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Abstract
The incidence of neuroendocrine tumours (NETs) is increasing, but curative therapeutic options are limited because diagnosis is
often delayed until the tumour has metastasized. Peptide receptor radionuclide therapy (PRRT) is among the most effective
therapeutic options for metastatic NETs because of targeted delivery of radioactivity to the tumour via the somatostatin receptor
(SSTR) and relatively low systemic toxicity. However, current PRRT regimes result in palliation rather than cure, and higher
doses of PRRT that might achieve remission would also be too toxic to the patients. Therefore, there is a need to improve PRRTof
NETs by combining it with other agents to achieve maximum benefits from the internal radiation therapy, while sparing non-
target organs from radiation toxicity. Here we review various current and potential combination strategies to improve 177Lu-
octreotate-based PRRT of NET, some of which could also apply to other radionuclide therapies. These strategies include co-
administered drugs that improve delivery of the radiopharmaceutical via increased tumour perfusion or through increased SSTR
density at tumour surface. Other combinations are aimed at enhancing the biological effects of the radiation-induced DNA
damage in tumour cells or generating additional DNA damage burden to effectively increase the cytotoxicity of PRRT. We also
propose an algorithm for stratifying NET patients to receive or not combination therapies with PRRT. Considering that PRRTand
many of these combination agents are already used for treating patients with NET and other cancers, the proposed strategies to
improve the efficacy of PRRT could be rapidly translated into the clinic.
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Introduction

Neuroendocrine tumours (NETs) are a heterogeneous group
of rare tumours that arise from the diffuse neuroendocrine
cells throughout the body, but occur more frequently in the
gastroenteropancreatic and lung tissues [1]. NETs present a
wide range of clinical presentations depending on their origin
from among 15 or more types of precursor NET cells, and the
hormones and bioactive substances they secrete, which deter-
mine their functioning or non-functioning status [2]. Unlike
most other cancers, there has been a constant increase in the
incidence of NETs over the last decades, reaching 5.86 and
6.98 new cases per 100,000 population in Canada and in the
USA, respectively [3, 4]. While surgery is a curative option, it
is not available for about 60% of NET patients either present-
ing with or developing metastases during follow-up [3]. Since
NETs often overexpress somatostatin receptors (SSTRs), the
first-line treatment consists in the administration of long-
acting somatostatin analogues (SSAs)which have been shown
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to prolong progression-free survival with long-lasting control
of hormonal symptoms and growth inhibition of NET in phase
3 randomized clinical trials [5, 6]. Conventional chemothera-
py is better suited for more aggressive NETs, such as those of
grade 3, and neuroendocrine carcinoma [7], but it has a limited
efficacy against the majority of NETs, which are well-
differentiated tumours [8, 9]. Some biotherapies, such as
everolimus and sunitinib, are now established treatments
against pancreatic NETs, but yield modest objective response
rates [10, 11]. The peptide receptor radionuclide therapy
(PRRT), a systemic targeted radionuclide therapy utilizing
radiolabelled SSAs, has been developed as a palliative treat-
ment for NETs over the last three decades [12, 13].

Peptide receptor radionuclide therapy

The cellular target of PRRT is SSTR, a member of the G
protein–coupled family of receptors, and has five subtypes
(SSTR 1–5), of which SSTR2 is overexpressed by the major-
ity of NETs [14]. In normal and NETcells, a transient binding
by somatostatin to the extracellular N-terminal domain of the
SSTR results in G protein phosphorylation events at the intra-
cellular C-terminal domain of the receptor (Fig. 1) [15]. This
leads to the inhibition of various cAMP- or calcium channel–
mediated downstream events that suppress various cellular
responses including hormonal secretion and growth of NET
cells [16]. Somatostatin-bound receptors are internalized
through the β-arrestin pathway, and the free intracellular
SSTR is either degraded or recycled back to the plasma mem-
brane [17] (Fig. 1). Unlike somatostatin, the SSAs such as
octreotide or lanreotide resist the proteolytic degradation from
endosomal proteases [17, 18], remain longer in the systemic
circulation, and can undergo repeated cycles of engagement
with SSTRs [19] (Fig. 1).

SSAs, mostly octreotide and octreotide derivatives, have
been labelled with various radionuclides for molecular imag-
ing and PRRT of NETs [20]. 111In-DTPA-octreotide has been
used for both imaging and therapy, while [90Y-DOTA,D-
Phe1,Tyr3]octreotide (a.k.a. 90Y-DOTATOC) and [177Lu-
DOTA0,Tyr3]octreotate (a.k.a. 177Lu-octreotate or 177Lu-
DOTATATE) have been the most studied PRRT radiopharma-
ceuticals [21]. Among these, 177Lu-octreotate has become the
preferred PRRT agent, because 177Lu emits medium-energy
(177–498 keV) β particles having an average penetration of
0.25 mm or about 125 cells deep (and maximum penetration
of ~ 2 mm), which is associated with a higher efficacy than
Auger electron–emitting 111In-DTPA-octreotide, and lower
toxicity than 90Y-octreotide, which releases more penetrating
β particles. Further, the low abundance of medium-energy γ
photons (208 keV) of 177Lu facilitates post-therapy imaging
and dosimetry. The emitted particles cause radiation-induced
DNA strand breaks and indirect reactive oxygen–mediated
DNA damage, both of which need to be repaired for survival

of cancer cells (Fig. 1). If not repaired, DNA damage can lead
to apoptosis or senescence of the PRRT-treated cancer cells.
The toxic effect of radiation emanating from 177Lu starts from
the moment it binds to the SSTR on plasma membrane and
continues throughout the process of the degradation of the
peptide components of 177Lu-octreoate in lysosomes and
endosomes (Fig. 1). As such, the radionuclide liberated from
the peptide and receptor could continue to accumulate in the
cell and cause toxic radiation damage for several days until it
decays or is eliminated from the cell (Fig. 1), similar to what
has been shown for 111In in the cells treated with 111In-DTPA-
octreotide [22].

