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Angiogenesis, the formation of new blood vessels from existing ones, is dysregulated during
tumor progression as a result of chronic hypoxia and inflammation. Such alterations lead
to a lack of vessel hierarchy, and the formation of poorly perfused, leaky and blunt-ended
vessels, contributing to disease progression. This thesis explores the impact of neuropilin-1
(NRP1) presentation of vascular endothelial growth factor-A (VEGF-A) to its cognate receptor,
VEGFR2. NRP1 presentation of VEGF-A occurs in cis (when NRP1 and VEGFR2 are present
on the same cell) or in trans (when molecules are present on adjacent cells). As shown in this
thesis, the different modes of NRP1 presentation influence endothelial cell signaling and tumor
angiogenesis. The overall aim with the studies has been to identify new biomarkers for cancer
survival and potential therapeutic targets.
In paper I, we explored if signaling downstream of VEGFR2 was affected by NRP1
presentation in cis compared to trans. Complex formation in trans was readily identified,
however, the kinetics were delayed and prolonged, inhibiting VEGFR2 internalization and
downstream signaling. Additionally, in vivo tumor studies in mice demonstrated that trans
presentation of NRP1 led to early inhibition of angiogenesis and suppressed tumor initiation.
In paper II, the presence and clinical impact of trans VEGFR2/NRP1 complexes in human
cancer was investigated. We first identified gastric and pancreatic adenocarcinomas (PDAC) as
candidates for further investigation. VEGFR2/NRP1 complexes were identified in both tumor
types but were more prevalent in PDAC. Trans presentation of NRP1 in PDAC correlated with
a reduction in several vessel parameters and tumor cell proliferation. Importantly, this study
identified the presence of trans complexes as an independent marker of longer overall survival
for PDAC patients.
In paper III, we explored the impact of NRP1 presentation modes on renal cell
carcinoma (RCC) patient survival. We performed in situ proximity ligation assay (PLA) and
immunofluorescence staining on a RCC cohort. Tumor cell NRP1, either trans-complexed with
endothelial cell-expressed VEGFR2 as detected by in situ PLA, or alternatively, detected by
immunofluorescent staining, was identified as an independent predictor of increased overall
survival. These data reinforce the importance of the cell type-specific expression of cancer
biomarkers.
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Little by little, one travels far
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Introduction

The blood vascular system
Blood vessels are essential for organ homeostasis by distributing oxygen,
nutrients, metabolites, cytokines and hormones, immune and inflammatory
cells, and regulating coagulation, inflammation and fluid exchange. Vessels
are organized into a tree-like hierarchy. Arteries transport oxygenated blood,
branching into smaller arterioles, which slows down blood flow. Arterioles
split further before connecting to the capillary bed where blood flow is further reduced to optimize time for gas and nutrient exchange with the surrounding tissue. Capillaries then merge into post-capillary venules and eventually veins, to return de-oxygenated blood to the heart. Although smallest in
size, with a diameter of 5-10 µm, capillaries constitute a majority of the total
vessel area (75%) (Honkura et al., 2018; Thurston et al., 1998). Due to the
diffusion properties of oxygen, all cells in the body, with very few exceptions, need to be within 100-150 µm distance from a capillary (Augustin and
Koh, 2017).
There is considerable variation in vessel properties based on their position in
the hierarchy, but also between vessels of the same class in different organs
due to the local requirements and function of the particular organ. However,
blood vessels share common structural features. As a general rule, the vessel
lumen is lined by a single layer of endothelial cells, the endothelium, surrounded by a basement membrane and mural cells, enclosed by a subendothelial fibro-elastic connective tissue layer, together forming the tunica
intima (Borysenko and Beringer, 1984). Surrounding the tunica intima is the
tunica media, consisting of smooth muscle cells and elastin fibers. Depending on the physical forces projected on the vessel, the thickness and level of
organization of this layer varies greatly, being thickest in large arteries, and
significantly thinner or absent in veins. The outermost layer is the tunica
adventitia that consists predominantly of elastic fibers (Pugsley and
Tabrizchi, 2000). In contrast to larger vessels, capillaries consist of a single
endothelial cell layer, surrounded by a basement membrane and a specialized
type of mural cell, the pericyte. Capillary pericytes are embedded in the
basement membrane and in direct contact with endothelial cells, allowing a
more direct regulation of endothelial function (Hall et al., 2014; Hawkins
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and Davis, 2005; Tilton et al., 1979). Pericyte coverage varies highly between vascular beds, dependent on organ-specific functions (Sims, 1991).
A central role of the endothelium is to regulate trans-endothelial transport of
molecules. The endothelium can be either continuous, fenestrated or sinusoidal. Continuous endothelium is the most common and is present in arteries
and veins, and in capillaries of the skin, lung, brain and heart. In capillaries
with continuous endothelium, fluid and small molecules pass through paracellular junctions. Passage of larger molecules is restricted and requires active vesicle transportation or substrate specific transporters. Substrate specific transporters such as glucose transporter 1 (GLUT1) are essential for the
transport of nutrients across the blood brain barrier, the least permissive vascular bed (Zlokovic, 2011). Fenestrated capillaries are equipped with fenestrae, transcellular pores of approximately 70 nm in diameter, with a diaphragm across the opening (Rostgaard and Qvortrup, 1997). The size of the
pore and properties of the diaphragm allow the size-selective passage of
molecules. Fenestrated capillaries are observed in locations with high transendothelial exchange and increased filtration such as glomeruli, gastric and
intestinal mucosa, and endocrine and exocrine glands (Aird, 2007). Sinusoidal endothelium is found in the liver, spleen, bone marrow and some endocrine organs and share similarities with fenestrated endothelium, however,
sinusoidal endothelium is discontinuous, the basement membrane is poorly
formed and the abundant fenestrae lack diaphragm and have a larger diameter (Aird, 2007; Augustin and Koh, 2017). This adaptation of the endothelium allows free exchange of fluids, larger plasma proteins and chylomicrons
(Fraser et al., 1995; Wisse, 1974).
Endothelial cells are elaborately connected to each other by two types of
junctions, tight junctions and adherens junctions, which are central to vessel
barrier function. The main component of endothelial adherens junctions is
the transmembrane molecule vascular endothelial cadherin (VE-cadherin),
which forms homophilic adhesions between adjacent endothelial cells
(Carmeliet et al., 1999; Corada et al., 1999; Dejana et al., 2008; MonteroBalaguer et al., 2009; Taddei et al., 2008). Tight junctions are assembled by
scaffold proteins such as zonula occludens-1 (ZO-1) and consist of a large
number of transmembrane proteins spanning between endothelial cells, including occludin, junctional adhesion molecules (JAMs) and claudins
(Cummins, 2012; Dorland and Huveneers, 2017; Nitta et al., 2003;
Tornavaca et al., 2015). The permeability of the endothelium is highly dependent on the expression pattern of tight junction components. In the central nervous system vasculature and in peripheral arteries, tight junctions are
well established and the permeability of these vascular beds is low (Aird,
2007). On the other hand, post capillary venules, which have less dense tight
junctions than e.g. arterioles, are the predominant site of induced leakage
12

through agents such as vascular endothelial growth factor (VEGF) and inflammatory cytokines such as histamine and bradykinin (Honkura et al.,
2018; Majno and Palade, 1961; Majno et al., 1961; McDonald et al., 1999).

Angiogenesis
New blood vessels can form either de novo (vasculogenesis) or from preexisting vessels (angiogenesis). Blood-vessel formation is an essential physiological process in vertebrates and is required both for embryonic development and survival of the adult individual. Vasculogenesis denotes the formation of the primitive vascular plexus through in situ differentiation of
hemangiogenic progenitors (Demir et al., 2007). Sprouting angiogenesis is
the most studied and predominating form of angiogenesis, and occurs both
during development, in adults and in disease. Intussusception meanwhile is
another form of angiogenesis, where new vessels form through the splitting
of the original vessel.
Sprouting angiogenesis is a complex process that requires endothelial cells
to react to stimuli and modify their microenvironment to allow invasive
growth of a hierarchal sprout with a probing and migrating tip cell and proliferating stalk cells. This sprout forms a lumen, anastomizes with neighboring sprouts, remodels and stabilizes to eventually become a new functional
quiescent vessel (Figure 1).
The most common trigger of angiogenesis is tissue hypoxia and additional
triggers include inflammation and tumor cell signaling. Cells experiencing
hypoxia release angiogenic signals such as VEGFs, placenta growth factor
(PlGF), fibroblast growth factors (FGFs), angiopoietin-2 (ANG2) and other
chemokines (Carmeliet and Jain, 2011a; Wang et al., 2017). In response to
angiogenic signals, pericytes detach from the endothelium and basement
membrane degradation and extracellular matrix (ECM) remodeling is initiated by matrix metalloproteases (MMPs), such as MT-MMP-1, expressed on
the endothelial cell surface, which allows the sprout to invade the surrounding tissue (Gálvez et al., 2001; Hiraoka et al., 1998; Koike et al., 2002;
Potente et al., 2011).
Activation of VEGF receptor 2 (VEGFR2) by VEGF results in endothelial
cell activation, proliferation, migration and tip cell formation (Potente and
Makinen, 2017). Tip cell invasion and migration are guided by dynamic
filopodia protrusions and result in formation of an angiogenic sprout organized in a leading tip cell and trailing stalk cells. The tip cell migrates along
a VEGF gradient towards the hypoxic area, while stalk cells elongate and
proliferate to extend the sprout (Gerhardt et al., 2003). MMPs on the tip cell
13

also induce the proteolytic cleavage of proangiogenic factors deposited in
the matrix, thus increasing their bioavailability (Lee et al., 2005).

