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Vascular endothelial growth factors (VEGFs) are primary regulators of blood and lymphatic vessels. Hemangiogenic
VEGFs (VEGF-A, PIGF, and VEGF-B) target mostly blood vessels, while the lymphangiogenic VEGFs (VEGF-C and
VEGF-D) target mostly lymphatic vessels. Blocking VEGF-A is used today to treat several types of cancer
(“antiangiogenic therapy”). However, in other diseases, it would be beneficial to do the opposite, namely to increase the
activity of VEGFs. For example, VEGF-A could generate new blood vessels to protect from heart disease, and VEGF-C
could generate new lymphatics to counteract lymphedema. Clinical trials that tried to stimulate blood vessel growth in
ischemic diseases have been disappointing so far, and the first clinical trials targeting the lymphatic vasculature have
progressed to phase Il. Antiangiogenic drugs targeting VEGF-A such as bevacizumab or aflibercept neutralize the growth
factor directly. However, since VEGF-C and VEGF-D are produced as inactive precursors, novel drugs against the
lymphangiogenic VEGFs could also target the enzymatic activation of VEGF-C and VEGF-D. Because of the delicate
balance between too much and too little vascular growth, a detailed understanding of the activation of the VEGF-C and
VEGF-D is needed before such concepts can be converted into safe and efficacious therapies.
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| 1. Introduction

In vertebrates, the family of vascular endothelial growth factors (VEGFs) typically comprises five genes: VEGF-A (in older
literature often referred to simply as “VEGF"), placenta growth factor (PIGF), VEGF-B, VEGF-C, and VEGF-D. In addition
to these orthodox VEGFs, several genes coding for VEGF-like molecules have been discovered in some members of the
poxvirus and iridovirus families (collectively named VEGF-E) WI2IEIAl and in venomous reptiles (collectively named VEGF-
F) BB In vertebrates, the VEGF growth factors are central to the development and maintenance of the cardiovascular
system and the lymphatic system. Non-vertebrates also feature VEGF-like molecules B, but their functions are less well
defined.

The subdivision of the vertebrate vascular system into the cardiovascular and the lymphatic system is reflected at the
molecular level by a subdivision of the VEGF family into VEGFs acting primarily on blood vessels (VEGF-A, PIGF, and
VEGF-B) and VEGFs acting mostly on lymphatic vessels (VEGF-C and VEGF-D). This specificity results from the
expression pattern of the three VEGF receptors (VEGFRs). VEGFR-1 and VEGFR-2 are expressed on blood vascular
endothelial cells (BECs), while lymphatic endothelial cells (LECs) express VEGFR-2 and VEGFR-3 (Figure 1).
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Figure 1. Vascular endothelial growth factors (VEGFs) act on blood vessels and/or lymphatic vessels depending on their
affinities towards VEGF receptors 1, -2, and -3. VEGFR-2 is expressed on both blood and lymphatic endothelium. In
principle, growth factors that do activate VEGFR-2 can promote both the growth of blood vessels (angiogenesis) and
lymphatic vessels (lymphangiogenesis). VEGF-E and VEGF-F are not of human origin: VEGF-E genes are found in viral
genomes, and VEGF-F is a snake venom component. All receptor-growth factor interactions require the extracellular
domain 2 of the VEGF receptors (shown in yellow) BB pomain 3 of VEGFR-2 is important for the interaction of
VEGFR-2 with both VEGF-A & and VEGF-C 19 and domain 1 of VEGFR-3 is important for the interaction of VEGF-C
with VEGFR-3 (41,

The biology of the VEGFs and their signaling pathways has been extensively discussed elsewhere 2213l From all VEGF
family members, only VEGF-A and VEGF-C are essential in the sense that constitutive ablation of their genes in mice
results in embryonic lethality 14151161 \yEGF-A levels are so crucial that even heterozygous mice are not viable. In fact,
VEGFA was the first gene where the deletion of a single allele was shown to be embryonically lethal 24151 while the
primary function and importance of the cardiovascular system — oxygen and nutrient distribution — are also obvious to
the layperson, the tasks of the lymphatic system escape even some life science professionals. Its major three tasks are:

« Tissue drainage for fluid balance and waste disposal
« Immune surveillance, including hosting and trafficking of immune cells
« Uptake of dietary long-chain fatty acids and other highly lipophilic compounds in the intestine

