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Opinion statement

Neuroendocrine neoplasia (NEN) represents a heterogenous group of tumours. Guide-
lines regarding treatment choice and sequencing remain complex given varied primary
sites, hormone-secretory status, tumour grade, disease heterogeneity, and paucity of
rigorous comparative trials due to rarity of this condition. However, there is increas-
ing evidence that peptide receptor radionuclide therapy (PRRT) is an effective
treatment, especially for grade 1 and 2 NEN. Primary indications for treatment include
oncologic control in patients with progressive disease and symptomatic control in the
context of hormone-secretory syndromes or tumour-related pain. However, strategies
are needed to further optimize efficacy and outcomes, and to expand treatment
indications. Important considerations could include personalized PRRT regimens
based on better characterization of the disease in an individual patient. Future
directions should also focus on strategies to further enhance the efficacy of PRRT
including combination treatments with other systemic therapies, such as
radiosensitising chemotherapy, DNA repair–modifying agents and immunotherapy.
Further evolution of therapeutic radiopharmaceuticals also offers promise.
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Introduction

Peptide receptor radionuclide therapy (PRRT) delivers
highly localised radiation by targeting somatostatin pep-
tide receptors (SSTR) on specific tumour cells [1••]. This
therapy has been introduced over the past two to three
decades, primarily for the treatment of unresectable/
metastatic well-differentiated neuroendocrine neo-
plasms (NEN). These tumours typically have high SSTR
expression allowing targeted PRRT. NEN represents a
rare heterogenous group of tumours arising from the
diffuse endocrine system, most typically from
gastroenteropancreatic (GEP) origins, and also from
the bronchopulmonary system or thymus. Although
each individual subtype has a low incidence, the total
number of new diagnoses of NEN is increasing world-
wide [2, 3•].

PRRT is comprised of threemain components: a high
activity radionuclide (Table 1), linked to a chelator
(DTPA or DOTA), which binds to a SSTR-binding li-
gand, which is typically a somatostatin analogue. Initial
evaluation of PRRT utilized 111In, which emits Auger
electrons with a short tissue penetration range (maxi-
mum 10 μm) [4]. This radionuclide demonstrated

relatively low objective response rates [5, 6], and when
combined with high cost and limited availability have
restricted its routine clinical use. 90Y emits the most
energetic beta particles with maximum penetration
range of 12 mm [4], resulting in favourable objective
response rates of 10–30%, but with moderate toxicity,
particularly nephrotoxicity which tends to occur when
renoprotective amino acid infusions are not used [7, 8].
177Lu has a favourable intermediate beta particle emis-
sion (maximum penetration of 3 mm) [4] achieving
similar objective responses but with limited toxicity
compared with 90Y-labelled PRRT. Hence, 177Lu PRRT
is currently the radionuclide of choice in most circum-
stances. For PRRT to be effective, all lesions must have
high SSTR expression to enable adequate therapeutic
targeting. This characteristic is detected by molecular
imaging techniques with conventional 111In-octreotide
scintigraphy, or with the more sensitive technique of
68Ga-based PET/CT [9]. This article provides an update
of the current role of PRRT focusing on the treatment of
NEN, as well as outlining some potential future devel-
opments and directions in this field.

PRRT for neuroendocrine neoplasia—current evidence

PRRT has been used by many centres worldwide for the treatment of NEN for the
last two to three decades; however, due to the rarity and heterogeneity of disease,

Table 1. Physical properties of radionuclides potentially applicable for radionuclide therapy for NEN

Radionuclide Half-life Emissions Mean energy
(keV)

Maximum tissue
penetration range

Source

Indium-111 2.81 days Conversion
electrons

245 550 μm Cyclotron

Auger
electrons

25 10 μm

Gamma rays 171, 245

Yttrium-90 2.67 days Beta particles 934 12 mm Generator

Lutetium-177 6.65 days Short beta
gamma rays

149
208

3 mm Reactor

Copper-67 2.58 days Beta particles
Gamma rays

121
184

2–3 mm Reactor/cyclotron

Bismuth-213 45 min Alpha 8320 84 μm Generator

Actinium-225 10 days Alpha 6800 61 μm Accelerator
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few rigorous multicentre trials have been performed. Direct comparison of out-
comes has been challenging due to variation in patient eligibility, varying treatment
protocols, and inconsistent outcome and follow upmeasures used between differ-
ent centres. Nonetheless, there is a relatively high consensus regarding the effec-
tiveness of PRRT for SSTR positive GEP NEN, with evidence of encouraging
morphologic responses, disease control rates, overall progression-free survival
(PFS), and overall survival (OS) [1••].