Figure 1. Sprouting angiogenesis. A) Tissue hypoxia (blue) leads to upregulation
and release of proangiogenic factors, such as VEGF, that stimulate nearby quiescent
blood vessels. B) Endothelial cells become activated and express proteases to degrade the basement membrane (red). C) Endothelial cells form a sprout with a leading tip cell (magenta) that extends filopodia protrusions to sense its environment.
The tip cell migrates along the cytokine gradient towards the hypoxic area. Trailing
cells take on a stalk cell phenotype (lilac) and proliferate to support the elongation of
the sprout. D) Sprouts may meet and form a new vessel circuit through anastomosis
initiated by the tip cells. E) Upon vessel fusion a new lumen is formed. To stabilize
the newly formed vessel the endothelial cells release factors to attract mural cells
(green) and induce deposition of extracellular matrix to form a new basement membrane. F) Improved perfusion restores normoxia in the tissue. Establishment of
blood flow and vessel stabilization promotes vessel quiescence.
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Tip and stalk cells play distinct roles during sprouting and their identity is
governed by Notch signaling. Increased VEGFR2 signaling results in the
upregulation of Delta-like protein 4 (Dll4), a Notch receptor ligand. Tip cellexpressed Dll4 induces increased Notch signaling in adjacent endothelial
cells, promoting stalk cell behavior. Notch activation downregulates Dll4
and VEGFR2, and upregulates VEGFR1, a VEGF decoy receptor. Thereby
the cell’s ability to respond to VEGF is suppressed, establishing the stalk cell
phenotype (Hellström et al., 2007; Phng and Gerhardt, 2009). In addition to
the Notch-Dll4 axis, Neuropilin 1 (NRP1), a VEGF co-receptor, is a key
determinant of tip cell positioning and regulation of sprout formation
(Aspalter et al., 2015). Due to the changing microenvironment and fluctuation in VEGFR2 activity, the tip cell phenotype is dynamic. Indeed, endothelial cells compete for the tip cell position and tip and stalk cells switch positions constantly during sprouting (Jakobsson et al., 2010).
When to sprouts encounter each other, they may undergo anastomosis to
form a new vessel circuit. This process is initiated by the contact of filopodia
between separate tip cells, followed by junction establishment through VEcadherin homophilic interactions. In parallel, lumen formation is initiated,
allowing perfusion of the new vessel. Lumen formation can occur by separate mechanisms (Charpentier and Conlon, 2014; Gebala et al., 2016):
I

Intracellular lumen formation; inverse blebbing or vacuole coalescence creates a lumen through individual endothelial cells in a
sprout. Upon anastomosis with another sprout, the lumen expands
through the newly formed contact and the apical membranes fuse to
form a continuous lumenized vessel.

II

Extracellular lumen formation; endothelial cells have formed a cord
like structure where the cells have established adherens junctions
along their interface. The junctions become redistributed from the
center of the cord to the circumference, thus allowing a lumen to
form between the abutting cells

In order to stabilize and mature the newly connected vessel, endothelial cells
need to recruit mural cells and modulate the surrounding extracellular matrix
(Potente et al., 2011). Transforming growth factor β (TGF-β) released by
endothelial cells promote vessel maturation through recruitment, differentiation and proliferation of mural cells, and also induces mural cell extracellular
matrix production (Pardali et al., 2010). Platelet derived growth factor B
(PDGFB) secretion from endothelial cells stimulates the PDGF receptor β
(PDGFRβ) on nearby mural cells to induce their proliferation and migration
(Gaengel et al., 2009). Mural cells express angiopoietin-1 (ANG1) which
activates Tie2 receptors on endothelial cells. ANG1 stimulation reduces ves15

sel leakiness through junction stabilization and promotes pericyte adhesion,
thereby promoting vessel stabilization (Augustin et al., 2009).
After the establishment of a new, functional vessel, endothelial cells convert
back to a quiescent state, the default state for the majority of endothelial
cells. Quiescent endothelial cells are non-migratory and non-proliferating,
and their metabolic activity is reduced. However, they still require low levels
of VEGF- and FGF-stimulation to maintain vascular integrity and homeostasis (Lee et al., 2007; Murakami et al., 2008). Quiescence is accomplished
through the concerted effect of several mechanisms. The phosphatase PTEN,
which is induced by Dll4-Notch signaling, arrests cell cycle progression in
the stalk cells by negatively regulating phosphatidylinositol 3-kinase (PI3K)Akt signaling (Serra et al., 2015). The transcription factor Forkhead box
protein O1 (FOXO1), inactivated by the serine/threonine kinase Akt, is also
essential for quiescence. FOXO1 suppresses MYC, a strong inducer of endothelial cell proliferation and metabolism, by downregulating its expression
and inducing the expression of other MYC suppressors (Wilhelm et al.,
2016). Tie2-ANG1 contributes to maintaining vessel quiescence by redistributing to cell-cell contacts and interacting in trans with Tie2 on neighboring endothelial cells. This changes the signaling output of Tie2 from stimulating migration and sprouting to promoting survival, due to its close interaction with vascular endothelial protein tyrosine phosphatase (VE-PTP) and
VE-cadherin when located at junctions (Fukuhara et al., 2008; Saharinen et
al., 2008). Other quiescence factors include cerebral cavernous malformation
proteins (CCMs) 1-3 and bone morphogenic protein 9 (BMP9). Additionally,
blood flow-mediated shear stress is in itself an inducer of endothelial quiescence and stability. Vessels lacking sufficient perfusion and shear stress
regress as a part of the development towards a well-functioning vascular bed
(Franco et al., 2015). Shear stress signaling is conferred by the vasculoprotective transcription factor Krüeppel-like factor 2 (KLF2), which upregulates
endothelial nitric oxide synthase (eNOS) and negatively regulates nuclear
factor κB (NFκB) and VEGFR2 among a large number of other proteins
(Chistiakov et al., 2017; Dekker et al., 2006).

Vascular endothelial growth factor signaling
The most potent pro-angiogenic regulatory factor is VEGF-A, a member of
the VEGF family of structurally related homodimeric glycoproteins, which
also includes VEGF-B, VEGF-C, VEGF-D and placenta growth factor
(PlGF) (Cross et al., 2003; Ferrara et al., 2003) (Figure 2). By alternative
exon splicing, several isoforms of VEGF-A are formed e.g. VEGF-A121,
VEGF-A165, VEGF-A189, and VEGF-A206 (Kowanetz and Ferrara, 2006) of
which VEGF-A165 is the predominant isoform (Ferrara et al., 2003). The
spatial pattern of isoform expression influences VEGFR2 signaling and en16

dothelial cell responses. For example, VEGF-A121 lacks the motif necessary
to anchor the ligand to extracellular matrix present in longer slice variants.
Moreover, conflicting results have been put forward about VEGF-A121’s
capacity to bind the VEGFR2 co-receptor NRP1, but the consensus is that
the VEGF-A121 splice variant is not sufficient to induce the VEGFR2/NRP1
complex (Pan et al., 2007b; Soker et al., 1998). Through differential engagement of co-receptors e.g. heparan sulfate and neuropilins, VEGF-A
splice variant expression can influence VEGFR2 signal transduction kinetics, receptor turnover and degradation (Chen et al., 2010; Fearnley et al.,
2016). VEGF-A is essential for endothelial differentiation during embryogenesis, and inactivation of just one Vegfa allele in mice is sufficient to
cause lethality at embryonic day (E)11-12 due to impaired blood-island formation and reduced angiogenesis (Carmeliet et al., 1996; Ferrara et al.,
1996).

Figure 2. The VEGF ligand family and their receptors. The VEGF family consists of VEGF-A, VEGF-B, VEGF-C, VEGF-D and PlGF. The ligands bind different members of the VEGFR tyrosine kinase family and their co-receptors NRP1 and
NRP2 as indicated by black arrows. Only the processed form (dashed lines) of
VEGF-C and VEGF-D can bind VEGFR2. Processed VEGF-C but not VEGF-D can
bind NRP2 (adapted from Koch et al., 2011).

VEGF-A exerts its effect through binding to two receptor tyrosine kinases,
VEGF-receptor 1 (VEGFR1) and VEGFR2 (Ferrara et al., 2003), which are
both expressed on endothelial cells (Fong et al., 1995; Katoh et al., 1995).
These receptors consist of seven extracellular immunoglobulin-like domains,
a transmembrane domain and a tyrosine kinase domain split by a kinase insert sequence (Shibuya et al., 1990). Interestingly, the two receptors are
structurally similar but play different roles in angiogenesis. VEGF-A binds
to VEGFR1 with a 10-fold higher affinity than to VEGFR2, however, signal
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transduction by VEGFR1 is only weakly induced by its ligands
(Waltenberger et al., 1994). Importantly, alternative splicing of the receptor
generates a soluble VEGFR1 protein lacking the transmembrane domain but
with an intact VEGF-A binding domain. This endogenous soluble splice
variant is able to bind VEGF-A with high affinity and inhibits VEGF induced signaling and is overexpressed during preeclampsia (Kendall and
Thomas, 1993; Maynard et al., 2003). VEGFR1’s main function in angiogenesis thus appears to be as a decoy receptor for VEGF-A, thereby acting
as a spatial regulator of VEGFR2 signaling and sprouting angiogenesis
(Kappas et al., 2008). Interestingly, VEGFR1 may have important roles in
non-endothelial cells. Mice lacking VEGFR1 kinase activity show normal
vascular development, VEGF-A induced macrophage migration is severely
reduced (Hiratsuka et al., 1998).
VEGFR2 is considered the main mediator of VEGF-A’s effect on endothelial cells. VEGFR2 plays an important role in promoting angiogenesis by mediating endothelial cell proliferation, survival and permeability (Cross et al.,
2003; Shibuya and Claesson-Welsh, 2006). Upon binding of VEGF-A,
VEGFR2 dimerizes and several tyrosine residues become phosphorylated
(Y951, Y1054, Y1059, Y1175 and Y1214) (Matsumoto et al.,
2005).VEGFR2 mediates its effects in endothelial cells by activating several
signaling pathways through tyrosine phosphorylation sites. Phosphorylation
of Y951 mediates the binding of T-cell-specific adapter molecule (TSAd).
TSAd in turn binds to the Src Homology 3 (SH3) domain of c-Src (Sun et
al., 2012). Through c-Src activation, VE-cadherin is phosphorylated and
vascular permeability is induced (Li et al., 2016b). The PI3K/Akt pathway,
important for cell motility and inhibition of apoptotic activity, is also activated by VEGFR2 phosphorylation, via the receptor tyrosine kinase Axl,
which is activated downstream of TSAd and c-Src (Dimmeler et al., 1999;
Eriksson et al., 2003; Gerber et al., 1998; Koch et al., 2011; Ruan and
Kazlauskas, 2012). Tyrosine residues Y1054 and Y1059 located on the kinase activation loop are essential for induction of receptor kinase activity
(Kendall et al., 1999). Y1175 phosphorylation allows the binding of phospholipase C γ (PLCγ), which mediates the activation of protein kinase C
(PKC) and consequently, induction of the extracellular regulated kinase
(ERK) pathway, which is central for VEGF-A induced endothelial cell proliferation (Meadows et al., 2001). In addition, PKC phosphorylates heat
shock protein 27 (HSP27) and cAMP-response-element-binding protein
(CREB) (Evans et al., 2008). Y1175 also binds the SH2-domain-containing
adaptor protein B (SHB), which in turn promotes activation of focal adhesion kinase (FAK), of consequence for endothelial cell migration and cell
attachment (Holmqvist et al., 2004). Y1214 binds to GRB2 and PI3Kp85,
which are adaptor molecules in the ERK and Akt pathways, and activators of
MYC. pY1214 signaling is important for endothelial cell proliferation, ves18

