in the body and
especially in bone marrow. Encouraging efficacy has been
shown in hematological malignancies and prostate cancer es-
pecially using actinium-225 [7, 8]. It is highly likely that
alphatherapy will progress in the next decade after phase II
and III clinical studies in a variety of indications. But the
availability of the four aforementioned radionuclides will have
to be guaranteed, particularly for actinium-225 through high
energy accelerators and, for astatine-211, through a network of
mid-energy cyclotrons allowing acceleration of alpha parti-
cles. In these conditions, some approvals after the first one
using radium-223 could be expected at the end of the next
decade. They will come to complement the beta-emitting ra-
dionuclides currently available for clinicians.
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