Chapter 5
The Role of mTOR Inhibitors

in Neuroendocrine Tumors

Andrew E. Hendifar, Sandy Liu, and Edward Wolin

Abstract There have been major developments in our understanding of the histopatho-
logical classification, genetics, molecular signaling pathways, and treatment of neuro-
endocrine tumors (NETSs) over the last decade. The phosphatidylinositol 3-kinase
(PI3K)/Akt/mammalian target of rapamycin (mTOR) pathway is a promising target for
well-differentiated NETs. The recent success of everolimus, an inhibitor of the mam-
malian target of rapamycin, is proof of principle that targeting this pathway will lead to
improved outcomes in these patients. Novel therapies targeting angiogenesis, such as
bevacizumab and sunitinib, are showing promise in NETs by improving progression-
free survival alone or in combination with mTOR inhibitors. There are an unprece-
dented number of ongoing clinical trials of innovative treatments for this disease, and
the development of combination therapy will lead to better therapeutic outcomes.

5.1 Introduction

Neuroendocrine tumors (NETSs) are a heterogeneous group of tumors that are clas-
sified based on morphological, functional, and clinical features. They are all epithe-
lial tumors with neuroendocrine differentiation and can arise from multiple sites.
NETs are classified as functional (10-30 %) or nonfunctional (50-80 %) based on
their production of specific hormones such as insulin, gastrin, glucagon, and
somatostatin [1, 2]. Since pancreatic NETs (pNETs) are uniquely responsive to
therapy, they are often considered separately from NETs of other primary sites
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(sometimes called “carcinoid”). NETs are described by primary organ site and can
also be grouped according to their presumed embryonic origin, as foregut, midgut,
or hindgut. As such, the nomenclature of neuroendocrine tumors is complicated by
its variations in origination and multiple classification systems.

The incidence of NETSs has been increasing over the last several decades. Based
on the Surveillance, Epidemiology, and End Results (SEER) database, there are
about 5.25 new cases per 100,000 in 2004, and there have been an overall increased
incidence over time for NETs of all gastrointestinal sites [3, 4]. Approximately
64 % of all NETs originate in the gastrointestinal tract [5] and 6 % arise in the pan-
creas [3]. The pathogenesis of the disease is not well understood; however, some
pancreatic NETs are associated with inherited genetic syndromes, including mul-
tiple endocrine neoplasia type 1 (MEN1), von Hippel-Lindau disease, neurofibro-
matosis, and tuberous sclerosis. Nevertheless, the majority of NETs occur
sporadically [6].

Appropriately, the medical treatments for NETs are as varied as their biology.
Several approaches are available including somatostatin analogs, peptide receptors
radionuclide therapy (PRRT), and systemic chemotherapy. Factors considered when
choosing therapies include tumor grade, proliferative index, performance status,
and site of origin. Despite these therapeutic tools, the majority of advanced NETs
will progress despite optimal therapy, and those with a high proliferative index have
a poor prognosis.

For non-pancreatic well-differentiated NETsS, traditional cytotoxic agents have
limited effectiveness due to their lower proliferative index and other genetic
properties related to chemoresistance [7]. Currently, the mainstay of treatment
for midgut NETs is the somatostatin analog octreotide or octreotide long-acting
release (LAR) which results in palliation of symptoms and improves quality of
life [8]. In 2009, this approach was validated; the PROMID study demonstrated
that octreotide LAR significantly increases progression-free survival (PFS) from
6 to 14 months in patients with both functionally active and inactive tumors of
metastatic midgut NET (jejunum, ileum, appendix, and proximal colon) [9].
Once disease progresses, management options include hepatic artery emboliza-
tion therapies, radiofrequency ablation, or metastasis resection to reduce tumor
burden.

Recent advances in our understanding of the biological features and molecu-
lar signaling pathways underlying the progression of NETs have led to the devel-
opment of novel targeted therapies. In 2011, two new systemic agents: sunitinib,
a vascular endothelial growth factor receptor tyrosine kinase inhibitor and evero-
limus, a mTOR inhibitor, were approved for the treatment of pNETs. These
treatments exploit the inherent vascularity and expression of multiple growth
factors associated with NETs. Inhibition of PI3K/Akt/mTOR pathway, one of
the most important pathways implicated in the pathogenesis of NETs, has
improved outcomes and provided new approaches to the treatment of this dis-
ease [10]. The goal of this chapter is to review importance of the PI3K/Akt/
mTOR pathway in NETs and the development of targeted strategies for this
pathway.
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5.2 Role of the PI3K/Akt/mTOR Pathway in NET

The recent success of everolimus, an inhibitor of the mammalian target of rapamy-
cin, is proof of principle that the phosphatidylinositol 3-kinase (PI3K)/Akt/mam-
malian target of rapamycin (mTOR) pathway is important to NET tumorigenesis
and progression. Gene expression profiling and tumor sequencing studies over the
past two decades also confirm the importance of the PI3K/Akt/mTOR pathway to
the pathogenesis of NETs (Table 5.1). Alterations in this pathway identified in neu-
roendocrine tumors include: overexpression of growth factors and receptors, acti-
vating mutations in oncogenes, and mutations in tumor suppressor genes. There is
substantial and accumulating evidence, both in vitro and in vivo, that mTOR plays
an important role in the growth of NETS, particularly pNETs [15, 16].