Considerable effort has been devoted to the mechanisms and effects of ligand-receptor interaction and downstream
signaling of the VEGFs because these events are primary targets for pharmacological intervention. Less is known about
the processes upstream of receptor binding such as proteolytic processing and secretion. However, such events create
functional variety and regulate VEGF function, and e.g. proteases that release or activate VEGFs can therefore be
regarded as signaling molecules 12,

| 2. VEGF-A, PIGF and VEGF-B

VEGF-A was the first member of the VEGF growth factor family to be discovered, and therefore it is often referred to in
older publications simply as VEGF. The existence of a factor that can stimulate blood vessel growth had been postulated
already in the middle of the last century by Michaelson based on the physiological and pathological vascularization of the
eye B8 |n 1971, Judah Folkman predicted that the inhibition of this hypothetical angiogenesis factor could be used to
prevent the growth of all solid tumors 2. Fifteen years later, the team of Harold Dvorak isolated this factor 2%, They
named it vascular permeability factor (VPF) based on its ability to increase the leakage of high molecular weight
substances from the blood into the interstitial space. VPF appeared to be identical to VEGF, which had been isolated and
cloned by the Ferrara group at Genentech [, Ferrara’s group was also persistent enough to continue to develop a
mouse monoclonal antibody against VEGF-A into what is known nowadays as bevacizumab (Avastin®). In 2004,
bevacizumab became the first antiangiogenic cancer drug approved by the FDA 22, However, the possibilities of
bevacizumab remained far beyond the originally anticipated role as a universal drug against solid tumors. It nevertheless
established itself as the primary antiangiogenic target and standard of care in several diseases, including specific cancer
types 238 and diabetic retinopathy (24,
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Figure 2. Most diversity among the hemangiogenic VEGFs is achieved by alternative splicing. Nevertheless, proteolytic
processing of VEGF-A (A) 22 and placenta growth factor (PIGF) 28 (C) can convert the longer, heparin-binding isoforms
into more soluble shorter species. (B) VEGF-B is a special case. Alternative splicing results in two isoforms that translate
the same nucleotide sequence in two different frames resulting in a heparin-binding and a soluble isoform 228l pye to
the near-perfect cleavage context, thrombin has been suspected to be the responsible protease for VEGF-B,gg cleavage
(291 prothrombin is indeed expressed by 293T cells, in which the cleavage has been demonstrated [ZZ. Plasmin cleaves
VEGF-Bgg at at least four different sites, of which the two most likely predicted sites are indicated. Importantly, the
predicted plasmin cleavage between Arg137 and Alal38 removes the interaction epitope for neuropilin-1 binding £2.
Semi-transparent, blurry arrows indicate cleavages, for which only the approximate position is known. The figure shows
only the most sensitive site from the plasmin cleavages of VEGF-A since prolonged incubation results in progressing
degradation Y. VEGF-B,g5 appears to be progressively degraded by plasmin as well 24, For VEGF-A and PIGF, the
numbering is according to the longest shown isoform. VEGF-A is cleaved not only by MMP3 but also in a similar fashion
by MMP7, MMP9, MMP19, and - less efficiently - by MMP1 and MMP16 2%,

Apart from VEGF-A, the hemangiogenic VEGF subgroup comprises PIGF (Placenta Growth Factor), which was named
after the tissue from which its cDNA was isolated B, Similar to VEGF-B, it binds only to VEGF receptor-1. In-line with the
observation that VEGFR-1 exerts a negative effect on angiogenesis, these growth factors have only a limited direct
proliferative effect on vascular endothelial cells, and at least PIGF seems also not to be a major driver of tumor
neovascularization 2. Pinpointing the exact functions of PIGF and VEGF-B has been challenging but compared to
VEGF-A, they likely play more restricted, specialized roles, e.g., in the angiogenesis of the cardiac muscle B3I34. A uniting
feature of VEGF-A, PIGF, and VEGF-B is the complex mRNA splicing, which increases protein diversity 25, The major
difference between the splice isoforms is their differential affinity to heparin (see Figure 2). This affinity allows for the
interaction with extracellular matrix (ECM) and heparan sulfate proteoglycans (HSPGs). This interaction establishes
growth factor gradients, which play important roles in vascular growth and network expansion 2. VEGFB is additionally
one of the few mammalian genes that features overlapping reading frames, which results in two different amino acid
sequences being generated from the same nucleotide sequence 28!,

| 3. The Lymphangiogenic Growth Factors VEGF-C and VEGF-D

VEGF-C is essential for the establishment of the lymphatic system during embryogenesis 8, while — at least in
mammals — VEGF-D appears largely dispensible 28, Consequently, mutations in the genes of the VEGF-C/VEGFR-3
signalling axis can give rise to hereditary lymphedema, and several such genes have been identified 2.



