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    Abstract     Vascular endothelial growth factors (VEGFs) constitute a family of 
polypeptides regulating blood and lymphatic vessel development. VEGFs bind to 
type V receptor tyrosine kinases (RTKs), VEGFR-1, VEGFR-2, and VEGFR-3, but 
also bind directly to neuropilins and heparan sulphate glycosaminoglycans (HSPG), 
or indirectly to co-receptors such integrins and semaphorins. VEGFR activation 
results from ligand-induced dimerisation, which is mediated by the extracellular 
receptor domain (ECD). Recent studies established that dimerisation is necessary, 
but not suffi cient, for receptor activation, since it was shown that only distinct ori-
entations of receptor monomers give rise to active receptor dimers that are capable 
to instigate transmembrane signalling. Additional complexity in VEGFR signalling 
arises from association with specifi c co-receptors, which is determined by ligand- 
and ECD- specifi c interaction domains. 

 In the following, the role of the different extracellular subdomains in VEGFR 
activation and signalling is discussed. We give an overview of the mechanistic con-
cepts arising from recent structural studies that led to the development of novel 
allosteric receptor inhibitors and discuss their possible application in therapies 
aimed at pathological angiogenesis.  
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3.1         Biology of VEGF Family Growth Factors 
and Their Receptors 

3.1.1     Introduction to VEGF 

 Vascular endothelial growth factor, VEGF, was originally discovered as vascular 
permeability factor, VPF, a tumour-secreted protein that promotes vascular leakage 
(Senger et al.  1983 ). In the meantime it became clear that VPF exerts a biological 
activity attributable to VEGFs which comprise a family of polypeptide growth fac-
tors encoded by fi ve mammalian genes ( VEGF-A ,  VEGF-B ,  VEGF-C ,  VEGF-D  and 
placenta growth factor,  PlGF ). These polypeptides regulate blood and lymph vessel 
formation during embryonic development, in wound healing, and maintain vessel 
homeostasis in adult organisms by mediating endothelial cell survival, migration, 
proliferation and differentiation. VEGFs specifi cally interact with hematopoietic 
and endothelial precursor cells such as angioblasts, as well as with differentiating 
and mature endothelial cells. Excess or reduced production of VEGF leads to an 
imbalance in blood or lymphatic vessel homeostasis and is the cause for many 
human diseases. 

 Whilst mammalian VEGF-A and PlGF are required for blood vessel formation, 
VEGF-C and VEGF-D regulate the formation of lymphatic vessels (Jussila and 
Alitalo  2002 ; Takahashi and Shibuya  2005 ). VEGF-B, on the other hand, is impor-
tant in metabolic regulation, for instance, in cellular fatty acid uptake (Hagberg 
et al.  2012 ,  2013 ). Additionally, the orf family parapoxviruses encode VEGF-A 
ortologues collectively called VEGF-E, which show a high degree of structural 
identity with VEGF-A (Lyttle et al.  1994 ; Wise et al.  2003 ; Mercer et al.  2002 ). 
Despite only 25–35 % amino acid sequence identity with VEGF-A, they bind with 
comparable affi nity to VEGFR-2 (Wise et al.  1999 ; Ogawa et al.  1998 ; Meyer et al. 
 1999 ). VEGF-E family members lack the heparin-binding domain encoded by 
exons 6 and 7 of  VEGF-A  and vary in their ability to bind neuropilins (Ogawa et al. 
 1998 ; Wise et al.  1999 ). Several VEGF-like proteins, collectively called VEGF-F, 
have also been isolated from snake venoms with biological activity similar to 
VEGF-A (Yamazaki et al.  2003 ; Takahashi et al.  2004 ; Komori et al.  1999 ). Two of 
these VEGFs, Vammin and VR-1 isolated from  Vipera ammodytes ammodytes  and 
 Daboia russelli russelli , respectively, share about 50 % amino acid sequence iden-
tity with VEGF-A and strongly stimulate proliferation of vascular endothelial cells 
in vitro. In vivo, these proteins induce strong hypotension similar to VEGF-A, 
which is why their biological function is probably aimed at paralysing prey animals 
upon attack by a snake. 

 The complexity of VEGF biology is further increased by alternative splicing and 
proteolytic processing which gives rise to a wide variety of isoforms with distinct 
biological activities (Ladomery et al.  2007 ; Lee et al.  2005 ; Cébe-Suarez et al. 
 2006b ; Harper and Bates  2008 ; Perrin et al.  2005 ). All VEGF isoforms contain exons 
1–5 and either exon 8a or 8b. A 26-amino acid signal sequence (exon 1 plus 4 amino 
acids of exon 2) is cleaved off during biosynthesis. The VEGFR-1 and VEGFR-2 
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binding domain consists of amino acids 1–109, and the VEGFR interaction sites 
are located at opposite poles of the dimeric molecule (Muller et al.  1997 ; Wiesmann 
et al.  1997 ). Exons 6–8 encode basic sequences that mediate binding to heparan 
sulphate glycosaminoglycans (HSPG). Exon 6a, present in VEGF-A 206, 189, 162, 
145 and partially in VEGF-A 183 , is highly basic and confers binding to HSPG and 
other extracellular matrix material. Exon 6b has so far only been identifi ed in the 
less well-characterised VEGF-A 162  and in the longest isoform, VEGF-A 206 . VEGF-A 
165, 183, 189 and 206 contain an additional sequence encoded by exon 7 that also 
confers HSPG binding due to its basic properties and thus limits ligand diffusibility 
and therefore allows for spatiotemporal signalling in tissues (Lundkvist et al.  2007 ). 
All VEGF-As, except VEGF-A 148 , end with either exon 8a or 8b. Alternative splic-
ing of exon 8 results in the formation of two families of proteins of identical length 
but differing in the carboxy-terminal six amino acids (Bates et al.  2002 ). Members 
of the VEGF xxx b family identifi ed so far include VEGF-A 121 b, VEGF 145 b, VEGF 165 b, 
VEGF-A 189 b, VEGF-A 183 b and unspecifi ed larger isoforms. It is now clear that pro-
teins of the VEGF xxx b family make up a major fraction of VEGF-A in most normal 
tissues (Bates et al.  2002 ; Nowak et al.  2008 ; Bevan et al.  2008 ; Perrin et al.  2005 ), 
whereas their expression is negligible in cancer cells (Woolard et al.  2004 ; 
Pritchard-Jones et al.  2007 ; Varey et al.  2008 ). At the molecular level, the anti-
angiogenic effects of the VEGF xxx b proteins was ascribed to reduce signalling via 
VEGFR-2 (Woolard et al.  2004 ; Kawamura et al.  2008 ), in particular due to their 
inability to interact with neuropilin 1, a co-receptor modulating VEGFR-2 traffi ck-
ing and activation (Cébe-Suarez et al.  2006a ; Woolard et al.  2004 ; Ballmer-Hofer 
et al.  2011 ). 