The PI3K/Akt/mTOR pathway plays an important role in cellular proliferation,
growth, and metabolism. This signaling pathway is extensively detailed in another
chapter and only a cursory description will be given here. The PI3K family of lipid
kinase phosphorylate and the 3’-hydroxyl group of phosphoinositides are composed
of three classes (I-III) with distinct lipid products, substrate specificity, and func-
tionality. PI3K and Akt are upstream from the mTOR complexes. The activated
PI3K triggers the conversion of phosphatidylinositol-4,5-diphosphate (PIP2) to
phosphatidylinositol-3,4,5-triphosphate (PIP3). PIP3 then promotes the activation
of Akt, also known as protein kinase B, a serine/threonine kinase and is a key regu-
lator of PI3K and mammalian target of rapamycin (mTOR) signaling. Activated Akt
stimulates mTOR complex 1 to elicit multiple cellular processes and is an important
catalyst of malignant progression and chemoresistance.

mTOR is a serine/threonine kinase and is the downstream effector of the PI3K-
activated signaling pathways. It promotes protein synthesis and cell growth during
nutrient-rich periods and functions as a sensor of nutritional or metabolic stress
during cell development [17]. mTOR regulates apoptosis, proliferation, and cell
growth and also modulates mRNA-translation of proteins necessary for cell cycle
progression from G1- to S-phase, including E4-binding protein (E4-BP1) and p70
kinase [18]. It represents an important break point in the proliferation and differen-
tiation of tumor cells and is critical for regulating cell proliferation, angiogenesis,
and metabolism.

Table 5.1 Incidence of PI3K/Akt/mTOR pathway alterations in NET

Tumor
Pathway alteration Incidence type References
mTOR overexpression 6/9 (67 %) pNET Shida et al. [11]
Mutations in PTEN, TSC2, PIK3CA 10/68 (15 %) |pNET Jiao et al. [12]
Akt activation 28/46 (61 %) |NET Ghayouri et al. [13]
TSC2 and PTEN protein alterations 61/72 (85 %) | pNETs Missiaglia et al. [14]

PI3K phosphatidylinositol 3-kinase, pNET pancreatic neuroendocrine tumor, PTEN phosphatase
and tensin homolog, mTOR mammalian target of rapamycin, 7SC2 tuberous sclerosis protein 2
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There are two complexes that comprise mTOR, mTOR complex-1 (mTORC1),
and mTOR complex-2 (mTORC2). mTORCI1 is composed of mTOR, regulatory-
associated protein of mTOR (Raptor), and target of rapamycin complex subunit
LSTS8. mTORCI regulates cellular transcription and translation via eukaryotic
translation initiation factor 4E-binding protein-1 (4EBP-1) and ribosomal S6
kinase-1 (S6K1). mTORC2 consists of mTOR and target of rapamycin complex
subunit LST8, rapamycin-insensitive companion of mTOR (rictor), and mitogen-
activated protein kinase-associated protein-1. The role of mTORC?2 is less well
defined, but is known to directly phosphorylate Akt in the PI3K-Akt pathway [14].

Clinical syndromes appear to support the role of the PI3K/Akt/mTOR pathway
in NET tumorigenesis. Inherited diseases such as multiple endocrine neoplasia type
I (MEN1), tuberous sclerosis complex (TSC), neurofibromatosis type I, and von
Hippel-Lindau (VHL) disease are associated with an increased incidence of PNETs.
Across these syndromes, mutations in well-defined oncogenes and tumor suppres-
sor genes (TSC2, NF1, and vHL genes) lead to constitutive activation of the PI3K/
Akt/mTOR pathway. Alterations in PI3K/Akt/mTOR pathway have also been
implicated in sporadic pNETs tumorigenesis justifying its exploitation as a target
for rationale therapy [12, 14, 19].

Investigations of the PI3K/Akt/mTOR pathway in NETSs reveal an association
between its activation and cancer development. In neuroendocrine cell lines, PI3K
mutations have been associated with response to mTOR inhibition [20]. Activation
and phosphorylation of Akt has also been reported in a majority of neuroendocrine
tumors [21, 22]. Phosphorylated Akt is a prognostic marker associated with worse
outcomes in gastrointestinal NET [23]. MENI gene mutations, the hallmark of
MEN syndromes, are associated with Akt activation [24]. These mutations have
been identified in 10-35 % of foregut NETs and PNETsS, both functional and non-
functional [25-28]. Preclinical studies have also shown that mTOR and its down-
stream targets are overexpressed in NETs and associated with a higher proliferative
index [29]. In clinical studies, expression of mTOR and its pathway components
was predictive of response to temsirolimus [30].

Activation of the PI3K/Akt/mTOR pathway is likely driven by dysregulated
tyrosine kinases and signaling by vascular endothelial and insulin growth factors.
Studies demonstrate that receptors including PDGFR, EGFR, and c-kit are overex-
pressed in endocrine tumors [31, 32]. NETs and NET cell lines frequently express
both IGFs and the IGF-1R receptor suggesting autocrine and/or paracrine signaling
[33, 34]. IGF-1R binding leads to the direct activation of signaling cascades in the
MAPK and PI3k kinase pathways [35]. The clinical benefit from somatostatin ana-
logs in insulin growth factor secreting tumors suggests an important interplay in
NET tumorigenesis and activation of PI3K/Akt/mTOR pathway [36].

Two key negative regulators of the PI3K/Akt/mTOR pathway are phosphatase
and tensin homolog (PTEN) and tuberous sclerosis protein 2 (TSC2). PTEN is a
tumor suppressor that negatively regulates the PI3K/Akt/mTOR pathway by con-
verting PIP3 back to PIP2 and reversing PI3K activation. TSC2 is phosphorylated
and inhibited by Akt which suppresses mTOR signaling thereby attenuating its
negative regulation of the PI3K pathway [37]. Based on tissue microarray gene
expression analysis, both tumor suppressor proteins were found to be downregu-



5 The Role of mTOR Inhibitors in Neuroendocrine Tumors 97

lated in 72 primary pNET samples. Furthermore, low expression of TSC2 and
PTEN was significantly associated with more aggressive tumors and with shorter
disease-free and overall survival [14]. In NETs, PTEN loss or mutation promotes
carcinogenesis and is associated with poor differentiation [22, 23].

