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22.1 Introduction

The term theranostic is a portmanteau of the
Greek words therapo (therapy) and gnosis (know-
ing) [3]. Opinions differ on the proper spelling:
theragnostic ~ or  theranostic. We  prefer
theragnostic, as this reflects its linguistic roots
best, but the editors of this volume have opted
to drop the “g,” and they (for better or for worse)
have final say. Both spellings, however, are
acknowledged and are widely used. The principle
of theranostics is easily explained: see what you
treat, and treat what you see. In other words,
theranostics is predicated on two steps: (1) using
a targeting vector labeled with a diagnostic radio-
nuclide to image a biological marker of disease,
and (2) using the very same vector labeled with a
therapeutic radionuclide to treat the disease that
had been visualized.

The first attempts at clinical theranostics were
made in the early 1930s using phosphorus-32
(*’P) in the context of leukemia and bone tumors
[4]. The big breakthrough, however, came in the
form of Saul Hertz’s revolutionary work using
iodine-131 (*'T) for Graves’ disease and thyroid
cancer [5]. His discovery that '*'T destroys thy-
roid cells while sparing other cells of the body is
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the foundation of radiopharmaceutical therapy
(RPT).

Within a theranostic paradigm, imaging is
used to assess whether tumor tissue expresses a
sufficient amount of a given molecular target
relative to healthy tissue for RPT to be effective
and safe. This approach also allows for the evalu-
ation of tumor heterogenicity, as more aggressive
and advanced cancers typically lose some of their
specific tumor markers. In this case, patients may
not benefit from RPT. Imaging thus allows for the
stratification of responders (who will receive the
treatment) and non-responders (who will not).
This concept exemplifies personalized precision
medicine.

Because molecular changes in the tumor hap-
pen before a size difference can be measured on
anatomical imaging, molecular imaging can also
play a key role in evaluating early response to
treatment and in distinguishing true progression
from pseudo-progression. The latter is
characterized by a size increase on anatomical
imaging despite pronounced tumor uptake of the
radiopharmaceutical on molecular imaging.
Pseudo-progression is believed to be attributed
to edema surrounding tumor necrosis, the necro-
sis itself, or an infiltration of immune cells [6].

The over-arching goal of RPT is the delivery
of tumoricidal doses of radiation to cancer cells
while minimizing damage of the surrounding
healthy tissue. One of the keys to RPT is choosing
the right radionuclide, specifically one boasting
emissions with high energy but low penetration
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range. Radionuclides that emit p-particles are well
established, but those that emit heavier a-particles
have produced very promising results in recent
years. Most interestingly, tumor cells that are
refractory to P-emitters have been shown to
respond to treatment with a-emitters [7]. Dosime-
try calculations can be performed to predict the
radiation-absorbed doses to the tumor as well as
radiosensitive organs such as the kidneys
(through which many radiopharmaceuticals are
excreted) and thus ensure the delivery of
tumoricidal doses with minimal treatment-related
side effects. Several new approaches and software
tools—such as voxel-based dosimetry—exist to
enable the facile and accurate calculation of dosi-
metric values [8]. In this context, the goal of
theranostics is the use of molecular imaging to
facilitate pre-treatment dosimetry calculations
that in turn allows for personalized doses and a

tailored number of cycles based on the
characteristics of a patient’s tumors.
Lock

Cancer cell with target

Fig. 22.1 Schematic representation of our key-lock prin-
ciple of theranostics. The target on the cancer cell can be a
receptor such as the somatostatin receptor or the human
epidermal growth factor receptor-2 (HER-2) or an enzyme
such as prostate-specific membrane antigen (PSMA). The
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22.2 Theranostic Pairs

A lock and key can be used to describe the mech-
anism of theranostic. In this analogy, the target is
the cancer cell, but it is locked by a molecular
marker such as a receptor or enzyme [9]. The key
(the ligand or vector) targets the lock and must fit
perfectly in order to bind to the cell. This key
comes with a keyring (a linker) that holds a
keychain (the radionuclide) (Fig. 22.1). In one
scenario, this radioactive keychain will enable
the imaging of the lock, depicting the tumor’s
specific molecular marker. In another, it will
deliver a highly energetic radionuclide that will
therapeutically irradiate the tumor cell.

Taken together, the imaging and therapeutic
agents we have discussed above constitute a
“theranostic pair.” The former can be labeled
with a radionuclide that emits either y-rays that
allow for scintigraphy/single photon emission
computed tomography (SPECT) or positrons

Chelator with
Radionuclide

matching ligand (or targeting vector) can be a peptide,
antibody, or small molecule linked to the chelator, which
acts like a cage holding the radionuclide. The radionuclide
is chosen according to its application, i.e., 99mpe 18p 68Gy
for imaging and '""Lu, °°Y, ***Ra, ***Ac for treatment
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that allow for positron emission tomography
(PET). Both emissions are characterized by low
linear energy transfer (LET), and long radiation
range, traits that are ideal for imaging and result in
low radiation exposure to the patient. The thera-
peutic half of this pair, however, is typically
labeled with a radionuclide that emits (- or
a-particles and exhibits a long half-life (days to
weeks), as these traits maximize damage to tumor
cells. The emission range of a therapeutic radio-
nuclide reflects its tissue penetration range and
determines the size of the area that is irradiated. In
some cases, the crossfire effect further enhances
treatment to include cells that are not directly
targeted but are in the vicinity of those that are.

The ideal theranostic pair employs either a single
radionuclide that boasts both therapeutic and
“imageable” emissions or two radioisotopes of the
same element with suitable properties. In this way,
the imaging agent and radiotherapeutic are chemi-
cally identical, differ only in their isotopic
compositions, and thus will exhibit identical
in vivo behavior. Along these lines, radioiodine
provides an excellent example: '*’I and '**I are vy-
and positron-emitters, respectively, and are thus
suitable for imaging, while '*'I is a B-emitter suit-
able for RPT. Yet isotopologous theranostics are
generally the exception, not the rule. To wit, a very
commonly used pair of radionuclides in theranostics
is gallium-68 (®Ga) for PET and lutetium-177
("""Lu) for treatment. While they are not chemically
identical, both can be stably coordinated by the
ubiquitous chelator DOTA (as they are in, for exam-
ple, [®®Ga]Ga-DOTA-TATE and ['"’Lu]Lu-
DOTA-TATE). A theranostic pair that is rapidly
gaining in interest is copper-64 (**Cu), a
positron emitter, and copper-67 (°’Cu), a p- and
y-emitter, due to recent advances in the production
of ®Cu and highly stable chelators based on
sarcophagines, a bicyclic cage-like metal chelator.
Table 22.1 gives an overview of radionuclides that
may be used in theranostic pairs as well as their
physical properties.

RPT is a systemic cytotoxic treatment and is
usually administered intravenously (IV) or orally
(in the case of '), though radioembolization
(RE)—a locoregional treatment for primary or
secondary liver tumors that is administered
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directly into the hepatic artery—falls under the
RPT umbrella as well. The most widely used
radionuclides in RPT are the B-emitters '*'I,
"Ly, and yttrium-90 (°°Y). The ionizing radia-
tion from these nuclides causes mainly single-
strand breaks in DNA, which may lead to the
apoptosis of the cancer cell. a-Emitters such as
radium-223 (***Ra) and actinium-225 (***Ac)
have higher LET and shorter tissue range
(<100 pm) and thus cause DNA double-strand
breaks with higher frequency, suggesting that
they might have even greater antitumoral activity
than their f-emitting brethren.

22.3 Thyroid Diseases

The World Health Organization (WHO) recently
published the 2022 classification for thyroid
neoplasms. Briefly, malignant follicle-derived
thyroid neoplasms consist of follicular thyroid
carcinoma (FTC), papillary thyroid carcinoma
(PTC), invasive encapsulated follicular variant
PTC, oncocytic carcinoma, and anaplastic thyroid
cancer; medullary thyroid carcinoma (MTC), in
contrast, is a C-cell-derived thyroid carcinoma.
The vast majority of thyroid cancers are PTC
(85%). The incidence of thyroid cancer is now
slowly declining after decades of increases that
have been retroactively attributed to the evolution
of improved diagnostic tools and the over-
diagnosis of mostly small and indolent PTCs.

Radioiodide is well suited for theranostics. It
boasts both diagnostic and therapeutic
radioisotopes and is (of course) structurally iden-
tical to iodide, meaning it exhibits the same phys-
iological organification. As a result, radioiodide is
taken up and retained in thyroid cells—including
well-differentiated thyroid cancer—allowing for
both imaging and therapy. The key to this schema
is the sodium-iodide symporter (NIS), a trans-
membrane protein that transports iodide from
the bloodstream against a concentration gradient
into follicular thyroid cells. Mediated by pendrin
channels, this iodide continues to the follicular
lumen where thyroid peroxidase organifies the
iodide via oxidation to iodine and its subsequent
attachment to thyroglobulin.
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Molecular imaging with a diagnostic isotope
of radioiodide can be performed to determine the
function of a thyroid nodule (e.g., over-
functioning hot or non-functioning cold nodules
[10]) or probe for the presence of hyperthyroid-
ism (Graves’ disease, toxic uni- or multinodular
adenoma). Imaging with '**I or '**I can be useful
for assessing the radioiodine avidity of thyroid
lesions, aiding in treatment planning, and
avoiding RPT when high activity concentrations
are observed in radiosensitive tissues such as the
breast or when the thyroid cancer is non-avid for
radioiodine.

