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Radionuclides
Interchangeable with
‘radioactive atoms’, ‘radioactive
elements’ and ‘radioactive
isotopes’. Although these are
all correct, ‘radionuclide’

(not ‘radionucleotide’) is the
preferred term in the context
of nuclear medicine, in general,
and radiopharmaceutical
therapy, in particular.

B-Particles

Light, energetic electrons that
are either positively or
negatively charged and
emitted spontaneously from
atomic nuclei during a nuclear
transformation of many
radionuclides. These particles
are characterized by a
spectrum of energies and
associated ranges, typically
characterized as the maximum
or end-point energy or range.
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Abstract | Radiopharmaceutical therapy (RPT) is emerging as a safe and effective targeted
approach to treating many types of cancer. In RPT, radiation is systemically or locally delivered
using pharmaceuticals that either bind preferentially to cancer cells or accumulate by
physiological mechanisms. Almost all radionuclides used in RPT emit photons that can be imaged,
enabling non-invasive visualization of the biodistribution of the therapeutic agent. Compared
with almost all other systemic cancer treatment options, RPT has shown efficacy with minimal
toxicity. With the recent FDA approval of several RPT agents, the remarkable potential of this
treatment is now being recognized. This Review covers the fundamental properties, clinical
development and associated challenges of RPT.

Radiopharmaceutical therapy (RPT) is defined by the
delivery of radioactive atoms to tumour-associated tar-
gets. RPT is a novel therapeutic modality for the treat-
ment of cancer, providing several advantages over
existing therapeutic approaches. Unlike radiotherapy, the
radiation is not administered from outside the body,
but instead is delivered systemically or locoregionally,
akin to chemotherapy or biologically targeted therapy.
The cytotoxic radiation is delivered to cancer cells or
to their microenvironment either directly or, more typi-
cally, using delivery vehicles that either bind specifically
to endogenous targets or accumulate by a wide variety
of physiological mechanisms characteristic of neoplasia,
enabling a targeted therapeutic approach. Unlike bio-
logic therapy; it is far less dependent on an understand-
ing of signalling pathways and on identifying agents
that interrupt the putative cancer phenotype-driving
pathway (or pathways). Notably, the clinical trial failure
rate of ‘targeted’ (that is, biologic) cancer therapies is
97% (RER."), which is in part due to the drugs selected for
clinical trial investigation targeting the wrong pathway’.

Radionuclides with different emission properties —
primarily B-particles or highly potent a-particles — are
used to deliver radiation. In almost all cases, the radio-
nuclides may be visualized by nuclear medicine imaging
techniques to assess targeting of the agent, which pro-
vides a substantial advantage over existing therapeutic
approaches and enables a precision medicine approach
to RPT delivery.

Patients with cancer with distant metastases continue
to have a grim prognosis despite ongoing efforts with
new chemotherapeutics, small-molecule inhibitors,

biologics, immune checkpoint inhibitors and various
combinations of these; novel therapeutic approaches are
therefore vital. Compared with almost all other systemic
cancer treatment options, RPT has shown efficacy with
minimal toxicity’. In addition, unlike chemotherapy,
responses with RPT agents typically do not require many
months (or cycles) of therapy and are often observed
after a single or at most five injections; side effects such
as alopecia or peripheral neuropathy are generally less
severe than with chemotherapy;, if observed at all.

RPT development is a multidisciplinary endeavour,
requiring expertise in radiochemistry, radiobiology,
oncology, pharmacology, medical physics and radio-
nuclide imaging and dosimetry — most pharmaceutical
companies are not familiar with the radiation and radio-
nuclide aspects of RPT and the deployment of RPT agents
for cancer therapy is also unfamiliar to the oncology com-
munity. It is a therapeutic modality that is not consist-
ently identified with any one group of practitioners and
it lacks a constituency. For many decades RPT has been
a treatment modality of last resort and available only in
small clinical trials or as part of compassionate care from
a small number of institutions in Europe and even fewer
in the USA and the rest of the world. In the sense that
RPT has no well-defined community of stakeholders it
has been an ‘orphan treatment’ modality for many years.

However, the remarkable potential of RPT directed
against primary cancers as well as distant metastases,
is now being recognized as an effective, safe and eco-
nomically and logistically viable treatment modality,
receiving renewed attention from both small and large
pharmaceutical companies®. The recent approval of
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a-Particles

Positively charged, heavy
particles ejected spontaneously
from the nucleus of some
radionuclides that are identical
to a helium nucleus (mass
number of 4 and electrical
charge of +2). The DNA
damage resulting from these
short-range particles per unit
of energy deposition is greater
and more complex than that
associated with p-particles.

Absorbed dose
The energy absorbed per unit
mass of tissue.

Gy

Abbreviation for the Sl unit
(gray) for radiation dose

(1 Gy=1Jkg"). Itisthe
absorbed dose per unit mass
of tissue. The corresponding
CGS unit is the rad

(100 rad =1 Gy). Therad is
not recommended for use in
the scientific literature.
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B-particle-emitting RPT agents that act against neuro-
endocrine cancers and phaeochromocytomas, the
approval of an a-emitter RPT for bone metastases of
prostate cancer and the highly promising clinical and
preclinical preliminary results with RPT agents using
other a-particle-emitting radionuclides has reignited
interest in RPT.

This Review provides an overview of the radiochem-
istry and physics aspects needed to understand the
fundamentals of RPT. The different categories of RPT
agents in use and in the clinic for the treatment of can-
cer and the challenges associated with their development
and application are discussed. Notably, many other RPT
agents are in preclinical development, but their discus-
sion is beyond the scope of this Review. Similarly, while
RPT also has applications in non-oncological disorders,
such as rheumatoid arthritis and polyarthritis, these will
not be discussed here, and the reader is referred to recent
reviews on these topics™.

Overview of RPT

Mechanism and biological effects

The mechanism of action for RPT is radiation-induced
killing of cells. Investigation into the effects of radiation
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Fig. 1| Tumour cell irradiation: radiotherapy versus radiopharmaceutical therapy.
a| An external beam delivers the same absorbed dose per cell regardless of the number
of cells. b| In radiopharmaceutical therapy, the absorbed dose delivered per cell by
emissions originating from cells is influenced by the range of the emissions, the number
of cells that are clustered together and the number of cells that have been targeted.
Assingle cellis very difficult to sterilize with radiopharmaceutical therapy. If the range
of the emitted particle is much longer than the dimension of the cell nucleus, a smaller
fraction of the total emitted energy will be absorbed in the nucleus.

on tissues and tumours began soon after the discovery of
radiation and radioactivity. RPT has the benefit of draw-
ing on the substantial knowledge base of radiotherapy’.
However, RPT differs from radiotherapy, and it is impor-
tant to understand how those elements unique to RPT
influence therapy.

The essential questions for RPT are where does the
agent localize and for how long? As noted in the section
entitled ‘Dosimetry} answers to these questions inform
the tumour versus normal tissue absorbed dose and
provide a measure of potential treatment success.

The biological effects of a given absorbed dose
for a tumour depend on the rate at which the dose is
delivered®'°. A dose of 30 Gy delivered to a tumour
over a period of many weeks at a dose rate that is expo-
nentially decreasing, as is typically the case with RPT,
will have a very different effect from that of the same
amount delivered at the much higher dose rates used
in radiotherapy (for example, daily, 2-Gy fractions over
15 days). The difference in biological outcome will depend
on the biological repair and radiosensitivity properties
of the tumour. Dose-rate considerations also apply to
normal organs'' ™.

Another fundamental distinguishing feature impor-
tant for understanding this treatment modality is the
diminishing curative potential with reduced target cell
number (FIC. 1). In radiotherapy the probability of killing
all cells for a given absorbed dose increases as the num-
ber of target cells decreases — fewer cells to kill for a
given radiation absorbed dose increases the chance that
all of the cells will be killed. By contrast, fewer cells do
not translate into a greater tumour control probability
in RPT. This is because the radiation is not delivered
uniformly to all cells. If the emitted radiation originates
from a radionuclide on the surface of tumour cells, fewer
cells leads to a smaller fraction of the emitted energy
being deposited into the targeted cells'*. This is bal-
anced, in part, by the greater concentration that may
be achieved in smaller clusters of cells relative to large
measurable tumours.

Radionuclides used for RPT

One of the hallmarks of RPT is its ability to deliver highly
potent forms of radiation directly to tumour cells. Three
different types of radiation are relevant to understanding
RPT: photons, electrons and a-particles™.

Photons come in two ‘flavours’ — X-rays and y-rays.
The former are derived from orbital electron transi-
tions and are typically lower in energy than y-rays.
Radionuclide photon emissions are useful for imaging
the distribution of the RPT but not for localized delivery
of cytotoxic radiation. Although a wide range of photon
energies may be imaged (70-400 keV), photon emiss-
ion energies in the range from 100 to 200 keV are optimal
for all nuclear medicine imaging cameras (y-cameras
and single-photon emission computed tomography
(SPECT) cameras). A number of radionuclides also emit
positrons which lead to the emission of 511-keV pho-
tons that are detected by positron emission tomography
(PET) cameras.

