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Abstract
Pancreatic cancer is a highly lethal disease. Up to
date, the only curative approach is surgical resec-
tion, which is only possible in a limited number
of patients by the time of diagnosis. Thus, the
development of new therapeutic options besides
chemotherapy is extremely important for patients
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who do not qualify for surgery due to local
irresectability or systemic tumor spread. During
development and progression of pancreatic
tumors, angiogenesis is an important mechanism
to supply blood, oxygen, and nutrients for the
growing tumor mass. Several angiogenic factors
play a critical role during this process, including
vascular endothelial growth factor (VEGF), as
well as multiple factors involved in tyrosine
kinase pathways, all of which are potential tar-
gets for systemic treatment approaches.

Pancreatic ductal adenocarcinoma represents
the biggest proportion among all pancreatic
tumor entities. It is histopathologically character-
ized by a hypovascular appearance and pro-
nounced peritumoral desmoplastic tissue as
well as extracellular matrix. In numerous exper-
imental and clinical studies, anti-angiogenic ther-
apy has been evaluated for pancreatic ductal
adenocarcinoma with early promising results.
However, in clinical phase III studies, only lim-
ited effects were achieved with targeted anti-
angiogenic approaches.

In contrast, pancreatic neuroendocrine tumors,
which are typically hypervascularized, are much
more sensitive to anti-angiogenic substances.
After a successful phase III study, sunitinib – a
multi-targeted kinase inhibitor – has been
approved for the treatment of this entity and is
incorporated in current international guidelines as
a second-line therapy recommendation.

The pathogenesis, diagnostic measures, as
well as current experimental and clinical stud-
ies regarding angiogenesis and anti-angiogenic
therapy of both pancreatic ductal adenocarci-
noma and neuroendocrine tumors are summa-
rized described in this chapter.

Keywords
Pancreatic adenocarcinoma · Neuroendocrine
tumor · Angiogenesis · Anti-angiogenic therapy

Introduction

Pancreatic cancer (pancreatic ductal adenocar-
cinoma, PDAC) is one of the most aggressive
solid tumor entities and a highly lethal

malignancy. The only curative approach is sur-
gical resection; radiotherapy, chemotherapy, or
a combination of both can only act as palliative
treatment or neo-/adjuvant therapy. Even with
advances in surgery and conservative therapy,
it remains fourth leading cause for cancer-
associated mortality in Western countries
with – in contrast to other malignancies – still
increasing rates of incidence (Siegel et al.
2015). Symptoms including pain, jaundice,
and weight loss show a late onset, and in only
15–20% of all patients, surgery is possible at the
time of diagnosis. Thus, offering the chance of
long-term survival only to a limited number of
patients. When combined with adjuvant chemo-
therapy, 5-year survival rates of 20–25% can be
achieved (Hackert and Büchler 2013). The
importance of postoperative adjuvant chemo-
therapy has been demonstrated in large random-
ized studies during the last two decades (Valle
et al. 2014; Oettle et al. 2013; Ryan et al. 2014)
and represents the standard of care for all
patients that are considered to be resectable by
the time of diagnosis. In contrast, in a situation
of systemic spread, especially peritoneal carci-
nomatosis or liver metastases, only palliative
treatment is possible (Tempero et al. 2014;
Seufferlein et al. 2012). For this purpose, stan-
dard chemotherapies include gemcitabine
which can be supplemented by nab-paclitaxel
as another cytotoxic substance or erlotinib, a
tyrosine kinase inhibitor (see below) (Moore
et al. 2007). An alternative treatment in PDAC
stage 4 is the application of Folfirinox – a com-
bination of 5-fluorouracil, folinic acid,
irinotecan, and oxaliplatin – which seems to be
the most effective substance today (Conroy
et al. 2011). With the introduction of this regi-
men, median survival times in the palliative
setting have increased from 6.8 months
(gemcitabine) to 11.1 months (Conroy et al.
2011). As these outcomes are still unsatisfactory
and a high proportion of patients suffer from
early progressive disease under a palliative che-
motherapy, there is urgent need for other
approaches to improve the prognosis. During
the last 20 years, the concept of anti-angiogenic
therapy as a supplement or alternative to
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classical chemotherapy has been examined in a
large number of tumor entities and numerous
experimental as well as clinical studies have
been conducted for PDAC as well as for pancre-
atic neuroendocrine tumors (pNETs).

Angiogenesis describes the formation of new
blood vessels from preexisting vessels and –
besides its physiological function, i.e., during
wound healing or normal tissue growth – has been
recognized as a pathophysiological phenomenon in
many solid tumor entities (Craven et al. 2016).

Consequently, the pathophysiology and the
factors involved in the de novo generation of
vessels by tumors have been examined in many
experimental models and translational studies
with the aim to target these events and develop
selective and potentially effective therapeutic
approaches [see below]. Especially vascular
endothelial growth factor (VEGF) pathway inhib-
itors represent the currently most promising sub-
stances. However, the clinical results with regard
to oncological outcome in terms of progression-
free and overall survival strongly depend on the
nature of the tumor itself, as some tumors show
sensitivity to these approaches (i.e., renal cell or
ovarian cancer), whereas other entities are mostly
resistant (i.e., prostate cancer or malignant mela-
noma). Regarding pancreatic tumors, very hetero-
geneous effects of anti-angiogenic therapy are
observed, especially with regard to the differenti-
ation between PDAC and pNET.

Pathogenesis

Tumor angiogenesis is a crucial mechanism for
the supply of oxygen, glucose, and other nutrients
to sustain the growth of tumor cells after they have
initially survived via the mechanism of diffusion
or the physiological blood supply at their original
location in the parenchyma of an organ. Conse-
quently, two distinct phases can be described dur-
ing the process of tumor angiogenesis of
pancreatic tumors (Bergers 1999).