22.3.1 Differentiated Thyroid Cancer

Therapeutic isotopes of radioiodine—especially
BI_are used for a variety of treatments: to
destroy toxic goiter; for whole-organ ablation in
Graves’ disease; for differentiated thyroid cancer
(DTC) after thyroidectomy to ablate any (benign)
thyroid remnants so that thyroglobulin decreases
to undetectable levels and can be used as tumor
marker in follow-up; as adjuvant therapy in DTC
to destroy any (unknown) microscopic thyroid
cancer cells; and to destroy locoregional or distant
metastases in DTC to improve progression-free
survival (PFS) and overall survival (OS). A 2019
joint statement from the American Thyroid Asso-
ciation, the European Association of Nuclear
Medicine (EANM), the Society of Nuclear Medi-
cine and Molecular Imaging, and the European
Thyroid Association (ETA) as well as a recently
published 2022 consensus statement of the ETA
recommended radioiodine treatment for high-risk
and selected cases of intermediate-risk DTC.
However, the benefit of radioiodine treatment in
low-risk DTC patients is still heavily debated
[11, 12]. Importantly, low-risk does not mean
no-risk. But how to determine which patient will
eventually have recurrent disease? Two large
randomized clinical trials are underway to evalu-
ate the benefit of low-dose radioiodine therapy
with 1.1 GBq vs. no treatment in patients with
low-risk  thyroid cancer (NCTO01837745,
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NCTO01398085). For high-risk and recurrent dis-
ease, a high dose of >3.7 GBq "'I is
recommended. Post-treatment whole-body scin-
tigraphy (which utilizes the y-emission of the
already administered therapeutic '*'T) serves as
treatment verification but also shows the true
extent of disease and might reveal unsuspected
metastases (Fig. 22.2).

Theranostic radioiodine is indispensable for
(re-)staging, therapy, and surveillance of DTC.
Although DTC has an excellent long-term
prognosis—i.e., a five-year survival rate of
97%—recurrence is seen in 5-30% of cases.
The treatment of recurrent or metastatic disease
becomes problematic when the tumor has lost its
functional expression of NIS and is refractory to
radioiodine. Unfortunately, efforts to induce
redifferentiation with MEK inhibitors such as
selumetinib have failed to improve response rate
after radioiodine treatment [13].

22.3.2 Medullary Thyroid Cancer

Despite their localization in the thyroid, MTCs
are neuroendocrine tumors (NETSs) that derive
from parafollicular C-cells that arise from the
neural crest. After primary treatment surgery,
almost 50% of patients show residual or recurrent
disease. In advanced, metastatic MTC, treatment
options are limited. State-of-the-art multikinase
inhibitors have not demonstrated a significant
survival benefit but have shown considerable tox-
icity. As a NET, a fraction of MTC expresses
SSTRs that can be targeted by radiolabeled
analogs of somatostatin (SSA) for both imaging
and treatment. Multiple studies have evaluated
peptide receptor radionuclide therapy (PRRT) in
MTC and found promising results. Most recently,
small studies have shown that [177Lu]Lu-DOTA-
TATE produces a high objective response rate
(ORR) of 62% and median OS of 26 months
[14]. However, PRRT has not yet become clinical
routine for MTC given the heterogeneity of the
disease and the lack of a unique landmark
biological target.
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Fig. 22.2 Radioiodine whole-body planar scintigraphy
scans of a 34-year-old man with metastatic papillary thy-
roid cancer. (a) After treatment with 311, multiple foci of
uptake in the neck and chest are seen on post-therapeutic

22,4 Neuroendocrine Tumors

NETs derive from neuroendocrine cells and can
hence occur in multiple organs, with the majority
being gastroenteropancreatic (GEP) and bronchial
NETs. These are rare, often slow-growing tumors
that are very heterogeneous and only show vague

imaging. (b) In the follow-up diagnostic scintigraphy with
1231 complete response is seen without any pathological
uptake

symptoms. Therefore, they are difficult to diagnose,
and patients are often misdiagnosed or diagnosed
late when the primary tumor has metastasized. Due
to the heterogeneity of NETs, their classification and
nomenclature is complex. The 2019 WHO classifi-
cation divides neuroendocrine neoplasia (NEN) into
well-differentiated NETs and poorly differentiated
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neuroendocrine carcinomas (NECs). NETs can be
further stratified by grading based on their mitotic
count and Ki-67 index: G1 (Ki67 < 2%), G2 (Ki67
3-20%), and well-differentiated G3 (Ki67 > 20%).
NEN can show clinical features that are specific to
their organ or cell of origin (e.g., hormone secretion)
but can also share characteristics that are indepen-
dent of the site. Along these lines, all well-
differentiated NETs exhibit the overexpression of
SSTRs; poorly differentiated NETs and NECs, in
contrast, have lesser SSTR expression or have lost it
altogether. Five subtypes of human SSTRs have
been identified: 1, 2A, 2B, 3, 4, and 5. Most NETs
overexpress subtype 2 followed by 5 and 3. The
activation of SSTRs results in hormone secretion,
thus driving the symptomatic burden of functional
NETs. Multiple short- and long-acting SSAs such as
octreotide or lanreotide have been developed to
target SSTRs and have been shown to relieve NET
symptoms and exert an antiproliferative effect [15].

22.4.1 Imaging of NETs

The SPECT imaging of SSTR using ['''In]In-
octreotide or [gngC]TC-hynic-TOC has been
largely replaced by SSTR PET paired with
computed tomography (CT) or magnetic reso-
nance imaging (MRI) due to the significantly
better image quality and detection rate of the latter
(as well as patients’ convenience). At present, US
Food and Drug Administration (FDA)-approved
PET imaging agents based on the DOTA-TOC
and DOTA-TATE scaffolds are available. Each
has a slightly different affinity to the various
SSTR subtypes, but both bind to SSTR2 and
have equally high diagnostic accuracies. The US
Food and Drug Administration (FDA) has
approved [*®Ga]Ga-DOTA-TATE, [*®*Ga]Ga-
DOTA-TOC, and [**Cu]Cu-DOTA-TATE for
PET imaging. All show high sensitivity, specific-
ity, and accuracy without superiority of one over
the other. ®*Cu has a longer half-life than **Ga
(12.7 h vs. 68 min), making its central production
with long-haul distribution possible. It also allows
for delayed imaging with the potential for
pre-treatment dosimetry.
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22.4.2 Peptide Receptor Radionuclide
Therapy

Once NENs have metastasized, treatment options
are limited to SSAs, multikinase inhibitors, che-
motherapy, locoregional treatments for liver
metastases, and, most notably, PRRT
(Fig. 22.3). The same SSAs at the heart of the
imaging agents described above can be labeled
with p-emitters such as '’’Lu and *°Y or, more
recently, the a-emitter **>Ac for therapy. While
the efficacies of [*°Y]Y-DOTA-TOC and ['""Lu]
Lu-DOTA-TATE are similar, [*°Y]Y-DOTA-
TOC  produces increased nephrotoxicity
associated with radiation-induced inflammation
and fibrosis stemming from its particularly high-
energy f-emission.

['""Lu]Lu-DOTA-TATE is now the most
widely used tool for the treatment of SSTR-
positive NETs. The FDA-approved therapy
schema consists of four IV cycles of 7.4 GBq
[""Lu]Lu-DOTA-TATE at intervals of 8 weeks.
Dose adjustments can be made in the case of bone
marrow depression with borderline hematologic
parameters such as thrombocytopenia. An amino
acid (arginine/lysine) infusion is given immedi-
ately before, during, and after the administration
of ['""Lu]Lu-DOTA-TATE for nephroprotection.
Concurrent treatment with long-acting octreotide
should be scheduled after PRRT to ensure that the
SSTRs are not saturated with the cold analog.
Overall, PRRT is a safe treatment with mild side
effects [16, 17]. Kidney failure has been reported
in the past, but it has not been a significant con-
cern since the introduction of nephroprotection
[18].