sel morphogenesis and vessel stability (Testini et al., 2018) (unpublished
data).
Binding of VEGF-A to VEGFR2 induces receptor dimerization, activation
of the kinase domain and transphosphorylation, which in turn leads to rapid
clathrin and ephrin-B2 dependent internalization of the ligand-receptor complex (Lampugnani et al., 2006; Sawamiphak et al., 2010). NRP1 also influences VEGFR2 internalization by guiding the complex to Ras-associated
binding protein 5 (RAB5) and early endosome antigen 1 (EEA-1) -positive
endosomes for internalization This trafficking is conferred by synectin and
myosin VI bound to NRP1’s C-terminal SEA motif (Clegg and Mac
Gabhann, 2015; Horowitz and Seerapu, 2012; Jopling et al., 2009). Internalization does not terminate signaling, instead, endocytosis directs VEGFR2 to
different compartments within the cell, necessary for downstream signaling
(Miaczynska et al., 2004).
Protein tyrosine phosphatase 1B (PTP1B), located on the endoplasmic reticulum dephosphorylates VEGFR2 expressed on the cell surface (Lanahan et
al., 2013). Retaining VEGFR2 at junctions decreases ERK pathway activity
(Lampugnani et al., 2006). Endosomal trafficking is therefore central for
VEGFR2 signaling. In agreement, arrest of VEGFR2 internalization at the
membrane by interaction with NRP1 in trans (protein complex bridging
between cells) affects PLCγ and subsequent ERK1 activation (Koch et al.,
2014). Dephosphorylated VEGFR2 in endosomes is sorted for recycling
(RAB11), a NRP1 dependent process, or for lysosomal degradation via
RAB7 endosomes (Ballmer-Hofer et al., 2011). Additionally, a constitutive,
VEGF-A independent RAB4 endosome recycling of VEGFR2 has been observed in quiescent endothelial cells (Horowitz and Seerapu, 2012).
VEGFR1 binds VEGF-B and PlGF in addition to VEGF-A. Although tyrosine kinase activity in endothelial cells is weak in response to VEGF-A (Ito
et al., 1998), VEGF-B and PlGF have been shown to induce VEGFR1 signaling in sensory nerves (Selvaraj et al., 2015). VEGF-B signaling via
VEGFR1 is neuroprotective in the retina and brain of mice (Li et al., 2008).
VEGFR3, the third member of the VEGFR family, is expressed by both
blood and lymphatic endothelial cells, and in neuronal progenitors. VEGFR3
binds the unprocessed forms of VEGF-C and VEGF-D, while VEGFR2
binds their processed counterparts. VEGFR3 has been shown to be upregulated in tip cells during sprouting angiogenesis (Benedito et al., 2012).
VEGFR3 is also essential for regulation of lymphangiogenesis. Both lymphangiogenesis and differentiation of endothelial progenitor cells into lymphatic endothelial cells is dependent on VEGFR3 and VEGF-C (Karkkainen
et al., 2004; Zhou et al., 2010).
19

Neuropilin-1
Neuropilin 1 (NRP1) and neuropilin 2 (NRP2) constitute the neuropilin family. NRP1 was originally described as a mediator of axonal guidance during
neuronal development through its binding of Semaphorin 3A (Sema3A) (He
and Tessier-Lavigne, 1997). NRP1 was later shown to also bind VEGF-A,
PlGF and VEGF-B (Soker et al., 1998). NRP2 binds PlGF and processed
VEGF-C as well as the VEGF-A145 isoform (Koch et al., 2011). During development, NRP1 is expressed preferentially in arteries while NRP2 is found
in veins and lymphatic vessels (Herzog et al., 2001; Yuan et al., 2002).
NRP1 is also expressed by non-endothelial cells such as epithelial cells,
smooth muscle cells, neurons, neuronal progenitors and immune cells
(Chaudhary et al., 2014; Ko et al., 2010; Pellet-Many et al., 2011; Zhao et
al., 2011).
NRP1 is a transmembrane glycoprotein consisting of a large extracellular
domain with subdomains (a1-a2- and b1-b2 and c) for binding Sema3A,
VEGFs and heparan sulfate, followed by a transmembrane domain and a
short cytoplasmic domain (Gu et al., 2002) (Figure 3A). The transmembrane
domain together with the extracellular c-domain are suggested to be important for NRP1 dimerization (Koch, 2012). The cytoplasmic domain contains a SEA-motif, which enables the PDZ-domain containing protein synectin, an adaptor protein involved in myosin IV-mediated endocytosis, to bind
to NRP1 (Cai and Reed, 1999; Naccache et al., 2006). NRP2 shares 44%
amino acid homology with NRP1 and is similar in its overall molecular design. However, it binds other members of the semaphorin and VEGF families and has a distinctly different expression pattern. NRP2 is important for
neuronal development and lymphangiogenesis (Chen et al., 1997; Kolodkin
et al., 1997; Yuan et al., 2002).
Over-expression of NRP1 in transgenic mice is embryonically lethal due to
malformations in the cardiovascular system, including an excess number of
blood vessels, hemorrhage and heart malformations, as well as neurological
defects (Kitsukawa et al., 1995). NRP1-deficient mice die in utero at E12.513.5 as a result of both neurological and vascular defects including disorganized blood vessels, deficient capillary networks and cardiovascular defects (Kawasaki et al., 1999).
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Figure 3. NRP1 structure and binding partners. A) NRP1 is a single-pass transmembrane glycoprotein. The extracellular domain consists of a1-a2, b1-b2 and c
subdomains. The cytoplasmic domain contains a C-terminal SEA-motif allowing the
binding of the PDZ-domain of synectin. Synectin in turn binds myosin VI, an adaptor protein for endocytosis and trafficking. B) NRP1 interacts with a number of
receptors and their ligands to modulate downstream signaling. Galectin-1 (Gal1) can
link NRP1 to PDGFR or TGFβR, leading to increased receptor activation. Text
boxes indicate the resulting biologic effect of NRP1 in each interaction (adapted
from Koch, 2012).

Although VEGF-A and Sema3A are the most studied ligands, NRP1 also
binds other growth factors and proteins such as hepatocyte growth factor
(HGF), PDGFB, FGF2, TGFβ and galectin 1 (Gal1) (Klagsbrun et al., 2002)
(Figure 3B). NRP1 can influence the signaling of the putative receptors for
several of these ligands, and is suggested to promote cell migration in those
contexts (Cao et al., 2010; Glinka et al., 2011; Koch, 2012; Zachary et al.,
2009). In contrast, binding of Sema3A to NRP1 leads to a repulsive behavior
in axonal growth cones (Kolodkin et al., 1997). Sema3A stimulation in neurons induces NRP1 complex formation with the plexin co-receptor family,
leading to neuron-specific signaling (Takahashi et al., 1999). Of note, Sema3A and 3C suppress neoangiogenesis in a mouse ischemic retina model in
a NRP1-dependent fashion (Joyal et al., 2011; Yang et al., 2015).
An essential role for NRP1 in endothelial cells is to form a ternary complex
with VEGF-A and VEGFR2, and thereby potentiate and modulate the bioactivity of VEGFR2 and stimulate endothelial cell migration (Soker et al.,
2002; Soker et al., 1998; Wang et al., 2003; Whitaker et al., 2001). Furthermore, NRP1 is co-internalized with VEGFR2 through clathrin-dependent
endocytosis, for which the ability of NRP1 to bind synectin is vital
(Salikhova et al., 2008). The cytoplasmic domain of NRP1 is required for the
trafficking of VEGFR2 to specific endosomal vesicles, thereby influencing
signaling and VEGFR2 turnover (Ballmer-Hofer et al., 2011). Interestingly,
NRP1’s cytoplasmic domain is essential for arteriogenesis, the formation of
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arteries, but dispensable for angiogenesis (Fantin et al., 2011; Lanahan et al.,
2013). A NRP1 mutant lacking the 30 amino acid cytoplasmic tail suppresses migration and focal adhesion turnover in endothelial cells in response to
VEGF-A (Seerapu et al., 2013).
In addition to migration, NRP1 has been proposed to mediate increased vascular permeability in response to VEGF-A and other molecules, independently of VEGFR2, through a mechanism involving the NRP1 Cterminal domain (Roth et al., 2016). On the other hand, using a similar model to assess permeability, Fantin et al. show that both VEGFR2 and full
length NRP1 are required for VEGF-A-induced permeability, while the Cterminal binding protein synectin is not essential (Fantin et al., 2017). Furthermore, mice expressing a mutant NRP1, lacking a functional binding site
for VEGF-A, undergo an essentially unperturbed development, suggesting
that NRP1 has VEGF-A-independent functions during developmental angiogenesis (Fantin et al., 2014; Gelfand et al., 2014). NRP1 may induce angiogenesis independently of VEGF-A by interacting with integrins in endothelial cells. In an integrin-dependent manner, NRP1 promotes activation of
Abl1, a non-receptor tyrosine kinase, leading to phosphorylation of integrinassociated downstream targets such as paxillin, resulting in actin cytoskeleton remodeling, increased cell migration and angiogenesis (Raimondi et al.,
2014). Thus, VEGF-A-independent NRP1 functions are essential in vascular
development (Raimondi et al., 2014; Roth et al., 2016).
NRP1 expression in immune cells has been associated with an activated state
of regulatory T cells (Tregs) and dendritic cells. NRP1-dependent activation
of Tregs is induced by TGFβ, but Sema3A, Sema4A and VEGF may also be
involved, leading to immune suppression (Chaudhary et al., 2014). NRP1positive dendritic cells contribute to NRP1-induced Treg activation and proliferation through the prolonged interaction between the two cell types by
trans NRP1 homophilic binding (Chaudhary et al., 2014). NRP1 has furthermore been implicated in vessel anastomosis through NRP1-expressing
monocytes (NEMs), guiding the fusion of vessel sprouts in developing
zebrafish and releasing vessel maturating factors such as thrombospondin-1,
TGFβ and PDGFB, which recruits mural cells to the newly formed vessel
(Carrer et al., 2012; Fantin et al., 2010; Zacchigna et al., 2008).