Amplified angiogenesis is a distinguishing feature of well-differentiated NETs and
may be associated with activation of the PI3K/Akt/mTOR pathway [38]. Activation of
the PI3K pathway may also be led by the overexpression of VEGFR1 in the compan-
ion vasculature suggesting an interaction between this pathway and angiogenesis [25].
Mutations in the FLT1/VEGFRI gene have been detected in pNET cell lines [25].

5.3 mTORC 1 Inhibitors and NETs

5.3.1 Temsirolimus

Temsirolimus (CCI-779, Torisel®, Pfizer) was the first mTOR inhibitor developed
and identified to have antitumor activity [39]. After years of development, it was
recently approved for the treatment of advanced renal cell carcinomas and pancre-
atic neuroendocrine tumors. Temsirolimus forms a complex by binding to the intra-
cellular protein peptidylprolyl cis-trans isomerase FKBP1A (FKBP-12) that inhibits
the activity of mTOR. This subsequently results in a G1-phase growth arrest, block-
ing its ability to phosphorylate S6K1 and the ribosomal protein S6, a reduction of
HIF-1a, and VEGF expression [40]. In patients with advanced NET, a phase II
study was conducted to evaluate the safety, efficacy, and pharmacodynamics of
temsirolimus. Thirty-six patients with advanced and progressive NETs (21 carci-
noids and 15 pNET) received weekly doses of intravenous temsirolimus. There was
no difference in the objective response rates between carcinoids (4.8 %) and pNET
(6.7 %). The intent-to-treat response rate for the entire cohort was 5.6 % (95 % CI
0.6-18.7 %), median TTP was 6 months, and 1-year PFS was 40.1 %. Two patients
achieved partial responses (one patient with pNET and one patient with carcinoid
tumor). Overall, the treatment was well tolerated with fatigue (78 %), hyperglyce-
mia (69 %), and rash/desquamation (64 %) being the most common drug-related
adverse events of all grades after a median of four cycles delivered per patient [30].

Pharmacodynamic analysis demonstrated that temsirolimus effectively inhibited
the PI3K/Akt/mTOR pathway. Phosphorylation of the ribosomal protein S6 was
significantly depressed (p=0.02). Additionally, patients with an increased expres-
sion of phosphorylated Akt (p=0.041) and a decreased expression in phosphory-
lated mTOR after 2 weeks of treatment were both associated with an increase in
time to progression (p=0.04 and p=0.05, respectively). Elevated baseline levels of
phosphorylated mTOR predicted a better response (p=0.01). Even though the
results of this study revealed temsirolimus value in downregulating mTOR’s
downstream signaling, the authors concluded that it has limited clinical efficacy and
does not support its use as monotherapy in patients with advanced NETs [30].

The limited benefit but excellent tolerability of this agent lends it to be partnered
with additional agents. Preclinical studies suggest enhanced antitumor effects with
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temsirolimus and VEGF-targeted therapy. Therefore, a phase Il study of temsirolimus
in combination with bevacizumab, an anti-VEGF-A monoclonal antibody, in
advanced, recurrent, or progressive pNETs (NCT01010126), was completed. Of the
56 patients eligible for response assessment, partial responses were seen in 41 %
(23 of 56) patients, and 79 % of the patients (44/56) had disease stability at 6
months. Median progression-free survival was 13.2 months and overall survival was
34 months. This combination was very well tolerated with minimal toxicity. A
minority of patients developed grade 3 or 4 drug-related adverse events including
hypertension (18 %), hyperglycemia (13 %), fatigue (11 %), leukopenia (9 %),
headache (9 %), proteinuria (7 %), and hypokalemia (7 %). The ORR of 41 %
exceeds that reported to date for monotherapy with any targeted agent in pNET and
provides compelling evidence to pursue this combination further [41].

5.3.2 Everolimus

Everolimus, a second-generation mTOR inhibitor, was recently approved for use in
pNETs after demonstrating significant improvements in outcomes [25, 42].
Everolimus (40-O-(2 hydroxyethyl) derivative of rapamycin, RADO001, Afinitor®,
Novartis) is an oral mTOR inhibitor that selectively inhibits mTORCI1 and is
absorbed rapidly, achieving peak concentration after 1.8 h and reaching steady state
after 7 days [16]. It binds to FKBP-12 in a similar mechanism as temsirolimus, by
forming a complex that induces the inhibition of mTOR kinase activity. It reduces
the activity of mTOR’s downstream proteins by blocking phosphorylation of
4E-BP1 and inactivating S6K1. It also inhibits expression of HIF-1a and decreases
expression of VEGF. Everolimus has been shown to reduce cell proliferation, angio-
genesis, and glucose uptake from several in vivo and in vitro studies. In addition, it
has demonstrated a potent dose-dependent inhibition of cell growth comprising GO/
G1 phase arrest as well as induction of apoptosis in human pancreatic BON cells, a
human pancreatic NET cell line exhibiting constitutively activation of PI3K/Akt/
mTOR pathway [43]. Everolimus treatment also significantly inhibited cell prolif-
eration in the rat insulinoma NET cell line (INS1) and decreased phosphorylation of
all downstream targets of Akt, TSC2, and mTOR [44].

