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proliferation. Interestingly, given its role as a guidance molecule, it is also a 

potent mediator of cellular repulsion. All three of these effects will be analyzed in 

the context of this study.  

 

Methods  

 Syngeneic pancreatic cancer cells were injected orthotopically in two 

separate groups of mice. One group involved the use of transgenic Nrp2-/- mice, 

and served as a way to analyze the absence of the receptor on the vasculature 

and how that affects the growth of the primary tumor and the formation of 

metastases in the liver. The other group received intravenous injections of 

SEMA3F-expressing and control adenovirus, and served to explore the effect of 

SEMA3F as a potential therapy against the growth of the primary tumor in the 

pancreas and distant metastases in the liver.   

 

Results 

 We observed a decrease in pancreatic tumor and metastatic growth in the 

absence of Nrp2 in our transgenic mouse model compared to the WT control. 

Mice injected with SEMA3F-expressing adenovirus also showed a decrease in 

primary tumor growth as well as a reduction in the formation of metastases in the 

liver compared to the control.  
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Conclusion 

 Nrp2 mediates angiogenesis in pancreatic cancer, which facilitates the 

growth of the primary tumor as well as the formation of metastases. Our results 

indicate that the anti-angiogenic, anti-proliferative and repulsive actions of 

SEMA3F could be used to develop an effective treatment option for pancreatic 

ductal adenocarcinoma.  
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INTRODUCTION 

 

The goal of this thesis project is to analyze the role of a transmembrane  

receptor called neuropilin 2 on pancreatic cancer cells and other cells within the 

tumor microenvironment. The experiments performed in this study were aimed at 

analyzing the role of neuropilin 2 as a mediator of primary tumor growth and 

metastases formation, as well as finding a potential anti-cancer therapy by 

targeting it with an endogenous inhibitor. This introduction section provides 

background information on the various topics that are relevant to this project and 

describe its scientific and historical context.  

 
 
Angiogenesis:  
 

A functional vasculature is essential to ensure the adequate delivery of 

nutrients and oxygen to living and growing tissues. Unsurprisingly, the 

vasculature is one of the first systems to develop in embryogenesis (Adams and 

Eichmann 2010).The formation of a functional circulatory network during 

embryonic development is referred to as vasculogenesis, a process that relies on 

the migration and differentiation of endothelial precursor cells called angioblasts.  

Angioblasts move towards the center of the trunk to form the intermediate cell 

mass (Gering et al. 1998). Here, they form a primitive vascular plexus that 

undergoes a series of structural and morphological changes that lead to the 

formation of a functional vascular system, which is lined by endothelial cells (EC). 



!

2 

The spontaneous accumulation of EC at the intermediate cell mass 

(vasculogenesis) eventually results in the formation of the cardinal vein and the 

aorta, the first vein and first artery, respectively. Arterio-venous differentiation 

occurs before the formation of the heart and is guided by the differential 

expression of specific genes. 

The first genes to have been identified that are involved in vasculogenesis 

are receptor tyrosine kinases called Eph receptors and their ligands, ephrins 

(Hirai et al. 1987). Upon binding to ephrins, Eph receptors can mediate changes 

in the cytoskeletal dynamics of a cell, resulting in either attraction, repulsion or 

migration (Poliakov et al. 2008).  Given their ability to coordinate cellular 

interactions, ephrins are important mediator of morphogenesis during embryonic 

development. Interestingly, Eph/ephrin interactions are involved in the guidance 

of axons and the formation of synapses in the developing nervous system, much 

like semaphorin proteins, which will be discussed in great detail below (Villar-

Cerviño et al. 2013). 

In zebrafish it has been shown that the expression of EphB4 expressing, 

venous-fated endothelial precursor cells are repelled from ephrin B2-expressing, 

arterial-fated endothelial precursor cells and are therefore very likely to be 

implicated in the formation of the cardinal vein and the dorsal aorta (Herbert et al. 

2009). On embryonic day 9, the proepicardial layer of the developing heart, 

connects to the developing vascular plexus (Poelman et al. 2002).  
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The initiation of blood flow induces the expression of genes that 

orchestrate the remodeling of primitive vessels in order to induce the formation of 

a unidirectional, hierarchically organized vascular network. The morphological 

differences between veins and arteries are representative of the hemodynamic 

load that they have to carry. Indeed, as a general rule, arteries are surrounded by 

layers of smooth muscle and a specialized matrix, which allows them to 

withstand high pressures. Veins, on the other hand, are thinner and often lack 

the extensive muscular layers of arteries, which makes them more compliant and 

in turn renders them more suitable for storage of large blood volumes at lower 

pressures (Gaengel et al. 2009).    