In a randomized-controlled phase 3 trial, 177Lu-octreotate
PRRT has proven its efficacy in treating SSTR2-expressing
midgut NET with longer progression-free survival (PFS) and
improved quality of life as compared with long-acting
octreotide [23, 24]. PRRT efficacy figures also appear
favourable when compared with those obtained with chemo-
therapy and biotherapies, such as tyrosine kinase and mTOR
inhibitors [25, 26]. Despite 177Lu-octreotate PRRT clearly be-
ing one of the most successful targeted therapies for NETs so
far, complete remissions are anecdotal and a risk of significant
toxicity remains an obstacle for administration of higher ra-
dioactivity to all patients [24, 27, 28]. Also, many patients
with NET are currently ineligible to PRRT because they do
not meet the current clinical criterion which is to have an
uptake greater than that of the liver on SSTR imaging (111In-
octreotide scintigraphy or PET/CT with 68Ga-labelled SSA).
Other patients are excluded because they have a high-grade
NET (e.g. grade 3, Ki-67 > 20%), which is associated with a
poorer prognosis. Therefore, many approaches are being ex-
plored to improve therapeutic effects of PRRT, including in
those patients with a lower tumour uptake or higher-grade
NET. Some of these approaches, such as use of α-emitting
radionuclides, combination of radionuclides, radiolabelled so-
matostatin antagonists, and dosimetry-based personalized re-
gimes, have recently been described or reviewed [29–33].
Here, we review different combination treatments that could
enhance efficacy of 177Lu-octreotate PRRT for treatment of
NET. These approaches are broadly divided in three catego-
ries, namely the improved tumour perfusion, SSTR upregula-
tion, and radiosensitization (Table 1 and Fig. 2).

Combination strategies to improve PRRT

Improving tumour perfusion

NETs are known to be hypervascular, but tend to gradually
lose their high microvascular density as they become more
aggressive [67]. The profile of blood vessels changes from
the highly organized network in grade 1 NET to unbranched
and plump vessels in grade 3 NET [68] (Fig. 2(a)). This is
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because the new blood vessels synthesized in response to vas-
cular endothelial growth factor (VEGF) secreted by the tu-
mour are highly disorganized, deprived of pericytes, and
leaky. The leakage of blood from these fragile vessels com-
bined with poor drainage of lymph and stiffening of the ex-
tracellular matrix in and around the tumour enhances pressure
in the interstitial space (reviewed in [69, 70]). Eventually, the

equalization of pressure inside and outside the blood vessels
prevents the extravasation of nutrients, oxygen, and drugs
from the blood. The resultant tumour hypoxia triggers the
secretion of more proangiogenic factors and formation of
more fragile blood vessels creating a vicious cycle of addi-
tional constraints in the delivery of drug to all the tumour cells.
Moreover, the hypoxic tumour cells also enter a quiescent

Fig. 1 Pathways of action of somatostatin, somatostatin analogues, and
radiolabelled somatostatin analogues. Somatostatin or 177Lu-octreotate
binds to somatostatin receptors (SSTRs) on the neuroendocrine tumour
(NET) cell surface. Upon binding, SSTR is activated and G proteins will
dissociate into α and βγ subunits. Gα will inhibit adenylyl cyclase in-
volved in cAMP production and Gβγ will inhibit Ca2

+ channel resulting
in inhibition of hormone secretion. After binding, G protein kinases will
phosphorylate the SSTR, which allows binding of β-arrestin and subse-
quent endocytosis of the somatostatin-coupled receptors. In the early
endosomes, the somatostatin will be rapidly degraded by peptidases, β-
arrestin will be released, and receptors will now be free either to be
recycled rapidly to the surface or slowly through the trans-Golgi network

or to be degraded by lysosomal enzymes. Somatostatin analogues, such
as octreotide and its derivatives, will resist degradation by peptidases. The
dissociation from β-arrestin will therefore be delayed. Once dissociated,
the receptors are again free to be recycled or degraded. On the other hand,
the analogue can be found in the lysosome or the nucleus. Radiolabelled
analogues will emit radiation wherever they are. In the trajectory of the
radiation, reactive oxygen species (ROS) will be created. ROS and the
radiation itself will induce DNA damage, such as DNA single-strand or
double-strand breaks. These breaks will inhibit the progression in cell
cycle. If the DNA damage levels are low, the cell will repair its DNA,
cell cycle will resume, and the cell will survive. If the damage is too high,
the cell will undergo apoptosis
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Table 1 Various combination strategies to improve the efficacy of PRRT of NETs

Class Mechanism of action Agent Stage of research and
cells/models/patients

Key results References

Increasing tumour perfusion

Alkylating
agents

DNA damage by alkylating or
methylating DNA purines

Temozolomide
(TMZ)

Animal model:
xenograft of NCI-H69
human small cell lung
cancer (SCLC) on
NMRI nu/nu mice

- ↑ ktrans value 13 days
after continuous TMZ
treatment

[34]

mTOR inhibitor Inhibition of mTORC1 protein
complex leading to inhibition of
growth and proliferation and the
release of apoptosis-block