Electron emissions are classified by energy and also
by the type of decay. Auger electrons, p-particles and

590 | SEPTEMBER 2020 | VOLUME 19

www.nature.com/nrd



a [-Emitter RPT

600+
. 153Sm
M 77Lu
ey
. 131'
2
S 400
=
@
0
2 I
E i
5 il
3 I 0_ 1]
5 200 Il | "
z 7 ok
(]
=t =
=
0-
1980 1985 1990 1995 2000 2005 2010 2015
b a-Emitter RPT
120 | M *'Th
M *°Ra
[0 #?Pb or 2B
120 | W At
[ 7°Ac or 2*Bi
[%)
c
© 120
=
©
0
>
2
o 120+
[e]
e
5]
0
£
3 120
120
0-! -
1980 1985 1990 1995 2000 2005 2010 2015
¢ By cancer
800+
M Colorectal
M Hepatic
[ Breast
M Prostate
600 | E Neuroendocrine SSR*
g O Thyroid
= [] Haematological malignancies
L
5
a 400 I
-
o
@
Ne)
: |
3
=
2004
0 Tﬂﬂ ﬂﬂ ﬂ ﬂﬂ ﬂ T T T T T
1980 1985 1990 1995 2000 2005 2010 2015

Year

REVIEWS

monoenergetic electrons are relevant to RPT. Auger
electrons are generated from suborbital transitions.
They are typically very-short-range emissions, of the
order of 1-1000 nm, depending on their emission
energy. If the RPT druglocalizes within the cell nucleus,
these emissions could be highly cytotoxic'>'**. Auger
electron-emitter RPT has not been widely adopted, how-
ever. Although preclinical studies have shown substantial
therapeutic efficacy, the small number of human inves-
tigations did not lead to clinical efficacy”’~**. Human
studies using locoregional administration showed prom-
ise in terms of tumour cell incorporation of the Auger
emitters'”**. The requirement that these agents be
incorporated into the DNA and also their unfavourable
pharmacokinetics are thought to be the reasons under-
lying the lack of efficacy. Encouraged by ongoing tech-
nological developments that could overcome the factors
listed above, these agents continue to be of interest to the
RPT community™.

[B-Particles are electrons emitted from the nucleus.
They typically have a longer range in tissue (of the
order of 1-5 mm) and are the most frequently used
emission type for RPT agents. This is in part because
B-particle-emitting radionuclides are widely available,
many of which also emit photons in an energy range that
is easily imaged. The p-particle emitters samarium-153,
lutetium-177, yttrium-90 and I-131 have been intro-
duced and commonly used over the last 40 years (FIC. 2a;
TABLES 1,2). The most familiar and frequently used of
these is iodine-131, which is used to treat thyroid cancer.
A number of other B-emitting radionuclides have been
investigated or considered”~*' but for several reasons —
including lack of availability, difficult radiochemistry or
perhaps, most prominently, the absence of a commercial
justification to overcome the regulatory and financial
hurdles involved in their clinical translation — these
agents have not been widely adopted™.

A variety of reasons for the progression and shift to
different radionuclides may be invoked to explain the
changes and additions of the different p-particle emit-
ters used over time. For example, in an early theoret-
ical evaluation of different radionuclides, yttrium-90
ranked second to rhenium-186 in a list of nine radio-
nuclides considered". In that ranking, the main crite-
rion was the tumour to non-tumour-absorbed dose
ratio. This was a theoretical calculation obtained for
different radionuclides using typical radiolabelled
antibody pharmacokinetics for tumour targeting and

Fig. 2 | Publications per year related to RPT. a| Number of
publications related to radiopharmaceutical therapy (RPT)
listed in the PubMed database per indicated year for each of
the indicated B-particle-emitting radionuclides. The figure
shows the introduction and expanded use of new B-particle-
emitting radionuclides for RPT. For example, lutetium-177
was first described for use in RPT in 1991 (REF*""). By 2018
the number of publications related to lutetium-177 and RPT
was about the same as that for yttrium-90. b | Publications
per year for RPT with different a-emitting radionuclides.

c | Number of publications related to RPT listed in

the PubMed database per indicated year for each of the
indicated malignancies. See Supplementary information
for search terms used. SSR, somatostatin receptor.
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Table 1| Radionuclide properties

Radionuclide

Yttrium-90

lodine-131
Samarium-153
Lutetium-177
Astatine-211
Lead-212/bismuth-212
Radium-223
Actinium-225
Thorium-227

Therapeutic

Approximate Radionuclide

emission emission range in half-life
tissue (mm)
" 5.30 64.1 hours
" 0.8 8.0 days
3 0.4 46.5 hours
- 0.62 6.6 days
0.05 7.2 hours
B/a <0.1/0.05 10.6 hours/1.0 hours
0.05-0.08 11.4 days
0.05-0.08 10.0 days
0.05-0.08 18.7 days

Half-lives from REF.””, ranges from REFS?%5-3%°,

Photons

A photon is a quantum of high-
frequency electromagnetic
radiation that is emitted
spontaneously, either during a
nuclear transformation (y-rays)
or as a result of orbital electron
transitions (X-rays). In the
context of radiation delivery,
the energy or frequency of
photons is sufficient to ionize
atoms and lead to potential
DNA damage.

X-rays
Photons emitted as a result of
orbital electron transitions.

y-Rays

Photons emitted during a
nuclear transformation of
aradionuclide.

keV

The abbreviation for a unit
of energy (kiloelectronvolts)
typically used to represent
the energy associated with
radionuclide emissions.

Auger electrons

Electrons ejected during
suborbital transitions of an
atom, typically following
spontaneous nuclear
transitions (radioactive decay).

Activities

A measure of radioactivity,
typically in the unit of
becquerel (Bq) or millicurie
(mCi; the CGS unit).
Radioactivity corresponds to
the number of radionuclide
transformations per unit time.

Theranostic

The general concept of using
a radionuclide-labelled agent
that may be imaged to guide
radiopharmaceutical therapy;
a radionuclide that may be
used for both imaging and
therapy.

organ clearance. This optimum reflected the 64.2-hour
half-life of yttrium-90 and its high-energy B-particle,
which was deemed favourable for uniformly irradiating
tumours. Like iodine-131, the adoption of yttrium-90
for RPT is likely based on its history and widespread
availability. In the 1970s it was used in colloidal form,
primarily to treat rheumatoid conditions™*. Efforts to
conjugate yttrium-90, a radiometal, were unsuccessful®
until a radiometal conjugation chemistry that retained
stability in vivo was developed™®”. Clinical trials using
yttrium-90-labelled antibodies as RPT agents initially
focused on ovarian cancer’” and subsequently on
haematological cancers’~*, as well as radiopeptide
therapy®. Yttrium-90 continues to be a popular radio-
nuclide for RPT because of the clinical impact of
yttrium-90-impregnated microspheres that are used
for treatment of hepatic metastases*~**. Although
yttrium-90 has been imaged, imaging generally requires
high activities (more than 300 MBq)*. Such activities
are typically achieved only in microsphere therapies.
Lutetium-177 gained popularity because it emits pho-
tons in the 100-200-keV optimal imaging range and
has a B-particle energy appropriate for therapy. These
factors, along with a half-life that is compatible with the
pharmacokinetics of both antibodies and peptides, make
this radionuclide a theranostic in that the same radio-
nuclide may be used to assess tumour uptake and the
extent of cancer, and also as a treatment™. It is produced
in a reactor and is therefore widely available’’, with a
relatively straightforward conjugation chemistry*.
a-Particles are helium nuclei (two protons and two
neutrons) that are emitted from the nucleus of a radio-
active atom. Depending on their emission energy, they
can travel 50-100 um in tissue. They are positively
charged and are orders of magnitude larger than electrons.
The amount of energy deposited per path length trav-
elled (designated ‘linear energy transfer’) of a-particles
is approximately 400 times greater than that of electrons.
This leads to substantially more damage along their
path than that caused by electrons. An a-particle track
leads to a preponderance of complex and largely irrep-
arable DNA double-strand breaks®>**. The absorbed
dose required to achieve cytotoxicity relates to the
number of a-particles traversing the cell nucleus. With

use of this as a measure, cytotoxicity may be achieved
with a range of 1 to 20 a-particle traversals of the cell
nucleus”. The resulting high potency, combined with
the short range of a-particles (which reduces normal
organ toxicity), has led to substantial commercial inter-
est in developing a-particle-emitting RPT agents™. The
a-particle emitters introduced and used for RPT over
the last 40 years include astatine-211, bismuth-212,
lead-212, bismuth-213, actinium-225, radium-223 and
thorium-227 (FIG. 2b; TABLES 1,2).

The a-particle-emitting RPT agent radium-223
dichloride (Xofigo) was approved by the FDA in May
2013. At the time it was approved, effective therapies
for patients with castration-resistant prostate cancer
that had metastasized to bone did not exist. The very
encouraging clinical trial results® and the subsequent
FDA approval were instrumental in the renewed inter-
est in RPT, in general, and a-emitter RPT, in particu-
lar. Subsequently, individual-patient demonstrations
of a-emitter potency have reinforced the interest in
a-particle-emitting RPT**. Overall, there has been an
almost sixfold increase in the number of studies related
to a-emitters for RPT over the past 10 years. Ongoing
investigations of radium-223 in combination with
other therapeutics™ that act against other bone-seeking
cancers®-** have led to the recent high prevalence of
radium-223 RPT studies.

