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Abstract: Pancreatic neuroendocrine tumors are rare and the majority of patients present in 

the advanced stage. Over the past few decades, treatment for patients with metastatic well- or 

moderately differentiated pancreatic neuroendocrine tumors have not significantly impeded tumor 

progression nor improved survival. However, recent mapping of intracellular signaling pathways 

promoting tumor proliferation, growth, and angiogenesis has presented mammalian target of 

rapamycin (mTOR) as a potential target within the phosphatidylinositol 3-kinase-Akt pathway. 

With the development of the new-generation mTOR inhibitor everolimus, a series of clinical 

trials over the last 5 years have demonstrated significant benefit in delaying tumor progression. 

This review focuses on the mechanism of mTOR inhibition and traces the development of 

clinical evidence for the use of mTOR inhibitors in well- to moderately differentiated advanced 

pancreatic neuroendocrine tumors.
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Introduction
Over two-thirds of neuroendocrine tumors (NET) occur in the gastrointestinal tract. 

Those which arise from the pancreas are known as islet cell tumors, or pancreatic NET 

(PNET), and constitute around 1% of all pancreatic cancers.1 Tumors may be nonfunc-

tional or secretory and classified according to cellular origin (insulinoma, gastrinoma, 

glucagonoma, VIPoma, and somatostatinoma). They are further divided into well-, 

moderately, or poorly differentiated tumors based on mitotic and Ki-67 indices. Around 

two-thirds present in the advanced stage with unresectable tumors or metastases. In 

patients with metastatic disease, median survival is around 24–27 months.1,2 According 

to the Surveillance, Epidemiology, and End Results (SEER) registries, the annual 

incidence has increased from 1.09 per 100,000 in 1973 to 5.25 per 100,000 in 2004.1 

Over the past few decades, there has been little impact on improving clinical outcome. 

For patients with unresectable and progressive disease, systemic treatments including 

interferon and chemotherapy entail severe side effects and have not made a signifi-

cant impact on impeding slow growing, well-differentiated tumors. However, recent 

greater understanding of biological mechanisms driving tumor growth has identified 

new therapeutic opportunities. Although an array of targeted therapies have been 

investigated, recent milestone Phase III clinical trials have demonstrated forerunners 

sunitinib (multitarget tyrosine kinase inhibitor) and everolimus (mammalian target of 

rapamycin [mTOR] inhibitor) could significantly improve progression-free survival 

(PFS).3–7 The Food and Drug Administration granted approval for the use of everolimus 

in patients with progressive well- or moderately differentiated, unresectable localized 
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or metastatic PNET in May 2011. This review focuses on the 

emerging role of everolimus in the treatment of PNET.

Cell signaling and the role of mTOR 
within the phosphatidylinositol 
3-kinase (PI3K)-Akt pathway
mTOR is a serine/threonine kinase intermediary within 

the PI3K-Akt pathway regulating cell growth, prolifera-

tion, and apoptosis.8 Its mode of action was studied via the 

macrolide rapamycin (sirolimus), which was originally used 

as an antifungal treatment approved by the Food and Drug 

Administration in 1999. However, due to its immunosup-

pressive properties, early use of mTOR inhibitors such as 

tacrolimus was for prevention of organ transplant rejection 

before being investigated as an anticancer therapy over the 

last decade with later drugs such as temsirolimus and everoli-

mus. mTOR is a complex molecule comprising mTOR com-

plex-1 (mTORC1) and mTOR complex-2 (mTORC2), which 

regulate cellular function including proliferation, survival, 

and angiogenesis. mTORC1 consists of mTOR associated 

with two proteins: regulatory-associated protein of mTOR 

(raptor) and target of rapamycin complex subunit LST8. 