Angiogenesis is different from vasculogenesis, in the sense that it 

describes the sprouting of new vessels from pre-existing ones. Endothelial cells 

are mostly quiescent during adulthood and proliferate primarily to allow the 

growth of certain tissues, such as wound healing, pregnancy or menstruation 

(Kerr et al. 2016). As a tissue grows, the proliferating cells progressively distance 

themselves from the vasculature, until they exceed the diffusion limit of oxygen 

which is about 100 to 200 um (Lovett et al. 2009). At this point, the onset of 

hypoxia causes the release of hypoxia-inducible transcription factors, which 

initiate the release of multiple growth factors (Krock et al. 2011). The latter 

orchestrate the complex mechanism of sprouting angiogenesis, a tightly 

regulated and sequential process consisting of very specific events.  
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The first step in sprout formation is the degradation of the basement 

membrane and the detachment of mural cells that wrap around the endothelial 

cells (Hinsbergh and Koolwijk 2008). Matrix metalloproteases contribute to the 

degradation of the surrounding matrix and promote the release of proangiogenic 

factors (Bergers et al. 2000). The detachment of mural cells on the other hand is 

mediated by angiopoietin-2 (Thurston et al. 2000). 

Next, tip cells, which as their name implies are located at the tip of the 

sprout, as well as stalk cells, which make up the rest of the newly formed sprout, 

are selected through complex signaling pathways (Gerhardt et al. 2003). 

Gradients of various pro-angiogenic growth factors guide the the tip cell into an 

area of the tissue that requires additional perfusion. Interestingly, tip cell 

proliferation shares some of the features of neuronal patterning and the guidance 

mechanism of both processes relies on the use of similar molecules (Adams and 

Eichmann 2010). 

The next step revolves around tube and branch formation, functions that 

are carried out primarily by the stalk cells. Fusion of the filopodia that project 

stalk cells allows them to coalesce and form a tubular structure with a lumen 

(Tung, et al. 2012). Following the formation of a tube with a lumen, two tip cells 

from two separate sprouts need to come in contact and undergo anastomosis 

(Fantin et al. 2010). Finally, the newly formed vascular loop undergoes a 

maturation process revolving around the recruitment of mural cells and pericytes 

(D’Amore et al. 1996). 
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In summary, the process of angiogenesis is a tightly regulated event that 

results in the formation of new vascular sprouts from pre-existing blood vessels. 

Each organ has specific microvessel densities that satisfy the tissues within it. In 

adults, endothelial cells are mostly quiescent and only proliferate during certain 

events during which the adequate perfusion of a tissue needs to be maintained, 

such as wound healing, menstruation and pregnancy. The deregulation of 

angiogenesis in pathology is highly problematic and will be discussed in further 

detail below.   

 

Angiogenesis: Pathology 

As previously discussed, angiogenesis is a tightly regulated physiological 

process that promotes the formation of new blood vessels from preexisting ones, 

usually in order to ensure the adequate perfusion of a growing tissue. Another 

form of tissue growth is cancer, which is defined by the uncontrolled proliferation 

of cells. In the early 1960’s, Dr. Judah Folkman, who is widely recognized as the 

founder of the field of angiogenesis research, recognized that tumors were well 

perfused with blood vessels, which had sprouted from the healthy surrounding 

tissue into the growing neoplastic mass. He recognized that in-vitro tumors were 

incapable of growing beyond a size of 2mm in diameter if they did not receive 

adequate blood supply from vessels (Folkman et al. 1963). However, upon 

implanting these tumors into mice, they quickly became vascularized and grew to  

sizes that exceeded 1cm3.  
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The decades of research that followed this discovery revealed that there a 

several major differences between pathologically and physiologically regulated 

angiogenesis, the most striking one being the morphological and structural 

abnormalities of unhealthy vessels (Nagy et al. 2009). The precise molecular 

gradients that normally guide the sprout in a very specific direction are replaced 

by the chaotic release of large quantities of pro-angiogenic molecules, primarily 

the vascular endothelial growth factor A (VEGF-A). 

For example, malignant tumorigenesis is often accompanied by 

inflammation and hence the uncontrolled release of potent molecules that 

promote blood vessel proliferation (Schoppmann et al. 2002). As a consequence, 

tumor vessels are tortuous and crooked, often disrupting or even obstructing 

blood flow. The resulting deficit in tissue perfusion often causes tumors to contain 

large areas of necrotic tissue, which is correlated with a poor prognosis in certain 

types of cancer (Edwards et al. 2003). 