There are more than 300 radionuclides that are
potentially relevant to medicine and biology®. TABLE 1
details the subset of these that are RPT agents of cur-
rent interest, along with properties relevant to their use
in RPT.

Dosimetry

Response and toxicity prediction is essential for the
rational implementation of cancer therapy. The biolog-
ical effects of radionuclide therapy are mediated by a
well-defined physical quantity, the absorbed dose (D),
which is defined as the energy absorbed per unit mass
of tissue. The long and well-established cancer treat-
ment experience in radiotherapy has provided ample
evidence that absorbed dose may be used to predict
biological response®’. In chemotherapy, targeted bio-
logic therapy and immunotherapy, there is no dosime-
try analogue. Dosimetry as implemented in RPT may be
thought of as the ability to perform the equivalent of a
pharmacodynamic study in treated patients in real time.
Dosimetry analysis may be performed as part of patient
treatment to calculate tumour versus normal organ
absorbed dose and therefore the likelihood of treatment
success. The ability to rapidly assay genetic and epi-
genetic characteristics of tumour samples comes closest
to providing the kind of information that RPT dosimetry
provides regarding the potential efficacy and toxicity of a
therapeutic agent in an individual patient.

The mathematical formalism and tools available to
perform dosimetry have evolved over time. The initial
impetus for estimating absorbed dose was to assess the
potential risks of nuclear medicine diagnostic imaging
agents. Dosimetry calculations intended to assess risk
are performed for an anatomical geometry designed
to represent the average patient population rather than
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Table 2 | Selected RPT agents that are on the market or under development

RPT agent

Radium-223
chloride®

90Y-loaded glass
microspheres

OY-loaded resin
microspheres

B3| radioiodine

13[Sm]lexidronam

77Lu-labelled
DOTATATE

[2U]mIBG

B31]-labelled aCD45

77 u-labelled
PSMA-617

177 u-labelled
NeoBOMB1

1%Ho microspheres

77Lu-labelled
DOTA-JR11

77Lu-labelled
PSMA-R2

25Ac-labelled
aCD38®

25Ac-labelled
aCD33¢

221Th-labelled
MSLN-TTC®

22Th-labelled
PSMA-TTC®

#7Th-labelled
aCD22-TTC®

7L u-labelled
CTT-1403

31|-labelled
CLR 131

31]-labelled
CLR1404

5Ac-labelled
FPX-012

Company
Bayer

BTG
CDH Genetech/

Sirtex
Jubilant
Draximage/
Malklincrodt
Lantheus

Novartis/AAA

Progenics

Actinium
Pharmaceuticals

Novartis/
Endocyte

Novartis/AAA

Terumo
Ipsen

Novartis/AAA

Actinium
Pharmaceuticals

Actinium
Pharmaceuticals

Bayer

Bayer

Bayer

Cancer Targeted
Technologies

Cellectar

Cellectar

J&)/Fusion Pharma

Indication

Bone metastasis

Hepatic
malignancies

Hepatic
malignancies

Thyroid cancer

Cancer bone pain

Neuroendocrine
tumours

Adrenergic
receptor tumours

Bone marrow
transplant
preparation

Prostate
cancer, tumour
neovasculature

GRPR* tumours

Hepatic
malignancies

Neuroendocrine
tumours

Prostate
cancer, tumour
neovasculature

Multiple myeloma
Leukaemia, MDS
Mesothelin* tumours

Prostate, tumour
neovasculature

Lymphoma

Prostate, tumour
neovasculature

Paediatric cancer,
head and neck
cancer, multiple
myeloma, leukaemia,
lymphoma

Unresponsive solid
tumour, multiple
myeloma

NSCLC, pan-cancer
target

Properties

Calcium analogue

Radioembolization of liver
microvasculature

Radioembolization of liver
microvasculature

Active uptake through Na-I
symporter and storage in
follicular cells

Binding to hydroxyapatite
matrix

SSR-mediated binding

Active uptake mechanism via
the adrenaline transporter
and storage in presynaptic
neurosecretory granules

B3!-based antibody targeting
CD45* cells for bone

marrow ablation before
transplantation

PSMA-mediated binding

GRPR binding

Radioembolization of liver
microvasculature

SSR-mediated binding and
internalization

PSMA-mediated binding and
internalization

CD38 antibody a-targeting
CD33 antibody a-targeting

Anti-mesothelin-a-emitter
immunoconjugate

PSMA-targeting a-emitter
immunoconjugate; PSMA*
prostate cancer targeting

Anti-CD22-a-emitter
immunoconjugate; CD22*
tumours (lymphoma)

PSMA-mediated binding

B31]-labelled phospholipid
ether analogue targeting
cancer cell-specific lipid raft
microdomains

31]-labelled phospholipid
ether analogue targeting
cancer cell-specific lipid raft
microdomains

Insulin growth factor 1*
tumours

Development phase

Commercially
available

Commercially
available

Commercially
available

Commercially
available

Commercially
available

Commercially
available

Commercially
available

Phase Ill; recruiting

Phase llI; active, not
recruiting

Phase Il; completed

Phase I/1l; completed

Phase Il; unknown
recruitment status

Phase I/l

Phase I/11; recruiting

Phase I; recruiting
Phase I; withdrawn
Phase [; recruiting

Phase I; recruiting

Phase I; active, not
recruiting

Phase [; active, not
recruiting

Phase |; recruiting

Phase |; suspended
(owing to COVID-19)

Phase II; recruiting

Phase I; not recruiting

Phase |; completed

Phase I; recruiting

NCT number

NCT02665065

NCT03511664

NCT03724253
NCT02931929
NCT02067988

NCT02592707

NCT03490838

NCT02998047

NCT03705858

NCT03507452

NCT03724747

NCT02581878

NCT03822871

NCT03478462
NCT04105543
NCT02952508

NCT02278315
NCT01495663

NCT03746431

Refs

56,127-131

274-279

274-279

93,117-121,124

132-134

192,194-196,200

140-152

229-231

166-169

202-210

280-282

193

155-162

244,245

239,241-243

248,249

250,251

65,184-191

65,184-191

65,184-191

246
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Table 2 (cont.) | Selected RPT agents that are on the market or under development

RPT agent Company Indication Properties Development phase NCT number Refs

[***Sm]CycloSam Oncolix/ Osteosarcoma Binding to hydroxyapatite Phase I; not yet NCT03612466 SR
Isotherapeutics matrix recruiting

#2Pb-labelled OranoMed/ SSR* tumours SSR-mediated binding Phase I; active, not NCT03466216 1977199

DOTAMTATE? Radiomedix recruiting

77 u-labelled RM2  ABX GmbH GRPR* tumours GRPR binding Firstin human = s

2Th-labelled Bayer HER2* tumours Anti-HER2-a-emitter Preclinical - 2957056

HER2-TTC® immunoconjugate

#12Pb-labelled PLE?  OranoMed/ Solid tumours = Preclinical = =
Cellectar

#2Pb-labelled OranoMed/ TEM1* tumours = Preclinical - -

alEM1° Morphotek

12Pb-labelled OranoMed/ Leukaemia/ CD37 antibody a-targeting  Preclinical = =

aCD37° NordicNanovector lymphoma

21At-labelled Telix Pharma Multiple myeloma - Preclinical - -

alLAT-1°

The list is not exhaustive and includes only agents that are being developed by a commercial sponsor. *a-Emitter-based radiopharmaceutical therapy (RPT)
agents. MDS, myelodysplastic syndrome; mIBG, meta-iodobenzylguanidine; NSCLC, non-small-cell lung cancer; PSMA, prostate-specific membrane antigen;

SSR, somatostatin receptor.

Time-versus-activity curves
The amount of radioactivity
in a particular region of the
body as a function of time.
Time-versus-activity curves
are used in absorbed dose
calculations; they may be
obtained from imaging or
direct sampling (for example,
urine or serial biopsy or from
animal studies).

any one particular patient. The scheme used to calculate
these values is shown in BOX 1. This scheme provides the
foundation for RPT dosimetry but because the calcu-
lation is oriented towards assessing radiation-induced
risks of diagnostic imaging, it is not appropriate for
toxicity and antitumour efficacy evaluations relevant
to RPT. The dosimetry methods summarized in BOX 2
describe a scheme appropriate to RPT. The implications
of adopting such a scheme and necessary extensions, not
summarized in BOX 2, are briefly described below.
Image-based, patient-specific dosimetry allows the
distribution of the agent in tumours and normal organs
to be quantified”. The amount of RPT agent that con-
centrates in the tumour can be increased by increas-
ing the administered activity, which also impacts the
tumour-absorbed dose. Dosimetry analysis follow-
ing a low-activity administration has the potential to
inform the amount of activity to administer for subse-
quent therapy. For example, from radiotherapy expe-
rience, an absorbed dose of 60-70 Gy is required to
achieve greater than 3-year tumour control for patients
with osteosarcoma®®’. Although such high average
tumour-absorbed doses can be achieved with high
administered activities, studies have indicated that intra-
tumour variability can be large, with some portions of
a tumour meeting and exceeding this dose range, but the
overall average being well below therapeutic efficacy*.
These observations led to a rational, absorbed-dose
driven approach for combining radiotherapy with RPT®.
In the context of RPT, organ toxicity is usually
reflected not by a whole-organ absorbed dose but
rather by absorbed dose ‘hot spots’ This is particularly
so if such regions of high absorbed dose correspond to
organ subregions that are critical to organ function. For
example, some RPT agents (primarily peptides) concen-
trate and are retained in the renal cortex, so the absorbed
dose in the renal cortex better predicts toxicity than the
absorbed dose in the whole kidney volume™. For certain

