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Abstract

Neuroendocrine tumors (NETS) are associated with variable prognosis, with grade 1 and 2 NETs
having a more favorable outcome than G3 ones (also called carcinoma). GEP-NET patients need
highly individualized interdisciplinary evaluations and treatment. New treatment options have
become available (i.e., sunitinib, mTOR inhibitors) with significant improvements in progression-
free survival. Peptide receptor radionuclide therapy (PRRT) using %Y or 1/7Lu-labeled
somatostatin analogs has also shown promise in the treatment of advanced progressive NETSs but
randomized clinical trials comparing with other modalities are still lacking. SST-targeting
represents the essence of theranostics. 88Ga-DOTA-SSTa can be used as companion imaging
agents to assist in such a radionuclide therapy selection. 88Ga-DOTA-SSTa PET/CT might also
provide critical information for prognosis, tumor response assessement to PRRT, and internal
dosimetry. It is also expected that the development of novel receptor-targeting
radiopharmaceuticals will contribute to the development of molecular-based personalized
medicine approaches.
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1. Current views on molecular origins of GEP-NETs

Neuroendocrine tumors are neural crest-derived neoplasms with predominant
neuroendocrine differentiation and arise in most organs of the body. They account for 0.5%
(incidence 2/100,000) of all malignancies. The most frequent primary sites are the pancreas
(PanNET), gastrointestinal tract, and lungs. They share some common biological features
such as overexpression of somatostatin receptors (SST) in 70-100% of cases.

The pathogenesis of most NETSs starts with inherited or somatic driver mutations in the
genes that specifically regulate neuroendocrine cell proliferation 1. Exonomic studies of
sporadic pancreatic NETs (PanNETS) demonstrate somatic mutations in the MEN1 gene in
44% of these tumors, Daxx (death-domain-associated protein) and ATRX (a thalassemia/
mental retardation syndrome X-linked) in 43%, and mTOR pathway genes (PTEN and
TSC2) in 14% 2. Some of the mutations are related to a loss in the integrity of telomere
chromatins 3. Recently, PHLDA3, a repressor of Akt activity, was proposed as a novel
tumor suppressor of PanNETs 4.

The genetic pathogenesis of small intestine neuroendocrine tumors (midgut NETS) is less
well understood. In contrast to PanNETS, exonomic studies demonstrate that somatic
mutations are rare in midgut NETs °.

2. Current management of metastatic GEP-NETs

The management of these tumors relies on several factors such as the presence of hormones/
peptide hypersecretion-related symptoms, tumor stage, and grade. According to the ENETS
recommendations, tumors are graded as follows: grade 1 (<2 mitoses/10 HPF i.e high power
field on microscope and <3% Ki67 index), grade 2 (2—-20 mitoses/10 HPF or 3-20% Ki67
index), and grade 3, also called NE carcinomas (>20 mitoses/10 HPF or >20% Ki67 index).
In the case of disseminated disease, many treatment options are possible, with potential
associations between systemic and locoregional approaches.

The systemic therapy of patients with progressive metastatic GEP-NETS has historically
relied mainly on cytotoxic chemotherapy with some positive responses when using a
combination of streptozotocin, 5FU, and doxorubicin (especially in PanNETS). In contrast,
these treatments were found to have limited efficacy in midgut NETs. There has been
breakthrough research in the last few years that has made rapid strides in the targeted
therapies of NETs. Since most NETs are hypervascular, they can be targeted by
antiangiogenic agents. Furthermore, they may also exhibit an activation of the mTOR
signaling pathways and be treated with mTOR inhibitors.