The continuous release of angiogenic stimulators from the tumor also 

induces a number of structural issues, such as the constant breakdown of the 

basement membrane (Baluk et al. 2003). As previously discussed, the 

degradation of the basement membrane is essential to allow the formation of a 

sprout during physiological angiogenesis. But the persistent remodeling of the 

basement membrane in cancer severely undermines the structural integrity of 

blood vessels.  
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Furthermore, the contact between pericytes and endothelial cells, which 

under physiological conditions promotes stability in healthy tissues, is absent in 

tumor vessels (Abramsson et al. 2002). The detachment of pericytes is even 

thought to promote the development of cancer (Hosaka et al. 2016).  But the 

structural deficits of tumor vessels have another, considerably more dangerous 

consequence.  

The absence of pericytes, mural cells and a continuous basement 

membrane results in the loss of a physical barrier which under normal conditions, 

restricts the access to the blood stream. The large density of vessels lined with a 

thin basement membrane in a tumor statistically increases the chance of 

malignant cancer cells penetrating the vasculature and migrating to a distant site 

(Chang et al. 2000). In other words, a greater amount of structurally unsound 

blood vessels correlates with an increased incidence of metastases (Weidner et 

al. 1991). 

The correlation between angiogenesis and the increased incidence of 

metastasis is also illustrated by the fact that tip cells promote the synthesis of 

metalloproteases that break down the matrix and thereby facilitate the escape of 

motile neoplastic cells through the vasculature. In conclusion, pathological 

angiogenesis is detrimental for three major reasons. First and foremost, the 

proliferation of angiogenic sprouts into the tumor allow it to grow. Next, the rapid 

expansion of the vasculature is poorly regulated and leads to abnormal blood 

flow, which in turn causes the appearance of necrotic areas within the tissue. 
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Finally, and perhaps most importantly, pathological angiogenesis is correlated 

with the dissemination of cancer cells into the blood stream, a process called 

metastasis, which significantly worsens the prognosis. The concept of metastasis 

will be explained in greater detail in the following sections. 

 

Angiogenic Regulators 

Physiological angiogenesis is directed by the release of several pro-

angiogenic molecules, which include growth factors, chemokines and enzymes. 

The most relevant and important candidates from this list will be discussed in this 

section. Vascular endothelial growth factor A (VEGFA) is undoubtedly the most 

famous of all angiogenic regulators. In 1983, Dr. Harold Dvorak isolated and 

identified a soluble peptide which he named vascular permeability factor, due to 

its potent permeabilization effect on blood vessels, as its name would suggest 

(Dvorak et al. 1983). The molecule was renamed VEGF and is now known to 

orchestrate a wide variety of vascular-related events. Its presence is so important 

for the formation of a functional vascular system that heterozygous knockouts are 

embryonically lethal at E8 (N. Ferrara et al. 1996).  

Alternative splicing of VEGF mRNA leads to the formation of a multitude of 

variants, each of which demonstrates specific binding affinities and biological 

properties (He et al. 1999). The most common one, VEGF165, is pro-angiogenic 

and plays a crucial role in endothelial cells proliferation during development and 

adulthood. It contains a binding site for a family of glucosaminonglycan 
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molecules, including heparin and heparan sulfate (Zhao et al. 2012). As a 

consequence the secretion of VEGF from a point source within a tissue will 

cause the growth factor to bind these polysaccharides, leading up to the 

formation of a gradient, in which the greatest concentration of VEGF is found 

closest to the source from which it was released, as depicted in Figure 1 

(Gerhardt et al. 2003).  

 

Figure 1: Formation of a new vessel sprout. The formation of a VEGF gradient 
from a point source guides the direction in which the blood vessel sprout 
proliferates. Bielenberg et al., unpublished. 

The gradient allows the precise guiding of the angiogenic sprout towards 

the area of the tissue that requires perfusion. Given that many neoplastic cells 

secrete large quantities of VEGF (amongst other growth factors)  in a tumor, the 
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precise guiding of the tip cells is replaced by the chaotic proliferation of 

endothelial cells in multiple directions, leading up to the formation of tortuous and 

malformed vessels, as described in previous sections (Dvorak et al. 1983, 

Aaronson 1991).  

Like any regulated biological process, angiogenesis is also controlled by 

endogenous inhibitors. Dr. Judah Folkman and Dr. Bruce Zetter discovered that 

interferon inhibits the proliferation of the tumor stimulated endothelial cells 

(Brouty-Boyé and Zetter 1980). Another endogenous inhibitor of angiogenesis is 

thrombospondin, a secreted glycoprotein that was discovered by Dr. Jack Lawler 

(Lawler, Slayter, and Coligan 1978). The pro-apoptotic role of thrombospondin is 

essential to induce the remodeling of the vascularization and keep the 

proliferation of blood vessels in check (Mirochnik, Kwiatek, and Volpert 2008).  