RPT agents, the biologically relevant region can be
microscopic (for example, the kidney nephron’ or the
collecting ducts of the salivary glands’>”). The converse
is also true. Estimates of the average absorbed dose in
bone marrow do not predict the very low haematolog-
ical toxicity of radium-223 dichloride (lower than that
of almost all other RPT agents). In a pivotal randomized
clinical trial, the grade 3 or grade 4 haematological toxic
effects observed in patients receiving radium-223 dichlo-
ride (Xofigo) included neutropenia (2%), thrombocyto-
penia (3%), leukopenia (3%) and pancytopenia (1%)°.
This discrepancy could be resolved by a calculation that
considered the microscale distribution of radium-223
in the bone marrow. Such an analysis demonstrated that
because of the short range of a-particle emissions and
the known localization of the RPT agent on the trabec-
ular bone surface, only haematopoietic (bone marrow)
cells within 80 um of the bone surface were irradiated,
meaning that most of the bone marrow space was not
irradiated and, accordingly, the average bone marrow
absorbed dose was not predictive of toxicity”.

Current imaging techniques do not possess the res-
olution required to resolve activity distributions at the
microscopic scale. However, by pairing whole-organ
macroscale measurements that can be performed
in humans with microscale information that can be
obtained from preclinical studies, it is possible to extract
microscale information from macroscale measurements.
A contour may be drawn on an image obtained with a
patient imaging modality such as PET/CT or SPECT/CT
that encompasses the entire organ (for example, kidney)
or macroscopic subcompartments within the organ (for
example, renal cortex). These macroscale contours may
be used to obtain time-versus-activity curves (TACs) for the
entire organ or macroscale subcompartments within
the organ. Microscale structures within these macro-
scale contours may be obtained in preclinical models by
tissue extraction and high-resolution imaging of tissue
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Box 1| Scheme appropriate for dosimetry of imaging agents and risk evaluation

One of the earliest advances in establishing a dosimetry formalism for risk evaluation
applicable to radionuclides was the reformulation of the fundamental definition (Eq. 1)
of absorbed dose, D, given by the differential of the average energy imparted to matter
(€) divided by the mass (m) that has absorbed &:

_de

D=—. 1
dm (1)

Equation | was reformulated by the Medical Internal Radiation Dose Committee into a
product of two quantities, one that depends on the pharmacokinetics of the radionuclide
in the body and one that is a property of the radionuclide and the representative patient
anatomy used for the calculation®'*%:

D(ry < rs)=K(rS)S(rTers). (2)

Equation 2 gives the absorbed dose, D, for a target region, r, from the total number
of radionuclide transformations or decays, Z(rs), that have occurred in the source region,
rs. Z(rs) is calculated with Eq. 2. It is obtained by integrating the radioactivity inry
(denoted by A(r,t)) from the time of injection, at t = 0 to a time that is long enough so that
all of the radioactivity in a particular tissue has either cleared from the tissue or decayed
(in almost all diagnostic nuclear medicine and radiopharmaceutical therapy scenarios
this is set to infinity):

Alrg) = f: Alrs, tidt. 3)

Part a of the figure illustrates the different elements involved in calculating the time-
integrated activity for a given source region. The circles correspond to measurements of
the radioactivity (for example, by imaging) in the chosen source region at different points
in time. The line going through the circles corresponds to a fit to an equation that best
matches the measured data. The exponential equation shown in the figure is typically
used for tissues that rapidly accumulate some fraction of the administered activity and
then clear it over time. A(rs,t) can be equated to an exponential function representing
clearance of the radioactivity from a particular source tissue with a clearance rate that
is the sum of the biological clearance rate (A;) and the physical decay rate (A,). A\;+ A, =\,
the effective () clearance rate; A, and f; are the administered activity and fraction in the
source tissue (s), respectively, at t=0 (i.e., back extrapolated from the fit to the y axis).

The area under this time-versus-activity curve is the total number of disintegrations,
formally known as the time-integrated activity (TIA).

Detailed descriptions of how these measurements should be made using quantitative
imaging methods have been published®*#33%7,

The second quantity, the S value, provides the energy absorbed in the target tissue per
unit disintegration in the source tissue. Part b of the figure shows Eq. 2 with the individual
terms making up the S value explicitly identified. The S value incorporates quantities
reflecting the total emitted energy per radionuclide disintegration, A, the fraction of the
energy emitted from a source region (r) that is absorbed in a target region (r;), ¢(ry < rs),
and the mass of the target, M(ry). Further mathematical details regarding this quantity and
S value-based dosimetry, in general, are available in REF®.

a b
Alrg, 1) = Ay x fyx g7t

S, absorbed
dose per unit
TIA

Alrd x | Axd(ry < 13)

Mrs)

D(ry < r9)=

Activity (kBq)

Time (days)

sections, for example’”>”’. These data may be used to
obtain time-versus-activity curves for microstructures
of interest (that is, those microstructures that govern the
organ response to radiation). The integral of each curve
gives the total number of radionuclide disintegrations
for the whole organ and for each subcompartment. With
use of these measurements, a series of apportionment
factors may be defined for each subcompartment. These
preclinically derived apportionment factors may then

Radionuclide
transformations

The nuclear or atomic
transformations associated
with radioactive decay;

the term ‘radionuclide
disintegrations’ is also used.

be used to convert human whole-organ radionuclide
disintegrations to the corresponding number of radio-
nuclide disintegrations for each organ subcompartment
in humans.

Beyond the aspects highlighted above, there is an
extensive literature on RPT dosimetry, including tech-
nical aspects®**7%%, dose-response studies” ' and the
rationale for incorporating dosimetry in RPT**.

Cancers targeted by RPT

In principle, RPT may be applied to any cancer that
satisfies the targeting criteria needed for delivery of
radionuclides. However, RPT has been investigated for
only selected cancers (FIG. 2c). The type of cancer inves-
tigated reflects developments related to the available tar-
gets, the availability of RPT agents against the targets,
and the expertise and clinical investigators at academic
institutions.

RPT has had the greatest historical impact for thy-
roid malignancies and this persists to the present day.
Haematological malignancies were investigated start-
ing in the early 1990s and continue to be a subject of
interest. RPT for hepatic malignancies and prostate can-
cer has seen the greatest increase since the 1980s. This
increase is consistent with the development of new RPT
agents, *°Y-loaded microspheres and -emitter-labelled
and a-emitter-labelled small-molecule prostate-specific
membrane antigen (PSMA)-targeting constructs,
respectively (see later). The FDA-approved a-emitter
*?Ra has also driven the substantial increase in interest
in RPT for prostate cancer. Other solid cancers such as
colorectal and breast cancer continue to be of interest but
have not had the breakthrough construct development
that has driven interest in RPT in hepatic and prostate
cancer. Neuroendocrine and somatostatin receptor can-
cers have been an ongoing subject of investigation, and
the RPT agents targeting these cancers have probably
reached maturity with the FDA approval of '""Lu-labelled
DOTATATE.

RPT agents in use and in clinical development

A number of RPT agents are currently on the market,
with many more in development (TABLE 2). These include
four B-particle and five a-particle emitters. Lead-212
decays to bismuth-212 and is used as a means to deliver
212Bj, an a-emitter, without being constrained by its
1-hour half-life. Of the 30 RPT agents listed in TABLE 2,
13 deliver radionuclides that decay by a-particle emis-
sion. The interest in a-emitters reflects a potential growth
area in RPT. Other RPT agents in addition to those dis-
cussed below are in preclinical development, but their
discussion is beyond the scope of this Review.

RPT can involve the direct delivery of the radio-
active element itself*°. A wide variety of ‘delivery
vehicles” have also been used for RPT (FIG. 3), including
small molecules that incorporate the radionuclide**”*.
Radiolabelled peptides and antibodies make up the
majority of RPT agents investigated clinically®-'%.
Liposomal or nanoconstruct delivery approaches are
being investigated preclinically'””'%, but these have not
yet been tested in human trials. Glass and resin micro-
spheres are relatively well established; these are used in
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Radiohalogen
Radioactive element in group
17 of the periodic table.

Radiosynovectomy

A treatment for arthritis or,
more generally, inflammation
that involves injection of
radioactivity, typically as
colloidal particles into the
synovial cavity.

the treatment of hepatocellular carcinoma or hepatic
metastases of colorectal cancer'®” and are administered
via the hepatic artery.