Even though PRRT has been employed since
the early 1990s and there is a large body of
literature showing the efficacy of PRRT, most of
the studies were from single centers and retro-
spective. The NETTER-1 trial was the first pro-
spective, randomized, multicenter phase III trial
in which patients with midgut NETs were
randomized to either receive a high-dose SSA
alone (60 mg octreotide LAR) or [177Lu]Lu—
DOTA-TATE with best supportive care (30 mg
octreotide LAR) [16]. At data-cutoff date, median



462

H. Duan and A. lagaru

o
*

Fig.22.3 A 69-year-old woman with progressive pancre-
atic NET, GI. Figures (a—) show maximum intensity
projections (MIP) of [*3Ga]Ga-DOTA-TATE PET: (a)
pre-treatment evaluation illustrating SSTR overexpression
in the primary tumor and metastases; (b) interim imaging
after two cycles of ['7’Lu]Lu-DOTA-TATE showing

PFS had not been reached in the PRRT
group vs. 8.4 months in the SSA group, which
translates to a 79% lower risk of disease progres-
sion or death in the PRRT arm. Concordantly, the
response rate was significantly higher with
['""Lu]Lu-DOTA-TATE  (18% vs. 3%).
Treatment-related adverse events were higher
for PRRT and included nausea and vomiting
(attributable to the amino acid infusion), fatigue,
abdominal pain, and diarrhea. All were mild and
transient. With nephroprotective infusion, grade
3 nephrotoxicity was seen in only 5% (vs. 4% in
the control group). Despite similar rates of high-
grade adverse events in both groups, neutropenia
(1%), thrombocytopenia (2%), and lymphopenia
(9%) were unique to PRRT though transient.
Patients in the PRRT arm reported a significant
improvement in quality of life compared with
high-dose SSA. This landmark study led to the
2018 approval of ['"’Lu]Lu-DOTA-TATE by the
FDA and European Medicines Agency for
unresectable or metastatic, progressive, well-
differentiated, SSTR-positive NETs. The final
OS analysis was conducted 5 years after last
randomization, with a median observation time

&

impressive treatment response with markedly decreased
tumor burden and resolution of several hepatic and lung
lesions; (c) imaging after four cycles of PRRT delineating
further response in the lumbar vertebra 5 and otherwise
stable disease

of over 6.3 years. Median OS was not statistically
significant between both groups: 48.0 months for
['"’LulLu-DOTA-TATE and 36.3 months for
high-dose SSA. However, a high percentage
(36%) of patients in the control group crossed
over to receive PRRT in follow-up, which may
have affected the results for OS. Given that no
new long-term toxicity was noted for PRRT with
comparable renal toxicity for both groups, the
difference of 11.7 months in OS is clinically
relevant, therefore favoring PRRT [19].

22.4.3 Theranostics in Advanced
Disease

Despite a high Ki-67 index, well-differentiated
G3 NETs often still harbor sufficient SSTR for
PRRT. Retrospective studies have shown
promising results for disease control of up to
72% and PFS of up to 13.1 months [20]. Cur-
rently, the NETTER-2 study (NCT03972488) is
underway to evaluate the efficacy and safety of
["""Lu]Lu-DOTA-TATE as a first-line treatment
for well-differentiated but high-grade (Ki67
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10-55%) GEP-NETs compared with high-dose
octreotide LAR. Other major clinical trials com-
pare PRRT using ['’"Lu]Lu-edotreotide in high-
grade NETs with chemotherapy (NCT04919226)
or everolimus (NCT03049189).

The game-changing results with ['/’Lu]Lu-
DOTA-TATE sparked interest in PRRT with
a-emitters, particularly in patients who are refrac-
tory to ['"’Lu]Lu-DOTA-TATE despite SSTR-
positivity. As the penetration range of a-emitters
is short, their toxicity to surrounding healthy tis-
sue is less than that of f-emitters. The first clinical
study with  [**°Ac]Ac-DOTA-TATE  was
conducted in 32 patients who reached the maxi-
mum dosage or failed prior ['”’Lu]Lu-DOTA-
TATE therapy [21]. The interim analysis after a
median follow-up of eight months showed a par-
tial response in 63% and stable disease in 37% of
the patients who finished two treatment cycles.
The toxicity profile was low and similar to ['”"Lu]
Lu-DOTA-TATE: no grade 3 or 4 toxicity was
observed. Long-term results of a phase II study
with an expanded cohort of 91 patients who
received capecitabine as a radiosensitizer prior
to [*Ac]Ac-DOTA-TATE with a median
follow-up of 24 months showed excellent OS
(71%) and PFS (68%) at 24 months as well as
response to treatment (3% complete response,
48% partial response, 29% stable disease, 20%
progression) [22]. Similar to the pilot study, only
minimal toxicities occurred after PRRT. These
results warrant future randomized controlled
phase III trials comparing [**’Ac]Ac-DOTA-
TATE and ['’Lu]Lu-DOTA-TATE or their
sequential administration for the management of
NET patients.

22.4.4 Radioembolization of NET Liver
Metastases

Up to 91% of GEP-NET patients metastasize to
the liver and may develop extensive, bulky dis-
ease. As hepatic metastases are the main driver
for morbidity and mortality, liver-directed treat-
ment is a local treatment  option.
Radioembolization ~ with  °°Y-microspheres
showed a pooled ORR of 51%, estimated disease
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control of 88%, and median OS of 32 months
[23]. In a first-in-human study, [213Bi]Bi-
DOTA-TOC was administered intraarterially to
patients with progressive, advanced NET liver
metastases refractory to [177Lu]Lu-DOTA-
TATE and given systemically to one patient
with bone marrow carcinosis [24]. The results
were very promising, with partial remission or
stable disease in all patients. Nephrotoxicity was
moderate, and hematotoxicity was less pro-
nounced than with prior B-PRRT, particularly in
the patient who was treated systemically. A com-
bination of ['"’Lu]Lu-DOTA-TATE and RE with
1%Ho-micropsheres was also evaluated in a phase
IT clinical trial with remarkable response in the
liver in 43% of patients [25].

22,45 SSTR Antagonists

Up until now, only somatostatin agonists have
been used for PRRT. Antagonists, however,
have been shown to bind to more sites on the
SSTR, have a favorable biodistribution, and facil-
itate better tumor visualization [26]. In a small
pilot study, one radiolabeled antagonist—['"’Lul]
Lu-DOTA-JR11—demonstrated higher tumor
radiation doses per administered activity and a
seven times higher tumor-to-bone marrow activ-
ity concentration ratio compared to [177Lu]Lu-
DOTA-TATE [27]. A phase I clinical study
evaluated [**Ga]Ga-DOTA-JR11 and ['""Lu]Lu-
satoreotide tetraxetan ([177Lu]Lu-DOTA-JR11)
in patients with advanced SSTR-positive NETs
[28]. While the ORR was promising at 45%
(including 5% with a complete response), unex-
pected severe grade 4 hematotoxicity was seen in
4/7 (57%) patients. The reason remains unclear;
despite the earliest findings of the pilot study, it
cannot be ruled out that the increased binding
sites for antagonists, including the bone marrow,
result in higher radiation exposure to progenitor

cells. A different pair of antagonistic
compounds—[68Ga]Ga-NODAGA-LM3 and
["""Lu]Lu-DOTA-LM3—have  also  been

evaluated in first-in-human studies [29]. Unlike
[""Lu]Lu-DOTA-JR11, only grade 3 thrombocy-
topenia and lymphopenia were observed in 3/51



464

(5.9%) and 4/51 (7.8%) patients who were
administered  [**Ga]Ga-NODAGA-LM3  and
["""Lu]Lu-DOTA-LM3, respectively. The mild
hematotoxicity might be attributable to the differ-
ent molecular structure of the two agents or the
amount of peptide used in each case.

22.4.6 Other Theranostic Pairs

Another interesting theranostic pair that targets
SSTR is [**Cul/[*'Cu]Cu-SAR-TATE. [*'Cu]
Cu-SAR-TATE PET/CT has demonstrated com-
parable image quality to [**Ga]Ga-DOTA-TATE
1 h post injection (PI) with high tumor uptake.
The lesion-to-liver ratio of [64Cu]Cu-SAR-TATE
increased over time, with the highest observed at
24 h PI [30]. The long retention time allows for
delayed imaging and therefore pre-treatment
dosimetry. ®’Cu is a p-emitter with similar LET
to '"’Lu but has a significantly shorter half-life
(2.6 days vs. 6.7 days) that provides a higher
dose-rate and potentially greater efficacy. [*’Cu]
Cu-SAR-TATE recently showed promising
tumor growth inhibition in a murine model of
SSTR-positive cancer [31]. A phase I/II trial is
currently evaluating the dose escalation of [*’Cu]
Cu-SAR-TATE in pediatric patients with high-
risk SSTR-expressing neuroblastoma
(NCT04023331).

22.4.7 Treatment Sequence

One particularly important question to address is
where to place PRRT in the treatment sequence
after progression from first-line treatment with
SSAs. The guidelines from the three major NET
associations—the European Neuroendocrine
Tumor Society, the European Society of Medical
Oncology, and the North American Neuroendo-
crine Tumor Society—are similar and recom-
mend PRRT as the second-line treatment for
advanced midgut NETs and the third-line treat-
ment in pancreatic NETs due to a lack of prospec-
tive trials. Recently, a multidisciplinary focus
group of the EANM reached Delphi consensus
on PRRT as the second-line treatment for
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gastrointestinal (GI) NETs, the first-line treatment
for non-resectable or disseminated NET with high
SSTR expression, and at first progression in
G1-G3 GEP-NETs with sufficient SSTR
expression [32].