However, in the context of this thesis, the most relevant endogenous inhibitor of 

vascular proliferation is undoubtedly semaphorin3F (SEMA3F). This secreted 

protein is part of a vast family of molecules, with very diverse biological functions, 

ranging from nerve guidance to the regulation of angiogenesis. Semaphorins will 

be discussed in much greater detail in subsequent sections.  

 

In summary, the process of endothelial proliferation is a precisely orchestrated 

mechanism, guided by the secretion of pro and anti-angiogenic molecules. The 

homeostatic balance of these factors is lost in disease states like cancer, leading 

to the formation of tortuous vessels. As a consequence, as Dr. Judah Folkman 
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recognized many decades ago, the endogenous orchestrators of angiogenesis 

can be targeted to inhibit the growth of tumors and their dissemination to distant 

sites. The concept of anti-angiogenic therapies will be discussed in further detail 

in the next section. 

 

Anti-Angiogenesis in Cancer  

Considering that angiogenesis is indispensable for the growth and 

dissemination of tumors, there is great incentive in developing anti-angiogenic 

therapies to combat cancer.  Dr. Judah Folkman came to this realization more 

than 40 years ago when he pioneered the field of angiogenesis research. Dr. 

Folkman’s philosophy is based on a number of assumptions that have stood the 

test of time and are still valid to the process of anti-angiogenic drug development. 

Based on the failures and limitations of previous cancer chemotherapeutics, he 

knew that drugs should not be designed to target the tumor cell itself. Indeed, 

due to frequent mutations, cancer cells are likely to develop chemotherapeutic 

resistance mechanisms, thereby rendering certain treatment options ineffective 

(Housman et al. 2014). On the other hand, the chances of such mutations 

occurring spontaneously in healthy, non-neoplastic tissue such as the 

endothelium, is virtually zero. As a consequence, anti-angiogenic therapies 

should target endothelial cells in order to limit the growth of tumors, while 

avoiding the development of drug resistance. 
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Figure 2: Timeline of antiangiogenic drug discoveries from the Folkman 
lab. Discovery of anti-angiogenic molecules between 1980 and 2005. 
 

This concept explains the failure of perhaps the most widely known anti-

angiogenic therapy, namely bevacuzimab, a monoclonal antibody directed 

against the most important and famous promoter of angiogenesis, VEGF-A. 

While bevacizumab showed great potential during the clinical trials prior to its 

approval by the FDA in 2004, its use remains limited for certain types of cancers 

and overall, the results have fallen short of its expectations (Vasudev et al. 

2014).  

Speculation about the shortcomings of bevacizumab raised a number of 

questions. Perhaps there are severe limitations in mouse xenograft models, the 

likes of which depicted bevacizumab as a wonder drug during preclinical trials 

(Kim et al. 1993). Others would argue that the flaw lies within the idea that this 

monoclonal antibody is directed against VEGFA, a growth factor produced in 

abundance by the tumor cells. Therein lies the true weakness of bevacizumab, 

namely the fact that it is directed against an element of the disease that the 

tumor can evade through mutation and adaptation, thereby violating one of the 

cardinal rules of anti-angiogenic drug development according to Dr. Folkman.  
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However, an excess of 40 years of angiogenesis research have not culminated 

into the development of a single drug.  

The failure of bevacizumab to live up to its expectations should not be 

perceived as the collective downfall of this particular field of research. There are 

multiple endogenous inhibitors of endothelial cells that have yet to be fully 

explored, all of which could potentially fulfill Dr. Folkman’s true vision of anti-

angiogenic therapy. One of those inhibitors will be the main focus of this thesis 

project and will be introduced in greater detail below. 

 

VEGF Receptors 

The vascular endothelial growth factor receptors 1,2 and 3 (VEGFR1,2,3), 

as their names indicate, are primarily involved in regulating angiogenesis (Dvorak 

2002). VEGFR1 and 2 are composed of seven extracellular immunoglobulin 

domains whereas VEGFR3 only has six, but all of them include a single 

transmembrane domain. The intracellular part of the proteins contains a tyrosine 

kinase domain and as a consequence, VEGFRs are considered a part of the 

receptor tyrosine kinase (RTK) family of molecules (Muller et al. 1997). Upon 

binding to their ligand, RTK’s form homo-or hetero-dimers. This conformational 

change allows the phosphorylation of the cytoplasmic tyrosine residues on the 

receptors, a crucial step in signal transduction (Hubbard and Miller 2007). 

Differential expression of these receptors, as well as different binding 

affinities for a variety of VEGF-associated family members during development 
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and adulthood illustrates their respective importance as mediators of pathological 

and physiological angiogenesis. For example, VEGFR1 preferentially binds 

VEGF-A, VEGF-B and placenta growth factor PGF, whereas VEGFR2 binds 

VEGFA, cleaved VEGFC, cleaved VEGFD and VEGFE (Napoleone Ferrara, et 

al. 2003). VEGFR3 on the other hand only binds VEGFC and VEGFD. 