The first phase, also referred to as pre-vascular
phase, is characterized by an increase in tumor cell
proliferation with an adequate apoptotic counter-
balance resulting in a plateau phase of tumor cell

growth. This plateau can exist for years as a pre-
malignant condition and leads to the histopatho-
logical appearance of an increasing grade of
dysplasia and finally the transformation to carci-
noma in situ.

The transition into the next phase is the
so-called angiogenic switch and caused by the
misbalance between a higher nutrient and oxygen
demand due to the increasing cell number and
volume with the consequence that the tumor
cells cannot cover the needed supply by the
existing mechanisms without additional blood
vessels from their environment. This stage initi-
ates the subsequent “vascular phase,” during
which pancreatic tumor cells grow exponentially
lacking the counterbalancing apoptotic factors of
the normal cell cycle. At the same time an over-
expression of pro-angiogenic factors and a loss in
physiological angiogenesis inhibitors create an
imbalance leading to a de novo chaotic vessel
formation with high vascular leakage (Hanahan
and Folkman 1996). These mechanisms result in
an aggressive tumor expansion, invasion, and
possibly distant spread of tumor cells.

As a large variety of cells and signaling mole-
cules are involved in tumor angiogenesis, this com-
plex mechanism has to be regarded as an
ambivalent and two-sided event as on one hand it
is not completely understood today but on the other
hand offers the opportunity to interfere in this pro-
cess very specifically at many points with the aim
to block angiogenesis and develop a targeted ther-
apeutic approach which may be specific and differ-
ential for each individual tumor entity.

These specific characteristics of pancreatic
tumorigenesis of each histopathological type give
an explanation for the ambivalent response to anti-
angiogenic therapies. PDAC arises from the ductal
epithelium and makes up to 85% of pancreatic can-
cers; its typical histological appearance consist of a
very avascular and fibrotic microenvironment mak-
ing it difficult for drug delivery (Feig et al. 2012;
Erkan et al. 2012). Therefore, PDAC is a mostly
hypovascular entity (Fig. 1) and indolent to anti-
angiogenics. In contrast, pNETs are characterized
by a hypervascularized structure (Fig. 2) and show
promising responses, to therapeutic approaches
aiming at anti-angiogenic mechanisms.
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Experimental and Clinical Diagnostic
Modalities for Angiogenesis in PDAC
and pNET

The visualization and quantification of tumor vas-
cularization can be performed by direct or indirect
examination. In the experimental setting, there
have been several approaches for direct examina-
tion of vessel density and morphology including
intravital microscopy and ultrasound flow mea-
surement. The latter has also been introduced in
the clinical setting but has – comparable to func-
tional cross-sectional imaging (computed tomog-
raphy (CT) and magnetic resonance tomography
(MRI)) or tumor angiography – not reached the
level of a routine examination in practice today.

Intravital microscopy (IVM) offers the possi-
bility to directly visualize tumor vessels and blood
cell flow by in vivo examination (Tsuzuki et al.

2001a). This experimental method is mostly
based on fluorescence imaging of red blood
cells, leukocytes, or staining of endothelial cells
by respective fluorescence markers (Schmidt et al.
2000). In animal models of PDAC, the generation
of abnormal vessels with an increased diameter,
reflecting an expansion of endothelial cell surface,
has been demonstrated by this method (Fig. 3,
(Ryschich et al. 2004)). Furthermore, a patholog-
ical leukocyte-endothelium interaction on these
altered cell surfaces could be shown, and the fact
that the vessel density as investigated by IVM
methods during PDAC development was not
increased (Schmidt et al. 2000) supports the
hypothesis that not the number of vessels itself
increases but their abnormal architecture is the
key finding during tumorigenesis of PDAC. Due
to the need for toxic staining substances for blood
cells and endothelium as well as the invasive

Fig. 2 Contrast-enhanced
CT scan (arterial phase,
coronal reformatting)
showing the perfusion
characteristics of a
pancreatic neuroendocrine
tumor in the body of the
pancreas. Tumor depicted
as a hyperperfused mass
accumulating contrast
medium (black circle)

Fig. 1 Contrast-enhanced
CT scan (portovenous
phase, coronal
reformatting) showing the
perfusion characteristics of
a pancreatic
adenocarcinoma in the
uncinate process. Tumor
depicted as a hypoperfused
mass (black circle) with a
consecutive obstruction and
dilation of the bile duct
(white arrow)
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character of this method, IVM has only been
applied in the experimental setting and is not a
suitable method for clinical use.

Ultrasound examination of tumor vasculature
and perfusion is based on contrast-enhanced
approaches that allow Doppler flow measurement.
In a PDAC mouse model, microbubble-enhanced
contrast ultrasound was utilized to evaluate perfu-
sion intensity in small PDAC lesions (Pysz et al.
2015; Foygel et al. 2013;Deshpande et al. 2011). By
targeting contrast bubbles against thymocyte differ-
entiation antigen, integrin, endoglin, or VEGF
receptor 2 as specific binding markers for PDAC,
an increased signal intensity was demonstrated in
particular small tumor lesions and correlated with
the respective histological finding of a higher vessel
density in these areas. This underlines the potential
of these biomarkers to facilitate early detection of
tumorous lesions based on the perfusion character-
istics. Although promising, these approaches bear
the disadvantage of the need for specific targeted
bubbles, and their accuracy is based on an invasive
ultrasound examination that has to be performed on
the tumor pancreatic surface directly or with a very
close contact of the ultrasound probe to the tumor
(i.e., in a subcutaneous model), which is conse-
quently not applicable in a clinical setting but rep-
resents the basis for further development of patients-
directed diagnostics. Ultrasound Doppler flow mea-
surement during transabdominal or endoscopic

ultrasound has been established during the last
15 years, mainly based on the development of the
air-based contrast agent Levovist which has been
introduced in the clinical practice. This method of
ultrasound Doppler flow measurement has become
applicable in a number of studies (Nishida et al.
2009; Chen et al. 2004; Scialpi et al. 2005; Hocke
and Dietrich 2012; Dyrla et al. 2016; Kobayashi
et al. 2014; Gincul et al. 2014; Iordache et al.
2012; Figueiredo et al. 2012).