22,5 Primary and Secondary Liver
Tumors

Primary liver tumors include hepatocellular carci-
noma (HCOC) and intrahepatic
cholangiocarcinoma (ICC). Secondary liver
malignancies are liver metastases derived from
other cancers, most commonly colorectal cancer
(CRCLM). The theranostic approach to treat
these tumors has many names—selective internal
radiation therapy (SIRT), transarterial RE
(TARE), or simply RE—but all refer to a tech-
nique that is unlike the previously mentioned
treatment concepts because it is not given system-
ically but rather locally, directly at the liver
tumors.  *°Y-microspheres are administered
through a femoral catheter to the tumor-feeding
arteries, where the microspheres get trapped as
the vessels get smaller and smaller. The
tumoricidal effect is induced by internal radiation
rather than embolization. The underlying princi-
ple is predicated on the dual blood supply to the
liver from both the hepatic artery and the portal
vein. Liver cells are supplied around 70% by the
portal vein and around 30% by the hepatic artery.
Liver tumors, however, receive most of their
blood from the hepatic artery, which means that
a transarterial treatment approach targets liver
tumors while sparing normal liver tissue that is
mainly provided by the portal system.

Patients with unresectable liver-dominant
malignancies with no signs of liver failure (i.e.,
ascites, elevated total bilirubin level >2 mg/dL),
life expectancy of at least 3 months, and Eastern
Cooperative Oncology Group Performance Status
(ECOG PS) of <2 with adequate hepatic arterial
flow to the cancer(s) can be evaluated for RE. For
treatment planning, patients undergo a “mapping”
angiography to outline the hepatic arterial flow
and identify the tumor-feeding artery/arteries. In
some cases, the prophylactic coil embolization of
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the extrahepatic vessels arising from the hepatic
artery—the right gastric, gastroduodenal, and
cystic arteries—might be necessary. This
prevents any  extrahepatic  deposits  of
microspheres that can cause severe ulcers and
inflammation.

22.5.1 Pre-Treatment Planning

[gngc]Tc-macroaggregated albumin (MAA)
particles are similar in size to the treatment
microspheres, and the former are given to provide
an estimate of their distribution of the latter. To
this end, [*™Tc]Tc-MAA is administered to the
vessel(s) that has been selected for treatment. The
position of the catheter depends on the area to be
treated: proximal to the tumor-feeding artery in
case of a single lesion, proximal of the tumor-
bearing hepatic lobar artery in case of a radiation
segmentectomy/lobectomy, or distal when the
whole liver is treated (liver metastases). Post-
interventional scintigraphy is performed to esti-
mate the lung shunt fraction (LSF), the fraction of
MAA that has escaped the hepatic vascular bed
into the pulmonary circulation. SPECT/CT of the
liver shows intrahepatic MAA distribution and
allows for dosimetry. There are multiple ways to
determine the treatment dose, each with certain
limitations. The modified body surface area
(BSA) method is easy to calculate and commonly
used for whole-liver treatment with resin
microspheres. It assumes that a larger BSA
correlates with a larger liver but does not account
for hepatomegaly, prior hepatic resection, obe-
sity, or cachexia. Thus, it tends to underdose
large tumors and large livers and overdose small
tumors and small livers. The medical internal
radiation dose (MIRD) model is based on a single
compartment that contains the tumor and the nor-
mal liver and assumes the uniform distribution of
microspheres within this compartment. In this
case, a hypervascular tumor will absorb a higher
dose, potentially resulting in over-treatment.
Finally, the partition model is the most accurate,
as it divides the lung, tumor, and normal liver into
separate compartments to estimate their
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respective radiation absorbed doses but also relies
on the concept of a homogenous distribution of
particles per compartment. Its limitation is that it
can only be used for clearly defined tumors like
HCC. Dedicated dosimetry software can aid in
dose calculation and personalization to achieve
the desired tumor dose while keeping the radia-
tion absorbed dose to healthy liver tissue low.

The treatment procedure is analogous to the
planning angiography in which the treatment dose
is administered to the tumor-supplying vessel
(s) through the same catheter tip position. For
%Y _microspheres, post-treatment imaging with
SPECT/CT is challenging, as the emitted brems-
strahlung radiation—i.e., the energy from
B-radiation penetrating through tissue—has a
broad energy distribution without a well-defined
photopeak and is thus difficult to capture. As the
decay of *°Y also produces positrons, PET imag-
ing shows higher image quality compared to
bremsstrahlung SPECT/CT even at short imaging
times [8]. Post-treatment imaging not only
enables treatment verification but also helps
scout for potential extrahepatic deposits. As col-
lateral vessels form quickly after coil emboliza-
tion, RE should be performed within 1 week after
treatment planning. A schematic representation of
the RE workup and workflow shown in Figs. 22.4
and 22.5 shows pre-treatment planning [**™Tc]
Tc-MAA SPECT/CT and post-therapeutic
%Y -microsphere PET/CT.

Overall, treatment-related complications and
side effects are low [33, 34]. Immediate adverse
events include fatigue, nausea, and abdominal
pain. Serious complications arise from inadver-
tent extrahepatic microsphere deposits and are
related to their location (i.e., gastritis, duodenitis).
Radiation pneumonitis (high LSF) and severe
RE-induced liver disease (REILD) are rare but
can occur when more than 30 Gy is given to the
healthy lung and liver tissue, respectively.

There are two types of 9()Y-microspheres with
different properties: resin and glass. Glass
microspheres are most commonly used for well-
defined primary liver cancer, while resin
microspheres are mostly used for liver
metastases. In addition, holmium-166 ('**Ho)
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Fig. 22.4 Workup and workflow for radioembolization with *°Y-microspheres
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Fig. 22.5 A patient with multifocal HCC presenting for
radioembolization of the dominant segment 5 lesion.
Pre-treatment planning (a) [**™Tc]Tc-MAA SPECT/CT
shows MAA distribution in the known tumors in segments

microspheres are currently under clinical investi-
gation. The benefit in this case is that the
-emitter '°°Ho also emits y-radiation that
would allow for therapy planning with the
'%°Ho-microspheres  themselves instead of
[**™Tc]Tc-MAA as a surrogate.

5 and 8 without any extrahepatic deposits. Post-therapeutic
(b) *°Y-microsphere PET/CT verifies microsphere distri-
bution strictly in the treated segment 5 tumor without any
extrahepatic deposits

22.5.2 Hepatocellular Carcinoma

RE plays a role across all tumor stages of HCC.
RE bridges prolonged waiting times to transplan-
tation or downstages to meet Milan criteria for
transplantation. This can be achieved by radiation
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lobectomy or segmentectomy in which not only
the tumor is treated but also hypertrophy of
healthy liver is induced. Neoadjuvant RE showed
a high ORR of 88% with an OS of 95% and 87%
at two years and three years, respectively. Inter-
estingly, survival rates were comparable for
patients undergoing subsequent surgery and for
those who did not [35]. Long-term follow-up of
15 years in 207 patients who received RE for
downstaging or bridging showed a median OS
of 12.5 years with a recurrence-free survival of
10 years; only 12% had recurrent disease [36].
In advanced HCC, RE showed a significantly
longer time to progression (>26 months) and was
better tolerated compared to transarterial
chemoembolization (TACE; 6.8 months)
[33]. No difference in OS was seen upon compar-
ison to the tyrosine kinase inhibitor sorafenib;
however, the reduced toxicity of RE compared
to sorafenib affords patients with a higher quality
of life and should thus be considered during treat-
ment planning and patient selection [34]. Studies
are underway to evaluate the combination of RE
and immunotherapy in HCC. RE has been
reported to induce the release of tumor-associated
antigens that are targeted by antigen-presenting
cells. This can lead to a change in the tumor
microenvironment (TME) with a potent
antitumoral immune response, which could in
turn further enhance the efficacy of subsequent
immunotherapy. The preliminary results of a trial
focused on treatment with nivolumab three weeks
after RE revealed favorable tolerability and
encouraging response rates [37]. Another
randomized trial (NCT04541173) is investigating
the safety and effectiveness of RE followed by a
combination of atezolizumab and bevacizumab.

22.5.3 Intrahepatic

Cholangiocarcinoma

Data on RE in ICC are scarce and involve mostly
small cohorts from single centers. A systematic
review on RE in treatment-naive patients showed
a prolonged survival, especially when the tumor
burden was less than 25% [38]. The combination

467

of chemotherapy and RE led to a longer median
OS of up to 24 months compared to chemother-
apy and TACE (up to 17 months) [39]. A retro-
spective study involving 136 patients showed
remarkable results: complete response in
2 patients (1.5%), partial response in 42 patients
(32.1%), stable disease in 82 patients (62.6%),
and progressive disease in only 5 patients
(3.8%), with a median OS of 14.2 months
[40]. RE was able to downstage 11 patients
(8%) to resection, and 2 participants (2%) were
bridged to transplant. After resection, the median
recurrence and OS were 26.3 and 39.9 months,
respectively. Toxicity > grade 3 was seen in
10 patients (8%), and abdominal pain was the
leading side effect.