Furthermore, VEGFR1 is expressed on endothelial cells, macrophages, 

osteoblasts, renal mesangial cells and hematopoietic stem cells. The distribution 

of VEGFR2 overlaps somewhat with that of VEGFR1, but it is also found on 

neuronal cells and megakaryocytes. 

In terms of angiogenesis, the most important interaction occurs between 

VEGFA and VEGFR2. It leads to the migration and proliferation of endothelial 

cells by signaling through AKT or ERK (Dellinger and Brekken 2011). VEGFR1 

on the other hand is now thought to act as a decoy receptor, meaning that it is 

capable of binding VEGF isoforms, but lacks the ability to activate a signaling 

pathway (Meyer, et al. 2006). 

The distinguishing feature of VEGFR3 is its abundance in lymphatic 

endothelial cells (LEC), illustrating its role in lymphangiogenesis and mediating 

certain immune functions. VEGFR3 controls the proliferation of LEC primarily by 

binding VEGFC and its importance in maintaining a healthy lymphatic system is 

perhaps best illustrated by the fact that some patients suffering from primary 

lymphedema carry a missense mutation in the gene that encodes the receptor 

(Karkkainen et al. 2000). VEGFR3 is primarily expressed on sinusoids in the liver 
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and on lymphatics, but is otherwise absent in the rest of the body (Tanaka and 

Iwakiri 2016). 

 

Neuropilin Structure 

There is another class of VEGF binding molecules, other than the 

traditional RTK like VEGFR called neuropilins (NRP). NRP1 and NRP2 are 

transmembrane proteins that were discovered by Fujisawa and Chen, 

respectively, as mediators of neuronal development in embryos (Fujisawa et al. 

1998, Chen et al. 1997). The role of Nrp1 in vascular biology was quickly 

established after transgenic (overexpression) and knockout (deletion) mice 

showed dramatic vascular defects with embryonic lethality (Kitsukawa et al. 

1995, Kawasaki et al. 1999). Nrp2 knockout mice showed defects in lymphatic 

vessel sprouting (Yuan et al. 2002, Xu et al. 2010).  

In humans, NRP1 maps to chromosome 10, and NRP2 maps to 

chromosome 2 (Rossignol et al. 2000). Both NRPs have a similar size and 

structure with greater than 44% homology. The transmembrane receptors are 

130 kDa and made up of five extracellular domains (a1, a2, b1, b2, c), a 

transmembrane domain and a small intracellular cytoplasmic domain (reviewed 

by Bielenberg et al. 2006).  

There is only one NRP1 receptor isoform, whereas there are two NRP2 

isoforms called NRP2a and NRP2b. The C-terminal 3 amino acids of NRP1 and 
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NRP2a are identical (S-E-A) and confer binding to the PDZ-domain in synectin, a 

cytoplasmic scaffolding protein (Tao et al. 2003, Cai et al. 1999). 

NRP2b has a shorter cytoplasmic region that lacks the synectin-binding motif. 

Soluble versions of the two receptors are the result of naturally-occurring splice 

variants, consisting only of the extracellular ligand-binding a1a2 and b1b2 

domains. The soluble proteins act as antagonists to their transmembrane 

counterparts (Gagnon et al. 2000, Panigrahy et al. 2014). 

 

Neuropilin Ligands and Signaling 

NRP1 and NRP2 differ in their expression pattern and their affinity for 

various pro-angiogenic VEGF family members. NRP1 preferentially binds to 

VEGFA, B, or E and PGF2. NRP2, on the other hand, binds VEGFA, C, or D and 

PGF2 (Klagsbrun et al., Mamluk 2002, Favier et al. 2006). The short intracellular 

domain of NRPs make them incapable of signaling on their own after binding 

VEGF, which means that NRPs have to form a complex with other 

transmembrane receptors. As a consequence, upon binding to the b1/b2 region 

of NRPs, VEGFs create a bridge between the NRP and VEGFR (Soker et al. 

1998). The domain of VEGFA that is encoded by exon 4 binds to VEGFR2, while 

the domain that binds NRP1/2 is encoded by exon 7 (Soker et al. 2002).  

VEGF is capable of signaling through VEGFR in the absence of NRP, but 

it has been shown that the NRP/VEGFR complex increases the affinity of 

VEGFR for its ligand and holds the complex on the cell surface and endosome 
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longer, thereby increasing the degree of phosphorylation of the tyrosine kinase, 

which itself leads to an increase in the intensity of the pro-angiogenic signal.  

NRPs also bind a family of secreted guidance proteins called class 3 

semaphorins (SEMA3), which consists of SEM3A, B, C, D, E, F, and G as 

reviewed by Gaur et al. (Gaur et al. 2009).  