 The complex interplay of VEGF family proteins with their receptors and co- 
receptors is vital for shaping and maintaining the vasculature in higher organisms. 
Correct spatiotemporal distribution of the individual VEGF isoforms requires not 
only exact temporal expression but depends also on the distinct affi nities of these 
proteins for components of the extracellular matrix (ECM).  

3.1.2     Structure–Function Relationship of VEGF and VEGF 
Receptors 

3.1.2.1     Receptor Specifi city of VEGFs 

 The biological activity of VEGF family polypeptides results from binding to three 
type V receptor tyrosine kinases (RTKs), VEGFR-1 (Flt-1), VEGFR-2 (KDR/Flk- 
1) and VEGFR-3 (Flt-4) (Shibuya et al.  1990 ; Terman et al.  1991 ; Pajusola et al. 
 1992 ) and to co-receptors such as neuropilin-1 and neuropilin-2 (NRP1, NRP2) 
(Neufeld et al.  2002b ), heparan sulphate proteoglycans (Tessler et al.  1994 ), or indi-
rectly via the cognate VEGF receptors to integrins (Drake et al.  1992 ; Senger et al. 
 1997 ) or ephrins (Sawamiphak et al.  2010 ). 
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 Some VEGFs interact with multiple receptors, whilst others show very specifi c 
receptor-binding properties. PlGF and VEGF-B are specifi c for VEGFR-1 (Errico 
et al.  2004 ; Olofsson et al.  1998 ); VEGF-E binds VEGFR-2 (Wise et al.  2003 ; Mercer 
et al.  2002 ; Lyttle et al.  1994 ), and VEGF-C and VEGF-D bind VEGFR-2 and 
VEGFR-3 (Jussila and Alitalo  2002 ; Takahashi and Shibuya  2005 ). VEGF-A pro-
teins bind to both VEGFR-1 and VEGFR-2 and some of their splice variants display 
co-receptor specifi city for HSPG and neuropilins (Grünewald et al.  2010 ). Exons 2–5 
determine binding specifi city for VEGFRs 1–3, whilst exons 6 and/or 7 and 8 deter-
mine co-receptor binding. Additionally, VEGFs can simultaneously bind two distinct 
receptors such as, e.g. VEGFR-2 and neuropilin, even when these receptors are 
expressed separately on adjacent cells (Cébe-Suarez et al.  2008 ). This might be 
required for promoting endothelial cell migration and cell guidance, for instance, 
when vessels form along tracks defi ned by neural cells (Kawasaki et al.  1999 ; Neufeld 
et al.  2002a ) or during endothelial tip cell guidance (Gerhardt et al.  2003 ,  2004 ).  

3.1.2.2     Structural Analysis of VEGF Binding to VEGFR-1, VEGFR-2 
and VEGFR-3 

 Signalling by VEGFRs is initiated upon binding of covalently linked ligand dimers 
to the extracellular receptor domain (Fig.  3.2 ). This interaction promotes receptor 
homo- and heterodimerisation followed by activation of the intracellular kinase 
domain. The receptor ECD consists of seven immunoglobulin homology domains 
(Ig-domains). Recent low-resolution structural analyses have identifi ed how VEGFs 
promote dimerisation of the ECD (Ruch et al.  2007 ; Kisko et al.  2011 ). Furthermore, 
structural data revealed how ligands bind to Ig-domains 2 and 3 (D23) of VEGFR-2 
(Brozzo et al.  2012 ; Leppänen et al.  2010 ) and domains 1–3 (D1-3) of VEGFR-3 
(Leppänen et al.  2013 ), whereas domain 2 (D2) of VEGFR-1 seems to be suffi cient 
for ligand binding (Christinger et al.  2004 ; Starovasnik et al.  1999 ; Wiesmann et al. 
 1997 ) (Fig.  3.1 ). Receptor dimer structure is further modifi ed by homotypic recep-
tor contacts in Ig-domains 4 to 7 (D4-7). These contacts increase the Gibbs free 
energy (ΔG) of ligand binding to VEGFR-2 by 1.5 kcal/mol. Contrary to this, the 
ΔG for ligand binding to VEGFR-1 and VEGFR-3 was decreased, resulting in ther-
modynamic stabilisation by approximately 1.5 kcal/mol (unpublished data, Ballmer- 
Hofer et al.). VEGFR-2 D4 and D7 are indispensable for receptor signalling, and 
the observed homotypic contacts were shown to allosterically regulate VEGFR-2 
activity (Hyde et al.  2012 ). Similar structural observations were made by the 
Schlessinger Lab for the related type III c-Kit and PDGF receptors where homo-
typic contacts were observed in Ig-domain 5 (Yuzawa et al.  2007 ; Yang et al.  2008 ). 
It was also shown recently that the transmembrane receptor domain (TMD) plays a 
critical role in orienting receptor monomers in active dimers; this apparently results 
from intramembrane helix dimerisation (Dell’Era Dosch and Ballmer-Hofer  2009 ). 
Taken together it is clear that RTK activation entails specifi c orientation of receptor 
monomers in active dimers, which results from highly specifi c ligand- induced 
structural rearrangement of the ECD (for model see Fig.  3.2 ).
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3.1.2.3         Activation of VEGF Receptors 

 Upon ligand binding, RTK activation entails phosphorylation of specifi c tyrosine 
residues located in the intracellular juxtamembrane domain, the kinase domain, the 
kinase insert domain and the carboxy-terminal tail of the receptor. Subsequent inter-
action between VEGFRs and downstream signalling effectors is mediated through 
Src homology-2 (SH-2) and phosphotyrosine-binding (PTB) domains (reviewed in 
Schlessinger and Lemmon  2003 ). Since signalling by VEGF receptors has been 
reviewed comprehensively in recent review articles (Cébe-Suarez et al.  2006b ; 
Shibuya and Claesson-Welsh  2005 ; Koch and Claesson-Welsh  2012 ), the following 
only refers to key hallmarks of VEGFR-2 activation. 