In a phase I study evaluating patients with advanced solid tumors including
NETs, everolimus induced a dose and schedule-dependent inhibition of the PI3K/
Akt/mTOR pathway. At 10 mg/day and >50 mg/week, there was an almost com-
plete inhibition of phosphorylated ribosomal protein S6 (p<0.001), expression of
elF4G (p<0.001), and reduction of phosphorylated 4E-BP1 (p =0.058). Furthermore,
there was an overall increase in Akt phosphorylation (p=0.006) and in cellular pro-
liferation (p=0.014). A total of four out of the 55 patients reached a clinical benefit
(a partial response was observed in one patient, and three had stable disease). The
dose-limiting toxicities consisted of grade 3 stomatitis, neutropenia, and hypergly-
cemia which were seen in five patients [45].

A phase II trial evaluated the activity of everolimus in combination with octreotide.
Thirty patients with carcinoid and 30 patients with pNETSs were treated with everolimus
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at 5 or 10 mg/day in combination with octreotide LAR 30 mg every 4 weeks. The
intent-to-treat response rate was 20 %. The analysis showed that 13 (22 %) patients
achieved partial responses, 42 (70 %) patients had stable disease, and 5 (8 %) patients
progressed. The median PFS was 60 weeks. Median overall survival had not been
reached; however, 1-, 2-, and 3-year survival rates were 83 %, 81 %, and 78 %, respec-
tively. At study entry, among 37 patients with high chromogranin A levels, 26 patients
(70 %) attained normalization or a reduction of more than 50 %. In pre- and posttreat-
ment tumor biopsies, mean tumor Ki-67 expression decreased significantly from 6.7 to
2.1 % (p=0.04). Overall, compared to patients that received the 5 mg dose, patients that
received the 10 mg dose obtained a higher response rate (30 vs. 13 %) and had a
prolonged median PES (72 vs. 50 weeks). The most common toxicity was mild aph-
thous oral ulceration. Significant toxicities were uncommon and only 11 % of patients
developed grade 3/4 hypophosphatemia, fatigue, and diarrhea [46].

Three RADIANT (RADOO1 in advanced neuroendocrine tumors) trials were
then designed to study efficacy of everolimus in NETs of different origins. These
confirmed the value of everolimus in patients with advanced NETs. RADIANT-1 is
a second open-label phase II trial in 160 patients with progressive chemotherapy-
refractory metastatic pNET. Patients were stratified according to octreotide therapy
with the primary endpoint assessing response rates in patients in stratum 1. Stratum
1 comprised of 115 patients treated with everolimus 10 mg daily alone and stratum
2 comprised of 45 patients treated with everolimus 10 mg daily plus octreotide LAR
<30 mg every 28 days. In stratum 1, 11 patients (9.6 %) showed a partial response,
78 patients (67.8 %) had stable disease, and 16 patients (13.9 %) progressed, result-
ing in a clinical benefit of 77 %. The mean PFS was 9.7 months and overall survival
was 24.9 months. In stratum 2, two patients (4.4 %) achieved partial response, 36
patients (80 %) had stable disease, and no patients with progressive disease, result-
ing in a clinical benefit of 84 %. The mean PFS was 16.7 months and overall sur-
vival was not reached after a follow-up period of over 16 months. This study
supports the safety and antitumor activity of everolimus alone or in combination
with octreotide in patients with progressive pNETs after failure of prior systemic
chemotherapy [47].

Following these encouraging results, two pivotal phase III randomized trials
were developed. RADIANT-2 evaluated the combination of everolimus plus octreo-
tide LAR compared to octreotide LAR alone in 429 patients with low- to
intermediate-grade advanced NET. Although the study failed to reach its primary
endpoint, it demonstrated that everolimus plus octreotide LAR significantly
improved PFS by 5.1 months (hazard ratio=0.77, 95 % CI 0.59-1.00, p=0.026);
the mean PFS was 16.4 months in the everolimus plus octreotide LAR group and
11.3 months in the placebo plus octreotide LAR group. After adjusting for
differences in baseline characteristics, everolimus plus octreotide LAR also signifi-
cantly reduced the risk of disease progression by 40 % (hazard ratio=0.60, 95 % CI
0.44-0.84, p=0.0014) when compared to octreotide LAR alone [48].

A subgroup analysis of RADIANT-2 trial has shown that early combination therapy
with octreotide might be associated with a better outcome compared to patients on
octreotide with everolimus added on later (25.2 vs. 13.6 months). COOPERATE-2
study is an ongoing prospective randomized open-label phase II trial in pNET that aims
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to address the superiority of combination therapy and evaluates the treatment effect of
everolimus with a novel somatostatin analog, pasireotide LAR, in comparison to evero-
limus monotherapy on PES in patients withadvanced progressive pNET (NCT01374451).

RADIANT-3 is the largest phase III pNET trial to date. This was a landmark dou-
ble-blinded and placebo-controlled study that evaluated 410 patients with advanced,
low-grade, or intermediate-grade pNET who received everolimus 10 mg/day (n=207)
or placebo (rn=203). Everolimus more than doubled progression-free survival
(11 months vs. 4.6 months (p<0.0001)) and was associated with a 65 % reduction in
progression or death. Although the objective response rate to everolimus was low at
5 % (2 % in the placebo arm), there was a benefit seen in patients with prolonged
stable disease in the everolimus arm (73 % vs. 51 % for everolimus and placebo,
respectively). The overall survival was not significantly different between the two
groups as more than 70 % of patients randomly assigned to placebo crossed over to
the treatment arm after disease progression [1, 42]. There was a twofold increase in
adverse events; the most common side effects were hematological, diarrhea, stomati-
tis, or hyperglycemia, ranging from 3 to 7 %. These side effects were manageable
with dose reduction, drug interruption, or both [42]. In subgroup analyses, these ben-
efits extended to patients regardless of ethnicity of history of previous therapies [49].

