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Preface

Neuroendocrine tumors (NETs) are becoming increasingly recognized by both
healthcare professionals and patients as being more common than previously recog-
nized. This increased awareness has resulted from increased educational efforts on
the part of several societies and patient-supported, nonprofit organizations. We owe
much thanks to these educational efforts from dedicated health professionals,
patients, and advocates. An increase in federal funding and research support from
several nonprofit groups such as Caring for Carcinoid Foundation, the North
American Neuroendocrine Tumor Society, and the European Neuroendocrine
Tumor Society have positively impacted the field of research. Several pharmaceuti-
cal companies, including Novartis, Pfizer, and Ipsen Pharmaceuticals Inc., have pro-
vided clinical research funding for new drugs to treat neuroendocrine tumors. As a
result of these combined efforts and as reflected in this book, new imaging tech-
niques such as the DOTATATE-Gallium 68 and FDG-PET have improved our abil-
ity to detect small, previously unrecognized NETs. We have refined our endoscopic
imaging techniques to permit extirpation by endoscopic mucosal resection of small
intraluminal NETSs such as gastric and rectal carcinoids. The pathology of NETs has
been refined which impacts the staging of disease through using molecular markers.
We now have a greater understanding of the genetics of NETSs, an area which will
likely expand in the future. With these improved imaging and histopathological
techniques, our surgical colleagues have a greater awareness of tumor staging pre-
ceding a planned resection procedure. A greater understanding of the receptor and
signaling pathways of NETs has yielded directed chemotherapy and radiopharma-
ceuticals to treat regional or distant metastases. This book includes 12 chapters that
cover these important clinical areas of research and development and has been writ-
ten by experts in their respective fields. It is my hope that this will be the start of
increased awareness for junior investigators and seasoned clinicians to stimulate
improvements in research design and therapies which will ultimately translate to
improved clinical outcomes for patients with NETs.

Los Angeles, CA, USA Joseph R. Pisegna, M.D.
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Chapter 1
Pathology of Pancreatic Neuroendocrine
Tumors

Nils Lambrecht

1.1 Introduction

Pancreatic neuroendocrine neoplasms have long fascinated clinicians and pathologists,
because tumors with similar histopathological appearance can present with distinct
clinical syndromes caused by the release of endocrine hormones into the central
circulation. In the past, these neoplasms have been classified based on their clinical
functional status of hormone secretory or nonsecretory [1]. However, with the avail-
ability of long-term patient survival data (SEERS database), it is now unequivocally
demonstrated that an accurate estimate of a patient’s length of survival is determined
by the grade and stage of the tumor and not its functional status. This is reflected in the
current grading and staging systems as proposed by the WHO classification of neuro-
endocrine neoplasms of the pancreas [2], the European Neuroendocrine Tumour
Society TNM classification of GEP-NEN (ENETS 2007 [3]), and the US TNM
classification tumors (AJCC 2010 [4]). Accordingly, the pathological evaluation of
pancreatic neuroendocrine neoplasms is focused on grade and stage, while functional
status should only be supplemented if a clinical syndrome is recognized.

1.2 Classification

1.2.1 Nomenclature

The international community has used differing nomenclature to describe pancreatic
neuroendocrine neoplasms.

N. Lambrecht ()
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2 N. Lambrecht

1.2.1.1 Neuroendocrine vs. Endocrine

A series of molecular studies on native pancreatic and gastrointestinal endocrine cells
disproved the embryological origin of cells from the neuroectoderm. They are now
believed to be derived from the endoderm [5]. Therefore, the term endocrine appears to
be biologically correct. However, neoplastic cells do possess histological and molecular
features of neural differentiation and the latest 2010 WHO classification adopted the term
neuroendocrine once again. In practice, both terms can be used synonymously.

1.2.1.2 Neuroendocrine Tumor vs. Neoplasm

Although the term neoplasm is biologically correct and separates neoplastic lesions
from benign non-neoplastic endocrine hyperplasia, the term neuroendocrine tumor
has been widely used and is the preferred term for low grade (G1-G2) neuroendocrine
neoplasms in the current classification adopted by the current WHO classification
(2010) and the TNM staging system (AJCC 2010).

1.2.2 WHO C(lassification 2010

The current WHO classification has unified the classification of all neuroendocrine
neoplasms of the gastrointestinal tract and pancreas, which are now named gastroen-
teropancreatic neuroendocrine neoplasms (GEP-NEN). They emphasize the notion
that all neuroendocrine neoplasms have a malignant potential and should never be
regarded as benign. The classification separates low and intermediate grade neuroen-
docrine tumors (GEP-NET grade 1 and 2, Fig. 1.1) from neuroendocrine carcinomas
(GEP-NEC grade 3) and recognizes mixed adenoneuroendocrine carcinomas
(Fig. 1.2) as a separate category. In addition, neuroendocrine hyperplasia is now
identified as a separate hyperplastic or pre-neoplastic category (Table 1.1).

In order to grade GEP-NENSs, the WHO 2010 classification suggests using the
current method of grading outlined by the European Neuroendocrine Tumour
Society TNM classification of GEP-NEN (ENETS 2007). It is important to note that
in order to define a low grade GEP-NET (G1) at a minimum, one has to count less
than two mitoses in ten high power fields (400x magnification, hpf) and perform a
Ki67 immunostain showing less than 3 % of tumor cell nuclei labeled (Fig. 1.1).

1.2.3 TNM Stage: Differences in ENETS 2007
and AJCC 2010 [6]

The European Neuroendocrine Tumour Society TNM classification of GEP-NEN
(ENETS 2007) is compatible with the US TNM classification of neuroendocrine
tumors of the gastrointestinal tract (AJCC 2010) only for GEP-NETsS grades 1 and 2
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Fig. 1.1 Differences in morphology and Ki67 mitotic index immunolabeling of sections of low
grade (G1, panel a and b) and intermediate grade (G2, panel ¢ and d) pancreatic neuroendocrine
tumors. Panel ¢ shows an intermediate grade tumor with higher N:C ratio and increased mitotic
rate (black arrows highlight mitotic figures). Panel d shows that~5 % of the tumor cells express
Ki67 (a, ¢) H&E stain 400x magnification; (b, d) Ki67 immunostain, 400x magnification)

Tumor Grade (WHO 2010) ENETS 2007
G1-Low grade <2 mitoses /10 hpf AND <3% Ki67 index
G2-Intermediate grade 2-20 mitoses / 10 hpf OR  3%-20% Ki67 index
G3-High grade >20 mitoses / 10 hpf OR  >20% Ki67 index

except for pancreatic and appendiceal NETs. It is not compatible for neuroendocrine
carcinomas (GEP-NEC, grade 3) of all sites. Table 1.2 lists the two TNM classifica-
tions for pancreatic neuroendocrine neoplasms side by side.

1.3 Macroscopic Features (T Stage)

Gross examination of excision specimens should focus on correct determination of
the maximal size of the tumor, its local involvement of peripancreatic tissue, and its
invasion into major vascular structures (AJCC 2010). The tumor can be well cir-
cumscribed or show infiltrative borders. The cut surface is tan-red and homogenous.
Tumor necrosis should be mentioned if observed grossly. If invasion into bile duct
or duodenum is seen, it should be mentioned in the pathology report to be able to
compare European and North American data sets for future outcome studies.
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Fig. 1.2 Mixed adenoneuroendocrine carcinoma (MANEC). Panel a and b show that~50 % of
the tumor is comprised of endocrine nests admixed with 50 % exocrine glands with focal perineu-
ral invasion. Panel ¢ shows low mitotic activity of the tumor. Panel d demonstrates that only the
endocrine and not the exocrine component expresses synaptophysin (a) H&E stain 40x magnifica-
tion; (b) H&E stain 400x magnification; (¢) Ki67 immunostain, 400x magnification, (d) synapto-
physin immunostain, 400x magnification)

Table 1.1 Differences in previous and current WHO classifications for gastroenteropancreatic

neoplasms

'WHO 2000

WHO 2010

Tumor-like lesions (TLL)

Hyperplastic and pre-neoplastic lesions

Well-differentiated endocrine tumor (WDET)

Neuroendocrine tumor grade 1 (GEP-NET)

Well-differentiated endocrine carcinoma

(WDEC)

Neuroendocrine tumor grade 2 (GEP-NET)

Poorly differentiated endocrine carcinoma/
small cell carcinoma (PDET)

Neuroendocrine carcinoma grade 3
(GEP-NEC) (large cell or small cell type)

Mixed exocrine endocrine carcinoma (MEEC)

Mixed adenoneuroendocrine carcinoma
(MANEC)

Table 1.2 Differences in European and North American tumor staging for gastroenteropancreatic

neoplasms
ENETS TNM 2007 AJCC TNM 2010
T1 Confined to pancreas (<2 cm) Confined to pancreas (<2 cm)
T2 Confined to pancreas (2—4 cm) Confined to pancreas (>2 cm)
T3 Confined to pancreas (>4 cm) OR Peripancreatic spread WITHOUT
Invasion of duodenum or bile duct Major vascular invasion
T4 Invasion of adjacent organs OR Major vascular invasion

Major vascular invasion
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1.4 Histology (NET vs. NEC, Grade)

Microscopic examination is used to determine the grade of the neuroendocrine
neoplasm. Neuroendocrine tumors show classical patterns of neuroendocrine dif-
ferentiation including organoid (nested), pseudorossetting, trabecular, and solid
growth patterns (Fig. 1.3a—d, respectively). They are composed of small uniform
cells with round to oval nuclei demonstrating coarsely stippled chromatin (“salt and
pepper,” Fig. 1.3a insert). The classical term “carcinoid tumor” is still in clinical use
but should be qualified with the newer terms of neuroendocrine tumor grade 1 or 2.
Large cell neuroendocrine carcinomas show frequently sheet-like solid growth
patterns, tumor necrosis, hyperchromatic nuclei, and irregular nuclear contours.
Small cell carcinomas lack cytoplasm and demonstrate nuclear molding in addition
to tumor necrosis.

In order to determine the grade of the tumor, special emphasize is given to an
accurate mitotic count. It is recommended to count 40-50 high power fields (hpf)
and calculate the mean of the total number of mitosis in 10 hpf. If the number is less
than 2 (G1), the result must be supported by an additional immunohistochemical
stain using the proliferative index marker Ki67. Less than 3 % of tumor cells should
be positive to qualify the tumor as low grade (G1, Fig. 1.1).

Finally, if a glandular component is seen in more than 30 % of the neuroendocrine
carcinoma, the diagnosis of a mixed adenoneuroendocrine carcinoma (MANEC) is

Fig. 1.3 Various growth patterns of neuroendocrine tumors: (a) organoid (nested), (b) perivascular
pseudorosettes, (¢) trabecular and micropapillary, (d) solid with amyloid production (a—¢ H&E
stain, 400x magnification)
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made and grading is performed on the two components separately (Fig. 1.2). If a
pancreatic exocrine adenocarcinoma contains less than 30 % of tumor showing neu-
roendocrine histology and immunostaining, the carcinoma is called adenocarci-
noma with focal neuroendocrine differentiation.

1.5 Molecular Marker Expression

A minimal immunohistochemical panel should demonstrate cytoplasmic expression
of synaptophysin and chromogranin. Small cell carcinomas show in addition a
highly specific perinuclear dot-like staining pattern if an anti-pankeratin (AE1/3)
antibody is used.

The presence of somatostatin receptor subtype 2 (SSTR2) on the tumor cells
should be determined, since clinically used somatostatin analogues (octreotide, lan-
reotide) bind with high affinity to somatostatin receptor subtype 2 and with lesser
affinity to subtype 3 and 5. The presence of SSTR2 receptors results in higher sen-
sitivity to somatostatin analogue receptor scintigraphy (!''In or **T¢) or PET (*Ga)
to correctly detect and stage disease and to estimate effectiveness of treatment by
somatostatin analogues.

Finally, rare metastatic tumors to the pancreas from a lung primary can be identi-
fied using an anti-TTF1 antibody or from intestinal primaries using an anti-CDX2
antibody. Most primary pancreatic neuroendocrine tumors show expression of
PDX-1, which is negative in most neuroendocrine tumors from other sites.

1.6 Molecular Genetics

The overall incidence of pancreatic neuroendocrine tumors worldwide is 1 in
100,000 [7]. Recently, this incidence has been increasing up to 5 in 100,000 most
likely due to better detection methods [8]. This is supported by autopsy studies
which estimate up to 0.8-3 % of cases showing pancreatic NETs [9, 10]. Most are
sporadic, but familial germline mutations exist.

1.6.1 Familial Syndromes

The multiple endocrine neoplasia type 1 gene (MEN1) codes for the protein
MENIN, a nuclear transcriptional regulator and tumor suppressor. The gene resides
on the long arm of chromosome 11 (11q13). Germline mutations of MEN1 are present
in 70-90 % of typical MEN1 families [11].

Another target gene for germline mutations resulting in frequent pancreatic
NETs is the von Hippel-Lindau (VHL) gene. This gene resides on the short arm of
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chromosome 3 (3p25). The VHL protein is found in the nucleus and the cytoplasm
and appears to degrade HIF (hypoxia inducible factor). Absence of VHL protein
causes overexpression of HIF with production of VEGF and other factors promoting
vascular proliferation during tumor development. 15-17 % of patients with VHL
germline mutations develop pancreatic PETs and many of these tumors show a
more aggressive clinical behavior [12, 13].

Germline mutations in neurofibromatosis type 1 gene (17ql1) and tuberous
sclerosis genes TSC1 (9q34) and TSC2 (16p13) cause absence of neurofibromin,
hamartin, or tuberin, respectively. This causes uncontrolled activation of mTOR and
activation of HIF similarly to the absence of the VHL protein. Pancreatic NETs are
seen in 6 % of neurofibromatosis type 1 (von Recklinghausen’s disease) and less
than 5 % of tuberous sclerosis [14].

1.6.2 Sporadic Pancreatic Endocrine Neoplasms

Like in the familial counterparts, loss of heterozygosity (LOH) of chromosome 11q13
was shown in 33-40 % of sporadic pancreatic NETs (33—40 % [15, 16]). This region
contains the tumor suppressor gene MENIN (MEN1). Further mutational analysis of
the MEN1 gene in cases of absent 11ql3 LOH revealed additional heterozygous
mutations. This raises the question of haplo-insufficiency of the MEN1 gene to enable
tumor suppression [15].

Recently, it has been shown that sporadic pancreatic NETSs also show either LOH
or other molecular alterations on the short arm of chromosome 3 (3p24-26).
Currently, it is not clear if these changes occur as mutations in the VHL gene or
promoter region or if other candidate tumor suppressor genes including PPAR,
RASSFI1A, or others are mutated [12, 13, 17].
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Chapter 2
Inherited and Somatic Genetics of Pancreatic
Neuroendocrine Tumors

Lauren Fishbein and Katherine L. Nathanson

2.1 Introduction

Pancreatic neuroendocrine tumors (PNETSs) are tumors derived from endocrine
cells of the pancreas found in the islets of Langerhans. PNETS are rare tumors with
an incidence in the United States of 3.65 per 100,000 [1]. On autopsy studies, up to
10 % of individuals have PNETSs, suggesting many tumors remain undiagnosed [2].
PNETSs can occur at any age, with a peak incidence in the fourth to sixth decades of
life, and are believed to follow a classic model of tumor progression. The tumors are
broadly classified into functional (15 %) and nonfunctional (85 %) PNETs, based on
whether they can retain the ability to release one or more hormones such as insulin,
gastrin, or glucagon. Nonfunctional PNETSs have a worse prognosis, likely due to
relative delay in diagnosis, as they are usually discovered at later stages and often
are more poorly differentiated [3, 4]. The most common functional tumor, the insu-
linoma, often is diagnosed while still small and localized because of the severity of
symptoms associated with insulin hypersecretion, and thus, the five-year survival
rate is quite high at 85-95 %. Seventy percent of patients with the more common
nonfunctional tumors present with unresectable disease, often with liver metastases,
and the five-year survival rate is only 30—40 % with a median survival of 24 months
[1, 5-7]. However, in centers dedicated to neuroendocrine tumor treatment, the five-
year survival rate for metastatic disease can be as high as 60 % [8]. For this reason,
consensus guidelines from the North American Neuroendocrine Tumor Society

L. Fishbein, M.D., Ph.D. (&)
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(NANETS) recommend that all patients with metastatic PNETs be treated at
specialized centers [9].

The poor prognosis for patients with metastatic or regional disease underscores
the urgent need for more effective therapies. As PNETS are relatively rare tumors, the
impetus to study their tumor biology has been limited. However, recent technology
has allowed for broad-based genetic studies, which have identified novel biomarkers
and increased our understanding of tumorigenesis. A thorough understanding of the
molecular biology and tumor genetics of PNETs may lead to discovery of novel tar-
gets for therapeutic intervention. The goal of this chapter is to summarize the current
understanding of inherited and somatic genetics in PNETS.

2.2 Inherited Syndromes Associated with PNET's

Approximately 10-15 % of PNETs are associated with inherited cancer susceptibility
syndromes including Multiple Endocrine Neoplasia type 1 (MEN1), von Hippel-
Lindau syndrome (VHL), and more rarely Neurofibromatosis type 1 (NF1) and
Tuberous Sclerosis Complex (TSC) (Table 2.1).

2.3 MEN1 Syndrome

Multiple Endocrine Neoplasia type 1 (MENI1) is an autosomal dominant cancer
susceptibility syndrome, which has an incidence of approximately 0.25 % [10]. In
most cases, the syndrome is caused by an inherited germline mutation in the MEN]
gene. MENI1 is defined by the presence of parathyroid adenomas or hyperplasia,
gastroenteropancreatic tumors (GEPNETS), and anterior pituitary adenomas [10].
Hypercalcemia from primary hyperparathyroidism is often the presenting feature of
MENT], and it occurs in almost 100 % of cases by age 50 and often affects all four
parathyroid glands. MEN1-associated primary hyperparathyroidism develops at an
earlier age than sporadic primary hyperparathyroidism (20-25 years old vs. 55
years old, respectively) [10]. Patients who do not have primary hyperparathyroid-
ism by age 50 have not been found to carry mutations in MEN]. Pituitary adenomas
occur in up to 60 % of patients with MENI1. Lactotroph adenomas are the most
common anterior pituitary tumor observed; somatotroph and somatomammotroph
adenomas occur in 5 % of associated pituitary adenomas [11, 12]. Approximately
10 % of MENTI patients have bronchial or thymic carcinoids and 2040 % have
adrenal cortical tumors. Other non-cancer features include facial angiofibromas,
collagenomas, lipomas, and leiomyomas. Of note, both angiofibromas and col-
lagenomas also are observed in TSC. However, patients with MEN1 have fewer
angiofibromas, which tend to be non-erythematous and located on the nose rather
than nasolabial folds. PNETSs are a common feature of MENT, present in 40—80 %
of patients [10, 13]. Mutations in MEN]I are the most common inherited mutations
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Table 2.1 Inherited PNET predisposition genes

Gene
MENI

VHL

NF1

TSC1

TSC2

Loci Protein
11q13.1 | Menin
3p25.3 | von Hippel-

Lindau protein

17q11.2 | Neurofibromin

9q34 Hamartin

16p13.3 | Tuberin

Function

Regulates cellular
proliferation

Role in genomic
stability

Role in epigenetic
regulation

Negatively regulates
HIF by targeting it
for ubiquitination
and degradation

Acts as a GTPase to
inactivate Ras to
regulate the MAPK
pathway

Dimerizes with
tuberin to control
cellular proliferation
through the PI3K/
mTOR pathway

Dimerizes with
hamartin to control
cellular proliferation
through the PI3K/
mTOR pathway

Syndrome

Multiple Endocrine Neoplasia

type 1
Hyperparathyroidism
GEPNETSs
Pituitary adenomas
Bronchial carcinoids
Adrenal adenomas
Angiofibromas

von Hippel-Lindau Disease

11

Hemangioblastomas of the CNS

Endolyphatic sac tumors
Epididymal cystadenomas
Pheochromocytomas
Renal cell carcinomas
Pancreatic cysts
PNETs

Neurofibromatosis type 1
Cutaneous neurofibromas
Plexiform neurofibromas
Café-au-lait spots
Lisch nodules (benign iris
hamartoma)
Inguinal or axillary freckling
Long bone dysplasia
Optic gliomas
Rare PNETSs

Tuberous Sclerosis Complex
Facial angiofibromas
Ungula fibromas
Hypomelanotic macules
Renal angiomyolipomas
Hamartomas
Neurological disorders
Rare PNETs

Tuberous Sclerosis Complex
Facial angiofibromas
Ungula fibromas
Hypomelanotic macules
Renal angiomyolipomas
Hamartomas
Neurological disorders
Rare PNETs
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leading to increased susceptibility to PNETs. PNETs in MENI1 patients are typically
diagnosed at an earlier age (30—50 years old) than in patients with sporadic PNETs,
which may represent a screening bias. PNETs associated with MEN1 are often mul-
tiple and small (defined as less than 0.5 cm) and most are nonfunctional. Gastrinomas
and insulinomas are the most common functional PNETs (40 % and 10 %, respec-
tively) found in MENT patients; glucagonomas, VIPomas and somatostatinomas are
rare [11, 14]. MENI patients with PNETs tend to have a better prognosis than
patients with PNETs without MEN1, likely reflecting a screening bias and earlier
diagnosis in patients with MEN1. Approximately 10 % of all PNETSs and 25 % of
gastrinomas (Zollinger—Ellison syndrome) occur in patients with MEN1.

MENI demonstrates variable expressivity. Members of the same family, who
carry the same mutation, can have diverse clinical manifestations. Identifying indi-
viduals with MENI mutations is not only important for the proband’s medical man-
agement but also for testing family members. Genetic testing is an important
medical management tool, and screening and surveillance for the clinical manifes-
tations of disease can be initiated once a mutation is identified. Additionally, having
mutational information will allow for preconception genetic counseling and testing,
such as preimplantation genetic diagnosis. Finally, identifying individuals in the
kindred who do not carry the familial mutation (true negatives) is critical as well,
since they do not need lifelong screening for tumors.

2.4 MENI Gene and Mutations

MEN] is located on chromosome 11q13 and is comprised of ten exons spanning over
7 kb of genomic DNA [15]. The coding region spans 1,830 bp and encodes the protein
menin, which is 610 amino acids. Tumors have one germline mutation in MENI with
a second hit, often being loss of heterozygosity (LOH), at the other allele. Mutations
occur throughout the gene [16, 17]. More than 1,336 different MEN mutations have
been reported, both germline (N=1,133) and somatic (N=203) [17]. The 1,133 germ-
line mutations reported in 2008 were found throughout the entire coding region and
splice sites. Of the 459 unique mutations, 23 % were nonsense, 41 % frameshift dele-
tions or insertions, 6 % in-frame deletions or insertions, 9 % splice-site mutations,
20 % missense mutations, and 1 % whole or partial gene deletions [17]. Approximately
5-10 % of patients, who meet the clinical diagnostic criteria for MEN1, do not have
an identifiable mutation in the coding region of MENI [15-18]. These patients may
have mutations in the regulatory regions, such as the promoter, which are not routinely
evaluated with clinical genetic testing.

Despite the absence of hotspot mutations in the MENI gene, mutations at nine sites
account for 20 % of all germline mutations [17]. Five of these nine mutations are dele-
tions or insertions, one is a novel splice-site acceptor, and three are nonsense mutations.
It is hypothesized that the MEN1 deletion/insertion mutations are caused by replication
slippage at areas of repetitive sequence in the gene. There are 24 known polymor-
phisms in the MENI gene, including two nonsynonymous amino acid changes, which
must be differentiated from mutations in clinical genetic testing [17].
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2.5 Somatic MEN1 Mutations

MENI is the most common somatically mutated gene in sporadic PNETs, often
accompanied by loss of heterozygosity at the second hit. Whole-exome sequencing
of ten sporadic PNETSs and subsequent targeted sequencing of an additional 58 spo-
radic PNETs in a validation set found that 44 % had somatic mutations in MEN]
[19]. These data are consistent with prior work showing that somatic mutations in
MENI were found in 30 % of sporadic PNETSs, 7 % of insulinomas, 36 % of gastri-
nomas, 67 % of glucagonomas, and 44 % of VIPomas [20, 21]. As with the known
germline mutations, the somatic mutations are scattered throughout the coding
sequencing, and 18 % are nonsense mutations, 40 % are frameshift deletions or
insertions, 6 % are in-frame deletions or insertions, 7 % are splice-site mutations,
and 29 % are missense mutations [17]. Losses of heterozygosity of segments of
chromosome 11 (over the MENI locus) have been seen in 38.6 % of nonfunctioning
PNETs and 15-20 % of gastrinomas and insulinomas [22, 23]. Most MENI muta-
tions in sporadic PNETSs appear to be associated with regions of the gene involved
in nuclear localization or protein—protein interactions, and these tumors tend to have
abnormally low to absent nuclear staining of menin [21].

2.6 Menin Protein

The MENI gene product, menin, is ubiquitously expressed but functions in a tissue-
specific manner, sometimes with opposing functions. Menin is primarily located in
the nucleus of nondividing cells and is found in the cytoplasm of dividing cells [24].
Many protein partners have been reported to interact with menin, suggesting a role in
various cellular pathways, including the regulation of gene transcription, DNA repli-
cation and repair, and signal transduction. Given the wide range of proposed functions
and associated protein partners for menin, the discussion below will focus on those
pathways and associations most related to neuroendocrine tumorigenesis (Fig. 2.1).

In cell culture, menin represses telomerase activity via interaction with human
telomerase reverse transcriptase (hTERT), thereby preventing uncontrolled contin-
ued cellular proliferation [25]. Consistent with these data, menin depletion results
in immortalization of human fibroblasts [25]. Menin also binds directly to AKT1 to
inhibit the PI3K-Akt-mTOR signaling pathway, thereby suppressing proliferation
and anti-apoptotic signals [26]. Menin interacts with NF-kB family members to
repress the NF-kB-mediated transcriptional activation which is linked to apoptosis
and delayed cellular growth [27]. Clearly, menin appears to play a role in control-
ling cellular proliferation.

Menin also is involved in multiple cell signaling pathways. Menin interacts with
the Smad family of proteins to inhibit the transforming growth factor-p (TGF-f) and
bone morphogenetic protein-2 (BMP-2) signaling pathways [28-30]. Menin also
may be involved in the Wnt signaling pathway through interactions with the tran-
scription factor f-catenin. Interestingly, Wnt signaling stimulates pancreatic islet
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Fig. 2.1 Menin regulates multiple signaling pathways in the cell

B-cell proliferation. Over-expression of menin decreases nuclear f-catenin in part
by directly binding and excluding it from the nucleus [31]. In contrast to that, menin
also appears to be needed to interact with f-catenin for Wnt signaling in rodent islet
tumor cells [32]. Although certainly interesting given the role of Wnt signaling in
B-cell proliferation, the exact role of menin in the Wnt signaling pathway still
remains to be elucidated.

In addition to roles in proliferation, genomic stability, and cell cycle regulation,
menin also plays a role in epigenetic regulation of gene expression through histone
methylation and acetylation. Menin is part of the mixed lineage leukemia (MLL)
histone methyltransferase complex. Menin binds to MLL and mediates the H3K4
methyltransferase activity promoting histone H3 lysine 4 trimethylation which is
linked to transcriptional activation [33-35]. As part of the MLL complex, menin is
involved in the regulation of the homeobox genes and increasing expression of
cyclin-dependent kinase inhibitors, p27 (CDKNIB) and p18 (CDKN2C) [33, 36-38].
In addition, menin may mediate the repression of genes targeted by JunD through
recruitment of the histone deacetylase (HDAC) complex to suppress transcriptional
activity [39, 40]. Finally, menin has been shown to interact with suppressor of var-
iegation 3-9 homolog family protein (SUV39H1) to mediate H3K4 methylation and
silence transcriptional activity of target genes [41].
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Menin has been shown to be involved in neuroendocrine cell development and
function. Menin regulates proliferation in normal pancreatic islet cells [33, 42, 43].
Menl—/— mice are embryonic lethal [44]. Menl+/— mice develop pancreatic islet
cell hyperplasia and multiple endocrine tumors with a prolonged latency [45].
Conditional Menl gene knockout in pancreatic f-cells results in the development of
insulinomas with full penetrance, and none of the tumors become poorly differenti-
ated [46, 47]. These data suggest that Men mutations are drivers for PNET forma-
tion; however, additional mutations are needed to convert PNETSs into high-grade
tumors. Recently, menin ablation in mouse pancreatic islet cells was shown to
enhance Hedgehog signaling, a pro-proliferative and oncogenic pathway [48].
These studies demonstrate that menin directly interacts with protein arginine meth-
yltransferase 5 (PRMTS), a negative regulator of gene transcription. Menin recruits
PRMTS to the promoter of the Gasl gene, a crucial factor for binding of Sonic
Hedgehog (Shh) ligand to its receptor. This binding increases the repressive histone 4
arginine dimethylation (H4R3m2s) mark at the GasI promoter thereby suppressing
expression of Gasl [48]. Menin mutant mice have reduced binding to PRMTS and
therefore fail to provide the repressive H4R3m?2s mark at Gasl promoter, resulting
in elevated gene expression and increased Hedgehog signaling. In mice, pharmaco-
logical inhibition of Hedgehog signaling reduces proliferation of insulinoma cells
[48]. This novel finding suggests that menin-PRMTS interaction epigenetically sup-
presses Hedgehog signaling, making this pathway a potential target for treatment of
MENI mutated tumors.

2.7 von Hippel-Lindau Disease

von Hippel-Lindau disease (vHL) is an autosomal dominant hereditary cancer syn-
drome with an incidence in the United States of 1 in 32,000 and penetrance over
90 % by age 65 [49]. vHL is caused by germline mutations in the VHL gene and
associate with several benign and malignant tumor types including hemangioblasto-
mas of the central nervous system (brain, spinal cord, and retina), renal cysts and
clear cell renal cell carcinoma (RCC), endolymphatic sac tumors, epididymal cystad-
enomas, pheochromocytomas (PCC), and pancreatic cysts and PNETs. PNETs occur
in 9-17 % of patients with vHL [50-52]. vHL-associated PNETsS display differential
expression of genes related to angiogenesis and hypoxia-inducible factor signaling
compared to sporadic PNETSs [53]. Meta-analysis of 1,442 patients with vHL found
that of 420 patients who were assessed for pancreatic lesions, 60 % had pancreatic
masses, 47 % of which were simple cysts [51]. PNETs were found in 15 % of patients
and only 2 % of those were malignant and so vHL-associated PNETs are associated
with very different prognosis (improved) than sporadic PNETSs [51]. vHL-associated
PNETs are nonfunctional. Notably, patients with vHL often have multiple pancreatic
cysts and masses. In patients with vHL, surgical removal of PNETs is recommended
for pancreatic lesions over 3 cm, as this size cutoff is associated with more aggressive
disease. Further indicators of malignant potential are quickly growing tumors and
those associated with inherited mutations in the third exon of VHL [50].
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2.8 VHL Gene and Mutations

The VHL gene is located on chromosome 3p25-26 and contains three exons which
span 639 bp and encodes for two VHL proteins, one full-length 213 amino acids,
and a smaller protein that lacks the first 53 amino acids. VHL is a tumor suppressor
gene and most vHL-associated tumors show LOH of the wild-type allele as the
second hit. Over 1,000 mutations in the VHL gene have been reported to date, which
range across the gene and include missense, nonsense, and insertion/deletion muta-
tions [54]. Genotype-phenotype correlations with VHL mutations have been well
documented. Patients with type 1 vHL disease have a lower risk of developing PCC
and a higher risk of RCC and other manifestations of vHL; they tend to have trun-
cating mutations or exonic deletions. Patients with type 2 vHL disease tend to have
missense mutations in the VHL gene, which are associated with much greater pen-
etrance of PCC [55, 56]. Type 2 disease is further stratified into type 2A, which has
a lower risk of clear cell RCC; type 2b, which is associated with a high risk of all
manifestations of vHL; and type 2C, which is associated only with PCC. PNETs are
associated with mutations throughout the VHL gene, but the development of meta-
static disease appears to be higher in association with mutations in exon 3 [50].

In contrast to MENI, somatic VHL point mutations in sporadic PNETS are rarely
observed [20, 57]. Rather, up to 25 % of sporadic PNETs have been shown to have
inactivation of VHL through promoter hypermethylation or gene deletion [57]. The
presence of VHL methylation or deletions in sporadic PNETs has been suggested to
be associated with worsened outcome [57].

2.9 VHL Protein

The VHL protein forms a complex with elongin B, elongin C, RBx 1 and Cul2 which
has ubiquitin ligase E3 activity [58]. The major function of the VHL protein is to regu-
late the hypoxia-inducible transcription factors (HIF1a and HIF2a). Under normoxic
conditions, VHL binds to the hydroxyproline residue on the HIFs targeting them for
ubiquitination and proteosomal degradation [59]. Under hypoxic conditions, or if there
is a mutation in VHL, this interaction cannot take place, resulting in the loss of ubiqui-
tination of HIFx and thus allowing it to complex with a ubiquitous nuclear transporter
HIF1p, also known as ARNT [58, 60]. In hypoxia situations, there is massive upregula-
tion of over 100 genes now known to be induced because of activation by the tran-
scription factors HIF1a and HIF2a [61, 62]. The activation of these target pathways
serves to enhance tumorigenesis and includes genes involved in angiogenesis, glucose
metabolism, cell survival, and cell migration/invasion properties [61, 62]. Although
the consensus binding site for these transcription factors is the same, the factors
themselves have overlapping, but not identical sets of target genes.

The VHL protein also has HIF-independent functions relevant to tumor develop-
ment. VHL appears to be required for extracellular matrix assembly including binding
to fibronectin and hydroxyl collagen IV-a2 [63, 64] and regulating some integrin



2 Inherited and Somatic Genetics of Pancreatic Neuroendocrine Tumors 17

functions for cellular adhesions [65]. In addition, VHL has been shown to directly
bind p53, and the phosphorylation of VHL by checkpoint kinase 2 (Chk2) pro-
motes transactivation of p53, resulting in apoptosis [66, 67]. VHL also promotes
the inhibitory phosphorylation of NF-kB agonist CARD9, which leads to a decrease
in NF-kB activity [68].