The NETTER-1 study was the first prospective randomised trial to confirm the
efficacy of PRRT [10••]. This phase III trial involved a 1:1 randomisation of 229
patients with progressive metastatic small intestinal NEN (grade 1 or 2, Ki67 G
20%) on monthly Sandostatin LAR 30 mg, to either dose escalation of octreotide
LAR to 60 mg, versus 177Lu-dotatate + Sandostatin LAR 30 mg. The PRRT protocol
involved 4 cycles of 7.4 GBq of 177Lu-dotatate at 8-week intervals.Median PFSwas
not reached with 177Lu-dotatate compared with 8.4 months for the high-dose
octreotide LAR arm (pG 0.001). The interim analysis indicated that the estimated
risk of death was 60% lower in the PRRT arm than the control group (p = 0.004;
hazard ratio 0.40). The objective response rate was also superior in the PRRT arm:
18% versus 3% (p G 0.0004). Final analysis of long-term outcome is not yet
available. These prospective results provide strong evidence confirming the effec-
tiveness of 177Lu-dotatate PRRT in SSTR-positive small intestinal NEN, in keeping
with other phase I–II institutional studies and retrospective analyses ofmany single
institutional experiences (Fig. 1).

Fig. 1. Case illustrating significant imaging response from PRRT. Top row: 68Ga-DOTA-octreotate PET/CT maximum intensity
projection (MIP images); middle row: unenhanced CT component of PET/CT; bottom row: corresponding trans-axial fused images.
Fifty-year-old female with G2 small intestinal NEN (Ki-67 of 12%) and hepatic and nodal metastases (column A). Disease progressed
despite somatostatin analogue (SSA) therapy (column B) with increasing tumour burden, number, and size of lesions. Due to high
SSTR expression and progressive disease, 4 cycles of 177Lu-DOTATATE PRRT were given, achieving a significant reduction in tumour
burden post-PRRT on 68Ga-DOTA-octreotate PET/CT (column C). Red arrows highlight an index liver lesion on trans-axial images
which progressed in size following SSA but regressed after PRRT treatment.
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The evidence base for PRRT inmetastatic NEN from pancreatic origin is also
encouraging but currently limited to single institutional and largely retrospec-
tive reports with treatment generally administered on a compassionate basis.
For example, Ezzidin et al. analysed 68 patients with progressive and advanced
grade 1 or 2 pancreatic NEN treated with 177Lu-dotatate showing a PFS of
34 months with reversible grade 3 or higher haematotoxicity in 5.9% and no
significant nephrotoxicity [11]. PRRT may also play a role in neoadjuvant use
for patients with unresectable or borderline resectable primary pancreatic NEN
[12, 13].

The results of the NETTER-1 trial and other institutional series have recently
led to regulatory approval of 177Lu-dotatate in the USA and in several European
countries for patients with progressivemetastatic GEPNEN. PRRT is also widely
used in other jurisdictions both for NEN and other indications under compas-
sionate use guidelines. Treatment indications and approvals are likely to expand
in the future as prospective trials provide further supporting evidence.

Regarding side effects, PRRT is generally well tolerated with limited acute
and medium-term toxicity profiles. Potential acute side effects include nausea
and vomiting, which is usually attributed to amino acid infusion used for renal
protection but can be readily prevented with the use of 5-HT-3 antagonists.
Hyperkalaemia can be associated with amino acid infusion, and the use of a
loop diuretic during infusion could be considered to enhance potassium excre-
tion in patients with levels in the upper end of the normal range [1••]. Lethargy,
flare of symptoms including increasing pain or discomfort secondary to tumour
swelling or worsening of hormone secretory symptoms (such as flushing or
diarrhoea) can occur due to release of pre-formed hormones from cellular
damage, but these symptoms are usually transient and most pronounced after
the first cycle [1••, 14]. Hormone crisis is rare and reported in G 1%. Temporary
mild hair loss has been described in 60% of patients [1••]. In the prospective
NETTER-1 trial, treatment was well tolerated overall with themost documented
side effects consisting of grade 1–2 nausea and vomiting, attributable to com-
mercial amino acids used for renal prophylaxis. There was no excess acute
nephrotoxicity observed in the 177Lu-dotatate arm.