SEMA3s were initially named collapsins, due to their role as axonal 

guidance molecules and their ability to collapse the growth cone on the end of 

the axon (Kolodkin, Matthes, and Goodman 1993a). In contrast to VEGF, binding 

to SEMA3s occurs at the NRP a1a2 and b1 domain, thereby partially overlapping 

with the VEGF binding region, b1b2 (Miao et al. 1999). NRP1 has a greater 

affinity to SEMA3A than does NRP2, whereas NRP2 preferentially binds 

SEMA3F over NRP1 (Roman J. Giger et al. 1998).  
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Figure 3: Neuropilin 2 structure and ligands. VEGF binds neuropilin 2 and 
forms a bridge with VEGFR. Class 3 semaphorins bind neuropilin 2 and allow the 
formation of a complex with a plexin. Bielenberg et al., unpublished.  
 
 

In the case of SEMA3s, a complex is formed between the SEMA3, NRP,  

and another group of transmembrane receptors called plexins. Plexins are large 

transmembrane proteins that contain a “sema” domain in their extracellular 

region and a large cytoplasmic domain which includes protein binding regions 

and a GTPase activating protein (GAP) domain.  

Plexin A (1-4) and Plexin B (1-3) proteins are known to interact with NRP, 

but the exact singling mechanism has not been worked out for each protein-

protein interaction (Tamagnone et al. 1999). Furthermore, plexins lack kinase 
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activity but they are capable of associating with RTKs (Giordano et al. 2002). 

However, one of these receptor-ligand interactions, is quite well studied, namely 

the one between SEMA3F and PlexinA1. SEMA3F binds NRP2, allowing it to 

form a complex with PlexinA1. This complex then attracts the Abl2 tyrosine 

kinase, which activates p90rhoGAP, causing the inhibition of RhoA. Given that 

RhoA is a small GTPase, the conversion of GTP to GDP is blocked, ultimately 

leading to the depolimerization of f-actin, as depicted in Figure 4 (Nakayama et 

al. 2015). Depolymerized actin is associated with a reduction in migratory activity 

in both endothelial and tumor cells (Shimizu et al. 2008).  

 

 

 

Figure 4: Signaling cascade resulting from SEMA3F/NRP2/Plexin A1 
complex formation. Activation of ABL2 inhibits p190RhoGAP, which ultimately 
leads to the depolimerization of actin. The collapsed scaffold within the cell 
prevents it from migrating or dividing. Bielenberg et al., 2015.  
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SEMA3F can also signal through another pathway, which leads to the inhibition 

of the AKT and mTOR pathways, particularly in endothelial cells. The exact 

details of the pathway remain unclear, but the effects on the cell’s ability to 

migrate is indisputable (Nakayama et al. 2015). 

As mentioned above, the binding regions of class 3 semaphorins and 

vascular endothelial growth factor overlap on NRP. This is true for both 

SEMA3A/VEGF on NRP1 and SEMA3F/VEGF on NRP2. Furthermore, SEMA3F 

and VEGF bind NRP2 with very similar affinities. As a consequence, there is 

competition between the two molecules and binding to NRP2 is almost 

exclusively dictated by concentration (Geretti et al. 2007). Interestingly, both 

class 3 semaphorins and vegf isoforms will bind heparin sulfates on the cell 

surface. The binding to these glycosaminoglycans facilitates protein interactions 

and helps sustain the resulting signaling cascade (Krilleke et al. 2007).   

Given these observations, there is one important conclusion to draw from 

the competitive nature of these two ligands, if one is to exploit the anti-angiogenic 

effects of SEMA3F for therapeutic purposes. While SEMA3F inhibits the 

proliferation of endothelial cells by forming a complex with NRP2 and PlexinA1, it 

does not affect the binding of VEGF to VEGFR2. This is a considerable 

disadvantage to other potential therapeutic options that are much more efficient 

at negating the pro-angiogenic effects of VEGF, such as bevacuzimab, a 

neutralizing antibody. 
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However, as previously discussed, VEGFA failed to deliver on its 

promises, mainly because it targets a growth factor that is produced in 

abundance by the tumor cells, which due to frequent mutations, are able to 

eventually adapt and evade the effects of the drug. On top of being more in line 

with Dr. Folkman’s philosophy on anti-angiogenic drug development, SEMA3F 

offers another very appealing quality, namely its ability to mediate repulsion. The 

repulsive abilities of SEMA3F will be discussed in greater detail in the following 

section.  