2.10 Neurofibromatosis Type 1

Neurofibromatosis type 1 (NF1), also called von Recklinghausen’s disease, is an
autosomal dominant disorder caused by inactivating mutations in the tumor suppres-
sor gene, NFI. NF1 occurs in 1 in 3,000 individuals worldwide. The diagnosis is
made based on clinical criteria. Patients must have at least two of the following fea-
tures: six or more café-au-lait macules (at least 0.5 cm in prepubertal patients and
1.5 cm in postpubertal patients), two or more cutaneous neurofibromas or a single
plexiform neurofibroma, inguinal or axillary freckling, two or more Lisch nodules
(benign iris hamartomas), optic nerve glioma, dysplasia of the long bones, and a
first-degree relative with NF1 [69]. Several cancers have been associated with NF1
at a higher frequency than the general population, including malignant peripheral
nerve sheath tumors, gastrointestinal stromal tumors, chronic myeloid leukemia,
and PNETSs [70-72].

Numerous case reports of PNETSs associated with NF1 are found in the literature;
up to 10 % of NF1 patients are described as having PNETs. The most frequent NF1-
associated PNET is the somatostatinoma. NF1-associated somatostatinomas more
often are found in the duodenum rather than the pancreas [73]. Up to 48 % of duo-
denal somatostatinomas have been reported to be associated with NF1 [71, 73].
In one of the largest case series including 26 NF1 patients with somatostatinomas,
the patients were more often female than male and ranged in age from 21 to 70 years
old [74]. Interestingly, NF1-associated somatostatinomas infrequently present with
symptoms of somatostatin syndrome because the tumors are less likely to hyperse-
crete hormones compared to sporadic duodenal somatostatinomas or pancreatic
somatostatinomas [73]. Instead, these tumors tend to present with obstructive
symptoms such as jaundice, weight loss, and abdominal pain. In other aspects,
NF1-associated duodenal tumors are similar to sporadic tumors with both types
having frequent psammoma bodies on pathologic examination and less frequent
metastases compared to pancreatic somatostatinomas [73].

2.11 NFI1 Gene and Protein

The NF1 gene is large, spanning 360 kb and over 60 exons located on chromosome
17q11.2. There are no hot spots for mutations and no genotype/phenotype correla-
tions. No specific mutations are associated with PNET development. Up to 50 %
of NF1 patients arise from a de novo mutation, and interestingly, there is variable
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penetrance and expressivity of the disease even in patients with the same mutation
[70]. The protein neurofibromin is composed of 2,818 amino acids, and the most
well-characterized function of this large protein is as a GTPase which inactivates
Ras to inhibit the MAPK signaling pathway. When NF'/ is mutated, there is consti-
tutive activation of Ras and hence the downstream MAPK, PI3K, and mTOR path-
ways, leading to uncontrolled cellular growth and differentiation [75-77]. NFI has
been found to be mutated in a multiplicity of tumor types, ranging from glioblas-
toma multiforme to melanoma, lung, ovarian, and bladder cancers among others
based on data from the Cancer Genome Atlas.

2.12 Tuberous Sclerosis Complex

Tuberous Sclerosis Complex (TSC) is another autosomal dominant disease with
prevalence of 1 in 6-10 thousand individuals [78]. The clinical manifestations
include abnormalities of the brain (cortical tubers, subependymal nodules, seizure
disorders, developmental delay), skin (facial angiofibromas, ungual and periungual
fibromas, hypomelanotic macules), kidney (renal angiomyolipomas, cysts), lungs
(lymphangiomyomatosis), and eyes (hamartomas) [78]. Two-thirds of patients have
no family history of TSC and are thought to be due to de novo mutations, particu-
larly in 7SC?2. Eighty to 85 % of patients meeting clinical criteria for TSC are found
to have mutations in one of two genes, 7.SC/ and TSC2 [79, 80]. No other genes are
thought to be associated with TSC; rather it is thought that the mutations may not be
detectable in some cases due to issues such as somatic mosaicism or being outside
the region interrogated by clinical testing (e.g., promoter region). 7SC/ is located
on chromosome 9q34 and spans 55 kb of DNA encoding 23 exons. 7SC?2 is located
on chromosome 16p13 and spans 40 kb encoding 41 exons. The gene products are
hamartin and tuberin, respectively, which share no homology. These two proteins
dimerize to control cellular proliferation through the PI3 kinase/mTOR pathway
[81]. Truncating mutations span both genes without particular hot spots, although
mutations in 7SC2 are more common in both familial and sporadic cases [82].
Missense mutations in 7SC2 tend to cluster in the GTPase-activating protein-bind-
ing domain and are rare in 7SC/. Large genomic deletions also are more frequent in
TSC?2 than in TSCI [83]. PNETs in TSC are extremely rare with only a handful of
cases reported in the literature with most having mutations in 7SC2 when tested
[84]. The tumors tend to be well differentiated and can be secretory.

2.13 Somatic Genetic Mutations in PNETSs

Candidate gene approaches to identify somatic mutations in PNETs have been
performed in small studies with variable results. Activating mutations in exon 3 of
P-catenin were described in 37 % of gastrointestinal NETs [85] but not in PNETS [86].
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Table 2.2 Common somatic mutations in PNETs

Gene Loci Protein Function

MENI |11ql13.1 | Menin Regulates cellular proliferation
Role in genomic stability
Role in epigenetic regulation

DAXX |6q21.3 | Death-domain-associated protein Histone H3.3 chaperone
ATRX | Xq21.1 | Alpha thalassemia/mental retardation | Member of the SWI-SNF family
syndrome X-linked protein of chromatin remodeling proteins
PTEN | 10q23.3 | Phosphatidylinositol-3,4,5- Phosphatase which preferentially
trisphosphate 3-phosphatase dephosphorylates
phosphoinositide substrates
Key modulator of the AKT-
mTOR signaling pathway
TSC2 16p13.3 | Tuberin Dimerizes with hamartin to

control cellular proliferation
through the PI3K/mTOR pathway

PTEN, KRAS, TP53, and CDKN2A are rarely mutated in PNETs [§7-92]. One small
study suggested that loss of PTEN expression by immunohistochemistry correlated
with advanced tumor stage [93]. Another small study showed that although no point
mutations were found in CDKN2A, the gene was homozygously deleted in 42 %
and methylated in 58 % of gastrinomas and nonfunctioning PNETs [94]. Several
small studies found no mutations in RET, BRAF, and SMAD3 [95-98]. One small
study did find DPC4/SMAD4 mutations in a high percentage of sporadic PNETs
[99], but this was not confirmed in subsequent larger studies [89, 100].

Massively parallel sequencing studies on PNETs have confirmed some of the pre-
viously known somatically mutated genes in PNETs and also have identified novel
genes involved in tumorigenesis (Table 2.2). Whole-exome sequencing (WES) of ten
advanced PNETs identified 157 somatic mutations in 149 genes with an average
mutation rate of 16 mutations per tumor [19]. This low number of somatic mutations
reflects the often indolent nature of PNETs compared to other more aggressive car-
cinomas which often have a median of 44 non-silent somatic mutations per tumor
[101]. The most frequently mutated genes in the discovery PNET set were selected
to be sequenced in a validation set of 58 additional PNETs. In total, this study con-
firmed the most commonly somatically mutated gene in well-differentiated PNETSs
is MENI1 (in 44 % of cases) [19]. Fifteen percent of PNETSs had a mutation in one of
the PI3K/mTOR signaling pathway genes including 7SC2 (in 8.8 % of cases) and
PTEN (in 7.3 % of cases) as well as one tumor with a PIK3CA activating mutation.
The fact that a significant percentage of PNETs have mutations in genes regulating
the mTOR pathway is consistent with the observation that patients with PNETs
respond to the mTOR inhibitor everolimus with improved progression-free survival
[102]. Perhaps identifying patients with a somatic mutation in the mTOR pathway
before treatment could serve as a biomarker to predict response to directed therapy
with everolimus in the future.
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Fig. 2.2 Recruitment of ATRX/DAXX complex to heterochromatin with G4 DNA structures. The
ATRX ADD domain binds with a histone H3 trimethylated Lys 9 and unmodified Lys 4. The ATRX
binding partner DAXX recruits histone variant H3.3 and the complex deposits H3.3 into the
nucleosome to maintain the DNA in the B form (orange circle, histone H3 K9me3; yellow circle,
histone H3 K4me0)

WES also identified that the second most commonly identified somatic mutations
are in the DAXX/ATRX complex (in 43 % of cases) which was not previously known
to play a role in the biology of PNETs [19]. DAXX and ATRX are both part of the
chromatin remodeling complex (Fig. 2.2). Mutations in either DAXX (death-domain-
associated protein, in 25 % of cases) or ATRX (alpha thalassemia/mental retardation
syndrome X-linked in 18 % of cases) were mutually exclusive with each other but
sometimes demonstrate overlap with mutations in MEN (in 23.5 % of cases) [19].
Interestingly, DAXX/ATRX mutations were associated with a statistically significant
increase in overall survival, which improved further if there was an additional
MENI mutation [19]. These data should be interpreted with caution given the small
numbers of tumors with MEN I and DAXX/ATRX mutations in the study. Nevertheless,
these data are consistent with a study examining protein expression in well-differ-
entiated PNETs versus poorly differentiated neuroendocrine carcinomas. In this
study, DAXX and ATRX expression by immunohistochemistry (IHC) are mutually
exclusively lost in 45 % of well-differentiated PNETSs, similar to the mutation rate
and pattern seen by WES, whereas p53 and Rb showed normal expression [103].
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Conversely, pS3 and Rb protein expression by IHC was altered in poorly differentiated
neuroendocrine carcinomas compared with well-differentiated PNETSs, whereas
expression of ATRX and DAXX was the same in both tumor sets [103]. However,
recently a larger study of 149 PNETs had contrasting results with the absence of
DAXX/ATRX staining by IHC associated with chromosomal instability and
decreased relapse-free survival in patients with PNETSs [104]. Given the differing
results, additional studies need to be performed to understand the true association
of DAXX/ATRX mutations with prognosis in PNETs. Nonetheless, mutations in this
complex appear to play a significant role in PNET tumorigenesis, although the
mechanism is still being elucidated.

The ATRX gene is located on the X chromosome at Xq21.1, has 36 exons,
and encodes a 2,492 amino acid protein. Germline ATRX mutations lead to ATRX
syndrome in which patients develop a neurodevelopmental condition with various
degrees of gonadal dysgenesis and alpha thalassemia [105]. Similar to other
X-linked disorders, female patients with germline ATRX mutations are generally
unaffected or only mildly affected as they exhibit skewed X chromosomal inactiva-
tion patterns; hence the syndrome is predominantly seen in males [106]. ATRX is a
large nuclear protein with a C-terminal ATPase/DNA helicase domain making it
part of the SWI-SNF family of chromatin remodeling proteins. The N-terminal
domain has a DNA-binding domain which recognizes the methylation status of
lysine residues on histone 3 which typically denotes inactive heterochromatin,
including telomeric and pericentric regions. ATRX has also been associated with
G-quadruplex formations of DNA which prevent DNA and RNA polymerases from
functioning [107]. ATRX is thought to play a role in resolving G-quadruplex DNA
formations, thereby promoting gene expression. ATRX depletion leads to loss of
structural integrity at telomeres which have high concentration of G-quadruplex
formation, while treatment with G-quadruplex-stabilizing agents in ATRX-depleted
cells causes DNA damage at telomeres, such as chromosomal end-to-end fusions
and telomere deletions [108]. ATRX-deficient mice have defective chromosomal
cohesion during mitosis, increased sensitivity to agents that induce replicative
stress, and increased p53-mediated apoptosis in response to DNA damage [108].
These studies suggest ATRX serves to help maintain genomic integrity.

Interestingly, the germline mutations associated with ATRX syndrome differ from
the somatic mutations found in PNET tumors. Fifty percent of germline mutations are
in exons 8—10 in the DNA-binding domain and about 30 % are in exons 17-31 in the
helicase domains [109]. Furthermore, the inherited ATRX mutations tend to be hypo-
morphic missense mutations rather than protein-truncating mutations which lead to
loss of protein through nonsense-mediated decay as seen with the somatic muta-
tions. This finding is not surprising since ATRX appears to be essential for life as mice
deficient in ATRX are embryonic lethal [110].

DAXX is located on chromosome 6q21.3, has eight exons, and encodes a 688
amino acid protein. DAXX also is a nuclear protein and functions as a histone H3.3
chaperone. The ATRX-DAXX complex assembles H3.3 into nucleosomes and,
therefore, is implicated in chromatin stabilization [111-113]. ATRX recruits DAXX
to bring H3.3 to telomeres and pericentric heterochromatin [113]. It is hypothesized
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that disruption of this function leads to tumorigenesis by disrupting regulation of
telomeres as protein loss of DAXX or ATRX is correlated with alternative lengthen-
ing of telomeres (ALT), a telomerase-independent mechanism of telomere length-
ening [114]. Alternative lengthening of telomeres through DNA recombination has
been shown in 61 % of PNETSs in one study and 19 of those 25 tumors had mutations
in either ATRX or DAXX [114]. Alternative lengthening of telomeres was seen in all
DAXX/ATRX mutated tumors in the whole-exome sequencing study of non-MEN1-
associated PNETs [19]. In MENI1-associated PNETSs, only a small subset had
DAXX/ATRX mutations, but all of the mutation-positive tumors had the ALT pheno-
type [115]. Interestingly, in a study of multiple cancer types including PNETs, all
tumors which had ATRX mutations were ALT positive by a telomere FISH assay
[116]. ATRX mutations are not restricted to neuroendocrine tumors but are found in
other tumor types as well including gliomas. The ATRX/DAXX complex appears to
be critical for genomic integrity, and disruption of this process appears to lead to
tumorigenesis. Nevertheless, the precise mechanism of ATRX/DAXX dysfunction
in pancreatic neuroendocrine tumorigenesis is still being elucidated.

2.14 Expression Profiling

Several studies have examined expression profiling in PNETSs and have highlighted
specific altered cellular pathways in subsets of tumors. Comparing nonfunctioning
well-differentiated PNETSs to pancreatic islet cell samples, very few differentially
expressed genes were identified [117]. However, when examining differences in the
expression profiles of metastatic and non-metastatic PNETSs, there was increased
expression of genes involved in growth regulation, cholesterol homeostasis, osmotic
regulation, and hypoxia-inducible factors and under-expression of genes involved in
the cell cycle and DNA damage response in the metastatic subset [118]. Another
study of PNETs with and without metastases showed that metastatic tumors had
higher expression in genes involved in angiogenesis, signal transduction through
tyrosine kinases, and calcium-dependent cell signaling [119]. Malignant tumors
also showed activation of insulin-like growth factor-signaling cascade [118, 119].
Interestingly, another study comparing nonfunctioning PNETSs (primary tumors and
associated metastases) to islet cell preparations found that similar expression patterns
between primary tumors and associated metastatic tumor, suggesting malignant
potential, may be acquired at an early stage [120]. ANG2 (angiopoietin-2) has been
suggested as a potential molecular marker for malignancy as it was over-expressed
in a microarray study in 89 % of nonfunctional PNETs compared with 22 % of
normal pancreas samples [121]. Another potential marker for worsened disease-free
and overall survival is co-downregulation of PTEN and TSC2 [122]. RUNXITI
is under-expressed in well-differentiated metastatic primary PNETSs relative to
non-metastatic primaries and, therefore, could represent a possible biomarker for
prediction of metastases [123]. Most of these studies have been done in small sample
sets, and further validation is needed to confirm these genes as possible biomarkers
for metastases and survival.
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2.15 Copy Number Aberrations

Array-based comparative genomic hybridization (aCGH) studies have shown that
PNETSs have multiple chromosomal alterations. Not surprisingly, genetic alterations
accumulate during tumor progression and increase in concert with tumor volume
and stage [124]. In addition, more copy number gains and losses are found in meta-
static disease compared to benign tumors [124, 125]. Loss of chromosome 1 and
11q and gains of 9q appear to be early events because these alterations are seen in
many small tumors under 2 cm [124]. The MENI1 gene is located on chromosome
11q, so loss of this region early in tumorigenesis is not surprising. Potential genes
of interest in the other commonly disrupted chromosomal regions included tumor
suppressor genes on chromosome 1 including 7P73 and RIZ and oncogenes on
chromosome 9q included ABL and VAV2. In one study of 25 PNETs, 68 % of tumors
had gain on chromosome 7 with the minimal overlapping region at 7q11.2 which
contains potential genes of interest including MET and EGFR [126]. Loss of chro-
mosome 3pq and 6pq and gains of 14q, 17pq and 20q are associated with advanced
stage and malignant behavior [124, 127]. In metastases, gains of chromosome 4pq,
54, 7pq, and 17q and losses of 11pq, 10p, 3p, and 6q are seen often [125]. Insulinomas
have fewer alterations than other PNETSs and often have gains of chromosome 9q32
[124-127].

2.16 Epigenetics

Gene-specific analysis has identified some genes commonly epigenetically silenced
in PNETs. RASSFIA is a tumor suppressor gene located on chromosome 3q21 and
frequently methylated in several cancer types. In PNETs, RASSFIA promoter meth-
ylation has been reported in as high as 75-83 % of tumors and correlates with larger
tumors and the presence of metastatic disease; however, methylation of RASSFIA
also has been found in adjacent normal tissue making the role for silencing this gene
uncertain [128—131]. CDKN2A is a tumor suppressor gene located on chromosome
9p21 and encodes the p16 protein which regulates the cell cycle. CDKN2A is com-
monly silenced by promoter methylation in cancers including 10-58 % of PNETs
and correlated with the presence of metastatic disease [91, 94, 129, 132, 133].
Methylation status of other genes has conflicting reports in various studies. The
MGMT promoter was methylated in 40 % of 48 PNETs in one study [129] but in
none of 11 PNETs in another study [133]. Similarly, 7IMP3 encoding an extracel-
lular protease inhibitor, known to play a role in metastatic potential in cancers, was
methylated in 44 % of functional PNETs [134] but not in insulinomas or nonfunc-
tional PNETs [129, 134].

CpG island methylator phenotype (CIMP) is known to be associated with
colorectal adenocarcinomas. In a series of neuroendocrine tumors, CIMP phenotype
was found in 50 % of gastrinomas and up to 100 % of VIPomas and glucagonomas,
all associated with high Ki67 proliferative index [135]. High promoter methylation
in PNETs has been associated with higher-grade tumors, early recurrence, and
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worse prognosis with decreased survival [129, 135]. Future studies using massively
parallel sequencing of the methylome may help to further elucidate the role of
epigenetic methylation in PNET tumorigenesis.

2.17 Small Intestinal NETS

Massively parallel sequencing of small intestinal NETs (SINETs) identified a low
number of somatic alterations similar to PNETs [136]. Banck et al. examined 48 ileal
and small bowel carcinoid tumors grades 1 and 2 through whole-exome sequencing
and found a total of 197 non-synonymous mutations and 14 splice-site mutations.
No recurrent mutations were identified. In fact, only one gene was mutated in more
than one tumor (ABCCI2 mutations in two of 48 tumors). Several known cancer-
promoting genes were mutated in single cases including BRAF, FANCD?2, FGFR2,
MENI, and VHL [136].

Somatic copy number analysis in the SINETs showed a low rate of copy number
changes per tumor (average 21) suggesting relative genomic stability [136]. The
pattern of gains and losses was consistent with previous studies using aCGH and
SNP arrays [137, 138]. Copy number gains were found in MTOR (6 % of cases) and
SRC (23 % of cases), whereas copy number loss was common in SMAD4 tumor
suppressor gene in 46 % of cases [136]. Interestingly, SMAD4 is frequently mutated
in pancreatic adenocarcinomas although not seen in PNETs [89, 100].

2.18 Summary and Future Directions

Given the poor prognosis associated with metastatic PNETs, it is essential to identify
biomarkers for prediction of malignant potential and to identify novel targets for
therapeutics to treat metastatic disease. Recently, our understanding of tumorigen-
esis in PNETs has expanded from studies focusing solely on the role of menin as a
tumor suppressor to massively parallel sequencing studies identifying potential new
drivers of tumorigenesis in PNETs. However, further work needs to be done to fully
understand the mechanism of tumorigenesis behind the newly discovered somati-
cally mutated genes to enable the development of therapeutics.
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Chapter 3
Laboratory Assessment of NETs

Christos Toumpanakis

3.1 Introduction

Pancreatic neuroendocrine tumors (pNETSs) are derived from the endocrine cells of
the pancreatic islets of Langerhans and may be functioning or non-functioning.
In the former group, the predominant symptoms are those of the hormonal hyperse-
cretion. These tumors get their name from the predominant peptide that they secrete.
The most common ones include gastrinomas, insulinomas, vaso-active intestinal
polypeptide (VIP)-omas, glucagonomas, somatostatinomas, growth-hormone
releasing factor secreting tumors (GRF-omas), and ACTH secreting tumors of the
pancreas (ACTH-omas). Other rarer pNETSs have recently been considered as caus-
ing syndromes, including pNETSs causing hypercalcemia [producing parathormone
(PTH) and parathormone-related peptide (PTH-rp)], pNETSs secreting calcitonin,
and finally serotonin producing pNETs. In non-functioning tumors, symptoms are
associated to the mechanical effects of tumor mass itself. However, non-functioning
pNETSs may produce hormones as well, but remain clinically silent for the following
reasons: (a) the hormones produced may not develop a known specific clinical
syndrome [pancreatic polypeptide (PP) omas], (b) the tumor may produce a known
peptide, but fails to release it, or (c) the tumor produces biologically inactive precur-
sor forms of hormones [1].

The diagnosis of pNETs is based upon: (a) the clinical features, especially in
functioning tumors, (b) the levels of several peptides and amines, that represent
tumor products, in blood and urine (biomarkers), (c) the localization of primary and/or
metastatic lesions by imaging studies, and (d) the histopathological confirmation
(through a biopsy or a surgical specimen) which represents the “gold standard” and
should be obtained whenever possible.
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Clinical features that may raise the suspicion for gastrinoma include recurrent
and resistant to treatment peptic ulcers, which are not related to Helicobacter pylori
or non-steroidal anti-inflammatory drugs (NSAIDs), erosive oesophagitis and
chronic diarrhea, associated to hypergastrinaemia; patients with insulinomas develop
symptoms (e.g., faintness, perspiration) as a result of hypoglycemia, secondary to
insulin hypersecretion; VIPomas patients have a severe secretory diarrhea, which
causes dehydration and hypokalaemia, due to VIP hypersecretion. Additionally, in
patients with glucagonomas, a characteristic necrolytic migratory erythema, in
combination with weight loss and diabetes mellitus, may occur as systemic effects of
glucagon hypersecretion [2].

In this chapter, we are focusing on the laboratory assessment of pNETs and will
present all established and novel biomarkers that are used: (a) to confirm a clinically
suspected hormonal syndrome or a non-functioning pNET that was revealed inciden-
tally by imaging studies, (b) in follow-up assessments and surveillance for disease
recurrence after a surgical treatment, (c) for prediction and monitoring of treatment
response, and (d) for prognostic purposes.

3.2 Biomarkers

Biomarkers are cellular (histological), biochemical, and molecular (including
genetic) substances that can be objectively measured in biological media, such as
tissue or fluids. Neuroendocrine cells can produce and secrete several peptides and
biogenic amines that can be measured in serum and urine and may serve as biomarkers.
Some of these markers may be specific for a clinical syndrome associated with these
tumors, whereas others are thought to be non-specific (general), as they are secreted
by a variety of neuroendocrine cells [3].

3.2.1 Specific

Specific biomarkers for the most common functioning pNETs include the following
hormonal peptides: gastrin (gastrinoma), insulin, C-peptide, and proinsulin (insulin-
oma), glucagon (glucagonoma), VIP (VIPoma), and somatostatin (somatostatinoma).
As most of these substances represent gut hormones, they should be assessed after, at
least, 6-h fast. Relevant symptoms associated with raised levels of the above-noted
peptides strongly indicate the presence of a functioning pNET. However, in some of
these tumors, raised hormonal levels alone are not enough to establish the diagnosis.

The biochemical confirmation, following a clinical suspicion, of a gastrinoma
requires a significant elevation of fasting serum gastrin, in combination with hype-
chlorhydria. The presence of the latter is very important, as hypergastrinemia alone
can be result of chronic hypochlorhydria/achlorhydria, that is associated with
chronic fundus atrophic gastritis, chronic proton pump inhibitors’ (PPIs) use, as
well as vagotomy [4].
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Table 3.1 Differential diagnosis of hypergastrinaemia

Gastric p H<2 Gastric p H>2
Gastrin levels Diagnosis of gastrinoma Consider other causes
>10-folds of the (atrophic gastritis, chronic
upper normal limit PPI use, vagotomy)
Gastrin levels First exclude other causes Consider other causes
<10-folds of the H. pylori infection, gastric outlet obstruction, | (atrophic gastritis, chronic
upper normal limit | antral G cell hyperplasia, short bowel PPI use, vagotomy)

syndrome, retained antrum or renal failure
And then perform “Secretin Test”

A fasting serum gastrin (gastin-17) level of >10-fold the upper normal limit, in
the presence of gastric pH <2 or basic acid output (BAO)> 15 mmol/h, is considered
as diagnostic of a gastrinoma. If possible, PPIs should be discontinued at least 10
days, prior to serum gastrin estimation, while a discontinuation of Histamine-2
receptor (H2R) antagonists for only 48—72 h prior to the test seems to be adequate.
Moderately elevated serum gastrin levels (<10-fold the upper normal limit) and
hypechlorhydria may occur in 66 % of gastrinoma patients, but in this scenario
other clinical entities can be also considered, such as H. pylori infection, gastric
outlet obstruction, antral G cell hyperplasia, short bowel syndrome, retained antrum,
or renal failure. For differential diagnosis, a provocative test with intravenous (IV)
administration of secretin is performed, as follows: after an overnight fast an IV
bolus of secretin (2 U/kg) is given to the patient. A rise of serum gastrin concentra-
tion >120 pg/mL, noted within 10 min of secretin administration, can establish the
diagnosis of gastrinoma, whereas in the above-mentioned non-gastrinoma-related
causes, serum gastrin levels remain practically unchanged. It has been recently rec-
ommended that PPIs need also to be discontinued, prior to the secretin provocative
test [5]. The differential diagnosis of hypergastrinaemia is summarized in Table 3.1.

Similarly, whenever insulinoma is clinically suspected, the following six criteria
are required in order to confirm the biochemical diagnosis: (1) blood glucose levels
2.2 mmol/L (40 mg/dL) or less, (2) concomitant insulin levels 6 pU/mL or greater,
(3) C-peptide levels 200 pmol/L or greater, (4) proinsulin levels 5 pmol/L or greater,
(5) p-hydroxybutyrate levels 2.7 mmol/L or less, and (6) absence of sulfonylurea
metabolites in plasma and urine. If diagnosis is still unclear, a 72 h fast test is per-
formed into the hospital. When the patient develops hypoglycaemic symptoms and
blood glucose is low, plasma insulin, proinsulin, and C-peptide levels are measured.
Low blood glucose levels, associated with inappropriately high plasma insulin, pro-
insulin, and C-peptide levels, at the same time strongly indicate the autonomous
secretion of insulin [6].

In a patient with radiologically +histologically proven pNET, rare clinical entities
should be suspected if: (a) hypecalcaemia with normal PTH levels is noted. This
may indicate a PTH-rp secreting tumor, and PTH-rp needs to be measured; and (b)
symptoms of carcinoid syndrome (flushing, diarrhea, bronchospasm) are reported. In
this scenario, a serotonin-producing functioning pNET may be present and therefore
urinary 5-hydroxyindoleacetic acid (5-HIAA), a breakdown product of serotonin,
needs to be measured in a 24-h urine collection. During this collection, the patients
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should be avoiding certain foods like bananas, avocados, aubergine, pineapples,
plums, walnuts, and some drugs like paracetamol, fluorouracil, methysergide,
naproxen, and caffeine, which may cause false positive results. On the contrary, other
drugs like levodopa or phenothiazines may result in false negative results.

3.2.2 Non-specific (General)
3.2.2.1 Chromogranin-A (CgA)

Chromogranins are a family of water-soluble acidic glycoproteins, including at least
three different members (CgA, CgB, CgC), which are stored in the secretory granules
of neuroendocrine cells and released during exocytosis. Plasma CgA is found through-
out the diffuse neuroendocrine system and is thought to be the best and most sensitive
general marker for the diagnosis and follow-up of gastro-entero-pancreatic NETs.
Its plasma levels may correlate with tumor progression or regression and also their
alteration may precede radiographic evidence of progression. The sensitivity of
plasma CgA is 96 % and 75 % in functioning and non-functioning pNETS, respec-
tively, while its specificity varies from 68 to 100 % [7]. The sensitivity and specificity
of circulating CgA in clinical practice depends on several factors including tumor type
and tumor volume. For example, benign insulinomas and small volume tumors may
have normal circulating levels of CgA, which results in false negative results. Also,
poorly differentiated endocrine carcinomas usually have low CgA expression and
therefore are associated with low or normal circulating CgA levels [8]. On the con-
trary, CgA may be raised in several non-neoplastic clinical entities such as atrophic
gastritis, chronic use of PPIs, renal failure, hepatic failure, inflammatory bowel dis-
ease, etc. and some non-NET malignancies such as breast cancer, prostate cancer,
ovarian cancer, colorectal cancer, hepatocellular carcinoma, etc. [9]. Therefore, the
presence of any of the above-noted situations needs to be taken into account when
interpreting CgA levels. Finally, apart from benign insulinomas, its clinical value is
limited in patients with gastrinomas. In those patients, there is not precise correlation
of tumor burden with CgA levels, as CgA may also be produced by the enterochro-
maffin-like cells of stomach in response to hypergastrinemia [10]. On the basis of the
above, it is reasonable to interpret CgA levels, especially in pNETS, in combination
with the specific tumor markers associated with them (i.e., gastrin in gastrinomas, VIP
in VIPomas, etc.). Finally, although in midgut NETs, significantly raised CgA at diag-
nosis is associated with worse survival, the role of this markers as a prognostic factor
has not been well established in pNETs so far.

3.2.2.2 Other Members of Chromogranin Family

Pancreastatin is a breakdown product of CgA resulting from the action of prohormone
convertase-1. Pancreastatin is considered more sensitive than CgA and may be used to
identify NETs with small tumor volumes or the early stages of development of liver
metastases, when CgA levels may still be normal. Pancreastatin may thus be useful in
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diagnosing NETs at a very early stage or in detecting early recurrence. Of note, assays
measuring the middle of the pancreastatin molecule cross-react with CgA, while those
measuring the C- and N-terminals of pancreastatin do not. These C- and N-terminal
assays may be of clinical utility as pancreastatin is not raised in gastric achlorhydria.
Therefore, false positives may occur less frequently with pancreastatin than CgA in
certain patient groups [11]. However, pancreastatin is not widely available.

CgB (also known as secretogranin I) is a less sensitive biomarker than CgA.
The exceptions include MEN-1-related tumors and benign insulinomas, where CgA
levels may be within normal limits [12]. Circulating CgC (secretogranin II)
currently has no formal role in the follow-up and treatment of NETs.

3.2.2.3 Pancreatic Polypeptide

PP is produced by normal pancreatic islet cells. Its circulating levels can be raised in
approximately 80 % of pNETSs. Its sensitivity is reportedly lower than that of CgA.
However, when used in combination with CgA, sensitivity increases to 95 % for
pNETs. PP has low specificity, however, as it may be also raised in patients with
diarrhea due to other causes and in patients with diabetes [13].

3.2.2.4 Neuron-Specific Enolase

Neuron-specific enolase (NSE) is an isomer of a glycolytic enzyme found in neurons
and neuroendocrine cells, and may also serve as a circulating non-specific marker for
NETs. NSE is more frequently raised in patients with small cell lung carcinomas (74 %),
and also medullary thyroid carcinomas and pheochromocytomas. Its sensitivity in NETs
is rather low (40 %) and also its specificity is lower than plasma CgA. However, circulat-
ing NSE levels seem to have greater clinical utility than CgA in poorly differentiated
neuroendocrine carcinomas, as these tumors often express NSE [14].

3.2.2.5 Common Tumor Markers

From the tumor markers that are used in other common cancers, alpha-Fetoprotein
(a-FP) can be raised in some NETs and it may be possible to use AFP levels to identify
subsets of patients with aggressive NET and therefore unfavorable prognosis [15].

3.3 Novel Biomarkers

Circulating tumor cells (CTCs) are a novel NET biomarker currently under evaluation.
Previous research in other solid tumors, using the CellSearch® (Veridex) platform,
has enabled quantification and characterization of CTCs in breast, colorectal,
and prostate cancer. It has been demonstrated that the majority of NETs express the
epithelial cell adhesion molecule and CTCs can therefore be detected using the
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CellSearch platform in NET patients. Recent data in patients with metastatic NET's
have demonstrated that the presence of CTCs was a significant prognostic marker
for progression free and overall survival, based on multivariate analysis [16].

3.3.1 Other Laboratory Tests
3.3.1.1 Serum Calcium and Parathyroid Hormone Levels

Serum calcium and parathyroid hormone (PTH) levels should be requested as screen-
ing tests for MEN-1 syndrome in every patient with pNET at the time of diagnosis, as
this association may have significant implications in patients’ management and prog-
nosis. Also, once MEN-1 diagnosis is established in an index case, a MEN-1 germline
mutation DNA test should be performed in all his kindred after their first decade of
life, and MEN-1 mutation carriers should be in a surveillance program [17].

In Fig. 3.1 and Table 3.2, we summarize the laboratory assessment of pNETs at
diagnosis and follow-up, respectively.

Clinical Suspicion
(History & Clinical Examination)

l

e Fasting gut hormones
(gastrin, VIP, glucagon,

As required:

24h 5-HIAA [ ———— somatostatin) & insulin, C-peptide, if
& PTH-rp . . .

insulinoma is suspected.
levels

e Chromogranin-A

l

Biochemical confirmation?