Side effects of greatest long-term concern include potential renal and mar-
row toxicity. 90Y is considered more nephrotoxic due to the longer range of its
beta particle. A recent large series of 807 patients found that treatment with 90Y
or combined 90Y+177Lu was more likely to result in nephrotoxicity than treat-
ment with 177Lu alone, but severe renal complications were uncommon (1.5%)
[15]. Long-term follow-up by other groups has also demonstrated low rates of
nephrotoxicity from 177Lu when used with amino acids [1••].

Subacute grade 3 or 4 haematological toxicities have been reported to occur
in up to 11% of patients [16]. The incidence for therapy-related myeloid
neoplasms (t-MN) including myelodysplasia (MDS) or acute (AL) leukaemia
ranges from 1 to 5.4% [15, 17–19], but underlying mechanisms remain poorly
understood. Bodei et al. reported an incidence of MDS/AL of 3.45% in the
largest yet-reported cohort of 807 patients. Variables most significantly associ-
ated with these events were duration of PRRT and platelet toxicity grade during
treatment. No other definite patient- or treatment-associated factors were iden-
tified, raising the possibility of pre-existing biological or genetic susceptibility as
potential contributing factors, which would require further prospective investi-
gation. In the NETTER-1 study, grade 3 or 4 neutropenia, thrombocytopenia,
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and lymphopenia occurred in 1, 2, and 9% of patients in the PRRT arm versus
none in controls. One case of MDS was attributed to PRRT, but longer-term
follow-up is not yet available [10••].

PRRT for symptom control

A proportion of NEN can secrete active hormones causing specific clinical
syndromes. Up to 13% of small bowel NEN secrete serotonin resulting in
carcinoid syndrome characterised by flushing, diarrhoea, and bronchospasm
[20]. Hormone-secretory symptoms as well as tumour-related pain often lead to
a reduced quality of life (QOL) for these patients compared with the general
population and can significantly affect overall function [21, 22]. Somatostatin
analogues (SSA) are usually effective as first-line treatment to reduce hormone
secretion [23, 24]. Improvement in QOL has been reported in several single-
arm PRRT studies [25–27]. One of the largest series, including 265 NEN
patients treated with 177Lu-dotatate, reported significant improvement on the
EORTC QLQ C-30 scale in global health status, QOL, Karnosfsky performance
score, and symptoms including diarrhoea [28]. Prospective data from the
NETTER-1 trial also demonstrated significant QOL benefit for patients with
progressive midgut NEN compared with high-dose LAR control arm, particu-
larly with significant delay in time to deterioration in key QOL domains
including global health, physical functioning, role functioning, diarrhoea, pain,
and fatigue [10••].

The majority (60–90%) of pancreatic NEN are non-functioning tumours,
but a small proportion can secrete specific hormones causing distinct functional
syndromes. The most typical are gastrinoma, insulinoma, and glucagonoma.
Other less common hormone syndromes relate to secretion of vasoactive
intestinal peptide (VIP), adrenocorticotropic hormone (ACTH), growth
hormone–releasing hormone (GHRH), parathyroid hormone–related peptide
(PTHrP), and others [20, 29, 30]. Despite reports mainly generated from small
retrospective institutional series, there is increasing evidence supporting the
efficacy of PRRT in treating functional syndromes and achieving oncologic
control from pancreatic NEN, particularly for gastrinomas, glucagonomas,
and insulinomas [20, 31–35]. Further larger multicentre PRRT trials are needed
to confirm the utility of PRRT in these rare subgroups.