Everolimus Clinical: 33 patients with
liver metastases from
pancreatic NET of
grade 1 or 2

- ↑ blood volume on
perfusion CT

[35]

SSTR upregulation

Somatostatin
analogue

Activation of the somatostatin
receptor

Octreotide Animal model:
xenograft of rat
pancreatic tumour
AR42J on CB17 scid
mice

- Short-acting somatostatin
analogue reduces
SSTR2 mRNA levels
in vitro and in vivo

- Long-acting repeatable
SSA increased the
binding of radiolabelled
SSA in vivo

[36]

Lanreotide or
octreotide

Clinical:
- 35 patients with

metastatic NET under
LA-SSA

- 12 patients with
metastatic NET
starting LA-SSA
treatment

- ↓ SUVmax of
68Ga-octreotate in
healthy tissue after
LA-SSA treatment

- ↑ SUVmax of
68Ga-octreotate in
majority of cancerous
lesions after LA-SSA
treatment

[37, 38]

Radiolabelled
somatostatin
analogue

Indirect and direct damage to DNA
and cellular content

177Lu-octreotate Animal model:
xenograft of human
midgut NET GOT1
on BALB/c nude
mice

After 177Lu-octreotate
treatment - ↑ uptake of
111In-octreotate

[39, 40]

After priming with
177Lu-octreotate:

- ↑ uptake of
177Lu-octreotate

- ↑ tumour
progression-free surviv-
al

[41]

Irradiation Indirect and direct damage to DNA
and cellular content

External beam
radiation
therapy (EBRT)

Cell cultures: NCI-H69
(SCLC)

- ↑ uptake of
177Lu-octreotate

- ↑ SSTR2 mRNA in
irradiated SCLC

[42, 43]

Epigenetic drugs Inhibition of DNA methyltransferase,
which increases gene expression

Azacitidine/decitabine Cell cultures:
- Human pancreatic NET

BON-1
- Human prostate cancer

PC3
- Human pancreatic NET

QGP-1

- ↑ SSTR2 mRNA
- ↑ SSTR2 protein levels
- ↑uptake of

68Ga-octreotate in cells

[44, 45]

Animal model:
xenograft of BON-1
and PC3 on
Nude-Foxn1nu mice

- ↑ immunohistologic
staining of SSTR2

- ↑ tumour-to-background
ratio of 68Ga-octreotate
uptake

Inhibitor of histone deacetylase which
increases gene expression

Tacedinaline Cell cultures: BON-1,
PC3, and QGP-1

- ↑ SSTR2 mRNA
- ↑ SSTR2 protein levels
- ↑ uptake of

68Ga-octreotate

[44]

Romidepsin Cell cultures: BON-1,
PC3, and QGP-1

- ↑ uptake of
68Ga-octreotate

[44]
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Table 1 (continued)

Class Mechanism of action Agent Stage of research and
cells/models/patients

Key results References

Valproic acid Cell cultures: human
midgut NET KRJ-1,
BON-1 and QGP-1,
GOT1

- ↑ SSTR2 mRNA in
BON-1 and KRJ-1

- ↓ SSTR2 mRNA in
QGP-1

- No effect on SSTR2
mRNA in GOT1

- ↑ uptake of
68Ga-octreotate, except
GOT1

- ↑ toxicity of
camptothecin-SST on
BON-1

[44–47]

Animal model:
xenograft of BON-1
on nude mice

- ↑ efficacy of
camptothecin-SST

[47]

Anti-metabolite Analogue of the pyrimidine, cytidine,
which disrupts DNA synthesis

Gemcitabine Cell cultures:
- Human pancreatic

adenocarcinoma cell
lines BxPC-3, Panc-1,
Capan-1, and ASPC-1

- Capan-2, AR42J and
NCI-H69

- ↑ uptake of radioligand
after 4 days of treatment

- ↑ efficacy of
177Lu-octreotate in
Capan-2 cells

[48, 49]

Radiosensitization

Anti-metabolite Inhibition of thymidylate synthase
and direct incorporation in DNA
disrupting replication and
translation

5-Fluorouracil (5-FU)
or capecitabine
(CAP)

Clinical–phase 2: 33
patients with
metastatic NET

Clinical–phase 2: 52
patients with
FDG-avid NET

- Well tolerated
- Tumour control in 94%

of patients
- 1 complete remission
- Improved quality of life

[50–54]

Alkylating
agents

DNA damage by alkylating or
methylating DNA purines

TMZ Animal model:
xenograft of NCI-H69
on NMRI nu/nu mice

- ↑ progression-free and
overall survival com-
pared with
177Lu-octreotate alone

[34]

Combination of
an
anti-metabolite
and an
alkylating
agent

Combination of the above two 5-FU + TMZ Clinical–phase 2: 30
patients with grade 1
or 2 pancreatic NET
with 4 years
follow-up

Clinical–5-year toxicity:
65 patients with
aggressive GEP-NET

- Well tolerated
- 13% (4/30) of complete

remission
- 100%of clinical response

(CR, PR, SD)
- Progression-free survival

of 48 months

[55–57]

Combination of
a DNA
cross-linker
and inhibitor of
DNA topo-
isomerase

Carboplatin: cross-links DNA
disrupting its replication, its
transcription, or its repair

Etoposide: inhibits the unwinding of
DNA during replication leading to
DNA double-strand break