 

SEMA3F and Repulsion 

Due to their ability to induce the collapse of an axonal growth cone, class 

3 semaphorins were initially almost exclusively studied as neuronal guidance 

molecules (Kolodkin, et al. 1993b). Their role as molecular guides implies that 

the direction from which they are secreted matters greatly. During development 

for example, NRP2-expressing neural crest cells migrate in a precise pattern 

along the somites, depending on the presence or absence of SEMA3F (Gammill 

et al. 2006). These results were also observed in-vitro, when NRP1-positive 

dorsal root ganglia and NRP2-positive superior cervical ganglia (SCG) 

experienced repulsion from point sources emitting SEMA3A and F (Masuda et al. 

2004, Giger et al. 2000).  

The Bielenberg laboratory discovered that SEMA3F can also act as a 

repellent on endothelial cells (Bielenberg et al. 2004a). The way SEMA3F acts as 
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a mediator of repulsion works through actin depolymerization, which results in 

the collapse of the cell, as described in the previous section. There is speculation 

on whether SEMA3F is capable of repelling any cell expressing NRP2, but 

nonetheless, this topic is of great interest to this project, given that NRP2 is also 

found on certain types of cancer cells. NRP2 expression in cancer will be 

discussed in greater detail in subsequent sections.  

 

Pancreas 

Given that this thesis project focuses on the discovery of novel therapeutic 

approaches for the treatment of pancreatic cancer, the following section will 

describe the basic function and structure of the pancreas. The pancreas is a 

glandular organ and is divided into four parts including the head, neck, body and 

tail. The head is wedged in between the C loop of the duodenum and in front of 

two major blood vessels, namely the inferior vena cava and the left renal vein. 

The body and tail both lie in front of the aorta and the left kidney.  

From a histological perspective, it is composed primarily of acinar and 

ductal epithelial cells, which together fulfill the exocrine function of the organ. 

Acinar cells are organized in lobules and surround the lumen of a ductule, into 

which they secrete zymogens and other digestive enzymes, following stimulation 

from hormones such as secretin and cholecystokinin. The ductal cells 

themselves secrete bicarbonate, making the pancreatic juice slightly alkaline. 

The ductules collect into progressively larger ones, which eventually empty into 
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the pancreatic duct. The bile duct joins the main pancreatic duct thereby forming 

a common channel called the ampulla, which opens at the major duodenal 

papilla, allowing the delivery of pancreatic juices along with bile to the chyme. 

The endocrine function of the pancreas is carried out by cells located within 

patches of specialized cells called islets of Langerhans. These islets are 

interspersed throughout the parenchyma of the organ and include alpha, beta 

and gamma cells, which synthesize and secrete glucagon, insulin and 

somatostatin respectively. These hormones regulate a number of vital functions 

mainly relating to blood sugar levels and the maintenance of metabolic 

homeostasis. Nerve supply is primarily parasympathetic in nature and originates 

from the celiac branch of the posterior vagal trunk and regulates the release of 

endocrine and exocrine hormones. 

 
Figure 5: Mouse Organs. Photograph of a mouse liver (A), spleen (B) and 
pancreas (C). 
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Pancreatic Cancer 

As discussed, the endocrine and the exocrine functions of the pancreas 

are carried out by different groups of cells and as a consequence, there are two 

major classes of pancreatic cancer which can also be divided into exocrine and 

endocrine (Compton et al., 2012). The former is by far the most common type 

and in 95% of the cases they arise from ductal cells, which further classifies them 

as pancreatic ductal adenocarcinomas (PDAC). The remaining 5% arise from 

acinar cells and are consequently called acinar cell carcinomas. Endocrine 

tumors are much rarer and can be either malignant or benign, and are referred to 

as a pancreatic neuroendocrine tumors (NET) or insulinoma  (Kleeff et al. 2016, 

Oberg et al. 2005). If a NET leads to an overproduction of hormones that causes 

symptoms, the NET is classified as a functioning tumor, while NETs that do not 

produce noticeable changes in hormone production are referred to as 

nonfunctioning. 

Making up only 3% of all diagnosed cancers in the US, PDAC accounts for 

7% of all cancer related deaths. The high mortality rate of PDAC is due to a 

number of reasons (R. L. Siegel, Miller, and Jemal 2015).First and foremost, 

there are no preventive screening methods, which makes the diagnosis of the 

tumor very difficult (Hidalgo et al. 2015). The absence of noticeable symptoms 

during the rapid growth of the tumor leads to a late detection of the disease, at 

which point the diagnosis is relatively poor (Dimastromatteo et al. 2015). About 
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90% of patients suffer from local invasion and distant metastases at early stages 

of the disease (R. Siegel et al. 2011). 

The tendency for pancreatic cancer to metastasize at very early stages of 

the disease reduce the number of curative tumor resections to about 20% (Kleeff, 

Korc, Apte, La Vecchia, et al. 2016). Pharmaceutical treatment of pancreatic 

cancer is currently limited to gemcitabine and 5-fluoruracil, both of which have 

failed to significantly increase survival (Stathis and Moore 2010).  