mTORC2 consists of mTOR and associated proteins: target 

of rapamycin complex subunit LST8, rapamycin-insensitive 

companion of mTOR (rictor), and mitogen-activated pro-

tein kinase-associated protein-1. mTORC1 regulates cel-

lular proliferation via downstream regulators of translation: 

eukaryotic translation initiation factor 4E binding protein-1 

and ribosomal S6 kinase-1 (S6K1). The role of mTORC2 

is less well defined, but is known to directly phosphorylate 

Akt in the PI3K-Akt pathway. S6K1 from mTORC1 inhibits 

the PI3K-Akt pathway via suppression of insulin receptor 

substrate-1; thus, the mTORC1/mTORC2 complex is both an 

upstream and downstream regulator of cellular function.9,10 

The intracellular receptor of rapamycin FKBP12 has been 

shown to bind directly to the corresponding FKBP12-rapamy-

cin binding domain in mTORC1, suppressing downstream 

phosphorylation of S6K1 and eukaryotic translation initia-

tion factor 4E binding protein-1. The FKBP12-rapamycin 

complex cannot bind directly to mTORC2. However, the 

inhibition of mTORC1 by this route then interferes with the 

binding of rapamycin-insensitive companion of mTOR and 

mitogen-activated protein kinase-associated protein-1 within 

the mTORC2 complex, subsequently leading to a reduction 

in downstream Akt signaling (Figure 1).

The PI3K-Akt-mTOR pathway has been implicated 

in the development and progression of NET.11–15 Initial 

use of temsirolimus produced modest results in 2006. 

Already granted Food and Drug Administration approval 

for the treatment of advanced renal carcinoma in 2009, 

the arrival of everolimus demonstrated clinical benefit in 

a series of important clinical trials in PNET over the past 

5 years. Everolimus (RAD-001) is the 40-O-(2-hydroxy-

ethyl) derivative of the macrolide rapamycin (Figure 2). 

However, unlike rapamycin, which is a universal inhibitor 

of mTORC1 and a cell type-specific inhibitor for mTORC2, 

everolimus is selective for mTORC1. Proof of concept was 

demonstrated in rodent-derived insulinoma (INS-1) cell 

lines when exposure to octreotide and everolimus produced 

downstream signal inhibition of S6K1.16 Similar results 

were also seen with human carcinoid cell lines.17 However, 

the effect on Akt regulation after mTOR inhibition remains 

unclear. mTOR inhibition in different tumor cell lines may 

promote apoptosis;18,19 or conversely, encourage cell surviv-

al.20 It is postulated that the differential switching between 

suppression of the PI3K-Akt pathway by mTORC1 and 

phosphorylation of Akt by mTORC2 could dictate the fate 

of cell survival or death.9 In NET cell lines, treatment with 

octreotide and everolimus was shown to block cellular pro-

liferation via the Akt-mTOR-S6K pathway.16 Nevertheless, 

clinical studies have corroborated the benefit of mTOR sup-

pression in PNET, and it is probable that the overall effect 

of mTOR inhibition in PNET is tumor downregulation. 

However, the net effect of mTOR inhibition on collateral 

intracellular signaling networks is not straightforward 

because the regulation of the PI3K-Akt pathway in PNET 

is known to be further elaborated by other pathways includ-

ing cross signaling from the insulin-like growth factor-1 

receptor (IGF-1R) axis21,22 (Figure 3).

Everolimus is available as oral medication which 

is absorbed rapidly, achieving peak concentration after 

1.8 hours and reaching steady state after 7 days. Its pharma-

cokinetic properties are dose-dependent but not influenced by 

age or body weight.23 Reported side effects include stomatitis, 

rash, diarrhea, fatigue, nausea, headache, vomiting, anorexia, 

hyperglycemia, pruritus, thrombocytopenia, neutropenia, 

anemia, and pneumonitis. The developing role of everolimus 

through clinical trials is discussed in the following section.

Clinical data for mTOR inhibition  
in NET (Table 1)
Temsirolimus was an early mTOR inhibitor which dem-

onstrated clinical benefit in a nonrandomized Phase II 

trial that consisted of 36 patients with progressive PNET 

(n = 15) or carcinoid tumors (n = 21) receiving intravenous 

temsirolimus at a weekly dose of 25 mg.24 Confirmed partial 
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low- to intermediate-grade NET (including 29 patients with 

PNET) comparing 5 mg/day versus 10 mg/day combined with 

octreotide long-acting repeatable (LAR) 30 mg every 28 days 

until disease progression or minimum of twelve cycles.4 The 

drug was well tolerated, with 6% of the patients on 10 mg/day 

experiencing grade 3–4 leukopenia, hyperglycemia (9%), and 

hypophosphatemia (11%). Three patients (9%) experienced 

grade 2 pneumonitis and one patient experienced grade 3 

pneumonitis.