Future directions
Expanding indications—prospective trials

Based on the prospective NETTER-1 trial and results from multiple previous
institutional series, 177Lu-dotatate has now been approved for use for progres-
sive grade 1 and 2 GEP NEN in the USA and many countries in Europe.
However, provided that SSTR expression is retained, there is increasing evidence
that PRRT is also effective in a subset of patients with grade 3 NEN, particularly
in those with Ki-67 of 21–55%, or well-differentiated, SSTR-positive G3 NET. It
is increasingly recognized that these patients respond poorly to ‘standard’
platinum-etoposide chemotherapy [36–40]. The NORDIC study showed that
NEN with Ki67 of 21–55% has lower responses to platinum-etoposide than
those with Ki67 9 55% (15% vs 42%), despite having a superior median OS
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(14 months vs 10 months) [41]. A recent retrospective Australian study (28
patients) suggested promising responses from PRRT in similar patients, with an
impressive OS of 46 months for the Ki-67 ≤ 55% subgroup [42•]. Nicolini et al.
reportedmedian PFS of 23 andOS 52 months, with disease control rate of 70%
with PRRT [43]. A subsequent retrospective multicentre Scandinavian series of
149 also showed favourablemedian OS 31 months in the subgroup of patients
with Ki 67 of 21–55% [44•]. Therefore, further prospective multicentre studies
are warranted to confirm efficacy and to expand indications for PRRT in this
poor prognostic G3 subgroup.

The more rapid proliferation of higher grade tumours may require closer
spacing of treatment cycles to avoid early repopulation of cancer cells between
treatments, whereas low-grade tumours may take longer to come back into
cycle. It has long been recognized that actively growing cells are more suscep-
tible to cytotoxic therapies, and timing of treatment cycles to coincide with
restitution of growth may be important for treatment response as well as
durability of disease control.

Personalized versus standardized treatment
To date, there is no consensus regarding the optimal treatment protocol with
variable opinion in relation to the type of radiopharmaceutical, the adminis-
tered activity, the number of cycles, the time interval between cycles, or the best
method for response assessment. Protocols vary between countries and centres.
These partly depend on local regulations, funding mechanisms, logistics of
radiopharmaceutical supply, and experience. Most centres, however, use a
standard PRRT regimen based on the initial protocol developed by the Erasmus
Medical Center in Rotterdam. This includes 4 cycles of a single agent of fixed
administered activity of 7.4 GBq (200 mCi), administered 8 weeks apart re-
gardless of patient or disease characteristics. This was the protocol adopted by
the NETTER-1 trial. However, the significant heterogeneity in disease distribu-
tion, grade, phenotype, and tumour burden as well as patient-related features
including body mass and renal function may influence both bioavailability to
tumour and off-target radiation exposure. These variations could justify devel-
opment of a more personalized approach [45]. One consideration is the choice
and sequencing/combination of currently available therapeutic radionuclides
to optimize therapy to lesions of different sizes. 90Y has theoretical advantages
for larger lesions due to its long β-particle path length whilst 177Lu may be
better suited to smaller lesions [46].

Results of combination therapy are encouraging [1••, 47, 48]. Using 90Y-
PRRT upfront, the “tumor sink effect” in high disease burden can limit radiation
exposure to normal organs; sequencing with subsequent 177Lu-dotatate in
patients with bulky but responding tumours may allow greater upfront radia-
tion dose to tumour, whilst limiting potential associated toxicity [35]. However,
these approaches require further validation.

Whilst no prospective comparative studies are yet available, patients with
liver-dominant disease may benefit from hepatic arterial administration rather
than use of the conventional intravenous administration [49, 50]. Further trials
are warranted. Agents with Auger electron or alpha particle decay also have
potential advantages for the treatment of micro-metastatic disease and may
particularly play a role in diffuse infiltrative disease. 111In-PRRT is an example of
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the former type of physical decay whereas alpha-emitting radionuclides are
discussed later.

Another consideration is the variation of administered activity, number of
cycles, and time interval between cycles according to disease and patient factors.
It has previously been shown that tumour sequestration is a major factor
leading to a ‘sink effect’ that decreases activity in non-target organs such as the
kidneys [51]. This supports the rationale for potentially administering higher
administered activity to patients with higher tumour burden. The role of
prospective quantitative dosimetry is an important aspect for future investiga-
tion and development, to better define administered activity to maximize
tumour dose whilst limiting physiologic exposure/toxicity to provide personal-
ized calculated administration of PRRT. The currently used 68Ga-labelled PET
tracer provides excellent diagnostic quality, but its short physical half-life of
68 min significantly limits its ability to perform multi-time point or delayed
imaging for dosimetry purposes. Further diagnostic tracers of longer half-life or
theranostic pairs such as 64Cu/67Cu could potentially be beneficial and are
currently being investigated [52].