The differential retention of different RPT constructs
in the tumour is important but difficult to generalize.
Antibody-mediated delivery is bivalent and generally
leads to long retention, but the long circulating half-life
of antibodies leads to greater normal organ, particularly
haematological, toxicity. By contrast, small molecules
and peptides have the advantage of rapid targeting and
clearance, but exhibit typically shorter tumour reten-
tion. In all cases, if the agent is internalized and the

Box 2 | Dosimetry scheme for radiopharmaceutical therapy

The dosimetry formalism presented in BOX 1 entails a number of implicit assumptions
that do not apply for dosimetry calculations intended to assess potential toxicity or
therapeutic efficacy. In particular, the dosimetry scheme for risk evaluation does not
incorporate tumour dosimetry because it relies on reference geometries. The more
direct approach of using the measured patient activity distribution from positron
emission tomography/computed tomography (CT) or single-photon emission CT/CT
images, superimposed over the anatomy as obtained by the CT portion of the imaging
scan, has been established. Such voxelized dosimetry approaches use Monte Carlo or
point-kernel methods to calculate maps of the spatial distribution of absorbed
dose’**?'°, These techniques make it possible to calculate the absorbed dose with
regard to actual patient anatomy, including tumours, rather than with regard to a
reference, population-averaged, geometry. The generic method is illustrated below.
The figure depicts integration over imaging-derived activity values and the use of a
point kernel to obtain a map of absorbed doses.

Part a of the figure shows a set of 3D matrices representing the radioactivity
distribution at multiple times (A(x,y,z,t)). Integration by volume elements (that is, voxel
or a larger discrete structure) is performed over time. This yields a 3D set of images
representing the time-integrated activity (Z(x, y, z)) in each volume element
(represented by TIA, in part b of the figure, where TIA is the time-integrated activity).
The absorbed dose for a particular volume element, in this example in the kidney, is
obtained as the sum of the TIA, multiplied by a source-to-target distance-dependent
absorbed dose per unit TIA (also referred to as a dose point-kernel). The sum over all
source volume elements gives the total dose to the target element.

Alternatively, the order could be reversed, with the dose calculation performed on
the series of activity images and the integration performed on dose rate rather than
activity images. The dose calculation, itself, could be performed directly by Monte
Carlo techniques. The latter has the benefit of easily accommodating differences
in tissue density and composition. This is particularly important for dose estimates in
the vicinity of air or bone tissue interfaces (for example, lung or bone marrow dose
calculations).

- 0
Alx,y, 2) = fO Alx, y, z, )dt

Activity

Time

Dose
=
=

Distance

Dose(r,) = TIA x K(r,) + TIA, x K(r,) + -

radionuclide retained intracellularly, the target reten-
tion time will be very long compared with the clearance
kinetics of the agent. Furthermore, in all cases, engi-
neered agents can be designed that optimize tumour
retention while increasing clearance kinetics''*-"'°.

Unconjugated or chelated radionuclide RPT

[**I]Nal (radioiodine). The prototypical example of
RPT is radioiodine treatment of thyroid diseases™'7~'%°.
Todide-131, a B-particle-emitting radiohalogen with a
half-life of 8.02 days, was discovered by John Livingood
and Glenn Seaborg following cyclotron bombardment of
tellurium'”'. Currently, iodine-131 is produced for com-
mercial use using a nuclear reactor by irradiating either
tellurium-130 (***Te(n,y)"*'Te—"*'I) or uranium-235
(*°U(n,f)"*'T)'*2. Radioiodine was initially used to treat
hyperthyroidism and thyroid carcinomas'*. Thyroid fol-
licular cells and differentiated follicular thyroid cancer
cells concentrate iodine via a sodium-iodide symporter.
The iodide is concentrated in iodine-rich thyroglobulin
molecules that are cleaved to produce thyroid hormones.
These early discoveries led to the widespread and early
use of radioiodine for the treatment of patients with
thyroid malignancies. Radioiodine therapy remains the
recommended treatment for patients with metastatic
differentiated thyroid cancer'*’. Patients with thyroid
cancers that originate from cells not involved in con-
centrating iodine or that are undifferentiated and have
lost the molecular machinery to concentrate iodine are
not responsive to radioiodine therapy. Patients in the lat-
ter category, however, can be successfully treated with
radioiodine after differentiation therapy'>.

P, Y. Many of unconjugated RPT agents were first
developed for radiosynovectomy (note that none of the
radiopharmaceuticals is explicitly approved for this
scope, but it is an accepted (‘established’) practice). In
Europe these agents continue to be used to treat patients
with rheumatoid arthritis and polyarthritis owing to their
advantageous faster therapeutic effect and reduced side
effects and costs compared with surgical synovectomy™*.
Beyond radiosynovectomy, colloidal chromic phosphate
(and glass microspheres) containing phosphorus-32
have also been used to treat solid refractory cancers.
These radiopharmaceuticals are used to irradiate and
kill tumour cells and thus inhibit the growth of malig-
nant disease. The major limitation in these applications
is the reliance on radiological guidance for particle dep-
osition (for example, CT, X-ray, ultrasonogram or direct
inspection of the surgical field)'*.

22Ra. Radium-223 was the first a-emitter approved
by the FDA and paved the way to the current develop-
ment of other a-emitting radiopharmaceuticals. Once
absorbed into the newly formed bone matrix of osteo-
blastic metastases, the energetic a-particles emitted
by radium-223 can generate irreparable DNA double-
strand breaks in the adjacent osteoblasts and osteoclasts,
which can lead to their death. This results in detrimental
effects on the neighbouring cancer cells, which then lack
their effector of abnormal bone formation, both at a cel-
lular level and at a signalling level (growth factors and
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Fig. 3 | Basic RPT constructs used for radiation delivery. The various radiopharmaceutical therapy (RPT) constructs that
have been used to deliver radiation are illustrated: radioactive element (part a); small molecule (part b); peptide (part c);

antibody (part d); nanoconstruct (part e); microsphere (part f).

immunomodulators), and ultimately in a negative effect
on tumour growth. Mechanistic details of this complex
interaction are still being evaluated'*”'*".

The numerous clinical applications of radium-223
dichloride in men with metastatic castration-resistant
prostate cancer culminated in the phase III placebo-
controlled registration ALSYMCA trial, in which
radium-223 treatment prolonged survival (14 months
versus 11.2 months) when added to best standard of
care in men with symptomatic bone metastases in the
absence of visceral metastases™. To increase the sig-
nificant but narrow margin of increased overall sur-
vival over standard of care, radium-223 is currently
being explored in combination with other cytotoxic
agents, such as docetaxel (DORA trial, NCT03574571),
poly(ADP-ribose) polymerase inhibitors such as olapa-
rib (NCT03317392) and new androgen axis inhibitors
such as enzalutamide and abiraterone citrate (PEACE III
trial, NCT02194842, and ERA223 trial, NCT02043678,
respectively). The first of these trials was recently modi-
fied to include bone-protective agents (bisphosphonate)
in the treatment regimen'”’, which was found to reduce
the incidence of bone fractures. The recommendation
was made owing to the observation of an unexpectedly
high rate of bone fractures observed in the ERA 223 trial
(radium-223 plus abiraterone)'*’, which may have been
attributable to the inclusion of prednisone needed to
ameliorate the glucocorticoid suppressive effects of

abiraterone citrate'”'. Radium-223 is also being explored
in combination with immuno-oncology agents such
as pembrolizumab (NCT03093428) and in combina-
tion with external-beam radiotherapy (RAVENS trial,
NCT04037358).

53§m. Samarium-153 (t,,, = 46.3 hours) is a f-emitting
radionuclide used for palliative treatment in patients
with osteoblastic and mixed bone metastases in cancers,
such as prostate, breast and other primary cancers'*>'*.
13SmCl, is produced by neutron bombardment of
enriched *Sm,0,, resulting in **Sm,0,, which is dis-
solved in hydrochloric acid to yield **SmCl,. Alone,
13SmCl, has poor uptake in bone; however, when che-
lated with multiple phosphate ligands, the complex accu-
mulates in hydroxyapatite'**. The affinity of phosphonate
for calcium, which is found in rapidly growing bone, is
attributed to the accumulation and adsorption of '**Sm
in metastatic lesions over normal bone'**'". Quadramet
is an FDA-approved RPT agent that uses the ethylen-
ediaminetetramethylenephosphonic acid (EDTMP)
chelator, binding samarium-153 through six ligands
(four phosphate groups and two amines) and forming
a six-coordinate complex. An alternative formulation
of 13Sm has also been described, '**Sm-DOTMP (1,4,7,
10-tetraazacyclododecanetetramethylenephosphonic
acid), which is thought to have a more favourable
chelant-to-metal ratio (1.5:1 versus 273:1)%%'*. A phase I
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trial of this agent against osteosarcoma has been listed
(NCT03612466) but is not yet recruiting.