  Fig. 3.1    Structure of complexes between VEGFR-2 D23 and VEGF-A ( blue ), VEGF-C ( green ) 
and VEGF-E ( pink ). VEGF monomers are shown in  light  and  dark green ; the second receptor 
monomer in the complex is shown in  grey  surface representation       
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 Y951, Y1054, Y1059, Y1175 and Y1214 were identifi ed as the most prominent 
phosphorylation sites of VEGFR-2 (Matsumoto et al.  2005 ). Y1054 and Y1059 are 
located in the activation loop and were classifi ed as autophosphorylation sites 
important for the catalytic activity of the receptor kinase (Kendall et al.  1999 ). Site- 
directed mutagenesis led to the identifi cation of Y801 and Y1175 as binding sites of 
phospholipase C-γ (PLC-γ) (Cunningham et al.  1997 ). Phosphorylation and activa-
tion of PLC-γ gives rise to diacylglycerol and inositol trisphosphate which stimulate 
protein kinase C (PKC) (Nishizuka  1984 ). Mitogenic signalling by VEGFR-2 is 
Ras independent and mediated by PKC via ERK kinases (Takahashi et al.  1999 ). 
VEGF-induced endothelial cell migration is mediated by the adaptor protein ‘T 
cell-specifi c adaptor’ (TSAd) also called VRAP (Matsumoto et al.  2005 ; Wu et al. 
 2000 ). Upon binding to Y951 of VEGFR-2, this adapter is phosphorylated and 
recruits and activates Src tyrosine kinase followed by actin reorganisation and cell 
migration (Matsumoto et al.  2005 ). The adapter protein Shb also binds to phos-
phorylated Y1175 and leads to phosphoinositide-3-kinase (PI 3-kinase)-mediated 
cytoskeleton reorganisation as well as activation of focal adhesion kinase (FAK) 
(Holmqvist et al.  2004 ). Cell migration and capillary formation are regulated by 
VEGF through Gab1, which acts as an adaptor for Grb2, PI 3-kinase and the tyro-
sine phosphatase SHP-2 (Laramee et al.  2007 ; Dance et al.  2006 ). VEGF-induced 
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  Fig. 3.2    Model for VEGFR activation.  Red arrows  depict putative sites of homotypic interactions 
targeted by DARPins or antibodies acting as allosteric inhibitors, for details see Hyde et al. ( 2012 )       
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actin remodelling is also triggered through sequential activation of the small GTPase 
Cdc42 and stress-activated protein kinase (SAPK/p38) resulting from phosphoryla-
tion of VEGFR-2 at Y1214 (Lamalice et al.  2004 ). This leads to phosphorylation 
and release of heat-shock protein (HSP) 27. Early molecular events in cytoskeleton 
reorganisation include recruitment of the adaptor protein Nck and the Src family 
kinase Fyn to VEGFR-2 and trigger phosphorylation of p21-activated protein 
kinase-2 (PAK2) and activation of Cdc42 and p38 MAPK (Lamalice et al.  2006 ). 
An additional important function of VEGF is cell survival signalling via activation 
of PI 3-kinase and phosphorylation of Akt (Gerber et al.  1998 ). Finally, signalling 
by VEGFR-2 is important for endothelial cell specifi cation, a process that requires 
activation of the Ras-ERK pathway (Kawasaki et al.  2008 ).    

3.2     VEGFR-2 as Part of a Signalling Platform 

 As described above, the polypeptides encoded by the three VEGFRs and fi ve VEGF 
genes, including all isoforms, form the VEGF signalling network. In addition, 
VEGFRs require additional co-receptors to fulfi l their diverse functions as, for 
example, sprouting angiogenesis during development or regulation of vessel perme-
ability. These co-receptors interact either directly or indirectly with the receptor or 
are associated together with VEGFRs in specifi c membrane subdomains such as 
adherens junctions. Here we summarise the features of the most prominent of these 
co-receptors and describe their infl uence on VEGFR signalling and angiogenesis. 

3.2.1     Neuropilins (NRPs) 

 Neuropilins are type I transmembrane proteins that consists of two CUB (a1a2), 
two discoidin (b1b2), one MAM domain, a transmembrane helix and a short cyto-
plasmic tail with a PDZ-binding motif. They were originally identifi ed as receptors 
for the axonal chemorepellent semaphoring III (He and Tessier-Lavigne  1997 ; 
Kolodkin et al.  1997 ). Subsequently, it was shown that a specifi c binding motif of 
NRP1 interacts with some isoforms of VEGF-A (Whitaker et al.  2001 ). NRPs are 
expressed in various tissues but especially in axons and endothelial cells where they 
play a similar role in axon and vessel guidance (Adams and Eichmann  2010 ). 
VEGF-A 165 a binds simultaneously to VEGFR-2 and NRP1 thereby forming multi-
meric VEGFR-2/NRP1/VEGF-A complexes. These complexes are formed either in 
cis (VEGFR-2 and NRP1 expressed in the same cell) or in trans (VEGFR-2 and 
NRP1 expressed in neighbouring cells) confi guration. VEGF-A 165 a binds to NRP1 
via its C-terminal tail which is encoded by exon 8a. VEGF isoforms with a 
C-terminal tail encoded by exon 8b do not bind to NRP1 (Cébe-Suarez et al.  2006a ). 
Interestingly, VEGF-A 121  also binds directly to NRP1; however, this does not lead to 
complex formation between NRP1 and VEGFR-2, presumably due to steric reasons 
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(Pan et al.  2007b ). Recruitment of NRP1 as a co-receptor in VEGFR-2/NRP1 
expressing endothelial cells by VEGF-A 165 a leads to increased p38 activation as 
compared to VEGF-A 165 b (Kawamura et al.  2008 ). This effect is mediated by the 
C-terminal PDZ domain of NRP1 (Ballmer-Hofer et al.  2011 ). So far, synectin/
GIPC is the only known interaction partner of this PDZ-binding motif (Cai and 
Reed  1999 ). GIPC is a small protein with a single PDZ domain that exists as mono-
mer or trimer in the cytoplasm (Kedlaya et al.  2011 ). Early after internalisation, 
GIPC binds, together with myosin VI, to activated receptors (Naccache et al.  2006 ). 
Myosin VI is an atypical minus-end-directed myosin that uses the F-actin network 
underneath the plasma membrane to drive cargo-loaded vesicles towards the cell 
body. The PDZ-binding motif of NRP1 promotes the association with Rab5, Rab4 
and Rab11 vesicles, which together form the so-called slow recycling pathway. 
VEGFR-2, which is normally not recycled through Rab11 vesicles, uses this recy-
cling pathway when bound to NRP1 via VEGF-A 165 a (Ballmer-Hofer et al.  2011 ). 
Many receptors use GIPC as adaptor protein for internalisation and recycling, but 
the modes of interaction are different. VEGFR-2 and TrkA (Varsano et al.  2006 ) 
bind GIPC via their co-receptors NRP1 and APPL1, respectively, whilst the beta 2 
adrenergic receptor binds GIPC directly (Hu et al.  2003 ). 

 The in vivo function of NRP1 was studied in mice and zebrafi sh. Interestingly, 
complete knockout or truncation of the C-terminal tail of NRP1 gave rise to differ-
ent phenotypes. Complete knockout mice died at E12.5 with a severely disorganised 
vascular network (Kawasaki et al.  1999 ). In contrast, mice lacking only the cyto-
plasmic tail of NRP1 were viable with normal developmental angiogenesis, but 
impaired arteriogenesis and increased frequency of artery-vein crossing in the retina 
(Fantin et al.  2011 ; Lanahan et al.  2013 ). A possible explanation for this discrep-
ancy might be that cytoplasmic tail-truncated NRP1 is still capable to fulfi l its trans 
signalling function. On the other hand, if NRP1, GIPC or myosin VI were ablated 
in zebrafi sh, fi sh clear vascular defects were observed suggesting that the VEGFR-2/
NRP1/GIPC/myosin VI complex plays an important role in arteriogenesis in vivo 
(Chittenden et al.  2006 ; Wang et al.  2006 ; Lanahan et al.  2010 ). In addition, block-
ing NRP1 function with antibodies enhanced the anti-angiogenic activity of anti- 
VEGF antibodies in blocking tumour growth; identifying NRP1 is a potential target 
in cancer treatment (Pan et al.  2007a ).  