— T

No
(non-diagnostic results)

N |

¢

)=

Cross-sectional Screening for Exclude other causes and if needed,

& molecular MEN-1 arrange a “72h fast test” (for

imaging insulinoma) or “Secretin Test” (for
gastrinoma)

Fig. 3.1 Initial laboratory assessment of patients with clinically suspected pNET. Note: If the
tumor has already been proven, the laboratory assessment at diagnosis includes (a) Fasting gut
hormones (b) Chromogranin-A, and (c) screening for MEN-1
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Table 3.2 Suggested laboratory investigations for follow-up of pNETSs

Functioning Non-Functioning
Well-differentiated NET's » Fasting gut hormones or Insulin ¢ Chromogranin-A

e Chromogranin-A
Poorly differentiated NEC * Fasting gut hormones or Insulin e Chromogranin-A
(neuroendocrine carcinomas) |* Chromogranin-A * (NSE)

* (NSE) * (a-FP)

* (a-FP)
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Zollinger-Ellison Syndrome:
Diagnosis and Management
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CT Computed tomography
EGD Esophagogastroduodenoscopy
FSG Fasting serum gastrin

GERD  Gastroesophageal reflux disease
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MAO Maximal acid output

MEN-1  Multiple endocrine neoplasia type 1
PET Positron emission tomography

PPI Proton-pump inhibitor

PRRT Peptide receptor radionuclide therapy
PUD Peptic ulcer disease

SRS Somatostatin receptor scintigraphy
SST Secretin stimulation testing

ZES Zollinger—Ellison syndrome
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4.1 Introduction

Over half a century has passed since Zollinger and Ellison first identified their
eponymous triad of a non-beta islet cell tumor of the pancreas, gastric acid hyperse-
cretion, and fulminant peptic ulcer disease (PUD) [1]. Since then, diagnostic and
therapeutic strategies have advanced considerably; however, the proper workup and
management of Zollinger—Ellison syndrome (ZES) still enlivens debate.

ZES is arare clinical entity (1-3 cases/million/year diagnosed annually) charac-
terized by gastric acid hypersecretion due to the exogenous release of gastrin by a
neuroendocrine tumor usually found within the duodenum or pancreas. In about
one-quarter to one-third of these patients [2—4], the tumor is associated with the
presence of the multiple endocrine neoplasia type 1 (MEN-1) syndrome, while the
remaining tumors are sporadic in origin. Older studies have shown about 60-90 % of
these tumors to be malignant [5, 6], while a more recent study has found a subgroup
of approximately 25 % to follow a particularly malignant course characterized by
the development of liver metastases and significant morbidity and mortality [7].
Thus, prompt diagnosis and treatment of these patients is paramount. In this chapter,
we discuss the clinical presentation of ZES, diagnostic strategies, the medical and
surgical management of sporadic and MEN-1-associated cases, and the evolving
landscape of advanced therapies for unresectable metastatic disease.

4.2 Clinical Presentation

Although many patients with ZES still present with the prototypical scenario of
severe and complicated PUD (up to 5 % of patients still present with perforation [8]),
this classical presentation actually represents only a minority of cases. In fact,
the vast majority of ZES patients are virtually indistinguishable from the far more
prevalent (>2300 cases/million/year) idiopathic PUD (Table 4.1). The presence of
heartburn is similarly unhelpful as gastroesophageal reflux disease (GERD) is pres-
ent to some degree in approximately 20 % of the US population [9]. With the advent
of proton-pump inhibitor (PPI) therapy, many such patients are treated empirically
early in their disease course and their actual diagnosis may remain masked. This has
contributed to a delay in diagnosis of approximately 4—7 years after the initial onset
of symptoms; a delay that has persisted for over four decades despite a general
familiarity with ZES among physicians [4, 5, 10-12].

Given the overlap in symptomatology between ZES and other upper gastrointes-
tinal disorders, a high index of suspicion is required for a timely diagnosis. Much of
our current data on its clinical presentation is derived from several large prospective
studies, in which ZES patients most commonly presented with symptoms of abdom-
inal pain (75 %) and diarrhea (35-73 %; isolated in up to 35 %) though up to 60 %
have coexisting acid reflux [4, 12—15]. Of course, abdominal pain and heartburn are
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Table 4.1 Clinical features of patients with ZES and PUD (review of the literature)

Zollinger—Ellison syndrome Peptic ulcer disease
Clinical feature Mean Range Mean 95 % CI
Male 56 44-70 54 -
Age at onset, years 41 41-53 - -
Duration of symptoms, years 52 3.2-8.7 — -
Presenting symptom
Abdominal pain 75 % 26-100 % 81 % 77-85 %
Diarrhea 73 % 35-73 % — —
Pain and diarrhea 55 % 28-60 % - -
Heartburn 44 % 0-64 % 46 % 42-50 %
Duodenal ulcers 71 % 71-93 % - —
Ulcer complications
GI bleeding 24 % 8-75 % 29 % 25-34 %
Perforation 5 % 0-5 % — -
Obstruction ND 0-5 % - -
With MEN-1 22 % 22-24 % - -

Data from Soga and Yakuwa (1998), Roy et al. (2000), Jensen (1998), Miller et al. (1990), Kaplan
et al. (1990), Farley et al. (1992), Mignon and Cadiot (1998), Barkun and Leontiadis (2010),
Schubert et al. (1993), Dent et al. (2010)

the defining symptoms of idiopathic PUD and GERD, respectively, such that these
symptoms lack discriminant utility. Therefore, diagnosis requires the identification
of a constellation of symptoms, clinical history, and radiographic signs which are
summarized in Table 4.2. For example, diarrhea in association with other upper GI
symptoms is a clinically distinctive feature distinguishing ZES patients from
patients with idiopathic acid-peptic disease. This diarrhea is typically responsive to
the addition or dose increase of PPI therapy or nasogastric aspiration suggesting
gastric acid hypersecretion, a pathognomonic finding for ZES.

With esophagogastroduodenoscopy (EGD) being commonly performed in dys-
peptic patients, endoscopic features may also play a role in diagnosis. Prominent
gastric folds have been identified as a hallmark of the disease, reportedly found in
approximately 94 % of patients with ZES in one large prospective study [4]. In addi-
tion, PUD in unusual locations (e.g., post-bulbar) and PUD in the absence of either
Helicobacter pylori infection (only 10-50 % of ZES patients) or NSAID exposure
should suggest the diagnosis of ZES [4, 16]. As mentioned earlier, MEN-1 is the
cause of ZES in approximately one-quarter to one-third of patients; therefore, a
personal or family history of extensive PUD or endocrinopathies (hyperparathyroid-
ism, pancreatic endocrine tumors, carcinoids, and pituitary tumors) should prompt
further investigation [2—4, 17].

As was alluded to earlier, the ubiquitous use of PPIs has complicated the diagnosis
of ZES. Corleto et al. [18] investigated referral patterns at two well-known centers
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Tab!ef: 42 'Clinical ] Peptic ulcer disease or GERD...

manifestations suggestive s

of ZES Wfth dla.rrhea
With weight loss
With long-standing, persistent symptoms refractory to
treatment

With complication (bleeding, perforation, penetration)
Without Helicobacter pylori or NSAID-use
With endocrinopathy
Persistent diarrhea. ..
With abdominal pain
With esophageal disease/symptoms
With weight loss
Refractory to disease-specific treatment
Responsive to PPI therapy or secretory in nature
Endoscopic/Radiographic signs
Prominent gastric folds on endoscopy or upper GI series
Type 2 carcinoids (in MEN-1 syndrome)

Multiple peptic ulcers or ulcers in unusual locations
(i.e., beyond duodenal bulb)

Esophageal stricture secondary to PUD
Family history...
Of peptic ulcer disease

Of hypercalcemia or nephrolithiasis due to primary
hyperparathyroidism

Of hypoglycemia due to insulinoma
Of functioning or nonfunctioning pituitary tumor
Of diarrhea due to VIPoma

(the National Institutes of Health, Bethesda, MD and Universitd La Sapienza II,
Rome, Italy) and reported that with the widespread adoption of PPIs, fewer patients
are being referred for work-up of a possible gastrinoma diagnosis and fewer new
patients are diagnosed annually. Specifically, they noted a 62 % decrease in referrals
(»<0.00001) and a 40 % decrease in new case diagnoses (p=0.002) despite an
increase in referrals of patients with other gastrointestinal pancreatic endocrine
tumors (Fig. 4.1). Prior to PPIs, ZES patients were often found refractory to conven-
tional doses of histamine H2-receptor (H2-R) antagonists used to treat idiopathic
PUD or GERD, and also developed tachyphylaxis to higher doses offering clini-
cians a clue to the underlying diagnosis. PPIs at standard dosing, on the other hand,
effectively control symptoms of idiopathic acid-peptic disease as well as the gastric
acid hypersecretion associated with ZES in many patients, thereby masking the
indication for additional work-up until symptoms progress, often with the onset of
metastatic disease.
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Fig. 4.1 Effect of widespread PPI use on diagnosis and referral for diagnosis of ZES. The number
of referrals and diagnoses of new cases of ZES at the National Institutes of Health (Bethesda, MD)
and Universitd La Sapienza II (Rome, Italy) in the pre- and post-PPI era. Both the annual number
of referrals (p=0.0020) and the annual number of new diagnoses of ZES (p=0.0006) showed a
significant decrease after the widespread use of PPIs. Reproduced with permission from John Wiley
and Sons, Corleto et al. (2001)

4.3 Diagnosis

4.3.1 Hypergastrinemia

Gastrinomas secrete gastrin, a peptide hormone responsible for gastric acid hyper-
secretion. Hypergastrinemia may be the hallmark of ZES; however, diagnosis also
requires demonstration of concomitant acid hypersecretion or, in other words,
inappropriate hypergastrinemia. This entails an assessment of gastric acid secretory
capability by gastric pH or basal acid output (BAO) measurement together with a
fasting serum gastrin (FSG) level. The causes of hypergastrinemia are listed in Table 4.3
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Table 4.3 'Causes of Appropriate hypergastrinemia (elevated gastric pH)
hypergastrinemia Atrophic gastritis with or without pernicious anemia
Chronic proton pump inhibitor or H2-R antagonist therapy
Helicobacter pylori pangastritis
Post-vagotomy
Inappropriate hypergastrinemia (acidic gastric pH)
Gastrinoma (sporadic ZES or associated MEN-1)
Antral-predominant Helicobacter pylori gastritis
Gastric-outlet obstruction
Renal failure and uremia
Retained-antrum syndrome
Small-bowel resection
Spurious hypergastrinemia
Nonfasting patient
Inaccurate assay
Adapted from Metz (2012)

and are subdivided into two major categories based on gastric pH measurement:
appropriate (with an elevated gastric pH) and inappropriate hypergastrinemia (with
an acidic gastric pH) [19, 20]. A third category of hypergastrinemia, spurious hyper-
gastrinemia, also needs to be considered (Table 4.3). Appropriate hypergastrinemia
implies a physiologically appropriate increase in serum gastrin in response to low
gastric pH in an attempt to increase gastric acid output. The most common cause of
appropriate hypergastrinemia is chronic use of anti-secretory therapy including
PPIs and high-dose H2-R antagonists. In approximately one-third of patients on
chronic treatment, PPIs have been implicated in elevated FSG levels as high as five
times the upper limit of normal [5, 18]. Atrophic gastritis is another common cause
of appropriate hypergastrinemia that develops in response to hypo- or achlorhydria
[21, 22]. It should be stressed that the level of hypergastrinemia is not discrimina-
tory without identifying the appropriateness of gastric secretion.

ZES is the prototypical cause for inappropriate hypergastrinemia. Gastrin is nor-
mally secreted by G-cells in the gastric antrum and regulated by feedback inhibition
via paracrine release of somatostatin from adjacent D-cells in the presence of a low
gastric pH [23]. Patients with exogenous sources of gastrin (i.e., gastrinomas) are
unresponsive to these inhibitory mechanisms, leading to unopposed gastrin release
and subsequent gastric acid hypersecretion [24]. In addition to ZES, there are a num-
ber of other causes of inappropriate hypergastrinemia that should be considered in
any patient prior to intervention. The retained antrum syndrome, in which a cuff of
G-cell-containing antrum is retained away from the pathway of gastric acid produc-
tion, should always be considered in individuals who have undergone prior peptic
ulcer surgery (Billroth 2-type resections). Importantly, H. pylori infection has been
reported to cause both appropriate and inappropriate hypergastrinemia [25] depend-
ing on the extent of its mucosal involvement. Antral-predominant infection impairs
D-cell somatostatin release, causing a loss of G-cell inhibition and consequently
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inappropriate hypergastrinemia. The resultant gastric acid hypersecretion can predispose
patients to duodenal ulcer disease that can closely mimic ZES [26]. Alternatively,
H. pylori infection can also cause a pangastritis that leads to gastric acid hyposecre-
tion and consequently appropriate hypergastrinemia [25].

4.3.2 Diagnostic Algorithm for ZES

Once a diagnosis of ZES is suspected, the FSG and assessment of acid secretory
capability can be interpreted as is shown in our approach to diagnosis in Fig. 4.2.
An elevated FSG is found in >97 % of ZES patients [27]. Although it is rare, gastrin
levels have been noted to normalize in ZES patients in two specific scenarios: after
gastrinoma resection even in the absence of cure and in MEN-1-associated ZES
patients after parathyroidectomy [17, 28]. That being said, in the rare case where
strong clinical suspicion for ZES remains despite a normal FSG, diagnosis can be
pursued by means of gastrin measurement in response to secretin infusion (Secretin
Stimulation Testing [SST]) and BAO measurement. In patients with an elevated
FSG, hypergastrinemia secondary to chronic PPI or high-dose H2-R antagonist
therapy (i.e., appropriate hypergastrinemia) should be ruled out by a careful wean of
anti-secretory medications. It should be stressed that PPI withdrawal in patients
with possible ZES is a potentially dangerous intervention that needs to be performed
carefully [20, 29-32] and only after complete healing of peptic ulcers. We recom-
mend a slow wean making use of PPIs, H2-R antagonists, and antacids to reduce the
risk of severe rebound hypersecretion and possible complications of PUD [19].
During this wean, patients need to maintain strict compliance with the prescribed
anti-secretory regimen. It is generally believed that PPIs should be withdrawn for
at least a week to restore normal levels of gastric acid production, allowing for accu-
rate measurements of both FSG and gastric pH. Given their shorter duration of
action, H2-R antagonists can be used as a replacement for PPIs until 24-30 h prior
to testing. During these last 24-30 h, patients may use antacids as needed until mid-
night the night before their formal testing. Proper anticipatory guidance is necessary
and patients should be informed to present to the emergency room should they
develop nausea, vomiting, diarrhea, or abdominal pain for prompt nasogastric aspi-
ration. The aspiration of nasogastric contents, as opposed to restarting anti-secretory
medications, will render them safe while also preventing a delay in the necessary
scheduled testing.

Should the elevated FSG persist after a proper wean of anti-secretory therapy, the
concurrently measured gastric pH provides diagnostic categorization (Fig. 4.2).
Approximately 99 % of ZES patients have a fasting gastric pH of less than 2 [33].
Thus, in patients with hypergastrinemia and a pH less than 2, ZES is virtually con-
firmed (in the absence of the retained antrum syndrome) and beginning an assess-
ment of the patient’s MEN-1 status and staging with cross-sectional and nuclear
imaging is recommended. In those with a concurrently measured gastric pH>5,
ZES is unlikely and an alternative cause for hypergastrinemia should be pursued.
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Suspect ZES

Measure fasting serum gastrin (FSG)

FSG normal (<100pg/mL)
(<3% of ZES pts)

FSG elevated (2100pg/mL)
(>97% of ZES pts)

!

!

ZES Unlikely

!
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-» Consider BAO and SST off

ZES Possible
- Repeat FSG off drug*
- PPI x 1 week
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y
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Fig. 4.2 Algorithm for the diagnosis of Zollinger—Ellison syndrome. *Weaning patients with pos-
sible ZES off antisecretory therapy is a potentially dangerous intervention and should be per-
formed under controlled circumstances preferably in a center with experience. TExclude retained
gastric antrum syndrome. Abbreviations: ULN, upper limit of normal, SS7, secretin stimulation
test; BAO, basal acid output; ZES, Zollinger—Ellison syndrome; PPI, Proton pump inhibitor; H2-
RA, histamine-2 receptor antagonist
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In cases where gastric pH falls within the non-diagnostic range (pH>2 and <5),
ZES remains possible and should be confirmed by SST and BAO measurement.
A BAO of greater than 15 mEq/h in the presence of any level of hypergastrinemia is
pathognomonic of ZES. A secretin stimulation test with an increase of greater than
120 pg/mL was recently shown to have the greatest sensitivity (94 %) and specific-
ity (100 %) for ZES [34]; however, increases of greater than 110-220 pg/mL have
also been used previously [29, 35, 36]. In the past, the calcium infusion test was
performed as a confirmatory test, but this has been abandoned due to the potential
for complications. Until recently, gastric acid analysis for the diagnosis of ZES was
further honed by measuring the maximal secretory capacity of the stomach (maximal
acid output [MAQ]) after stimulation with subcutaneous pentagastrin (or, before
this, with histamine agonists) [33, 37]; however, pharmacologic gastric stimulants
are no longer available in the United States despite their potential role to improve
diagnostic yield [38].

It is important to note several studies have questioned the accuracy of diagnostic
testing for ZES. In a recent study, a majority of commercial kits tested were found
to inaccurately measure plasma concentrations of gastrin due to the use of antibodies
with inappropriate specificity [39]. In regards to SST, it is now well accepted that
chronic PPI treatment or hypo- or achlorhydria can result in false positive results
[40—44]. Thus, it is important to interpret results of this test in the context of a
patient’s gastric acid secretory status.

4.3.3 Tumor Markers

Gastrin, the tumor marker of choice for diagnosis, is present in many forms in
the serum of ZES patients. Gastrinomas primarily release fully processed amidated
gastrins (gastrin-17 and gastrin-34), but may also secrete a range of gastrin precur-
sors including prograstrin and various COOH glycine-extended forms [5, 45-48].
The ability of a gastrinoma to produce and secrete any of a range of potential gastrin
peptides explains the inaccuracy of some commercial gastrin kits as was discussed
above—several with high rates of false negatives were found to use antibodies
binding exclusively to gastrin-17 (see Table 4.3, “Spurious Hypergastrinemia”).

In addition to gastrin, gastrinomas, like other gastrointestinal and pancreatic neu-
roendocrine tumors, frequently secrete multiple peptides that can function as tumor
markers including chromogranin A and B, neuron-specific enolase, and pancreatic
polypeptide [5, 49, 50]. These markers do not play a significant role in diagnosis but
serial marker measurements (particularly chromogranin A) may be useful for moni-
toring gastrinoma growth and disease extent according to some [51-55] but not
other investigators [50].

A novel biomarker derived from chromogranins, pancreastatin, has recently
been shown to rise in the setting of neuroendocrine tumors independent of PPI use
and may become an option in these patients that would preclude the need for PPI
cessation; however, its use in the setting of gastrinoma diagnosis requires further
testing [56, 57].
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4.3.4 Tumor Localization Strategies

Once the diagnosis of ZES has been established, tumor localization is necessary to
assist in determining tumor location, disease extent, and presence of liver involve-
ment to plan treatment. A number of localization methods have been recommended
including conventional cross-sectional imaging studies (computed tomography [CT],
magnetic resonance imaging [MRI], ultrasonography), nuclear imaging (somatosta-
tin receptor scintigraphy [SRS]), functional localization strategies (selective arteri-
ography and intra-arterial secretin stimulation with venous measurement of gastrin
gradients), as well as endoscopic ultrasound. The results of a prospective study of
80 patients with ZES to determine the sensitivity of these tumor localization studies
are shown in Table 4.4 [58]. Due to the high density of surface somatostatin receptors
present on gastrinomas [59], SRS is one of the most sensitive tests for the localiza-
tion of both primary and metastatic gastrinomas with a sensitivity of ~70 %; a num-
ber that rivals that of using all conventional imaging studies combined (59 %) and
which is significantly higher than each one individually (range 19—45 %) [58]. Thus,
SRS is currently recommended as the imaging modality of choice for both localizing
a primary tumor as well as determining disease extent at diagnosis and during fol-
low-up. The use of novel PET tracers such as %Gallium-tagged somatostatin analogs
(%Gallium DOTANOC, DOTATOC, and DOTATATE) in somatostatin receptor
positron emission tomography (PET) and PET/CT has been shown to improve on
the sensitivity of standard SRS in a recent meta-analysis (Table 4.4, Fig. 4.3) [60];
however, its use is currently limited to specialized centers.

To further assist in treatment decisions, cross-sectional anatomic imaging with a
triple-phase CT or an MRI scan with gadolinium enhancement is also recommended
to supplement SRS with information regarding exact tumor location and size (mod-
ern SRS includes fusion imaging with CT scanning to provide some additional ana-
tomical information but at low resolution only). Endoscopic ultrasound (discussed

Table 4.4 Sensitivity of tumor localization modalities in patients with ZES

Tumor localization modality Sensitivity (%) p value
Ultrasonography (US) 19 <0.001
Computed tomography (CT) 38 <0.001
Magnetic resonance imaging (MRI) 45 <0.001
Angiography 40 <0.001
Any of US, CT, MRI, or Angiography 59 >0.05
Somatostatin Receptor Scintigraphy (SRS) 70 -

SRS +All other tests 75 -
%Gallium SRS* 93 -

p value for the method compared to SRS alone. N=80 consecutive patients with ZES. Data from
Gibril et al. (1996)
4Data from Treglia et al. (2012). Pooled data from N=567 patients
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a b

Fig. 4.3 Comparison of somatostatin receptor-based imaging modalities. A comparison of (a)
"ndium SRS in the evaluation of a patient with metastatic gastrinoma and (b) ®*Galium SRS in
the same patient within 2 months. ®Galium SRS has been shown to improve on the sensitivity of
standard SRS and procures higher resolution images due to greater receptor affinity of ®Galium
tagged tracers

in detail in Chaps. 8 and 14) is useful for localizing primary pancreatic tumors, but
frequently misses both duodenal gastrinomas and liver metastases [61-63].

4.4 Management of ZES

4.4.1 Control of Gastric Acid Hypersecretion

Prior to the development of histamine H2-R antagonists and then PPIs, patients with
ZES were at major risk of succumbing to the complications of uncontrolled PUD.
For these patients, the mainstay of treatment was total gastrectomy. The develop-
ment of PPIs has allowed for effective control of gastric acid hypersecretion in
almost every patient [64, 65] such that the use of this aggressive and potentially
morbid surgery is now reserved only for the rare patient (<0.5 %) who cannot tolerate
or is refractory to PPI therapy [66—68].

When initiating PPIs, higher doses than those that are usually prescribed for
idiopathic acid-peptic disorders given twice daily for both sporadic and MEN-1-
associated disease are generally recommended—40 mg twice daily for omeprazole,
esomeprazole, rabeprazole, and pantoprazole or 30 mg twice daily for lansoprazole.


http://dx.doi.org/10.1007/978-1-4939-1798-3_8
http://dx.doi.org/10.1007/978-1-4939-1798-3_14
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Lower doses (20 mg/day) have been shown to fall short of controlling the symptoms
of ZES patients [69] and therefore, are not expected to allow for proper healing of
peptic ulcers. For patients with MEN-1-associated ZES, surgical correction of
hyperparathyroidism should be targeted as this has been associated with a decline in
both FSG level and BAO as well as increased sensitivity to anti-secretory drugs
[17, 28]. The goal of treatment is to reduce acid hypersecretion as measured by
BAO<10 mEg/h in the last hour before the next dose of drug in patients without
previous gastric acid-reducing surgery and <5 mEq/h in patients with prior surgery
to allow for healing of PUD and to prevent recurrence [65, 68, 70].

ZES patients have been treated with PPIs for greater than 20 years without
significant side effects or evidence of tachyphylaxis; on the contrary, most patients can
safely reduce their dosing over time while maintaining effective control of symptoms
and acid secretory capability [65]. However, we generally advocate long-term twice
daily dosing schedules in patients with persistent disease to prevent a sudden loss of
control of acid output with potentially life-threatening consequences in the event
that a dose is inadvertently missed or malabsorbed. A reduction in vitamin B, levels
has been reported with long-term PPI use; however, it does not appear to affect body
iron stores as previously theorized [67, 71, 72].

4.4.2 Surgical Management of Gastrinoma

With the control of gastric acid production provided by PPIs, the natural history of
the tumor itself is now the main determinant of long-term survival. As was previ-
ously mentioned, 60-90 % of gastrinomas are believed to be malignant [5] with one
large study identifying that up to 25 % show especially rapid growth associated with
poor 10-year survival [7].

With a greater proportion of patients now dying from the malignant nature of their
gastrinoma [7, 73], studies over the last two decades have focused on surgical means
of delaying metastases and offering cure. Surgery has been shown to decrease the
development of liver metastasis [61, 74], potentially improve survival, and produce
long-term cure in up to 40 % of patients [29, 61, 75-78]. In addition, gastrinomas
almost always develop within an anatomic boundary known as the triangle of Stabile
[6], represented in Fig. 4.4 with a majority found within the duodenum (Fig. 4.5a).
This predictability allows surgeons to perform exploratory surgery for resection in
patients even with negative imaging studies. Thus, routine surgical exploration with
curative intent is recommended in cases of localized disease in sporadic patients
who lack other medical comorbidities that increase surgical risk or shorten life
expectancy.

At surgery, enucleation of the pancreatic head or body lesions is recommended
and if necessary, distal pancreatectomy for pancreatic tail lesions near the spleen.
Duodenotomy is a standard component of gastrinoma surgery because it is essential
to localize small duodenal tumors that may be missed on cross-sectional imaging
[76, 78, 79]. In addition, intraoperative ultrasound and endoscopic transillumination
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Gastrinoma
Triangle (of Stabile)

Fig. 4.4 Gastrinoma Triangle. Most gastrinomas are found within the Gastrinoma Triangle
(of Stabile), an anatomic boundary formed by the junction of the common and cystic ducts (supe-
riorly), the junction of the second and third segments of the duodenum (inferiorly), and the inter-
section of the head and neck of the pancreas (medially). Most sporadic gastrinomas arise in the
duodenal wall. Reproduced with permission from Elsevier Limited, Metz (2012)

of the duodenum at surgery is also recommended to assist in localization of duodenal
tumors and optimal placement of the duodenotomy [79]. Furthermore, regional
lymph node dissection is mandatory necessitating open (as opposed to laparoscopic)
surgery for a ZES exploration. Recent data indicates that the likelihood of a bio-
chemical cure is higher in patients without nodal disease than in those with lymph
node involvement [80]. After apparently curative resection (i.e., resolution of inap-
propriate hypergastrinemia and negative imaging studies), patients should be evalu-
ated with both periodic FSG measurements as well as SST with cross-sectional
imaging being reserved for cases of biochemical recurrence. During this time, acid-
secretory therapy should be maintained and only weaned if there is evidence of a
biochemical cure without symptoms. After curative resection, reversal of gastric acid
hypersecretion takes up to 6 months and does not normalize in all patients [81].

The role for surgery in MEN-1 patients is controversial as these patients develop
multiple tumors [3] (Fig. 4.5) and are rarely, if ever, cured of ZES without radical
surgery, which is associated with post-operative morbidity in approximately 40 %
of patients [82, 83]. Surgical management of these patients is directed at delaying liver
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Fig. 4.5 Multiple duodenal gastrinomas in a patient with MEN-1-associated ZES. (a) In MEN-1-
associated ZES, patients commonly develop multiple tumors within the duodenum (white arrows)
and pancreas. (b) Histologic sections show a focus of well-differentiated neuroendocrine tumor
(yellow arrows) involving duodenal mucosa and muscularis mucosa (hematoxylin-eosin, original
magnification x 150). Note the tumor lies below the epithelial layer; therefore, the overlying
mucosa may appear normal on endoscopy. (¢) A chromogranin stain highlights the neuroendocrine
tumor (chromogranin, original magnificationx 150). Images attributed to Melissa Grilliot, MD,
Department of Pathology, Hospital of the University of Pennsylvania

metastasis, a poor prognostic indicator [7, 73, 80, 84—87]. In the MEN-1 population,
the current surgical recommendations vary and include resection of pancreatic
masses with sizes greater than 2.0-2.5 cm [79] and 3.0 cm [88, 89], citing studies
linking tumor size to risk of liver metastasis. Other groups avoid surgery altogether
choosing instead to control gastric acid hypersecretion alone [31, 90, 91]. Most, but
notall [31, 92, 93], of the current surgical recommendations reflect extensive research
from the NIH [4, 7, 33, 73, 75-77] and therefore may not be directly applicable to
tertiary care centers managing these patients according to different protocols.

By extrapolating from data derived from patients with metastatic carcinoid
tumors [94], surgery may also have a role in metastatic sporadic disease where the
aim is to debulk tumor and potentially improve outcome by slowing the progression
of liver disease and development of more distant metastases. This approach may be
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Fig. 4.6 Comparison of
. 100
survival curves based on
presence of liver metastases. a0

Comparison of the survival
curves between ZES patients
with or without liver
metastases calculated from
initial admission data plotted
in the form of Kaplan-Meier,
N=185. Reproduced with
permission from Elsevier
Limited, Weber et al. (1995)
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of specific value in patients whose primary tumors are in situ as both locations can
potentially be addressed simultaneously. In contrast, if the primary is already out,
liver-directed therapy with interventional radiological techniques (see below) is
potentially more practical. Finally, liver transplantation is an option in only a small,
select group of patients and it is not generally considered standard therapy for meta-
static neuroendocrine tumors.

4.4.3 Medical Management of Advanced Disease

In the majority of patients who are not cured by surgical resection or not deemed
surgical candidates due to unresectable disease or comorbidities, there is a develop-
ing armamentarium of multi-disciplinary therapies that can be offered. These treat-
ments target those with liver metastases, a particularly poor prognostic feature
(Fig. 4.6). Ten-year survival in ZES patients without liver involvement approaches
96 %, but declines rapidly with the development of limited metastases (78-80 %)
and further still for patients with diffuse liver involvement (16 %) [73].

For these patients, long-acting somatostatin analogs such as ocreotide acetate
LAR and lanreotide SR are recommended first-line antitumor treatments. In general,
therapy with these agents is only considered after the demonstration of increasing
tumor bulk on imaging. These agents have been shown to reduce tumor-related
symptoms and produce an enduring antitumor effect with tumoristasis in 40-70 %
[95, 96] and tumor regression in ~10 % of patients. In the PROMID study of 85
patients with well-differentiated metastatic midgut neuroendocrine tumors, octreo-
tide LAR (30 mg subcutaneously per month) was shown to improve median
progression free survival (14.3 months vs. 6 months), but did not note any difference
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in median overall survival [97]. Given their focused therapeutic target, these treatments
have a relatively benign side effect profile that includes nausea, abdominal pain,
diarrhea, gallstone formation, and glucose intolerance. These reported side effects
are generally acceptable for patients and short-lived in most cases [95, 98].

For patients with growing or symptomatic liver metastases, a patent portal vein,
and no evidence of distant disease, selective embolization or chemoembolization via
the hepatic artery is the preferred method of regional treatment. This treatment,
which can be repeated at intervals providing that vascular access is maintained,
can improve tumor-related symptoms, but has not been shown to prolong survival.
An alternative method of administering liver-directed therapy is with radioactive
Yttrium beads (Sir-Spheres microspheres, Sirtex, Woburn, MA, USA or TheraSphere,
Nordion, Ottawa, Ontario, Canada). This therapy has not been compared with embo-
lization techniques directly but the two methods are likely of similar efficacy and
may well be complementary.

Recently, the FDA approved two new small molecule targeted therapies for the
management of patients with metastatic pancreatic neuroendocrine tumors, everolimus
[99, 100], an mTOR inhibitor, and sunitinib [101], a VEGF inhibitor. While studies
in gastrinoma, specifically, have yet to be done, it is likely that these agents will play
a role in the management of widely metastatic ZES. In comparison, older chemo-
therapy regimens with streptozocin and doxorubicin with or without 5-fluorouracil
have been shown to decrease tumor size in up to 50 % of patients but they have not
been shown to extend survival and are associated with considerable organ toxicity
[27]. These agents should only be considered in patients with rapidly growing diffuse
liver metastases that fail other directed treatments. More recently, Strosberg et al.
[101] published a retrospective study of 30 patients with metastatic pancreatic
neuroendocrine tumors treated with a combination of capecitabine and temo-
zolomide (CAPTEM). This treatment was associated with superior response rates,
survival, and toxicity when compared to streptozocin-based regimens [102] and is
currently being investigated in a phase II clinical trial.

Finally, the overexpression of somatostatin receptors on gastrinomas has become
the molecular basis for the use of ®Yttrium and '""Lutetium-based peptide receptor
radionuclide therapy (PRRT). Preliminary studies have shown PRRT to be an effective
antitumor therapy [103]; however, larger, long-term studies of its use in the context of
other treatment options are necessary to better define its use.
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Chapter 5
Clinical Manifestations of Multiple Endocrine
Neoplasia, Type 1

Susan Yuditskaya and Monica C. Skarulis

Multiple endocrine neoplasia type 1 (MEN1) is an autosomal dominant condition
that results from inactivating mutations of the MEN1 gene (11q13) encoding menin,
a tumor suppressor protein whose biochemical function has not yet been fully char-
acterized. There are few hereditary cancer syndromes that can compare with the
challenges associated with MEN1. Patients manifest clinically important, classical
tumors (parathyroid, enteropancreatic, and pituitary) over many decades, often
starting in young adulthood and occasionally in early childhood. These manifesta-
tions require expert medical and surgical interventions to arrest or ameliorate meta-
bolic and neoplastic complications. Despite its high penetrance (95-100 % by age
60), MENI1 is a disease of considerable phenotypic heterogeneity. A few kindreds
with distinctive phenotypic manifestations have been found; however, no consistent
genotype—phenotype correlations have been identified. Pathologic mutations are
found throughout the MEN1 gene locus and no particular mutation hotspots have
surfaced among over 1,000 known germline MEN1 mutations [1]. The lack of
known hotspots has implications in genetic testing of probands; the entire MEN1
gene sequence must be analyzed. Furthermore, in about 10-30 % of MEN1 kindreds
and in 35-50 % of sporadic cases, no mutation is detectable by sequencing of the
coding regions of the MEN1 gene, as can happen for instance with whole gene dele-
tions, or in cases of somatic mosaicism [2-5]. These limitations have impeded
efforts to establish genotype—phenotype correlations.