Small-molecule RPT

[P'IJmIBG. The success of iodide-131 in targeting and
treating thyroid disorders and carcinomas encouraged
the expansion of its use in a variety of cancers through
its incorporation into targeting vectors. For example,
iobenguane I-131 is the radioiodinated small-molecule
meta-iodobenzylguanidine ([*'I)mIBG), an analogue of
the adrenergic neutrotransmitter noradrenaline that
is used to treat patients with neuroblastomas'’-'*%,
Todide-131 can be introduced to targeting vectors as a
highly reactive electrophilic iodine compound, allowing
rapid iodination of molecules containing activated aro-
matic groups, or through displacement by nucleophilic
attack of the radioiodide'”’. mIBG radiolabelled with
high-specific-activity iodine-131 was recently approved
by the FDA for the treatment of adult and paediatric
patients aged 12 years or older with unresectable meta-
static phaeochromocytoma or paraganglioma. No FDA-
approved therapy was available for these conditions
before approval of this agent. Use of this agent requires
a positive mIBG imaging scan, standard, weight-based
therapeutic dosing and the application of a process for
individualized dosimetry using a pretreatment tracer
study to calculate absorbed doses for normal organs.
Normal organ dosimetry is used to adjust the activity
administered so that the organ doses are below speci-
fied threshold levels. FDA approval of this agent was
based on the substantial pre-existing experience with
[P'T]JmIBG'*"" and on a recent phase I study which
yielded 1-year and 2-year overall survival of 85.7% and
61.9%, respectively, in 21 patients treated with the maxi-
mum tolerated dose'*. Clinical trials using this agent are
ongoing (NCT03561259 and NCT02378428).

PSMA and folate receptor ligands. The past decade has
seen increasing use of small-molecule radiotherapeutics
targeting receptors such as PSMA receptor and folate
receptor (FR). Small-molecule PSMA inhibitors have
been modified to deliver radiotherapeutic nuclides in
prostate cancer as well as other cancers owing to the
expression of PSMA on the neovasculature of tumours.
PSMA inhibitors are designed to mimic its substrates,
y-glutamyl folic acid derivatives and the neuropeptide
N-acetylaspartylglutamate'*>'**. These small-molecule
RPT agents are either urea-based inhibitors (for
example, "Lu-labelled PSMA-R2 and "Lu-labelled
PSMA-617)"5>-'* or phosphoramidate-based inhibitors
(for example, ""Lu-labelled CTT-1403) modified to
deliver therapeutic radionuclides'®'®. The urea and
phosphoramidate functionalities interact with zinc(11)
located in the PSMA active site; in addition, these small
molecules are designed to interact with the S1 glutamate
pocket as well as the entrance funnel of PSMA (FIC.4a,b).
The entrance funnel allows a wide variation of modi-
fications to present a pendant group or a chelator for
radiolabelling with therapeutic and imaging radio-
nuclides. All three agents are currently in clinical trials:
NCT03490838, NCT03511664 and NCT03822871,
respectively (TABLE 2).

’Lu-labelled PSMA-617 is currently in a multicentre
(84 sites), phase III randomized trial (VISION). In a pre-
vious prospective single-centre phase II trial in men with
metastatic castration-resistant prostate cancer in whom
standard therapies had failed, patients who showed
high expression of the PSMA target by (**Ga-labelled
PSMA-11) PET yielded favourable responses; patients
with high ["*F]fluorodeoxyglucose (FDG) uptake in
low-PSMA-uptake lesions were excluded. Of 43 enrolled
patients, 30 met the PSMA and FDG imaging criteria to
advance to therapy. At 3 months after therapy, reductions
in tumour dimensions (by CT) and PSMA uptake and
metabolic activity (by PET) were observed in approx-
imately 40% of treated patients'®. The imaging-based
screening criteria used in this study highlighted the abil-
ity to image the distribution of the therapeutic target — a
feature that is integral to RPT. Although the theranostic
(that is, imaging-based patient selection) used in this
trial has been discussed as providing a highly favoura-
ble patient population and potentially excluding patients
who may have benefited from the treatment'*”'*%, the
percentage of screened patients who were treated was
higher than for most genomics-based screening criteria
that are typically used in trials of biologic agents'®.

The "’Lu-labelled PSMA-R2 ligand is in a phase I/II
multicentre dose-escalation study. The eligibility cri-
teria for this study include a positive **Ga-labelled
PSMA-R2 PET scan; in contrast to PSMA-617, lesion
metabolism by FDG PET is not a screening criterion.
Preclinical comparison of these two agents suggests
similar efficacy'”’.

The '’Lu-labelled CTT-1403 anti-PSMA ligand is
an irreversible phosphoramidate-based PSMA inhibitor
that includes an albumin-binding motif'”'”2. This agent
is in a first-in-human phase I dose-escalation trial. As
with the two urea-based agents described earlier, CTT-
1403 also incorporates a theranostic paradigm using a
companion diagnostic, CT'T-1057, which is a "*F-labelled
PET agent.

Recent reviews provide more background regarding
PSMA-targeting ligands'’*'"*,

FR is overexpressed in a variety of cancers with
limited expression in normal tissue; expression on the
luminal surface of the kidneys is the greatest concern
for FR-targeted radiotherapeutics'’>"’¢. Similarly to
PSMA-targeted radiotherapy, FR-targeted radiothera-
peutics have been developed based on the substrates of
FR — specifically folate. Derivatives of folate have been
developed for delivery of radionuclides for imaging and
therapy (FIC. 4c); however, currently the FR-targeted
radiotherapeutics have not been translated to clinical
studies'”’~'",

Phospholipid ether analogues. Early observations of a
difference in the membrane composition of neoplas-
tic cells compared with normal cells'®>'** led to the
development of radioiodinated phospholipid ether
constructs that showed rapid and persistent tumour
accumulation'®*'®. The localization and clearance prop-
erties of these low-molecular-weight agents depend on
the length of the alkyl chain and they localize to tumours
not by a specific receptor but by an overabundance of
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Fig. 4| PSMA and folate receptor RPT. a| Prostate-specific membrane antigen (PSMA) inhibitor binding pocket. b | PSMA
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lipid rafts present on cancer cell membranes'®'¥’. These
agents have been used for both cancer imaging and can-
cer therapy®'*-""!. As pan-cancer RPT agents they are
under clinical trial investigation for a wide spectrum
of haematological malignancies and solid tumours
(NCT03478462, NCT04105543, NCT02952508,
NCT02952508 and NCT01495663).

Peptide and antibody RPT

Peptide receptor radionuclide therapy (PRRT) with
radiolabelled somatostatin analogue peptides (FIC. 5)
was developed in the early 1990s as the next logical step
of the somatostatin receptor-mediated radionuclide
localization of neuroendocrine tumours (NETSs).

After initial experiences with the diagnostic radio-
nuclide indium-111 ((*'In-DTPA’-D-Phe!)-octreotide
or "In-pentetreotide), in an attempt to exploit the Auger
and conversion electron emissions of indium-111, the
past two decades have seen the use of the more suitable
B-emitters, yttrium-90, and, later, lutetium-177, with
their longer-range emissions (see below). This therapeu-
tic strategy has been accepted as an effective therapeutic

modality in the treatment of inoperable or metastatic
gastroenteropancreatic and bronchopulmonary NETs,
as well as phaeochromocytomas and paraganglio-
mas. The two most commonly used radiopeptides for
PRRT, *Y-octreotide (*"Y-DOTA-Tyr*-octreotide) and
77Lu-octreotate (*’Lu-DOTA-Tyr*Thr8-octreotide),
produce disease-control rates of 68-94% (REFS'*>'%).
These studies culminated in the phase III registra-
tion trial NETTER-1, which demonstrated signifi-
cantly longer progression-free survival in patients with
small-bowel NETs treated with ’Lu-octreotate plus
30 mg long-acting-release octreotide than in those
treated with 60 mg long-acting-release octreotide'*.
In addition to tumour responses, symptomatic and
quality of life improvement is commonly observed
and was confirmed in the NETTER-1 trial post-hoc
analyses'*>'*. These results compare favourably with
the efficacy of ‘cold’ somatostatin analogues, chemo-
therapy and ‘targeted’ therapies such as everolimus and
sunitinib therapies'’. A major advantage of PRRT over
conventional treatments is the possibility to identify and
quantify the target, the somatostatin receptor, before
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Fig. 5 | Mechanism of action of peptide receptor radionuclide therapy. The
somatostatin analogue (SSA), generally an octreotide derivative, an agonist, is linked

to a DOTA chelator, which contains the radionuclide. After binding to the membrane
somatostatin receptor (SSR), the radiopeptide is internalized and is transported into the
intracellular receptor-recycling compartment. Recently introduced SSR antagonists
have overturned this principle, having proven to have significantly lower internalization
but greater binding, owing to recruitment of inactive SSRs on the surface of the
neuroendocrine tumour cell. Adapted with permission from REF.*?, Elsevier.

initiation of therapy, in the most classic of the theranostic
approaches. Recently the PRRT strategy against somato-
statin receptor-positive cancer was extended to the
delivery of the a-emitter lead-212 (NCT03466216)''%.

In general, PRRT is well tolerated with only low to
moderate toxic effects on the bone marrow and kidneys
in most patients. There is a mild loss of renal function,
and subacute and transient haematological toxicity is
mild in approximately 90% of cases. Myelodysplastic
syndrome and sporadic instances of leukaemias have
been reported in approximately 2% of cases'*>*".