22.5.4 Colorectal Cancer Liver
Metastases

Finally, RE was evaluated in patients with
unresectable CRCLM in three randomized con-
trolled phase III trials as an addition to first-line
treatment with chemotherapy. Even though a
delayed progression in the liver was seen, there
was no significant OS benefit [41]. However, the
major design flaw of this study was that PFS at
any site was taken as an endpoint for a liver-
directed treatment. Current guidelines recom-
mend RE in the salvage setting in which RE has
shown a survival benefit.

22.6 Prostate Cancer

Prostate cancer (PC) is the most common cancer
in men in the USA, with one in every eight men
diagnosed with PC during their lifetime
[42]. Despite advances in its management, PC
remains the second leading cause of cancer deaths
among men. The tumor biology of PC is very
heterogeneous and on a spectrum, ranges from
indolent disease (Gleason score 3 + 3) to clini-
cally significant, aggressive cancer (Gleason
score > 3 + 4), often with reclassification over
time. The ease of screening with prostate-specific
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antigen (PSA) has led to a dramatic increase in the
diagnosis of PC. The over-diagnosis of often
insignificant cancers has resulted in over-
treatment with its associated risks of erectile dys-
function and incontinence. Given these poten-
tially life-altering side effects, risk stratification
is necessary as studies have shown that low-risk
disease and some subsets of intermediate-risk
indolent disease will benefit from active surveil-
lance, while aggressive cancers merit therapy.

Prostate-specific membrane antigen (PSMA)
is a type II transmembrane glycoprotein that is
highly overexpressed in over 90% of PCs. A
positive correlation between PSMA expression
and disease progression has been reported: for
example, higher PSMA expression is associated
with more advanced, metastasized, and
castration-resistant PC (mCRPC). To be fair, the
name “PSMA” is a misnomer, as the protein is in
fact an enzyme, not an antigen: glutamate car-
boxypeptidase II. There are many compounds
capable of targeting PSMA ranging from peptides
and small molecules to antibodies. That said,
[®®Ga]Ga-PSMA-11 and ['®*F]F-DCFPyL are the
most widely used (and only FDA-approved)
radiopharmaceuticals for the imaging of
PC. Indeed, the FDA first approved [*®*Ga]Ga-
PSMA-11 in December 2020 for use only at
UCLA and UCSF. ['®F]F-DCFPyL was approved
for US-wide use in May 2021, while [68Ga]Ga-
PSMA-11 was approved for widespread use in
December of the same year.

Both [*®GalGa-PSMA-11 and ['°FJF-
DCFPyL exhibit high specificity and high tumor
uptake and are well suited for patient selection for
RPT as they use the same urea-based moiety as a
binding motif for PSMA. '®F-labeled DCFPyL
has the advantages of higher spatial resolution
and better image quality, and its longer half-life
(110 min) allows for better tumor-to-background
contrast (since the healthy organs have more time
for clearance) and facilitates the commercial dis-
tribution of the probe. The theranostic pair of
[**Cu]Cu- and [*’Cu]Cu-SARbisPSMA has also
shown promising results in early clinical studies
(NCT04868604).
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22.6.1 Metastatic Castration-Resistant

Prostate Cancer

Once metastatic PC becomes hormone-refractory,
treatment options are limited, and the prognosis is
poor. PSMA-targeted RPT produced impressive
results in the VISION trial, leading to the recent
FDA approval of ['"’Lu]Lu-PSMA-617 for the
RPT of mCRPC. An international, multicenter,
open-label phase III study enrolled patients with
PSMA-positive mCRPC who had previously
failed treatment with a next-generation androgen-
receptor-pathway inhibitor (i.e., abiraterone,
enzalutamide) and taxane-based chemotherapy,
and were randomized in a 2:1 ratio to receive
either ['"’Lu]Lu-PSMA-617 plus standard-of-
care (SOC) or SOC alone (no other active cyto-
toxic treatment) [43]. Then, 7.4 GBq ['""Lu]Lu-
PSMA-617 was administered IV in four cycles
with an interval of six weeks. The treatment arm
(n = 551) showed a significantly longer radio-
graphic PFS (8.7 vs. 3.4 months), OS
(15.3 vs. 11.3 months), and time to first symp-
tomatic skeletal event or death
(11.5 vs. 6.8 months) than SOC alone
(n = 280). The response rates to ['/'Lu]Lu-
PSMA-617 were excellent, with 9.2% (vs. 0%)
complete response and 41.8% (vs. 3%) partial
response along with concordant PSA decreases
of up to 80%. Despite a greater incidence of
high-grade (> grade 3) adverse events related to
bone marrow suppression (12.9% anemia, 7.9%
thrombocytopenia, and 7.8% lymphopenia),
[ Lu]Lu-PSMA-617 was overall well tolerated.
Other side effects included fatigue (43.1%),
xerostomia (38.8%), and nausea (35.3%), which
were all transient. Complementary to the VISION
study is TheraP, a randomized multicenter phase
IT trial in which patients with mCRPC who failed
treatment with docetaxel and for whom
cabazitaxel was considered the next treatment
option were randomized in a 1:1 fashion to
receive either ['7’Lu]Lu-PSMA-617 (n = 99) or
chemotherapy with cabazitaxel (n = 101)
[44]. For treatment eligibility, participants
underwent both [®3Ga]Ga-PSMA-11 and ['®F]F-
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FDG PET/CT to ensure high PSMA-avidity with-
out any PSMA-negative lesions. A significantly
higher decrease in PSA was seen in the [177Lu]
Lu-PSMA-617 arm (66%) compared to 37% with
cabazitaxel. Concordantly, the ORR was higher
for RPT (49% vs. 24%) as well as the 12-month
PFS (19% vs. 3%). Interestingly, ['’'Lu]Lu-
PSMA-617 showed fewer adverse events
(33% vs. 53%) and more thrombocytopenia
(11% vs. 0%), while the cabazitaxel arm
exhibited more neutropenia (13% vs. 4%).
Among the participants who had pain at baseline,
symptomatic ~ relief =~ was  higher  with
RPT vs. chemotherapy (60% vs. 43%). Patient-
reported quality of life was similar for both
groups at baseline and improved with ['7"Lu]
Lu-PSMA-617, particularly with respect to diar-
rhea, fatigue, social functioning, and insomnia.
Both the VISION and TheraP trials showed
that ['7’Lu]Lu-PSMA-617 is safe and effective
for the RPT of patients with mCRPC who fail
androgen-receptor-directed treatment and taxane-
based chemotherapy. A larger decrease in PSA
was observed in the TheraP trial compared to the
VISION trial, a result that could be attributed to
the former’s strict inclusion criteria of high
PSMA-avidity without PSMA-negative lesions.
Multiple trials are now underway to evaluate the
use of [177Lu]Lu—PSMA—617 earlier in the treat-
ment sequence (NCT04689828 and
NCT04720157), even before docetaxel in men
with de novo diagnosed metastatic hormone-
sensitive PC (NCT04343885), or in combination
with immune checkpoint inhibitors
(NCT03658447, NCT03805594) and
enzalutamide (NCT04419402). Another PSMA-
targeting  radiotherapeutic—['’"Lu]Lu-PSMA
1&T—is also under investigation compared to a
next-generation androgen-receptor-pathway
inhibitor in a phase III trial (NCT04647526).

22.6.2 Alpha Emitters

As in NETs, the RPT of PC using
radiotherapeutics labeled with a-emitters is cur-
rently of high interest, particularly for patients
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who are refractory to [177Lu]Lu—PSMA—6l7.
RPT with [***Ac]Ac-PSMA-617 has shown sig-
nificant decrease in tumor burden and PSA as
well as prolonged PFS of 15.2 months and OS
of 18 months. Xerostomia was the single most
frequent adverse event, occurring after the first
treatment cycle. However, despite the concern
that the higher LET might lead to higher toxicity,
it was not severe enough to discontinue treatment
[45]. In a small cohort of patients with advanced
mCRPC who failed previous [""Lu]Lu-PSMA-
617 therapy, [**>Ac]Ac-PSMA-617 produced
significant PSA declines with a PES of 4.1 months
and OS of 7.7 months [7]. A tandem technique
combining low-dose [**>Ac]Ac-PSMA-617 with
standard activities of ['"’Lu]Lu-PSMA-617
reduced the incidence and severity of xerostomia
while maintaining the desired antitumor
effect [46].