Results were encouraging with an overall confirmed PR 

rate of 22% and 70% disease stabilization. When the sub-

group of PNET was analyzed, the confirmed PR rate was 

higher (27% and 60% had stable disease). The higher dose 

correlated with a better PR rate (30% versus 13%), lower 

Rapamycin

FR

Raptor Rictor

FRB

mTOR mTOR 

mTORC1 mTORC2

4EBP1 S6K1 
Akt

phosphorylation

mLST8 mLST8

mSin1

YKL

Figure 1 Simplified diagram illustrating the mammalian target of rapamycin complex and mechanism of mammalian target of rapamycin inhibition by rapamycin.
Abbreviations: 4EBP1, eukaryotic translation initiation factor 4E binding protein-1; FR, FKBP12-rapamycin; FRB, FKBP12-rapamycin binding; mLST8, target of rapamycin 
complex subunit LST8; mSin1, mitogen-activated protein kinase-associated protein-1; mTOR, mammalian target of rapamycin; mTORC1, mammalian target of rapamycin 
complex-1; mTORC2, mammalian target of rapamycin complex-2; raptor, regulatory-associated protein of mammalian target of rapamycin; rictor, rapamycin-insensitive 
companion of mammalian target of rapamycin; S6K1, ribosomal protein S6 kinase-1.

response (PR) was observed in two patients with an overall 

confirmed response rate (RR) of 6% out of the 33 evaluable 

patients (6.7% in the PNET group). In intention-to-treat 

analysis, overall RR was 5.6% (95% confidence interval [CI]: 

0.6%–18.7%) and tumor control rate (stable disease + PR) 

was 63.9% (95% CI: 46.2%–79.2%). Overall disease sta-

bilization was achieved in 60% (20/33) with duration of 

response lasting more than 2 months. Nevertheless, nearly 

a third progressed on treatment. Median time-to-progression 

was 6 months (95% CI: 3.7 months–upper limit not reached), 

with a 6-month PFS rate of 48.1% (95% CI: 33.0%–70.1%) 

and a 1-year PFS rate of 40.1% (95% CI: 23.8%–67.4%).

With the introduction of everolimus, an open-label, 

Phase II, dose-finding, pilot study evaluated 60 patients with 
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risk of progression (3% versus 13%), and longer median PFS 

(72 weeks [95% CI: 60–83 weeks] versus 50 weeks [95% CI: 

23–78 weeks]). Responses were delayed; the best effect was 

seen after 12 months of therapy. Biochemical response and 

reduction in Ki-67 were also reported. Although the study 

was not powered for prospective survival analysis, encour-

aging results meant that the 10-mg dose was adopted as the 

standard in follow-on studies by the investigators.

RADIANT 1 (RAD001 In Advanced Neuroendocrine 

Tumors 1) was a dedicated multicenter Phase II PNET study 

for patients with progressive well to moderately differenti-

ated unresectable or metastatic disease.5 In order to stratify 

for the effect of somatostatin analog treatment, patients were 

divided into those who were naive to octreotide (n = 115) to 

receive everolimus at a dose of 10 mg/day; and those who had 

previously progressed on octreotide prior to entry (n = 45) to 

continue with octreotide LAR in combination with everoli-

mus at 10 mg/day. The primary endpoint of the study was 

objective RR (ORR) in the everolimus only group. Secondary 

endpoints included ORR in the combination group, overall 

PFS, duration of response, overall survival, and safety.

In the everolimus group, according to Response Evalu-

ation Criteria in Solid Tumors at central review, ORR was 

9.6% (95% CI: 4.9%–16.5%), stable disease was 67.8%, 

PFS was 9.7 months (95% CI: 8.3–13.3 months), and overall 

survival was 24.9 months (95% CI: 20.2–27.1 months). In the 

combination group, ORR was 4.4% (95% CI: 0.5%–15.1%), 

stable disease was 80%, PFS was 16.7 months (95% CI: 

11.1 months–upper limit not available), and overall survival 

was not reached after a follow-up period of over 16 months. 