Combination therapies with PRRT
To further enhance effectiveness of radiation-induced damage from PRRT, com-
bining PRRT with radiosensitising treatments can be considered. Several studies
have used concomitant chemotherapy including infusional 5FU or oral capecit-
abine [6, 53–56], or capecitabine + temozolomide [57] with favourable re-
sponses and acceptable toxicity for patients with metastatic NEN, but there is
lack of prospective data to compare against PRRT alone, despite some studies
being currently underway. Another novel approach is combination of PRRT with
poly ADP ribose polymerase (PARP) inhibitors to reduce the efficacy of single-
strand DNA-break repair. Preliminary pre-clinical data suggest this combined
regimen significantly enhances PRRT-induced cell death with increase of DNA
double-strand breaks compared with 177Lu-dotatate alone, and results in signif-
icant reduction in tumour volume [58]. A prospective phase I clinical trial is
being planned in Australia to evaluate this novel combination to enhance PRRT
efficacy in NEN patients. The possibility of increasing immune recognition of
NEN through cellular radiation damage and subsequent neoantigen presentation
provides an attractive rationale for combining PRRT with immune checkpoint
therapy. A proof-of-concept study using PRRT with immunotherapy is being
performed in Merkel cell carcinoma, a disease with neuroendocrine features
including SSTR expression in a proportion of cases.

New developments—peptide, radionuclide, and receptor targeting

New peptide

There is evidence that radiolabelled SSTR2 antagonists (as opposed to
agonists) generate higher tumour doses and more DNA double-strand
breaks than agonists, resulting in better treatment efficacy despite poor
internalization [59]. 177Lu-DOTA-JR11 (177Lu-OPS201) is currently being
evaluated in a phase 1–2 multicentre study (ClinicalTrials.gov identifier
NCT02592707) and in a theranostic study of the associated 68Ga-diag-
nostic agent (ClinicalTrials.gov identifier: NCT02609737).
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New radionuclide

Alpha particle-emitting radionuclide therapies are also being developed
and generating interest, with advantages of very high energy deposition and
a short path length of 40–100 μm, equivalent to the thickness of 1–3 cell
widths. The short therapeutic range leads to high intracellular accumulation
of the alpha particle and a higher chance of target damage to the cell’s
nucleus [60•]. Early experience with alpha emitters has shown effectiveness
in prostate cancer among patients refractory to 177Lu prostate-specific an-
tigen treatment [61, 62], but its clinical evidence in NEN is sparse. The two
principal therapeutic alpha radionuclides used in preclinical- and clinical-
targeted therapy of SSTR tumours are Bismuth-213 (213Bi) and Actinium-
225 (225Ac) (Table 1). Another alpha-emitting radionuclide is Lead-212
(212Pb). 213Bi has a short half-life of 45 min and can be produced from a
225Ac/213Bi generator, but the short half-life would require an on-site
radiopharmacy to produce the compound. The short half-life of 213Bi could
have some advantages given the higher dose rates. 213Bi has been success-
fully labelled with DOTA peptides with 9 99% purity in preclinical and
clinical studies [63, 64]. Alternatively, 225Ac has a longer half-life of almost
10 days. Several pre-clinical studies using both 213Bi- and 225Ac-labelled
SSTR therapy have been performed [60•]. The first-in-human study in NEN
was published in 2014 by the Heidelberg group [63]. They presented 8
patients with progressive NEN refractory to 90Y/177Lu-DOTATOC treat-
ment, subsequently treated with 213Bi-DOTATOC (7 patients treated with
intra-arterial administration) showing enduring responses in all treated
patients (1 complete response, 3 partial response, 3 stable disease, and 1
not evaluable). Moderate chronic kidney toxicity was observed (mean
reduction of glomerular filtration rate 30%), and acute haemotoxicity was
less pronounced than with preceding beta therapies. Formal prospective
trials are needed to assess the promising efficacy of alpha-emitting
radiolabelled SSAs. A phase 1 study of 212Pb-DOTAMTATE
(AlphaMedixTM) for SSTR+ NEN is underway (NCT03466216).
Other radionuclide theranostic pairs of interest include 64Cu/67Cu and
44Sc/47Sc. 161Tb is a combined beta and Auger electron emitter and may
provide radiation to both larger and microscopic tumour deposits [65].