PSMA-targeted RPT with other a-emitters—
such as lead-212 (*'*Pb) and *'’Bi—is currently
under investigation. [*'’Bi]Bi-PSMA-617 was
explored in a first-in-human study in patients
with progressive mCRPC [47]. After two cycles
with a cumulative activity of 592 MBq, a radio-
graphic and biochemical response was observed
(PSA decline >80%) [47]. Dosimetry, however,
renders [*'’Bi|Bi-PSMA-617 a second choice
compared to [ZZSAC]AC—PSMA—617 due to the
higher perfusion-dependent off-target radiation
of [*"’Bi]Bi-PSMA-617 in the salivary glands
and kidneys [48]. In a preclinical study, PSMA-
targeting [*'*Pb]Pb-NG001 produced significant
uptake and therapeutic efficacy in mice bearing
xenografts of two human PC cell lines with dif-
ferent degrees of PSMA expression: C4-2 (PSMA
+) and PC-3 PIP (PSMA+++). Interestingly, the
uptake of the radiotherapeutic was only 1.8-fold
higher in the PC-3 PIP cells despite their 10-fold
higher PSMA expression [49]. Differences in the
cellular internalization of natural PSMA-
expressing cells compared to the genetically
engineered PC-3 PIP cells may explain this dis-
crepancy. Treatment response was better in mice
treated with two cycles vs. one cycle. Future
clinical studies are warranted.



470

22.6.3 Gastrin-Releasing Peptide
Receptor

Despite its name, PSMA is overexpressed not
only by 90% of PCs but also by various other
tissues and cancers, leading to false-positive
findings. In addition, 10% or greater of PCs are
PSMA-negative. As a result, gastrin-releasing
peptide receptor (GRPR) has emerged as a
promising target alternative to PSMA. GRPR is
significantly overexpressed in PC, while the pan-
creas is the only healthy tissue with high GRPR
expression. Initially, agonists were developed to
target the receptor, but side effects caused by their
internalization prompted a shift toward
antagonists. GRPR antagonists have been found
to have more binding sites on PC cells, leading to
better tumor-to-normal tissue activity concentra-
tion ratios.

Many GRPR antagonists have been developed
and evaluated preclinically, but only a few have
entered the clinic. Among the most studied clini-
cally is RM2. [*®Ga]Ga-RM2 shows high tumor
uptake and has an overall favorable
biodistribution. Compared to PSMA-targeted
compounds, the low physiological uptake of
GRPR antagonists makes the delineation of path-
ological abdominal lymph nodes easier. Fig-
ure 22.6 shows the biodistribution of [68Ga]Ga-
RM2 compared to that of [*®Ga]Ga-PSMA-11.
[®®Ga]Ga-RM2 has demonstrated high detection
rates of PC at initial staging [50] as well as at
biochemical recurrence [51]. A first-in-human
study of '""Lu-labeled RM2 in four patients
with mCRPC showed the highest tumor absorbed
doses in metastases of bone, lymph nodes, and
soft tissue that were all therapeutically relevant
[52]. The highest uptake in healthy tissues was
seen in the pancreas, making it the dose-limiting
organ. However, current thresholds for radiation
toxicity to the pancreas are derived from external
beam radiation therapy, and it is unknown
whether these are transferable to RPT.

In a first-in-man study, another interesting
GRPR antagonist—[ﬁgGa]Ga—NeoB (formerly
NeoBOMBI1)—demonstrated high uptake in
pathological PC lesions in primary localized and
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metastatic PC [53]. [68Ga]Ga—NeoBOMB1 was
also explored in GRPR-expressing metastatic GI
stromal tumors (GIST) in which high tumor
uptake was seen in the majority of patients along-
side an excellent safety profile [54]. The
theranostic pair of [®®Ga]Ga- and ['"’Lu]Lu-
NeoB has shown high GRPR affinity and cell
binding as well as high in vivo stability
preclinically [53, 55]. A phase I/Ila open-label,
multicenter trial is currently underway to evaluate
the biodistribution, dosimetry, safety, tolerability,
and antitumoral efficacy of [""Lu]Lu-NeoB in
patients with GRPR-expressing metastatic solid
tumors (NCT03872778). Shifting gears slightly,
%4Cu/*’Cu-labeled GRPR antagonists conjugated
to a novel derivative of sarcophagine—[**Cu]Cu/
[’Cu]Cu-SAR-BBN—have shown high affinity
for GRPR preclinically [56, 57]. [**Cu]Cu-SAR-
BBN is currently being explored in a phase I
clinical trial in men with biochemically recurrent
PC who are negative on [**Ga]Ga-PSMA-11 PET
(NCT05407311).

No correlation has been found between the
uptake of PSMA- and GRPR-targeted
radiopharmaceuticals, suggesting a complemen-
tary relationship between these probes.

Indeed, the molecular interrogation of both
targets may best reflect the full extent of disease.
Along these lines, bispecific compounds that
simultaneously target PSMA and GRPR have
been explored in preclinical studies. The transla-
tion of these tools into the clinic is anticipated
after they have been shown to be safe and to
exhibit suitable radiopharmacokinetics in healthy
volunteers [58].

22.7 Bone Metastases

Almost all cancers can spread hematologically to
the skeleton, though the most common to follow
this pattern include breast, lung, and particularly
castration-resistant PC. Bone metastases are fre-
quently categorized as osteoblastic or osteolytic
according to their cell of origin. Both interfere
with the normal bone cell cycle, leading to either
the pronounced breakdown or aberrant
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Fig. 22.6 Physiological biodistribution of (a) [**Ga]Ga-
RM2 and (b) [*®Ga]Ga-PSMA-11 in a patient with pros-
tate cancer. Most notable is the lower uptake of [68Ga]Ga-

proliferation of bone tissue. Either process can
cause bones to break more easily and can lead to
pathologic fractures, pain, hypercalcemia, bone
marrow depression, and spinal cord compression.
Bone metabolism can be imaged via SPECT with
[**™Tc]Tc-bisphosphonates and  via PET
with sodium fluoride-18 (['®*F]F-NaF). Yet since
both are bone-seeking agents, only osteoblastic
lesions will show uptake. Degenerative skeletal
changes are also characterized by enhanced bone
activity and can be a differential diagnosis.

Up until the last decade, RPT was only avail-

able for bone palliation. Samarium-153
ethylenediamine tetramethylene phosphonate
((***Sm]Sm-EDTMP), a bone-seeking

bisphosphonate, produced pain relief within 1-2
weeks along with reduced opioid use and
improved quality of life. Despite a delay in skele-
tal events, however, no significant benefit in OS
was seen [59]. As randomized phase III trials

RM2 in the gastrointestinal tract. For treatment, the pan-
creas and the salivary glands are the dose-limiting organs
for [*3Ga]Ga-RM2 and [**Ga]Ga-PSMA-11, respectively

were lacking, ['53Sm]Sm-EDTMP was not
recommended in official guidelines. EDTMP
radiolabeled to '""Lu showed promising results
for bone palliation in metastatic breast cancer and
mCRPC. However, its theranostic partner,
[®®Ga]-EDTMP, ultimately proved unstable
in vivo. The next-generation bisphosphonate
zoledronate targets the bone mineral hydroxyapa-
tite and has been radiolabeled with both °®Ga (i.e.,
[*8Ga]Ga-NODAGAZ°Y) and '""Lu (i.e., ["Lu]
Lu-DOTA-ZOL). In a comparative study of
[*®Ga]Ga-NODAGA”",  [**Ga]Ga-PSMA-11,
and [*™Tc]Tc-MDP in patients with advanced
PC, [68Ga]Ga-NODAGAZOL showed better per-
formance in detecting bone lesions at restaging,
particularly in patients who failed prior [**>Ac]
Ac-PSMA-617 treatment. However, [68Ga]Ga-
PSMA-11 identified more skeletal metastases at
staging at a per-lesion level [60]. [68Ga]Ga—
NODAGA?°"s therapeutic counterpart, ['"’Lu]
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Lu-DOTA-ZOL, showed high uptake in skeletal
metastases and low uptake in the bone marrow in
patients with bone metastases secondary to PC
[61]. Further prospective studies on the efficacy
of treatment with ['7’Lu]Lu-DOTA-ZOL are
warranted.

22.7.1 ??Ra: An Alpha-Emitting

Calcium Analog

The a-emitting radiometal **’Ra belongs to the
category of calcium analogs that—just like phys-
iological calcium—accumulates in areas of
enhanced bone metabolism by forming
complexes with the bone mineral hydroxyapatite.
The short range of ’Ra’s a-particles (< 100 pm)
allows for high doses to the osteoblastic tumor
while sparing surrounding healthy bone marrow.
The safety and efficacy of 2**Ra-dichloride
([223Ra]RaCl2) was  evaluated in  the
ALSYMPCA study, a randomized, double-
blind, placebo-controlled, multicenter phase III
trial [62]. Patients with mCRPC to the bone
were randomized to receive [223Ra]RaC12 or pla-
cebo in a 2:1 ratio. The treatment group was
administered [223Ra]RaC12 IV every 4 weeks for
up to six cycles, while the placebo group received
saline. Patients treated with [223 Ra]RaCl, showed
a survival benefit of 3.6 months compared to
placebo (14.9 vs. 11.3 months) regardless of
prior docetaxel treatment. A delay in time to
first symptomatic skeletal event of 5.8 months
was seen in the [**Ra]RaCl, group
(15.6 vs. 9.8 months) as well as a 30% reduction
in risk of death. Bone pain palliation occurred
within two weeks. PSA was unreliable in
assessing response to treatment, as only 16%
(vs. 6% in the placebo group) of patients showed
a decrease in PSA. However, alkaline phospha-
tase significantly decreased or normalized as sign
of therapy response, similar to lactate dehydroge-
nase. Interestingly, adverse events were less fre-
quent in the [***Ra]RaCl, group (93% vs. 96%)
and included hematotoxicity, particularly anemia
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and thrombocytopenia, nausea, fatigue, and GI
reactions. Predictors for hematotoxicity were
prior chemotherapies and extended bone disease.
Quality of life improved significantly with
[223Ra]RaC12 and showed a slower decline in
the post hoc data analysis. This pivotal study led
to the 2013 approval of [***Ra]RaCl, by the FDA
for the RPT of symptomatic bone metastases in
patients with mCRPC without known visceral
metastases.