3.2.2     Ephrin-B2 

 Ephrin-B2 is a cell surface transmembrane ligand for Eph receptors, a large family 
of RTKs. The binding occurs between adjacent cells in trans leading to contact- 
dependent bidirectional signalling. Mice carrying inactive ephrin-B2 showed com-
promised vasculogenesis and angiogenesis (Adams et al.  1999 ). Ephrin-B2 binds 
to EPHA4, EPHA3 and EPHB4. In the vasculature, ephrin-B2 is expressed in arte-
rial endothelial cells, whereas EphB4, one of the cognate receptors, is predomi-
nantly expressed in the venous endothelium. Together with VEGFR-2 and 
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VEGFR-3, they regulate sprouting of new vessels. Similar to NRP1, ephrin-B2 
carries a carboxy- terminal PDZ-binding motif. Mutant mice lacking this motif 
show a reduction in the number of tip cells with fewer fi lopodial extensions at the 
vascular front in the developing mouse retina. In addition, they show decreased 
tumour vascularisation and tumour growth (Wang et al.  2010 ; Sawamiphak et al. 
 2010 ). VEGFR-2 and VEGFR-3 do not directly interact with ephrin-B2, but rather, 
they bind via the cytoplasmic proteins Dab2 and PAR-3. The PDZ-binding motif of 
ephrin-B2 thus binds to PAR-3, which associates with Dab2 and VEGFR-2 and 
VEGFR-3. PAR-3 and DAB2 are indispensable for rapid VEGFR-2 turnover at the 
angiogenic front, a process that is further negatively regulated by atypical protein 
kinase C (aPKC). aPKC activity is typically low in developing sprouts but high in 
more mature vessels (Nakayama et al.  2013 ). Interestingly, similar to GIPC, Dab2 
binds to myosin VI (Spudich et al.  2007 ), and it is therefore likely that the ephrin-
B2/PAR3/Dab2/VEGFR complex relies on the same internalisation mechanism as 
the VEGFR-2/NRP1/GIPC complex. Ephrin-B2 and NRP1 might therefore be 
functionally redundant in vivo, explaining the mild phenotype observed in mice 
expressing PDZ- binding motif deleted NRP1.  

3.2.3     VE-Cadherin 

 VE-cadherin is the main driver of adherens junction formation in endothelial cells. 
Adherens junctions appear in more mature vessels where they regulate vascular 
growth and permeability. VE-cadherin connects endothelial cells in vessels by a 
calcium-dependent homophilic interaction, and β-catenin, p120-catenin and plako-
globin are the direct link to the cytoskeleton. Many additional proteins that form a 
molecular or functional interaction with VE-cadherin are known (reviewed by 
Giannotta et al.  2013 ). Targeted deletion or C-terminal truncation of the VE-cadherin 
gene in mice leads to embryonic death at E9.5 due to increased endothelial apopto-
sis. In these mice VEGF-A is not able to activate Akt, an important kinase involved 
in survival signalling, and this apparently results from the fact that VEGFR-2 was 
unable to form a complex with VE-cadherin (Carmeliet et al.  1999 ). Association of 
VEGFR-2 with VE-cadherin depends on β-catenin. Activation of VEGFR-2 by 
VEGF is blocked in this complex as a consequence of the presence of the phospha-
tase DEP-1 that dephosphorylates VEGFR-2 (Grazia Lampugnani et al.  2003 ). In 
addition, VE-cadherin also interferes with VEGFR-2 internalisation and thereby 
inhibits signalling from internal cellular compartments (Lampugnani et al.  2006 ). 
VE-PTP is a second phosphatase which is localised at and therefore stabilises adhe-
rens junctions by dephosphorylating VEGFR-2 and VE-cadherin. VE-PTP is also 
expressed in stalk cells during angiogenesis, maintaining VEGFR-2 at adherens 
junctions in a quiescent state (Hayashi et al.  2013 ). In contrast, low expression of 
VE-PTP in tip cells results in high receptor turnover and signal output by VEGFR- 2. 
The effect of these adherens junction phosphatases thus leads to VE-cadherin 
dephosphorylation and the stabilisation of adherens junctions, which can be reverted 
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by high amounts of VEGF (Esser et al.  1998 ). In vivo, the dissociation of VE-PTP 
from VE-cadherin is induced by both leukocyte binding or by VEGF; in both cases 
this results in the opening of endothelial cell contacts and leukocyte extravasation 
(Broermann et al.  2011 ).  

3.2.4     Dopamine Receptor D2 

 Dopamine is well known as a neurotransmitter in the nervous system. Nevertheless, 
a signifi cant amount of dopamine circulates in the bloodstream where it exerts a 
variety of effects on the cardiovascular system. Dopamine receptors are also 
expressed on endothelial cells (Ricci et al.  1994 ; Bacic et al.  1991 ), and Basu et al. 
showed that dopamine thereby inhibits VEGF-induced vascular hyperpermeability 
and angiogenesis. Dopamine blocks autophosphorylation of VEGFR-2 following 
VEGF administration and leads to increased internalisation of VEGFR-2 (Basu 
et al.  2001 ). Consequently, high doses of dopamine or related agonists interfere 
with malignant tumour growth by blocking tumour vascularisation whereas antago-
nists accelerate wound healing (Shome et al.  2011 ). Dopamine receptor D2 and 
VEGFR-2 colocalise at the plasma membrane of endothelial cells, and dopamine 
recruits the cytoplasmic phosphatase SHP-2 to this complex. VEGF promotes acti-
vation of VEGFR-2 and thereby leads to SHP-2 activation resulting in dephos-
phorylation of VEGFR-2 at Y951, Y996 and Y1059, but not at Y1175. Decreased 
phosphorylation of VEGFR-2 at Y951 was shown to block VEGF-induced cell 
migration (Sinha et al.  2009 ).  