A 27-patient study on unresectable PDAC eval-
uated contrast-enhanced ultrasound examination in
correlation with dynamic CT scan and VEGF as
well as CD34 staining (Fig. 4) to intratumoral
vessel density and diameter before and after
chemoradiotherapy (Nishida et al. 2009). Ultra-
sound examination revealed a good correlation
with vessel density, VEGF expression, and histo-
logical grading. Furthermore, it was also useful to
determine therapy effects in terms of partial
response or stable disease.

In another clinical study, contrast-enhanced
power Doppler sonography was utilized to evalu-
ate the enhancement characteristics of PDAC in
correlation with the tumor vascularity observed
on digital subtraction angiography (DSA) in
20 patients (Chen et al. 2004). Interestingly, this
study showed a large heterogeneity in terms of
hypo- (85% of the patients) and hypervascularity
(15% of the patients) of the tumors but confirmed

Fig. 3 Intravital fluorescence microscopy in an orthotopic
mouse model of PDAC. Normal pancreas (left side) and
PDAC with vessel irregularities in morphology and

diameter (right side). Endothelial staining by intravenous
injection of RPE-conjugated monoclonal anti-CD146
antibodies
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the high accuracy of ultrasound measurement
compared with DSA as the gold standard. Besides
the characterization of PDAC alone, contrast-
enhanced power Doppler ultrasonography
(US) has also been used to differentiate between
PDAC and focal chronic pancreatitis as the most
important clinical differential diagnosis (Scialpi
et al. 2005). A high proportion of PDAC showed
an increased number of vessels and irregular vessel
characteristics whereas focal chronic pancreatitis
presented mostly as avascular masses which con-
firmed the potential usefulness of this modality to
further classify unclear pancreatic masses into
malignant or benign lesions.

Regarding other perfusion-directed diagnostic
clinical modalities for PDAC detection, func-
tional cross-sectional imaging is currently a field
of high interest. This includes MRI and CT imag-
ing (Lemke et al. 2009; Fritz et al. 2016; Klauß
et al. 2016; Klauss et al. 2012, 2013; Bangard
et al. 2005) as noninvasive methods which can
easily be applied as an addition to standard imag-
ing, PDAC patients receive during their diagnos-
tic workup. Both of these radiological modalities
are especially helpful to differentiate PDAC ver-
sus chronic pancreatitis which can also be found
to mimic cancerous lesions in conventional cross-
sectional imaging (Klauß et al. 2016). Functional
MRI has been established in experimental models
of PDAC and angiogenetics by measurement of
the endothelial transfer coefficient and fractional

plasma volumes by dynamic contrast-enhanced
MR imaging (Bangard et al. 2005). More recent
clinical imaging studies have focused on func-
tional MRI imaging using the perfusion fraction,
and the intravoxel incoherent motion approach
showed specific characteristics of PDAC patients,
patients with any form of chronic pancreatitis, and
healthy control participants (Klauss et al. 2012,
2013). A reduction of these parameters as a sur-
rogate marker for reduced perfusion is observed in
PDAC compared to healthy pancreatic tissue and
can be used with a high sensitivity and specificity
(96% and 100%, respectively) to differentiate
between these two types of tissue.

Functional CT scan offers another comparable
modality to determine vessel and perfusion char-
acteristics of PDAC (Klauss et al. 2012). Tumor
perfusion, blood volume, and permeability show
specific changes in PDAC with a significant
reduction of these parameters and can be used to
differentiate tumor lesions from healthy tissue,
especially when these cannot be sufficiently diag-
nosed in conventional cross-sectional imaging
modalities.

As the mentioned findings of a reduced tumor
perfusion contradict the proposed impact of
tumor neo-angiogenesis, it has to be taken into
account that PDAC are – especially in advanced
stages – accompanied by a massive peritumoral
desmoplastic reaction, which explains the
macro-imaging observations of PDAC as rather

Fig. 4 Immunohistochemistry (magnification 20�) for endothelial staining (anti-CD 34). Regularly structured vessels in
healthy pancreas (left) and highly irregular vascular diameter and architecture in pancreatic cancer (right side)
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low-perfused lesions as the reactive peritumoral
fibrosis is known to be a bradytrophic tissue with
low vessel density.

To summarize the current state of the
abovementioned perfusion-based diagnostic modal-
ities for PDAC detection or differentiation, Doppler
sonography is useful in experienced hands as it is
always depending on the expertise of the examiner
and can only be reproduced individually. Functional
cross-sectional imaging is an objective method
which is gaining importance in clinical practice.
However, it is not regarded as a standard yet, as its
availability is still limited in centers around the
world and the available study results are still based
on small patient numbers. Future studies will help to
gain more evidence and increase the routine appli-
cation of functionalMRI and CT in clinical practice.

Tumorigenesis and Angiogenesis
in Pancreatic Adenocarcinoma

Pathophysiology

The underlying genetic mutations of pancreatic
tumor development can be sporadic but also part
of a familial gene mutation. In more than 90% of
tumors, an activating mutation in the KRAS gene
which is part of the mitogenic signaling is found,
additional common mutations include the p53
pathway as well as the TGF-ß pathway (Bardeesy
et al. 2002; Ahmed et al. 2002; Jonson et al. 2001).
Some of these pathways and corresponding factors
also contribute to angiogenesis (Table 1). Similar to
the tumor sequence model in colorectal cancer, a
related adenocarcinoma sequence can be observed
in PDAC. The corresponding precursor lesions are
classified by their increasing malignant character-
istics and defined as “pancreatic intraepithelial neo-
plasias” (PanIN). The higher the PanIN grade
becomes (1–3), the higher the number of mutations
that are observed. These sets of mutations correlate
with the severity of dysplastic features found in the
histological morphology (Brosens et al. 2015).
Once the threshold of invasive growth has been
reached at the end of the malignant transformation
process, the cells display an interaction with the
surrounding tissue. This is crucially important for

the understanding of the features this tumor entity
shows in terms of angiogenesis induction consid-
ering the fact that PDAC is – despite this vascular-
ization process – still found to be a hypovascular
lesion compared to healthy pancreatic exocrine
tissue (Fig. 1).