The phenotypic heterogeneity inherent in MEN1 can be explained, in part, by
Knudson’s two-hit hypothesis [6]. The germline MEN1 mutation, present in all
diploid cells of the body, is usually inherited in heterozygous form. A tumor is subse-
quently generated only when the MEN1 locus of the normal allele suffers a mutation
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at the somatic level, within a cell of a susceptible tissue. Indeed, genetic analysis
of various tissue-origin tumors arising in the setting of MEN1 has shown loss of
heterozygosity at the MEN1 locus. The second mutation is necessary for tumor
development, and leads to diversity of organ involvement. It sets the timing and
potentially alters the severity of the clinical presentation of the tumor, thus leading
to heterogeneity, even among affected members of the same family. It should be
noted, however, that the second hit promotes, but may not necessarily be sufficient,
to induce tumorigenesis [7, 8].

The clinical presentations of MEN1-related tumors may also be modified by the
nature of the second-hit mutation. For example, a large deletion or frameshift resulting
in a nonfunctional menin product may manifest differently from a missense point
mutation or small in-frame deletion in which some degree of menin protein function
is retained [4]. These differences could potentially vary widely from person to person,
from tissue to tissue, and even among tumors within the same tissue. There are also at
least 24 known normal variant polymorphisms of the MEN1 gene [1, 5].

Inheritance of the MEN1 gene mutation confers a predisposition to tumorigenesis
at a young age. MEN-associated tumors have been found in affected children; the
youngest reported case is a 5-year-old with a pituitary macroadenoma showing loss
of MEN1 gene heterozygosity [9]. The most highly penetrant of the MEN1 endocri-
nopathies, primary hyperparathyroidism (PHPT) secondary to cellular hyperplasia/
multiple adenomas, occurs in 90 % of MEN1 patients between age 20 and 25 [5],
in contrast to age 40-50 in sporadic non-MEN1-associated PHPT. A similar pattern
of younger age of onset for MEN1-associated tumors compared to sporadic tumors
is noted for most but not all tumor types.

MEN!T is considered the most wide ranging of tumor syndromes, with the potential
to affect 25 different tissue types [3]. Rodent studies of tissue-specific MEN1 knock-
out mutations have demonstrated that absence of menin does not affect all tissues; for
instance, absence of the MEN1 gene in mouse hepatocytes caused no abnormality at
all [3, 4, 10]. In tissues impacted by reduced menin activity or level, the clinical mani-
festations are the aggregate effects of four levels of multiplicity—multiple tissue types
involved, cellular hyperplasia of an affected tissue, multiple scattered tumors arising
from vulnerable cell types within a heterogeneous tissue, and multiple contiguous
tumors with distinct clonal origins in a homogeneous tissue [11].

The clinical diagnosis of MEN1 is based on guidelines established in 2001 [12, 13].
In an individual lacking a clear family history, the diagnosis is based on the presence
of at least two of the three classical MEN1-associated tumors, including parathyroid
hyperplasia, enteropancreatic endocrine tumor, or pituitary adenoma. If an individ-
ual is a member of a known MEN1 family, the diagnosis is made once any one of
these tumors arise. In 2012, the clinical practice guidelines were updated with the
addition of genetic screening of first degree relatives of known pathologic MEN|1
gene mutation carriers. The identification of mutation carriers targets them for routine
biochemical and clinical surveillance starting prior to age 5 (Table 5.1). MEN1 gene
testing is also recommended for individuals presenting with atypical findings, includ-
ing multiple parathyroid adenomas prior to age 40, recurrent hyperparathyroidism,
gastrinomas, multiple pancreatic neuroendocrine tumors, or two nonclassical
MEN-associated tumors [13].
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Table 5.1 Suggested screening for clinical manifestations of MEN1

Tumor Age to begin | Annual biochemistry Imaging

Parathyroid 8 Ionized calcium, PTH None

Gastrinoma 20 Gastrin—if high then gastric pH None
measurement

Insulinoma 5 Fasting glucose, insulin, proinsulin | None

Other GEP-NET <10 Chromogranin-A, pancreatic Annual SRS, CT
polypeptide, glucagon, VIP or MRI

Pituitary 5 PRL, IGF-1 MRI every 3 years

Adrenal <10 Only as dictated by signs & Annual MRI or CT
symptoms and/or tumor >1 cm

Foregut carcinoid | 20 None MRI or CT every 1-2

years

Modified from Thakker et al. JCEM 2012 (13)

In this chapter, we attempt to describe the wide breadth of clinical manifestations
of this heterogeneous disease and discuss both classical and nonclassical tumors
related to loss of the tumor suppressor protein, menin.

5.1 Classical Tumors

5.1.1 Parathyroid Neoplasia

PHPT is the most common abnormality in MENI1, affecting 90-100 % of MEN1
patients by age 50. The average age of onset is 20-25 years, and it is often the first
endocrinopathy that manifests in MEN1 patients. The gender distribution is more
balanced in MEN1-associated PHPT as compared to sporadic PHPT, which has a
threefold female predominance. MEN1 parathyroids are asymmetrically enlarged
with multiple monoclonal tumors, in contrast to sporadic disease, which typically
involves a solitary parathyroid adenoma. Ectopic or supernumerary parathyroid tis-
sue is found in areas predicted by embryological migration of the third and fourth
pharyngeal pouch (retroesophageal, intrathyroidal, or intrathymic) in approximately
20-30 % of cases [14]. The tumors are generally benign; however, there have been
several case reports of parathyroid carcinoma in the setting of MEN1, but their inci-
dence appears to be similar to that in the general population [17].

A cross-sectional analysis of 469 patients with sporadic PHPT and 64 patients
with MEN1-related PHPT showed similar degrees of hypercalcemia, urinary calcium
excretion, and nephrolithiasis, but at lower parathyroid hormone (PTH) levels in
those with MEN1 (113.8 pg/mL vs. 173 pg/mL). MENI1 patients under the age of
50 were more likely to have an inappropriately normal-range PTH level (38 % versus
6 % in sporadic PHPT) [15]. Interestingly, the study found that the combination of
a “normal” PTH level in a patient less than 50 years old with clinical signs of hyper-
parathyroidism conferred a 13.5 times higher risk of being affected by MENI.
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By applying these criteria to a cohort of sporadic hyperparathyroidism patients, the
authors identified an additional MEN1 patient confirmed by genetic testing.

Despite the milder degree of PTH aberration, adverse effects on bone mineral
density appear to be more pronounced in MEN1-associated hyperparathyroidism
than in sporadic PHPT. MENI1 patients with hyperparathyroidism often already
have osteopenia in their 20s or 30s [15, 16], and the degree of bone mineral density
loss is greater when compared to sporadic hyperparathyroidism [15]. This apparent
vulnerability of the bone, coupled with the observation of significantly lower serum
phosphate levels in the MEN1 patients compared to sporadic cases has led to specu-
lation regarding enhanced PTH bioactivity or downregulation of the calcium sens-
ing receptors in MENT.

In contrast to sporadic PHPT, the most notable clinical characteristic of MEN1-
associated hyperparathyroidism is its high recurrence rate. Among patients who
achieved normocalcemia immediately following parathyroidectomy in the NIH series,
approximately 40 % had recurrence of PHPT at 10 years, and it is expected that with
longer observation, most if not all patients will eventually develop recurrence.
Subtotal (3-3.5 glands) parathyroidectomy with cervical thymectomy is preferred
to lesser operations (2.5 glands removed or less) for long-term remission, and total
parathyroidectomy is associated with high rates of hypoparathyroidism despite
immediate autograft. Approaches differ among institutions as do cure rates, recur-
rence rates, and complications [18-22]. Subtotal parathyroidectomy versus total
parathyroidectomy with autograft reimplantation of the most normal appearing
parathyroid immediately or after cryopreservation [23] is still debated.

It is possible that the coexistence of other MEN1-related tumors may influence the
course of PHPT and its response to surgical therapy. Coexistent Zollinger-Ellison
syndrome is reported by Norton et al. to be associated with more clinically aggres-
sive PHPT, nephrolithiasis, and higher persistent disease and recurrence rates
following surgical management of the hyperparathyroidism over a 16-year follow-up
period. It was noted that the biochemical parameters of Zollinger-Ellison syndrome
also improved with correction of hypercalcemia [24].

In light of the high recurrence rate of MEN1-associated hyperparathyroidism,
even with resection of more than three glands, long-term screening for recurrence
following curative surgery is important.

5.1.2 Neuroendocrine Enteropancreatic Tumors

Neuroendocrine enteropancreatic tumors (NETSs) are often multiple (Fig. 5.1), and
can originate from the pancreas or arise in the duodenum, a common location for
gastrinomas (>80 %) and rare tumors, such as somatostatinomas (44 %) and
VIPomas (10 %). The penetrance of pancreatic neuroendocrine tumors as a pheno-
typic trait of MENI, collectively, is second only to parathyroid neoplasia, and
approaches 80-90 % by 60 years of age. Parathyroid disease typically manifests
earlier than NET, and like parathyroid tumors, NETs arise at least a decade earlier
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a b

’

b Pancreatic head Pancreatic body Pancreatic tail

Fig. 5.1 Octreotide scan showing foci of uptake in the head, body, and tail of the pancreas (a) in
a43-year-old man with MEN 1, corresponding to rim-enhancing pancreatic neuroendocrine tumors
on MRI post-contrast images (b)

than in the case of sporadic NET. Loss of 11q13 heterozygosity was demonstrated in
MENI-related insulinoma in 1988 [25], pancreatic ductal/acinar cells, the putative
precursor pancreatic islet tumors in 2004 [26], and duodenal gastrin- and somatostatin-
secreting NET in 2007 [27]. Multifocal tumors within the same individual often
demonstrate different 11q13 deletion patterns, implying distinct clonal origins.

5.1.2.1 Nonfunctioning Neuroendocrine Enteropancreatic Tumors

Nonfunctioning NETs affect 60—100 % of patients with MEN1, and primarily occur
in the pancreas itself. These tumors do not secrete bioactive substances or hormones
that lead to clinical symptoms, but express somatostatin receptor (SST) isoforms, in
particular the high affinity SST2 [28], and are positive on immunohistochemical
stain for various hormones. Although asymptomatic until they are large enough to
cause obstruction or mass effect, the nonfunctioning pancreatic neuroendocrine
tumors have a high malignancy rate estimated at 64-92 %. The risk of malignancy
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and the presence of liver metastases increase proportionally with the size of the tumor.
Triponez et al. found liver metastases in 4 % of MEN1 patients with nonfunctional
NET less than 1 cm in diameter, in 10 % with tumors 1.1-2 cm, in 18 % with tumors
2.1-3 cm, and in 43 % with tumors greater than 3 cm [29]. The French GTE cohort
also documented a decreased survival rate in patients with nonfunctioning NET
compared to those without NET. Surgical resection of nonfunctioning NET less
than 2 cm in size does not improve recurrence, progression, or survival rates com-
pared to those without NET [30]. These observations add to the notion that the
larger sized NETs are responsible for the increased mortality rate noted among
MENT1 patients with nonfunctioning NET [31]. A recent Japanese study of MEN1-
associated nonfunctioning NET assessed imaging over a period of 2—10 years, con-
firming that patients with tumors less than 2 cm in size did not develop locoregional
or liver metastases over the period of study, whereas the majority of patients with
tumors greater than 3.5 cm in size showed disease progression with the appearance
of additional NET (at times very fast-growing), and lymph nodes or liver metastases
[32]. Overall, MEN1-associated nonfunctioning NETs tend to be smaller on average
than those reported in sporadic cases (mean 4 cm [33]).

The incidence and prevalence of nonfunctioning neuroendocrine tumors have
increased dramatically over the past three decades [28], presumably attributable to
serum protein biomarker screening with chromogranin A and pancreatic polypeptide
[34] and advances in imaging science. Detection rates of NET by CT or MRI are
size dependent: less than 20 % of tumors less than 1 cm, 30-50 % of tumors between
1 cm and 3 cm, and greater than 70 % of tumors larger than 3 cm are successfully
imaged [31, 35, 36]. Optimization of computerized tomography techniques, includ-
ing rapid bolus contrast injection and scanning during the arterial phase using thin
cross-sectional slices, has led to higher detection rates of small NET. Magnetic reso-
nance imaging sequences to minimize motion artifact and use of algorithms for fat
suppression improve detection. It may be argued that additional efforts to increase
identification of smaller tumors may not lead to improvement in clinical outcomes;
however, addressing technical challenges such as visualizing tumors with vascularity
and tissue characteristics similar to surrounding non-neoplastic tissue, and filtering
“noise” associated with thinner CT cross-sections will likely increase detection
rates of tumors of all sizes.

The burgeoning field of functional and molecular imaging is increasingly more
important for NET imaging [31, 37]. In addition to contributing to improved detec-
tion rates of tumors not readily visualized on conventional anatomical imaging,
these studies offer metabolic or functional activity information about the tumors,
which cannot be inferred from CT or MRI. The ubiquity of SST2 on nonfunctional
NET cells has allowed somatostatin receptor scintigraphy (SRS) with radiolabeled
octreotide to become a mainstay in determining NET status in MEN1 patients, and
the procedure of choice for doing so [28, 38, 39]. Gallium-labeled somatostatin
analog PET scanning has emerged as an important alternative to octreotide scans for
NET detection, with better resolution than SRS done in tandem with CT [28, 40].

It should be mentioned that, although conventional transabdominal ultrasonogra-
phy has low sensitivity for the detection of NET, endoscopic ultrasound is an
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extremely useful tool for imaging nonfunctional MEN1-associated NET, with a
detection rate of 54-85 % [31]. The need for conscious sedation during this proce-
dure limits its use as a first-line study for the detection of these tumors.

5.1.2.2 Gastrinoma

Gastrin-secreting tumors account for 50 % of all MEN1-related NET and usually
manifest with clinical signs and symptoms of diarrhea, steatorrhea, and dyspepsia
from hypersecretion of hydrochloric acid from hyperplastic parietal cells in the
stomach and duodenum. Gastrinomas can arise in a variety of locations including
the pancreas, lymphatic system, gallbladder, biliary tree, and stomach. However, the
vast majority (80 %) occur in the duodenum as multiple small subcentimeter nod-
ules in the duodenal submucosa. The majority of MEN1 gastrinomas coexist with
other NET [41, 42].

As the tumor burden of gastrinoma increases, Zollinger-Ellison syndrome develops,
leading to ulcerations in the stomach and duodenum, gastrointestinal bleeding, and
ultimately perforation, if not treated. Approximately 80 % of MENI1 patients with
gastrinomas have clinical Zollinger-Ellison syndrome. Prior to the use of high-dose
histamine H2 receptor antagonists and the availability of proton-pump inhibitors,
gastric and duodenal perforation related to Zollinger-Ellison syndrome was a major
cause of morbidity and mortality in MEN1 patients [34]. Zollinger-Ellison syndrome
is discussed in further detail elsewhere in this edition.

Interestingly, curative management of MENI-related hyperparathyroidism is
associated with amelioration of the clinical manifestations of coexisting hypergas-
trinemia. There is no apparent effect of the treatment of gastrinoma on the course of
coexisting hyperparathyroidism [24, 43, 44].

5.1.2.3 Insulinoma

Tumors arising from the pancreatic p-cells occur in 21-30 % of MENI1 patients.
One-third of MEN1 patients with insulinoma will have coexisting gastrinoma. The
clinical manifestations in MEN1 vary slightly from sporadic insulinoma; however,
the diagnostic approach (documentation of elevated insulin, proinsulin, and
C-peptide levels during hypoglycemia) is the same. MEN1-associated insulinomas
come to clinical attention approximately 10 years earlier than sporadic insulin
secreting tumors, most prior to age 40, with many appearing prior to age 20 [45].
The majority of MEN1-associated insulinomas are less than 2 cm, have a low
mitotic rate (Ki-67<2 %), and do not demonstrate angioinvasion or metastases.
During supervised fasting, MEN1 patients with insulinoma often fail to manifest
neuroglycopenic symptoms during hypoglycemia, for unclear reasons [46]. Blunting
or absence of typical adrenergic symptoms can lead to profound consequences,
including hypoglycemic seizures, demyelinating sensory-motor polyneuropathy,
or focal neuropathies, leading to the delay of the diagnosis. This point is exemplified
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by the case of a 17-year-old boy initially diagnosed with epilepsy, who eventually came
to the diagnosis of MEN1 with the discovery of insulinoma-related hypoglycemia
and hyperparathyroidism [47].

5.1.2.4 Glucagonoma and Other Rare NET

Tumors originating from pancreatic a-cells that secrete glucagon are reported in
approximately 3 % of MENI patients. In contrast to insulinomas, the majority of
glucagonomas are malignant and typically occur in the pancreatic tail. As in insuli-
noma, the clinical presentation is more subtle in MEN1 compared to the typical
syndrome associated with sporadic glucagonomas, which consists of necrolytic
migratory erythema, weight loss, anemia, and stomatitis. In MENT, the only findings
may be glucose intolerance and elevated circulating glucagon levels. The insidious
nature and mild clinical manifestations may lead to delayed diagnosis. In fact, 50 %
of MENI patients with glucagonoma present with metastatic disease at the time of
diagnosis.

Enteropancreatic tumors secreting somatostatin or somatotropin (GHRH) are
found in less than 1 % of MENI1 patients [48, 49]. In the case of somatostatinomas,
40 % are found in the duodenum or jejunum with signs and symptoms including cho-
lelithiasis, steatorrhea, achlorhydria, and insulin resistance, but as with insulinomas
and glucagonomas, the clinical presentation tends to be more insidious in MENI
patients than in sporadic cases [S0]. GHRHomas, manifesting with acromegaly, are
found in the lungs (>50 %), pancreas (30 %), and small intestine (10 %) [50].

VIPomas (vasoactive intestinal polypeptidomas) have been reported in few
patients with MEN1 [51], and can be recognized by the WDHA syndrome (watery
diarrhea, hypokalemia, and achlorhydria) [52] and high plasma VIP levels. These
tumors, like glucagonomas, predominantly localize to the pancreatic tail.

Collectively for these very rare NETs, prognosis is poor if metastatic with
approximately 50 % of patients surviving at 10 years.

5.1.3 Pituitary Tumors

Anterior pituitary tumors are the third most common neoplasm among the classical
MENI tumors. The rate of penetrance of pituitary adenoma is 30-40 %, and pitu-
itary adenoma is the initial manifestation of MEN1 in approximately 15 % of cases.
The mean age of onset is during the late fourth decade (similar to sporadic cases),
although the age at the time of the discovery of adenomas is reported from 5 to 90
years. In contrast to most other MEN1-related neoplasms in which there is no sex
predilection, there appears to be a female predominance with pituitary tumors.

A characterization of MEN1-specific versus sporadic pituitary adenomas was
first done in 1987 by Scheithauer et al. [53] who found that MEN1 pituitary adeno-
mas are more often functioning, with the majority secreting prolactin or growth
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hormone. Since then, a number of additional studies from large registries have dem-
onstrated that MEN1 pituitary adenomas tend to be macroadenomas more often
than in non-MENT patients, 85 % vs. 42 %, respectively [54]. In the MENT1 cohort
studied at the NIH, some of the pituitary microadenomas were multifocal [55].
MENT1 pituitary adenomas are also noted to display more aggressive characteristics
such as local tissue invasion and lower response to treatment [S6—58]. The cause of
the invasive nature of these tumors is unclear, but it has been postulated to be related
to loss of the tumor suppressive function of menin as loss of heterozygosity of the
MENI1 gene is rarely found in non-MEN1 pituitary tumors in which other gene
mutations have been implicated (e.g., GNAS1) [59].

Apart from these features, clinical manifestations of MEN1-associated pituitary
adenomas are largely reflective of the hormones they secrete, as well as any mass
effect they may exert. The hormonal profile of MEN1-associated pituitary adenomas
is actually similar to that of sporadic pituitary adenomas, characterized as largely
prolactin-secreting (60 %) or somatotropinomas (25 %), the latter occurring more
frequently in patients over the age of 40. ACTH-secreting tumors leading to Cushing’s
disease (5 %), nonfunctioning or glycoprotein subunit secreting adenomas (5 %), and
rare thyrotropinomas are also seen at lower rates. In addition, plurihormonal expres-
sion is observed more frequently in MENI1 pituitary adenomas, with prolactin and
growth hormone being the most commonly co-secreted hormones.

A variant of the MEN1 phenotype has been observed in three large kindreds, in
which the prevalence of prolactinoma is much higher than in the typical MENI1
population (40 % vs. 22 %, respectively), while the prevalence of gastrinomas is
much lower (10 % vs. 22 %) [60]. While each of the three kindreds has a different
MENI1 gene mutation, it has been proposed that there may be a shared polymor-
phism tightly linked to the MEN1 gene that affects the clinical manifestation of the
MENI1 disease [11, 25]. One of these kindreds is located on the Burin Peninsula of
Newfoundland, and consists of four families sharing one common founder MEN1
mutation, named MEN1Burin, with a shared haplotype flanking the gene. The pitu-
itary adenomas in this variant occur uniquely as prolactinomas, and symptoms on
average manifest early in the third decade of life [60]. The other two kindreds
originate from the East and West coast of the United States [11]. The caveat in
diagnosis of this variant is that this pattern only becomes apparent in very large,
well-studied cohorts.

5.2 Nonclassical Tumors

5.2.1 Non-pituitary Central Nervous System Tumors

Among 74 patients with MEN1 followed at the NIH with available brain imaging,
the prevalence of intracranial meningioma was found to be 8 % [61]. MENI1-
associated meningiomas were noted to occur as solitary tumors, to be hormonally
inactive, and to be slow growing. The average tumor size in this series was 1.6 cm
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and the largest was 3 cm. Genetic analysis of a meningioma that required resection
on clinical grounds confirmed loss of heterozygosity at the MEN1 gene locus.

Meningiomas are a late manifestation in the setting of MEN1, generally appear-
ing in the fifth decade, raising the question whether the pathogenesis of this tumor
is modified by the hormonal milieu or treatments administered over the course of
MENI. Interestingly, patients with meningioma are more likely to have Zollinger-
Ellison syndrome [61]. This relationship is potentially supported by in vitro evi-
dence that meningiomas may express cholecystokinin, neurotensin, and gastrin
receptors, and that growth of ex vivo meningioma tissue cultures can be potentiated
by gastrin. The association remains unclear, as there is no relationship between the
magnitude of the plasma gastrin elevation and the presence of meningioma or the
size of the tumor. It has also been postulated that prior cranial irradiation for treat-
ment of invasive pituitary adenoma may promote the growth of meningiomas, a
relationship well established among sporadic meningiomas [62, 63]. This causality
has not been fully studied in MEN1; however, some meningiomas have occurred in
patients who have not been exposed to radiation therapy [61].

Spinal ependymomas and schwannomas have also been reported in MENI
patients [64], but loss of MEN1 gene heterozygosity has not yet been demonstrated
for these tumors.

5.2.2 Carcinoid

Approximately 14 % of MEN1 patients develop carcinoid neuroendocrine tumor.
In 1987, Duh et al. published a meta-analysis characterizing MEN-associated carci-
noid tumors, which arise primarily from the foregut particularly the thymus, bron-
chi and gastric ECL cells. In contrast, sporadic carcinoid typically is found in the
mid- and hind-gut [65].

Thymic carcinoid tumors have been recognized as part of the MEN1 syndrome
since 1972 (Fig. 5.2) [66]. The risk of thymic carcinoid appears to be particularly
high among male smokers [67]. Despite the overall rare occurrence, there is height-
ened concern to diagnose thymic carcinoid as early as possible due to the high rate
of malignancy (80 %) and highly aggressive nature. These tumors are often clini-
cally silent until local tissue invasion and metastases are extensive enough to cause
a life-threatening situation, such as airway compromise or compression of the great
vessels (e.g., SVC syndrome). Prognosis is poor, even if the patient is asymptomatic
at the time of diagnosis, and despite radical surgical resection [68]. Thymic carci-
noid, despite its rarity, is a significant cause of mortality among patients with MEN1
[69], especially as the more biochemically and clinically active causes of morbidity
and mortality are being caught in their early stages and treated effectively. Because
of the potentially disastrous implications of a clinically silent thymic carcinoid
tumor, prophylactic thymectomy at the time of parathyroid surgery has been proposed
[65, 67]. Detailed imaging of the chest and mediastinum with CT, MRI, and
octreotide scanning are also strongly recommended as part of surveillance evalua-
tion, largely for this reason [68].
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Fig. 5.2 CT-chest of a 54-year-old man with MEN1 showing a 10 cm lobulated bronchial carci-
noid arising from the subcarinal space extending into the right hilum and thorax and invading the
mediastinum and left atrial wall. The patient underwent resection of the right hilar mass with right
pneumonectomy and left atrial reconstruction

In contrast to thymic carcinoids, bronchial carcinoid tumors occur more fre-
quently in women; the majority (74 %) are benign and may be associated with the
occurrence of pituitary adenomas. Typically multicentric, bronchial carcinoids
develop synchronously or metasynchronously, a fact that may impact the aggres-
siveness of surgical management. The clinical course, however, tends to be indolent,
although manifestations can be serious, including bronchial obstruction and other
local mass effects [70].

The third type of MENIl-associated carcinoid arises from the gastric
enterochromaffin-like (ECL) cells. These carcinoids develop under the condition of
chronic gastrin excess, and in MEN1, occur almost entirely within the context of the
Zollinger-Ellison syndrome (type 2 gastric carcinoid). Gastrin is mitogenic to ECL
cells, and continuous exposure leads to hyperplastic proliferation and dysplastic
changes which are precursors to gastric carcinoid tumor formation. MENI1-
associated ECL cell carcinoid tumors have a malignancy rate of 10-30 % [71], and
are usually multiple in number and small in size. There is no male or female pre-
dominance reported. ECL carcinoids are usually well differentiated but occasion-
ally demonstrate locoregional extension. Endoscopic biopsy is regarded as the
diagnostic method of choice for lesions less than 1 cm in size; endoscopic ultra-
sound is recommended for larger lesions to evaluate extent of invasion and facili-
tates fine-needle aspiration of submucosal lesions. Prognosis is linked to the course
of the associated gastrinoma(s), but is generally good with an estimated 5-year
survival of 62-75 % [72].

Loss of heterozygosity at the MEN1 gene locus 11q13 has been found in all type
2 gastric carcinoids. Interestingly, MEN1 gene LOH is also present in 17-73 % of
type 1 gastric carcinoids (associated with hypergastrinemia related to achlorhydria/
atrophic gastritis) and in 25-50 % of type 3 gastric carcinoids (unrelated to hyper-
gastrinemia, and frequently malignant), although these do not develop in MENI1
patients.
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Generally, MEN1-associated carcinoids are biochemically and clinically inactive,
which contributes to their insidiousness. They are generally not associated with
the typical bouts of flushing and bronchospastic dyspnea, although these signs can
appear once the carcinoid metastasizes to the liver [73]. Foregut carcinoids secrete
5-hydroxytryptophan, but typically lack 5-HTP decarboxylase that converts 5S-HTP
to serotonin, and thus produce little to no serotonin [74]; along these lines, foregut
carcinoids may not generate an elevated urinary 5-HIAA. Urinary serotonin, how-
ever, can be elevated, as 5-HTP decarboxylase is present in the kidney.

Exceptions to the rule that MEN1-associated foregut carcinoids are silent are
well known to physicians who care for these patients. A case of WDHA syndrome
was reported in an MEN1 patient with hyperparathyroidism and amenorrhea—
galactorrhea syndrome that was attributed to a 370 g pancreatic carcinoid tumor
secreting serotonin. Symptoms resolved following resection of the mass.
Immunohistochemical staining of the tumor was positive only for serotonin, and
was negative for vasoactive intestinal polypeptide, pancreatic polypeptide, gluca-
gon, insulin, cholecystokinin, gastrin, and calcitonin. Diarrhea was attributed to
serotonin excess [75].

Sporadic thymic carcinoids are known to be the source of ectopically secreted
ACTH leading to Cushing’s Syndrome, and has been reported in MENT1 [76]. Based
on the above epidemiologic phenomena, it has been suggested that an ectopic
ACTH syndrome occurring in the setting of MEN1 should arouse suspicion for
bronchial carcinoid in women, and thymic carcinoid in men [65].

Of note, a large metastatic carcinoid burden can manifest with tryptophan defi-
ciency, because of the conversion of tryptophan to 5-HTP by the tumor tissue. Signs
of tryptophan deficiency can include decreased protein synthesis and pellagra due to
depletion of nicotinic acid [77].

5.2.3 Adrenal Tumors

Adrenocortical neoplastic disease of one or both glands affects approximately 40 %
of MENT patients [78] and can manifest as adenomas, hyperplasia, or adrenocorti-
cal carcinoma [5, 50, 79]. In most cases, MEN1-associated adrenal tumors are not
hormonally active and benign, but both benign and malignant tumors can uncom-
monly be a source of adrenal Cushing’s syndrome [80]. In a cohort of 400 patients
with MEN1 evaluated at the NIH, three patients had ACTH-independent Cushing’s
syndrome attributable to adrenocortical pathology [55]. Albeit rarely, primary
hyperaldosteronism has also been seen [81, 82]. It has been suggested that adreno-
cortical tumors larger than 3 cm possess higher malignant potential and should be
resected [83].

Pheochromocytoma is exceedingly rare in MEN1, occurring in less than 1 % of
patients [42, 84]. Only a few case reports exist, and all are unilateral. Genetic analysis
of tumor tissue, as with the other MEN1 neoplasms, shows loss of MEN1 gene
heterozygosity [85].
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5.2.4 Smooth Muscle Tumors

Various kinds of leiomyomas, at times multicentric, are found in MEN1 patients,
including esophageal smooth muscle [86], uterus, lung, and rectum [87]. A case
report of a ureteral leiomyoma causing obstructive nephropathy [88] and a pulmo-
nary leiomyoma arising from the lymphangitic smooth muscle have been reported
[89]. Bladder, esophageal, and uterine leiomyomas were identified in a 50-year-old
Korean woman with newly diagnosed MENT1 in 2008 [90].

Esophageal leiomyomas have a 5 % prevalence in MEN1, and uterine leiomyo-
mas are estimated to affect about 30 % of women with MEN1 [11]. Loss of hetero-
zygosity at the MENI1 locus has been proven in esophageal leiomyomata [91, 92]
and uterine leiomyomas [92] excised from MENI1 patients, but not in sporadic
smooth muscle tumors.

At our institution, a case of uterine leiomyosarcoma was identified in a 38-year-old
woman with MEN1, progressive menorrhagia, and pelvic mass. Surgical resection
of the mass showed a myxoid leiomyosarcoma of the uterus weighing 1.1 kg.
The patient’s menorrhagia was cured after resection of the mass, with no recurrence
after 10 years of follow-up.

5.2.5 Cutaneous Manifestations

Lipomas, benign adipose tumors, were the first skin lesions to be recognized in
association with MENT1 [93], and have a prevalence of approximately 30 % [85].
The majority appear subcutaneously on the trunk or extremities, but they also occur
in viscera as there is an increased incidence of renal angiomyolipomas observed in
MENTI [91].

In 1997, the NIH MENI cohort was first recognized to have a high prevalence of
angiofibromas (telangiectatic connective tissue papules), approaching 90 %
(Fig. 5.3) [94]. Angiofibromas were previously believed to be pathognomonic for
tuberous sclerosis. MENI-associated angiofibromas are permanent acneiform

Fig. 5.3 Nasal angiofibroma
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lesions that develop on the face, and in contrast to tuberous sclerosis, occur around
the upper lip and vermilion border, and are smaller in size. In both diseases, however,
angiofibromas demonstrate an identical histopathologic composition, consisting of
dermal fibrosis with stellate fibroblasts and telangiectasias [94]. MEN1-associated
angiofibromas were shown to have loss of MEN1 gene heterozygosity in perivascular
cells [95].

Additionally, collagenomas (skin-colored papules consisting of collagen
deposits in the reticular dermal layer) appear with significant frequency in MEN|1
patients (70 % prevalence [85]), and are typically distributed over the upper torso
neck and shoulders ranging in size from a few millimeters to a few centimeters.
Of note, greater numbers of both angiofibromas and collagenomas occur with
increasing age.

The diagnosis of MEN1 was made with 75 % sensitivity and 95 % specificity
when the criteria of the presence of one or more collagenomas and three or more
angiofibromas was applied to 110 consecutive patients with gastrinomas but unknown
MENT1 status [96]. Because of their high prevalence, identification of cutaneous
collagenomas and facial angiofibromas should raise suspicions for the diagnosis of
MENT prior to manifestation of symptomatic disease [85].

Gingival papules, typically seen in tuberous sclerosis and Cowden’s syndrome,
are infrequent but have been reported in a few MEN1 patients [94].

In addition to these benign skin tumors, malignant melanoma has arisen in a few
MENI1 kindreds; melanoma tumor tissue in these cases has not been assessed for
loss of heterozygosity [97].

5.2.6 MENI-Like Syndrome

About 30 % of patients with an MEN1-like phenotype have no identifiable MEN1
gene mutation. Failure to detect a mutation may be a result of methodology (failure
to detect a deletion during amplification by polymerase chain reaction or a mutation
in regulatory or untranslated regions). Serendipitously, a multi-tumor syndrome of
overlapping MEN1 and MEN?2 features that arose sporadically in rats led to the
identification of another candidate gene. Affected rats were found to be homozy-
gous for a tandem duplication of eight nucleotides in exon 2 of the Cdknlb gene,
which resulted in a frameshift and very low to absent expression of the p27 tumor
suppressor protein in a variety of tissues. Affected animals had multifocal pituitary
adenomas, bilateral adrenal and extra-adrenal pheochromocytomas, and hyperplasia
of parathyroid tissue, pancreatic islet cells, and thyroid C-cells.