3.2.5     CD146 

 CD146 (MUC18) is a cell adhesion molecule of the immunoglobulin superfamily 
consisting of fi ve extracellular Ig-domains, a transmembrane helix and a cytoplas-
mic tail. It was originally identifi ed as a marker for melanomas with poor prognosis 
(Lehmann et al.  1989 ). Later, it was shown that it is expressed on endothelial cells 
and that it promotes tumour growth, angiogenesis and metastasis. In zebrafi sh, 
knockdown of CD146 resulted in angiogenic sprouting defects in intersegmental 
vessels and reduced tumour angiogenesis (So et al.  2010 ). In addition, CD146 
plays an important role in a variety of biological and pathological processes 
(reviewed by Wang and Yan  2013 ). It was shown recently that VEGFR-2 directly 
interacts with CD146 in endothelial cells and that activation with VEGF leads to 
increased p38/IKK/NF-κB signalling and high Akt activity. Enhanced activation of 
p38 was also described for the VEGFR-2/NRP1 complex (Kawamura et al.  2008 ). 
In vitro, the VEGFR-2/CD146 complex mediates increased cell migration and tube 
formation, and mice lacking CD146 in endothelial cells showed reduced vascular 
density in Matrigel implanted plugs (Jiang et al.  2012 ). CD146 is therefore an 
attractive target for antibody-based cancer therapy. ABX-MA1, a fully humanised 
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anti-CD146 antibody, reduced tumour growth in an in vivo model and disrupted 
spheroid formation of CD146-expressing melanoma cells and their ability to attach 
to primary endothelial cells such as HUVEC in vitro (Mills et al.  2002 ). Jiang et al. 
used an antibody (AA98) that blocks dimer formation, thereby inhibiting down-
stream signalling pathways. This antibody also reduces tumour growth in vivo, and 
in combination with bevacizumab, a VEGF-neutralising antibody, this activity is 
further enhanced (Jiang et al.  2012 ). The anti-CD146 antibody may be a promising 
therapeutic agent for treating other diseases such as multiple sclerosis. As a matter 
of fact, treating mice with the anti-CD146 antibody AA98 attenuated neuroinfl am-
mation by limiting lymphocyte extravasation to the CNS in a mouse model of mul-
tiple sclerosis. Endothelial CD146 therefore plays also an important role in the 
maintenance of the blood–brain barrier (Duan et al.  2013 ).  

3.2.6     CD44 

 CD44 is a cell adhesion molecule with an extracellular domain, a single transmem-
brane helix and a short cytoplasmic tail. It binds to hyaluronan and other compo-
nents of the ECM (Naor et al.  1997 ). CD44 knockout mice are viable but the 
vascularisation of Matrigel implants as well as tumour and wound angiogenesis 
were reduced (Cao et al.  2006 ). Most interestingly, alternative splicing of exons 6 to 
15 leads to many different isoforms (CD44vx). CD44v6 was shown to play an 
important role in cancer metastasis (Gunthert et al.  1991 ). A peptide derived from 
this CD44 isoform blocked c-Met in several cancer cells indicating that CD44v6 
acts as a co-receptor of this RTK (Orian-Rousseau et al.  2002 ). In addition, 
VEGFR-2 forms a constitutive complex with CD44v6 thereby blocking down-
stream signalling. This inhibitory activity is ablated by the CD44v6-derived peptide 
described above. VEGF-dependent migration and tube formation of endothelial 
cells, as well as the formation of new spheroidal vasculature in vivo, were all 
blocked by this peptide showing that CD44v6 has a similar biological function as 
CD146 in VEGFR-2 signalling (Tremmel et al.  2009 ).   

3.3     Extracellular Components of the VEGF/VEGFR 
Signalling Cascade as Targets for Therapy and 
Functional Inhibition 

3.3.1     VEGF/VEGFRs in Disease 

 Owing to its key role in vascular homeostasis, neo-angiogenesis and lymphangio-
genesis, VEGF and its receptors have presented themselves as attractive targets for 
the therapeutic management of several pathologies. These include soluble VEGFR-1 
(sVEGFR-1) for the pregnancy-associated condition of pre-eclampsia and VEGFR-2 
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for coronary diseases, neural injuries and retinopathies such as age-related macular 
degeneration as well as chronic infl ammatory conditions such as rheumatoid arthritis. 
Last but not least, all three VEGF receptors have been implicated in the progression 
of cancer for their respective involvement in the process of neo-angiogenesis, lym-
phangiogenesis or metastasis. 

 To date, a number of studies have identifi ed sVEGFR-1 as a critical component 
of the pathological manifestation of pre-eclampsia. sVEGFR-1 is a soluble form of 
the cell membrane-bound VEGFR-1 lacking the transmembrane and cytoplasmic 
domains (Kendall and Thomas  1993 ). Similar to the membrane-bound variant, 
sVEGFR-1 binds to both VEGF-A and PlGF, thereby acting as a decoy receptor for 
these two endogenous ligands (Park et al.  1994 ; Kendall and Thomas  1993 ). 
Recently, it has been shown that rats injected with sVEGFR-1 present with hyper-
tension and proteinuria (Maynard et al.  2003 ), both hallmarks of pre-eclampsia. 
Furthermore, the excess of sVEGFR-1 was found to be accompanied by a concomi-
tant decrease in concentrations of VEGF-A and PlGF, making sVEGFR-1 an inter-
esting target for treatment and prevention of pre-eclampsia. 

 In ischaemic heart disease or peripheral artery disease, insuffi cient blood vas-
culature leads to tissue ischaemia. Several lines of research have shown that 
VEGF- mediated therapy stimulates localised angiogenesis and thereby limits 
necrotic tissue arising from ischaemic heart disease. Recently, a gene therapy 
approach using adenovirus-carrying human VEGF-A 165 -transfected mesenchymal 
stem cells was able to produce effective myogenesis and host-derived angiogene-
sis, resulting in the prevention of progressive heart dysfunction after myocardial 
infarction (Gao et al.  2007 ). In atherosclerosis, however, the role of angiogenesis 
remains a highly contentious issue, and no consensus exists as to whether angio-
genesis is either a key causative factor in the pathogenesis of atherosclerotic plaque 
formation or one of its consequences (Khurana et al.  2005 ). Indeed, a number of 
recent investigations using animal models correlate the presence of VEGF and other 
angiogenic factors with atherosclerosis. It is hypothesised that this promotion of 
intralesion angiogenesis leads to the destabilisation of coronary plaques (Moulton 
et al.  1999 ; Celletti et al.  2001 ), highlighting the importance of further site-directed 
investigations benefi tting from highly specifi c VEGF/VEGFR-targeted inhibitory 
molecules. 