PDAC cells release growth factors such as
VEGF that bind to nearby endothelial cells and
induce a response that stimulates endothelial cells
to divide and form new blood vessels. These signal-
ing pathways consequently play a crucial role in the
possibility of PDAC to create a de novo vasculature
which is required for growth and nutritional support
of the growing tumor mass. VEGF has two func-
tions in these processes. First, it shows a paracrine
angiogenic activity and secondly a mitogenic auto-
crine activity observed. This is important for the
understanding of its central function in PDAC
growth promotion. The quantity of angiogenesis
can be measured by microvascular density (MVD).
Based on these considerations, it is not surprising
that both high VEGF expression and high MVD
count as a surrogate parameter for VEGF release
and are clinically correlated with advanced tumor
stages, a higher incidence of lymph node or distant
metastases, and a high risk of early tumor recur-
rence, all of which are factors for poor prognosis and
impaired survival in PDAC patients (Seo 2000;
Itakura et al. 1997; Fujimoto et al. 1998; Khan
et al. 2002; Linder et al. 2001; Karademir 2000;
Niedergethmann et al. 2002).

As a part of the complex of contributing factors
to the development and maintenance of pancreatic
tumors, the PDAC microenvironment also plays a

Table 1 Overview of pancreatic neuroendocrine tumors
and the corresponding symptoms, depending on the
differentiation

pNET type Typical symptoms

Gastrinoma Peptic ulcers (epigastrical pain)

Insulinoma Hypoglycemia

VIPoma Diarrhea, achlorhydria,
hypokalemia

Somatostatinoma Hyperglycemia, cholelithiasis,
steatorrhea, achlorhydria

Glucagonoma Glucose intolerance,
hypoaminoacidemia, necrolytic
migratory erythema, stomatosis
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central role. The hypovascular structure observed in
computed tomography (Megeibow 1992), and the
results of intratumoral oxygen tension measure-
ments (Koong et al. 2000) confirm the presence of
hypoxia. One factor contributing to this constant
hypoxic environment is the response of cancer-
associated fibroblasts originating from pancreatic
stellate cells and inflammatory cells (Nielsen et al.
2016; Masamune et al. 2008). These cells form a
surrounding desmoplastic tissue which leads to
gradually decreasing nourishment and oxygen satu-
ration (Vasseur et al. 2010). Consequently, these
changes serve as a stimulus for angiogenesis to
overcome the shortage in blood and oxygen supply.
Through transcription factors like the hypoxia-
inducible factors, the hypoxic stimulus is transferred
to the level of gene expression. In PDAC,
upregulation of HIF-1α mRNA expression is
found and is positively correlated to VEGF mRNA
(Buchler et al. 2003). Furthermore, the fibrous
stroma seems to cause not only a constant
intratumoral hypoxia but also a high interstitial pres-
sure interfering with drug delivery, thus resulting in
a two-front effect regarding tumor progression and
treatment (Provenzano et al. 2012).

Experimental Studies

Vascular endothelial growth factor (VEGF) repre-
sents the most important and most intensely
described molecule involved in tumor angiogen-
esis of PDAC (Itakura et al. 1997). Its essential
function in tumor growth has been recognized
more than 20 years ago (Folkman 1995;
McCulloch et al. 1995). In primary treatment-
naive PDAC samples derived from surgical
patients, Ikeda et al. (1999) could show a propor-
tion of 68% of patients who exhibited VEGF
expression and an even higher proportion of
75% for PD-ECGF expression. VEGF expression
correlated with an increase in microvessel density,
and both of these parameters were significant
prognostic factors and showed an association
with poorer survival (Karayiannakis et al. 2003).

The effect of VEGF is promoted via vascular
endothelial growth factor receptor-2 (VEGFR2)

expressed by PDAC cells. In an experimental
setting, inhibition of mRNA for this receptor
results in a downregulation of receptor expression
and can be targeted by small mRNAs interfering
with transcription factors including Sp1, Sp3, and
Sp4 that are essential for the transactivation of
mRNA that express VEGFR2 (Higgins et al.
2006).

The abovementioned second important func-
tion of VEGF as a mitogenic promoter has been
demonstrated in human PDAC cell lines by an
overexpression not only of VEGF and VEGFR
but also of their corresponding kinase mediators
KDR, MAPK, and flt-1 (Itakura et al. 1997; von
Marschall et al. 2000; Korc 2003). These effects
were found in both tumor cells as well as endo-
thelial cells and induced an uncontrolled growth
stimulation explained by this so-called autocrine/
paracrine mitogenic loop, which shows the fea-
tures of a positive feedback regulation induced
by VEGF.

Another promoter of VEGF effects is NRP-1,
originally described as a ligand for neuronal guid-
ing. The expression of this cofactor is highly
pronounced in PDAC. NRP-1 enhances the
effects of VEGF on its corresponding kinases
(i.e., MAPK) (Parikh et al. 2003). The
upregulation of NPR-1 is mediated by EGF and
can therefore be targeted by blocking EGF recep-
tors which results in a decrease in VEGF-induced
kinase activation. NPR-1 seems to be expressed in
PDAC tumor cells alone and not by endothelial
cells. It shows a positive feedback with VEGF,
also mainly produced by tumor cells, whereas the
corresponding VEGFR expression does not seem
to be located in the tumor cells, but is focused in
endothelial cells, which shows the close interac-
tion between these molecules (Li et al. 2004).