Carboplatin +
etoposide

Animal model:
xenograft of NCI-H69
on BALB/c nude
mice

Clinical case report:
patient with
relapsing SCLC

- ↑ progression-free sur-
vival and overall sur-
vival compared with
177Lu-octreotate alone

- Clinical case of major
response

[58]

mTOR inhibitor Inhibition of mTORC1 protein
complex leading to inhibition of
growth and proliferation and the
release of inhibition of apoptosis

Everolimus Animal models:
- Xenograft of CA20948

on Lewis rat
- Xenograft with

NCI-H69 on NMRI
Nu/Nu mice

- ↑ tumour metastatic
burden in CA20948
model treated with
everolimus, with or
without
177Lu-octreotate

- No significant benefit of
everolimus in NCI-H69
model

[59, 60]

Clinical phase 1: 16
patients with
gastroenteropancreatic
NET

- 7.5 mg is the highest
tolerable dose of
everolimus

- 44% overall response rate

[61]
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state and develop drug resistance. Improved delivery of 177Lu-
octreotate via better tumour perfusion can increase the uptake
and thus the absorbed dose and efficacy of the treatment for
the same administered radioactivity (Fig. 2(a) and Table 1).

It has been observed that the anti-angiogenic drugs, which
prevent neovascularization, could allow tumour vasculature to
mature and become more efficient at the delivery of drugs, as
well as radiopharmaceuticals. In parallel, the better tumour
perfusion would also improve the delivery of oxygen, which
per se is a potent radiosensitizer [71]. The anti-angiogenic
agent sunitinib, an inhibitor of multiple tyrosine kinase recep-
tors, has been approved for pancreatic NET therapy by the
FDA [10] and has been shown to potentiate external beam
radiotherapy (EBRT) in preclinical models and in a phase 2
clinical trial of patients with oligometastases from any primary
sites, the head and neck being the most common [72]. The

mTOR inhibitor everolimus has also been approved by the
FDA for treating NETs. While its efficacy is primarily attrib-
uted to its anti-proliferative properties, which will be detailed
later, everolimus also has an anti-angiogenic effect [73].
Recently, results from a study in 33 patients with pancreatic
NET with liver metastases showed that everolimus induced
increased tumour blood volume, which was attributed to im-
proved tumour perfusion [35]. Interestingly, de Jong’s group
used MRI imaging to show that the co-administration of
alkylating agent temozolomide (TMZ) improved tumour per-
fusion and efficacy of the PRRT in NCI-H69 tumour–bearing
animals [34].

Therefore, in future clinical trials, monitoring of parameters
indicative of tumour perfusion, such as quantification of oxy-
genation, blood volume to the tumour, or VEGF and hypoxia-
induced factor blood levels could provide additional

Table 1 (continued)

Class Mechanism of action Agent Stage of research and
cells/models/patients

Key results References

- 80% response rate in 5
patients with pancreatic
NET

NAMPT
inhibitor

Inhibition of the biosynthesis of
nicotinamide adenine dinucleotide

GMX1778 Animal model:
xenograft of GOT1 on
BALB/c nude mice

- ↑ progression-free sur-
vival compared with
177Lu-octreotate alone
and complete remission
with high dose

- No effect on SSTR2

[62]

PARP inhibitor Inhibition of poly(ADP-ribose)
polymerase protein family,
which is implicated in DNA repair

Olaparib Cell cultures: human
osteosarcoma U2OS
transfected with
SSTR2

Ex vivo: pancreatic NET
tissue from patients

- No cell proliferation with
PARPi and
177Lu-octreotate

- Accumulation of DNA
damage in ex vivo NET

- ↑ apoptosis

[63]

DHQ, PJ34, and
veliparib

Cell cultures (monolayer
and spheroids):
BON-1 and human
bronchopulmonary
NET NCI-H727

- ↑ cell cycle arrest and cell
death

- ↑ cytotoxicity of
177Lu-octreotate

[64]

Hedgehog
inhibitor

Binding and inhibition of smoothened
protein blocking downstream
pathway of Hedgehog agonist,
which inhibits proliferation,
migration, and invasion

Sonidegib Animal model:
xenograft of GOT1 on
BALB/c nude mice

- ↑ progression-free sur-
vival compared with
177Lu-octreotate alone

[65]

Multiple combination

Epigenetic +
anti-metabolite

Inhibitor of DNA methyltransferase;
inhibition of thymidylate synthase

5-FU, tacedinaline,
and decitabine

Cell cultures: BON-1,
NCI-H727, GOT1,
and QGP-1

- ↑ DNA damage and cell
death post-EBRT in
BON-1 and QGP-1

- ↑ SSTR2 protein in all
cells, except QGP-1

- ↑ uptake of
68Ga-octreotate in
BON-1 and NCI-H727

[66]
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mechanistic insight supporting combination therapy of these
drugs with PRRT. Thus, the use of chemotherapeutic or anti-
angiogenic drugs to improve the delivery of 177Lu-octreotate
and oxygen to NETs is a promising potentiating strategy for
PRRT that could be rapidly translated into the clinic with these
already approved drugs.

SSTR upregulation

One of the principal determinants of the therapeutic effect of
177Lu-octreotate is the presence of SSTR2 in tumours [74].
For a given level of SSTR, increasing administered activity
of 177Lu-octreotate may not result in proportionally higher
tumour uptake due to saturation of SSTR, which would de-
crease the tumour-to-organ absorbed dose ratio, and thus the
therapeutic index [75]. Conversely, increasing the expression
of SSTR2 by the NET cells could result in a more effective

therapy at equal or lower administered activities of 177Lu-
octreotate, with limited additional risk of toxicity. Here, we
discuss a variety of drugs, as well as radiation, which have
been shown to upregulate expression of SSTR in NETs (Fig.
2(b) and Table 1) and which are candidates for potentiation of
177Lu-octreotate PRRT.