In RADIANT-3, 410 patients with advanced PanNETSs and progressive disease were
randomly assigned to treatment with oral everolimus 10 mg/day or a placebo. Octreotide
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LAR was administered at the discretion of the investigator 8. Everolimus showed improved
survival (11.0 months with everolimus compared to 4.6 months with the placebo) in the
advanced, low-grade (Grade 1) or intermediate-grade (Grade 2) PanNETs with radiological
progression 8. In the RADIANT-2 study, 429 patients with advanced progressive midgut
NETSs were randomized to receive everolimus 10 mg/day plus octreotide LAR 30 mg/month
or octreotide LAR plus a placebo ’. In the study, the pre-defined threshold for statistical
significance was not achieved. Therefore, the precise therapeutic activity of everolimus in
advanced progressive midgut NETs has not been demonstrated . However, if the tumor was
somatostatin receptor positive, the CLARINET trial group has shown that Lanreotide is
associated with prolonged progression-free survival among patients with metastatic midgut
and pancreatic NETs of Grade 1 or 2 8. Sunitinib has also been proven to improve
progression free survival and overall survival among patients with advanced PanNETSs 2. In
summary, Grade 1 and 2 PanNETs and midgut NETS exihibit strikingly different drug
response profiles.

3. SST PET/CT using %Ga-labeled somatostatin analogues

Well-differenciated neuroendocine tumors (NETS) often overexpress somatostatin receptors
(SSTR) on their cell surfaces that could be targeted for diagnostic and therapeutic purposes
by radiolabeling somatostatin analogs. Octreoscan® (111In-DTPA-octreotide, Octreoscan®,
Mallinckrodt), a synthetic octapeptide labeled with indium-111 was the first radiolabeled
SST analog to be approved for scintigraphy of NETs and has been shown to be well suited
for the scintigraphic localization of primary and metastatic NETs 10,

Beyond tumor localization, radionuclide imaging using radiolabeled peptides that target SST
may be used to select who is likely to benefit from PRRT and to assess therepeutic
responses to PRRT.

Scanning with Octreoscan® is usually performed at 4 and 24 hours after tracer injection.
Repeat imaging may be required later. The sensitivity of Octreoscan® is widely dependent
on SST density, tumor grade, and size. Also, in recent years, SPECT/CT has become more
widely available and has the advantage of simultaneous acquisition of both anatomical and
functional data, increasing diagnostic confidence in image interpretation and enhancing
sensitivity in some cases. Octreoscan® scintigraphy is associated with practical constraints
such as long imaging times, Gl tract artifacts requiring bowel cleansing in some cases. The
main disadvantage is the still low-resolution of the SPECT image, limiting the ability to
detect tiny lesions. SPECT also does not provide a quantifiable estimate of the SST
expression. Thus, PET imaging has been growing rapidly in the localization of
paragangliomas (PGLSs), paralleled by great efforts towards the development of new tracers.

The design of the radiotracer (isotope, chelator, peptidic sequence) dramatically affects the
SST affinity (Figure 1). The generator-produced, positron-emitting gallium-68 (68Ga) is a
diagnostic trivalent radiometal with convenient labeling characteristics and is also easily
available for the daily routine synthesis of 88Ga-labeled radiopharmaceuticals.

1,4,7,10-Tetraazacyclodecane-1,4,7,10-tetraacetic acid (DOTA) was identified as a better
chelator compared to pentetic acid (DTPA), increasing stability and SST targeting.
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Numerous %8Ga DOTA-conjugated SST analogs have been designed in order to increase
affinity of these compounds to SST receptors, but three are mostly described: $8Ga-DOTA-
[Tyr3]octreotide (88Ga-DOTATOC), 88Ga-DOTA-1-Nal-octreotide (88Ga-DOTANOC)
and [%8Ga-DOTA(-Tyr3]octreotate (¥8Ga-DOTATATE). All of these bind to SST2. 68Ga-
DOTATATE has been shown to have the highest affinity for STT2 (IC50= 0.2 nM vs 2.5
nM for and DOTATOC and 1.9 nM for DOTANOC (Figure 1). DOTA-NOC also binds
specifically to SST3, SST4 and SST5 receptors. DOTA-TOC binds to SST5 although with
lower affinity than DOTA-NOC) 1113, |n direct comparisons between 8Ga-DOTA-SSTa
PET/CT and 9°™Tc-HYNIC-Octreotide/111In-pentetreotide SPECT(/CT), 68Ga-DOTA-
SSTa has performed better than other functional imaging technique, providing a compelling
reason for switching from SPECT/CT to PET/CT imaging. PET/CT is also more suitable
than SPECT/CT for quantifying the disease at a molecular level.