Because “““Ra has limited y-emission, post-
treatment imaging is technically possible; how-
ever, image quality is poor and scan times are
long. The advancement of next-generation
SPECT/CT systems based on cadmium zinc tel-
luride (CZT) technology might bring a change
(Fig. 22.7). Several studies have investigated the
combination of [223Ra]RaC12 with various other
treatment agents. While chemotherapy with
docetaxel and paclitaxel paired with [**Ra]
RaCl, has been shown to be safe and produced
a longer median time to PSA progression
[63, 64], the combination of [***Ra]RaCl, with
abiraterone was unfavorable and led to more
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fractures and deaths when compared to
abiraterone alone [65].
The mode of action of [223Ra]RaC12

suggests that it may be effective against malignant
osteoblastic transformations beyond those caused
by mCRPC. The bone metastases in breast cancer,
for example, are mostly a mix of osteolytic
and osteoblastic lesions. The presence of an osteo-
blastic portion suggests that **>Ra could be a treat-
ment option. This was investigated in a phase II
study for patients with hormone receptor-positive,
bone-dominant metastatic breast cancer in which
[223Ra]RaClz was given concurrently with hor-
monal therapy [66]. A tumor response rate of 54%
and a disease control rate of 49% were seen, leading
to a median PFS of 7.4 months and a bone-PFS of
16 months. The treatment was well tolerated, with
no grade 3 or 4 adverse events. Studies are now
comparing [***Ra]RaCl, vs. placebo in combination
with  hormonal therapy and everolimus
(NCTO02258451) or paclitaxel (NCT04090398).



22 Theranostic Imaging and Radiopharmaceutical Therapy

473

Fig. 22.7 A 66-year-old man with progressive metastatic
prostate cancer presenting with PSA 34.7 ng/mL for treat-
ment with [7’Lu]Lu-PSMA-617. Pre-treatment ['°F]F-
FDG PET (MIP, a) and ['®F]F-DCFPyL PET (MIP, b)
were performed at 2 min per bed position for a total of
10 min. Both PET scans show an oligometastatic patient
with numerous osseous lesions throughout the skeleton.

22.8 Neuroblastoma,
Pheochromocytoma,
Paraganglioma

Neuroblastoma, pheochromocytoma, and
paraganglioma (PPGL) are orphan diseases (i.e.,
rare cancers). They are endocrine tumors that
arise from neural crest cells, and are characterized
by heterogeneous tumor biology. Neuroblastoma
is the most common solid childhood tumor and is
most commonly found in the adrenal gland.
Pheochromocytomas originate from the adrenal
medulla, while paragangliomas stem from extra-
adrenal, sympathetic (abdomen), or parasympa-
thetic (head and neck) ganglia. Most PPGLs
exhibit increased production of catecholamines,
leading to hypertension, palpitation, and head-
ache. The tumorigenesis of neuroblastoma and
PPGL is characterized by complex molecular
pathways with various gene mutations. In

Post-treatment ['7’Lu]Lu-PSMA-617 SPECT (MIP, c¢)
was performed using a next-generation SPECT/CT system
based on cadmium zinc telluride technology at 3 min per
bed position for four bed positions (12 min total) and
shows excellent image quality with high tumor uptake at
a significantly reduced acquisition time

unresectable and metastatic cases, treatment
options are limited, and the prognosis is poor.
One hallmark of these tumors is the
overexpression of the norepinephrine transporter
(90% of neuroblastomas, 50-60% of PPGL, and a
lower fraction of head and neck paragangliomas).
Meta-iodobenzylguanidine (mIBG) is a norepi-
nephrine analog that is actively taken up via nor-
epinephrine transporters, accumulates
intracellularly in neuro-secretory granules, and
can be radiolabeled with "'T or 'I for
theranostic imaging and RPT. [1311]1- or [1231]1—
mIBG is typically given first for whole-body
imaging to assess the expression of norepineph-
rine transporters and to determine the extent of
disease. Given "*'I’s long half-life, pre-treatment
dosimetry can be performed through serial imag-
ing with ["*'I-mIBG. Subsequent treatment is
administered for mIBG-positive tumors for up to
two cycles, while post-therapeutic whole-body
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scans can be obtained for treatment verification
within a week. It is important to note that certain
medications (i.e., antihypertensives such as
labetalol and calcium channel Dblockers,
antidepressants, tramadol, and pseudoephedrine)
should be paused for at least five of their respec-
tive half-lives prior to patient evaluation as well
as 7 days after diagnostic scans or treatment with
["*'TI-mIBG as they interfere with norepineph-
rine transporters and may cause false-negative
scans or a priori transporter saturation. That
said, patients should be on an antihypertensive
regimen, as worsening hypertension may occur
within 24 h of the administration of ['*'T]I-mIBG.
Prophylactic thyroid blockade should also be
given at least 24 h prior to treatment and for
10 days afterward, as [“'IJI-mIBG usually
contains a small quantity of unbound iodine that
may be taken up by the thyroid gland otherwise.

In the study that led to the FDA approval of
["*'TII-mIBG for PPGL, 68 patients with mIBG-
positive, unresectable, or metastatic PPGL with
hypertension were treated with one to two cycles
of [13II]I-mIBG [67]. Treatment response was
seen in 22% of patients after a single cycle and
increased to 30% of patients after two cycles. The
majority of patients showed stable disease, while
8% progressed. The median OS was 37 months
and was longer in patients who received two
cycles (44 months vs. 18 months). Symptomatic
relief manifested in a >50 reduction of all antihy-
pertensive medication for at least 6 months in
25% of patients. A high rate of hematologic
adverse events was observed: grade >3
hematotoxicity was mostly transient, while 25%
required supportive care. Myelodysplastic syn-
drome was seen in 4% of patients, and secondary
leukemias in 3%. A limitation is that patients
were not stratified by genetic mutations such as
succinate dehydrogenase complex iron sulfur
subunit B (SDHB), as the study was designed
before their importance was apparent.

Mutations to SDHB are the most common
germline mutations in PPGL and a sign of tumor
dedifferentiation. Consequently, SDHB
mutations are associated with high malignant
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transformation, metastases, and shorter OS
(5-year survival rate 36% vs. 67% in patients
without SDHB mutation). The loss of norepi-
nephrine transporter expression is concomitant
with tumor dedifferentiation, resulting in false-
negative []3 ]I]I-mIBG Furthermore,
patients with metastatic, extra-adrenal primaries,
and familial PPGL may also exhibit low ["*'I]I-
mIBG avidity. In these patients, SSTR-targeted
PRRT might be a viable treatment option
(Fig. 22.8).

scans.

22.8.1 Peptide Receptor Radionuclide
Therapy in Pheochromocytoma

and Paraganglioma

Most studies of PRRT in PPGL have been retro-
spective and comprised of small cohorts. How-
ever, an impressive pooled disease control rate of
84% and an ORR of 25% have been reported for
PRRT in these patients as well as a more favor-
able toxicity profile compared to ["*'IJI-mIBG
[68]. Recently, RPT with [**’Ac]Ac-DOTA-
TATE was evaluated in patients with metastatic
paraganglioma refractory to ['’’Lu]Lu-DOTA-
TATE and produced a notably high ORR of
50%, a disease control rate of 88%, and a concor-
dant reduction in antihypertensive drugs. The
treatment was well tolerated with improvement
in ECOG PS [69]. A study combining ['*'I]I-
mIBG and [*°Y]Y-DOTA-TOC is now underway
(NCT03044977).

22.8.2 Neuroblastoma

For high-risk and relapsed neuroblastoma, a com-
bination of treatments including chemotherapy,
radiotherapy, and autologous stem cell transplan-
tation (ASCT) are commonly employed.
Monotherapy with ["*'1I-mIBG produced a
promising 30-40% response rate, so combination
therapies with ["*'IJI-mIBG alongside chemo-
therapeutic agents such as topotecan, cisplatin,
cyclophosphamide, and melphalan have been
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Fig. 22.8 A 73-year-old man with progressive metastatic
pheochromocytoma. Figures (a—d) show maximum inten-
sity projections (MIP) of [**Ga]Ga-DOTA-TATE PET:
(a) pre-treatment evaluation illustrating  SSTR
overexpression in all known metastases; (b) imaging
after four cycles of PRRT with ['""Lu]Lu-DOTA-TATE
delineating response to treatment with lesional size

explored and have yielded response rates ranging
from 27 to 80% [70]. ["*'1]I-mIBG has also pro-
duced impressive results in newly diagnosed
high-risk neuroblastoma: after two cycles of
[N]-mIBG combined with topotecan  as
radiosensitizer followed by standard induction
treatment, surgery, and myeloablative therapy
with subsequent ASCT, overall ORR was 57%,
and the primary tumor showed a response rate of
94% [71]. Hematological adverse effects were
most common, often amplified by combined che-
motherapy. However, high-risk neuroblastoma
patients usually have pre-existing bone marrow
disease, which contributes to hematotoxicity.