The cell adhesion molecule CD146 (MUC-18,
MCAM, Fig. 3) is a most recently identified target
in PDAC potentially interfering with tumor angio-
genesis. Especially the soluble form of CD146 has
been demonstrated to have strong angiogenic
effects by boosting endothelial progenitor cells
(Stalin et al. 2016a). This effect has been trans-
ferred to experimental studies on PDAC and the
increased tumor cell expression of CD146
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correlated well with elevated soluble CD146. Via
the binding protein angiomotin, there have been
observed angiogenic as well mitogenic effects,
suggesting a dual effect, comparable to that
described for VEGF (Stalin et al. 2016b). More-
over, targeting the soluble form by monoclonal
antibodies showed a high efficacy in terms of
decreased vascularization as well as tumor
growth.

Another novel mechanism of angiogenesis in
PDAC is the identification of miRNA involved in
tube formation and endothelial migration which
are major prerequisites for de novo vasculariza-
tion (Li et al. 2015). Specific miRNA involved in
this process have been identified. These specific
miRNAs can be inhibited by selective miRNA
inhibitors, which might be utilized for therapeutic
purposes in the future.

Besides the tumor cells – as described before –
the tumor microenvironment is an essential fac-
tor in the understanding of PDAC growth, expan-
sion, and dissemination. In an experimental
mouse study for further examination, Tsuzuki
et al. (2001a) showed that the expression of
VEGF seems to be promoted by an orthotopic
pancreatic microenvironment. VEGF-
neutralizing antibodies seem to have the capacity
to inhibit these interactions between the tumor
and the microenvironment. Regarding the extra-
cellular matrix, the impact of matrix meta-
lloproteinase 9 (MMP-9) produced by
inflammatory cells (stromal granulocytes
(PMN)) in the tumor environment seems to play
an important role (Bausch et al. 2011). MMP-9
has a direct angiogenic effect and furthermore
shows the potential to enhance VEGF-mediated
vessel growth. It has consequently been identi-
fied to be a possible therapeutic target in an
experimental setting. A combined blockade of
both, VEGF and MMP-9, in a rat model of
PDAC showed a synergistic effect of these fac-
tors and underlines the interaction of tumor and
surrounding tissue (Hotz et al. 2003). Though a
monotherapy with either of these agents resulted
in an antitumor effect, this effect was markedly
enhanced when both substance were adminis-
tered simultaneously. This approach shows that

interfering with one single substance in the cas-
cade of tumor angiogenesis may not be effective
and only targeting a combination of angiogenesis
promoters may be successful.

Tumorigenesis and Angiogenesis
in pNET

Pathophysiology

PNET are comparatively rare with an overall
percentage of 1–2% of all pancreatic tumor enti-
ties. The neoplasms arise from pancreatic endo-
crine tissue, which consists of various types of
cells and subsequent endocrine function. In 55%
of all cases, the tumors are hormonally active
(Fischer et al. 2014) and thus classified by their
hormonal function, i.e., gastrinoma, insulinoma,
glucagonoma, VIPoma, and somatostatinoma,
each of which have their very own specific clin-
ical presentation (Table 1). In pNETs, an expres-
sion of hormones that are usually not produced
by normal islet cells can be present. Some of
these hormones are gastrin, vasoactive intestinal
peptide (VIP), serotonin, growth hormone (GH),
growth hormone-releasing hormone (GHRH),
adrenocorticotropin (ACTH), corticotropin-
releasing hormone (CRH), parathyroid
hormone-related peptide (PTHrp), parathyroid
hormone (PTH), calcitonin, ghrelin, human
choriogonadotropin (hCG), or renin (Ro 2013).
Consequently 45% of all pNETs present as non-
functioning tumors. Symptoms in those cases
depend solely on location and local tumor
mass-related complications (i.e., jaundice in
case of compression of the bile duct). More
than half of all pNETs, with the exception of
insulinomas, are malignant, many of which
show a very aggressive presentation (Metz and
Jensen 2008). PNETs can develop sporadically
or – in approximately 10% of cases – can be part
of a familial genetic disease. Syndromal disor-
ders associated with pNET include MEN1, Von
Hippel-Lindau syndrome, neurofibromatosis,
and tuberculous sclerosis.
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Experimental Studies

The most frequent genetic alterations in sporadic
pNETs are found in the MEN1 gene, followed by
mutations in the alpha thalassemia/mental retarda-
tion syndrome, X-linked (ATRX), and death
domain-associated protein (DAXX) genes. The
nuclear MENIN1 protein, which is encoded by the
MEN1 gene, functions as a tumor suppressor in
most settings by coordinating chromatin remodeling
through transcription regulation. Among other func-
tions, it regulates the expression of cell cycle pro-
gression inhibitors, interacts with DNA repair
mechanisms, prevents the RAS-promoted activation
of the MAPK pathway, might be linked to the
Hedgehog pathway (Gurung et al. 2013), and in
cases of pregnancy and obesity interestingly pro-
motes proliferation of pancreatic endocrine cells
(Karnik et al. 2005; Balogh et al. 2006).

Due to progress in DNA sequencing, recently an
increasing amount of mutations in pNETs have been
discovered. Right after MEN1, the most common
mutations to be found were the alpha thalassemia/
mental retardation syndrome,X-linked gene/ATRX),
and the death domain-associated protein (DAXX)
gene (De Wilde et al. 2012). Physiologically, these
proteins are involved in determining histone deposi-
tion. Protein expression of these genes is less in
pNET with this mutation which seems to play a
role in tumor cells gaining “immortality” through
the alternative lengthening of telomeres pathway
(Heaphy et al. 2011; Capurso et al. 2015).

A higher expression and activity of the mam-
malian target of rapamycin (mTOR) which is part
of a complex pathway called PI3K/Akt/mTOR
pathway have been observed. About 14% of spo-
radic pNETs showmutations in PTEN, TSC2, and
PI3K which act upstream of this pathway (Jiao
et al. 2011). These mutations in the PI3K/Akt/
mTOR pathway have been found to play a role
in angiogenesis of pNETs and mTOR functions as
a transduction factor that regulates protein trans-
lation being associated with cell metabolism, sur-
vival, proliferation, and motility (Missiaglia et al.
2010). A correlation of a higher expression of
mTOR and p-mTOR with an increased mitotic
count, tumor size, staging, vascular invasion,
and metastasis has been established.