Tumor angiogenesis
Similar to healthy tissues, tumors require nutrients and oxygen as well as
ways of disposing waste products. It has been postulated that tumors cannot
grow beyond 1-2 mm3 unless they acquire their own vascular supply
(Folkman, 1971; Holmgren et al., 1995). This step in tumor progression is
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called the angiogenic switch (Bergers and Benjamin, 2003; Hanahan and
Folkman, 1996). The angiogenic switch can be triggered by hypoxia, which
activates hypoxia inducible factor 1α (HIF1α) (Dor et al., 2001), promoting
increased tumor expression of VEGF-A and other proangiogenic factors
(Shweiki et al., 1992). Oncogenes such as K-Ras, v-Src, human epidermal
growth factor receptor 2 (HER2), and epidermal growth factor receptor
(EGFR) may also trigger the angiogenic switch through up-regulation of
proangiogenic factors such as VEGFs, FGF2, PDGF and interleukin (IL)-8,
and down regulation of anti-angiogenic factors such as thrombospondins and
statins (Bergers and Benjamin, 2003; Folkman, 1971; Rak et al., 2000). Upregulation of proangiogenic or downregulation of inhibitory chemokines
triggers angiogenic activity of the endothelium, leading to sprouting angiogenesis.
Unlike normal blood vessels in healthy tissues, tumor vessels are chronically
stimulated by proangiogenic factors persistently produced at high levels in
the tumor, due to the rapid growth of the tumor and chronic hypoxia within
the center of the tumor. In a physiological setting, neoangiogenesis ceases
when the hypoxic region is sufficiently vascularized, followed by vessel
remodeling, stabilization and eventually endothelial quiescence. The continuous angiogenic stimulation in tumors results in irregularly shaped, blindended, immature blood vessels, lacking clear hierarchy. Increased branching
as well as hemorrhaging and elevated permeability are hallmarks of tumor
vessels (Baluk et al., 2005; Bergers and Benjamin, 2003; Nagy et al., 2010).
The basement membrane of tumor vessels is often irregular, ranging from
abnormal thickness to complete absence. Pericytes, which serve to stabilize
capillaries in healthy tissues are scarce and loosely attached or even absent
from the tumor vasculature. The faulty organization of the tumor vasculature
causes suboptimal blood flow (Bergers and Benjamin, 2003), resulting in
further hypoxia and thus elevated VEGF expression, generating a vicious
circle of overstimulation and vascular aberrations (Shweiki et al., 1992)
(Figure 4).
Due to the poor organization of the endothelial cells and persistent stimulation, cellular junctions are also immature, resulting in increased permeability. The increased permeability results in higher interstitial fluid pressure,
further reducing tumor perfusion by obliterating the vessel lumens of fragile
newly formed vessels. High interstitial fluid pressure also induces proteins
associated with lymphatic metastasis and is correlated with worse prognosis
in several tumor types (Rofstad et al., 2014; Yeo et al., 2009; Yu et al.,
2014). The heterogeneity of vessel density and perfusion results in uneven
response to cancer therapeutics. The hostile hypoxic environment caused by
aberrant tumor angiogenesis may select for more malignant tumor cells
(Jung et al., 2015). In addition, radiotherapy and many chemotherapeutic
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approaches rely on the formation of oxygen radicals to kill the tumor cells,
however, the hypoxic tumor environment reduces the efficiency of such
treatments (Carmeliet and Jain, 2011a).

Figure 4. Tumor angiogenesis. In healthy organs, vessels are organized in an ordered pattern. Most normal blood vessels have a continuous basement membrane
(red) and mural cell coverage (green) which contributes to vessel quiescence and
tissue homeostasis. In tumors, chronic hypoxia, low pH and inflammation results in
dysregulated angiogenesis. Vessels formed in this environment are immature, lack
normal hierarchy and may be blunt-ended. Tumor vessels lack proper mural cell
coverage and the basement membrane is irregular or absent, leading to increased
permeability and enabeling tumor cell intravasation (adapted from Carmeliet and
Jain, 2011).

Tumor cells are not unique in driving tumor angiogenesis. Cancer-associated
fibroblasts (CAFs), a cell type originating from the mesenchyme of the affected organ, promote angiogenesis by releasing angiocrine factors such as
VEGF, FGF and PlGF, and in addition, act to recruit endothelial progenitor
cells (Crawford et al., 2009; Erez et al., 2010).
Tumor associated macrophages (TAMs) and mast cells in the tumor environment contribute to angiogenesis by delivering proteolytic factors, such as
MMP9 within the tumor microenvironment, which release matrix-bound
proangiogenic factors. TAMs also release PlGF to stimulate the endothelium
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(Deryugina and Quigley, 2015; Grivennikov et al., 2010; Huang et al., 2011;
Rolny et al., 2011). In turn, tumor endothelial cells promote tumor growth by
producing tumor stimulating factors such as interleukin-6 (IL-6), IL-8, insulin growth factor, TGFβ and FGF2 (Butler et al., 2010).
The tumor microenvironment is typically a highly inflammatory milieu, but
an adequate immune-response is seldomly observed. Escape from immune
destruction is a hallmark of cancer (Hanahan and Weinberg, 2011). The tumor endothelium has an important role in immune evasion. Normal quiescent endothelial cells play a significant role in the immune surveillance system by regulating leukocyte activation and infiltration into the tissue by upregulating leukocyte adhesion molecules in response to inflammatory triggers. In tumors, proangiogenic signals downregulate leukocyte adhesion
molecules on the endothelial cell surface and render them unable to respond
to inflammatory stimuli. In addition, VEGF-A and FGF inhibit the activation
of the pro-inflammatory factor NFκB (Klein, 2018).
The inadequate structure of vessels formed by tumor angiogenesis not only
promotes the generation of more malignant tumor cells and contributes to
evasion of immune response and therapeutics, but also tumor cell dissemination. The harsh tumor microenvironment drives tumor cells towards a mesenchymal phenotype, increasing migratory behavior (Jung et al., 2015). In
addition, the lack of proper basement membrane and weakness of endothelial
cell-cell junctions facilitates tumor cell intravasation, thereby increasing the
risk of metastasis (Bielenberg and Zetter, 2015).

Anti-angiogenic therapy
Targeting tumor angiogenesis has been proposed as a therapeutic strategy for
several decades (Folkman, 1971). Early studies on fragments of endogenous
proteins with known anti-angiogenic effects, such as endostatin, showed
great promise in vitro and in vivo, with marked effects on endothelial cell
proliferation and regression or even disappearance of tumors (Boehm et al.,
1997). Since then it has become apparent that the relationship between angiogenesis and tumor growth is more complex than anticipated. The increased
overall survival of the original anti-angiogenic therapies have turned out to
be modest in cancer treatment. Today, anti-angiogenic drugs are used either
in combination with chemotherapy or as single drugs (Jayson et al., 2016).
The primary targets of successful anti-angiogenic therapy have so far been
VEGF-A and its receptor VEGFR2. In 2004, Bevacizumab became the first
Food and Drug Administration (FDA) approved anti-angiogenic agent
(Kowanetz and Ferrara, 2006). Bevacizumab is a VEGF-A-neutralizing antibody, approved for first line treatment of metastatic colorectal cancer, nonsmall cell lung cancer, ovarian cancer and metastatic renal cell carcinoma
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(RCC) (Jayson et al., 2016). Treatment with Bevacizumab improves progression-free survival but overall survival benefits are smaller or not observed (Young and Reed, 2012). Bevacizumab was retracted from the treatment of advanced breast cancer due to the small improvement in overall
survival (Miles et al., 2013; Sledge, 2015). After showing improved overall
and progression free survival, an antibody directed against VEGFR2, Ramucirumab, was approved by the FDA for the treatment of gastric cancer or
gastro-esophageal junction cancer, non-small cell lung cancer and metastatic
colorectal cancer (Fontanella et al., 2014).
Anti-angiogenic tyrosine kinases inhibitors targeting VEGFR2 in combination with other tyrosine kinases are also used in the clinic; Sorafenib, used
for RCC, hepatocellular carcinoma and thyroid cancer, Sunitinib, which is
used against RCC and pancreatic neuroendocrine tumors, Regorafenib for
refractory metastatic colorectal cancer and Pazopanib against RCC and soft
tissue sarcomas among others (Jayson et al., 2016). Aflibercept, a fusion
protein containing the VEGF binding domains of VEGFR1 and 2 and the Fc
domain of human immunoglobulin is approved for treatment of metastatic
colorectal cancer in combination with standard chemotherapy (Van Cutsem
et al., 2012b) (Figure 5).