Hormones, growth factors, and somatostatin analogues

Many studies have shown the upregulation of SSTR2 levels in
the brain, pancreas, ovaries, and liver cells treated with hor-
mones and growth factors, such as β-estradiol, gastrin, epi-
dermal growth factor, follicle-stimulating hormone, insulin,
and growth hormone [76–79]. Oestrogen has been shown to
upregulate transcription of SSTR2 in breast cancer, which led
to better characterization of the promoter regions of SSTR2
gene [80–82], and this phenomenon could potentially be

Fig. 2 Strategies to improve therapeutic efficacy of PRRT. (a) Improving
tumour perfusion: Immature and disorganized vasculature in NET results
in heterogeneous and inefficient delivery of 177Lu-octreotate. After
treatment with TMZ or with anti-vascular endothelial growth factor (α-
VEGF), perfusion is improved or vasculature matures, respectively,
allowing homogenous and optimal distribution of 177Lu-octreotate, along
with improved oxygenation in all parts of the tumour. (b) Upregulation of
SSTR: Drugs can induce synthesis or stabilization of SSTR mRNA
resulting in a total increase in SSTR mRNA. Drugs can induce the trans-
lation of SSTR mRNA resulting into more SSTR being synthesized.
Drugs can also increase the recycling of SSTR to the plasma membrane.

(c) Radiosensitizationwith other DNAdamaging agents: 177Lu-octreotate
in combination with a cytotoxic agent creates an excessive amount of
DNA damage that overwhelms the DNA repair pathways and promotes
cell death. (d) Radiosensitization with targeted therapies: mTOR inhibi-
tors can sensitize NET to 177Lu-octreotate by blocking a proliferation and
survival pathway. Nicotinamide phosphoribosyltransferase inhibitors can
sensitize NET to 177Lu-octreotate by blocking NAD recycling disrupting
either DNA repair or aerobic respiration. Poly(ADP-ribose) polymerase
inhibitors (PARPi) can sensitize NET by blocking selected pathways of
DNA repair

Eur J Nucl Med Mol Imaging (2020) 47:907–921 913



exploited for improved expression of SSTR2 in NETs with
other agents, especially considering the reported presence of
oestrogen receptors in some gastroenteropancreatic (GEP) and
pulmonary NETs [83, 84] (Fig. 2(b)). Interestingly, SSA ther-
apy itself has been shown to upregulate SSTR in different
models. For example, the SSTR2 upregulation was shown
after chronic exposure to SSA in pituitary cells [85], and an
increased uptake of octreotide was shown in vivo in a rat
model of pancreatic AR42J cells [36]. The upregulation of
SSTR2 by octreotide alone or in combination with decitabine,
trichostatin, or AT-101 was also seen in different human pros-
tate cancer cell lines [86, 87].

In fact, many NET patients are prescribed long-acting
SSAs for symptomatic control or cytostatic effect, and current
protocols require long-acting SSAs to be stopped for 3–
4 weeks prior to administration of PRRT, to avoid possible
saturation of SSTR. However, in two clinical studies including
35 and 12 NET patients with stable disease, the continuous
treatment with long-acting SSA did not reduce—or some-
times even increased—the uptake of 68Ga-octreotate in tu-
mours, but significantly reduced its uptake in the liver and
spleen [37, 38]. This enhanced tumour-to-background ratio
was suggested to be due to SSTR2 upregulation in NET and
a possible saturation of SSTRs in healthy tissues.
Desensitization and downregulation of SSTR could also con-
tribute to decrease the uptake in the latter. With a better un-
derstanding of the kinetics and mechanisms of SSTR regula-
tion and trafficking by SSAs, the timing and dosage of the
latter could be optimized so that PRRT administration would
coincide with the peak of SSTR upregulation in tumours and/
or SSTR downregulation/saturation in healthy tissues, i.e. the
best tumour-to-organ uptake ratio. In summary, many of the
above-described SSTR level–altering agents, more specifical-
ly long-acting SSAs, which tend to be well tolerated by the
patients, could be useful as combination therapy to enhance
efficacy of PRRT.

Epigenetic drugs

Epigenetic drugs that alter the expression of genes have al-
ready been shown to alter the expression of SSTR in different
cellular and animal models of NET and other cancers. In dif-
ferent NET cells (BON-1, QGP-1, and KRJ-1) and in PC3
prostate cancer cells, DNA methylation inhibitor 5-aza-2′-
deoxycytidine (decitabine) and three histone deacetylase in-
hibitors (HDACi), such as tacedinaline, romidepsin, and
valproic acid, were shown to upregulate SSTR2 expression
and increase the uptake of radiolabelled octreotide; and in
BON-1 cells, the combination of decitabine and tacedinaline
synergistically upregulated SSTR2 expression [44–47]. An
increased SSTR2 expression in response to valproic acid
was exploited for intracellular delivery of lethal doses of
SSA-linked camptothecin and improved cell killing in BON-

1 cells and xenograft model [47]. Thus, the combination with
epigenetic drugs is a promising approach to improve PRRT
with a growing body of preclinical evidence of induced SSTR
upregulation. However, the clinical translation of this ap-
proachwill need to bemade carefully as epigenetic drugs have
a broad range of effects on transcription, and their side effects
are frequent.