As endocrine glands need a well-established
vascular network for hormone secretion, well-
differentiated PNETs are highly vascularized
tumors. Thus, they can be distinguished from
PDAC by their vascularized appearance in radio-
logical imaging. Interestingly, during tumor pro-
gression, a loss of vessel density is observed – a
phenomenon called the “neuroendocrine
paradox.”

With regard to tumor grading, these pNETs are
mostly classified as “well- or moderately differen-
tiated (G1-G2),” which explains the good clinical
response to a treatment with angiogenesis inhibi-
tors. Therefore, a high microvascular density is –
in contrast to findings in many other cancers –
associated with a favorable prognosis (Couvelard
et al. 2005; Takahashi et al. 2007). In contrast, the
low vascular density in poorly differentiated
pNETs promotes tumor hypoxia and consequently
an angiogenic switch characterized by
upregulation of proangiogenic factors and
increased endothelial cell proliferation. This
results in abnormal vascular architecture similar
to PDAC findings and therefore in a poor response
to anti-angiogenics (Couvelard et al. 2008). To a
degree comparable to PDAC tumorigenesis, fac-
tors involved in pNET angiogenesis are vascular
endothelial growth factor (VEGF) and its receptor
(VEGFR) as well as the platelet-derived endothe-
lial growth factor (PDGF) and fibroblast growth
factor (FGF)(Corbo et al. 2012). VEGF-A as one
of the most potent factors for angiogenesis along
with other VEGF family members plays a role not
only in the highly vascularized character of pNET
but also in the development of normal pancreatic
endocrine cells. This factor is thought to be
also part of the switch from normal pancreatic
tissues to pNET and reversely can be blocked by
anti-angiogenic agents (Bergers 1999; Hanahan
et al. 1996).

Clinical Studies

Clinical studies on angiogenesis inhibition have
been performed in recent years for PDAC
(Table 2) as well as pNET (Table 3) with various
observations regarding the efficacy of this
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approach in terms of tumor response and patient
survival for both entities. In most of the studies for
PDAC, these approaches have been combined
with a standard chemotherapy regimen (i.e.,
gemcitabine) whereas in pNET, mainly single-
drug approaches have been chosen as no
established chemotherapy exists to date.

PDAC

Vaccination Studies

The mechanism of vaccination as an immunother-
apy using an epitope peptide for VEGRF2 as an
essential factor for tumor angiogenesis has been
investigated in a phase 1 study combined with
gemcitabine in a palliative patient collective

(Miyazawa et al. 2010). Eighteenth patients were
exposed to the vaccination peptide (subcutane-
ously) in a three-level dose-escalation protocol
(n = 6 patients per group) to assess safety and
immunological effects of this treatment. In 67% of
the patients, a temporary disease control was
observed resulting in 8.7 months of median over-
all survival. Under medium-level adverse events,
all dosages were tolerated and a successful induc-
tion of specific cytotoxic T-lymphocytes was
achieved in 61% of the study population. A
similar phase I approach investigated an oral
vaccine for VEGRF2 using a salmonella
bacteria-based expression plasmid encoding
VEGFR2 in advanced PDAC in combination
with gemcitabine (Schmitz-Winnenthal et al.
2015). Although only 3-month observation data
are available from this study, the high-dose

Table 2 Clinical studies targeting angiogenesis in pancreatic ductal adenocarcinoma

Study Phase n Substance Target Results

Miyazawa et al.
(2010)

I 18 Vaccine VEGFR2 67% temporary disease control,
8.7 m median survival

Schmitz-
Winnenthal et al.
(2015)

I 45 Vaccine VEGFR2 Reduced tumor perfusion

Yamaue et al.
(2015)

II/III 153 Elpamotide VEGFR2 No significant effect

Nukui et al. (2000) 33 IFN-α VEGF gene,
endothelial cells

84% 2-year survival, compared to
54% in controls

Knaebel et al.
(2005)

III 110 IFN-α-2b VEGF gene,
endothelial cells

No significant effect

Kindler et al.
(2005)

II 52 Bevacizumab VEGF 67% partial response/stable disease,
median survival 8.8 m

Kindler et al.
(2010)

III 535 Bevacizumab VEGF No significant effect

Van Cutsem et al.
(2009)

III 607 Bevacizumab/
erlotinib

VEGF/tyrosine
kinase

PFS longer

Rougier et al.
(2013)

III 546 Aflibercept VEGF No significant survival

Spano et al. (2008) II 103 Axitinib VEGFR No significant effect

Kindler et al. (2011) III 632 Axitinib VEGFR No significant effect

Moore et al. (2007) III 569 Erlotinib Tyrosine kinase OS 6.24 versus 5.9 m, PFS
significantly longer

Siu et al. (2006) I 42 Sorafenib VEGFR2,3/PDGF/
RAF

57% stable disease

Gonçalves et al.
(2012)

III 104 Sorafenib VEGFR2,3/PDGF/
RAF

No significant effect

Reni et al. (2013) 55 Sunitinib VEGFR/PDGFR/
kitFlt-3 receptors

PFS 22,% versus 3.6%, stable
disease 51.9% versus 21.4%

ORR Overall objective response rate, SD stable disease, PFS progression free survival
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vaccination resulted in a specific immune
response on T effector cells and a consequent
reduction of tumor perfusion as well an increase
of the anti-angiogenic markers VEGF-A and col-
lagen IV. No relevant adverse effects occurred
which underlines the safety of this potentially
effective vaccination approach.