3. 8Ga-labeled somatostatin analogues as theranostics for GEP-NETs

Peptide receptor radionuclide therapy (PRRT) has shown promise in the treatment of
metastatic Grades 1 and 2 NETs 14:15- 90y _octreotide and 177Lu-octreotate (Lutathera®),
have been shown to be efficient and effective therapeutic modalities 16 (Table 1). Response
rates (mainly partial responses) have been 30-60% on average. Disease stabilization is
frequent (20-50%) but more difficult to interpret 17-23, Independent predictors of survival in
advanced grade 1/2 PanNETSs treated by 177Lu-octreotate are the tumor proliferation index,
the patient’s performance status, tumor burden, and baseline plasma NSE level 23, For
advanced NET of the small intestine, tumor functional status and high plasma chromogranin
A appeared to be independent predictors of unfavorable patient outcome 24,

Randomized clinical trials comparing with other modalities are still lacking 25.

It is worth noting the ongoing trials that compare the use peptide receptor radionuclide
therapy with 177Lu-octreotate in GEPNETS against a range of other molecules. These were
obtained from the database of clinicaltrials.gov.

The (CONTROL NETS) is an open label phase two study that involves two parallel trials,
the first comparing PRRT therapy (*7/Lu-octreotate) plus Capecitabine/Temozolomide
(CAP/TEM) against: (a) Lul77-DOTATATE alone in the treatment of low to intermediate
grade mid gut neuroendocrine tumours; (b) CAP/TEM alone in the treatment of low to
intermediate grade pancreatic neuroendocrine tumours. A further study is comparing
treatment with 177Lu-octreotate against Octreotide LAR in patients with inoperable,
progressive, somatostatin receptor positive midgut carcinoid tumours (NETTER-1).

The french OCLURANDOM study is a randomized, open-label, multicenter trial that
assesses the safety and efficacy of 1/7Lu-octreotate versus Sunitinib in pre-treated
progressive well differentiated pancreatic neuroendocrine tumours and is expected to be
finalised in 2023. Another study is comparing 177Lu-octreotate against interferon a-2b in
progressive non-pancreatic gastrointestinal neuroendocrine tumors that are non-resectable
and resistant to therapy with somatostatin analogues, its estimated completion date is the end
of 2016.
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In 2014, the FDA defined a companion diagnostic device (CDD) as an “invitro[...] or an
imaging tool that provides information that is essential for the safe and effective use of a
corresponding therapeutic product” publishing an exhaustive list of consequent examples.
Most of these were in vitro diagnostic devices like immunohistochemistry and FISH/CISH
kits, with the aim of predicting the utility of therapeutic monoclonal antibodies upon one
target (or more) expressed by the tumor. CDDs in imaging, and particularly in PRRT, are
emerging.

PET/CT using gallium-68-labeled SST analogs is a prime example of a PET-based
theranostic approach. A close correlation was found between SUVmax and
immunohistochemical scores used for the quantitative assessment of the density of subtypes
of SST 26, Until present, the Krenning scale remains the unique validated scoring system for
selecting good candidates for PRRT 27. Validation of a new scoring system adapted to 58Ga-
DOTA-SSTa PET/CT would be of particular interest.

DOTANOC/TOC/TATE can be radiolabelled with lutetium-177 for PRRT with a lower
energy deposit and a shorter tissue penetration than 20Y. It has to be underlined that exactly
the same peptide should be used for CDD imaging to avoid potential

discordances 28-30(Figure 2).