Chemotherapy

Many common chemotherapeutic agents have been shown to
modulate the expression of SSTR. 5-Fluorouracil (5-FU),
camptothecin, cisplatin, mitomycin C, and doxorubicin were
shown to reduce the uptake of radiolabelled SSAs in four
different pancreatic adenocarcinoma–derived cell lines. In
contrast, gemcitabine, a nucleoside analogue which inhibits
ribonucleotide reductase and induces cell death, caused an
increase in the uptake of 111In-DOTA-lanreotide after a period
of recovery [48]. Gemcitabine for 4 days also increased the
specific uptake of 177Lu-octreotate in vitro in Capan-2
(human adenocarcinoma), AR42J (rat pancreatic cancer),
and NCI-H69 (human pulmonary NET) cells after a recovery
period of 4 days and increased the toxicity of 177Lu-octreotate
in Capan-2 cells [49]. In a patient with metastatic rectal
NET treated with capecitabine (CAP, a 5-FU precursor)
and TMZ, an increased tumour expression of SSTR2
has been observed on 68Ga-octreotate PET/CT [88].
However, a preclinical study in NCI-H69 cells did not
reveal the upregulation of SSTR2 by TMZ [34], and a
comparative double-arm clinical study in 20 patients
with GEP-NET suggested that pretreatment with CAP
and TMZ did not significantly increase the uptake of
177Lu-octreotate [89]. Thus, the kinetics of SSTR upreg-
ulation in NET by different chemotherapeutics needs to
be carefully calibrated to exploit this option for poten-
tiation of PRRT. Further, the dosing and length of che-
motherapy used for this purpose should be minimized to
avoid synergistic toxicity.

MicroRNAs

The microRNA or miRNA are known to control gene expres-
sion. In non-NET cancers, the levels of miR-185 were shown
to be inversely correlated with the expression of SSTR2 in 20
patients with growth hormone–secreting pituitary adenoma;
and miR-185 mimics or inhibitors could directly downregu-
late or upregulate, respectively, SSTR2 expression in vitro in
rat pituitary adenoma GH3 cells [90]. Thus, miRNA-level
manipulations have the potential to upregulate SSTR, but
there is a need to demonstrate the feasibility of this approach
in NET models.
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Radiation

Radiation has been shown to upregulate SSTR2 and increase
radiolabelled SSA uptake [39, 42, 43, 91–93]. Oddstig et al.
noted an increase in SSTR2 mRNA levels following external
beam radiation therapy (EBRT) of NCI-H69 cells [43], suggest-
ing a molecular response following irradiation that leads to the
increased expression. Dalmo et al. recently showed that pre-
treatment with a low activity of 177Lu-octreotate enhances the
efficacy of a subsequent higher therapeutic activity of 177Lu-
octreotate in a midgut NET (GOT1) xenograft model [41]. The
mechanism of this priming effect was not linked to an increased
expression of SSTR2mRNA, although intratumoural uptake of
177Lu-octreotate was significantly increased, suggesting that
this effect could be mediated by other pathways of increased
intracellular accumulation of 177Lu-octreotate, such as in-
creased SSTR recycling. Interestingly, the increased uptake of
radiolabelled SSA was also looked at spatially as there was a
heterogeneous SSTR2 expression. The same xenograft model
was treated with 177Lu-octreotate and an increased uptake was
seen 7 days post-treatment not only in the central region of the
tumour that received most of the injected activity per gram
(%IA/g) and thus, most of the absorbed dose, but also in pe-
ripheral regions which received half of %IA/g and absorbed
dose relative to the central region [40]. The heterogeneous
177Lu-octreotate uptake within the tumour seemed linked to
the difference in proliferation rate as demonstrated by Ki-67
staining, which was highly expressed in the peripheral region,
where the uptake was lower. The molecular mechanisms of
SSTR2 regulation by radiation are still unclear, but the accu-
mulating evidence of the phenomenon in preclinical models
makes radiation a prime candidate for clinical evaluation.

Radiosensitization

PRRT being an internal radiotherapy, drugs that are used for
potentiating EBRT can be considered first-line candidates to
potentiate PRRT. However, not all radiosensitization strate-
gies used in EBRT may be equally effective in PRRT because
NET biology is different from that of cancers commonly treat-
ed with EBRT—most NETs exhibiting a more indolent
behaviour—and because of the differences in the delivery of
radiation between PRRT (low rate and continuous) and ERBT
(high rate and fractionated). Two strategies have been used in
clinical trials to increase the radiosensitivity of NET to PRRT:
DNA-damaging chemotherapeutics and targeted biotherapies
(Fig. 2(c, d), respectively, and Table 1).

Chemotherapy

Chemotherapeutics have been used successfully for decades
as radiosensitizers in EBRT [94]. A few clinical studies have
examined their effectiveness as radiosensitizers for PRRT

(Fig. 2(c)). The firsts of these to be studied clinically were 5-
FU and its oral prodrug CAP. 5-FU, an anti-metabolite of
DNA synthesis which inhibits thymidine synthase, is known
to be a potent radiosensitizer for EBRT [95]. Three groups
have used this rationale to co-administer 5-FU or CAP to
NET patients treated with PRRT [50–52, 96]. In a retrospec-
tive study of 68 NET patients treated with 5-FU (200 mg/m2/
24 h) starting 4 days prior to 177Lu-octreotate administration
and continuing the infusion for 3 weeks thereafter, a group
fromMelbourne showed that 68% of patients with previously
progressive disease had a stabilization of their disease or a
partial response, while the combination was well tolerated
[53]. They suggested that the combination was more effective
in 18F-fluorodeoxyglucose (FDG)-avid NETs, thought to rep-
resent more aggressive or rapidly proliferating NETs [54]. The
results from two randomized clinical trials of PRRT with or
without CAP currently underway in Italy (NCT02736448,
NCT02736500) will provide more information as to the suit-
ability of this approach to enhance PRRT.