 In age-related macular degeneration, the loss of homeostasis between pro- 
angiogenic VEGF and the anti-angiogenic pigment epithelium-derived factor 
(PEDF) may lead to choroidal neovascularisation (Nowak  2006 ; Smith et al.  2001 ). 
Furthermore, in response to localised infl ammation, infi ltrating leukocytes via their 
own secretion further contribute to a circulating pool of VEGF, whereby VEGF-A 164  
has been shown to selectively induce infl ammation and cellular immunity, thus 
contributing to pathological ocular neovascularisation (Ishida et al.  2003 ). Overall, 
the VEGF/VEGFR-2 pathway presents itself as an attractive target for the treatment 
of neovascular and ischaemic eye diseases such as choroidal neovascularisation, 
macular oedema secondary to diabetic retinopathy or retinal vein occlusion and 
neovascularisation. 
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 Another area where VEGF is abundantly produced is in the brain. Here, VEGF 
is typically expressed by neurons and vascular cells, thereby mediating neuronal 
survival and angiogenesis in an autocrine fashion (Sun et al.  2003 ). Not surpris-
ingly, it has been shown that VEGF plays an important role in adult neurogenesis 
after traumatic brain injury and that the process involves VEGFR-2 and the Raf/
MEK/ERK signalling cascade (Lu et al.  2011 ). Consequently, it has been hypothe-
sised that VEGF also exerts benefi cial effects in ischaemic stroke. Indeed, elevated 
serum levels of VEGF have been reported for human stroke patients (Slevin et al. 
 2000 ; Lee et al.  2010 ). This is in line with fi ndings from experimental ischaemic 
stroke in rats, which model cardioembolic stroke in humans, where the expression 
of VEGF and VEGFR-1 were both found upregulated in neurons and vascular cells 
in peri-infarct areas (Lennmyr et al.  1998 ). Interestingly, however, in this context 
suppression rather than stimulation of VEGF/VEGFR-1 signalling seems to corre-
late with benefi cial effects on the brain (Storkebaum et al.  2004 ), making highly 
VEGFR-specifi c agents all the more critical for research and therapeutic applica-
tions with the goal to block VEGF signalling in this fi eld. 

 In rheumatoid arthritis (RA), the progressive destruction of cartilage and bone 
typically results from chronic infl ammation of the joints. This symptomatic arises 
due to progressive infi ltration of the infl ammatory sites by plasma cells, lympho-
cytes and macrophages together with hyperplasia of synovial cells, resulting in the 
overgrowth of a fi brovascular granulation tissue, known as pannus (Paleolog  2002 ). 
Indeed, the perpetuation of neovascularisation in infl ammatory diseases, such as 
rheumatoid arthritis, spondyloarthropathies and some systemic autoimmune dis-
eases, might facilitate the ingress of infl ammatory cells into the synovium and, 
therefore, stimulate pannus formation (Szekanecz and Koch  2007 ). Indeed, the 
importance of VEGF signalling in the pathogenesis of RA has only recently been 
further underlined by identifying signifi cantly elevated levels of pro-angiogenic fac-
tors in the synovium tissue of RA patients (Schroeder et al.  2013 ). As such, the 
development of novel angiostatic treatments for chronic infl ammatory joint disease 
may lead to a new therapeutic approach in controlling disease progression (Colville- 
Nash and Scott  1992 ). 

 With regard to cancer it seems that all three VEGF receptors play a role in the 
progression of the disease. Although VEGFR-1 is functionally expressed in various 
normal cell types, VEGFR-1 is also detected in cancer cells of a wide variety of 
tumour types, including leukaemia, lymphoma, multiple myeloma, melanoma and 
carcinomas of breast, colon, lung, pancreas and prostate (Wu et al.  2006 ). VEGFR-1 
has been implicated in carcinogenesis by mediating cellular functions in tumour 
vascular endothelium as well as cancer cells. In particular, it seems that VEGFR-1 
plays a role in the establishment of metastasis and premetastatic niches (Hiratsuka 
et al.  2002 ; Kaplan et al.  2005 ). Blockade of VEGFR-1 activation has been shown 
to inhibit pathological angiogenesis and tumour growth (Wu et al.  2006 ). VEGFR-2 
and VEGFR-3, on the other hand, have been implicated in carcinogenesis for their 
involvement in the processes of neo-angiogenesis and lymphangiogenesis, respec-
tively, preceding progression, invasion and metastasis spread (Cao et al.  2012 ; 
Martins et al.  2013 ; Chatterjee et al.  2013 ; Matsumoto et al.  2013 ).  
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3.3.2     VEGF/VEGFRs as Targets in Therapeutic Inhibition 

 Given the aforementioned range of effects of VEGF and its receptors in neo- 
angiogenesis and carcinogenesis, the implications for using angiogenic signals as 
therapeutic targets are well established. In addition and as the aforementioned para-
graph has outlined, the role of the receptor ECD in signalling has been increasingly 
recognised. As such, it is not surprising that this knowledge has served as basis for 
the development of novel inhibitory agents. The following aims at giving an over-
view of the current approaches to date. 

 Of the biologically active binding proteins, antibodies probably represent the 
best-studied group. Although they are widely used in biological research and clini-
cal therapeutics, their applications are somewhat limited due to their size, poor sta-
bility, production costs and batch-to-batch variation. However, unlike small 
molecule inhibitors (SMIs), antibodies usually have the benefi t of excellent biocom-
patibility and high target specifi city, which is why they represent favourable agents 
for extracellular targeting approaches. Surprisingly, there are only a few good 
immunotargets shared by human and mouse vasculature known. In targeting the 
VEGFR ECD, three main mechanisms of action have been identifi ed: VEGF- 
neutralising antibodies, VEGFR D23-targeting agents that promote competitive 
ligand-binding inhibition or VEGFR D4-7-targeting agents leading to allosteric 
inhibition of receptor activity. 