Multiple receptor targets

The presence of tumour-specific receptors allow direct therapeutic targeting
with radionuclide therapy, as exemplified by PRRT targeting SSTR on NEN
cells. Whilst SSTR remain the dominant target for well-differentiated NEN,
tumour heterogeneity exists, and some tumours can express multiple re-
ceptors concomitantly. For instance, in vitro studies have shown in addi-
tion to SSTR, other peptide receptors such as glucagon-like peptide 1 (GLP-
1) receptor are overexpressed in insulinomas, and glucose-dependent
insulinotropic polypeptide (GlP) receptor and cholecyctokinin-2 (CCK2)
receptors are overexpressed in GEP NENs [66]. In particular, CCK-2 recep-
tors are over-expressed on numerous tumours including medullary thyroid
cancer [67–69] and insulinoma [70].This may represent an important
molecular target for NENwith low or absent SSTR expression. Interestingly,
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54.5% of all NEN patients with disease negative on SSTR-2 imaging were
found to have positive uptake on CCK-2 imaging [67]. Further advances in
the development of radiolabelled CCK-2 PET imaging, with potential
theranostic application for patients with low SSTR-expressing, are expected.
Through discovery of more NEN-specific targets, future directions with
multireceptor targeting could potentially be achieved by multivalent li-
gands, cocktails of ligands, or sequential radioligand administration for
tumours with heterogeneity and multireceptor expression.

PRRT for other tumours with high SSTR expression
Apart from GEP NEN, other tumours that are known to express SSTR include
pheochromocytoma and paraganglioma (PPGL), neuroblastoma, meningi-
oma, Merkel cell carcinoma, medullary thyroid cancer, and small cell lung
cancer [1••]. There is emerging evidence that PRRT can be effective for some
of these conditions in the context of high SSTR expression. In particular,
several retrospective series for patients with SSTR-positive PPGL treated with
PRRT showed low toxicity, favourable disease control [71–75], and symp-
tomatic as well as biochemical response in patients with functional disease.
In one study, 62% PPGL patients were able to reduce antihypertensive
medications at 3 months post-treatment, providing a very promising thera-
peutic option for patients with uncontrolled malignant hypertension [76].
There is also emerging evidence that PRRT is safe and feasible for paediatric
patients with SSTR-positive metastatic neuroblastoma [77–79], supporting
further prospective clinical trials in these patients. A prospective phase 2 trial
(LuDO Trial) has been conducted in the UK; results are yet to be formally
published. A subset of patients with small cell carcinomamay also have high
SSTR expression. Combined 177Lu-dotatate PRRT + carboplatin/etoposide
has shown significant reduction of tumour volume and improved median
overall survival compared with PRRT or carboplatin/etoposide alone in a
pre-clinical study, and significant responses have been demonstrated in early
clinical experiences, warranting further prospective evaluation for these
patients with otherwise poor prognosis [80].

Conclusion

There is no doubt that PRRT is an effective treatment modality with an increas-
ing role for selected patients with SSTR expressing NEN. This treatment is
generally well tolerated but infrequent complications and toxicity can occur
and need to be considered in the context of individual patient and disease
characteristics. Efficacy from PRRT can be optimised to further improve the
outcome of patients with these complex heterogenous diseases. Future studies
should focus on performing well-designed prospective trials and incorporating
patient-reported outcomes, ideally with multicentre participation. Multiple
potential new developments are underway to further improve theranostic
applications, including strategies which allow for a more personalized ap-
proach. These include developments in dosimetry, novel combination treat-
ments, new and radionuclides, new ligands, and new NEN targets. Clearly,
multidisciplinary and collaborative efforts are required to establish the role of
PRRT and to generate new discoveries and developments, with the aims of
improving patient outcomes.
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