Figure 5. Targets of anti-angiogenic therapy. Currently, most anti-angiogenic
drugs target different steps of the VEGF-A/VEGFR2 pathway, and some may also
target other receptors and pathways in combination. Bevacizumab and Aflibercept
both target the ligands of VEGFR2 through different mechanisms. Ramucirumab
inhibits the VEGF pathway by directly binding to the ligand-binding site in
VEGFR2. Sunitinib and Pazopanib inhibit the tyrosine kinase activity of VEGFR2
and other receptor tyrosine kinases. Sorafenib and Regorafenib also target receptor
tyrosine kinases but additionally inhibit downstream molecules such as Raf in the
ERK signaling cascade.
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Current efforts also involve targeting angiogenic pathways other than
VEGF-A/VEGFR2. The Dll4-Notch signaling pathway is an attractive target
because cancer stem cells as well as endothelial cells have been shown to be
responsive to Dll4 inhibition. An anti-Dll4 antibody has shown promising
results in phase I clinical trials (Smith et al., 2014). Regorafenib which is
approved for refractory metastatic colorectal cancer inhibits Tie2 in combination with VEGFR2 and other tyrosine kinases. The results of Regorafenib
treatment are encouraging for further exploration of therapies targeting Tie2
or its ligands ANG1 or 2. Currently, clinical trials are ongoing for Trebananib, an inhibitor of ANG1 and 2, and Rebastinib, a selective inhibitor of Tie2
(Cortes et al., 2017; Harney et al., 2017; Monk et al., 2014; NIH, 2018).
Efforts are also ongoing to find useful combinations of anti-angiogenic therapy with other current treatment options such as radiotherapy, conventional
chemotherapy, DNA repair inhibitors, immunotherapy, and other kinase
inhibitors.
One of the suggested rationales of anti-angiogenic therapy is that it preferentially targets endothelial cells, which in general, do not have the plasticity
and genetic instability of the cancer cells themselves, thereby making them a
more stable and predictable target for therapy (Folkman et al., 2000). In addition, the tumor endothelium is often activated, while most healthy tissues
have a relatively quiescent vasculature (Bergers and Benjamin, 2003;
Hanahan and Folkman, 1996). By combining anti-angiogenic therapy with
conventional treatment options, positive results have been generated. However, a common challenge in anti-angiogenic treatment is therapy resistance,
for which several mechanisms are proposed (Bergers and Hanahan, 2008).
The plasticity of the tumor allows it to upregulate other pro-angiogenic factors, such as HGF/cMet, FGFs and ANG1, to stimulate VEGF-independent
angiogenesis (Casanovas et al., 2005; You and McDonald, 2008). Another
resistance strategy that tumors may utilize is local invasion along preexisting
vessels into the surrounding tissue, denoted vessel co-option (Rubenstein et
al., 2000). In addition, tumors may also become more prone to metastasize
as a consequence of anti-angiogenic therapy (Ebos et al., 2009). The high
heterogeneity of the tumor vasculature may also contribute to resistance.
Nagy et al. identified six different vessel types in solid tumors, and only a
subset of these were sensitive to VEGF-A targeted therapy (Nagy et al.,
2010). Interestingly, by single-cell RNA-sequencing of mouse tumor endothelial cells, distinct intratumoral gene-expression profiles between cell subtypes was revealed, which were further abrogated by treatment with antiangiogenic drugs (Patel et al., 2014; Zhao et al., 2018).
An interesting concept in anti-angiogenic therapy is the normalization of the
tumor vasculature. As described above, the vasculature of growing tumors is
poorly perfused which causes hypoxia. Hypoxia facilitates epithelial-to27

mesenchymal transition of tumor cells, preventing senescence and making
the cells more invasive and stem-cell like (Lunt et al., 2009; Thiery et al.,
2009). Further, the vessel walls are irregular and weakened due to a lack of
basement membrane, which might allow tumor cells to enter the bloodstream
and metastasize (Mazzone et al., 2009). Anti-angiogenic therapy has been
shown to facilitate a transient normalization of the tumor vasculature, resulting in increased perfusion, reduced hypoxia and a more stable vasculature
(Batchelor et al., 2007; Carmeliet and Jain, 2011b). In addition, in mouse
models, the normalization of the vasculature improved the sensitivity to radiation and chemotherapy (Tong et al., 2004; Winkler et al., 2004). However, continuous anti-angiogenic therapy may destroy the vessels completely or
force the tumor to develop a compensatory mechanism for angiogenesis
(Carmeliet and Jain, 2011b). It is therefore proposed that anti-angiogenic
therapy is most efficient when given at a dose that leads to vessel normalization rather than at a higher dose, leading to vessel eradication. To achieve
vessel normalization is a clinical challenge requiring a finely balanced
treatment regimen to achieve effect without treating the heterogeneous endothelium too harshly. Therefore, translation of this therapeutic approach to the
clinic requires further titration of both dose and treatment cycles.

NRP1 in cancer
Aberrant angiogenesis has been recognized as an indicator of progression
and dedifferentiation of tumors (Carmeliet and Jain, 2011b). NRP1 is normally expressed in endothelial cells, epithelial cells and neurons and other
cell types and in many cancers forms the tumor cells may also express NRP1
(Jubb et al., 2012). The effect of NRP1 expression differs between tumor
types and there is no clear relationship between tissue specific expression
and clinical outcome that is consistent between tumor types.
In a study of cutaneous squamous cell carcinoma, NRP1 was found to be
expressed by the suprabasal epithelial layers of healthy tissue as well as in
tumor cells. NRP1 was more highly expressed in highly differentiated tumors, suggesting that it could function as a reservoir to sequester VEGF-A to
the epithelial compartment and thereby limit its bioactivity (ShahrabiFarahani et al., 2014). Similarly, in colon cancer, tumor expression of NRP1
was associated with better prognosis (Kamiya et al., 2006). On the other
hand, in human glioma, breast and prostate cancer, NRP1 expression in the
tumor correlated with higher tumor grade and worse prognosis (Latil et al.,
2000; Naik et al., 2017; Osada et al., 2004), and in oral squamous carcinoma
NRP1 expression correlated with poor prognosis and disease relapse (Chu et
al., 2014). In the gastrointestinal tract, increased tumor cell NRP1 expression
has been observed in tumors of the pancreas (endocrine and exocrine),
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gallbladder, ampulla of Vater and colon, as well as in precursor lesions such
as Barrett’s esophagus and colorectal adenomas (Fukahi et al., 2004; Hansel
et al., 2004). Additionally, tumor NRP1 expression levels increased with
histological progression (Hansel et al., 2004). NRP1 is less well studied in
hematological malignancies, but a study of acute myeloid leukemia patients
showed higher expression in the cancer cells compared to normal hematopoietic cells, and the degree of overexpression correlated with reduced overall survival (Kreuter et al., 2006). A proposed rationale to explain the correlation between higher expression levels of NRP1 and tumor progression is
that NRP1 would serve to promote cell migration, as demonstrated in mouse
models of colon cancer (Parikh et al., 2004).
Immune modulation is an important capability of tumors. NRP1 is expressed
by several types of immune cells, including NEMs, involved in tumorigenesis (Roy et al., 2017). When injected directly into tumors, NEMs contribute
to vessel stability and mural cell recruitment reduce tumor leakiness and
hypoxia (Carrer et al., 2012). TAMs also express NRP1 and can broadly be
divided into two phenotypes, the tumor suppressive M1 and the protumoral
M2 type. M1 TAMs secret pro-inflammatory factors such as interferons and
tumor necrosis factor α (TNFα), while M2 TAMs secrete immune inhibitory
signals such as IL-10 and TGFβ. NRP1 expression is higher in M2 TAMs
(Wallerius et al., 2016). NRP1 positive Treg cells also contribute to immune
evasion by promoting an immune suppressive environment in the tumor and
preventing the recruitment of T-effector cells, shown to be associated with
poor prognosis (Chaudhary et al., 2014).
Anti-NRP1 therapy has been shown, in mice, to have an additive effect on
tumor growth inhibition when combined with an anti-VEGF antibody. This
function of anti-NRP1 therapy is independent of the effect of VEGF-A binding to NRP1, since antibodies directed against the semaphorin binding site of
NRP1 had the same effect (Pan et al., 2007a). Due to these promising findings a humanized antibody against the VEGF binding domain of NRP1 in
combination with Bevacizumab was tested in phase 1 clinical studies but
was discontinued due to higher than expected rates of proteinuria (Patnaik et
al., 2014; Weekes et al., 2014).
NRP1 remains an intriguing therapy target and other targeting strategies
have been explored. siRNA or miRNA targeting NRP1 have anti-angiogenic
effects, reducing tumor growth in vivo in several tumor models (Berge et al.,
2010; Raskopf et al., 2010; Wu et al., 2014; Zhang et al., 2012). Other antibodies targeting NRP1 have shown in vivo suppression of tumor growth
(Ding et al., 2018; Kim et al., 2017). Small peptides interfering with the
NRP1-VEGFR2 interaction by targeting NRP1’s transmembrane domain led
to reduced tumor volume and metastatic spread in an in vivo breast cancer
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model (Arpel et al., 2016). In a similar fashion to Aflibercept, based on the
VEGF binding domains of VEGFR1 and 2, soluble NRP1 can act as a trap of
several angiocrine factors (Gagnon et al., 2000). The NRP1 ligand Sema3A
has potent tumor suppressing effects through a direct effect on endothelial
cells but also by recruiting NEMs and regulating the proliferation of TAMs
(Carrer et al., 2012; Wallerius et al., 2016). However, Sema3A treatment in
vivo resulted in severe diabetic nephropathy and neuronal toxicity (Meyer et
al., 2016).
NRP1 is also a target for improved cancer drug delivery, taking advantage of
its expression on both endothelial and tumor cells. Generally, in cancer
treatment, the delivery of drugs to the tumor is inefficient due to poor penetration. However, small tumor-homing cell-penetrating peptides that bind
NRP1 through the exposure of a C-end Rule motif, have been shown to activate an endocytosis pathway in endothelial and tumor cells (Pang et al.,
2014). Peptide-binding triggers NRP1-dependent cell trafficking of coadministered drugs, resulting in improved tumor drug penetration and facilitating the delivery of therapeutic agents (Roth et al., 2016; Sugahara et al.,
2010).

In situ proximity ligation assay
To understand the function and activity of a specific protein in any biological system, it is necessary to know both the expression pattern and interactions with other proteins. Antibody-based methods are versatile, can be used
in many contexts, and may provide a good understanding of spatial distribution and expression levels. However, the resolution in conventional methodologies is too low to study individual proteins or their interaction with binding partners.
Protein interactions are important to identify and understand protein function
and determine suitable targets for therapeutic efforts. Mass spectrometry and
yeast two-hybrid assays are valuable in finding interaction partners to the
protein of interest, but do not provide information about subcellular localization or dynamics of the interaction (Ho et al., 2002; Uetz et al., 2000).
Fluorescence resonance energy transfer (FRET) is a powerful method to
study protein interactions in cellular systems. The proteins of interest are
tagged with fluorescent proteins, for example cyan fluorescent protein
(CFP), and yellow fluorescent protein (YFP). Light excitement of CFP can
transfer the absorbed energy to YFP if the tagged proteins are in close proximity to each other (<10 nm), resulting in emitted light of a longer wavelength (Sekar and Periasamy, 2003). Bioluminescent resonance energy trans30

fer (BRET) is a similar method that uses luciferase as an energy donor and
thus does not require an external light source (Angers et al., 2000). One of
the strengths of these approaches is the ability to study the interactions in
real time, giving valuable information about their dynamics. However, due
to the requirement of tagging the proteins, the system is rather artificial and
important protein properties might be altered. Moreover, the requirement to
modify the proteins of interest makes these methods not applicable to human
samples.

Figure 6. In situ proximity ligation assay. In situ PLA can be employed to visualize protein interactions in situ with single protein resolution. A) Detection probes
(antibodies with covalently bound oligonucleotides) bind the molecules of interest
(red and orange). B) If the two detection probes are in close proximity, the two oligonucleotides can be bridged by specific added oligonucleotides (red and grey).
Subsequent enzymatic ligation results in the formation of a circular DNA fragment.
C) The circularized DNA fragment is amplified thousand-fold by rolling circle amplification. D) The formed DNA bundle is visualized by addition of labeled oligonucleotides complementary to the generated DNA strand, thereby amplifying signaling
strength manifold (adapted from Söderberg et al., 2008).