Although this trial did not aim to assess any superiority of 

everolimus in combination with octreotide LAR, the authors 

attributed improved PFS to the additional stabilizing effect 

observed with octreotide.25–27 Although RR was lower than pre-

viously observed in the pilot trial (9.6% versus 27%), this was 

attributed to a smaller cohort and less stringent entry criteria 

not requiring evidence of progression in the earlier study.

Combination treatment was well tolerated and side effects 

most frequently requiring dosage adjustment or interruption 

included hyperglycemia (7.8%), stomatitis (7.0%), diarrhea 

(5.2%), and pyrexia (4.3%) in the monotherapy group, and 

thrombocytopenia (11.1%), pyrexia (11.1%) and stomatitis 

(8.9%) in the combination group. Pneumonitis was grade 2 

or lower, and manageable with dose reduction or interrup-

tion of treatment.

The follow-on multicenter, randomized, double-blinded, 

placebo-controlled, Phase III trial (RADIANT 3) allocated 
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Figure 3 Simplified diagram of the signaling network between surface receptors and 
intracellular pathways involved in tumor progression and angiogenesis in pancreatic 
neuroendocrine tumors, and interaction with mammalian target of rapamycin 
inhibition and somatostatin analog therapy.
Abbreviations: EGFR, epidermal growth factor receptor; ERK1/2, extracellular 
signal-regulated protein kinase 1/2; HiF-1α, hypoxia-inducible factor-1α; 
iGF-1 insulin-like growth factor-1; iGF-1R, insulin-like growth factor-1 receptor; 
iRS-1, insulin receptor substrate-1; MEK, mitogen-activated protein kinase kinase; 
mTOR, mammalian target of rapamycin; MTORC1, mammalian target of rapamycin 
complex-1; mTORC2, mammalian target of rapamycin complex-2; PDGFR, 
platelet-derived growth factor receptor; Pi3K, phosphatidylinositol 3-kinase; PiP3, 
phosphatidylinositol (3,4,5)-triphosphate; SSTR, somatostatin receptor; VEGF, 
vascular endothelial growth factor; VEGFR, vascular endothelial growth factor 
receptor.
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Figure 2 Molecular structure of everolimus.
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410 patients with progressive well- or moderately dif-

ferentiated PNET to best supportive care with everolimus 

10 mg/day or placebo.6 The primary endpoint was PFS based 

on Response Evaluation Criteria in Solid Tumors. Patients 

were treated until progression or development of unaccept-

able side effects, and crossover to everolimus was allowed on 

progression. After a median follow-up period of 17 months, 

the authors reported a significant improvement in PFS in the 

everolimus group compared to placebo (11 months versus 

4.6 months), leading to a significant reduction in risk of 

progression or death (hazard ratio 0.35 [95% CI: 0.27–0.45]; 

P , 0.001) through stabilization of disease. Benefit was 

irrespective of age, gender, race, World Health Organization 

performance status, prior treatment (chemotherapy or soma-

tostatin analog), or tumor grade.

Treatment with everolimus also led to a statistically 

significant increase in tumor response and disease stabi-

lization (PR 5% versus 2% and 73% versus 51%, respec-

tively; P , 0.001). Most frequent grade 3–4 toxicities 

in the everolimus group compared to placebo included 

stomatitis (7% versus 0%), anemia (6% versus 0%), and 

hyperglycemia (5% versus 2%). Although more deaths 

were seen in the everolimus group (6% versus 2%), only 

one was considered to be drug related. The lack of overall 

survival benefit was attributed to 73% of the patients who 

were initially allocated placebo crossing over to everolimus 

at progression.

Potential biomarkers
Dose- and time-dependent rise in lactate dehydrogenase with 

everolimus treatment has been associated with better PFS. 

This is postulated to be related to tumor hypoxia from mTOR 

inhibition.4 Biochemical responses in chromogranin A and 

neuron-specific enolase have also been shown to correlate 

with response to chemotherapy and improved PFS.5

In one report, microarray analysis of 72 PNET with seven 

matched metastatic lesions compared to normal pancreatic 

tissue identified several potential prognostic biomarkers. 

Shorter survival was correlated with downregulated tuberous 

sclerosis-2, downregulated phosphatase and tensin homolog, 

and low expression of somatostatin receptor-2 (SSTR2). 