4. Prognostic value and tumor response assessement to PRRT

PET/CT with $8Ga-DOTA-SSTa might also provide prognostic information. Increased
tumor avidity for 88Ga-DOTA-SSTa was found to be associated with prolonged survival 31,
Sequential evaluation of metastatic NET patients by 58Ga-DOTA-SSTa PET/CT and 18F-
FDG PET/CT that is often also complementary and points towards aggressiveness of these
tumors should be recommended at baseline for comprehensive NET grading of patients with
these tumors. It was found that patients with high tumor $8Ga-DOTA-SSTa avidity and

low 18F-FDG uptake have a better prognosis and are good candidates for PRRT (27).
Decrease in tumor-to-spleen SUV ratio (and not SUVmax) after the first PRRT cycle is
associated with a longer progression-free survival 32, although additional confirmatory
studies are needed. However, PRRT in these tumors, in contrast to other tumor types,
usually results in smaller tumor size responses compared to functional status responses (e.g.,
done by monitoring secretory status of these tumors), which are often very substantial. Thus,
response evaluation criteria in solid tumors (RECIST) and World Health Organization
criteria for classifying tumor response is less adapted to the evaluation of targeted therapies
and PRRT since only a small percentage of patients show a significant decline in tumor size
despite their clinical and biochemical improvements. Furthermore, it is widely recognized
that molecular/functional responses precede morphological responses and therefore enable
an earlier evaluation of overall therapy response.

5. Internal dosimetry

Internal dosimetry enables a personalized approach to patient treatment. The dream of a
common dosimetry protocol applicable to all targeted radionuclide therapy (TRT)
procedures is a widespread misconception, possibly derived from the wish to standardize
therapeutic applications in nuclear medicine.
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TRT dosimetry must be implemented in order to answer a clinical question. The fact is that
dosimetry implementations, as seen in the literature, are diverse and depend on the clinical
context (the aim of the therapy) and the radiopharmaceutical and its mode of administration.
In addition, the isotope attached to the biological vector will impact the methodology that
can be implemented. In other words, safety-related dosimetry will focus of organs at risk
(OARs) whereas efficacy-related dosimetry will focus on tumors 33,

This is consistent with legal requirements, derived from EURATOM Directive 97/43 and the
more recent 2013/59 that states: “For all medical exposure of patients for radiotherapeutic
purposes, exposures of target volumes shall be individually planned and their delivery
appropriately verified taking into account that doses to non-target volumes and tissues shall
be as low as reasonably achievable and consistent with the intended radiotherapeutic
purpose of the exposure.” In that respect, dosimetry that works should establish the relation
between injected activity and observed biological or clinical effect: “The objective of
dosimetry in targeted radionuclide therapy is to provide information that will help improve
patient care. With this objective, estimated absorbed dose is useful to the extent that it
relates to response” 34, In that sense, dosimetry is the missing link that allows for real
treatment personalization.

The current administration scheme of 177Lu-labeled peptides is based on repeated
administrations of fixed activities, most often 4 to 6 cycles of 7.4 GBq of
radiophamarceutical.

» The front-line OAR is the kidney, as toxicity has been observed in that kind of
treatment, even though initially with 0Y-labelled peptides. This explains why the
renal function is followed during the course of the treatment. Suspicion of kidney
toxicity may lead to a decrease injected activities or even stop the treatment.

e The second OAR is bone marrow.

«  Tumor dosimetry has been reported, even though to-date more as a way to
document the therapy than as a means to define the posology. However, a
significant correlation between absorbed dose and tumor reduction was reported 3°.

Dosimetry that works in PRRT should aim at assessing kidneys, bone marrow, and tumor
absorbed doses, with the aim of establishing the relationship between absorbed dose and
observed effect.

Regarding clinical dosimetry, the well-known %Y-DOTATOC trial yielded very important
conclusions 36:

e Activity quantification (and cumulated activity determination) is of paramount
importance. 86Y-DOTATOC was used to assess pharmacokinetics 37, a far from
trivial task as 88Y is a “dirty isotope” with low positron abundance and emits a high
proportion of single gammas in the range of the coincidence window 38,

»  The model used for absorbed dose calculation also has a major impact: By moving
from a “standard” kidney model for all patients to a better accounting of patient-
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specific kidney volume, the correlation between absorbed dose and kidney toxicity
significantly improved.

« Accounting for radiobiological parameters (computation of the Biologic Equivalent
Dose — BED) allowed to further improve the correlation. It is remarkable that this
was accomplished by deriving BED values from parameters issued from External
Beam Radiotherapy, thereby illustrating the fact that a quite robust phenomenon is
supporting that absorbed dose effect correlation 3°.