In situ proximity ligation assay (PLA) is an antibody-based assay that can
visualize endogenous protein interactions both in tissue samples and in cellular assays with single protein resolution (Figure 6) (Söderberg et al., 2006).
PLA detection probes are primary or secondary antibodies covalently linked
to specific oligonucleotides. The oligonucleotides, together with two addi31

tional oligonucleotides circularize by enzymatic ligation. The circularized
sequence is amplified thousand-fold by polymerase-driven rolling circle
amplification. This DNA bundle is visualized by the addition of small labeled oligonucleotides complementary to the circularized sequence, thus
amplifying the signal significantly. The bundle remains attached to detection
probes during the whole process, allowing the detection of protein-protein
interactions or modifications in specific subcellular localizations (Jarvius et
al., 2007; Söderberg et al., 2006; Söderberg et al., 2008). In situ PLA can
also be used to study the activity of a single protein using one antibody that
specifically recognizes the phosphorylated protein together with an antibody
that recognizes an phosphorylation independent epitope (Jarvius et al.,
2007).

Renal cell carcinoma
Renal cell carcinoma (RCC) represents 3% of all cancers (Ferlay et al.,
2015). Discovery is often incidental in conjunction with radiography and
25% of patients have advanced disease at discovery. For localized disease,
partial or radical nephrectomy is performed. Nephrectomy may also be performed in metastatic disease to improve survival (Rini et al., 2009). Local
recurrence occurs in 30% of patients after tumor resection (Cohen and
McGovern, 2005). Metastatic disease is not curable despite the introduction
of novel therapies in recent years, and the five-year survival is approximately 10-15% (Ghatalia et al., 2017; Lindskog et al., 2017).
Chemotherapy in RCC has a low response rate of 5-6% and provides no
benefit to overall survival (Motzer and Russo, 2000; Yagoda et al., 1995).
Immunotherapy with IL-2 and interferon alfa was previously the golden
standard for treatment of metastatic RCC, although benefits were modest
(Rini et al., 2009). Targeted therapies against the VEGF-A/VEGFR2 and
mammalian target of rapamycin (mTOR) pathways are currently the first
line therapy choices for metastatic RCC. These include Pazopanib, Sunitinib,
Bevacizumab (in combination with interferon) and the mTOR inhibitor
Temsirolimus (for patients with poor prognosis) (Kumar and Kapoor, 2017).
Recently, combinatorial therapy with immune checkpoint inhibitors have
shown improved response rate and overall survival in metastatic RCC
(Motzer et al., 2018).
Metastatic RCC is one of the most responsive cancers to anti-angiogenic
therapy. Indeed, sequential treatment with a second anti-angiogenic kinase
inhibitor has been shown to be effective even when the RCC develops resistance to the first choice of angiogenic inhibitor (Escudier et al., 2012).
The beneficial effect of anti-angiogenic therapy in RCC can be derived from
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the molecular pathogenesis of the disease. There are two major subtypes of
RCC, papillary and clear cell RCC. Clear cell RCC constitutes approximately 70-80% of RCC cases (Rini et al., 2009). The VHL gene is a tumor suppressor gene which is mutated in families suffering from the von HippelLindau syndrome, a familial cancer syndrome causing retinal angiomas,
hemangioblastomas and RCCs with clear cell morphology (Cohen and
McGovern, 2005). Loss of one allele of the VHL gene is also observed in
over 90% of sporadic clear cell RCCs, and inactivation of the other allele is
found in at least 50% of RCCs (Gnarra et al., 1994; Schraml et al., 2002).
VHL encodes the von Hippel-Lindau protein (VHL), a central component in
an E3 ligase that ubiquitinates HIF1-under normoxic conditions, leading to
proteasome degradation. Under hypoxic conditions HIF1- is transferred to
the nucleus which leads to the transcription of pro-angiogenic factors such as
VEGF-A, PDGF, FGF2 and TGFα. VHL loss or dysfunction leads to absence of oxygen-dependent regulation of HIF1-, resulting in constant production of proangiogenic and tumorigenic factors (Iliopoulos and Eng,
2000).
NRP1 is expressed in renal tubular epithelial cells and podocytes, a kidney
specific mural cell type, as well as in the glomerular endothelium and small
arteries (Karihaloo et al., 2005; Wnuk et al., 2017). However, NRP1 has not
been extensively studied in the RCC context. Cao et al showed that aggressive RCC cell lines overexpress NRP1. Knocking down NRP1 resulted in
reduced migration and invasion. In vivo, NRP1 tumor cell expression was
associated with maintenance of a dedifferentiated phenotype and increased
tumor growth (Cao et al., 2008).

Pancreatic ductal adenocarcinoma
Pancreatic cancer is a disease with very poor prognosis. The five-year survival is around 6% and pancreatic cancer is the fourth leading cause of death
among cancer diseases (Gillen et al., 2010; Kamisawa et al., 2016). Contributing to the poor survival is the delay of discovery due to the lack of symptoms until the disease is at a late stage. Only about 20% of patients are eligible for resection at discovery, the only potentially curable treatment. Even in
this group, 5 year survival is only 25% (Siegel et al., 2014). Another factor
contributing to the poor outcome is that 90% of patients have metastatic
disease at diagnosis (Kamisawa et al., 1995).
Pancreatic cancer treatment is dependent on the stage of the disease. In resected pancreatic cancer, adjuvant chemotherapy is given, most commonly
gemcitabine (Oettle et al., 2013). For metastatic pancreatic cancer, the first
line chemotherapy is FOLFIRINOX regimen (fluorouracil plus leucovorin,
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irinotecan, and oxaliplatin) or gemcitabine plus nanoparticle-bound paclitaxel for those who tolerate it. The benefit of radiotherapy in the treatment of
locally advanced disease has not been shown (Kamisawa et al., 1995). Pancreatic ductal adenocarcinoma (PDAC) is the most common pancreatic cancer tumor type, comprising about 90% of cases (Ferrone et al., 2012). Frequently observed driver genes are KRAS , CDKN2A (cyclin-dependent kinase Inhibitor 2A), TP53 (tumor protein 53) and SMAD4 (Wood and
Hruban, 2012). Mutations in the proto-oncogene KRAS is one of the earliest
events in pancreatic tumorigenesis (Kanda et al., 2012). Mutations in the
tumor suppressor CDKN2A is also an early event while TP53 and SMAD4
mutations occur at later stages of cancer progression (Maitra et al., 2003).
In contrast to RCC, PDAC is considered a hypovascular disease, with a high
degree of tumor stroma and relatively few tumor cells. However, high microvessel density and high VEGF-A expression levels are prognostic markers, which predict poor patient survival (Ikeda et al., 1999; Seo et al., 2000).
A larger number of phase 2 and 3 clinical trials have been performed with
anti-angiogenic drugs; unfortunately these trials have so far been unsuccessful (Craven et al., 2016).
NRP1 is highly expressed in pancreatic cancer and has been associated with
angiogenesis and poor overall survival (Ben et al., 2014; Fukahi et al., 2004).
NRP1 has been proposed to contribute to pancreatic tumorigenesis in several ways; studies in pancreatic cancer cell lines and in vivo models have
shown that NRP1 expression promotes tumor cell proliferation, migration,
invasion and metabolism as well as tumor angiogenesis, chemotherapy resistance and endothelial to mesenchymal transition (Matkar et al., 2018). In
contrast, Gray et al. showed that expression of NRP1 led to a reduction in
tumor cell migration and also inhibited tumor initiation and growth, while
knocking down expression increased tumor growth in vivo (Gray et al.,
2005). Currently, a small tumor penetrating peptide, CEND-1, targeting
NRP1 through its C-end Rule motif in combination with nabpaclitaxel and
gemcitabine is undergoing phase 1 clinical trials (NIH, 2018).

Gastric adenocarcinoma
Gastric cancer is the fifth most diagnosed cancer and the third leading cause
of cancer related death worldwide (Bray et al.). Similar to PDAC, the disease
is often diagnosed at an advanced stage. H pylori infection is the most important risk factor for gastric cancer, driving inflammation-associated oncogenesis (Wang et al., 2014). Gastric adenocarcinoma (GAC) is the most
common gastric tumor type and is divided into the diffuse and intestinal
subtypes based on histological difference. Diffuse GAC is poorly differenti34

ated, lack gland formation and infiltrates the stroma as individual cells. Intestinal GAC is a well or moderately differentiated cancer, which forms
glandular structures. Due to their growth pattern and low differentiation,
diffuse GAC has a worse prognosis (Lauren, 1965).
Surgical resection is the only curative treatment for GAC. Patients with local
advanced disease receive neoadjuvant or adjuvant chemotherapy to improve
overall survival. However, the five year survival is 10-15%, and 50-90% of
patients eventually die of disease relapse (Paoletti et al., 2010; Van Cutsem
et al., 2016). Metastatic disease has a worse prognosis with a median survival of 12 months when receiving first line combination chemotherapy
(Glimelius et al., 1997; Wagner et al., 2010). Around 20% of GAC tumors
overexpress the oncogene HER2, encoding the human epidermal growth
factor receptor 2 (HER2) protein (Van Cutsem et al., 2015). In patients with
HER2-positive tumors, receiving Trastuzumab, a HER2-specific antibody, in
combination with chemotherapy resulted in improved survival compared to
patients receiving chemotherapy alone (Bang et al., 2010). Trastuzumab
combined with chemotherapy has therefore been approved as first line
treatment of advanced HER2-positive GAC.
Targeted therapy against the VEGF-A/VEGFR2 pathway has also shown
some patient benefit. GAC tumors overexpress VEGF-A and other proangiogenic factors, and angiogenesis has been associated with poor prognosis
(Becker et al., 2000; Chen et al., 2002). A clinical trial with Bevacizumab
(AVAGAST) revealed an improvement in progression free survival, while
overall survival was improved only in the non-Asian population (Ohtsu et
al., 2011). This finding suggests that the therapeutic benefit of Bevacizumab
requires patient stratification. Indeed, when further analyzing the cohort for
biomarkers of therapy response, both circulating VEGFR1 and tumorexpressed NRP1 predicted therapy response (Van Cutsem et al., 2012a). A
phase 3 clinical trial with Ramucirumab, an antibody targeting VEGFR2,
showed prolonged overall survival in advanced GAC compared to best supportive care, and equivalent results to second line chemotherapy (Fuchs et
al., 2014). Ramucirumab is therefore recommended as an option in second
line treatment for refractory metastatic GAC (Van Cutsem et al., 2016).
NRP1 expression in GAC has been associated with low tumor cell differentiation in patients. Depleting NRP1 in vitro and in vivo showed reduced tumor cell migration, proliferation and tumor growth (Li et al., 2016a). Similar
results were seen when using a NRP1-neutralizing antibody (Ding et al.,
2018). In contrast, in the AVAGAST clinical trial, van Cutsem et al. observed that low NRP1 expression was associated with poor overall survival.
Interestingly, these patients had the most benefit from receiving Bevacizumab (Van Cutsem et al., 2012a). Low tumor NRP1 expression may dis35

tribute VEGF-A towards the endothelium, making the tumor more dependent on VEGF-A as a driver of angiogenesis, thus more sensitive to antiVEGF therapy.
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Present investigations

Aims
The work presented in this thesis explores the role of NRP1 spatial distribution in regulating VEGFR2 signaling and the impact of NRP1 presentation in
trans for tumor angiogenesis and growth (Paper I). Additionally,
VEGFR2/NRP1 complex formation is explored as a marker of patient survival in PDAC, GAC (Paper II) and RCC (Paper III). The specific aims of
each paper are listed below:
I.