Since this discovery, Cdknlb mutations have also been identified in several
human cohorts of MENI1-like syndromes (Table 5.2). In 2009, Agarwal et al.
screened 169 index cases of MEN1 without an identifiable MEN1 gene mutation for
mutations in any of the seven CDKNI1 genes [98]. Probable pathologic mutations in
CDKNT1 genes encoding p27, p21, p18, and p15 were found in just seven of these
patients. Among them, there was not a characteristic constellation of manifestations
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that distinguished the MEN1 syndrome related these mutations versus MEN1 gene
mutations. CDKN1-associated MEN1 syndrome appears to be extremely rare
(1.6 % of all tested cases).

5.3 Conclusion

The initial description of Wermer’s syndrome in 1954 of a genetically transmitted
condition of parathyroid, pancreatic, and pituitary tumors (the three “Ps”) has
evolved with recognition of the clinical manifestations arising from loss of menin
tumor suppressor function in humans. The challenge of caring for a patient with
MENI1 stems from striking a balance between preventing complications from
advanced, unrecognized disease and performing risky unnecessary interventions
before there is ample clinical indication. Multinational consortiums are needed to
continue study of this rare disorder and frequent revision of guidelines to diagnose and
treat these patients over their lifetime is critical as our knowledge of menin-related
disease and other overlapping-related genetic syndromes advance.
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6.1 Epidemiology

In 1923, Max Askanazy first reported the presence of carcinoid tumors arising from
the stomach. Williams and Sandler in 1963 began to classify carcinoids according
their embryologic site of origin: foregut, midgut, and hindgut. In 2004, the World
Health Organization (WHO) proposed the term gastroenteropancreatic-neuroendo-
crine tumor (GEP-NET) to describe carcinoids of the gastrointestinal system.
Subsequently in 2010, WHO updated its classification based on tumor site of origin
[1]. Staging of the tumor can also be accomplished by the TNM system (see Table 6.1).
GEP-NET and gastrointestinal carcinoid are now used interchangeably. In general
practice, gastric carcinoid (GC) refers to a histologically well-differentiated, low-
grade neuroendocrine tumor. For a long time, gastric carcinoids were thought to be
fairly rare, comprising only 2 % of all carcinoid tumors and 1 % of all stomach neo-
plasms. However, incidence over the last 50 years has been rising and is now deter-
mined to be at least 4.1 % of all carcinoid tumors [2]. A large component of the rise in
incidence is due to several extrinsic factors, including wider use of endoscopy,
increasing surveillance of disease, and more routine biopsies [3]. Patients who
develop gastric carcinoid are predominantly female (64.5 %) with higher incidence
rates seen in the black and Asian populations and white females. In most cases, dis-
ease is local, but distant metastasis or regional spread is evident at the time of diagno-
sis in 10-30 %. Prognosis is good with an overall survival of 64.7 % over 5 years [2].

Gastric carcinoid is classified into three distinct subtypes with type I and II tak-
ing a more benign course associated with hypergastrinemia and type III rising spo-
radically with greater malignant potential. The differences between the three
subtypes will be outlined below. The type of gastric carcinoid significantly impacts
diagnosis, treatment, and survival.

6.2 Classification (see Table 6.2)

6.2.1 Typel

Type 1 gastric carcinoid is the most common of the three types, accounting for
65-80 % of all gastric carcinoids [4, 5]. This type is seen primarily in patients with
type A chronic atrophic gastritis (CAG), with or without pernicious anemia.
Approximately 5 % of patients with CAG will develop gastric carcinoid [3].
The incidence of carcinoid tumors in pernicious anemia is up to 10 % [6]. CAG is
an inflammatory condition characterized by loss of gastric glandular structures.
In CAG, loss of these glands leads to hypochlorhydria or achlorhydria, stimulating
chronic hypergastrinemia and subsequent enterochromaffin-like (ECL) cell hyper-
plasia and eventually carcinoid formation [7]. Type I gastric carcinoid is most com-
mon in women between 40 and 60 years old, frequently found in asymptomatic
patients, and often discovered on routine endoscopy. Lesions are localized to the
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Table 6.2 Comparison of three types of gastric carcinoid

% of all Disease Endoscopic | Location Gastrin
GC Gender Age association |appearance | in stomach |level
Type 1 |65-80 % |Female>male |40-60 |Chronic Multiple, Body and | High
atrophic small fundus
gastritis
Type2 |5-6 % Female=male |45 MEN1/ Multiple, Body, High
Zollinger- | small fundus,
Ellison antrum
Syndrome
Type 3 | 14-25 % | Male>Female |50 None Solitary, Anywhere | Normal
large,
ulcerated

atrophic oxyntic mucosa found in the body or fundus of the stomach, are typically
multicentric, small (less than 2 cm), and polypoid. Histologically, this tumor is
well-differentiated and built up in a trabecular to solid pattern. The proliferative
activity is low with a Ki-67 index usually less than 2 %. Type I gastric carcinoid is
generally noninvasive, with 27 % of tumors limited to the mucosa, 64 % to submu-
cosa, and only 9 % crossing into muscularis propria. Lymph node metastasis is only
detected in 2-9 % of patients and risk increases with tumor size. Patients with type
I gastric carcinoid carry an excellent prognosis with life expectancy equal to that of
the general population [4, 5].

6.2.2 Typell

The second type of gastric carcinoid is seen only in patients with the genetic condi-
tion multiple endocrine neoplasia type 1 (MEN1) with Zollinger-Ellison syndrome
(ZES). Studies have shown that anywhere between 0 and 33 % of MENI1/ZES
patients develop gastric carcinoid. MENI1 is an autosomal dominant disorder
secondary to a mutation on chromosome 11q13 and is characterized by the constel-
lation of hyperparathyroidism, pituitary tumors, and pancreatic islet cell tumors. In
the subset of patients with ZES, pancreatic gastrin-secreting tumors create a state of
hypergastrinemia that leads to carcinoid development [8]. Type II gastric carcinoid
encompasses 5-6 % of all gastric carcinoids [5]. These tumors are multiple and
small and are usually found in the body and fundus of the stomach. However, unlike
type 1 GC, they can occasionally also be localized in the antrum [3]. Gender distri-
bution is equal and mean age of diagnosis is 45 years. Histologic findings are of a
trabecular pattern with a proliferation rate of less than 2 %. Type II gastric carci-
noids are of intermediate malignant potential, with lymph node metastases present
in 10-30 % of patients. The 5-year survival rate is lower than type I at 60-75 % [4, 5].
Risk factors for type II gastric carcinoid development in patients with MEN1/ZES
include high fasting serum gastrin levels and long disease duration. Tumors typically
develop after 15-20 years of disease.
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6.2.3 TypeIll

Type III gastric carcinoids are sporadic lesions that are not gastrin dependent. They
comprise 14-25 % of all gastric carcinoids. There is no known association with a
particular disease, although some patients may have second cancers. Mean age of
diagnosis is slightly older at 50 and they are more common in men. The tumor is
usually solitary instead of multiple, can be seen in any part of the stomach, and can
be ulcerated. They are larger with 70 % of lesions greater than 1 cm in size. The
histologic pattern is both solid and trabecular, and the proliferation rate can exceed
2 %. Type III gastric carcinoid is much more likely to infiltrate the muscularis pro-
pria or be angioinvasive with a majority of patients showing metastases at presenta-
tion to regional lymph nodes and the liver. Likelihood of metastasis correlates with
the size of the lesion. The 5-year survival in type III gastric carcinoid is less than
50 %, dropping to 21 % if metastases are present [4, 5].

6.3 Clinical Presentation

Gastric carcinoids are frequently found incidentally at the time of surgery or during
routine endoscopic procedures. Tumors are often asymptomatic, particularly with
type I and type II gastric carcinoids. If symptoms do occur, they may result from
local tumor mass effect, tumor-related fibrosis, or secreted bioactive products.
Patients can experience vague abdominal pain, vomiting, dyspepsia, anemia, or
occult blood in stool. In rare instances, more commonly with type III, patients can
present with gastrointestinal hemorrhage secondary to vascular abnormalities. Less
than 5-10 % of patients develop either typical or atypical carcinoid syndrome.
Typical carcinoid syndrome occurs in less than 10 % of patients and manifests as
cutaneous flushing of the face, neck, and upper chest with gut hypermotility leading
to diarrhea. The flushing of atypical carcinoid is more extreme, purplish, patchy,
intensely pruritic, and localized to the trunk and upper extremities [1, 4, 5]. The
flushing of both typical and atypical carcinoid syndrome lasts 10-30 minutes.

6.4 Mechanism

Type I and II gastric carcinoids are associated with hypergastrinemia. Food stimulates
G cells in the antrum of the stomach to produce gastrin, which stimulates cholecys-
tokinin (CCK)-2 receptors on ECL cells to secrete histamine, which then bind to H2
receptors on parietal cells, causing them to secrete acid. The acid secretion then
triggers somatostatin release, which acts as a negative feedback mechanism to
decrease the amount of gastrin produced. In patients with CAG, the presence of
achlorhydria leads to excess secretion of gastrin and stimulation of ECL cell hyper-
plasia (see Fig. 6.1). A risk factor for gastric carcinoid in CAG is ECL cell dysplasia,
which may represent a precursor lesion [7]. Similarly, in pernicious anemia,
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Fig. 6.1 Mechanism of gastrin stimulation in Type I gastric carcinoid. (a) G-cells in the antrum of
the stomach secrete gastrin, which stimulates CCK-2 receptors on ECL cells to secrete histamine,
which in turn causes acid secretion by parietal cells. (b) Achlorhydria secondary to parietal cell
atrophy creates a feedback loop to G-cells, leading to excess gastrin production and ECL cell
hyperplasia and subsequent transformation into type I gastric carcinoid

inflammation destroys parietal cells and decreases gastric acid secretion, thereby
removing the negative feedback control on gastrin secretion by G cells [6].
Hypergastrinemia in MEN1/ZES results from ectopic secretion of gastrin from a
gastrinoma found in the pancreas or duodenum. In MEN1/ZES, a finding of signifi-
cance has been the loss of heterozygosity at chromosome 11q13 exhibited in all
type II gastric carcinoids. This loss of heterozygosity can also be seen infrequently
with type I and III gastric carcinoids. Interestingly, gastric carcinoid is 70 times as
common in MEN1/ZES than in sporadic ZES, which reflects an underlying genetic
contributor [8]. Hypergastrinemia alone is likely not the sole cause of ECL cell
transformation, since gastrin decreasing measures, such as vagotomy and chronic
proton-pump inhibition, do not lead to increased risk of gastric carcinoid development.
Other potential cofactors involve environmental changes, growth factors, bacterial
infections, and effects on underlying mesenchyme [3]. Reg, a growth factor secreted
by both ECL and chief cells, has been under study, as it is known to be increased in
gastric carcinoids. This growth factor has a role in the feedback mechanism that
restrains the stimulating effects of gastrin and, therefore, mutations in Reg would
lead to unrestrained gastrin effects [12].

Although discrete models of tumor progression originating with ECL cells
have been proposed in both type I and II gastric carcinoids, there are still many
unanswered questions. The Mastomys rodent is a prototype species of gastrointes-
tinal carcinoid in that these rodents will spontaneously develop gastric carcinoids in
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the setting of pharmacologic acid suppression and consequent hypergastrinemia [10].
In humans, long-term pharmacologic acid suppression has not yet shown a similar
effect [11].

Little is known regarding the pathogenesis of type III gastric carcinoid, although
overexpression or a mutation in p53, a tumor suppression gene, is present in a large
majority of tumors [13].

6.5 Diagnosis

Gastric carcinoids are usually diagnosed by upper gastrointestinal endoscopy and
direct visualization of the stomach. Whether or not to offer surveillance endoscopy
to patients with CAG is controversial, but it is recommended for MEN1 patients
every 2-3 years [5]. Lesions generally appear as small, multiple, rounded submu-
cosal erythematous nodules that can be yellowish in color (see Fig. 6.2). Larger
lesions will be solitary and sometimes ulcerated. Once suspected, biopsies of
both the lesion and the surrounding gastric mucosa should be performed. Gastric
mapping of the surrounding mucosa will determine whether or not there is CAG,
which will help to differentiate type I gastric carcinoid from the other two types.
The biopsies should be stained for chromogranin A and synaptophysin, which
are markers for ECL cells. Immunohistochemical analysis for Ki-67 index and
mitotic count is mandatory to determine histologic grade. A useful serologic
marker for diagnosis is chromogranin A. Chromogranin A has a sensitivity of
>90 % and correlates well with tumor burden, especially when metastasized to the
liver. Frequently, chromogranin A is used as a surveillance marker to monitor pro-
gression of disease. However, chromogranin A is not specific to carcinoid and can
be found in ECL cell hyperplasia and hypergastrinemia alone. In patients present-
ing with symptoms of carcinoid syndrome, a 24-h urine 5-hydroxylindoleacetic
acid (5-HIAA) is the test of choice [3, 12]. Atypical carcinoid syndrome arises due
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Fig. 6.2 Endoscopic and histologic appearance of gastric carcinoid. (a) Less than 1 cm type III
gastric carcinoid tumor in the gastric fundus seen on incidental endoscopy. (b) Multiple type II
gastric carcinoids in a patient with MEN1/ZES. (¢) Type II gastric carcinoid with nested insular
pattern, fine trabeculae, and monotonous nuclei, which are hallmark of carcinoids
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to deficiency of the enzyme dopa-decarboxylase, which is responsible for the
conversion of 5-hydroxytryptophan to 5-hydroxytryptamine (serotonin). Therefore,
in atypical carcinoid syndrome, the precursor, 5-hydroxytryptophan, is elevated
instead [9].

Further diagnostic testing is imperative to determine the type of gastric carci-
noid. A serum gastrin level (off anti-acid therapy) should be the first step in dif-
ferentiating between gastrin-dependent and gastrin-independent tumor. If gastrin
is elevated and there is no prior diagnosis of atrophic gastritis, a complete blood
count and vitamin B12 level are helpful, with further testing for antibodies against
parietal cells and intrinsic factor if pernicious anemia is suspected. Gastric map-
ping by mucosal biopsy should be done to determine if there is atrophic gastritis
and ECL cell hyperplasia, which would support type I gastric carcinoid. To evalu-
ate for type II gastric carcinoid, serum gastrin and gastric pH levels are used for
the diagnosis of MEN1/ZES. If serum gastrin is greater than 1,000 and gastric pH
is less than 2, the diagnosis of ZES is definite. If testing is indeterminate with a
gastrin between 100 and 1,000 and pH less than 2, a secretin test should be ordered
and completed off pharmacologic acid suppression for at least 5-8 days. For
patients newly diagnosed with MEN1/ZES, genetic testing for a mutation in the
MENIN gene is available, and further evaluation for parathyroid, pancreatic, and
pituitary tumors is warranted. When serum gastrin levels are normal and no atro-
phy is noted on gastric biopsies, the tumor under evaluation is likely to be type III
or sporadic in origin. Histological analysis may reveal a Ki-67 level greater than
2 %, which can differentiate type III from type I and II gastric carcinoids. A small
proportion of patients with gastrinomas have normal fasting serum gastrin concen-
trations and a secretin test can be performed to rule out MEN1/ZES before type III
GC is confirmed [2, 5, 10].

Adjunctive testing to upper endoscopy may be recommended in the appropriate
setting. Endoscopic ultrasound (EUS) is the best technique to evaluate tumor size,
infiltration, and regional lymph node enlargement and can be considered in tumors
greater than 1 cm. If there is evidence of invasion or concern for regional or distant
metastasis in type I and II gastric carcinoids, computed tomography (CT) should be
obtained to evaluate for liver metastasis. An abdominal and thoracic CT is required
for type III gastric carcinoid. For better evaluation of diffuse or smaller lesions
undetectable with imaging, a functional study called somatostatin receptor scintig-
raphy (SRS), also known as octreoscan, is useful in localizing areas of disease.
Approximately 85 % of gastric carcinoids express somatostatin receptors. With
SRS, octreotide radiolabeled with indium-111 is injected into the bloodstream and
nuclear images are taken. SRS should be performed in all patients with type III and
sparingly in invasive type I and II gastric carcinoids [3-5, 9, 10]. SRS has better
sensitivity and specificity as compared to CT, but several limitations should be kept
in mind. It does not detect 10-15 % of tumors that do not express somatostatin
receptors, the detection size limit is 0.5 cm, and there is relatively poor anatomic
localization [12].
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6.6 Treatment

A spectrum of modalities for treatment of gastric carcinoids exists from endoscopic
removal to complete gastrectomy (see Fig. 6.3). Management of gastric carcinoid
differs considerably with the type, grade, and stage of tumor.

6.6.1 TypelandlIl

The principle of treatment for type I gastric carcinoid is to minimize risk given the
lack of increased mortality with disease. For lesions limited to the submucosa,
smaller than 1 cm, and fewer than five in total, endoscopic mucosal resection (EMR)
is sufficient. Some clinicians may opt for conservative treatment with annual endo-
scopic surveillance given the low risk for local or distant metastasis, particularly in
elderly patients. Treatment of lesions between 1 and 2 cm and greater than five in
number is controversial with no controlled studies thus far comparing different
methods. EMR is an acceptable technique with close surveillance endoscopy every
6 months initially, then annually after 3 years. If recurrence is found, either repeat
EMR can be attempted or the patient can be referred for surgical evaluation for

Fig. 6.3 Algorithm of treatment of gastric carcinoid by type
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excision or even gastrectomy. Local surgical resection is recommended in patients
with lesions greater than 2 cm and should be strongly considered if the tumor is of
higher grade or demonstrates invasion into the muscularis layer or blood vessels.
Fundic resection with removal of all ECL cells and carcinoid tumors can be consid-
ered in young patients and those with large or multicentric tumors, as it would obvi-
ate the need for lifetime surveillance endoscopy. There has also been some success
with antrectomy to eliminate the trophic stimulus of gastrin and therefore generate
regression of tumors. However, this technique has not been reliable due to the
concern for gastrin autonomous lesions. 70-85 % of patients have tumor regression
at 3- and 5-year follow-up while remaining patients have tumor recurrence or per-
sistence. Management of type II gastric carcinoids is similar to type I although its
greater potential for regional and distant spread should be noted. Removal of the
gastrin stimulus can also be achieved in type II gastric carcinoids with surgical
gastrinoma excision. Unfortunately, gastrinomas are typically multiple and many
patients have lymph node metastasis at the time of surgery [4, 5, 12].

6.6.2 TypeIll

Unlike type I and II gastric carcinoids, management of type III gastric carcinoid is
straightforward. Aggressive surgical management with complete or partial gastrec-
tomy with regional lymph node dissection is indicated in almost all tumors.
One study correlated tumor size and depth with rate of lymph node metastasis and
concluded that local or endoscopic resection for type III gastric carcinoid may be
appropriate for intraepithelial tumors less than 2 cm and perhaps tumors less than
1 cm invading the lamina propria or submucosa [14]. In poor operative candidates,
chemotherapy may increase progress-free survival but does not produce substantial
tumor response [9]. Also, in select patients, hepatic chemoembolization, cryoabla-
tion, or radiofrequency ablation can be performed on liver lesions.

6.6.3 Alternative Options

Nonsurgical management of gastric carcinoid is less frequently employed, but is an
option in type I and II gastric carcinoids. Therapy with long-acting octreotide, a soma-
tostatin analog, induces a rapid fall in serum gastrin and chromogranin A due to an
inhibitory effect on ECL cell function. Intramuscular treatments are given on a
monthly basis. During treatment, gastrin levels decrease by 50 %; however, long-term
follow-up has shown a return to pretreatment gastrin levels along with no mortality
benefit. There is also a concern for a rebound effect with disease progression after
discontinuation, prompting the suggestion that octreotide treatment should not be
stopped if initiated. Furthermore, the high cost of therapy precludes use in many
patients and is not practical from a cost-effectiveness standpoint [15]. Other
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experimental treatments on the horizon include a specific gastrin receptor (CCK2)
antagonist, a vaccine against gastrin, and antibodies against pro-gastrin-releasing pep-
tide [3, 9]. One current ongoing clinical trial in patients with MEN1/ZES is studying
YF476, a gastrin antagonist, which may block the effects of gastrinomas and reduce
the need for surgical management of type II gastric carcinoids [16]. These novel
agents, although promising, need further study to substantiate clinical utility.
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Chapter 7
Endoscopic Approaches for Diagnosis
of Pancreatic Neuroendocrine Tumors

Tarun Rustagi and James J. Farrell

7.1 Introduction

Pancreatic neuroendocrine tumors (PNETS) are rare pancreatic neoplasms comprising
only 1-2 % of all pancreatic tumors with an annual incidence of 1-5 cases per million
in the United States [1-6]. They may occur sporadically or in association with a
genetic syndrome, such as multiple endocrine neoplasia type 1 (MENI), von
Hippel-Lindau (VHL) syndrome, neurofibromatosis type 1, or tuberous sclerosis
[4, 7-9]. PNETs typically have a more indolent course with a much better overall
prognosis and long-term survival compared to exocrine pancreatic cancers [10, 11].

PNETs are usually well-differentiated tumors divided into two groups: those
associated with a functional syndrome due to ectopic secretion of a biologically
active substance (called “functional” PNETs [F-PNETs]) and those that are not
associated with a functional syndrome (generally called “nonfunctional” PNETs
[NF-PNETs]) [1-4, 12—-14]. As a result of their biochemical activity, F-PNETs are
usually detected at small sizes. In contrast, NF-PNETs may be found incidentally or
present with symptoms related to a mass effect of the tumor or metastases, and as
such NF-PNETs are usually discovered at larger sizes compared with F-PNETSs [14].
With the widespread use of axial imaging, an increasing number of asymptomatic
PNETs are being detected incidentally [2, 15].
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7.2 Diagnostic Endoscopic Ultrasound

The close proximity of the pancreas to the gastric and duodenal wall particularly lends
itself to detailed examination via EUS. The head of the pancreas and the uncinate
process can be visualized transduodenally, whereas the neck, body, and tail are seen
through the stomach wall. The pancreatic parenchyma, ducts, and vasculature can
be well visualized. Additionally, adjacent celiac, peripancreatic, para-aortic, and
periportal lymphadenopathy can also be seen and evaluated. Unlike other imaging
studies such as CT, MRI, and SRS, EUS is well suited to the identification of small
pancreatic lesions, as small as 2-5 mm [16, 17].

The seminal article by Rosch et al. in 1992 was the first to describe the important
role of EUS in the detection of PNETSs [16]. In this study, EUS demonstrated a sen-
sitivity of 82 % and a specificity of 92 % in the detection of islet cell tumors in 50
patients with previously undetected tumors by radiological imaging [16]. Since
then, EUS has been increasingly used and has become an integral part of the diag-
nosis of PNETs because of its high sensitivity for detecting, localizing, and diagnos-
ing pancreatic PNETs [18, 19]. EUS is particularly useful in the detection of smaller
insulinomas, where other modalities such as SRS have low sensitivity. The average
size of insulinomas at initial diagnosis is 6-10 mm, with 75 % of lesions smaller
than 15 mm, which is well within the detection capability of EUS [17, 20]. PNETs
may be multifocal in up to 9 % of cases, and smaller, synchronous lesions may not
be detected by CT and seen only on EUS [21].

Most commonly, PNETs appear as round, well-demarcated, homogeneous,
hypoechoic lesions within the pancreas. However, some PNETs may be isoechoic,
and, on rare occasions, hyperechoic with irregular margins. Isoechoic PNETs may
be difficult to distinguish from normal pancreatic parenchyma. Malignant PNETs
are usually larger, with irregular margins, compared to the benign PNETs. The pres-
ence of isoechogenicity or hyperechogenicity, vascular invasion, and pancreatic
duct obstruction has been shown to be predictive of malignant PNETs [22, 23].
Additionally, EUS-FNA may detect and confirm the presence of malignant lymph
nodes and liver metastases previously unseen on cross-sectional imaging [24].

While the majority of PNETs are solid, 821 % of PNETS present as thin-walled
cysts with variable degrees of focal or concentric wall thickening [25-30]. Cystic
PNETSs may present a diagnostic challenge to the endosonographer as they may be
difficult to distinguish from much more common cystic lesions such as pseudo-
cysts or mucinous cystic neoplasms [26, 29, 31, 32]. Cystic PNETs may be uni-
locular, septated, microcystic, or mixed solid-cystic in appearance with a normal
surrounding pancreatic parenchyma and a normal main pancreatic duct [25-27].
Cystic PNETs are more often asymptomatic, more likely to be associated with
genetic (MEN-1, VHL) syndromes, and twice as large (median cyst size was
35 mm [range 8—-80 mm] in one study), compared to their solid counterparts
[18, 25,29, 33].

Majority of cystic PNETs (81 %) are nonfunctional [26], and diagnosis with
radiological or EUS imaging alone is likely to be inaccurate or nondiagnostic [32],
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Fig. 7.1 Endoscopic
ultrasound fine-needle
aspiration (EUS-FNA) of a
2-cm pancreatic head cystic
neuroendocrine tumor

given the lack of distinguishing features of these cystic lesions. Therefore, cytologic
and immunohistochemical evaluation of EUS-FNA specimens is essential for
diagnosing cystic PNETSs and appears to have similar sensitivity as the EUS-FNA
of solid PNETs [34]. In one study, EUS-FNA demonstrated immunocytological
features of PNETs in all 13 cystic PNET patients, compared to CT imaging that
demonstrated typical features of PNETSs (peripheral hypervascularity) in only three
of the 13 patients [35]. This was revisited by a recent retrospective, multicenter
series of 27 patients in which cystic PNETs were suspected in only 2 (7.4 %)
patients based on presenting symptoms prior to endosonography, suggesting that a
high degree of suspicion is required among endosonographers to recognize these
lesions [29]. EUS-FNA cytology confirmed neuroendocrine tumor in 17 of 24 (71 %)
patients. Targeting the wall during FNA was found to have a higher diagnostic yield
of EUS-FNA cytology (88.9 % vs. 66.7 % without wall targeting) and, therefore,
should be performed in all possible cases (Fig. 7.1) [29]. Cyst fluid is typically
nonviscous with very low carcinoembryonic antigen levels [29].

7.3 Diagnostic Accuracy of Endoscopic Ultrasound

Studies evaluating the diagnostic accuracy of EUS predominantly focus on detec-
tion of F-PNETs that are frequently detected biochemically. Given that more than
90 % of insulinomas are located in the pancreas and that up to 90 % of insulinomas
are less than 2 cm, EUS is well suited for their detection. Numerous studies on
accuracy of EUS, particularly in the detection of insulinomas, have been published
with detection rates ranging from 79 to 94 % [36-38]. A study on 52 patients under-
going EUS for detection of a suspected insulinoma (based on clinical and laboratory
findings) reported a sensitivity of 89.5 % and accuracy of 83.7 % based on surgical
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findings [39]. Similar to previous data, this study found EUS to be more sensitive
for detecting tumors in the head and body compared to the tail (92.6, 78.9, and
40.0 %, for pancreatic head, body, and tail, respectively) [39].

A recent meta-analysis of 13 studies (n=456) showed a high-pooled sensitivity
and specificity of EUS in detecting PNETSs, 87.2 % (95% CI, 82.2-91.2) and 98.0 %
(95% CI, 94.3-99.6), respectively [40]. Overall, EUS had a high positive likelihood
ratio of 11.1 (95% CI, 5.34-22.8) and a low negative likelihood ratio of 0.17 (95%
CI, 0.13-0.24), making it an excellent diagnostic test. Summary receiver operating
characteristic (SROC) curves showed an area under the curve of 0.94 [40]. EUS as
a diagnostic test has a very high diagnostic odds ratio (DOR), the odds of having
anatomic PNETs in positive as compared to negative EUS studies, to detect PNETs
(about 95 times). If EUS localizes the lesion to the pancreas, the odds of having the
correct histological neuroendocrine tumor in the pancreas is 95 times [40].

Authors also performed a subgroup analysis to evaluate EUS performance in
detecting an insulinoma or a gastrinoma in the pancreas. In line with the prior litera-
ture, pancreatic gastrinomas were found to have detection rates similar to that of
insulinomas (pooled sensitivity and specificity of 84.5 and 95.3 % compared to
87.5 and 97.4 %, for pancreatic gastrinoma and insulinoma, respectively) [40, 41].
However, EUS detection rates have been reported to be disappointingly low (11-50 %)
for gastrinomas located outside the pancreas (extrapancreatic), which comprise
50 % of all gastrinomas, likely due to their smaller size at presentation [42, 43].
A distinct advantage of EUS in these patients, however, is in detection of adjacent
metastatic lymph nodes within the “gastrinoma triangle,” which may alter treatment
strategies [42]. In addition, as extrapancreatic gastrinomas are located primarily in
the duodenum, a careful optical inspection of duodenal wall combined with exces-
sive biopsy of any suspected lesion should be performed during esophagogastro-
duodenoscopy (EGD) to increase the rate of detection [42].

Detection of PNETSs by EUS has potential pitfalls, including very small lesions,
multiple lesions, isoechoic appearance, and pedunculated lesions at the pancreatic
tail [44]. Female gender, low body mass index, and young age have been reported
as risk factors for a negative EUS, likely due to weak contrast of the tumor to
healthy pancreatic tissue, which in slim young women may be more hypoechoic
than usual due to low fat content [45]. In addition, because PNETs may be multifo-
cal, it is important to examine the entire pancreas to exclude a synchronous lesion
[17,21].

7.4 EUS-Guided Tissue Acquisition of PNETSs

There are multiple techniques used to obtain tissue confirmation of PNETSs. The most
commonly used is EUS-guided fine-needle aspiration (EUS-FNA).
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7.4.1 EUS-Guided Fine-Needle Aspiration

EUS-guided FNA is an excellent diagnostic tool to detect the correct etiology for
solid and cystic pancreatic lesions. Similar to other pancreatic lesions, PNETs may
be further evaluated by sampling these tumors by FNA performed during the EUS
examination to optimize patient management (Fig. 7.2). Using a 22- or 25-gauge
needle, endosonographers may obtain an aspirate that can be evaluated for cytologi-
cal features and immunohistochemistry. Ideally, onsite cytopathology evaluation is
performed during the procedure to improve the yield and cost-effectiveness as it
significantly reduces the rate of unsatisfactory cytology specimens from 20 to 9 %
[46, 47]. If a cytopathologist is unavailable, 5—7 needle passes for a pancreatic
tumor, 2-3 for liver metastases, and 2-5 for lymph nodes are recommended to
ensure adequate FNA samples for analysis [48, 49]. The diagnosis is generally con-
firmed with immunohistochemical studies from the cell block. Most commonly per-
formed immunostains include chromogranin and synaptophysin; other stains may
include neuron-specific enolase (NSE), CD56, and CDX (Fig. 7.3) [2, 50, 51].

EUS-FNA is the diagnostic modality of choice for the diagnosis of PNETs,
owing to its high sensitivity and specificity [34]. Studies have reported sensitivities
of 61-84 % and overall accuracy of up to 92.5 % of EUS-FNA in establishing
the diagnosis of PNETs [34, 52, 53]. Additionally, FNA may detect and confirm the
presence of malignant lymph nodes and liver metastases previously unseen on CT
imaging [24, 53].

Alternative methods for obtaining a tissue via EUS have been evaluated to
overcome the limitations of FNA. The core needle or Tru-Cut needle biopsy uses a
19-, 22-, or 25-gauge needle to obtain core biopsies with the benefit of a more sub-
stantive specimen to provide cellular architecture for pathologic analysis (Fig. 7.4).

Fig. 7.2 Endoscopic
ultrasound fine-needle
aspiration (EUS-FNA) of a
3-cm pancreatic tail
neuroendocrine tumor
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Fig. 7.3 Endoscopic
ultrasound fine-needle
aspiration cytology. (a)
Typical plasmacytoid
appearance of a pancreatic
NET with eccentrically
located nuclei and finely
granular cytoplasm (Diff-
Quik stain, 600x). (b)
Immunocytochemistry of a
pancreatic NET staining
positive (brown) for
chromogranin (400x)

Combining EUS-FNA and Tru-Cut needle biopsy may increase the overall sensitivity
of pancreatic mass sampling [54]; however, studies have not consistently demon-
strated superior diagnostic yield, and this has not been adequately studied for
PNETs. In addition, the use of the core needle has been limited by the technical
difficulties of using this device, particularly with the duodenal approach [55].
Therefore, lesions in the pancreatic head and uncinate process are difficult to access,
and, again, there is inadequate data with PNETs.

For evaluation of cystic PNETs, EUS-guided brushing may provide superior
diagnostic yield to FNA [56, 57]; however, increased risk of bleeding and difficulty
in performing the technique from the duodenum may preclude this from more wide-
spread use [56, 57].

In addition to facilitating diagnosis of PNETs, EUS-guided tissue acquisition
may allow prognostication about tumor behavior. Typical markers of malignancy
may be seen including presence or absence of necrosis and mitotic index. Nodit and
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Fig. 7.4 Endoscopic ultrasound-guided fine-needle core biopsy: (a) Histologic core biopsy showing
uniform cells consistent with a pancreatic endocrine neoplasm (H&E stain). (b) Immunohistochemistry
stain with synaptophysin (brown) supporting the diagnosis of pancreatic endocrine neoplasm

colleagues reported a significant difference in the profiles of benign and malignant
PNETs as well as of progressive and stable PNETSs based on the results of microsatel-
lite loss analysis of cellular aspirates obtained from EUS—-FNA [58]. Another study
demonstrated the feasibility of measuring Ki-67 expression (proliferative index),
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a powerful marker of malignant behavior, on cytological specimens obtained by
EUS-FNA [59]. This information is particularly important as it may aid in the
grading of PNETSs and provide prognostic information which might be of great help
for further therapeutic decisions.