3.3.2.1     VEGF-Neutralising Agents 

 The approach of using VEGF-neutralising antibodies is aimed at inhibiting the 
interaction between VEGF and its binding domain D23 on the ECD of VEGFRs. 
This mechanism of action is being pursued by several pharmaceutical companies 
including Genentech’s ranibizumab (Lucentis®) for intravitreal treatment of neo-
vascular retinopathies by injection. Ranibizumab is a 48 kDa recombinant human-
ised monovalent antibody fragment and is licensed by the US Food and Drug 
Administration (FDA) for the treatment of AMD and macular oedema following 
retinal vein occlusion as well as diabetic macular oedema. Ranibizumab binds to all 
biologically active isoforms of VEGF-A and presents with a half-life of 2–4 days 
(Kinnunen and Yla-Herttuala  2012 ; Ciulla and Rosenfeld  2009 ). Similarly, 
Genentech’s bevacizumab (Avastin®) is a full-length anti-VEGF recombinant 
humanised antibody of 149 kDa, comprising approximately 93 % human and 7 % 
murine sequence lineage which binds to all VEGF-A isoforms with an affi nity of 
approximately 500 pM (Presta et al.  1997 ; Ferrara et al.  2004 ). In humans, the ter-
minal half-life of bevacizumab has been reported to be 17–21 days (Ferrara et al. 
 2004 ). However, bevacizumab differs from ranibizumab in that it undergoes two 
binding interactions with VEGF rather than just one. Bevacizumab is currently 
FDA-approved for the treatment of metastatic renal cell carcinoma, as well as the 
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fi rst- and second-line treatment of metastatic colorectal cancer, the fi rst-line treatment 
of NSCLC and second-line treatment of glioblastoma multiforme. In multinational 
clinical trials, this agent has been shown to improve effi cacy outcomes over plati-
num-based chemotherapy alone in the treatment of advanced NSCLC in two phase 
III randomised trials (Dy and Adjei  2006 ; Gridelli et al.  2007 ) as well as in the treat-
ment of fl uoropyrimidine-based chemotherapy of colorectal cancer that has pro-
gressed (Khurana et al.  2005 ). In addition to its application in tumour therapy, 
bevacizumab has been used off-label in neovascular ocular disease, where it has 
been shown to penetrate the inner limiting membrane and reach the subretinal space 
less effectively, but with a longer in vitro half-life of 8–10 days than ranibizumab 
(Fung et al.  2006 ; Shahar et al.  2006 ). Along similar lines, Regeneron 
Pharmaceuticals’ afl ibercept (Eylea®) acts as VEGF trap, but displays binding 
affi nities to VEGF that exceed bevacizumab by a factor 10. Afl ibercept is a 110 kDa 
soluble receptor fusion protein consisting of the extracellular receptor domains of 
VEGFR-1 and VEGFR-2 linked to a human Fc domain of immunoglobulin G1 
(IgG1). This protein acts as a soluble decoy receptor and has been found to bind 
with high affi nity to all VEGF-A isoforms as well as VEGF-B, but not to VEGF-C 
or VEGF-D (Kinnunen and Yla-Herttuala  2012 ). Furthermore, the murine IgG2 a, κ 
mAb 2C3, licensed by Peregrine Pharmaceuticals to Affi tech AS, is another exam-
ple of an anti-VEGF agent that has been shown to reduce vascular permeability and 
decreases endothelial cell and tumour growth in mice bearing human tumour xeno-
grafts (Brekken et al.  1998 ). Additionally, 2C3 was associated with a reduction in 
tumour microvessel density and macrophage infi ltration (Dineen et al.  2008 ) and 
downregulation of VEGFR-2 expression on the tumour vasculature (Zhang et al. 
 2002 ). The desirable anti-angiogenic effects of 2C3 led to the development of a 
human antibody that retains 2C3 specifi city. r84 (AT001, Affi tech AS) is a fully 
human mAb that was generated by screening a human anti-VEGF single-chain vari-
able fragment (scFv) library for 2C3-like properties. r84 has been shown to bind to 
both human and mouse VEGF-A and selectively blocks VEGF-A from interacting 
with VEGFR-2 whilst reportedly not interfering with its interaction with VEGFR-1 
(Sullivan et al.  2010 ) and has recently entered phase I clinical trial stage in Russia. 
As a new member of anti-VEGF agents, afl ibercept has recently been investigated 
as vascular-directed therapy in tumour management. Data from a phase III trial 
(VELOUR), which included afl ibercept with irinotecan/5-FU as second-line che-
motherapy, has shown extended progression-free survival and overall survival of 
metastatic colorectal cancer patients (He et al.  2012 ). Last but not least, pegaptanib, 
an aptamer inhibitor specifi c for the VEGF-A 165  isoform and distributed by 
Macugen(R), Eyetech Pharmaceuticals and Pfi zer has also entered phases II–III 
clinical trials for the treatment of AMD (Ng et al.  2006 ). Aptamers are macromol-
ecules composed of chemically synthesised single-stranded nucleic acids (either 
RNA or DNA) that bind with a high degree of selectivity and affi nity to target pro-
teins. Pegaptanib is a PEGylated modifi ed oligonucleotide that antagonistically 
binds to extracellular VEGF by adopting a specifi c three-dimensional confi guration 
(Fraunfelder  2005 ).  
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3.3.2.2     Anti-VEGFR-1 Agents 

 Owing to the implications of VEGFR-1 as a potential therapeutic target, a rat 
anti- mouse VEGFR-1 IgG1 mAb designated as MF-1 was produced by ImClone 
Systems. MF-1 targets D23 of VEGFR-1, thereby effectively interfering with ligand 
binding and was fi rst shown to suppress angiogenesis and infl ammation in proto-
typic angiogenic disorders such as cancer, retinal ischemia, arthritis and atheroscle-
rosis (Luttun et al.  2002 ). Subsequent development of this antibody led to the 
production of the fully human mAb icrucumab (IMC-18F1, ImClone Systems) with 
an affi nity for VEGFR-1 of 54 pM. Icrucumab has been particularly produced for 
the inhibition of cancer growth (Schwartz et al.  2010 ) and has been successfully 
tested for the treatment of human breast cancer xenografts, where it was shown to 
inhibit VEGFR-1 from interacting with VEGF-A and VEGF-B as well as PlGF (Wu 
et al.  2006 ). Icrucumab has demonstrated a favourable safety profi le in phase I trials 
(Schwartz et al.  2010 ) and is currently being tested in phase II clinical trials, in 
particular for combination therapy together with conventional chemotherapy in the 
treatment of colorectal cancer. In addition, and unlike antibodies against VEGFR-1, 
Korean researchers have identifi ed a readily synthesisable hexapeptide (Gly-Asn- 
Gln-Trp-Phe-Ile or GNQWFI) using peptide libraries. This anti-VEGFR-1 peptide 
was shown to be receptor-specifi c and interfere with ligand binding to D23 of 
VEGFR-1 of VEGF and PlGF as well as VEGF/PlGF heterodimers (Bae et al. 
 2005 ). Most recently, this agent has been tested as hyaluronate conjugate for the 
treatment of retinal neovascularisation and diabetic retinopathy (Oh et al.  2011 ).  