The VEGFR2-derived epitope peptide
elpamotide represented another approach to target
tumor angiogenesis by vaccination. It was tested
for advanced PDAC on the hypothesis that induc-
tion of cytotoxic T-lymphocytes directed against
endothelial cells producing VEGFR leads to a
reduction of angiogenesis (Wada et al. 2005). A
phase I study combining elpamotide with
gemcitabine showed a prolonged survival time of
8.7 months when compared to a gemcitabine
monotherapy with 5.7 months (Miyazawa et al.
2010). This effect, however, could not be
reproduced in a following RCT, where survival
times remained unchanged (8.5. and 8.4 months,
respectively) regardless of the addition of
elpamotide (Yamaue et al. 2015).

Interferon Alpha

IFN-α as an immunomodulatory substance has
been shown to have anti-angiogenic effects and a
direct impairment of endothelial cell proliferation
and migration (Zhu et al. 2008; Indraccolo 2010).
The effects of IFN-α on the vasculature have been
mainly attributed to inhibition of VEGF gene
expression and downregulation of tumor-cell-
derived fibroblast growth factor production as
well as downregulation of IL-8. The gene expres-
sion profile induced by IFN-α in EC has recently
been defined, and it was found that several genes

encoding negative regulators of angiogenesis are
upmodulated thus providing a potential amplifi-
cation mechanism for this biological activity.

IFN-α has been clinically tested in an adjuvant
setting after potentially curative resection of PDAC
in several studies. An initial study on 17 resected
PDAC patients who received a combination
therapy of chemoradiation and IFN-α showed a
striking 84% 2-year survival compared to 54% in
a control group of 16 patients who received the
protocol without IFN-α (Nukui et al. 2000). In the
follow-up observation, a 5-year survival of 55%
and an actual 10-year survival of 20.1% were
observed (Picozzi et al. 2003; Rocha et al. 2016).
Despite these promising observational data, the
results of the protocol were not confirmed in a
phase III RCT which showed similar survival for
patients treated with or without IFN-α in an adju-
vant setting (Knaebel et al. 2005; Märten et al.
2010).

Antibodies and Targeted Proteins

Bevacizumab is a monoclonal antibody-binding
VEGF and approved for therapy in various solid
tumors including colorectal, lung, breast, and renal
cancer. In advanced PDAC, bevacizumab combined
with gemcitabine was tested in an early phase II trial
with 52 patients (Kindler et al. 2005). Based on the
results of this study with a partial response or stable
disease in 67% of the patients and a median survival
of 8.8 months, further phase III studies were
conducted. In a large RCT comparing bevacizumab
and gemcitabine versus gemcitabine alone,
535 patients were included to confirm the results
of the phase I trial (Kindler et al. 2010). Despite the
encouraging results observed in the pilot setting, this

Table 3 Clinical studies targeting angiogenesis in pancreatic neuroendocrine tumors

Study Phase n Substance Target Results

Faivre et al. (2006) I 28 Sunitinib Tyrosine
kinase

Intratumoral necrosis

Kulke et al. (2008) II 66 Sunitinib Tyrosine
kinase

ORR16.7%, SD68%, 1 year–survival 81.1%

Raymond et al.
(2011)

III 340 Sunitinib Tyrosine
kinase

PFS 11.4 m versus 5.5 m, ORR 9.3% versus
0%

ORR Overall objective response rate, SD stable disease, PFS progression free survival
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RCT failed to confirm the efficacy of bevacizumab,
and the addition of this antibody resulted in
5.8monthsmedian survival compared to 5.9months
in the control arm and an increase rate of adverse
events. In addition, bevacizumab was not beneficial
when added to a combination therapy of
gemcitabine and the tyrosine kinase inhibitor
erlotinib in another RCT including 301 and
306 patients, respectively (Van Cutsem et al.
2009). Consequently, PADC therapy with
bevacizumab has been omitted in recent years.

Aflibercept represents an anti-angiogenic
fusion protein with antibody properties targeting
and inactivating VEGF. Adopted from ocular vas-
cular proliferative diseases, this protein was con-
gruently tested in PDAC in a RCT with the
inclusion of 546 patients (Rougier et al. 2013) as
an addition to gemcitabine but failed to increase
progression-free or overall survival and was in
addition burdened by an increased rate of adverse
events which finally led to a premature study
termination and the omission of this approach.

Axitinib as an oral, potent, and selective
VEGFR inhibitor (Hu-Lowe et al. 2008) had
shown promising results in a randomized phase
II study of 103 patients with locally advanced and
metastatic PDAC with an improvement in median
overall survival and a greater 1-year survival
when combined with gemcitabine versus
gemcitabine alone (Spano et al. 2008). Based on
these results, it was tested in a larger phase III
study on 632 patients in a RCT setting (Kindler
et al. 2011). This study failed to confirm the ben-
efit and showed similar survival for both patient
groups and increased adverse events.

Kinase Inhibitors

The EGF receptor selective tyrosine kinase inhib-
itor erlotinib as another approach aiming at angio-
genesis inhibition in PDAC was introduced in the
palliative setting after a phase II RCT including
569 patients (Moore et al. 2007). However,
though statistically significant, the combination
of erlotinib with gemcitabine added 0.3 months
to the median survival when compared to
gemcitabine alone. Although the overall effect of

erlotinib was disappointing, the clinical observa-
tion showed that a subgroup of patients had a
much more pronounced survival benefit when a
significant cutaneous rash occurred. To further
elucidate this unexpected observation, an analysis
of the KRAS and EGFR gene mutation status was
performed under the hypothesis of specific
genetic variants determining the response to
erlotinib (da Cunha et al. 2010). No specific pro-
gnostically significant mutation could be identi-
fied in this study. A retrospective tissue analysis
from another study showed that KRAS wild-type
patients had the best prognosis when treated with
erlotinib (Boeck et al. 2013). A valuable
pre-therapeutic marker to define this subgroup
has not yet been established, and the impact of
erlotinib has rapidly decreased in the clinical set-
ting today.