Determine how VEGF-A-induced signaling downstream of
VEGFR2 is regulated by NRP1 presentation in cis or trans. Explore
the role of NRP1’s spatial distribution in regulation of tumor angiogenesis using in vivo tumor models.

II.

Investigate the prevalence of VEGFR2/NRP1 complex formation in
human cancers and explore the prognostic significance of NRP1
presentation in trans in GAC and PDAC.

III.

Study the impact of NRP1 cis and trans presentation in RCC on
clinical outcome. Examine the validity of vessel adjacent NRP1 and
trans NRP1 as prognostic markers of survival.
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Summary of the papers
Paper I
VEGF-A and its receptor VEGFR2 are essential for angiogenesis both in
development and disease. NRP1 binds VEGFs with high affinity and is
known to serve as a VEGF-A co-receptor on endothelial cells, forming a
ternary complex with VEGF-A and VEGFR2. NRP1 is essential in embryonic development and shows broad expression in epithelial cells, smooth muscle cells, neurons, and immune cells in the adult. NRP1 is also expressed in
tumors, however, conclusions on the impact of NRP1 expression varies between studies and tumor types. In addition to forming complexes when both
VEGFR2 and NRP1 are expressed by the same cell, cis, NRP1 has also been
shown to interact with VEGFR2 when expressed by an adjacent cell, trans,
with VEGF-A bridging the complex. Here we explore in detail the consequence of NRP1 presence in cis versus trans on VEGFR2 biology and angiogenesis in both tumor and developmental contexts (Figure 7).

Figure 7. VEGFR2/NRP1 complex formation in cis and trans. VEGF can bridge
complex formation between VEGFR2 and its co-receptor NRP1. Complex formation
can occur when both molecules are expressed by the same cell, cis. Complexes can
also form when NRP1 expressed by an adjacent cell, for example a tumor cell, is
presenting VEGF to VEGFR2 on the endothelial cell, trans.

To explore the kinetics of complex formation we performed cell culture experiments with porcine aortic endothelial (PAE) cells expressing both
VEGFR2 and NRP1 (cis) compared to mixed cultures of cells individually
expressing VEGFR2 and NRP1. After VEGF-A stimulation, cis complexes
formed within 3 minutes and declined after 30 min. In contrast, trans complex formation was delayed but prolonged, and complexes remained arrested
at the plasma membrane. The arrest of complexes at the cell surface suggested that VEGFR2 internalization was modulated by NRP1 in trans. We therefore tracked the trafficking of fluorescently labeled VEGF-A and confirmed
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that the labeled ligand internalized as expected into vesicle-like structures in
cis while internalization in trans was significantly delayed.
Full bioactivity of VEGFR2 requires internalization of the active receptor
into early endosomes. We therefore examined signal transduction downstream of VEGFR2. VEGF-A stimulation led to rapid activation of PLCγ
and ERK1/2 in cis followed by rapid deactivation. In trans, PLCγ and ERK2
activation was prolonged while ERK1 was not activated at any timepoint,
suggesting qualitative difference in VEGFR2 signaling output based on
NRP1’s spatial distribution.
The C-terminal tail of NRP1 contains a SEA motif allowing it to bind the
PDZ-domain of synectin, implicated to be of importance for VEGFR2 cis
complex formation and internalization. We therefore investigated the impact
of NRP1’s C-terminal tail on trans complex formation. PAE and T241 fibrosarcoma cells were transfected with a truncated NRP1 lacking the Cterminus (NRP1ΔC). Real time radio ligand binding assays with labeled
VEGF-A revealed that NRP1 engages in both high-affinity and low-affinity
interactions with VEGF-A. The NRP1ΔC-VEGF-A binding was markedly
skewed towards the low-affinity interaction. We observed that NRP1ΔC,
unlike full length NRP1, failed to arrest the VEGFR2 at the plasma membrane and did not affect signaling kinetics downstream of VEGFR2.
The effect of NRP1 in trans on endothelial cell signaling suggested a possible role in pathological angiogenesis. We explored this using two tumor
models, T241 fibrosarcoma and B16F10 melanoma, subcutaneously injected
in mice with tamoxifen-regulated endothelial-specific NRP1 expression. The
tumor cell lines were modified to express NRP1 or not. We observed a reduction in tumor growth when tumor cells expressing NRP1 had been administered, despite observing no difference in cell proliferation in vitro. We
examined whether the difference in tumor growth was due to abrogated angiogenesis, but observed no difference in CD31 area or mural cell coverage
between tumors; however, we observed a reduction in tumor establishment
in mice receiving NRP1 expressing tumors cells, suggesting that NRP1 may
have a decisive role in tumor initiation, possibly through an early impact on
tumor angiogenesis.
To study early events of tumor vascularization, T241 cells suspended in matrigel were injected subcutaneously and tumors were extracted already after
one week. In this model, we observed a suppression of angiogenesis by tumor cells presenting NRP1 in trans. Similar to the in vitro observation on
signaling downstream of VEGFR2, activation of ERK1 was reduced in trans
tumors. These data suggest that NRP1 in trans inhibits tumor growth
through an early suppression of vessel recruitment and invasion.
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Endothelial NRP1 expression is essential for mouse development; however,
the influence of the spatial distribution of NRP1 requires further attention.
Based on the results from the tumor models, we speculated that a VEGFR2NRP1 interaction between endothelial cells in trans could impact VEGFR2
signaling to maintain a non-sprouting phenotype also in a physiological setting such as developing the retina vasculature. To explore this, we generated
mouse pups with mosaic endothelial cell expression of NRP1. Studying the
retina stalk region where sprouting should be suppressed we observed that
sprouting occurred in mosaic regions, specifically by NRP1 expressing cells
whose neighbors lacked NRP1, thus where no lateral NRP1-mediated inhibition could occur.
With this study, we highlight the importance of NRP1 spatial distribution for
VEGFR2 signaling and regulation, and consequentially angiogenesis. We
also elucidate the role of NRP1 in cis and trans in tumor angiogenesis,
showing the relevance of NRP1 presentation by non-endothelial cells such as
tumor cells.
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Paper II
NRP1 expression in tumors has been correlated to both poor and improved
prognosis depending on the tumor type and method of analysis. Our previous
study indicated that tumor angiogenesis in mouse models was influenced by
the expression pattern of NRP1, with trans VEGFR2/NRP1 complex formation being associated with reduced angiogenesis and tumor growth. We
therefore wished to explore the effect of VEGFR2/NRP1 complexes in trans
on human tumor vascular parameters and patient survival.
Having previously observed a reduction in vessel area at an early stage in
T241 fibrosarcoma trans tumors, we analyzed these tumors for other vessel
parameters and observed a reduction in vessel number and branching, correlating with reduced tumor cell proliferation.
To select candidate human cancer types for further study, we performed in
situ hybridization, screening for NRP1 expression in both vessels and tumor
cells on a tissue microarray (TMA) of 17 cancer types, with 12 patients for
each type. We detected NRP1 expression in both vessels and tumor cells in
GAC and PDAC, potentially allowing formation of VEGFR2/NRP1 complexes in cis or trans.
We explored VEGFR2 and NRP1 co-expression using RNA scope, a method
to multiplex mRNA detection in situ. We observed a high heterogeneity in
the expression of both VEGFR2 and NRP1, but in general, NRP1 expression
was more abundant in PDAC samples. Similar results were obtained when
performing immunohistochemistry for NRP1, where we observed NRP1
expression by tumor cells in close proximity to blood vessels, and expression
levels were higher in PDAC than GAC.
To confirm that VEGFR2/NRP1 complexes form in human tumors, we performed in situ PLA. We detected complexes located at the interface between
the endothelium and tumor cells, confirming that complexes existed in the
trans configuration. Trans complexes were observed in approximately 40%
of tumors for both GAC and PDAC but more abundantly in PDAC, which
was in line with results from the immunohistochemistry and RNAscope
analyses. In PDAC, tumors positive for VEGFR2/NRP1 trans complexes
showed reduced vascular area, vessel numbers, vessel branching and also
reduced tumor cell proliferation, in congruence with our previous observations in mouse tumor models. In GAC, trans presentation of NRP1 had no
effect on vessel parameters or tumor cell proliferation, likely due to the lower NRP1 expression level and therefore, a less robust trans inhibition effect.
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To determine if VEGFR2/NRP1 complexes in trans affected patient prognosis we performed in situ PLA and scored for trans complexes in a larger cohort of 64 PDAC patients. We observed a similar effect of trans complexes
on vessel parameters and tumor cell proliferation in this cohort as in the previous, smaller cohorts described above. Importantly, Kaplan-Meier analysis
showed an improved overall survival in patients scored as trans. Furthermore, multivariable analysis revealed VEGFR2/NRP1 complex formation in
trans to be an independent marker of overall survival in PDAC patients.
In this study we show for the first time that VEGFR2/NRP1 complex formation in cis and trans occurs in human cancer. Additionally, in PDAC,
NRP1 presentation by vessel-adjacent tumor cells correlates with reduced
vessel parameters, reduced tumor cell proliferation and improved patient
survival, suggesting that VEGFR2/NRP1 complex formation could be a
valuable prognostic marker and potentially a predictive marker of antiangiogenic therapy. These findings also encourage the study of trans NRP1
in other cancer types.
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Paper III
RCC tumors are generally highly vascularized due to loss or mutation of the
VHL gene leading to sustained HIF1-mediated transcription of proangiogenic factors such as VEGF-A. Therapies targeting angiogenesis have been
shown to prolong overall survival in metastatic RCC and several antiangiogenic therapies are currently considered in first line treatment of metastatic disease. Despite the importance of angiogenesis in RCC, the role of
NRP1 has not been well studied.
To confirm that NRP1 is expressed in RCC we acquired expression data
from The Cancer Genome Atlas (TCGA) database on a number of tumor
types and healthy controls. We noted a significant upregulation of NRP1 in
RCC compared to healthy kidney; moreover, the expression levels were high
in comparison with other malignancies, validating the relevance of studying
NRP1 in the context of RCC.
To explore the spatial distribution of NRP1 we performed immunofluorescent staining for VEGFR2 and NRP1 as wells as in situ PLA on a cohort of
64 RCC patients with advanced disease. We observed that 74% of patients
were positive for tumor cell NRP1, 72% for NRP1 expression specifically in
perivascular regions and 35% had endothelial NRP1 expression. NRP1 perivascular expression was significantly associated with VEGFR2/NRP1 complexes in trans. We observed a reduced size of individual vessels in tumors
positive for trans complexes. Interestingly, tumors with complexes only in
cis showed increased total vessel area and individual vessel size compared to
tumors positive only for trans complexes.
We examined whether NRP1 expression correlated with patient survival
using Kaplan-Meier analysis. We observed that perivascular NRP1 and the
presence of complexes in trans both associated with improved survival,
while patients with NRP1 only in endothelial cells showed poor survival.
Multivariable analysis also revealed that perivascular NRP1 and
VEGFR2/NRP1 complexes in trans were independent markers of overall
survival. Our findings emphasize the importance of the NRP1 expression
pattern in RCC and the potential of perivascular NRP1 expression as a prognostic biomarker.
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Graphical summary of the papers