7.5 EUS for Screening and Surveillance

7.5.1 MEN Type 1 Patients

MEN-1 patients have a high incidence of PNETS, ranging from 36 to 81 % [2].
NF-PNETs, which may account for 20-50 % of PNETs in these patients, are typi-
cally found at late stages and represent the main source of morbidity and mortality.
Given the high incidence of PNETs, and potential malignant complications, EUS
surveillance programs have been proposed to detect PNETSs at early stages in MEN-1
patients (Fig. 7.5). A surveillance study of 51 asymptomatic MEN-1 patients reported
the incidence of pancreatic tumors to be 54.9 %. The median number of PNETsSs per
patient was 3, with a median size of 6 mm. 37.5 % of patients who underwent repeat
EUS developed additional or enlarging tumors or both, over a mean of 50 months
[60]. The usefulness of a similar EUS surveillance program for detecting small
asymptomatic PNETs in MEN-1 patients was further evaluated in a study by Kann
et al., which followed 20 patients with a total of 82 tumors (all <15 mm) over a period
of 20 months [61]. The increase in the largest tumor diameter was 1.3 % per month,
with an annual tumor incidence rate of 0.62 tumors per patient. No patients devel-
oped evidence of metastatic disease. One patient developed rapidly progressive
tumor burden. Less than 10 % of all tumors were detected by CT, MRI, or SRS.
These studies indicate that EUS is a useful tool for detecting and monitoring small
pancreatic tumors in MEN-1 patients; however, the long-term benefit in outcomes
such as survival remains to be seen.

7.5.2 Nonoperative Management of Small NF-PNETs

As significant proportion of non-MEN-1 patients with small NF-PNETs may
exhibit minimal or no growth over many years, controversy exists regarding the
optimal management of such incidentally discovered tumors. A recent study of 77
NF-PNET patients with a median tumor size of 1.0 cm (range, 0.3-3.2) reported
no change in median tumor size and no disease progression or disease-specific
mortality over a mean follow-up of 45 months [62]. EUS can be helpful in serial
follow-up of these patients to detect growth or suspicious features necessitating
surgical resection.
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Fig. 7.5 A 40-year-old male
with MEN-1 syndrome and
normal imaging of pancreas
with MRI and CT. (a)—(c)
Endoscopic ultrasound of
pancreas shows three distinct
isolated sub-centimeter
pancreatic masses consistent
with multifocal pancreatic
endocrine neoplasm
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7.6 Preoperative EUS

EUS is useful in the preoperative assessment of PNETSs by providing information
that significantly influences the decision for surgical intervention or changes the
extent of the planned surgery. In one study, EUS altered the decision for possible
surgical management in five of 14 patients (36 %), either by identifying a PNET or
by finding multiple and multifocal PNETSs that were not visualized on CT scan [63].
Another study evaluating preoperative assessment of the pancreas in 52 MEN-1
patients found preoperative CT to have 81 % sensitivity and scintigraphy to have
84 % sensitivity compared to preoperative EUS which was found to have 100 %
sensitivity with close correlation (rs=0.93) between the largest lesion seen on EUS
and pathology [64].

Preoperative EUS is not only the most sensitive modality for diagnosis of insuli-
noma but is helpful in assessing the candidacy for enucleation, by imaging the prox-
imity of the mass to the main pancreatic duct (Fig. 7.6) [65, 66]. Accurate
preoperative localization of insulinomas by EUS may favor enucleation over blind
distal pancreatectomy, eliminating the need for more extensive surgical resection
and avoiding the need for surgical re-exploration [65]. In addition, EUS can also
evaluate the presence of multiple insulinomas and metastases to the liver or lymph
nodes, which will preclude enucleation.

7.7 Improving Intraoperative Localization

Small PNETs may be difficult to localize in the operating room. Intraoperative
palpation combined with intraoperative ultrasound is over 95 % sensitive; however,
it prolongs operative time, can rarely cause splenic vessel rupture, and is not practical
with laparoscopic resections which are preferred for small lesions [67]. This has
prompted efforts for better preoperative localization via EUS interventions. The safety
and efficacy of EUS-guided fine-needle injection (FNI) of PNETs for endoscopic

Fig. 7.6 Endoscopic
ultrasound demonstrating
close proximity between a
clinically and pathologically
confirmed insulinoma (I) and
a normal caliber main
pancreatic duct (PD)




7 Endoscopic Approaches for Diagnosis of Pancreatic... 105

tattooing have been described in small case series [68, 69]. The agents such as
diluted India ink, indocyanine green, and GI Spot are typically injected into the
pancreas few hours prior to surgery [68—70].

Recently, EUS-guided fiducial placement has also been described to aid precise
intraoperative localization of small PNETs. Law and colleagues reported two success-
ful cases where VISICOIL fiducials (Core Oncology, Santa Barbara, CA, USA) were
placed either within or adjacent to the small (7 and 9 mm) tumors using a 22-gauge
Cook EchoTip needle prior to parenchyma-sparing pancreatic surgery [71].

7.8 New Technology

Recently, there has been a development of adjunctive techniques with EUS to
further increase potential detection of small lesions. Contrast-enhanced harmonic
EUS (CEH-EUS) is one such technique with most common clinical application
including the differential diagnosis of focal pancreatic masses, with adenocarci-
noma having a distinct hypovascular (hypo-enhanced) appearance compared with
neuroendocrine tumors, which are hypervascular (with strong arterial hyper-
enhancement) [72—-74]. Recent studies have reported a higher sensitivity of EUS in
combination with CEH-EUS for the diagnosis of PNETs compared with multide-
tector CT [19, 74]. In one recent Japanese study, CEH-EUS-depicted hypervascular
enhancement diagnosed neuroendocrine tumors with a sensitivity and specificity of
78.9 % (95 % CI, 61.4-89.7) and 98.7 % (95 % CI, 96.7-98.8), respectively [74].
When CEH-EUS was combined with EUS-FNA, the sensitivity of EUS-FNA
increased from 92.2 to 100 % [74].

Another technique is EUS elastography combined with the strain ratio of tissue
elasticity for diagnosis of solid pancreatic masses. One study reported different
scores, in which score 4 represented a hypoechoic region in the center, with a green
appearance within a small area surrounded by blue, or harder tissue, corresponding
to neuroendocrine tumors [75]. However, in this study, the association between
score 4 and PNET was only 33.3 % [75]. In another study, all 6 neuroendocrine
tumors consistently showed a homogeneous blue elastographic pattern [76].
Endocrine tumors as a group presented the lowest elasticity value and highest strain
ratio [76]. EUS elastography was reported to be helpful for differentiating pancre-
atic cancer from neuroendocrine tumors with a sensitivity of 100 % and specificity
close to 88 % [76].
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Chapter 8
Endoscopic Approaches to Treatment
of Pancreatic Neuroendocrine Neoplasms

Amit Raina and Vinay Chandrasekhara

Endoscopic therapies targeting pancreatic neuroendocrine tumors (PNETs) are not
considered standard of care. This is especially true for patients with localized and
potentially curable disease. On the other hand, endoscopic guided therapies, to deb-
ulk the tumor and/or to control symptoms, have been offered to patients with either
metastatic disease or those who are poor surgical candidates [1, 2]. Various endo-
scopic ultrasound (EUS)-guided local ablation therapies such as radiofrequency
ablation (RFA), photodynamic therapy, and brachytherapy are some of the other
modalities that have been evaluated or are under investigation for the treatment of
PNETs [2-5]. EUS has also been used to deliver fiducials within or adjacent to
small PNETs to facilitate visualization of these small lesions at the time of
parenchymal-sparing pancreatic surgery [6].

Endoscopic interventions have a better defined role in the management of
synchronous gastric or duodenal neuroendocrine tumors that are often encountered
in certain individuals with PNETsS, such as those with MEN-I syndrome. Endoscopic
techniques offer curative or palliative management of these subepithelial gastroin-
testinal lesions. Endoscopic modalities that are often used include endoscopic band
ligation (EBL), endoscopic mucosal resection, and endoscopic submucosal dissection
[5,7,8].

In the following paragraphs, we have summarized the literature on endoscopic-
based therapies that have been offered to patients with PNETs and associated gas-
troenteropancreatic neuroendocrine neoplasms (GEP-NETs).
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8.1 Gastrinomas

The majority of gastrinomas (approximately 70 %) are sporadic and remaining 30 % are
associated with MEN-I [9]. The majority of the sporadic gastrinomas (60 %) and
MEN-I-associated gastrinomas (90 %) arise from the duodenum, while the remaining
are localized to pancreas or the adjacent lymph nodes [10]. Duodenal gastrinomas are
typically small and multifocal, especially in patients with MEN-1. Patients with spo-
radic gastrinomas without obvious liver metastasis typically undergo surgical inter-
vention. However, patients with MEN-1-associated gastrinomas are typically not
offered surgical resection, even in the absence of liver metastasis, due to poor opera-
tive cure rates [11, 12]. Endoscopic resection techniques have been offered to patients
with duodenal lesions for reducing the disease burden and in cases with isolated duo-
denal lesions, potentially offering a cure. Endoscopic resection may be curative in
highly selected patients with duodenal neuroendocrine tumors less than 20 mm in
diameter, localized within the submucosal layer as confirmed by a careful EUS exam-
ination, and without obvious metastatic disease [13, 14]. A report by Lee et al. high-
lighted a case of a functional duodenal gastrinoma that was successfully resected by
EBL [15]. This patient had an 8 mm submucosal lesion in the second portion of the
duodenum associated with an elevated gastrin level. Cross-sectional imaging did not
detect any metastatic disease. EBL was performed using a standard endoscope with a
commercially available band ligation kit. A transparent cap with bands was attached
to tip of the endoscope and advanced to the target lesion. The cap was placed over the
lesion, maximum suction applied, and the band was released around the base.
Subsequent snare resection was not performed. Follow-up endoscopy demonstrated
sloughing of the lesion. Biopsies from the scarred tissue showed no remnant tumor.
Post-procedure serum gastrin levels declined after resection.

8.2 Insulinoma

Pancreatic insulinomas are usually small in size and present with recurrent hypogly-
cemic symptoms [16]. EUS allows high-resolution imaging of the pancreas and can
detect small hypoechoic masses in the pancreas. Although pancreatic surgery is con-
sidered a first-line approach for insulinoma treatment, a subset of patients are not
suitable for pancreatic surgery because of poor surgical candidacy or comorbid illness
[17]. A number of endoscopically delivered techniques have been reported both in
animal models and in human subjects that offer the option of reducing the tumor burden
and improving symptoms in such patients, including RFA and alcohol ablation.

8.2.1 Radiofrequency Ablation

Goldberg et al. (1999) performed a study on the feasibility and the safety of EUS-
guided RFA in the porcine pancreas [18]. RFA was applied to normal pancreatic
tissue in 13 anesthetized Yorkshire pigs with specially modified 19-gauge needle
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electrodes. Subsequent laboratory, imaging, and histological evaluations of these
pigs confirmed the safety and efficacy of delivering RFA treatment within the pan-
creatic parenchyma. With imaging and pathologic examination, the authors docu-
mented that 8-10 mm of coagulation necrosis was induced around the electrode.
Recent animal studies by Kim et al. and Gaidhane et al. have confirmed the safety
and feasibility of using RFA endoscopic therapy in porcine pancreas [3, 19].
On review of literature, only one case of percutaneous RFA of pancreatic tail gastri-
nomas was found [20]. However, given the safety of this procedure, as has been
validated by recent animal studies, RFA may find a role in management of selected
patients with PNETs who are deemed poor surgical candidates.

8.2.2 Alcohol Ablation

EUS-guided delivering of alcohol for ablation of solid pancreatic tumors has been
reported by multiple authors. Jurgensen et al. reported successful EUS-guided abla-
tion of PNET by ethanol injection [1]. The authors achieved complete resolution
based on clinical, morphologic, and biochemical data. Deprez et al. reported suc-
cessful EUS-guided injection of 5 mL of 98 % ethanol in the pancreatic tumor after
endoprosthetic stenting of the biliary and pancreatic ducts, for a pancreatic head
insulinoma [21]. This case was complicated by an asymptomatic elevation of pan-
creatic enzymes for 2 days as well as a hematoma and ulceration of the duodenal
wall. Complete normalization of pancreatic head morphology was confirmed by
imaging at 3 months after the intervention and the patient remained asymptomatic
and normoglycemic more than 2 years after the procedure. The technique of intro-
ducing alcohol into pancreatic parenchyma appears to be safe, as illustrated by the
above cases and also by larger studies that have studied the use of alcohol to ablate
pancreatic cystic lesions in poor surgical candidates [22, 23]. However, alcohol
ablation therapy is still considered investigational, and the standards for the type of
injection needle, safe target area within tumor mass, and the adequate amount of
alcohol to achieve successful ablation without causing significant pancreatitis are
yet to be defined.

8.3 Somatostatinoma

Somatostatinomas are rare NET of the GI tract, commonly found in the pancreas
head and the periampullary region. In contrast to its pancreatic counterpart, the
duodenal somatostatinoma is frequently associated with von Recklinghausen disease
and is very rarely associated with a clinically relevant “somatostatin syndrome.”
Endoscopic resection can be performed for small tumors <20 mm in diameter if
there is no evidence of infiltration of the muscularis propria or local lymph node
metastasis. A prior echoendoscopy (EUS) is vital for determining feasibility for an
endoscopic approach. Marques et al. recently reported endoscopic submucosal
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dissection of solitary duodenal somatostatinoma [24]. Echoendoscopy was used to
confirm feasibility of such resection by demonstrating a lack of infiltration into the
muscularis propria and without obvious lymph node spread. Following the mucosal
dissection, histology confirmed the diagnosis and confirmed that the margins were
free of tumor.

8.4 Subepithelial Lesions of the Stomach and the Duodenum
Associated with PNETS

8.4.1 Gastric

Gastric carcinoid tumors are divided into three types. Type 1 gastric carcinoid
accounts for 70-85 % of all gastric carcinoids and is associated with chronic atro-
phic gastritis. Type 1 lesions are often multifocal and usually small (1 cm or less)
with a low malignant potential. Type 2 gastric carcinoid accounts for 5-10 % of all
gastric carcinoids and is associated with Zollinger-Ellison syndrome with or without
MEN-1 syndrome. Similar to type 1 gastric carcinoid, type 2 lesions are multicen-
tric, small, with an indolent clinical behavior. Type 2 gastric carcinoids are encoun-
tered in 15-50 % of patients with MEN-1 [25]. Up to 30 % of these type 2 gastric
carcinoids may metastasize regionally to lymph nodes [10]. Given the low risk of
metastasis with type 1 and type 2 gastric carcinoids, endoscopic resection often
provides adequate therapy, particularly for lesions smaller than 1-2 cm in size [13].
EUS is valuable for this approach and helps to determine the depth of involvement
and provides an accurate means for determining the presence or absence of lymph
node metastasis. Endoscopic resection is typically performed using standard snare
resection techniques. After endoscopic resection, surveillance with endoscopy is
recommended every 6—12 months to confirm clearance. However, some patients
often continue to exhibit mucosal changes and hyperplasia of enterochromaffin-like
cells (ECL) due to sustained hypergastrinemia.

Type 3 gastric carcinoids account for 15-25 % of all gastric carcinoids and are
not associated with elevated gastrin levels [26]. These lesions portend a higher risk
of lymph node or hepatic metastasis and often require surgical resection, particularly
for lesions larger than 2 cm.

8.4.2 Duodenum

Duodenal neuroendocrine tumors include gastrinomas, somatostatinomas, nonfunc-
tional NETSs, gangliocytic paragangliomas, and poorly differentiated neuroendo-
crine carcinomas [27]. Duodenal somatostatinomas show a preference for the
periampullary region and are often seen in patients with neurofibromatosis 1 (von
Recklinghausen’s disease). Sporadic duodenal NETs are usually solitary, in contrast
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to multifocal NETSs seen in patients with MEN-1 [27]. Similar to gastrinomas, if the
muscularis is invaded, metastasis to regional nodes is frequent. Duodenal NETs that
are less than 1 cm and not associated with Zollinger-Ellison syndrome rarely
develop metastases [28]. It has been recommended that endoscopic treatment or
excision is likely to be adequate for non-metastatic duodenal NETs less than 1 cm,
provided they are limited to the submucosa. As with gastric lesions, EUS is helpful
in assessing for endoscopic resectability of these lesions [13].

References

11.

12.

14.

15.

17.

18.

. Jurgensen C, Schuppan D, Neser F, et al. EUS-guided alcohol ablation of an insulinoma.

Gastrointest Endosc. 2006;63:1059-62.

. Seo DW. EUS-guided antitumor therapy for pancreatic tumors. Gut Liver. 2010;4 Suppl

1:576-81.

. Gaidhane M, Smith I, Ellen K, et al. Endoscopic ultrasound-guided radiofrequency ablation

(EUS-RFA) of the pancreas in a porcine model. Gastroenterol Res Pract. 2012;2012:431451.

. Scott A, Hinwood D, Donnelly R. Radio-frequency ablation for symptom control in a patient

with metastatic pancreatic insulinoma. Clin Endocrinol (Oxf). 2002;56:557-9.

. Varas MJ, Gornals JB, Pons C, et al. Usefulness of endoscopic ultrasonography (EUS) for

selecting carcinoid tumors as candidates to endoscopic resection. Rev Esp Enferm Dig.
2010;102:577-82.

. Law JK, Singh VK, Khashab MA, et al. Endoscopic ultrasound (EUS)-guided fiducial place-

ment allows localization of small neuroendocrine tumors during parenchymal-sparing pancre-
atic surgery. Surg Endosc. 2013;27:3921-6.

. Chen WF, Zhou PH, Li QL, et al. Clinical impact of endoscopic submucosal dissection for

gastric neuroendocrine tumors: a retrospective study from mainland of China. Scientific World J.
2012;2012:869769.

. Gomez V, Groce JR, Xaio SY, et al. Band ligation resection of duodenal carcinoid (with video).

Gastrointest Endosc. 2007;66:397. discussion 398.

. Metz DC, Jensen RT. Gastrointestinal neuroendocrine tumors: pancreatic endocrine tumors.

Gastroenterology. 2008;135:1469-92.

. Frilling A, Akerstrom G, Falconi M, et al. Neuroendocrine tumor disease: an evolving land-

scape. Endocr Relat Cancer. 2012;19:R163-85.

Imamura M, Komoto I, Ota S, et al. Biochemically curative surgery for gastrinoma in multiple
endocrine neoplasia type 1 patients. World J Gastroenterol. 2011;17:1343-53.

Thakker RV, Newey PJ, Walls GV, et al. Clinical practice guidelines for multiple endocrine
neoplasia type 1 (MEN1). J Clin Endocrinol Metab. 2012;97:2990-3011.

. Scherubl H, Jensen RT, Cadiot G, et al. Management of early gastrointestinal neuroendocrine

neoplasms. World J Gastrointest Endosc. 2011;3:133-9.

Dalenback J, Havel G. Local endoscopic removal of duodenal carcinoid tumors. Endoscopy.
2004;36:651-5.

Lee SH, Hong YS, Lee JM, et al. Duodenal gastrinoma treated with endoscopic band ligation.
Gastrointest Endosc. 2009;69:964—7.

. Milan SA, Yeo CJ. Neuroendocrine tumors of the pancreas. Curr Opin Oncol. 2012;

24:46-55.

DiNorcia J, Lee MK, Reavey PL, et al. One hundred thirty resections for pancreatic neuroen-
docrine tumor: evaluating the impact of minimally invasive and parenchyma-sparing tech-
niques. J Gastrointest Surg. 2010;14:1536-46.

Goldberg SN, Mallery S, Gazelle GS, et al. EUS-guided radiofrequency ablation in the pancreas:
results in a porcine model. Gastrointest Endosc. 1999;50:392—401.



116 A. Raina and V. Chandrasekhara

19. Kim HJ, Seo DW, Hassanuddin A, et al. EUS-guided radiofrequency ablation of the porcine
pancreas. Gastrointest Endosc. 2012;76:1039—-43.

20. Wu PH, Pan CC, Huang ZL, et al. Percutaneous radiofrequency ablation approach through the
spleen: initial case report for pancreatic tail gastrinoma. Chin J Cancer. 2010;29:836—41.

21. Deprez PH, Claessens A, Borbath I, et al. Successful endoscopic ultrasound-guided ethanol
ablation of a sporadic insulinoma. Acta Gastroenterol Belg. 2008;71:333-7.

22. DiMaio CJ, DeWitt JM, Brugge WR. Ablation of pancreatic cystic lesions: the use of multiple
endoscopic ultrasound-guided ethanol lavage sessions. Pancreas. 2011;40:664-8.

23. DeWitt J, DiMaio CJ, Brugge WR. Long-term follow-up of pancreatic cysts that resolve
radiologically after EUS-guided ethanol ablation. Gastrointest Endosc. 2010;72:862-6.

24. Marques I, Ribeiro MD, Pimentel-Nunes P, et al. Endoscopic submucosal dissection of solitary
duodenal somatostatinoma (with video). Gastrointest Endosc. 2012;76:693-4.

25. Norton JA, Melcher ML, Gibril F, et al. Gastric carcinoid tumors in multiple endocrine neopla-
sia-1 patients with Zollinger-Ellison syndrome can be symptomatic, demonstrate aggressive
growth, and require surgical treatment. Surgery. 2004;136:1267-74.

26. Nikou GC, Angelopoulos TP. Current concepts on gastric carcinoid tumors. Gastroenterol Res
Pract. 2012;2012:287825.

27. Hoffmann KM, Furukawa M, Jensen RT. Duodenal neuroendocrine tumors: classification,
functional syndromes, diagnosis and medical treatment. Best Pract Res. 2005;19:675-97.

28. Witzigmann HLC, Geissler F, et al. Neuroendocrine tumours of the duodenum. Clinical aspects,
pathomorphology and therapy. Langenbecks Arch Surg. 2002;386:525-33.



Chapter 9
Surgical Approaches to Pancreatic
Neuroendocrine Tumors

James X. Wu and F. Charles Brunicardi

9.1 Introduction

Surgical resection remains the mainstay of treatment for pancreatic neuroendocrine
tumors (PNETs). Complete resection remains the only curative intervention.
Nonetheless, even systemic disease often can be treated with cytoreductive surgery
and/or interventional ablation techniques. The benefit of surgical intervention and
the best procedure depends on the histologic subtype, location of the primary
tumor, presence of metastasis, and whether patients have a multiple endocrine
neoplasia type I (MEN-1) or von Hippel-Lindau syndrome. The surgical approach
to nonfunctional PNETsS, insulinomas, gastrinomas, and less common functional
PNETs is covered, followed by a review of postsurgical complications and current

controversies.
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9.2 Nonfunctional Pancreatic Neuroendocrine Tumors

9.2.1 Preoperative Assessment and Imaging

Nonfunctional PNETs often present with vague symptoms, such as nonspecific
abdominal pain, early satiety, or weight loss; locally advanced lesions can present
with bowel obstruction or obstructive jaundice. Many are incidentally discovered on
imaging. Serum chromogranin A (CgA) levels can be elevated with nonfunctional
PNETs. CgA levels should be drawn at baseline to monitor disease progression and
response to treatment; however, it is not an appropriate screening test. Serum CgA
can be elevated due to other causes including proton pump inhibitor use, atrophic
gastritis, or liver or renal failure. If CgA testing is indeterminate, pancreatic poly-
peptide is also elevated in 50-80 % of PNETs [1]. Finally, every preoperative
workup should include a detailed family history to detect MEN-1 and VHL, which
should lead to MEN-1 gene or VHL gene testing, respectively.

There is no established imaging algorithm for PNETSs. As mentioned above, pan-
creatic lesions are often discovered incidentally on cross-sectional imaging.
Diagnostic imaging for suspected PNETSs should begin with a multiphase abdominal
CT scan with intravenous contrast using a pancreatic protocol. PNETs enhance with
contrast in the arterial phase and washout in the delayed venous phase. If suspicion
for PNET is high, initial CT scan can be combined with somatostatin receptor
scintigraphy (SRS). SRS is the most sensitive test compared to CT, MRI, and US,
however, although it is sensitive for tumor location, it does not give reliable informa-
tion regarding tumor size [2]. After CT/SRS, indeterminate hepatic lesions can be
better evaluated by MRI. Lesions >2 cm in size should undergo a thorough investiga-
tion for distant disease, as the risk of metastasis increases with tumor size (Fig. 9.1).

Once a pancreatic lesion is identified or suspicion is high despite nondiagnostic
cross-sectional imaging, endoscopic ultrasound (EUS) is indicated. EUS can detect
smaller or multifocal lesions, identify regional lymph nodes, and evaluate the pan-
creatic duct and vasculature for operative planning. Fine-needle aspiration should
be performed during EUS to obtain a tissue diagnosis when the tumor is not resect-
able, as tissue diagnosis can guide therapy. EUS-FNA has a diagnostic yield of
90-93 % [3]. In resectable cases, India ink injection can also be performed at time
of EUS to help localize the tumor intraoperatively. Finally, if imaging results are
still inconclusive, F18-FDG-PET/CT has been reported to be useful in evaluating
high-grade PNETs.

9.2.2 Surgical Approach to Localized Nonfunctional PNETs

Surgery is the only curative therapy, and localized disease should be treated with
intent to cure. Enucleation can be considered in small, low-grade, solitary PNETs
(<2 cm) in younger patients if confirmed on EUS not to involve the main pancreatic duct,
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Fig. 9.1 Hepatic metastases seen on various imaging modalities from pancreatic neuroendocrine
tumor

but partial pancreatectomy is preferred over enucleation [4]. Lesions within the
pancreatic head should undergo Whipple procedure (pancreaticoduodenectomy),
and lesions in the body and tail should undergo distal pancreatectomy. Whipple
procedures remove the gallbladder, duodenum, and proximal pancreas, which
requires reconstruction of the anastomosis between the common bile duct and pan-
creatic duct with the small intestine. Distal pancreatectomy often is accompanied by
splenectomy, and those patients should receive appropriate vaccination against
encapsulated bacteria. Select patients with diffuse disease can also undergo total
pancreatectomy, but the benefit has not been demonstrated. Finally, central pancre-
atectomy has been largely abandoned due to high postoperative morbidity, but still
considered by some centers in special circumstances in young patients [5]. All the
above procedures can be done open or laparoscopically; the choice should be based
on the experience of individual centers (Fig. 9.2).

Following surgical resection, 5-year survival rates for local disease are 77-93 %
[6, 7]. For locally advanced disease, the 5-year survival is 46 % after resection [7].

For locally advanced disease without metastases, if more than 90 % of disease
can be resected, cytoreductive surgery should be pursued [4]. If patients presented
with obstructive symptoms, palliative bypass surgery can also be performed at
this time.

Patients that have MEN-1 and VHL often have multifocal disease. Some surgeons
may choose to perform distal pancreatectomy followed by enucleation of tumors
located in the head of the pancreas. In VHL, one series recommends surveillance of
lesions <1 cm, resection of lesions >2 cm when located in the head of the pancreas,
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Fig. 9.2 Pancreaticoduodenectomy. From Schwartz Principles of Surgery, 9th edition

and resection of lesions that are >3 cm that are increasing in size. If surgery will be
pursued, the procedure should always include intraoperative ultrasound and enucle-
ation when possible to spare normal tissue [8].

9.2.3 Surgical Approach to Nonfunctional PNETs
with Liver Metastases

The goal of surgical treatment of hepatic metastases is complete resection, but sur-
gery can still be attempted if >90 % cytoreduction can be achieved. Hepatic resec-
tion is accomplished by wedge resections, which follow nonanatomic lines of
dissection, or left versus right hepatectomy or hepatic segmentectomies, which
follow anatomic lines of dissection. Wedge resections preserve more liver tissue but
increase risk of bleeding. The choice of procedure should spare as much normal
liver tissue as possible, while aiming for complete resection of disease. The major
limiting factor is preserving enough liver function. In patients with normal liver
function, the remnant liver needs to be 20-30 % of the original liver volume [9]. For
patients with preexisting liver disease, patients should undergo volumetric CT scan
and liver function testing to determine the relative decrease in their liver function
per volume.

Patients that received hepatic resection have the same rate of disease-free sur-
vival as patients with localized disease, strongly suggesting a benefit from surgical
therapy [10]. After complete resection, 5-year survival rates are 5673 % [6, 11-13].
Even with patients that receive a complete resection, disease-free survival at 5 years
is only about 10 % [6]. Rates of recurrence following >90 % resection remain high,
with only 3.5 % of patients free of disease at 5 years, but resection is still associated
with increased survival [6, 14].
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The timing of hepatic resection relative to the pancreatic resection appears to
favor simultaneous resection. A large series from the Mayo Clinic and Johns
Hopkins Hospital showed simultaneous pancreatic and hepatic resection is associ-
ated with decreased morbidity, and reduces risk of liver abscess [15]. However,
there may be significant selection bias, where patients that could not tolerate a
simultaneous procedure were less healthy at baseline. Ultimately, timing of proce-
dures is left to the surgeon’s judgment weighing the patient’s fitness for a single
prolonged procedure.

When hepatic metastases are unresectable with surgery alone due to the number
of liver lesions or large tumor size, ablation can be used alone or in conjunction with
surgery. Adequate cytoreduction can be achieved by combining liver surgery with
ablation techniques, either intraoperatively or percutaneously at a later time. Ablation
techniques include cryoablation, ethanol injection, and radiofrequency ablation.
Cryoablation and ethanol injection both are performed with intraoperative ultrasound
guidance, and able to achieve complete response in small tumors. RFA is now more
commonly used, which uses a high-frequency current to generate heat. RFA of
hepatic neuroendocrine tumor metastases is associated with low morbidity and
achieves significant symptom relief in 80 % of patients as well as no disease progres-
sion in 40 % [16].

Bulky, unresectable liver disease can also be treated with arterial embolization
or liver transplantation. Embolization of hepatic artery preferentially targets tumor
cells, given that hepatic parenchyma depends on portal venous blood flow. Hepatic
artery embolization can either be done with “bland” particles or cytotoxic chemo-
therapy agents. In transcatheter arterial chemoembolization (TACE), the hepatic
artery supplying blood to area with greatest tumor burden is catheterized and a
chemotherapeutic agent such as streptozotocin is infused. For PNETs, chemoem-
bolization results in improved survival over bland embolization [17]. Alternatively,
liver transplantation can be considered. Criteria for liver transplantation for neuro-
endocrine tumors with liver metastases are age <50 years, Ki-67 index low, positiv-
ity for cadherin on immunohistochemistry, and hepatic tumor involvement less
than 50 % [18]. The benefit of liver transplantation for PNETs has yet to be fully
characterized.

9.3 Insulinoma

9.3.1 Preoperative Assessment and Imaging

The classical symptoms of insulinomas are described in Whipple’s triad: symp-
tomatic fasting hypoglycemia, documented serum glucose <50 mg/dL, and symp-
tomatic relief with glucose supplementation. Serum C-peptide should also be
drawn to rule out factitious hypoglycemia. A detailed family history should also
be obtained, given that approximately 10 % of insulinomas are associated with
MEN-1 [19].
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Insulinomas can be visualized with multiphase CT scan of the abdomen with
intravenous contrast. Patients should also receive EUS, which has increased
sensitivity for lesions compared to CT [19]. SRS is less useful, but can help detect
metastatic or occult disease when it is not found on CT or EUS, but only has a
sensitivity of 60 % [20]. Overall, current imaging techniques have a 98 % sensitivity
for localizing insulinomas [19].

Even if all attempts to localize the tumor fail with preoperative imaging, it is
reasonable to proceed to surgery if there is enough supporting biochemical evidence
consistent with an insulinoma. If exploratory laparotomy is performed for insulin-
oma, patients should undergo distal pancreatectomy, manual palpation of the pan-
creas, and intraoperative ultrasound.

9.3.2 Surgical Approach

Due to the relatively benign nature of insulinomas, small, localized that do not
involve the main pancreatic duct can be treated with enucleation. Otherwise, lesions
can undergo appropriate partial pancreatectomy based upon the location of the
disease: Whipple for pancreatic head and uncinate lesions and distal pancreatec-
tomy for pancreatic body and tail lesions. During the operation the pancreas should
be manually palpated to assess for additional lesions. Lesions can be evaluated with
intraoperative ultrasound to delineate the relationship between the tumor and duct.
Following resection of localized disease, frozen sections should be sent to confirm
tumor-negative surgical margins. Hepatic metastases should be approached simi-
larly to nonfunctional PNETs.

Following resection, overall 5- and 10-year survival is 97 % and 86 %, respec-
tively; 90 % of patients remain disease-free at 5 years after surgery [19].

Surgeons and anesthesiologists should also be mindful of potential insulin
release during the operation. Anesthesiologists should remain vigilant with regard
to drops in blood sugar during manipulation of the pancreas.

9.4 Gastrinoma

9.4.1 Preoperative Assessment and Imaging

Gastrin-secreting tumors, usually complain of peptic ulcer disease that may be refrac-
tory to antacids and can also have generalized abdominal pain, esophagitis, and/or diar-
rhea. Fasting serum gastrin >1,000 pg/mL is highly suggestive of gastrinoma, and a
secretin stimulation test can help as well. Prior to serum gastrin measurements, proton
pump inhibitors and histamine type 2 blockers should be stopped for 1 week or 2 days,
respectively. Again, family history of MEN-1 or VHL should be elucidated as up to
25 % of gastrinomas can be part of MEN-1 syndrome.
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Localization should be performed with SRS and CT scan, which has 100 %
combined sensitivity [21]. The majority of gastrinomas (70-90 %) will be found in
Passaro’s triangle, formed by where the cystic duct meets the common bile duct,
2nd-3rd portion of the duodenum, and neck of the pancreas. Following SRS,
EUS should be performed to assess for subcentimeter lesions in the pancreas or
duodenal wall.

9.4.2 Surgical Approach

Similar to insulinomas, small, localized gastrinomas that do not involve the main
pancreatic duct can be enucleated; otherwise, pancreatic resection can be per-
formed. For occult gastrinomas, patients can undergo highly selective vagotomy.
This procedure can decrease PPI use. The 15-year survival rate for localized gas-
trinomas is 80 %.