» Inaretrospective study, Walrand et al. also demonstrate a good correlation
between red marrow absorbed dose and platelet count reduction at the nadir.

For 177Lu-labelled PRRT, kidney toxicity is far less frequent 20, a fact that can be explained
partly by the different range of radiation emitted by 177Lu as compared to %Y 40. This
makes the determination of the absorbed dose (or surrogate)—effect relationship more
difficult to characterize.

Dosimetry with 177Lu-labelled peptides, when performed, is usually meant to insure that the
absorbed dose (or surrogate) delivered to kidney will not exceed a certain threshold (safety).
Nephrotoxicity is increased in patients with baseline impaired renal function and is more
frequently observed in those who develop hematotoxicity during PRRT. Nephroptection by
using positively charged molecules such as L-lysine and/or L-arginine (which competitively
inhibit the proximal tubular reabsorption of the radiopeptide) is recommended.

There is usually no pre-therapeutic dosimetry: absorbed dose is assessed for every therapy
cycle, in order to insure that the next cycle can be safely administered. This “conservative”
approach relies on the hypothesis that intra-patient pharmacokinetics variability is inferior to
inter-patient variability.

On principle, that scheme could be used to modulate injected activity—as is done, for
example, in 1311-mIBG neuroblastoma Molecular Radiotherapy where the absorbed dose
assessed for the first, fixed injection (444 MBq/kg) is used to derive the activity to
administer for the second injection, under the constraint of limiting the whole body absorbed
dose below 4 Gy 1.

The fact is that 177Lu-labelled PRRT, as currently delivered, is not very toxic: the maximum
tolerated absorbed dose has probably not been reached, and therefore absorbed dose—toxicity
correlations are difficult to put in evidence. In that context, it is difficult to conclude: a
potential reason for that apparent absence of correlation could lie in methodological flaws in
the dosimetric protocol implemented, but a more trivial reason could be that the lack of
effect limits the possibility of evaluating the dose-response relationship.

The dosimetric protocols implemented suffer from a very high heterogeneity, and the
comparison and appraisal of uncertainties is very difficult to get 42.

Most protocols implement 2D whole body dosimetry at different times after injection (3 to 7
time-points), even though this approach is known to be limited, essentially due to the
overlap of source contribution in Ant-Post projections and the difficulty of correcting for

PET Clin. Author manuscript; available in PMC 2015 October 23.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 8

background. Time sampling is also very variable, and this is known to markedly impact the
determination of cumulated activities 43. Even for 3D approaches, protocols can hardly be
compared.

A discussion of the current means to derive dosimetry for PRRT is given in an article from
Cremonesi #2. In figure 2, they present the various possibilities offered for pre- and post-
therapeutic dosimetry. The possibility of using 88Ga as a surrogate isotope for quantitative
imaging PET studies is mentioned. However, due to the very short physical half-life of %8Ga
(68 min) compared to 20Y and 177Lu, data collection can only be performed for up to a few
hours after the injection (Table 1). This, on principle, should rule out 58Ga for dosimetric
studies. However, some recent studies highlighted the potential of $8Ga for assessing the
response to PRRT 3244, This means that the “effect” of the absorbed dose—effect
relationship can be identified. It is therefore tempting to see how %8Ga could be used in a
dosimetric context. VVelikyan proposed an elegant concept for combining the good activity
quantification obtained from 88Ga PET imaging with late data acquisition from 177Lu blood
sampling or quantitative SPECT imaging. This approach certainly deserves to be studied.
Beyond internal dosimetry, there are also unidentified individual susceptibilities to
radiation-associated disease 4°.

Conclusion

Theranostics of GEP-NETs based on 88Ga-labeled-SSTa PET imaging and targeted therapy
applying PRRT with 90Y and/or 177Lu-labeled SSTa has paved the way to personalized
medicine (Figure 3). Future directions include the clinical use of somatostatin antagonists as
targeting peptides for imaging and therapy 46 and the development of novel receptor-
targeting radiopharmaceuticals that will offer exciting perspectives for theranostics of NETS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 2

EBmax (Mev)  Max tissue penetration range (mm)

1.9 10
2.3 12
0.5 <2
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