More recently, another Australian group evaluated the
combination of four cycles of 7.9GBq 177Lu-octreotate with
CAP and TMZ (a.k.a.CAPTEM) in 30 patients with grade 1 or
2 pancreatic NETs. These studies showed that combining
177Lu-octreotate with 1500mg/m2 of CAP for 14 days starting
5 days before each cycle along with 200 mg/m2 of TMZ for
the last 5 days of CAP appears as safe as 177Lu-octreotate
alone in the short and long terms [55, 56]. After a 4-year
follow-up, the combination therapy achieved a complete re-
mission rate of 13% in pancreatic NETs, which is substantially
better than previous results of PRRT alone in this NET patient
subpopulation [26, 57]. A multicentre phase 2 randomized
clinical trial is currently comparing the efficacy of PRRT ver-
sus CAP + TMZ or a combina t ion of the three
(NCT02358356). In Bison’s animal study, TMZ by itself po-
tentiated 177Lu-octreotate by radiosensitizing the tumours and
also by increasing perfusion to the tumour [34], as detailed
above. In yet another preclinical study, the combination of
carboplatin, a DNA cross-linking agent, and etoposide, an
inhibitor of the DNA topoisomerase II, with 177Lu-octreotate
exhibited a longer period of tumour control in a mouse model
of human small cell lung cancer (NCI-H69) and prolonged
survival of the animals, which also translated into a clinical
response in one patient with pulmonary NET [58].

Although peptide receptor chemoradionuclide therapy is
promising and is being studied in multicentre clinical trials,
there is a need to identify the specific subpopulation of NETs
that will benefit the most from this combination as compared
with PRRT alone.

Targeted therapies

Molecularly targeted drugs that improve the tumour perfusion
and the radiopharmaceutical delivery, as described above, are
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also candidates for radiosensitizing NET cells to 177Lu-
octreotate therapy (Fig. 2(d) and Table 1). Everolimus has a
direct radiosensitization mechanism through its inhibition of
the mammalian (or mechanistic) target of rapamycin (mTOR)
that regulates cell growth and proliferation in NETs. Since
both PRRT and everolimus have been proven effective as
monotherapies against NET [11], their combination was tested
by two groups. Two animal studies conducted by the
Rotterdam group showed the surprising results that everoli-
mus induced metastases and reduced the efficacy of 177Lu-
octreotate when used in combination in their rat model of
pancreatic tumour cell line CA20948 [59, 60]. They hypoth-
esized that the suppressive effect of everolimus on the im-
mune system could partly explain the increased metastases.
However, this observation has been made in only one animal
model derived from a non-human NET cell line, and no clin-
ical data is available to support that everolimus promotes met-
astatic progression in patients. In an Australian phase 1 study
(NETTLE) in 16 patients, the combination of everolimus and
PRRT appeared well tolerated. The maximum dose of evero-
limus was 7.5 mg/day and the median follow-up was
34 months [61].

The inhibitors of poly(ADP-ribose) polymerase (PARPi)
are being used in the clinic for the therapy of BRCA-mutant
ovarian cancers to target PARP1 and other members of the
PARP family involved in DNA repair pathways [97, 98].
Recent preclinical studies show that PARPi sensitize different
NET cells and U2OS sarcoma cells expressing SSTR2 to
177Lu-octreotate [63, 64]. Both the studies showed that the
inhibition of PARP lead to a greater accumulation of DNA
damage after 177Lu-octreotate treatment as seen with markers
such as 53BP1 or γH2AX, which in turn increase apoptosis.
A nicotinamide phosphoribosyltransferase (NAMPT) inhibi-
tor depletes cells in nicotinamide adenine dinucleotide (NAD)
[99], which is essential in energy metabolism, DNA repair,
gene expression, and stress response [100], and was shown
to block tumour growth and to potentiate the effect of 177Lu-
octreotate in a midgut NET cell line (GOT1) [62]. The target
of NAMPT, NAD, is the substrate for PARP, making the re-
sults from these studies consistent and highlighting NAD me-
tabolism as an important target for radiosensitization of NET
in patients. Indeed, this is especially relevant for those who
suffer from the carcinoid syndrome, as serotonin and NAD are
both derived from tryptophan, which is consumed by seroto-
nin overproduction. This could further lower intracellular and
blood NAD levels [101]. While both NAMPT and PARP in-
hibitors are promising as radiosensitizers, they are both poten-
tially hematotoxic [102, 103]. Therefore, their combination
with PRRT should be attempted prudently in early clinical
studies.

Another study showed that sonidegib that targets the
Hedgehog pathway, which is implicated in gene regulation
of proliferation, migration, and invasion, extended the

progression-free survival in a rat model of midgut NET
(GOT1 xenografts) when combined with 177Lu-octreotate
[65]. With the advantage of specificity of targeted drugs to a
given pathway, it would be interesting to combine PRRTwith
more than one targeted drug. For example, since the combi-
nation of sonidegib with 177Lu-octreotate activates the mTOR
pathway [65], adding an mTOR inhibitor such as everolimus
could further enhance the therapeutic response in this model.