Patients with neuroblastoma and PPGL should
be evaluated for the expression of both norepi-
nephrine transporters and SSTRs. In most cases, a
radiopharmaceutical that binds one of these two
targets will show a higher degree of uptake and
thus should be chosen for subsequent treatment. If
both targets are equally overexpressed, the
patient’s characteristics—most importantly their
bone marrow reserve—should drive the selection
of the radiotherapeutic RPT.

decreases and the resolution of several hepatic and lung
lesions; (¢) progressive disease with new lesions two years
after PRRT; (d) after two additional cycles of ['”’Lu]Lu-
DOTA-TATE, favorable treatment response with size
decrease in all lesions and the resolution of some hepatic
lesions

229 Future Developments
in Theranostics

By their very nature, theranostics are very specific
both to their target and their tumor type. This speci-
ficity is advantageous when diagnosing and treating
a particular disease, but, in a broader sense, it intrin-
sically limits RPT to a handful of cancer types. To
circumvent this challenge, efforts have been made to
identify cancer-specific targets that are expressed
across a variety of tumors. One approach aims at
the microenvironment of solid tumors, as it
contributes to the majority of the tumor mass. The
TME consists of a wide variety of cells—ranging
from vascular cells to immune cells—but the most
abundant are cancer-associated fibroblasts (CAF).
These stromal cells overexpress a transmembrane
glycoprotein called fibroblast activation protein
(FAP) that is associated with tumorigenesis, prolif-
eration, and escape from immunosurveillance. Over
90% of epithelial cancers including colorectal,
breast, ovarian, lung, pancreatic,c and PC
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overexpress FAP. Since its expression in healthy
tissue is low, it is suitable as a broad-spectrum
tumor target.

Fibroblast Activation Protein
Inhibitors

22.9.1

FAP inhibitors (FAPI) have been developed for
theranostics with promising first clinical results.
In a small cohort of patients with sarcoma and
pancreatic cancer, [QOY]Y—FAPI—46 showed dis-
ease control in 50% of patients as well as a favor-
able biodistribution profile that could allow for
repeat treatment cycles [72]. ['77Lu]Lu-FAP-
2286 demonstrated high tumor uptake with long
retention and reasonable adverse events in
patients with metastasized pancreatic, breast,
ovarian, and colorectal carcinoma [73]. [GSGa]
Ga-FAP-2286 (NCT04621435) and ['"’Lu]Lu-
FAP-2286 (NCT04939610) are currently being
evaluated in  patients with  metastatic
FAP-expressing solid tumors to determine their
feasibility, efficacy, and safety.

22.9.2 The CXCL12/CXCR-4 Pathway

A distinctive feature of cancer is its ability to
evade the immune system. More specifically, it
is a disrupted balance of host immunity and tumor
growth that leads to tumor progression. In the
TME, stromal and immune cells express
chemokines that regulate tumor proliferation.
The stromal chemokine CXCL12 and its receptor,
CXC-chemokine receptor type 4 (CXCR-4),
recruit regulatory T-cells that suppress the func-
tion of tumor-infiltrating lymphocytes (TILs).
TILs, on the other hand, represent host immunity
and create a pro-inflammatory environment to kill
tumor cells. As cancer is conniving, it upregulates
the expression of CXCR-4 on its surface, which
in turn stimulates the production of CXCL12 in
the TME. The interaction of CXCLI12 and
CXCR-4 prevents the TILs from deploying their
antitumor activity. Thus, the cancer is able to
evade the immune system. The activated
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CXCLI12/CXCR4 axis plays a significant role in
tumor development and is associated with aggres-
sive tumors [74]. CXCR-4 is particularly
overexpressed in cancers of the hematopoietic
system. The CXCR-4-targeted theranostic pair
of [68Ga]Ga-pentixafor and [""Lu]Lu—/["°Y]Y-
pentixather achieved remarkable early results in
the clinic: in heavily pre-treated extramedullary
relapsed multiple myeloma, an overall ORR of
83% was reported without any acute adverse
events [75]. In addition, successful
pre-transplant conditioning with desired bone
marrow ablation was seen in three patients with
refractory acute myeloid leukemia [76]. Finally,
in six patients with relapsed diffuse large B-cell
lymphoma, CXCR-4 directed RPT in combina-
tion with conditioning chemotherapy or
radioimmunotherapy led to successful ASCT
[77]. Without question, these very promising ini-
tial results warrant future studies of CXCR-4-
targeted theranostics in solid tumors expressing
the receptor.

22.9.3 Pan-Cancer Theranostics

The trend toward a pan-cancer theranostic marker
may also be achieved with already familiar
targets. As mentioned earlier, both PSMA and
GRPR are overexpressed in several cancers
beyond PC. PSMA-targeted
radiopharmaceuticals have been investigated in
glioblastoma multiforme, HCC, and renal cell
carcinoma, in which uptake has been found in
the tumor-associated neovasculature. Further-
more, novel GRPR-antagonists such as
NeoBOMBI and SAR-Bombesin are now being
investigated in metastatic gastrointestinal stromal
tumors (GIST) and breast cancer (Fig. 22.9),
respectively. Early imaging results have been
encouraging; however, there is still a long way
to go until a therapeutic agent can be translated to
the clinic.

Another target of high interest in breast cancer
is human epidermal growth factor receptor-
2 (HER-2). Variants of the HER-2-targeting anti-
body trastuzumab have been labeled with various
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Fig. 22.9 A 36-year-old woman with grade 3 invasive
ductal carcinoma. Figures (a—d) show [*8Ga]Ga-RM2
PET/MRI for staging (a) axial PET, (b) fused axial PET/
MRI, (¢) MRI, and (d) maximum intensity projection

: . S 11y 124
positron emitters for imaging such as ~ 'In, 'L,

64Cu, and %°Zr. In a pilot study, a variant of
trastuzumab labeled with the therapeutic radionu-
clide """Lu has been shown to be well tolerated
and has produced high tumor to non-tumor activ-
ity concentration ratios as well as satisfactory
dosimetry in patients with metastatic HER-2-pos-
itive breast cancer [78].

2294 «,BsIntegrin

Another potential target for theranostics is o, fg-
integrin, which is overexpressed in epithelial
cancers and promotes carcinogenesis. As such, it
is found to be markedly overexpressed at the
border between tumor and healthy tissue. Many
o, Pe-targeting compounds have been developed
but have also been characterized by high levels of
non-specific uptake in the GI system as well as
the liver, lungs, and pancreas. A novel, improved
compound—[68Ga]Ga-Trivehexin—was recently
introduced and has produced promising first
results (i.e., high tumor uptake and low
non-specific uptake in other organs) in patients
with head and neck cancer and pancreatic
adenocarcinoma [79].
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(MIP) illustrating GRPR overexpression in the left breast
mass without evidence for lymph node involvement or
distant metastatic disease

22.9.5 Moving Forward

In the end, the sheer volume of preclinical studies,
clinical studies, and registered new clinical trials
on new and established agents bears witness to
the high interest and wide range of possibilities of
theranostics. Moving forward, future objectives
for the field will include the refinement of current
therapies with new radiolabeling techniques and
chelators to increase the efficacy and safety pro-
file of radiotherapeutics. Furthermore, the best
position for many RPTs within the therapeutic
sequence needs to be defined, as their value
might merit an earlier position in the treatment
timeline. Indeed, temporally shifting RPT in this
manner may advance it from a palliative to a
curative tool. Efforts in dosimetry will allow
RPT to move from empiric standardized regimens
to personalized treatment doses and cycles. To
bring this chapter full circle, we envision that in
the future, the language surrounding theranostics
in oncology may change from cancer-specific
(as in prostate cancer, breast cancer, and neuroen-
docrine tumors) to molecular phenotype-specific
(as in PSMA-expressing, SSTR-expressing, and
HER-2-expressing).
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22.10 The Bottom Line

* Theranostics is an approach to precision
oncology that combines nuclear imaging and
radiopharmaceutical therapy using similar
targeted radiopharmaceuticals.

* Theranostic  radiopharmaceuticals  target
molecular features on cancer cells for imaging
and therapy in an effort to allow clinicians to
work according to the maxim “seeing what
you treat, and treating what you see.”

* Radiotherapeutics produce antitumor activity
and symptomatic relief and are ideally
characterized by a low-toxicity profile com-
pared to standard chemotherapy, resulting in
improved quality of life for patients.

» Prospective clinical trials will pave the way for
using RPT earlier in the treatment timeline.
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