Sorafenib is a multi-targeted protein kinase
inhibitor directed at VEGFR2 and 3 as well as
PDGF and RAF kinase and shows anti-angiogenic
properties in addition to antiproliferative effects
(Wilhelm et al. 2004). Based on experimental data,
a phase I study was conducted which showed stable
disease in 57% of PDAC patients when combined
with gemcitabine (Siu et al. 2006). A consecutive
phase III study could not confirm these observations
in a 104-patient collective (Gonçalves et al. 2012).
In this RCT, neither response rates nor progression-
free or overall survival (9.2 vs. 8 months, respec-
tively) showed a superiority of sorafenib in compar-
ison to gemcitabine monotherapy.

Sunitinib is another multi-targeted kinase inhib-
itor aiming at VEGFR, PDGFR, KIT, and Flt-3
receptors that are overexpressed in PDAC and there-
fore represent a therapeutic aim. An RCT investi-
gated its effect as a maintenance therapy in
55 PDAC patients after 6 months of an initial che-
motherapy followed by 3 months of sunitinib appli-
cation (Reni et al. 2013). The anti-angiogenic
therapy resulted in an improvement of progres-
sion-free survival (22.2% vs. 3.6%) and more
patients with stable disease (51.9% vs. 21.4%).
Although not statistically significant, overall 2-year
survival showed promising outcomes as well
(22.9% vs. 7.1%)whichmight qualify this approach
of maintenance therapy for further clinical applica-
tion in the future.
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An important clinical aspect with regard to both,
sorafenib and sunitinib, is the observation of drug-
related mortality. A current meta-analysis on this
adverse effect including more than 14,000 patients
from 41 studies on tyrosine kinase inhibitors for
various solid tumors could show a 1.9% risk of
treatment-related death (Hong et al. 2014). Espe-
cially when combined with chemotherapy, the risk
for cardiovascular failure or thromboembolic events
may be increased by tyrosine kinase inhibitors
which this must be carefully weighed against the
benefit of these drugs.

Overall, the pathway of angiogenesis inhibi-
tion in clinical PDAC therapy has led to mainly
disappointing results with regard to approaches
using antibodies or targeted proteins except for
tyrosine kinase inhibitors that seem to be useful
for selected subgroups of patients. The approach
of active vaccination may be promising but needs
to be evaluated in further phase II and III studies.

PNET

Kinase Inhibitors

In contrast to PDAC, in pNET therapy, sunitinib
therapy has gained a much more important signifi-
cance during the last decade. In an initial phase I
study including 28 patients with various malignan-
cies, a potent antitumor activity under sunitinib ther-
apy was shown, characterized by radiological
response and especially the development of
intratumoral necrosis which underlines the anti-
angiogenic effect with a consecutive decrease of
vascularization which could be confirmed by imag-
ing modalities in this study (Faivre et al. 2006).

Based on the clinical benefit observed in this
study, a consecutive phase II trial on pNET was
conducted (Kulke et al. 2008). In 66 patients with
advanced pNET, the objective response rate was
16.7% with 56.1% of patients showing stable
disease for more than 6 months with a 1-year
survival of 81.1% without relevant clinical side
effects. To evaluate these observations in a
phase III, a large international double-blind RCT
compared sunitinib to placebo in patients with

well-differentiated PNET who had radiological
evidence of tumor progression (Raymond et al.
2011). The trial was designed to show a 50%
improvement of progression-free survival, and
340 patients were intended for inclusion on this
statistical basis. As a higher occurrence of deaths
and serious adverse events in patients receiving
placebo was observed, the trail was stopped ear-
lier. At that point of time, progression-free sur-
vival in patients receiving sunitinib was more than
double the progression-free survival in the pla-
cebo group. In addition, an improved overall sur-
vival as a secondary end point provided additional
evidence of the efficacy of sunitinib in pNET
therapy. Similar to the radiological observations
in the phase 2 study, patients showed a high pro-
portion of changes toward hypodense lesions in
CT scans of the primary tumor as well as liver
metastases which can be regarded as tumor necro-
sis and underlines the mechanisms of antitumor
activity on the basis of anti-angiogenesis.

On the basis of these data, FDA and EMA
approvals have been obtained for sunitinib in
advanced pNET, and the current ENETS guide-
lines have included the recommendation for this
therapy as a second- or third-line therapy and also
allow the consideration of this approach in the
first-line setting when an alternative treatment
with somatostatin analogues, chemotherapy,
and/or locoregional therapies are not feasible or
promising (Falconi et al. 2016).

The efficacy of sunitinib in advanced pNET
appears to be similar regardless of preceding che-
motherapy or somatostatin analogue treatment
which underlines the impact of anti-angiogenesis
as a specific and successful therapeutic approach
in the distinct tumor entity.

Future Directions

To improve the outcome of patients suffering from
PDAC as a highly lethal disease, an interdisciplin-
ary approach is necessary to improve screening
tools and develop potentially new diagnostic
methods for early detection as well as innovative
systemic therapies, including approaches of
targeted and personalized oncological therapy.
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Anti-angiogenic therapies as targeted approaches
currently show a diverse range of results in PDAC
depending on individual patient factors and sup-
posed subtypes of cancer, which are not
completely defined to date. Though promising
experimental and phase I studies in PDAC suggest
a potential role of anti-angiogenics, phase II/III
study has failed to show a significant impact on
disease control or survival for all patient, and only
subcollectives of patients may benefit from such
approaches. Thus, new directions, including vac-
cination, immunomodulation, or specific anti-
angiogenic antibodies have to be adopted to
meet individual patient characteristics. This adop-
tion could be based on specific genetic profiling
(i.e., as shown for the kinase inhibitor erlotinib
(da Cunha et al. 2010) or for the efficacy of adju-
vant chemotherapy in the ESPAC trials
(Greenhalf et al. 2014)). However, these specific
approaches are not introduced into clinical routine,
and more research needs to be conducted to deter-
mine respective subgroups and thereby improve
efficacy of individual screening and personalized
cancer therapy in which future anti-angiogenic
approaches could play an important role.
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