Figure 8. Graphical summary of the papers included in this thesis. We have
explored the impact of NRP1 presentation of VEGF-A on VEGFR2 biology and
tumor angiogenesis. We show that NRP1 in trans (right column) prolongs
VEGFR2/NRP1 complex formation resulting in delayed VEGFR2 internalization
and attenuated downstream signaling (Paper I). Tumor initiation was reduced in
trans tumors (Paper I), correlating with a reduction in vessel parameters (Paper I &
II) and tumor cell proliferation (Paper II). Studying patient material we found that
VEGFR2/NRP1 complex formation in trans was associated with better overall survival in both PDAC and RCC patients (Paper II & III) (adapted from Koch et al.,
2014).
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Future perspectives

Physiological angiogenesis is a strictly regulated process essential in response to changes in metabolic needs, in the maintenance of organ homeostasis and in wound healing. However, in a number of diseases angiogenesis
is perpetual and the newly formed vessels dysfunctional, aggravating the
disease. Targeting tumor angiogenesis has been proposed for many decades,
the rationale being that if the tumor vasculature is suppressed, the tumor
cells will starve and wither, leading to shrinkage and elimination of the tumor. Since all types of tumors require blood vessels to grow, targeting angiogenesis is conceptually intriguing due to its potential to be a broadly applicable cancer therapy. In the last two decades, anti-angiogenic therapies have
been developed and approved for a number of cancers. However, the results
have not been as overwhelmingly positive as initially predicted. Currently,
anti-angiogenic therapy is typically used in late stages of tumor progression,
when prolonged survival rather than cure is the sought outcome.
Current anti-angiogenic therapies target the VEGF-A/VEGFR2 pathway. In
this thesis we have explored the role of the co-receptor NRP1 in regulation
of VEGFR2 activity and angiogenesis. We show that NRP1 expressed by
tumor cells in trans, ergo adjacent to the endothelium, can arrest VEGFR2 at
the cell surface, resulting in delayed VEGFR2 activation kinetics and altered
downstream signaling output. NRP1 is expressed by several cell types, in
addition to endothelial and tumor cells, including inflammatory and immune
cells that can interact with endothelial VEGFR2. Thus, there is potential
worth exploring for trans presentation of VEGF-A by NRP1 expressed on a
number of different cell types in the tumor microenvironment.
Moreover, NRP1 binds several other growth factors, such as FGF, TGFβ,
PDGF and semaphorins, in addition to VEGF-A, and may form complexes
with their putative receptors. Determining if trans interactions occur also in
these contexts would shed light on the diverse reported effects of NRP1.
Indeed, Muhl et al. recently showed that PDGFRβ on pericyte protrusions
can interact with endothelial NRP1 in the presence of the ligand PDGFD, a
potentially important function for pericyte-endothelial cell-cell communication (Muhl et al., 2017).
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In this work we show that the presence and distribution of in situ
VEGFR2/NRP1 complexes in patient samples can provide valuable clinical
information. Moreover, employing methods such as in situ PLA reveals information about the biological roles of the molecules of interest that would
not have been detected by conventional staining methods for the same proteins. Knowledge of the balance of cis and trans complex ratios could potentially guide the choice of therapy. Based on our observations, interruption of
cis complexes could be beneficial while interference with trans complexes
might be unfavorable. We expect that studies of other protein interactions
using in situ PLA on clinical samples could provide valuable clinical insight
into tumor behavior and therapy response.
Biomarker studies have historically focused on the overall expression levels
of the protein of interest. For cell surface proteins, this may not provide the
full picture since the extracellular microenvironment could affect the biology
in a manner that may differ very considerably between individuals. We show
that studying NRP1 expression specifically in adjacency to blood vessels
generated valuable clinical information that might potentially have been
overlooked if focusing only on overall protein expression. Although in situ
PLA is a more direct method of detecting interacting molecules, staining for
vessel adjacent NRP1 by conventional methods may be more readily available in the clinical setting. It would be highly interesting to study the spatial
distribution of other cancer associated membrane proteins with multiple
proposed ligands/interaction partners. For example, Ephrin-B2 is a plasma
membrane anchored binding partner of Eph receptor tyrosine kinases, an
interaction that occurs in trans between cells. However, Ephrin-B2 has also
been shown to regulate VEGFR2 internalization and signaling, thus regulating angiogenesis (Sawamiphak et al., 2010).
The rate and spatial distribution of VEGFR2/NRP1 complex formation is
governed by the expression pattern of the two proteins. Additionally, the
formation is influenced by the availability of VEGF-A. The expression of
VEGF-A might be highly variable between cancer types and individual tumors. In the works of this thesis we did not study VEGF-A expression in
detail but recognize that it would be of high importance in the continued
work. In addition to determining VEGF-A expression levels, the balance in
expression of its splicing isoforms could be important. VEGF-A165 but not
VEGF-A121 can bridge between VEGFR2 and NRP1 to induce complex formation. Interestingly, in a mouse tumor model using tumor cells transfected
with vectors expressing VEGF-A121, VEGF-A165 or an empty vector, tumors
overexpressing the VEGF-A121 isoform showed increased tumor growth
while VEGF-A165 overexpression had an inhibitory effect compared to empty vector tumors (Kazemi et al., 2016). The authors also observed that high
VEGF-A121 expression in colorectal cancer patient samples correlated with
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an immature vessel phenotype. Thus, VEGF-A expression and regulation of
isoform expression may greatly influence tumor growth, potentially through
the regulation of VEGFR2/NRP1 complex formation. Specifically blocking
VEGF-A121 or skewing expression towards the VEGF-A165 isoform are thus
attractive potential novel therapeutic approaches.
Basement membrane integrity may also affect the formation of trans complexes between endothelial cells and surrounding cells. This integrity is typically affected in the tumor vasculature. Increased disorganization of the
basement membrane allows perivascular tumor cells to interact directly with
the endothelium. It would be interesting to determine whether VEGFR2/
NRP1 complex formation in trans correlates with impaired basement membrane integrity.
Anti-angiogenic therapy has the potential to be beneficial for many cancer
patients; however, the individual response varies greatly and some patients
do not respond to this line of therapy. Finding markers able to predict clinical benefit is therefore essential. In this work we have shown that
VEGFR2/NRP1 complex formation in trans is associated with prolonged
overall survival in both PDAC and RCC. However, due to the retrospective
design of our studies we could not evaluate the predictive value of this
marker. Such studies would be highly interesting, especially in the light of
the AVAGAST trial of Bevacizumab where no benefit to overall survival
was observed on the cohort as a whole, but when comparing groups based on
NRP1 expression, those with low NRP1 levels had worse prognosis but
showed a significant increase in overall survival when receiving Bevacizumab (Van Cutsem et al., 2012a). Low NRP1 could potentially indicate a
reduced inhibitory effect of trans-NRP1, explaining the worse prognosis for
this subgroup and better response to Bevacizumab. Additionally, in patients
with high NRP1 expression, Bevacizumab treatment may interrupt
VEGFR2/NRP1 complexes in trans, explaining the lack of clinical benefit in
this subgroup. It would therefore be very relevant to study if Bevacizumab
therapy response could be predicted by absence of trans complexes.
In this work we show that the spatial distribution of NRP1 regulates tumor
angiogenesis. Preclinical studies have shown that anti-NRP1 therapy has
additive anti-angiogenic effect when combined with an anti-VEGF-A antibody. The observation of increased rates of proteinuria when combined with
Bevacizumab in a phase Ib clinical trial prevented further study of a humanized anti-NRP1 antibody (Patnaik et al., 2014). Of note, an initial phase I
study of the anti-NRP1 antibody alone showed an acceptable safety profile
(Weekes et al., 2014). NRP1 is therefore a potential target for antiangiogenic therapy worth exploring further in combination with drugs other
than Bevacizumab. Our data suggest that the selection of patients for such
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trials needs to be carefully evaluated based on the expression profile of
NRP1.
In summary, we have shown that NRP1 can interact with VEGFR2 in trans,
resulting in differential VEGFR2 signaling output and angiogenesis. We
show that this interaction occurs in human cancer, where it is associated with
prolonged overall survival in several cancer types. We look forward to learning more about the potential presence of VEGFR2/NRP1 complexes in yet
other cancer forms, and the impact and value of such complexes as a predictive marker for anti-angiogenic therapy.
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