3.3.2.3     Anti-VEGFR-2 D23 Agents 

 In contrast to anti-VEGF approaches, targeted treatment against the ligand-binding 
site D23 of VEGFR-2 has the benefi t of specifi city for VEGF/VEGFR-2 signalling. 
Over a decade ago, proof-of-concept was established with the development of a 
monoclonal rat anti-mouse antibody termed DC101 (ImClone Systems) (Rockwell 
et al.  1995 ). DC-101 has been shown to inhibit tumour-induced neovascularisation 
and growth of several tumours using syngenic and xenograft tumour models 
(Prewett et al.  1999 ). However, since DC101 does not cross-react with human 
VEGFR-2, it could not be further evaluated for in vivo effi cacy in humans (Witte 
et al.  1998 ). Indeed, it seems that despite the high sequence similarity between 
mouse Flk-1 and human VEGFR-2, fi nding a human/mouse cross-reactive antibody 
is challenging. Finally, in 2004, a chimeric rabbit/human antigen fragment antibody 
(Fab) selected from an immune b9 allotype rabbit antibody library which demon-
strated human/mouse cross-reactivity was successfully identifi ed (Popkov et al. 
 2004 ), although no further follow-up studies using these compounds as extracellular 
targeting agents have been reported. Another compound is CDP-971 (UCB Group), 
a PEGylated humanised Fab 2  that binds VEGFR-2 with a dissociation constant of 
49 pM which was shown to inhibit VEGF-A and VEGF-C signalling in vitro and 
was anti-angiogenic in vivo (Ton et al.  2007 ). Subsequent data from clinical phase I 
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and II trials were encouraging and support further clinical development of CDP791 
in fi rst line non-small cell lung cancer treatment. Additionally, and building on 
DC101’s preclinical success, ImClone Systems Corporation has further pursued the 
production of anti-hVEGFR-2 D23 mAbs. This has led to the identifi cation of sev-
eral lead compounds. IMC-1C11 (ImClone Systems) is a chimeric mouse/human 
IgG1 mAb derived from an scFv with an affi nity of 300 pM (Zhu et al.  1999 ), which 
unfortunately was cross-reactive for dog and monkey VEGFR-2, but not for rat or 
mouse. Nonetheless, IMC-1C11 was entered into phase I clinical trials in order to 
determine its effi cacy in the treatment of metastatic colorectal carcinoma (Hunt 
 2001 ; Posey et al.  2003 ). Its follow-up compound, ramucirumab (IMC-1121B, 
ImClone Systems), is a fully human IgG1 mAb derived from affi nity maturation of 
a Fab fragment isolated from a large naïve human phage display library with a target 
affi nity of 50 pM (Spratlin et al.  2010 ). Ramucirumab was shown to signifi cantly 
increase the survival of mice in a model of leukaemia, owing to its drastic inhibitory 
potential (Zhu et al.  2003 ; Miao et al.  2006 ) and is currently in phase II and III clini-
cal trials for various combination therapies of several solid forms of cancer 
(Krupitskaya and Wakelee  2009 ; Spratlin  2011 ). In terms of most recent develop-
ments, the following compounds should be noted. These are the production of two 
specifi c scFvs (KDR1.3 and KDR2.6) selected from a V-gene phage display library 
which were only monospecifi c for hVEGFR-2 (Erdag et al.  2011 ), as well as the 
identifi cation and characterisation of an antibody-like designed ankyrin repeat pro-
tein (DARPin) which displayed profound inhibitory properties of functional output 
in endothelial cell model systems (Hyde et al.  2012 ). Additionally, DARPin D23b 
displayed high receptor specifi city and affi nity in the picomolar range as well as 
partial cross-reactivity for mouse Flk-1 and human VEGFR-2 (Hyde et al.  2012 ). 
Last but not least, the generation of a humanised rabbit mAb by Mutational Lineage 
Guided (MLG) Humanisation technology recently yielded a human/mouse 
VEGFR-2 cross-reactive antibody with proven tumour growth inhibition in mouse 
xenograft models (Yu et al.  2013 ).  

3.3.2.4     Anti-VEGFR-2 D4-7 Agents 

 Whilst the concept of targeting the ligand-binding site on VEGFR-2 may seem intui-
tive, novel insights have revealed a key functional role for the extracellular Ig-domains 
D4-7 of VEGFR-2. Not only have these domains proven an attractive target for the 
generation of novel detection antibodies which may be used in clinical applications 
as specifi c marker for VEGFR-2-mediated angiogenesis (Böldicke et al.  2001 ), 
they have also shown to play a signifi cant part in the downstream signal propagation 
upon VEGFR-2 dimerisation. This was fi rst indicated by 33C3 (AstraZeneca), a 
fully human antibody generated by XenoMouse technology, which was selected 
for its binding to recombinant VEGFR-2 ECD D4-7 with an affi nity below 1 nM 
(Kendrew et al.  2011 ). Using endothelial cell lines overexpressing VEGFR-2, as 
well as human xenograft models in immunocompromised mice, 33C3 was shown 
to inhibit VEGFR-2 phosphorylation as well as VEGFR-2-dependent angiogenesis. 
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However, to date the exact binding specifi city of 33C3 has not been further specifi ed. 
More recently, the implications of D4–7 targeted inhibition were further unravelled 
and fully characterised for their role in the activation and functional inhibition of 
angiogenic output in endothelial cell lines. Building on low- resolution structural data 
(Ruch et al.  2007 ; Kisko et al.  2011 ), which suggested the presence of homotypic 
contacts in membrane-proximal Ig-domains D4 and D7, the essential role of these 
domains as allosteric regulators was further described. Using DARPins that interact 
specifi cally with D4 or D7, it was shown that these domains are indispensable for 
full receptor signalling and that, whilst DARPins specifi c for D4 or D7 did not pre-
vent ligand binding nor receptor dimerisation, they effectively blocked receptor sig-
nalling and functional output with affi nities in the picomolar range (Hyde et al. 
 2012 ). Unfortunately, none of the here mentioned D4–7 targeting peptides cross-
react with mouse Flk-1.   

3.3.3     Limitations to VEGF/VEGFR Targeted Therapy 

 One of the concerns of working with antibodies is the potential of an allergic reaction 
to the drug. For instance, as a recombinant mAb, ranibizumab contains both mouse- 
and human-derived segments against which patients were found to develop sys-
temic antibodies (Ciulla and Rosenfeld  2009 ; Brown et al.  2009 ). Clearly, fully 
human antibodies have several potential advantages over murine, chimeric or 
humanised antibodies in terms of both safety and effi cacy. First, their lack of nonhu-
man residues makes fully human antibodies less likely to generate a host immune 
response following administration. Second, fully human antibodies generally 
exhibit lower clearance rates than other antibody types. This decreased clearance 
rate allows for the use of lower dosage and treatment frequencies. Much more 
importantly, however, especially in terms of the preclinical evaluation of potential 
therapeutic agents is the lack of cross-reactivity of humanised mouse mAbs with the 
mouse antigen. This fact still presents itself as a major obstacle in the quest for 
novel inhibitors, not only for those directed to VEGFR-2 but also to VEGF and 
integrin α v β 3  (Klohs and Hamby  1999 ). Last but not least, the principal toxicities 
associated with therapeutics targeting the VEGFR-2/VEGF-A signalling cascade, 
including hypertension, vascular thrombotic events and proteinuria (Gordon et al. 
 2001 ; Faivre et al.  2006 ; Holden et al.  2005 ; Gressett and Shah  2009 ), still largely 
remain to be addressed.  

3.3.4     Outlook and Conclusions 

 For the fi rst time it seems possible to develop reagents which are highly specifi c for 
VEGFR-2, without showing cross-reactivity with other related receptor family mem-
bers. Clearly, the major benefi t of targeting essential membrane-proximal homotypic 
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interactions in the ECD over VEGF-neutralising or VEGFR-2 D23- targeting 
approaches, as well as SMIs targeting the tyrosine kinase domain, is that VEGFR-2 
D4-7 inhibitory compounds do not compete with VEGF binding but still provide an 
extracellular binding site with high receptor specifi city and therefore hopefully also 
an improved safety profi le. As such, these agents could represent a generation of 
novel receptor-inhibitory compounds for in vivo applications such as targeting of 
VEGFRs in medical diagnostics and for the treatment of vascular pathologies. 
Considering that it has been possible to generate specifi c reagents that robustly 
inhibit activity at concentrations below 1 nM, it is essential that these reagents are 
tested in preclinical disease, in order to validate VEGFR-2 ECD D4–7 as a therapeu-
tic target in angiogenic pathologies.      
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