PRRT with radiolabelled octreotides constitutes a
paradigm that in its 25 years of use has still not been
outperformed by the introduction of other agents.
However, different strategies aimed at improving the
outcomes have been proposed. The recently intro-
duced somatostatin receptor antagonists, which are
able to recruit also inactive membrane somatostatin
receptors, result in a higher irradiation of the NET cell,
despite the lower internalization. Preliminary clinical
studies with ”Lu-DOTA-JR11 demonstrated an over-
all response rate of 45% with a disease-control rate of
85% with only two therapeutic cycles, as opposed to the
standard four cycles of the ‘conventional’ PRRT*"". An
ongoing phase I/II multicentre study (NCT02592707)

will define the optimal therapeutic dose/schedule to be
adopted in an upcoming phase III trial. Lastly, octreotide
derivatives labelled with a-emitters, such as lead-212
(NCT03466216) or actinium-225 are being explored to
increase therapeutic efficacy, especially in patients who
are refractory to conventional PRRT.

Bombesin analogue peptides. Following the success of
the somatostatin receptor theranostics, other G protein-
coupled receptors with similar binding properties have
been explored, including the mammalian gastrin-
releasing peptide (or amphibian bombesin) receptors,
BB1 (NMBR), BB2 (GRPR) and BB3 (BRS3)>”. These
receptors are overexpressed in several cancers, mainly
in prostate and breast cancers**—%.

After initial experiences with agonists, such as the
%Ga/"""Lu-labelled AMBA theranostic pair, burdened by
a multitude of symptoms related to receptor activation
and by poor plasma stability’”, clinical trials have pro-
ceeded with antagonists, owing to their superior target-
ing properties and their neutral pharmacologic action
and resistance to peripheral peptidase degradation?'’.
Multiple antagonists have been developed for imag-
ing, such as %Ga-labelled RM2 (formerly BAY 867548),
%Ga-labelled RM26 and **Ga-labelled NeoBOMB1
(REF?%). Therapeutic experience is, however, limited to
7’Lu-labelled NeoBOMBI1 and '’Lu-labelled RM2. The
former has been studied in PC-3 tumour-xenografted
nude mice, demonstrating high tumour uptake and
favourable pharmacokinetics, including limited pan-
creatic uptake, which makes it a suitable candidate for
clinical applications?.

The dosimetry of the GRPR antagonist '’Lu-labelled
RM2 was recently studied in individuals with meta-
static castration-resistant prostate cancer. The analysis
showed high tumour doses (6.20 + 3.00 Gy/GBq), with
rapid clearance from normal organs, including the pan-
creas, which are promising attributes for therapeutic
applications*2.

Antibody-based RPT. The IgG antibody class has
been used almost exclusively for RPT. IgG antibodies
are proteins with a molecular weight of 150,000 and
which have a long biological half-life in the circulation
(2-5 days, depending on their isotype and structure)
and are eventually catabolized by the liver and elements
of the reticuloendothelial system?*'**'*. The ability to
generate antibodies possessing well-defined reactivity
characteristics against selected antigens (that is, mono-
clonal antibodies®'*) was a precondition for the use of
antibodies as viable radionuclide delivery vehicles.
Haematological and lymphoid malignancies have dom-
inated RPT investigations. Antibodies to cell-surface dif-
ferentiation antigens (for example, CD33, CD20, CD45
and CD37) were available for radiolabelling and clinical
investigations (FIC. 6). These early studies used the readily
available radionuclide *'I, which permitted (1) biodis-
tribution of the radioiodinated antibodies to be imaged
using SPECT?'*?'” and (2) therapy*'*~**". Radiolabelled
antibodies in this class of targets were used either as
molecularly targeted replacements for total-body irra-
diation in preparation for bone marrow transplantation
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(NCT02665065)**'-*** or for direct targeting of line-
ages that exhibit uncontrolled proliferation’”-**'. More
recently, the a-emitter astatine-211 is being investi-
gated with anti-CD45 as a lower-toxicity alternative to
iodine-131 or radiotherapy for bone marrow ablation in
preparation for transplantation®*>*.

Escalating doses of the iodinated antibody M195
(anti-CD33) were used to treat ten patients with acute
myelogenous leukaemia in a phase I clinical trial***.
The appending of iodine-131 to the M195 antibody
allowed detailed pharmacokinetic and dosimetric stud-
ies to be performed as well as serial blood and bone
marrow sampling and whole-body y-camera imaging.
Disease in the bone marrow was specifically and clearly
imaged starting within hours after injection. The radio-
iodinated M195 was rapidly modulated and inter-
nalized into target cells in vivo. Importantly, a rapid,
specific and quantitative delivery to the bone marrow
and the efficient internalization of M195 into target
cells in vivo suggested that the delivery of f-emitting
and a-emitting radionuclides was feasible. Humaniza-
tion of M195 (HuM195, lintuzumab) and access to
a-particle-emitting bismuth-213 and actinium-225 and
B-particle-emitting yttrium-90 radionuclides expan-
ded the warheads available to the anti-CD33 arma-
ment***, The pioneering studies using iodine-131
advanced the utility of the humanized anti-CD33 with
more potent and shorter-ranged energy emissions
because the pharmacokinetics and biology of the system
were well understood. Potent antileukaemic respon-
ses have been observed with both of the a-particle-
emitting lintuzumab drugs with minimal off-target
toxic effects®***!=2*, Actinium-225-labelled anti-CD38
targeting multiple myeloma has also been studied**-**.

CD33

@ Tumour cell
N 8 ,CEA\ “o
CPW ? ?S?CDZGPAT T
PSMA 33
CAIX T CD45 B7-H3
CD33

Blood
vessel

Fig. 6 | Target antigens that have been used in antibody-based radiopharmaceutical
therapy. Antibodies to a variety of tumour-associated targets may be raised, including
leukaemia-associated and lymphoma-associated targets (for example, CD20, CD45 and
CD33), targets expressed on solid-tumour cancer cells (for example, carcinoembryonic
antigen (CEA), prostate-specific membrane antigen (PSMA) and GD2) and targets
expressed on their supporting microenvironment (for example, fibroblast activation
protein-a (FAPa)). AML, acute myelogenous leukaemia; APC, antigen-presenting cell;
BAFF-R, B cell-activating factor receptor; CAIX, carbonic anhydrase 9; DR, death
receptor; slg, secretory immunoglobulins. Adapted from REF.*%, Springer Nature Limited.

This a-emitter is also being investigated against solid
tumours that express insulin-like growth factor receptor
type 1 (NCT03746431)*¢. Several antibodies for deliv-
ery of a low-dose-rate a-particle emitter, thorium-227,
are being investigated*”’. Thorium-227-conjugated
antibodies targeting mesothelin®****, PSMA*"*!, and
CD22 (REF.**?) are currently in phase I clinical trials
(NCT03507452, NCT03724747 and NCT 02581878,
respectively). An anti-HER2/neu conjugate is under
preclinical investigation. This conjugate has demonstra-
ted substantially greater antitumour efficacy compared
with a toxin (T-DM1) anti-HER2/neu conjugate*~>>.
It has also demonstrated synergy in combination with
olaparib in a BRCA2-deficient xenograft model**

Lymphoma radionuclide therapy followed a simi-
lar trajectory to that of acute myelogenous leukaemia
described earlier. Rituximab (anti-CD20) was developed
to treat relapsed and refractory follicular low-grade
non-Hodgkin lymphoma (NHL). When it was used as
a single agent, response rates of 50-70% in follicular
lymphoma and 15-50% in small B cell lymphoma were
reported. These indolent lymphomas are characteristi-
cally radiosensitive; however, external-beam radiation is
limited by toxic effects on normal tissues. Delivery of the
radioactive emission source specifically to cancer cells
is accomplished via the monoclonal antibody delivery
vehicle, providing a potent dose of targeted radiation
therapy specifically to tumour cells that express the
desired antigen® .

There are two intact antibodies directed against the
CD20 antigen which have been conjugated to radio-
nuclides. Ibritumomab tiuxetan conjugated to yttrium-90
yielded Zevalin (Schering AG, Berlin, Germany) and
tositumomab conjugated to iodine-131 yielded Bexxar
(Corixa Corp, Seattle, WA, USA). Both *Y-ibritumomab
and 'I-tositumomab have been compared with
their respective unlabelled antibody counterparts in
randomized trials.

In a phase III study of patients with relapsed CD20-
positive NHL, those who received *°Y-ibritumomab
had a higher overall response rate than those who
received the ‘cold’ unlabelled rituximab (response rate
of 80% compared with 56%, respectively)*'. Complete
response rates of 30% and 16%, respectively, were
reported. Reversible myelosuppression was associated
with *Y-ibritumomab therapy. In addition, in a ran-
domized trial designed to treat relapsed low-grade or
transformed indolent NHL, patients receiving the ‘hot’
BI-labelled tositumomab drug exhibited response
rates of 55%, while those receiving ‘cold” unlabelled
tositumomab exhibited only a 33% response rate. The
complete response rates reported were 17% and 8%,
respectively*.

The amount of 'I-tositumomab prescribed to
patients was determined by assessing the whole-body
clearance rate, so that the amount administered was
adjusted to deliver the same whole-body absorbed
dose in all treated patients®*’, making it the first RPT
agent whose package insert specified an absorbed
dose-based treatment planning procedure. Such an
approach was, in part, necessitated because the radio-
iodine in iodine-131-labelled antibodies is cleaved
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(due to dehalogenation) from the antibody if the
radiolabelled antibody construct is internalized.