Multiple combination

While each of the three broad categories of combination treat-
ments described above could individually enhance PRRT, a
combination of agents derived from two different proposed
approaches could synergistically enhance PRRT without in-
creasing toxicity. In fact, Jin et al. demonstrated that a combi-
nation of the radiosensitizer 5-FU with epigenetics drugs
tacedinaline or decitabine can upregulate SSTR2 and
radiosensitize the NET cells [66]. Interestingly, this study also
revealed that each of these agents alone acted as both a
radiosensitizer and an SSTR-upregulating agent. Moreover,
the upregulation of SSTR2 by these agents varied with initial
SSTR levels expressed by each cell line. For example, non-
expresser QGP1 had no induction of SSTR2, while low ex-
presser BON-1 cells had robust upregulation and medium to
high expresser (NCI-H727 and GOT1) had mild upregulation
of SSTR2. On the other hand, Fueger et al. had observed the
downregulation of SSTR2 by 5-FU in different cancer cell
models [48]. These opposing effects on SSTR2 upregulation
could be explained by different timing of assessment of
SSTR2 status, or due to inherent differences in NET versus
other cell models. Nonetheless, these studies also highlight the
need to select patients with lower initial levels of SSTR, as
they will benefit the most from SSTR upregulation strategies.

A clinical algorithm for selecting patients
for PRRT-enhancing combinations

Here, we propose a strategy to streamline NET patients who
could benefit from combination-augmented PRRT (Fig. 3).
Currently, the eligibility of NET patients to receive PRRT is
largely based on radiolabelled SSA uptake on SSTR imaging,
and those patients with poor tumour uptake (i.e. lower than
liver uptake) are being denied PRRT. Our review highlights
that some of the patients may become eligible for PRRT if a
combination therapy results in a significantly increased tu-
mour uptake. As a first step, an initial 68Ga-SSA PET/CT
could be used to determine the tumour uptake, and a strategy
to enhance PRRT delivery would be attempted in patients with
a low-uptake NET. Currently, no tool can reliably predict
which NET would respond better to increased perfusion
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versus SSTR2 upregulation. Since the fast-growing tumours
(e.g. high FDG uptake or Ki-67) generally have a more
disrupted vasculature, they would be good candidates to a
perfusion-enhancing strategy. On the other hand, slow-
growing tumours (e.g. low FDG uptake or Ki-67), which are
expected to have normal vasculature, should be subjected to
SSTR-upregulating agents first. The success of increased per-
fusion or SSTR upregulation should be verified with a repeat
68Ga-SSA PET/CT re-assessing eligibility to PRRT.

Thereafter, the patients with slow-growing tumours (e.g.
low FDG uptake or Ki-67) could be subjected to PRRT alone,
as they appear less likely to derive significant added benefits
versus the increased risk of toxicity of a radiosensitizing com-
bination. On the other hand, the patients with faster growing
tumours (e.g. high FDG uptake or Ki-67) may have a
favourable benefit-risk balance regarding the application of a
radiosensitization strategy along with PRRT, since these tu-
mours are more sensitive to chemotherapeutics and potential
side effects would be more acceptable in the setting of a more
aggressive NET conferring a worse prognosis.

Apart from tumour uptake and grading, novel analyses of
circulating RNA transcripts and gene cluster, which have been
shown to predict response to PRRT with a high accuracy
(using a so-called PRRT predictive quotient derived from
NET transcriptome and grade), could potentially help
selecting the most appropriate combination treatments and
monitoring their efficacy [104]. It is even possible that geno-
mic signatures predictive of response to specific combination

strategies exist, but they need to be identified and validated in
conjunction with PRRT for future application to select eligible
patients.

Among different combination strategies to improve
PRRT that we have described, the ones which are most
likely to reach the clinic in the near future are those al-
ready studied in clinical trials, such as the radiosensitizing
agents CAP and TMZ. The combination of PRRT with
PARPi is also likely to be prioritized based on promising
preclinical results and the fact that PARPi is already ap-
proved by the FDA for other malignancies. Among the
perfusion-enhancing agents, sunitinib, the anti-VEGF al-
ready approved for pancreatic NET, needs to be examined
for its capacity to increase the delivery of 177Lu-octreotate
in patients. SSTR upregulators, such as radiation (e.g.
priming PRRT or EBRT) and epigenetics drugs, which
have shown benefits in multiple preclinical studies,
should be excellent candidates for clinical translation.

Conclusion

PRRT is currently one of the most effective palliative treat-
ments for inoperable NETs. Combining PRRT with syner-
gistic drugs that have ideally minimally overlapping toxic-
ities could potentiate PRRT through several mechanisms
such as increased tumour perfusion, SSTR upregulation,
and radiosensitization. Moreover, a combination of

Fig. 3 Clinical decision
algorithm for the selection of
patients to undergo combination
therapy
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multiple PRRT potentiators could be used, in a personal-
ized fashion, to achieve the highest likelihood of therapeu-
tic benefits for patients suffering from NET. These PRRT-
enhancing approaches could be considered for other, non-
NET cancers that have the potential to overexpress SSTR.
Finally, some could be directly relevant to other radionu-
clide therapies, such as the rapidly emerging prostate-
specific membrane antigen radioligand therapy of prostate
cancer (i.e. perfusion-increasing, radiosensitization) or in-
spire analogous strategies (i.e. target upregulation via hor-
monal manipulations, irradiation, or other drugs).
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