There was also increased likelihood of liver metastases 

in tumors overexpressing the fibroblast growth factor-13 

(FGF13) gene.12

Multitargeted therapy  
in combination with everolimus  
and future studies
mTOR inhibition plus bevacizumab
Hypoxia-inducible factor-1α is a downstream effector in the 

PI3K-Akt pathway which promotes angiogenesis (Figure 3). 

mTOR inhibition has been shown to target tumor vessel pro-

liferation and metastasis.28–30 Moreover, the antiangiogenic 

mechanism of mTOR inhibition has been found to be distinct 

from that derived from vascular endothelial growth factor 

(VEGF) receptor inhibition;31 therefore, the combination of 

mTOR inhibition with an anti-VEGF antibody would seem 

a logical therapeutic option. Dual inhibition with everolimus 

and bevacizumab was evaluated in a small study of 39 patients 

with low- to intermediate-grade NET $ 3 cm using func-

tional computed tomography.31 Patients were treated with 

either everolimus or bevacizumab for a 21-day initial cycle 

before receiving a combination of both drugs. Functional 

imaging at multiple time points demonstrated treatment with 

bevacizumab alone resulted in a significant (32%; P , 0.01) 

decrease in tumor blood flow and treatment with everolimus 

Table 1 Summary of neuroendocrine tumor clinical trials using mammalian target of rapamycin inhibitors

Study author Tumor type n Treatment PR (%) SD (%) Outcome

Duran et al24 NET 36 
(15 PNET)

Temsirolimus 6 60 mTTP 6 months

Yao et al4 NET 60 
(29 PNET)

Everolimus 5 mg once daily vs 10 mg  
once daily with octreotide

22 70 improved mPFS with 10-mg  
once-daily dose

Yao et al5 
RADiANT 1

PNET 160 Everolimus vs  
everolimus + octreotide

9.6 vs 4.4 67.8 vs 80 9.7 months vs 
16.7 months

Yao et al32 NET 39 Everolimus with bevacizumab 26 69 mPFS 
14.4 months

Yao et al6 
RADiANT 3

PNET 410 Everolimus vs placebo 5 vs 2 73 vs 51 mPFS 
11 months vs 
4.6 months

Abbreviations: mPFS, median progression-free survival; mTTP, median time-to-progression; NET, neuroendocrine tumor; PNET, pancreatic neuroendocrine tumor; 
PR, partial response; RADiANT, RAD001 in Advanced Neuroendocrine Tumors trial; SD, stable disease; vs, versus.
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alone resulted in a significant (13%; P = 0.02) increase in 

mean blood transit time. However, combination treatment 

showed synergistic antitumor activity where a further decrease 

in blood flow and increase in mean transit time was observed. 

When functional imaging results were compared to Response 

Evaluation Criteria in Solid Tumors for response, bidimen-

sional tumor shrinkage correlated with functional imaging 

markers including higher baseline permeability, increased 

posttreatment mean blood transit time, and reduced tumor 

blood flow and blood volume. Thus, with these encouraging 

results, a Phase II study aiming to randomize 138 patients 

with unresectable locally advanced or metastatic PNET to 

everolimus with or without bevacizumab is underway, with 

PFS as the primary endpoint.

Synergistic effect of somatostatin analog 
treatment with everolimus
Somatostatin analog therapy has been traditionally admin-

istered for controlling carcinoid symptoms. Its direct effect 

is to block peptide secretion by binding to somatostatin 

cell surface receptors. However, there is evidence of a sec-

ondary antiproliferative effect in well-differentiated NET 

irrespective of the functional status of the tumors.25,26,33 It 

is postulated that somatostatin analog therapy attenuates 

intracellular signaling via the IGF-1R axis,34 and it has been 

shown that stimulation of IGF-1R causes crossactivation 

of the PI3K-Akt cascade.21,22 Therefore, inhibition of the 

IGF-1R channel could lead to a physiological downregulation 

of cellular progression via the PI3K-Akt pathway. However, 

targeted disruption of mTOR has been demonstrated to cause 

upstream positive feedback and increase Akt activity via the 

IGF-1R pathway, leading to the attenuation of an antiprolif-

erative effect and contributing to a possible route for tumor 

resistance.18,21,22,35 Additionally, octreotide therapy also has 

an antiangiogenic effect via modulation of the intracellular 

levels of VEGF and hypoxia-inducible factor-1α;36 thus, dual 

inhibition could lead to improved antitumor activity. This 

could explain the possible synergistic effect of octreotide 

LAR when combined with everolimus.