The approval of everolimus has changed the landscape for patients with advanced
well-differentiated pNETs. Although the timing of everolimus in the treatment of
advanced pNETs is not yet established, everolimus was equally effective in patients
regardless of treatment history. The European Neuroendocrine Tumor Society
(ENETS) 2012 determined that everolimus represents a novel therapeutic option in
patients with unresectable pNETs after progression following chemotherapy, and in
selected cases, everolimus should be considered as first-line therapy [50]. Similarly,
the National Comprehensive Cancer Network (NCCN) recommended the use of
everolimus as a possible first-line treatment for advanced unresectable well-
differentiated pNETSs (the NCCN clinical practice guidelines in oncology for neuro-
endocrine tumors version 1.2012. 2012. www.nccn.org).

Although there is convincing data for everolimus in pNETS, its efficacy in other
NET subtypes, such as bronchopulmonary or colonic NET, has not been deter-
mined. Preclinical studies suggest that susceptibility to everolimus may depend on
site of origin for NETs [51]. The RADIANT-4 trial will investigate the benefit of
everolimus versus placebo in patients with advanced nonfunctional neuroendocrine
tumor of gastrointestinal or lung origin (NCT01524783).

5.4 Resistance Mechanisms of PI3K/Akt/mTOR Pathway
Inhibitors

Current mTOR inhibitors have therapeutic limitations as patients initially respond
but will eventually progress despite continuous therapy. Primary and acquired resis-
tance appears to limit the efficacy of targeting the PI3K/Akt/mTOR pathway. Escape
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mechanisms, abrogation of negative feedback loops, and mutations in targeted path-
ways can all lead to resistance (Table 5.2).

In NET cell lines, mTORI1 inhibitors produce escape mechanisms in both Erk
and Akt pathways [51]. For example, rapamycin activity was associated with
increased levels of phospho-Akt and phospho-ERK. Akt and ERK are then able to
act in concert with RAS and PI3K thereby activating these pathway [53].

Primary resistance mechanisms, such as preexisting mutations in the targeted
pathways, may render many targeted therapies ineffective. In tumors harboring
K-Ras or B-Raf mutations, resistance is due to activation of alternative pathways,
such as the Erk pathway [20].

There is concern for the use of single-agent everolimus in the treatment of NETs
due to the presence of feedback loops and crosstalk that exist within and between
PI3K/Akt/mTOR and other signaling pathways. Recent data suggest that the loss of
negative feedback loops from inhibition of mTORCI leads to compensatory activa-
tion of PI3K and Akt, which drives resistance via upregulation of mTORC?2 [54].
Two well-characterized mTORC]1 substrates are eukaryotic translation initiation
factor 4E-binding protein-1 and ribosomal S6 kinase-1 (S6K1), both regulating
transcription and translation initiation of critical growth genes. However, S6K1 is
part of a negative feedback loop on PI3K/Akt signaling via suppression of the insu-
lin receptor substrate-1 (IRS1), which links IGF-1 to the PI3K pathway. mTORC2
is less defined than mTORCI, but is known to mediate Akt phosphorylation on
serine-473, which is required for full Akt activity in the PIK3/Akt/mTOR signaling
cascade. Normally, activation of S6K through mTORCI1 phosphorylation results in
phosphorylation of rictor, which prevents mTORC?2 activation [55, 56]. If mMTORC1/
S6K is inhibited, the negative feedback is lost leading to increased mTORC?2-
mediated phosphorylation and activation of Akt [57]. Thus, inhibition of mMTORCI1

Table 5.2 mTOR inhibitors and neuroendocrine tumors

Therapy year reported NET subtype Progression-free survival
(reference) (N=patients) | Response rate (%) | (months)
Temsirolimus 2006 [30] NET (21) 5 6

pNET (15) 7 11
Temsirolimus and avastin 2013 | pNET (55) 41 12
[41]
Everolimus and octreotide LAR | NET (30) 17 15
2008 [46] pNET (30) 27 12
Everolimus pNET (115) |10 10
Everolimus + octreotide LAR pNET (45) 4 17
2010 [47]
Octreotide LAR NET (213) 2 11
Octreotide LAR +everolimus NET (216) 2 16
2011 [48]
Everolimus pNET (207) |5 11
Placebo 2011 [42] pNET (203) |2 5

Everolimus +Avastin 2010 [52] | NET (34) 26 14
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by everolimus may lead to paradoxical upregulation of Akt. This concern has been
confirmed in tumor biopsies from patients treated with mTOR inhibitors [58].

Another potential mechanism of resistance is the loss of a negative feedback loop
that normally prevents upstream overstimulation of insulin receptor substrate 1
(IRS1) [53]. mTORCI1 activation of S6K causes uncoupling of IGF-1 from the
PI3K/Akt pathway. Normally, IGF-1 binds IGFR which in turn phosphorylates sub-
strates IRS1-2 which then suppresses PI3K. mTORC1/S6K inhibition results in the
loss of this feedback loop and leads to the upregulation of IRS1 protein and activa-
tion of the PI3K/Akt cascade [53, 54, 59]. Accordingly, several approaches to
downregulate IGF with somatostatin analogs such as octreotide and pasireotide, or
inhibit IGF-1R signaling with a monoclonal antibody, such as cixutumumab (IC-
A12) are being developed in combination with everolimus. There is an ongoing
phase I study with the combination of cixutumumab, everolimus, and octreotide
LAR in patients with advanced NETs (NCT01204476).

5.4.1 Novel Approaches

The PI3K/Akt/mTOR pathway is complex and perturbations can occur at multiple
sites. Therefore, there are several potential targets and combinations of therapies
compelling for further investigation. The use of PI3K inhibitors, Akt inhibitors, or
mTORC1 and mTORC?2 inhibitors as single agents or in combination can avert
PI3K/Akt/mTOR pathway activation and reactivation [55]. A host of novel inhibi-
tors that target key nodes with the PI3K/Akt/mTOR pathway have shown encourag-
ing results in preclinical studies and are currently in early phase clinical trials.