As mentioned already, there are a number of
antigenic targets for antibody-based RPT for solid
tumours (FIG. 6). However, antibody-mediated RPT for
solid tumours has not provided the clinical impact of
antibody-mediated RPT for haematological and lym-
phoid malignancies. This may be explained by the
substantially greater absorbed dose required to effec-
tively treat solid cancers — 50-80 Gy compared with
as low as 3 Gy for some lymphomas'”. Radiolabelled
antibodies must overcome a number of barriers before
they can effectively irradiate solid tumour targets. They
must extravasate and diffuse across an interstitial
fluid space that is characterized by pressure gradients
opposing macromolecular transport®**-* and pene-
trate throughout antigen-positive tumours, wherein a
high antigen concentration itself presents a binding-site
barrier* . These barriers, along with the long circu-
lation half-life of antibodies, lead to high bone mar-
row absorbed doses and insufficient dose delivery to
tumours. A number of strategies that retain the exqui-
site specificity and high binding affinity of antibodies
have been examined to overcome these limitations®**”".
The most widely investigated of these is ‘pretargeting, in
which delivery of the radionuclide is temporally disso-
ciated from tumour targeting. The original pretargeting
paradigm involved administration of a radiolabel-free
streptavidin-conjugated antibody. This was followed
by administration of lower molecular weight biotin
which is radiolabelled””. The initial construct localizes
to tumours without irradiating the bone marrow. The
subsequent radiolabelled biotin has a lower molecular
weight and is not susceptible to the pharmacokinetics
and barriers of intact radiolabelled antibody delivery.
Antibody engineering has eliminated the require-
ment for bacterial-derived elements (with their atten-
dant immunogenicity), and a large number of novel
approaches have been developed that are founded on
the basic concept of temporal dissociation*”.

Nanoconstruct and microsphere RPT

Yttrium-90 radioembolization is a technique that tar-
gets radiolabelled microspheres to liver tumours asso-
ciated with unresectable hepatocellular carcinomas or
metastatic liver tumours from primary colorectal can-
cer. Liver tumours derive their blood supply from the
hepatic artery, whereas the normal liver derives its blood
supply from the portal vein, allowing targeted delivery of
*Y-loaded microspheres via intra-arterial injection®”*-¢.
The commercially available *°Y-loaded microspheres
are either glass based (TheraSphere) or resin based
(SIR-Spheres), differing in size, number of microspheres
injected and activity per microsphere”””’. Both agents
were approved by the FDA and are marketed as devices.
We include these as RPT agents because they better fit
the broad definition of RPT agents provided earlier. The
findings of studies comparing *Y-loaded glass-based
and resin-based microspheres are conflicting and fur-
ther investigation is needed. For example, while one
study in patients with unresectable hepatocellular carci-
nomas found a significantly higher overall survival for

treatment with *°Y-loaded glass microspheres compared
with *Y-loaded resin microspheres””, another study
found a similar outcome in terms of progression-free
survival and overall survival between patients treated
with *Y-loaded glass-based microspheres and patients
treated with *°Y-loaded resin-based microspheres®”®.
Additional transarterial radiotherapeutics are being
explored, including phosphorus-32 glass microspheres
and holmium-166 microspheres (NCT02067988)*-2%2,
as well as “'I-labelled or '8¥Re-labelled iodized
oil****, Initial clinical trials of '*'I-labelled iodized oil
(**'I-labelled Lipiodol) were completed in the late 1980s/
early 1990s**°**, and clinical investigations of this treat-
ment modality continued until 2013 (NCT00116454,
NCT00870558 and NCT00027768). Administration
of *'I-labelled Lipiodol in the adjuvant setting, after
resection or radiofrequency ablation for hepatocellular
carcinoma, yielded a 6-month increase in recurrence-
free survival and a 24-month increase in median overall
survival?. In a prospective randomized 43-patient trial,
adjuvant treatment of patients with hepatocellular car-
cinoma led to a significant increase in overall survival
at 3 years of 86.4% in the treated group versus 46.3%
in the control group””. At both the 5-year follow-up and
the 10-year follow-up, actuarial overall survival in the
treated group was statistically significantly greater than
in the control group (66.7% versus 36.4%, respectively,
and 52.4% versus 27.3%, respectively). The difference in
overall survival lost statistical significance 8 years after

randomization®’.

Challenges and considerations in RPT
RPT has proven to be an effective cancer treatment
when other standard therapeutic approaches have failed.
However, despite more than 40 years of clinical investiga-
tion, RPT has not become a part of the cancer treatment
armamentarium in the same way as other therapies™”.
“Targeted’ cancer therapies are associated with clinical
trial failure rates of 97% (REF."), partly because the agents
targeted a pathway that was not involved in promoting
the cancer phenotype”. By contrast, RPT has been unsuc-
cessful owing to a failure to adopt and rigorously eval-
uate this treatment modality, which may be explained
in part by the multidisciplinary nature of the treatment.
Additional challenges facing the development and
application of RPT include public perception and fear
of radioactivity as well as the perceived complexity of the
treatment. Until very recently, the >40 years of experi-
ence with these agents was largely ignored or presented
as a burdensome multidisciplinary endeavour in the
medical literature. A 2007 review of the management
of painful bone metastases®” highlights this, implying
that the efficacy, low toxicity, minimal side effects and
non-addictiveness of RPT for bone pain palliation is
trumped by the complexity and need for a multidisci-
plinary implementation. The lack of a medical constit-
uency for RPT suggests the need for a new specialty or
subspecialty to provide the multidisciplinary training
needed to safely and effectively administer RPT agents
to patients and subsequently manage them. Such a spe-
cialty or subspecialty would require training in nuclear
medicine, radiation oncology and also general oncology.
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As delivery of radiation is involved, the participation
of medical physicists familiar with both imaging and
radionuclide dosimetry is important.

Radionuclide supply, in particular for a-particle-
emitting radionuclides (such as actinium-225), is con-
sidered a potential obstacle for growth of the field.
Technological efforts to address the radionuclide sup-
ply are ongoing by both the public sector**** and the
private sector. These developments suggest that sup-
ply issues are transient technical issues that will be
resolved with greater investment if RPT is adopted as a
mainstream cancer therapy.

Assuming that the early dramatic results obtained
with a-particle RPT continue to be borne out in rigor-
ous clinical trials, the growth of a-emitter RPT is likely
to accelerate. However, the development of biological
resistance to these agents — likely due to outgrowth of
cancer cells with low or no target expression — must be
considered. Accordingly, combination treatment will
be necessary. Identifying the optimal combination can-
cer therapy is currently largely a trial-and-error effort.
By incorporating molecular imaging to assess the
impact of other therapeutics on RPT delivery and calcu-
lation of the target and normal tissue absorbed doses, the
trial-and-error effort needed to optimize combination
therapy for RPT agents can be substantially reduced.
Furthermore, preclinical models to assess changes in
radiosensitivity arising from combination therapy can
also be used for optimization. In contrast to biologics
or chemotherapeutics, both radiation delivery and the
biological response to radiation may be mathematically
modelled and used to understand the parameters of a
treatment that are most important in influencing effi-
cacy and toxicity””. In this sense, the trial-and-error pro-
cess can be further attenuated by modelling to reduce
the ‘parameter space’ that needs to be clinically investi-
gated. Finally, as a radiation delivery modality, one may
envision widespread adoption of treatment planning
that combines RPT with external-beam radiotherapy;
the former to target disseminated cancer and the latter
to target bulky disease that is less effectively treated by
RPT. Such a combination strategy would expand patient
eligibility for both RPT and external-beam radiotherapy.

Outlook

The systemic delivery of short-ranged potent radiation
is an effective approach to treating patients with cancer,
exhibiting a number of advantages over current thera-
peutic strategies. These advantages include the ability
to image and calculate quantities that directly impact
efficacy and potential toxicity such as absorbed dose,
the ability to deliver radiation that is impervious to
almost all conventional resistance mechanisms and the
ability to combine RPT with radiotherapy in a rational
and absorbed dose-driven manner so as to reduce the
level of empiricism in clinical trials. The field of RPT
has been active and growing for nearly 40 years, and is
attracting a high level of recognition and commercial
interest (TABLE 2).

Aside from establishing trained practitioners, the
future growth of RPT will be fuelled by continued
discovery of more-specific tumour-associated tar-
gets, improvements in radiochemistry, increased and
low-cost availability of radionuclides (particularly
a-particle emitters) and expanded preclinical and clini-
cal investigation of combination therapy with agents and
treatment modalities that are complementary to RPT.
The ability to image and quantitatively characterize the
likely biological outcome of RPT through dosimetry and
treatment planning is a major and unique strength of
this treatment approach.

The question to be addressed is how does the field
strike the right balance between using those features of
RPT — imaging, dosimetry and treatment planning —
that can help guide and optimize patient treatment
and that provide an advantage over other cancer thera-
pies versus the more expedient approach of adopting
a chemotherapy dosing paradigm? The former is seen
as too complicated, while the latter is already in use, is
thought to work well enough and has already introduced
commercially viable and beneficial agents to patients.
The answer lies in early-stage clinical trials that incor-
porate imaging and dosimetry so that the value of these
unique aspects of RPT may be rigorously evaluated and
compared with existing therapeutic approaches.
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