Even in patients with MEN-1 syndrome, 77 % of patients that underwent pancreatic
resection were eugastremic [22]. However, the surgical management of patients
with MEN-1 or VHL is controversial. Per published 2012 consensus guidelines on
management of patients with MEN-1, surgery for patients with MEN-1 should be
individualized, though most centers perform surgery only for gastrinomas >2 cm
Whipple for gastrinoma should be reserved for specialty centers [23]. Patients with
MEN-1 and metastatic gastrinoma do not benefit from debulking surgery, but
may be candidates for cytoreductive ablation. The 5-year survival rate even in the
presence of hepatic metastases is 20-50 %.

9.5 Uncommon Functional PNETSs

9.5.1 VIPoma

The most classical symptom of VIPoma is episodic watery diarrhea. Serial mea-
surements of VIP are usually needed, given that basal levels fluctuate. These are
mostly located in the distal pancreas. Resection should follow the same protocol as
nonfunctional PNETs. For advanced disease, surgical debulking can help palliate
Ssymptoms.

9.5.2 Glucagonoma

The classic syndrome is dermatitis with diabetes. Necrolytic migratory erythema is
commonly seen around the mouth, lower abdomen, perineum, and feet and believed
to be due to low amino acids. Confirmatory laboratory testing involves measuring
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glucagon levels, which are usually >500 pg/mL. These also occur more often in the
distal pancreas. Resection is similar to nonfunctional PNETSs, and symptoms typi-
cally respond to debulking surgeries.

9.5.3 Somatostatinoma

These patients present with gallstones, diabetes, and steatorrhea. Confirmatory
testing is serum somatostatin, usually >10 ng/mL. These occur more often in the
proximal pancreas, commonly near the ampulla. Surgery should include
cholecystectomy.

9.6 Common Postoperative Complications

Pancreatic resections are associated with a significant rate of morbidity. Almost
one fifth of patients that undergo pancreaticoduodenectomy are readmitted within
30 days [24]. The Whipple procedure is associated with 48 % risk of postoperative
complications, and distal pancreatectomy has a 12.5 % risk of complications [25].

Pancreatic leaks occur frequently following pancreatic resection. They are diag-
nosed by testing surgical drain fluid for amylase and/or lipase levels and by abdomi-
nal CT scan. Initial therapies for pancreatic leaks are conservative, as a majority are
self-limited. Conservative management includes minimization of pancreatic output
by making patients NPO or by using nasojejunal feeding and supportive care, and if
the fistula is external, protective skin care is necessary. Somatostatin has not been
effective in increasing fistula closure rate [26].

If conservative therapy fails, then endoscopic, percutaneous, or surgical treat-
ments may be attempted. Endoscopic therapy includes placing a pancreatic stent so
that pancreatic secretions will follow the path of least resistance into the duodenum,
can also drain lesions if accessible. Surgical therapy is typically delayed for a
minimum of 4-6 weeks to allow time for the fistula tract to fibrose.

Delayed gastric emptying also occurs after Whipple procedures, leading to nausea,
vomiting, abdominal discomfort, and early satiety. Pylorus-preserving pancreatico-
duodenectomy significantly increases rate of delayed gastric emptying [27]. This
can be treated medically with erythromycin or metoclopramide.

Other surgical complications include biliary leaks, anastomotic leaks, hemor-
rhage, and superficial and deep space infections. Biliary leaks can be managed
conservatively initially if surgical drains remain in place. Bilomas should be
drained percutaneously to avoid infection. If these persist, they may require
endoscopic intervention with biliary stent placement. Anastomotic leaks can
present insidiously with isolated tachycardia initially, followed by increased pain
or evidence of peritonitis on abdominal exam.
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Chapter 10

Radiotherapy and Radiopharmaceuticals
for the Treatment of Pancreatic
Neuroendocrine Tumors

Lowell B. Anthony and Partha Sinha

Gastroenteropancreatic neuroendocrine tumors (GEP-NETs) are typically slow
growing tumors of the endocrine pancreas and are often functional. They express
somatostatin receptors, and the feasibility of imaging such tumors using radioiodinated
somatostatin analogs in 1989 by Krenning et al. [1] led to the exploration of the
possibilities to not only develop further imaging agents but also to develop thera-
peutic agents.

These therapeutic agents are pharmaceutical products with a radioactive atom
attached. The pharmaceutical, in this case somatostatin or its analog, allows specific
targeting of the receptor-expressing cells. This technique of targeting radionuclide
therapy via specific receptors has been termed peptide receptor radionuclide therapy
(PRRT). This allows the radioactive atom tagged to the pharmaceutical to be at very
close proximity or at times even inside the cell. This is of benefit as for radionuclide
therapy to be effective; the radioactive atom has a therapeutic range of a few cell
diameters; and the short range spares the normal cells not expressing the receptors.
However, this limits effective therapy. Higher energy levels increase the therapeutic
range but kill all cells within that range. Broad physical principles of radionuclide
therapy have been discussed elsewhere [2]. For radiobiological reasons, beta emit-
ters are thought to be more suitable for radionuclide therapy than gamma emitters.
Alpha emitters have further theoretical advantages over beta emitters in treating
micrometastases and being able to selectively deliver higher doses of radiation to
smaller volumes.
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10.1 131I-MIBG

1311-Metaiodobenzylguanidine (MIBG) has been used in the treatment of neuroen-
docrine tumors, particularly neuroblastoma, pheochromocytoma, paragangliomas,
and carcinoids. It has also been used to treat other neuroendocrine tumors such as
GEP-NETs, though currently PRRT is the preferred approach to treat these [3, 4].

MIBG is a norepinephrine analog which is taken up into the tumor cells primar-
ily by the active energy-dependent catecholamine reuptake system (type 1) and gets
stored in the norepinephrine secretory granules. Much less uptake takes place by the
energy-independent nonspecific diffusion process (type 2) [5].

A considerable number of pharmacologic products interfere with MIBG uptake
[6, 7]. These include commonly used medications such as calcium channel blockers,
salbutamol, phenylephrine, and ephedrine among others. To enable MIBG uptake,
these medications should be withdrawn prior to MIBG administration. The exact
length of withdrawal depends on the frequency of administration of these medica-
tions. Withdrawal for two dosage intervals is sufficient in most cases. Before the
actual treatment with 131I-MIBG, avidity of the lesions to MIBG should be docu-
mented by imaging with 1231-MIBG. This will ensure uptake of the therapeutic
dose of 1311-MIBG by the tumor cells. As presence of free radioiodine is inevitable
in 1311-MIBG preparations, uptake of radioiodine by the thyroid should be blocked
by oral potassium perchlorate 400 mg per day. This acts as a competitive inhibitor
of the sodium iodide symporter. Similarly, potassium iodide solution drops (maxi-
mum dose 40 drops/day) taken orally can saturate the body with iodine preventing
further thyroidal uptake of 131-I. Either of these should be taken starting the day
before therapy and continuing for 10-15 days post-therapy. The European
Association of Nuclear Medicine (EANM) recommends usage of both potassium
perchlorate and iodine saturation [7].

Typical adult dose of 131IMIBG is 100-300 mCi (3.7-11.1 GBq) administered
intravenously over a period of 45 min—4 h using a lead-shielded infusion system [7].
The prolonged infusion is necessary when carrier-added MIBG is used as it contains
significant amounts of non-radiolabeled MIBG which can produce pharmacologic
sympathomimetic effects. Heart rate and blood pressure should therefore be moni-
tored. Patients may complain of acute nausea. Premedicating with antiemetics may
be justified. Patients will need to be placed under radiation protection as per local
applicable regulations and discharged accordingly. As myelosuppression is com-
mon, with nadir in 4-6 weeks, monitoring of blood counts every 2-3 weeks will be
necessary [3]. As can be expected, myelotoxicity appears to be dose related. In a
retrospective study by Castellani et al., 83 % of patients had no myelotoxicity and
the remaining 17 % had mild toxicity when less than 150 mCi (5.6 GBq) dose was
used. At doses above this, 50 % of patients developed toxicity, only 12.5 % of which
were mild [8].

Symptomatic response has varied between 44 and 73 %, with biochemical
response varying between 15 and 50 % [9, 10]. Radiological response rates are less
impressive with response rates less than 30 %. However, a retrospective study in 98
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patients has demonstrated significant survival benefits related to symptomatic
response but not to biochemical or radiological response. The same study demon-
strated longer survival for those receiving high dose defined as more than 400 mCi
(14.8 GBq) 131I-MIBG as compared to a lower dose of 1311-MIBG (4.7 years vs.
1.9 years) [11].

10.2 Further Developments to MIBG Therapy

As commonly available, 1311-MIBG is prepared from stable 127I-MIBG by iodine
exchange process. This results in a high proportion of nonradioactive 127I-MIBG in
the radiopharmaceutical which competes with the active 1311-MIBG for uptake in
the tumor cells, thereby reducing efficacy. Additionally, the high proportion of MIBG
can produce sympathomimetic effects. A newer method, the ultratrace method, is
available which produces 131I-MIBG of much higher specific activity and is consid-
ered carrier free (no carrier added, nca) [12]. Due to the lack of competitive inhibition
from 1271-MIBG, the nca 1311-MIBG produces higher concentration in target tissues
with similar uptake in nontarget tissues [13].

A new radiopharmaceutical, 211At-meta-astatobenzylguanidine (MABG), is
being researched into [14, 15]. 211At is an alpha emitter with a range in tissue of
less than 80 pm making it highly cytotoxic. Additionally, the efficacy of alpha
particles being independent of tumor growth rate and hypoxia makes them attrac-
tive. The short range of the alpha particles reduces the effective range of irradia-
tion, but the irradiated cells can produce toxins which can kill neighboring cells
(bystander effect), thus compensating the drawback of limited range of alpha
particles [16].

With the development of PRRT agents that bind to the somatostatin receptor,
treatment of GEP-NETs with 1311-MIBG has become therapy of second choice.

10.3 Peptide Receptor Radionuclide Therapy

10.3.1 Early Trials with 111In-DTPA-Octreotide

111Indium-diethylenetriaminepentaacetic acid (DTPA)-octreotide (OctreoScan®)
was approved by the US Food and Drug Administration in 1994 as an imaging
agent. Octreotide binds to the type 2 somatostatin receptors (sst2) which are fre-
quently overexpressed in GEP-NETs and have been successfully used to image
sst2-positive tumors. Disintegration of 111-indium produces gamma rays which are
used for imaging. The additional emission of Auger and conversion electrons (beta
particles) with particle range of a few microns during disintegration led investigators
to use 111In-DTPA-octreotide as a PRRT agent.
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Early work demonstrated good symptom relief in patients with metastatic
neuroendocrine tumors. Anthony et al., on treating patients with at least 2 monthly
administrations of 6.7 GBq 111In-DTPA-octreotide, reported symptomatic relief in
62 % of patients, decreased hormonal markers in 81 %, and a partial radiographic
response in 8 %. However, partial remission (PR) defined by decrease in size of all
lesions by more than 50 % was noted in none of the 26 patients [17]. Valkema et al.
observed partial response in one of their 40 patients treated with 20-160 GBq
111In-DTPA-octreotide [18]. The lack of size response in the tumors was not sur-
prising given the relatively small particle range of the emitted particles. Interestingly,
Valkema et al. did not observe renal toxicities in any of their patients, one of them
having received doses as high as 113 GBq (3.1 Ci). This was surprising as a dose of
100 GBq (2.7 Ci) was expected to deliver 45 Gy to the kidneys—or twice the gener-
ally accepted renotoxic dose for external beam radiation. This was taken by the
authors to suggest that the short-range Auger electrons originating from urine in the
nephrons were not harmful to broader renal function.

10.3.2 90Y-DOTATOC

The next generation of trials used 90Y as the radionuclide. 90Y decays by beta emis-
sion averaging 935 keV with a tissue range of 4.0-11.3 mm [2], thereby allowing a
greater volume of tissue to be treated. Additionally, a modified somatostatin analog
[Tyr*]octreotide (TOC) with greater affinity to the ss2 receptor was used. The chelat-
ing agent was also changed from DTPA to dodecanetetraacetic acid (DOTA).
The resulting pharmaceutical 90Y-DOTATOC (Onalta®) thereby had a greater affinity
to the ss2 receptor with the 90Y remaining attached for a longer duration of time and
irradiating a greater tissue volume.

As can be expected, significantly better results were achieved using
90Y-DOTATOC. Waldherr et al., using 200 mCi (7.4 GBq) administered intrave-
nously in four doses spaced six weeks apart, noted a complete response in 5 % and
partial response in 18 % of their 39 patients. Symptomatic relief of diarrhea was noted
in 83 % of patients [19]. Similarly, Bushnell et al. reported a favorable clinical out-
come in 14 out of their 21 patients after a total of 360 mCi 90Y-DOTATOC (13.2 GBq)
in three divided doses at 6-9-week interval [20].

10.3.3 177Lu-DOTATOC/177Lu-DOTATATE

177Lutetium has the advantage of being a gamma as well as a beta emitter, and
therefore its in vivo distribution can be imaged. The beta emission from 177Lu aver-
ages 47 keV with a tissue range of 0.04—1.8 mm [2]. Replacing the C-terminal
threoninol of [Tyr*Joctreotide (TOC) with threonine produces [Tyr*loctreotate
(TATE) and when bound to 177Lu through DOTA produces 177Lu-DOTATATE.
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The DOTATATE molecule has been reported to have significantly greater affinity
for the sst2 receptors in tumors but no greater uptake in the normal liver, spleen,
or kidneys [21].

177Lu-DOTATATE has been recommended as the radiopharmaceutical of choice
for PRRT of GEP-NETs [22]. Combination strategies using 90Y to target large
tumor masses and 177Lu to target diffuse spread of microscopic disease might be of
strategic advantage [23]. Longer survival has been reported by some authors using
the dual isotope approach [24]. Patients have reported a quality of life improvement
after 177Lu-DOTATATE therapy [25, 26].

10.3.4 Toxicities

In a large series of over 500 patients with GEP-NETs treated with cumulative doses
of 750-800 mCi (27.8-29.6 GBq) 177Lu-DOTATATE, Kwekkeboom et al. observed
a grade 3 or 4 hematologic toxicity in 3.6 % of patients. In the same study of 310
patients that were followed, 2 % had complete remission, 28 % had partial remis-
sion, and 16 % had less than partial response with a 40—72-month survival benefit
as compared to historical controls [27].

The long-term effects of 177Lu-DOTATATE on endocrine function have been
investigated by Teunissen et al., who observed transient inhibitory effects on sper-
matogenesis in males and significant decrease of gonadotropins in postmenopausal
women. A few patients developed hypothyroidism and elevated HbA,, levels.
The authors concluded that 177Lu-DOTATATE was safe in regard to the endocrine
system [28].

Octreotide and its derivatives are reabsorbed by the proximal convoluted tubules
leading to significant radiation exposure to the kidneys. The kidneys are the rate-
limiting organs to PRRT as the 90Y-DOTATOC and 177Lu-DOTATATE are excreted
by the kidneys. Renal function loss may manifest years after PRRT, and a decline of
creatinine clearance of 7.3 % per year has been reported after 90Y-DOTATOC ther-
apy and 3.8 % per year after 177Lu-DOTATATE therapy [29]. Radiation exposure
and consequent radiation damage to the kidneys can be reduced by simultaneous
administration of lysine and arginine along with 177Lu-DOTATATE which
decreases renal uptake of the radiopharmaceutical [30].

10.3.5 Radiosensitizers

The use of radiosensitizers such as 5-fluorouracil (5-FU) along with PRRT is safe
and produces better symptomatic response [22]. Usage of the prodrug of 5-FU,
capecitabine, has also been reported and appears to be safe [31]. Increased control
on tumor growth has also been reported when capecitabine is used [32].
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10.3.6 Locoregional Administration

It is possible to deliver higher tumoricidal doses of radiation to hepatic metastases
while minimizing systemic toxicity by delivery of 131I-MIBG or PRRT via the
hepatic artery [33, 34]. While current studies demonstrate the safety of locoregional
therapy, the incremental value of locoregional therapy over intravenous therapy is
difficult to establish.

10.3.7 Other PRRTs

Other pharmaceuticals have also been researched into for PRRT that target recep-
tors different from the sst2. These include peptides that target the gastrin-releasing
peptide receptor (GRPR) with potential for imaging and therapy of prostate cancer
[35, 36], CCK2 receptors for medullary thyroid cancers and small cell lung cancers
[37, 38], and epidermal growth factor targeting gastric, breast, and non-small cell
lung cancers [39, 40].
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Chapter 11
Nuclear Medicine Approaches to Treatment
of Neuroendocrine Tumors

Ken Herrmann, Rudolf A. Werner, Christina Bliimel,
and Martin S. Allen-Auerbach

11.1 Nuclear Medicine Approaches for Diagnosis, Staging,
Restaging, and Treatment Monitoring of Pancreatic
Neuroendocrine Tumors

Neuroendocrine tumors (NETSs) often overexpress somatostatin receptors (SSTRs) on
the tumor cell surface which may serve as target for diagnosis and treatment; five dif-
ferent somatostatin receptor subtypes have been described: SSTR1, SSTR2, SSTR3,
SSTR4, and SSTRS [1]. Different peptide ligands are available for diagnostic imaging
allowing for an in vivo quantification of the SSTR expression and selection of patients
potentially benefitting from peptide receptor radionuclide therapy (PRRT) [2].

11.1.1 Somatostatin Receptor Scintigraphy

Until recently '"'In-DTPA-octreotide which preferably binds to SSTR2 was most
commonly used for diagnostic imaging of NETSs [3]. Planar whole-body scans and
single photon computed emission tomography (SPECT) are performed 24 h after
injection of the radiopharmaceutical [4]. A review including 35 centers reported an
overall sensitivity of 85 % (range 57-93 %) and a detection rate of 89 % (67-100 %)
by analyzing gastro-entero-pancreatic (GEP)-NETs (grade 1/2) [5]. More recently,
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introduction of hybrid SPECT/CT scanners provided anatomical correlation.
However, small lesions (0.5-1.5 cm) can be missed by the limited resolution of the
single photon computed emission tomography/computed tomography (SPECT/CT)
technology [4].

11.1.2 Positron Emission Tomography/Computed
Tomography (PET/CT)

In Europe, introduction of $Ga-labeled somatostatin analogs reduced the importance
of SPECT tracers. The following three PET tracers are currently used in daily clini-
cal practice: %Ga-DOTATOC, %Ga-DOTANOC, and ®Ga-DOTATATE. All three
PET tracers show a high affinity for SSTR2. Diagnostic accuracy of ®Ga-DOTATOC
and %Ga-DOTATATE appears to be similar, whereas the wider receptor binding pro-
file of ®*Ga-DOTANOC (SSTR2, SSTR3, and SSTR5) compared to ®*Ga-DOTATATE
(SSTR2) might lead to a better sensitivity [4, 6, 7]. Sensitivity and specificity for
detection of NETs were 81 and 90 % for %Ga-DOTATATE PET/CT [8], identifying
significantly more lesions than !''In-DTPA-octreotide [9]. Moreover, PET has a bet-
ter resolution and the image acquisition of 30-60 min after injection is more patient
friendly [4].

BEDG (®¥F-fluorodeoxy-p-glucose)-PET/CT detects glucose metabolism of tumor
cells and should be applied in grade 3 NETs with high proliferation (Ki-67) index: a
cutoff value of Ki67 >15 % is associated with a sensitivity of 92 %. In less aggressive
cases (grade 1/2) with lower glucose consumption, the detection rate decreases [10].

In order to assess therapy response, treatment monitoring of patients undergoing
PRRT should be performed, e.g., functional imaging such as ®Ga-DOTATATE
PET/CT but also CT and MRI after 3 months [11].

In summary, NETs can be diagnosed by different peptide ligands allowing for stag-
ing, restaging, and selection of patients potentially responding to PRRT. Whereas
WIn-DTPA-octreotide has been widely used with a good overall sensitivity for more
than a decade, the recent introduction of ®Ga-labeled PET probes has reduced the
importance of !'In-DTPA-octreotide because of the inferior image resolution of SPECT
imaging. %Ga-labeled peptide ligands have a higher detection rate of NETs compared to
conventional receptor scintigraphy and multi-slice CT [12]. However, in aggressive
NETs with high proliferation rates, 'SFDG-PET/CT remains the tracer of choice.

11.2 Theranostic Concept of ®*Ga and *°Y/'’Lu Pairs,
Rationale for Therapy

11.2.1 “Theranostic Approach” of NETs

The “theranostic approach” includes tumor diagnosis and tumor treatment using the
same peptide ligand labeled with either diagnostic (®Ga/l111In) or therapeutic
(°°Y/177Lu) radioisotopes. Diagnostic imaging allows for staging and restaging,
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as well as assessment of tumor burden and quantification of target expression for
selecting patients who most likely benefit from PRRT. Adequate target expression
in tumor tissue is defined as tracer uptake in the tumor above physiologic tracer
uptake in the normal liver [13]. NET-relevant therapeutic compounds all have a
similar structure: a somatostatin analog is linked to a therapeutic radioisotope by a
chelator complex. Showing high affinity towards SSTR2 receptors, these radiola-
beled peptide ligands bind to the SSTR2 receptors and are then internalized into the
cell and cause apoptosis [14].

In general, PRRT is recommended in inoperable, metastasized cases expressing
adequate SSTR on the tumor cell surface [15].

11.2.2 The First Treatment Approaches by Using
M Indium-Octreotide

In the previous decade, Valkema et al. demonstrated longer survival in patients with
gastroenteropancreatic tumors undergoing treatment with Auger electron-emitting
Undjum-octreotide [16]. More than half of the patients (21/40) included in this
study were noted to have some treatment-induced effect (partial remission, minor
remission, or stabilization). In another study, only 2/27 patients (8 %) showed
imaging-based morphological partial response (PR) [17]. However, due to the
limited tissue penetration, this approach is no longer recommended [13].

Currently, the most commonly used therapeutic radiolabeled somatostatin
analogs are B-emitting *°Y- DOTA-D-Phe-Tyr3-octreotide (DOTATOC) or B- and
y-emitting ”’Lu- DOTA-D-Phe-Tyr3-octreotate (DOTATATE):

11.2.3 *Y-DOTATOC

Waldherr et al. administered 7.4 GBq of *°Y-DOTATOC (4 treatment cycles, time
interval of 6 weeks) demonstrating an objective response rate of 38 % in pancreatic
NETs [18]. The kidney is one of the most critical organs in patients undergoing
treatment with °°Y with a reported treatment-associated decline in creatinine clear-
ance of 7.3 % per year [19].

11.2.4 "’Lu-DOTATATE

In comparison to **Y-DOTATOC, '""Lu-DOTATATE shows even better response
rates: Kwekkeboom and colleagues treated 310 patients with 27.8-29.6 GBq
(4 treatment cycles, time interval of 6-10 weeks). The median OS was 46 months
with CR in 2 % and PR in 28 % of patients, respectively [20]. Focusing on PNETSs,
a German research group analyzed a patient cohort of 68 end-stage pancreatic NETs
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(PNETs) (grade 1/2) and were able to demonstrate a PR in 60 % with a median OS
of 53 months. As expected, a G1 status was associated with a significantly (p=0.044)
longer PFS and OS [21]. Thus, '"Lu-DOTATATE seems to be a highly effective
treatment option in advanced PNETs. Patients with advanced NETs showing initial
response to PRRT but suffering from progressive disease during long-term follow-
up were retreated and analyzed retrospectively: CR was found in 3 % and PR in
18 % of patients, respectively, and none of those patients showed severe side effects.
Thus, a retreatment approach as ‘“salvage therapy” is not only feasible but also
effective [22].

11.2.5 Combination of *°’Y-DOTATOC and '’Lu-DOTATATE

There are several studies analyzing the effect of combining both radiolabeled
compounds: Villard et al. compared a single injection of **Y-DOTATOC versus a
combination of *°Y-DOTATOC and '""Lu-DOTATATE suggesting some advan-
tages for the combination procedure (OS, 5.51 years (combination) vs. 3.96 years
(alone)) [23]. However, to our knowledge this approach has not gained wide
acceptance for routine use.

11.2.6 Indications and Contraindications

According to The joint IAEA, EANM, and SNMMI practical guidance on peptide
receptor radionuclide therapy in neuroendocrine tumours, the indications for PRRT
are the following:

* Positive histopathology

» Positive SSTR2 expression on tumor surface confirmed by OctreoScan© or
%Ga-DOTATOC PET/CT

e Metastatic or inoperable NET

* NET grade 1 or 2 according to the WHO 2010 classification

* Ki-67</=20 %

» Karnofsky performance status >60 % or EGOC performance <2 [11]

Absolute and relative contraindications:

* Pregnancy, breastfeeding

¢ Renal impairment (creatinine clearance <40-50 mL/min)

* Impaired hematological function (Hb <5 mmol/L (8 g/dL), platelets <75 x 10°/L,
WBC< 2x 10°/L)

» Severe hepatic impairment: total bilirubin >3 x upper limit of normal or albumin
<30 g/L and prothrombin time increased

» Severe cardiac impairment [13]
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11.3 Procedure of PRRT: Patient Preparation,
Administration, and Acute/Delayed Side Effects

11.3.1 Pretherapeutic Procedure: Patient Preparation

In order to avoid saturation of SSTR, somatostatin analogs should be discontinued:
the last injection of long-acting analogs should occur 4-6 weeks prior to PRRT and
short-acting compounds can be given up to 1 day before treatment [11].

PRRT should be performed according to local legislation and the multidisci-
plinary tumor board. The nuclear medicine department should provide trained staff
including physicians, radiochemists, and medical physicist. Radiation safety
arrangements are required.

Due to the potential nephrotoxicity of PRRT, pretherapeutic assessment of
renal function is mandatory: a venous blood sample, 24 h urine collection, and/or
renal scintigraphy should be performed prior to PRRT, e.g., Tc-99m mercapto-
acetyltriglycine (MAG3) and Tc-99m diethylene triamine penta-acetic acid
(DTPA) scintigraphy especially in patients with a clinical suspicion for impaired
renal function [2].

11.3.2 Administration

Under physician observation the radiopharmaceutical diluted in 10-100 mL normal
saline should be infused over 10-30 min through a peripheral intravenous line.
The infusion system should be flushed with saline after completion of the
administration (9).

Since the coadministration of amino acids (AA) significantly reduces nephro-
toxicity by limiting renal absorption of the radiopeptide, it has been implemented
into guidelines. Different renal protection protocols exist, but the most frequently
applied algorithm is the so-called single-day 50 g protection protocol: on the day
of therapy, 2,000 mL of normal saline solution containing 25 g of arginine hydro-
chloride and 25 g of lysine hydrochloride is administered over 4 h (starting
30 min to 1 h prior to PRRT and continuing for a total of 3-3.5 h after therapy,
with the infusion pump set to 250 mL/h) [2, 11]. The infusion of positively
charged AA usually causes a transient hyperkalemia: a Swiss research group
reported on hyperkalemia (>5.0 mmol/L) in more than 3 of patients undergoing
treatment with PRRT. Blood values reached their maximum 4 h after AA infu-
sion with the highest potassium level measured as 6.7 mmol/L [24]. In most of
the patients, therapy-induced hyperkalemia resolved after 24 h, but in critical
cases (symptomatic with palpitations, malaise, ECG changes indicating hyper-
kalemia), immediate treatment is required (e.g., intravenous infusion of insulin
and glucose) [24, 25].
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11.3.3 Acute and Delayed Side Effects

Analyzing 479 patients undergoing PRRT with more than 1,500 treatment cycles,
hormonal release-induced crisis occurs only in 1 % (up to 48 h after administration).
Within 24 h, 9 % of patients suffered from abdominal pain and 35 % complained of
nausea and vomiting [20, 26]. For the latter, serotonin 5-HT3 receptor antagonist
can be given prophylactically, e.g., ondansetron 8 mg [20].

Delayed side effects mostly consist of serious renal impairment and myelosuppres-
sion [20, 21]. The acceptable maximum absorbed dose for the bone marrow is 2 Gy
[27]: Bodei et al. reported that a cumulative dose of 29 GBq ""Lu-DOTATATE
(7.4 GBg/treatment cycle) was well tolerated and led to a cumulative bone marrow
dose of <1.5 Gy [28]. Thus, 3-5 treatment cycles with a time interval of 6-12 weeks
per cycle of administering '7’Lu-DOTATATE/’Lu-DOTATOC are feasible. Reversible
alopecia has also been described as a delayed side effect in 62 % of patients (10).

A complete blood cell count, as well as renal and liver function tests, is recom-
mended every 12 weeks for the first year after PRRT. In case of clinical risk factors,
these examinations should be repeated at least twice in the following year [11].

11.4 Outlook Including High Dose, Radiosensitization,
Combination with Chemotherapy, Transcatheter
Arterial Chemoembolization (TACE), and Selective
Internal Radiation Therapy (SIRT)

11.4.1 Combination with Radiosensitizing
and Chemotherapeutic Drugs

In order to make tumor cells more sensitive to PRRT, radiosensitizing chemothera-
peutic drugs such as capecitabine have been given to patients receiving four treat-
ment cycles with standard activity of 7’Lu-octreotate: almost all patients of this
cohort showed PR and/or SD of 94 % [29]. Claringbold et al. administered
TLu-octreotate in combination with capecitabine and temozolomide in advanced
low-grade NETs demonstrating 90 % survival at 2-year follow-up [30].

11.4.2 Locoregional Procedures in Case
of Discontinuing PRRT

NETSs are known to metastasize to the liver: if PRRT has to be discontinued because

of side effects or tumor progression, locoregional therapy might be helpful.
Ezzidin et al. reported a median OS of 29 months for a patient cohort with

liver-dominant metastasis receiving injection of *°Yttrium microspheres into
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Fig. 11.1 '"In-DTPA-octreotide scan of a 55-year-old male suffering from pancreatic NET with
liver metastasis. (a) Whole-body scan (anterior and posterior view) showing SSTR-positive liver
metastases. (b) Extract of whole-body scan showing abdominal region. (¢) SPECT/CT showing
pancreatic NET (white arrow) with liver metastases

the liver (SIRT [31]). TACE and TAE (transarterial embolization) are commonly
performed in order to induce necrosis by obstructing the afferent vessel: both are
effective in advanced NETs. TAE appears to be associated with fewer occurrences
of post-embolization syndrome including fever, pain, nausea, and vomiting [32]
(Fig. 11.1).

11.4.3 Outlook: Role of Dosimetry, “High-Dose’ Approach
in PRRT, Neoadjuvant Treatment

Dosimetry has the potential of minimizing treatment-induced kidney and bone mar-
row damage. Currently, a dose of up to 7.4 GBq is considered to be safe as admin-
istered activity per cycle [33]. Forrer et al. reported high interpatient variability of
bone marrow absorbed doses. By calculating the effective dose to the rate-limiting
target organs (kidneys and bone marrow), it would be theoretically possible to cal-
culate patient-specific treatment doses of '"’Lu-DOTATATE in order to avoid under-
or overtreatment, minimize side effects, and be able to administer the maximum
activity per treatment cycle [34].

Neoadjuvant treatment with PRRT prior to surgery presents another potential
application of PRRT, although this has not been studied sufficiently to date [35, 36]
(Fig. 11.2).
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A1

Fig. 11.2 Pretherapeutic (A1-4) and post-therapeutic (B1-4) *Ga-DOTATOC PET/CT scans of a
62-year-old male with a pancreatic NET and abdominal lymph node metastases undergoing two
cycles of PRRT with a cumulative dose of 15.6 GBq 'Lu-DOTATATE indicating size reduction
of abdominal lymph nodes (partial response). Pretherapeutic (A1) and post-therapeutic (B1) MIPs
(anterior view) displaying the pancreatic neuroendocrine primary tumor (dotted arrow) and the
abdominal lymph node metastases (solid arrows). Corresponding pretherapeutic (A2—4) and post-
therapeutic (B2-4) trans-axial CT (A2, B2), PET (A3, B3), and fused PET/CT (A4, B4) displaying
the abdominal lymph nodes (solid arrows)

11.5 Summary

NETSs normally overexpress somatostatin receptors on the tumor cell surface which
can be used as a target for nuclear medicine diagnosis and treatment of NETs. In a
“theranostic approach,” assessment of tumor burden using SSTR-PET/CT as a func-
tional imaging modality is helpful in selecting patients for treatment with PRRT.
The accuracy of %Ga-labeled somatostatin analogs for staging of NETs exceeds that
of conventional receptor scintigraphy (octreotide SPECT) and anatomical imaging
modalities such as CT and MRIL.