Inhibitors of Akt either compete with ATP at the active site or bind distally to the
catalytic site, inducing a conformational change that prevents ligand binding. Akt
inhibition may be expected to abrogate negative feedback loops perpetuated by
mTORC?2 following mTORCI1 inhibition [58]. Agents that inhibit both mTOR com-
plexes may also overcome this problem. Therefore, inhibitors of both mTORC1 and
mTORC?2 and Akt inhibitors are attractive drug candidates.

Potential PI3K/Akt/mTOR pathway target upstreams of mTOR are the PI3K
proteins themselves. Three classes (I-III) of PI3K have been characterized that vary
in structure and substrate preference. The class I enzymes are activated directly by
cell-surface receptors, and it is the catalytic domain of the class IA PI3K p110 sub-
units that are the most widely implicated in cancer [56]. Pan-PI3K inhibitors tar-
get all four class I p110 isoforms; however, PI3K inhibitors specific for individual
class I p110 isoforms may allow for anticancer activity with an improved safety
profile. The majority of therapeutic interventions or drugs under investigation are
pan-p110 inhibitors, although a number of PI3K-targeted agents with isoform spec-
ificity have now been reported [55, 57]. It is of potential clinical significance that
dual inhibition of PI3K and mTORC1/2 may be mediated through the shared struc-
tural homology between the catalytic domains of the PI3K pl110 subunits and
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mTORC1/2 [60]. Agents that target both PI3K and mTOR will likely lead to
improved inhibition of this pathway.

5.4.2 mTORCI and mTORC?2 Inhibitors

CC-223 is currently an experimental dual mTOR kinase inhibitor, inhibiting both
TORCI1 and TORC2 complexes. In a recent phase I trial, 101 solid tumor subjects
were treated with CC-223 dosed at 45 mg once daily in 28 day cycles until disease
progression. From the non-pancreatic NET cohort (n=23), patients with progres-
sion within 12 months and receiving ongoing treatment with somatostatin analogs
were included in the study. Biomarkers confirmed inhibition of TORC1 and TORC2
by p4EBP1 and pAKT, respectively. In 7 out of 13 subjects (54 %), PET imaging
demonstrated a response at day 15 (>25 % change in SUV). All evaluable patients
were stable on CC-223, with treatment ongoing up to nine cycles (median 6; range
4-9) (n=10). Although not prospectively collected, there were six subjects with
refractory carcinoid syndrome that reported complete resolution of flushing [5] and
improvement in diarrhea [1]. Symptom improvement generally occurred within the
first week of dosing and persisted despite dose reduction in five subjects [61].

The most common related adverse events of all grades were stomatitis, diarrhea,
fatigue, anorexia, nausea, and rash. In addition, related serious adverse events
included one case of transient dehydration/renal insufficiency. CC-223 dose reduc-
tion to 30 or 15 mg was required in 57 % of subjects, usually during cycle 1 or 2,
but thereafter treatment was well tolerated [61].

These results are from an ongoing phase I/II study to assess the safety and effi-
cacy of CC-223 in patients with advanced tumors (other than pNETS) unresponsive
to standard therapies and to determine the appropriate dose and tumor type for later-
stage clinical trials (NCTO01177397).

5.4.3 HSP 90 Inhibitors

There have been numerous preclinical data supporting the role of novel PI3K/Akt/
mTOR pathway inhibitors in NETSs, either through direct inhibition of specific pathway
proteins or through indirect inhibition of molecular chaperones. The molecular chaper-
one heat-shock protein 90 (HSP90) is an emerging target for anticancer therapy as it is
overexpressed in a number of tumors. The HSP90 inhibitor, IPI-504, has been studied in
PNET cells. The potential activity of IPI-504 has shown to inhibit the growth of human
insulinoma and pancreatic carcinoid cells by almost 70 %. IPI-504 also has antiprolifera-
tive effects by downregulating IGF-1 and several downstream factors of the PI3K/Akt/
mTOR. Combination of IPI-504 with mTOR or Akt inhibitors also resulted in increasing
antiproliferative effects [62]. This is a promising agent for the treatment of NETs.
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5.4.4 Insulin Growth Factor Inhibitors

Using BON cells, it has been shown that increased expression of IGF-1 is a major
autocrine regulator of neuroendocrine secretion and tumor growth [34]. IGF-1-
mediated PI3K/Akt/mTOR signaling has also been targeted with a monoclonal anti-
body by ganitumab (AMG-479). AMG 479 is a humanized monoclonal antibody to
IGFR-1, preventing the binding of IGF-1 and IGF-2 to IGF-1R [63]. This agent has
been shown to inhibit PI3K/Akt/mTOR signaling and enhance the antitumor effects
of anti-epidermal growth factor receptor (EGFR)-targeted therapies [64].

A phase II study of AMG 479 in NETs and pNETSs has completed enrollment and
is currently ongoing (NCT01024387). Interim results were presented at ASCO in
2012. Sixty patients (30 carcinoid, 30 pancreatic NET) were treated with AMG 479
18 mg/kg every 3 weeks and 54 patients were evaluable for response. There were no
objective responders by RECIST, 10/27 (37 %) evaluable carcinoid patients and 8/26
(31 %) evaluable pancreatic NET patients experienced disease stability, while 17/27
(63 %) of the carcinoid patients and 15/26 (58 %) of the pancreatic NET patients pro-
gressed. Median PFS was 10.5 months for carcinoid patients and 4.2 months for pan-
creatic NET patients. Treatment was well tolerated and significant toxicities were rare.