Pasireotide (SOM 230) is a new-generation somatostatin 

analog which binds to more SSTR subtypes than octreotide 

(SSTR1, SSTR2a, SSTR2b, SSTR3, and SSTR5). It also 

exhibits antiangiogenic properties by inhibiting VEGF 

secretion37 and suppressing IGF-1.38 A pilot study showed 

symptomatic response in patients refractory to octreotide 

without any increase in the occurrence of side effects.39 

Two trials are underway to evaluate the combination of 

everolimus and pasireotide: COOPERATE-1 (Efficacy of 

Everolimus Alone or in Combination with Pasireotide LAR 

in Advanced PNET-1) will assess safety and tolerability 

and COOPERATE-2 (Efficacy of Everolimus Alone or in 

Combination with Pasireotide LAR in Advanced PNET-2) 

aims to randomize 150 patients with advanced PNET to 

receive everolimus with or without pasireotide LAR, with 

PFS as the primary endpoint.

Further trials
Several current clinical trials are evaluating a range of 

targeted agents in addition to everolimus. In the Phase I 

SORAVE (Sorafenib and Everolimus in Solid Tumors) 

trial, multitarget tyrosine kinase inhibitor sorafenib (targets 

include receptors for VEGF and platelet-derived growth 

factor) is used in patients with refractory solid tumors. For 

patients with low- to intermediate-grade NET, epidermal 

growth factor receptor inhibitor erlotinib is combined with 

everolimus in a Phase II study assessing response as the pri-

mary endpoint; cixutumumab, a fully humanized antibody to 

IGF-1R, is to be evaluated in combination with everolimus 

in a Phase I study.

Conclusion
Cell line studies demonstrating the feasibility of mTOR inhi-

bition have largely been translated into impressive outcomes 

in clinical studies in PNET. However, despite significant 

improvement in median PFS demonstrated in the largest 

clinical trial to date, tumor shrinkage has remained modest. In 

RADIANT 3, the ORR rate was 5% in the everolimus group. 

This is low in comparison to results in RADIANT 1 and the 

pilot study (a 9.6% and 22% PR rate, respectively). Accepting 

the heterogeneity of cohorts between the trials, mechanisms 

which impede treatment apoptosis should be addressed. 

For example, the effect of mTOR inhibition on upstream 

and downstream regulation within the PI3K-Akt and col-

lateral signaling pathways has yet to be fully understood. 

The upregulation of mTORC2 and hyperactivation of Akt 

from selective mTORC1 inhibition by everolimus has been 

described as a possible route for tumor resistance. Further 

understanding of how mTOR inhibition influences the dif-

ferential activation of upregulation versus downregulation 

of Akt by the mTORC1/mTORC2 complex could lead to 

the identification of genetic mutations and polymorphisms, 

development of tailored mTOR inhibitors, and more effective 

sequencing strategies for mTOR therapy.

The influence of parallel intracellular signaling pathways 

on the PI3K-Akt pathway is a complementary area of interest 

and suggests a potential benefit for multiple target inhibition 
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in circumventing aberrant autocrine signaling and curbing 

potential escape mechanisms. Collateral pathways involved 

in tumor angiogenesis and cross triggering of the PI3K-Akt 

cascade by the IGF-1R axis is of current interest. Sequential 

and concurrent treatment with multitarget tyrosine kinase 

inhibitor sunitinib – which has also shown impressive results 

in a separate randomized, placebo-controlled, Phase III study – 

would be interesting to explore. Numerous clinical trials are 

underway to investigate a wide array of targeted therapies 

in combination with mTOR inhibition including antibodies 

to VEGF, epidermal growth factor receptor, IGF-1R, and 

new-generation somatostatin analogs. Building on recent 

milestones, further understanding of the complex interac-

tion between intracellular signaling pathways is required to 

develop more effective future treatment strategies. Perhaps 

then could a better cytotoxic response be achieved in order to 

lead to the true benefit of improved overall survival.
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The authors report no conflicts of interest in this work.
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