PRRT is recommended for patient with inoperable and metastasized NETs
expressing SSTR. The most commonly administered therapeutic radiopeptides are
Y ttrium-DOTATOC and '"Lu-DOTATATE. PRRT is generally considered a
well-tolerated and a safe therapy: acute side effects are nausea and vomiting but
also life-threatening hyperkalemia.
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Chapter 12
Novel Targets for Future Medical Treatments

Sandy T. Liu, Andrew E. Hendifar, and Edward M. Wolin

12.1 Introduction

Pancreatic neuroendocrine tumors (pNETSs) are heterogeneous in morphological,
functional, and clinical features. Although they are generally slow growing and
indolent, the incidence and prevalence of pNETsS are rising. 64 % of patients present
with distant metastases and have a median survival time of only 24 months [1].
In contrast to poorly differentiated pNETs, well-differentiated pNETSs have a rela-
tively limited response to standard chemotherapy. This is due to their low mitotic
rate (Ki-67 levels of <2), high levels of bcl-2, and expression of genes related to
chemoresistance [2, 3]. Fortunately, there have been recent developments in our
understanding of the molecular signaling pathways underlying tumor progression in
pNETs. The PI3K/AKT/mTOR pathway is one of the most important pathways
implicated in the pathogenesis of pNETs as gene expression as this pathway is
altered in the majority of pNETSs. Furthermore, amplified angiogenesis is a distin-
guishing feature of well-differentiated pNETs. They are highly vascularized tumors,
with increased expression of EGF, PDGF, IGF-1, and VEGEF, providing opportunities
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Table 12.1 Angiogenesis Inhibitors

Angiogenesis inhibitors
Mathew Kulke, 2006
Stanford Cancer Center

Mathew Kulke, 2007
Multikinase inhibitors
Eric Raymond, 2011
Timothy Hobday, 2007
Jennifer Chan, 2009
Alexandra Phan, 2010
Juame Capdevilla, 2011
Halla Nimeiri, 2011
mTOR inhibitors
Jennifer Chan, 2007
Juan Valle, 2012
Patrick J. Loehrer, 2012

James Yao, 2011
James Yao, 2011
Juan Valle, 2011

Temozolomide + bevacizumab

Capecitabine, temozolomide, and
bevacizumab

Everolimus and octreotide +bevacizumab

Sunitinib

Sorafenib

Sorafenib +everolimus
Pazopanib +octreotide LAR
Pazopanib

Pazopanib and temozolomide

Everolimus and temozolomide
BEZ235 vs. everolimus
BEZ235 after failure of mTOR
inhibitor therapy

Octreotide LAR +everolimus
Everolimus

Everolimus + pasireotide LAR

Insulin growth factor inhibitors

Mathew Kulke, MD
Leonard Saltz, MD
James Yao, MD

Ganitumab
Dalotuzumab

Cixutumumab, everolimus, and
octreotide LAR

Phase 11
Phase 11

Phase 11

Phase 111
Phase 1T
Phase I
Phase 11
Phase 11
Phase I/I

Phase I/
Phase 11
Phase 11

Phase III
Phase 111
Phase 11

Phase 11
Phase 11
Phase |

S.T. Liu et al.

Completed
Ongoing

Ongoing

Completed
Completed
Ongoing
Completed
Ongoing
Ongoing

Ongoing
Ongoing
Ongoing

Completed
Completed
Ongoing

Completed
Completed
Ongoing

for therapies targeting angiogenesis. Until recently, there were few therapeutic
options for well-differentiated pNETSs, and the use of somatostatin analogs had
become the mainstay of therapy in terms of symptomatic relief and tumor stabiliza-
tion. New targeted biological agents with everolimus and sunitinib are providing
new treatment options for the management of advanced pNETSs with the potential of
other novel agents detailed in this chapter for further improved survival outcomes
for patients in the coming years (Table 12.1).

12.2 PI3K/AKT/mTOR Pathway

The recent success of everolimus, an inhibitor of the mammalian target of rapamycin,
is a proof of principle that the phosphatidylinositol 3-kinase (PI3K)/Akt/mammalian
target of rapamycin (mTOR) pathway is important to pNET tumorigenesis and pro-
gression [1, 2]. There are substantial preclinical findings over the past two decades
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that need to be reviewed in light of this significant clinical success. Furthering our
understanding of this vital pathway will lead to enhanced therapies for patients
with pNET.

mTOR is an intracellular serine—threonine kinase and a component of the
phosphatidylinositol 3 kinase (PI3K)/AKT signaling pathway. It comprises mTOR
complex-1 (mTORC1) and mTOR complex-2 (mTORC?2), which regulate cellular
function including proliferation, survival, and angiogenesis. mTORC1 is composed
of mTOR, regulatory-associated protein of mTOR (Raptor), and target of rapamy-
cin complex subunit LST8. mTORCI regulates cellular transcription and translation
via downstream MTORCI substrates. These are eukaryotic translation initiation
factor 4E-binding protein-1 (4EBP-1) and ribosomal S6 kinase-1 (S6K1). S6K1
inhibits the PI3K/AKT pathway and is part of a negative feedback loop on PI3K/
AKT signaling. mTORC?2 consists of mTOR and target of rapamycin complex
subunit LSTS, 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.

Multiple endocrine neoplasia type I (MEN1), tuberous sclerosis complex (TSC),
neurofibromatosis type I, and von Hippel-Lindau (VHL) disease are genetic disor-
ders associated with an increased incidence of pNETS. Across these syndromes,
mutations in well-defined oncogenes and tumor suppressor genes lead to constitu-
tive activation of the PI3K/Akt/mTOR pathway. Recently, alterations in PI3K/Akt/
mTOR pathway have been implicated in sporadic pNETS tumorigenesis justifying
its exploitation as a target for rationale therapy [3-5].

The PI3K/AKT/mTOR pathway plays an important role in cellular proliferation,
growth, and metabolism. The phosphoinositide 3-kinase (PI3K) family of lipid kinases
phosphorylate the 3’-hydroxyl group of phosphoinositides and are composed of three
classes (I-III) with distinct lipid products, substrate specificity, and functionality [6].
Class I PI3Ks are divided into two subfamilies (classes 1A and 1B), depending on the
receptors to which they couple. Class IA PI3Ks are the most widely implicated class
in human cancers and are activated by receptor tyrosine kinases [7]. Once activated,
PI3K catalyzes conversion plasma membrane lipidphosphatidylinositol-4,5-
bisphosphate [P1(4,5)P2] (PIP2) to phosphatidylinositol-3,4,5-trisphosphate [P1(3,4,5)
P3] (PIP3) [8]. The end result of PI3K activation is the generation of PIP3 and down-
stream activation of AKT and other proteins [9].

PIP3 is tightly regulated by PIP3 phosphatases (PTEN, SHIP1, and SHIP2)
which return PIP3 to PIP2 [10]. The most important to cancer propagation is phos-
phatase and tensin homolog (PTEN) [11]. Although PTEN has activity against
multiple substrates [12], its PIP3 phosphatase activity has been implicated as its
tumor suppressor function through studies of the inherited cancer syndromes
(Cowden’s specifically) [11].

PIP3 helps to activate AKT, a serine—threonine kinase also known as protein
kinase B. The AKT family consists of three highly conserved members: AKT1,
AKT?2, and AKT3. AKT1 is the isoform most studied in cancers, AKT?2 is found in
tissues responding to insulin, and AKT3 is found in the brain [13]. When PI3K is
activated, all three isoforms of AKT are translocated from the cytoplasm to the
plasma membrane and are phosphorylated by phosphoinositide-dependent kinase 1
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Table 12.2 Incidence of PI3K/Akt/mTOR pathway alterations in pNET

Pathway alteration Incidence Tumor type Reference

mTOR overexpression | 6/9 (67 %) Poorly differentiated pNET | Shida et al. [24]
Mutations in PTEN, 10/68 (15 %) |pNET Jiao et al. [19]
TSC2, PIK3CA

Akt activation 28/46 (61 %) |NET Ghayouri et al. [28]
TSC2 and PTEN 61/72 (85 %) | Primary pNETs Missiaglia et al. [18]

protein alterations

PI3K phosphatidylinositol 3-kinase, pNET pancreatic neuroendocrine tumor, PTEN phosphatase
and tensin homolog, mTOR mammalian target of rapamycin, 7SC2 tuberous sclerosis protein 2

(PDK1) and potential PDK2, thereby transforming all AKT isoforms to their active
form [10, 14, 15]. Active AKT further phosphorylates and activates several down-
stream effectors.

Akt is a key regulator of PI3K and mTOR signaling and therefore is an important
driver of malignant progression and chemoresistance. Activated Akt can phosphor-
ylate the tumor suppressor protein, tuberous sclerosis protein 2 (TSC2 or tuberin),
to attenuate its negative regulation of the PI3K pathway through mTOR inhibition [13].
The biological effects of AKT include the regulation of cell survival, proliferation,
and angiogenesis through regulation of insulin growth factor, nuclear factor Kb,
p53, cyclin D1, mTOR, and HIF-1a [10].

12.3 Relevance of PI3K/AKT/mTOR Pathway to pNET

Tumor sequencing data, immunohistochemical expression, and gene expression
profiling of neuroendocrine tumors have implicated the PI3K/Akt/mTOR pathway
in pNET tumorigenesis (see Table 12.2.) The majority of pNETSs overexpress mTOR
[16] and many harbor mutations and alterations in PTEN, TSC2, and PIK3CA [3, 4].
Expression profiling in pNETs demonstrates marked alteration in genes associated
with this pathway [3, 17]. Akt activation is prevalent and associated with poor
differentiation [16, 18].

Activation of this pathway is likely driven by dysregulated tyrosine kinases and
enhanced signaling by vascular endothelial and insulin growth factors. Studies dem-
onstrate that druggable tyrosine kinase receptors including PDGFR, EGFR, and
c-kit are overexpressed in endocrine pancreatic tumors [19, 20]. NETs and NET cell
lines frequently express both IGFs and the IGF-1R receptor suggesting autocrine
and/or paracrine signaling [21, 22]. IGF-1R binding leads to the direct activation
of signaling cascades in the MAPK and P13k kinase pathways [23]. The clinical
benefit from somatostatin analogs in insulin growth factor secreting tumors sug-
gests an important interplay in pNET tumorigenesis [24].

Antiangiogenic therapeutic approaches are also promising as pNETSs are highly
vascular with increased expression of vascular endothelial growth factor [25] and its
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associated receptor [26]. Activation of the PI3K pathway may also be led by the
overexpression of VEGFR1 in the companion vasculature suggesting an interaction
between this pathway and angiogenesis [2]. Mutations in the FLT1/VEGFRI gene
have been detected in pNET cell lines [2].

Investigations of the PI3K/AKT/mTOR pathway in pNETsSs reveal an association
between its activation and cancer development. Both TSC2 and phosphatase and
tensin homolog (PTEN) are key negative regulators of the PI3K/Akt/mTOR path-
way [27] and were found to be suppressed in a large panel of 72 primary pNET
tumor samples (including matched metastases) that were analyzed by tissue micro-
array gene expression analysis [3]. The low expression of TSC2 and PTEN was
significantly associated with more aggressive tumors and shorter disease-free and
overall survival [3]. MicroRNA expression profiling shows that the genetic regula-
tor miR-21 [28, 29] and nuclear proliferation marker protein Ki-67 index are
inversely proportional to PTEN levels [3, 28]. The overexpression of miR-21 is
strongly associated with both a high Ki-67 proliferation index and the presence of
liver metastasis [29].

AKT regulation appears to be important to pNET tumorigenesis. Activation of
Akt has been reported in 28/46 (61 %) NET tumor samples, and 76 % of all NETs
display constitutive AKT phosphorylation. MENI gene mutations, the hallmark of
MEN syndromes, have been found in 27/100 (27 %) clinically sporadic pNETs,
including 23/75 (30 %) nonfunctioning pNETSs and 4/25 (16 %) functioning pNETs
[2, 30]. Menin loss has also been associated with Akt activation in a mouse model
of pancreatic islet adenoma [31].

The downstream effector of the PI3K-activated signaling pathway is mTOR, and
its expression in NETSs is associated with metastasis and proliferation. mTOR is
overexpressed in well-differentiated pNETSs [32]. In one study, mTOR overexpres-
sion was also seen in poorly differentiated pNETs 6/9 (67 %), which comprise the
more aggressive forms of the tumor [18].

12.4 Success Targeting the PI3K/Akt/mTOR Pathway

Everolimus (RADO0O1, 40-O-(2 hydroxyethyl) derivative of rapamycin), an oral
rapamycin analog, selectively inhibits mTORCI1. As a result of in vitro activity of
rapamycin and its associated analogs [33-35], the RADIANT-1 (RADOO1 in
advanced neuroendocrine tumors 1) study was designed to study the use of everoli-
mus in patients with neuroendocrine tumors [36]. RADIANT-1 was a phase II trial in
patients with pNET refractory to chemotherapy and stratified according to octreotide
therapy. 160 patients with progressive islet cell carcinoma were assigned to either
everolimus 10 mg daily alone or everolimus 10 mg daily plus octreotide LAR.
The overall response rate (ORR) by central radiological review was 9.6 % for evero-
limus alone and 4.4 % for the combined use, with stable disease (SD) rates of 67.8 %
and 80.0 %, respectively. The median progression-free survival (PFS) was 9.7 months
for everolimus alone and 16.7 months everolimus and octreotide LAR.
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These promising results in a cancer that was historically chemotherapy resistant
led to the RADIANT-2 study [37]. 429 patients with advanced low- to intermediate-
grade carcinoid tumors and a history of hormone-related symptoms were enrolled
into RADIANT-2. All patients received octreotide LAR and were otherwise ran-
domized to everolimus 10 mg daily vs. placebo. PFS by central review was
16.4 months in the everolimus-plus-octreotide LAR group and 11.3 months in the
placebo-plus-octreotide LAR group.

In order to validate these results in a large prospective study, RADIANT-3 was
initiated [1]. This landmark study was the largest phase III pNET trial to date. 410
patients with advanced, low-grade, or intermediate-grade pNET to were random-
ized to everolimus 10 mg/day or placebo. Everolimus was superior to placebo in
prolonging progression-free survival from 11 months vs. 4.6 months, a 65 % reduc-
tion in estimated risk of progression or death. Similar benefit in disease stability was
seen in those enrolled in the everolimus arm (73 vs. 51 % for everolimus and pla-
cebo). Overall response rates were low, but higher in the everolimus arm (5 vs. 2 %,
p+0.001). Benefit was irrespective of age, gender, race, performance status, prior
treatment, or tumor grade.

Single-agent everolimus clearly demonstrates clinical benefit in the treatment of
pNETS despite its low objective response rate. Everolimus is active against
mTORCI only, and low response rates may reflect the drug’s inability to prevent
mTORC2-mediated activation of Akt [38]. New treatments targeting both mTORC
1 and mTORC 2 are in development and may improve efficacy. In addition, combi-
nation therapy targeting upstream (PI3K inhibitors) or downstream (Akt) to the
mTORC complexes may prevent PI3K/Akt/mTOR pathway activation and reactiva-
tion. As such, recent investigations and ongoing studies have focused on inhibitors
of alternate components of the PI3K/Akt/mTOR pathway, dual target inhibitors, and
effective combination chemotherapies.

12.5 Potential Targets in the PI3K/Akt/mTOR Pathway

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 rapamycin analogs (rapalogs), specifically
everolimus, are the most clinically advanced and the furthest developed class of
inhibitors. These agents inhibit the complex mTORCI. Two well-characterized
mTORCI1 substrates are eukaryotic translation initiation factor 4E-binding protein-1
and ribosomal S6 kinase-1 (S6K1), both regulating transcription and translation ini-
tiation of critical growth genes. However, S6K1 is part of a negative feedback loop
on PI3K/Akt signaling via suppression of the insulin receptor substrate-1 (IRS1),
which links IGF-1 to the PI3K pathway. mMTORC2 is less defined than mTORC1, but
is known to mediate Akt phosphorylation on serine-473, which is required for full
Akt activity in the PIK3/Akt/mTOR signaling cascade. A potential limitation of
inhibiting mTORCT therefore arises as a result of the SOK1/IRS1 negative feedback
loop that can leave mTORC?2 capable of perpetuating Akt activity [39].
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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 mTORCI inhibition [39]. 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 targets upstream of mTOR are the PI3K
proteins themselves. Three classes (I-11I) 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 [40]. 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 [38, 41]. 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
mTORC1/2 [7]. Agents that target both PI3K and mTOR will likely lead to improved
inhibition of this pathway.

12.6 Novel PI3K/AKT/mTOR Inhibitors

12.6.1 Chaperone Heat Shock Protein 90 Inhibitors

Preclinical data are suggesting unique PI3K/Akt/mTOR pathway inhibitors in
pNET. This can be achieved either through direct inhibition of specific pathway
proteins or through indirect inhibition of molecular chaperones. The molecular
chaperone heat shock protein 90 (HSP90) is overexpressed in a number of tumors
and is an emerging target for anticancer therapy. The potential activity of the HSP90
inhibitor IPI-504 has been studied in pNET cells, and this agent inhibited the growth
of human insulinoma and pancreatic carcinoid cells by approximately 70 % [42].
IPI-504 downregulated IGF-1 and a number of proteins in the PI3K/Akt/mTOR
pathway. Combination of IPI-504 with mTOR or Akt inhibitors also led to additive
effects and is a promising combination.

12.6.2 PI3K Inhibitors

Although the regulation of VEGF synthesis and secretion in pNET cells is complex,
the involvement of the PI3K/mTOR/hypoxia-inducible factor (HIF)-1/VEGF
pathway in the angiogenesis of predominantly hypervascular pNETSs has prompted
the study of upstream pathway inhibition with PI3K and mTOR inhibitors [43].



152 ST. Liuetal.

A combination of the PI3K inhibitor (LY294002) and an mTOR inhibitor (rapamycin)
decreased VEGF secretion by murine endocrine cell lines STC-1, INS-r3, and
INS-19. Intracellular levels of HIF-1a were decreased concomitantly with VEGF
levels, suggesting inhibition of the PI3K/Akt/mTOR/HIF-1/VEGF pathway [43].

12.6.3 AKT Inhibitors

Akt inhibition has been explored and validated in a number of preclinical studies.
Triciribine, a direct Akt inhibitor, reduced the growth of pNET cells (by either triciri-
bine monotherapy or combination therapies) [42]. Insulinoma (CM) or gut NET cells
(STC-1) treated with triciribine significantly reduced tumor cell growth by 59 % and
65 %, respectively. In contrast, triciribine did not inhibit the BON pancreatic tumor
cell line, which overexpress PTEN [42]. The pan-Akt inhibitor perifosine inhibits
both Akt phosphorylation and cell viability in human pancreatic BON1 and other
NET cells. Perifosine was shown to suppress the phosphorylation of downstream
targets, including MDM2 and p70S6K, to suppress NET cell viability and colony-
forming capacity [44]. Studies on individual Akt isoforms using siRNA transfection
also suggest a prominent role for Aktl and Akt3 in NET signaling and highlight the
potential for selective Akt targeting in pNET.

A number of small-molecule Akt inhibitors with varying potencies and specifici-
ties for Akt isoforms have been developed. Adenosine triphosphate (ATP)-
competitive Akt inhibitors are promiscuous and have a higher likelihood of off-target
effects. Allosteric Akt inhibitors are more specific and have been preferred for clini-
cal studies in patients with pNET. Results from a phase I trial of MK-2206, an oral
non-ATP-competitive allosteric inhibitor of Akt, have now been reported [45]. In 33
patients with solid tumors, two patients with advanced pNET had minor responses,
achieving tumor shrinkages of —13.1 % and —17.5 %, respectively. The latter of
these two patients experienced marked reduction in ascites and peripheral edema,
and tumor central necrosis. Akt blockade was confirmed in this study by an observed
reduction in phosphorylated serine-473 Akt in all tumor biopsies assessed [45].
Reversible hyperglycemia and increases in insulin c-peptide also confirmed target
response. Drug-related toxicities included skin rash (52 %), nausea (36 %), and pru-
ritus (24 %). Combination trials have been initiated with MK-2206 with either stan-
dard chemotherapy (carboplatin, paclitaxel, docetaxel) or targeted agents (including
lapatinib [human epidermal growth factor receptor 2/EGFR inhibitor], ridaforoli-
mus [MTORCI inhibitor], and AZD6244 [MEK1/2 inhibitor]).

12.6.4 Protein Kinase C (PKC) Inhibitors

In addition to its role in PI3K-mediated cell signaling, Akt is a downstream target of
serine—threonine protein kinase C (PKC). The PKC family members play central
regulatory roles in cell cycle progression, differentiation, tumorigenesis, apoptosis,
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and secretion [46, 47]. Dysregulation of PKC signaling is implicated in tumor
development and progression [48]. Enzastaurin, an oral serine—threonine kinase
inhibitor, has been developed as a PKCp-selective inhibitor. Preclinical data suggests
that it suppresses PKC signaling, inhibits angiogenesis, and abrogating the PI3K/
Akt/mTOR pathway [49]. It reduces the phosphorylation of Akt and the prolifera-
tion of BON1 pNET cells [50]. These preclinical data suggest a promising future for
this agent in the treatment of pNETs.

12.6.5 Combination PI3K/AKT/mTOR Pathway Inhibitors

Multi-target inhibition of the PI3K/AKT/mTOR pathway will hopefully overcome
the treatment resistance and feedback mechanisms characteristic of mTORCI inhi-
bition. The dual mMTORC1/mTORC?2 inhibitor CC-223 has recently been selected
for clinical evaluation based on its potential ability to address mMTORC2-mediated
escape mechanisms and resistance. In an ongoing phase I/II study in patients with
solid and hematologic malignancies, a cohort of patients with NETs was included [51].
Evidence of preliminary antitumor activity has been demonstrated, including one
durable partial response, although to date only gastrointestinal NETs of
non-pancreatic origin have been investigated.

Dual inhibition of mTOR and upstream targets has been a focus of recent investi-
gations. The dual PI3K/mTOR inhibitor NVP-BEZ235 has proved to be a more effi-
cient inducer of apoptosis and cell cycle arrest than single inhibitors in various NET
cell lines. NVP-BEZ235 prevented both vertical and horizontal negative feedback
activation of Akt after treatment with everolimus [52]. This appears in the clinic to be
a promising approach [53]. The combination of everolimus, NVP-BEZ235, and the
RAF inhibitor RAF265 was also more effective than treatment with a single kinase
inhibitor. RAF265 inhibits ERK1/2 phosphorylation and strongly induces Akt phos-
phorylation and VEGF secretion (possibly due to Akt-mediated HIF-1a activation),
suggesting a further compensatory feedback loop on PI3K/Akt signaling in pNETSs
[52]. The IGF-IR inhibitor NVP-AEW541has demonstrated dual targeting inhibi-
tion of the downstream PI3K/Akt/mTOR and RAS/RAF/MEK pathways [54]. These
data provide a strong rationale for combination therapies directed at PI3K/Akt/
mTOR signaling and RAS/RAF/MEK signaling in pNETs. A number of inhibitors of
the PI3K/Akt/mTOR pathway are currently being evaluated in pNETSs or NETsS, both
alone and in combination regimens.

12.7 Tyrosine Kinase Inhibitors

Sunitinib (Sutent®, SU11248, Pfizer) is an oral inhibitor of the receptor tyrosine
kinases of VEGFR-1 and VEGFR-2, PDGFR-a and PDGFR-f, ¢-KIT, and FMS-like
tyrosine kinase-3 (FLT3) [55]. Sunitinib has been shown in numerous preclinical
studies to reduce tumor proliferation [56]. Antitumor activity in pNET was
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demonstrated in a phase II study [57] enrolling 12 Japanese patients with unresectable,
well-differentiated tumors. Each patient received 37.5 mg daily of sunitinib, and the
clinical benefit rate was 75 %, the objective response rate was 50 %, and 11/12
observed some tumor shrinkage after 1 month of initiation of treatment. Impressively,
progression-free survival (PFS) was 91 % at 6 months and 71 % at 12 months [57].
In another phase II study, among pNET patients treated with sunitinib 50 mg daily,
the overall objective response rate (ORR) was 16.7 %, 6-month stable disease rate
68.2 %, and 1-year survival rate 81.1 %. The median time to tumor progression was
7.7 months. Patient-reported outcome data also showed no significant differences
from baseline quality of life or fatigue during treatment [58].

Sutent has also been used in conjunction with local therapies. In a study by
Strosberg et al., sunitinib was shown to delay tumor revascularization and extend
PFS following hepatic artery embolization for advanced pNET. Serum VEGF
levels increased by 34 % (p=0.03) following arterial embolization. The overall
response rate was 72 %, and median PFS was 15.2 months. Survival of 95 % (95 %
CI, 0.88-1.00) at 1 year and 59 % at 5 years (95 % CI, 0.38-0.80) was encouraging.
This supports a possible role of sunitinib, a VEGFR inhibitor, following emboliza-
tion therapy [59].

In the subsequent phase III study [60] that ultimately led to the approval of
sunitinib in 2011 for treatment of patients with advanced, well-differentiated pNET
in both Europe and the United States, sunitinib was shown to have a dramatic advan-
tage over placebo. In this trial, 171 patients with progressive metastatic pNET were
randomized to receive either placebo or sunitinib 37.5 mg daily. Patients were
allowed to crossover to sunitinib at the time of tumor progression and give patients
randomized to placebo access to open-label sunitinib. Early study termination
occurred since the primary endpoint was met, and there were more severe adverse
events and deaths in the placebo arm. As a result, the early discontinuation of the
study precluded definitive hypothesis looking for differences in PFS between suni-
tinib and placebo. Nevertheless, progression-free survival was doubled in sunitinib-
treated patients compared with placebo (11.4 vs. 5.5 months for placebo, p<0.001)
and an increase in the response rate (9 vs. 0 %, p=0.007). There was no survival
benefit with sunitinib on further follow-up with a median OS of 33 months in the
sunitinib group vs. 26.7 months in the placebo group (p=0.115) likely due to treat-
ment crossover obscuring the endpoint [61]. Subgroup analysis revealed sunitinib
had a PFS advantage regardless of prior treatment with somatostatin analogs or
chemotherapy, Ki-67 expression, and extent of tumor burden. Despite the crossover,
there was still an improvement in survival in patients treated with sunitinib that
seemed to be maintained over time. These results were in agreement with the radio-
logical response rate.

There were no major differences in quality of life and level of fatigue between
the sunitinib and placebo groups, although adverse events were more common in
the sunitinib group. The most frequent side effects of sunitinib included neutrope-
nia, hypertension, hand—foot syndrome, abdominal pain, diarrhea, and fatigue [60].
Sunitinib has become a standard of care in patients with unresectable, advanced,
metastatic pNET.
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12.8 Angiogenesis (VEGF) Inhibitors

Angiogenesis plays a fundamental role in tumor growth and development. Most
well-differentiated pNETs are high vascularized expressing high levels of VEGFE.
VEGF is a potent promoter of endothelial cell activation for new tumor vessel forma-
tion and appears to be the most important growth factor regulating physiologic and
pathologic angiogenesis [62]. It is also a key driver in metastatic spread since early
revascularization occurs during tumor formation [63]. The concept of angiogenesis-
dependent tumor growth and the targeted blocking of blood flow to the tumor for
cancer treatment was initially established by Folkman in the early 1970s [64].
Among the VEGF receptor family, VEGFR-1 and VEGFR-2, when bound to VEGF,
are the main regulator of angiogenesis and are frequently overexpressed in certain
solid tumors, including NETs, and have been associated with tumor progression
[25, 26, 65]. Patients with weak or strong VEGF expression developed metastasis
more frequently, compared with patients who did not express VEGF, 58 % vs. 14 %
(»=0.03), respectively. Additionally, in patients with weak VEGF expression, the
median PFS was 81 months compared with 29 months in patients with strong VEGF
expression (p=0.02) [5]. The VEGF/VEGEFR system has been extensively studied
to be a promising target in the treatment of pNET.

Bevacizumab (Avastin®) is a humanized monoclonal antibody directed against
VEGTF, preventing binding to its receptors, VEGFR-1 and VEGFR-2. It is currently
indicated for treating several types of tumors including metastatic colorectal cancer,
nonsquamous non-small cell lung cancer, glioblastoma multiforme, and metastatic
renal cell carcinoma [66]. Bevacizumab has been investigated either alone or in
combination with other drugs in NET with promising results. In a phase II study,
patients with advanced carcinoid tumors were randomly assigned to treatment with
either bevacizumab or IFN«,, added to octreotide LAR for 18 weeks. In the bevaci-
zumab arm, 5 % of patients had disease progression compared with 32 % treated
with pegylated IFNa,, Bevacizumab dramatically decreased tissue perfusion docu-
mented by functional CT monitoring. Yao et al. observed a decrease in tumor blood
flow among patients treated with bevacizumab at day 2 and week 18 (49 % (p<0.01)
and 28 % (p<0.01), respectively). Four of 22 patients treated with bevacizumab
achieved radiographic partial responses. Conversely, there was no significant change
in tumor blood flow seen in patients treated with pegylated IFN,, In the bevaci-
zumab arm, there was almost a 30 % higher rate of PFS after 18 weeks compared to
the peg-IFNa,, arm (95 % PFS vs. 68 % PFS). The reported survival rates were
93 %, 67 %, and 56 % for 1, 2, and 3 years, respectively [67]. Based on these
positive findings, a phase III study randomizing 400 patients with small bowel car-
cinoids to receive either bevacizumab or peg-IFN,, in addition to octreotide has
completed enrollment (Southwest Oncology Group, SWOG S0518 trial;
NCT00569127). This may be a key trial that will define the role of VEGF inhibitors
in carcinoids.

Building on the recent trials showing efficacy of mTOR inhibitors alone, a ran-
domized phase II study comparing mTOR inhibitor alone with the combination of
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mTOR inhibitor and bevacizumab in patients with pNETs may help define the
potential additive activity of bevacizumab in pNETs. Chan and colleagues found
bevacizumab and temozolomide combination appears to be promising for patients
with pNETs as there was a 24 % response rate in pNETs but 0 % in carcinoid tumors
[68]. In another recently completed phase II study, the combination of everolimus
and bevacizumab was shown to be well tolerated and had a 26 % response rate in
patients with advanced NET [69]. Given these results, the National Cancer Institute
(NCI) has an ongoing phase II study randomizing patients with locally advanced or
metastatic pNETs not amenable to surgery to receive everolimus and octreotide
with or without bevacizumab to assess antitumor activity and toxicity of the regi-
men [CALGB 80701; NCT01229943]. Another phase II study of bevacizumab plus
temsirolimus in pNET has been reported (NCT01010126). There are also several
current ongoing studies with bevacizumab in combination with chemotherapeutic
agents that appears to be promising. In particular, a phase II study of 31 patients,
bevacizumab plus capecitabine and oxaliplatin resulted in PR in seven patients
(23 %), of which six of seven of these patients had pNET (35).

12.9 IGF/IGFR Inhibitors

IGF-1, IGF-2, and their tyrosine kinase receptor, IGF-1R, are involved in the devel-
opment and progression of NET and is an autocrine regulator of NET [22]. Targeting
IGF/IGF-1R has been suggested as a novel therapy for pNETs as preclinical data
has shown that somatostatin analogs and mTOR inhibitors exhibit antitumor activity
through the IGF-1 signaling pathway. After activation of IGF-1R by IGF-1 and IGF-
2, signals are transmitted via elements of the PI3K/AKT/mTOR and the Ras/Raf/
MEK/ERK pathways enhancing cell proliferation and promoting survival in tumor
cells [70]. In a study by von Wichert, IGF-1 was shown to be a major autocrine
regulator of neuroendocrine secretion and growth of human BON cells (human pan-
creatic carcinoid-derived endocrine-like cells that express IGF-1R and secrete IGF-
1). They were shown to stimulate the release of chromogranin A when exogenously
IGF-1 was added. Equally, blocking IGF-1 prompted a marked inhibition of basal
chromogranin A secretion [22]. NET has been shown to have increased expression
of IGFs. mRNA of both IGF-1 and IGF-1R were found in most of the samples from
54 patients with Zollinger—Ellison syndrome [71]. Furthermore, increased expres-
sion of both IGF-1 and IGF-1R was associated with greater tumor burden, growth,
and aggressiveness. There was also a correlation with IGF-1R and the incidence of
liver metastasis and with disease-free survival [71].

There are currently several studies that use different approaches to block the
components of the IGF-1R pathway. MK-0646 is a humanized IgG1 monoclonal
antibody that binds to IGF-1. It has been shown to be safe and well tolerated in
patients with solid tumors [72]. A phase II study of MK-0646 monotherapy in 25
patients (15 carcinoids, 10 pancreatic NETSs) revealed that MK-6046 was inactive as
a single agent [73]. Based on this study, MK-0646 does not have sufficient activity
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for further study as monotherapy and is currently being studied in combination with
conventional chemotherapy with advanced pancreatic, breast, and non-small cell
lung cancer.

NVP-AEW541 is a novel selective IGF-1R tyrosine kinase inhibitor that has been
shown to be active in BON cells and a human insulinoma cell line. The antineoplas-
tic effects of NVP-AEW541 involve the inactivation of ERK1/2. NVP-AEW541
caused apoptosis and cell cycle arrest and inhibited NET cell proliferation in a dose-
dependent fashion. Moreover, there was an increase in the antiproliferative proper-
ties when NVP-AEW541 was combined with doxorubicin and fluvastatin [74].
AMG 479 (ganitumab) is a humanized monoclonal antibody to IGFR-1, preventing
the binding of IGF-1 and IGF-2 to IGF-1R. It has been studied in a phase I trial
which showed one patient with pNET had a complete response lasting for 28
months. It also showed one partial response and one minor response in two patients
with NETs [75]. Cixutumumab (IMC-A12) is another fully human IgG1 antibody
against IGF-1R being studied in patients with NETs. There is an ongoing phase I
study with the combination of cixutumumab, everolimus, and octreotide LAR in
patients with advanced NETs (NCT01204476).

12.10 Immunotherapy

Several different immunotherapy approaches are currently being studied in targeting
cytotoxic T-lymphocyte antigen 4 and PD-1 in NET. Dendritic cells play a central
role in initiation and immunization leading to immune memory, making them ideal
in presenting tumor material to cytotoxic T cells [76]. One small study conducted
by Schott et al. used dendritic cell-based immunotherapy to treat patients with meta-
static pNET. The patient’s dendritic cells were generated from peripheral blood
monocytes and were loaded with tumor-derived lysate which were then delivered by
subcutaneous injections in 4-week intervals. Not only did patients develop delayed
hypersensitivity skin reaction, with skin biopsy demonstrating a strong perivascular
and epidermal infiltration with CD4 and CDS positive, but the DC-based vaccination
was also noted to have a decrease in tumor marker chromogranin A. Tumor regression
was also seen on ultrasound [77].

12.11 Summary

For the first time in over 20 years, the survival and outlook for pNET have changed
due to a better understanding of the pathogenesis and cell signaling pathways to
identify potential new targets. Both sunitinib and everolimus symbolize a new phase
in the development of targeted and combination therapy for advanced pNETSs. These
therapies are effective at improving disease-free survival, even in previously treated
patients, and have changed the daily clinical management of patients with
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progressive advanced pNETs. Furthermore, we have gained new insights to help
treat these tumors, and more breakthroughs are coming. This is truly an exciting and
optimistic era for patients with pNETs.
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