5.4.5 Akt Inhibitors

Several preclinical studies suggest that directly inhibiting Akt potently reduces the
growth of NETSs. Akt is a critical signaling node downstream of PI3K important in
tumor cell proliferation, growth, survival, and angiogenesis. A number of small-
molecule Akt inhibitors for the different Akt isoforms have been developed. The
ATP-competitive Akt inhibitors have varying potencies and specificities and have a
higher likelihood of off-target effects. Therefore, allosteric Akt inhibitors have been
preferred for clinical studies in patients with pNETSs given their increased specificity
[65]. MK-2206 is an oral allosteric inhibitor of all Akt isoforms. In a phase I trial
performed in 33 patients with solid tumors, two patients with advanced pNET had
minor responses, achieving tumor shrinkages of 13.1 and 17.5 %. There was a
reduction in phosphorylated serine-473 Akt in all tumor biopsies (p=.015) and sup-
pression of phosphorylated threonine 246 proline-rich Akt substrate 40 assessed in
hair follicle samples. Reversible hyperglycemia and increased insulin c-peptide
associated with Akt inhibitors are consistent with a class effect for mTOR inhibi-
tors. Drug-related toxicities included skin rash (51.5 %), nausea (36.4 %), pruritus
(24.2 %), hyperglycemia (21.2 %), and diarrhea (21.2 %). Overall, MK-2206 was
well tolerated with evidence of antitumor activity and Akt signaling blockade [66].
There are currently several combination trials with MK-2206 with either standard
chemotherapy (carboplatin, paclitaxel, docetaxel) or targeted agents such erlotinib,
or lapatinib (a dual EGFR/human epidermal growth factor receptor 2), ridaforoli-
mus (MTORCI inhibitor), and AZD6244 (MEK1/2 inhibitor).
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The Akt inhibitor triciribine has been studied alone and in combination with
other therapeutics and has shown a reduction in the growth of NET cells. In preclini-
cal models and cancer cell lines, triciribine significantly reduced insulinoma (CM)
cells by 59 % and neuroendocrine tumor cells (STC-1) by 65 %. Notably, triciribine
even at higher doses did not inhibit the BON carcinoid cell line. This cell line is
characterized by high expression of PTEN, suggesting the role of PTEN as a pos-
sible predictor of sensitivity to triciribine in NETs. The Akt pathway also plays an
important role in chemotherapy therapy resistance and response to hypoxia and
angiogenesis. A synergistic antiproliferative effect has been seen with combination
of triciribine and cytostatic drugs as well as drugs targeting a number of proteins of
the PI3K/Akt/mTOR pathway [67].

Perifosine, a pan-Akt inhibitor, inhibits both Akt phosphorylation and cell viabil-
ity in human pancreatic BON1 and other NET cells. Perifosine also suppressed the
phosphorylation of Akt downstream targets and induced apoptosis. Studies of indi-
vidual Akt isoforms for NET have shown that downregulation of Akt isoforms 1 and
3 suppressed NET cell viability, suggesting a particular role for these isoforms in
NET signaling. Akt3 siRNA induced apoptosis, while all three isoform-specific siR-
NAs impaired BON1 cell invasion. These studies highlight the potential for selec-
tive Akt isoform targeting in NETs [68].

5.5 Multi-targeted Approaches

NETs are hypervascular tumors that secrete an enormous amount of VEGF. The
activation of mTOR results in the induction of VEGF expression by phosphorylat-
ing hypoxia-inducible factor 1o (HIF-1ar), which contributes to tumorigenesis and
tumor growth [69-71]. The relationship between VEGF expression and mTOR
activation has encouraged the study of upstream pathway inhibition with several
inhibitors such as octreotide, PI3K, and mTOR inhibitors. Villaume et al. analyzed
effects of octreotide, mTOR inhibitor (rapamycin), PI3K inhibitor (LY294002),
MEKI1 inhibitor, and the p38 inhibitor on VEGF secretion in three murine endo-
crine cell lines, STC-1, INS-r3, and INS-r9. The authors found that octreotide and
rapamycin induced a significant decrease in VEGF production by all three cell
lines. The PI3K inhibitor significantly inhibited VEGF production in STC-1 and
INS-r3 cells only. There was also a decrease in intracellular levels of VEGF and
HIF-1a observed for octreotide, mMTOR inhibitor, and PI3K inhibitor. The complex
regulation of VEGF synthesis and secretion by the mTOR and PI3K inhibitors is
likely mediated by the inhibition of the PI3K/Akt/mTOR pathway. It has also been
observed by the decrease in Akt phosphorylation detected in all three cell (STC-1,
INS-r3, and INS-19) lines that octreotide may act through inhibition of the PI3K/
Akt/mTOR pathway [72].

In a recently completed phase II study, the combination of everolimus and beva-
cizumab was shown to be well tolerated and had a 26 % response rate in patients
with advanced NET [73]. Given these results, the National Cancer Institute (NCI)
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has an ongoing phase II study randomizing patients with locally advanced or meta-
static pNETs not amenable to surgery to receive everolimus and octreotide with or
without bevacizumab to assess antitumor activity and toxicity of the regimen
(CALGB 80701; NCT01229943).

The PI3K oncogene plays an essential role in the PI3K/Akt/mTOR signaling
pathway. Three classes of PI3K have been described. Class I enzymes are activated
directly by cell-surface receptors, and the catalytic domain of class IA PI3K p110
subunits are widely implicated in cancer [74]. The constitutive activation of the
mTOR pathway from mutation and overexpression of PI3K or one of its compo-
nents can potentially lead to tumorigenesis [75]. Dual inhibitors of both PI3K and
mTOR are emerging as the catalytic domain of mTOR is structurally similar to cata-
lytic domains of the PI3K p110 subunits. Unlike the rapalogs, these dual inhibitors
suppress both the mTORC1 and mTORC2 complex.