In PDAC, much like in other types of cancer, patients die as a result of 

metastases, not necessarily the primary tumor itself (Ahrendt and Pitt 2002). A 

particularly common metastatic site for PDAC is the liver, primarily due to the 

pancreas’ proximity to major blood vessels such as the portal vein, the celiac 

trunk and the superior mesenteric artery (Paik et al. 2012).  

Therefore, there is an urgent need to find new therapeutic options capable 

of fighting not only the primary tumor, but also its dissemination to distant sites 

such as the liver. The following section will explore the potential of SEMA3F as a 

potential candidate in the quest to find new therapeutic approaches to fight 

PDAC. 

 

NRP2 Expression in Cancer and The Therapeutic Potential of SEMA3F 

NRP2 expression is upregulated in a number of different cancers. An 

increase in NRP2 expression has been observed in certain types of primary non-

small-cell lung carcinomas, primary breast carcinomas, melanomas and primary 
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colorectal cancers (Fukahi et al. 2004, reviewed by Bielenberg and Klagsbrun 

2007).  

Given the fact that primary tumor growth and metastasis is angiogenesis 

and lymphangiogenesis dependent, the expression of Nrp2 has been shown to 

be elevated on the endothelial cells of the tortuous blood vessels and lymphatics 

that perfuse the tumor (Staton et al. 2007).  In order to investigate Nrp2 as a 

potential treatment target, Bielenberg and colleagues (2004b) have shown that 

melanoma cells transfected with the Nrp2 inhibitor SEMA3F have a reduced 

incidence of metastasis. In the same study, the anti-angiogenic effects of the 

SEMA3F protein were illustrated by the large number of apoptotic cancer cells 

within the tumor (Bielenberg et al. 2004b).  Similar results were subsequently 

observed by other labs who studied the role of SEMA3F in different cancers 

(Kigel et al. 2008, Kessler et al. 2004, Nakayama et al. 2015). In yet another 

preclinical study in mice, it was shown that the use of an anti-NRP2B antibody 

reduced lymphangiogenesis and the number of metastases in the lung, a 

common seeding site for migrating neoplastic cells (Caunt et al. 2008).  

Dallas et al. have shown that by knocking-down the expression of NRP2 in 

human PDAC cells using a stable short hairpin RNA prior to injection in vivo, they 

managed to limit migration and proliferation of cancer cells in subcutaneous and 

orthotopic xenograft models in immunodeficient mice (Dallas et al. 2008). This 

finding is important for two reasons. On one hand they indicated that by silencing 

NRP2 expression in-vivo, they were capable of influencing tumor growth. On the 
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other hand, their study showed that the silencing of NRP2 did not influence the 

growth of PDAC cells in-vitro, indicating that NRP2 does not act as an autocrine 

receptor for VEGF.  

By knocking down NRP2 expression in-vivo however, they also observed 

a decrease in tumor microvessel density. As a consequence, tumor growth was 

limited in-vivo primarily due to the anti-angiogneic effect of inhibiting NRP2 

expression.  

These results are reminiscent of previous experiments in which NRP1 was 

inhibited in tumors, suggesting that tumor-derived NRPs guide the proliferation of 

endothelial cells into the tumor microenvironment, potentially by binding VEGF 

and creating a gradient into the heart of the tumor (Miao et al. 2000, Parikh et al. 

2004). 

In conclusion, these observations illustrate the potential of using NRP2 as 

a novel drug target, both on the tumor cells themselves and the tumor 

endothelium, for the treatment of PDAC.  

 

Liver Metastasis 

In 1889, a British surgeon by the name of Stephen Paget, made an 

important observation that has shaped the field of cancer research for more than 

a century. After studying 735 cases of breast cancer, he found that the vast 

majority of the patients had died from metastases that had primarily migrated to 

the liver and the lung (Paget 1889). He then famously postulated his “seed and 
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soil” hypothesis, which refers to the fact that a certain type of cancer cell (seed), 

will preferentially metastasize to a specific distant organ (soil), instead of causing 

secondary growths in random parts of the body. A graphical depiction of the 

metastatic cascade is depicted in Figure 6.  

 

Figure 6: Depiction of the metastatic cascade from the primary tumor site 
to the distant organ into which neoplastic cells migrate. The figure depicts 
the process of metastasis from transformation to the migration to a common 
metastatic site like the lung.  
 

The liver is a very common metastatic site for numerous cancers, 

including PDAC. The   extensive perfusion of the liver by large vessels like the 

portal vein, or the presence of relatively permeable sinusoids throughout the 

parenchyma might contribute the elevated incidence of metastases within this 






































































































































