A new generation of mTOR inhibitors is being developed which may bypass
feedback loops and address mMTORC2-mediated escape mechanisms and resistance,
potentially increasing their efficacy compared with rapalogs. The dual mTORC1/2
and PI3K inhibitor NVP-BEZ235 (Novartis, East Hanover, NJ) has demonstrated
antiproliferative activity against a variety of cancer and has shown to be a more effi-
cient inducer of apoptosis and cell cycle arrest than single inhibitors in various NET
cell lines. After treatment with everolimus, NVP-BEZ235 prevented both vertical
and horizontal negative feedback activation of Akt [76, 77]. Data from phase I clini-
cal trial of NVP-BEZ235 did not show any dose-limiting toxicity in the first 59
treated patients. There is currently an ongoing phase II study evaluating NVP-
BEZ235 plus best supportive care versus placebo plus best supportive care in patients
with advanced pNET after failure of mTOR inhibitor therapy (NCT01658436).

The combination of everolimus and the RAF inhibitor RAF265 was also more
effective than treatment with a single kinase inhibitor. RAF265 not only inhibited
ERK1/2 phosphorylation, but also strongly induced Akt phosphorylation and VEGF
secretion due to Akt-mediated HIF-1a activation. NVP-AEW541 is a novel selec-
tive IGF-1R tyrosine kinase inhibitor that inhibits the key upstream receptor for
IGF-1 signaling to target both the PI3K/Akt/mTOR and RAS/RAF/MEK pathways
[46]. It has been shown to be active in BON cells and a human insulinoma cell line.
The antineoplastic effects of NVP-AEWS541 involve the inactivation of ERK1/2.
NVP-AEW541 caused apoptosis and cell cycle arrest and inhibited NET cell prolif-
eration in a dose-dependent fashion. Moreover, there was an increase in the
antiproliferative properties when NVP-AEWS541 was combined with doxorubicin
and fluvastatin [78].

5.6 Predictive Biomarkers

Surrogate markers to assess response to targeted therapy are needed since tradi-
tional staging modalities may not reflect actual response to therapy. There are cur-
rently no definitive PI3K/Akt/mTOR pathway biomarkers that predict response to
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mTOR inhibitors. Evaluating multiple markers may help identify oncogenic signal-
ing drivers of each tumor. Preclinical assays have identified S6K1 as a molecular
marker that is currently assessed in clinical trials [79]. For example, temsirolimus
was shown to reduce the phosphorylation of S6K1 (p-S6K1) both in peripheral
blood mononuclear cells and tumor biopsies [30]. Inhibition of mTOR signaling
detected as a reduction of p-S6K1 (-92.5 to +100 % of initial values) and p-4EBP1
(5.9 to —63.8 % of initial values) was also seen in tumor biopsies performed after
administration of everolimus. There was also a significant reduction of p-S6K1 in
peripheral blood cells [45, 80]. S6K1 and 4EBP1 phosphorylation can be used as a
surrogate marker to assess efficacy of mTOR inhibitors in skin, blood, and tumor
samples.

Other biomarkers for mTOR pathway inhibitors have also been investigated in
neuroendocrine tumors. IGFR-1 overexpression has been linked to upregulation of
the mTOR pathway. Casanovas et al. described the activation of this pathway by
immunohistochemistry in 69 tumor samples of NETs [81]. IGFIR was expressed in
66 % and phosphorylated mTOR (p-mTOR) was only expressed in 20 %. A sub-
group of midgut NETs showed consistent activation of both IGFIR and
p-mTOR. Another study by Heetfield et al. analyzed 26 cases of GEP-NETs for
p-mTOR and phosphorylated eukaryotic translation initiation factor 4E (p-eIF4E)
[82]. p-mTOR was expressed in 64 % and its downstream effector p-eI[F4E was
expressed in 24 %. High expression levels of these biomarkers were significantly
associated with shorter survival. IGFR-1 expression, p-mTOR, and p-eIF4E may be
relevant biomarkers for the selection of inhibitors of the mTOR pathway, and pre-
liminary data suggest the need for further research.

Recently, a single nucleotide polymorphism (snp) in the fibroblast growth factor
receptor (4 FGFR4-G388R) was reported to be prognostic and predictive for pan-
creatic neuroendocrine tumors [83]. This snp was identified in 36/71 patients and
correlated with poor survival and deceased efficacy for treatment with the mTOR
inhibitor everolimus. This association was confirmed with preclinical models of
transfected pancreatic neuroendocrine cancer cell lines.

5.7 Conclusion

In summary, NETs are diverse and heterogeneous in underlying tumor biology and
clinical presentations. Before the development of targeted agents, limited options
were available to control tumor growth and improve patient’s quality of life. Due to
our better understanding of the various molecular signaling pathways involved in
NET growth, there are now several emerging treatment options. For the first time in
20 years, new agents have been approved for treatment of pNETSs that target the
PI3K/Akt/mTOR pathway.

The PI3K/Akt/mTOR pathway plays a critical role in regulating cell growth and
apoptosis. mTOR is a novel and validated molecular target in the treatment of NETs.
The success of everolimus in prolonging PFS in pNET supports targeting the PI3K/Akt/
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mTOR pathway as an important strategy for making therapeutic advances in NETs.
There are currently several ongoing clinical trials exploring the role of second-generation
mTOR inhibitors as well as rationale combination regimens. Biomarkers to enhance the
efficacy of these drugs are being actively pursued and are making their way into practice.
These efforts will ultimately change the way we treat NET's and other malignant tumors.
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