The hemangiogenic VEGFs are rendered inactive either through ECM-association or—as in the case for VEGF-A;gg—by
their C-terminal auxiliary domain. Preventing receptor activation using inhibitory domains is also characteristic of the
lymphangiogenic VEGFs. Upon secretion, VEGF-C and VEGF-D are kept inactive by their N- and C-terminal propeptides.
Hence, the secreted forms are referred to as pro-VEGF-C and pro-VEGF-D. The removal of the propeptides requires two
concerted proteolytic cleavages and happens in a very similar fashion for both VEGF-C and VEGF-D (see Figure 3):
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Figure 3. Two proteolytic cleavages are needed to activate VEGF-C and VEGF-D. The first cleavage, by protein
convertases, is constitutive and intracellular. The second is highly regulated and happens after secretion of the pro-forms.
Many different enzymes have been shown to catalyze the second cleavage, but the primary activating protease of VEGF-
C in mammalian developmental lymphangiogenesis is A Disintegrin and Metalloprotease With Thrombospondin Motifs-3
(ADAMTS3). The immunoprecipitation (IP) of transfected 293T cells with a VEGFR-3(EC)/IgGFc fusion protein pulls down
the 58 kDa full-length VEGF-C, the pro-VEGF-C peptides of 31 kDa and 29 kDa, and the mature VEGF-C. Proteins were
resolved under reducing conditions by SDS-PAGE.

« Protein convertases constitutively cleave VEGF-C and VEGF-D before secretion. This intracellular cleavage occurs
between the central VEGF homology domain (VHD) and the C-terminal propeptide. However, it does not remove the C-
terminal propeptide because it remains covalently attached to the rest of the molecule by disulfide bonds [B8IE9[40][41]

« The second, extracellular cleavage activates the protein. This cleavage occurs between the N-terminal propeptide and
the VHD 8 and can be mediated by different proteases. ADAMTS3 mediates VEGF-C activation in the embryonic
development of the mammalian lymphatic system 22431441 ADAMTS3 is specific for VEGF-C and does not activate
VEGF-D. All other activating proteases target both VEGF-C and VEGF-D: plasmin 2 prostate-specific antigen
(KLK3/PSA), cathepsin D (CatD) 48, and thrombin 4. The resulting forms of VEGF-C and VEGF-D are referred to as
active, mature, or short forms. However, they differ from each other at their N-termini because different proteases
cleave at different positions within the linker between the N-terminal propeptide and the VHD (see Figure 4).
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Figure 4. Human VEGF-C and -D are processed in a very similar fashion. The major difference between VEGF-C and -D
is that ADAMTSS3 activates VEGF-C, but not VEGF-D. This is one of the reasons why ADAMTS3 and VEGF-C are
essential for lymphatic development and embryonic survival , whereas VEGF-D deletion in mice is well tolerated [48],
While the figure shows the exon structure of VEGF-C and -D, mRNA splice isoforms have only been reported for murine
Vegfc 49, The detected splice variants do not contain the full VEGF homology domain and are therefore not shown here.
*Cleavage site is only predicted based on the amino acid context.

Interestingly, pro-VEGF-C can competitively block the receptor activation of active, mature VEGF-C. Its propeptides allow
VEGF receptor binding but interfere with receptor activation. Apart from VEGFR-3, pro-VEGF-C also binds the co-receptor
neuropilin-2. C-terminal propeptide processing exposes two terminal arginines (R226,227), which contribute to the
conserved binding site for neuropilins BY. Because it is not entirely clear whether pro-VEGF-C is completely incapable of
receptor activation or whether it has some residual activity, pro-VEGF-C is either a partial agonist or an antagonist of
mature VEGF-C .

| 4. Outlook: Molecular Nudging

With the first successes in Crispr-Cas clinical trials, manipulating the VEGF/VEGFR signaling pathway at the genetic level
appears theoretically possible. However, even cutting-edge trials limit themselves at the moment to cells that can be
easily modified ex vivo (blood diseases such as sickle cell disease and B-thalassemia) B or to very localized targets 32
We are still far from a systemic repair of solid tissues, which would be needed since blood and lymphatic vessels
penetrate almost all our bodies’ organs. Several clinical trials to stimulate local blood vessel growth to ameliorate
cardiovascular diseases did not yield any clinically useful results yet, but due to the large beneficial impact of even
moderate improvements, research is still ongoing B3, Since at least a fraction of the VEGF-C appears to originate from
blood vascular endothelial cells, a vascular-targeted repair of lymphedema appears possible 4. If sufficiently specific, the
systemic delivery of regulatory factors such as CCBE1 or ADAMTS3 might alternatively result in a widespread low-level
activation (“molecular nudging”) of endogenous VEGFR-3 signaling and a therapeutic effect. While such interventions do
not reverse developmental routes already taken, they still might significantly improve life quality.

However, some forms of "molecular nudging" that affect the entire cardiovascular system have been described more than
40 years ago: High-altitude hypoxia appears to be cardioprotective in both men and animal models 52561 However, the
mechanisms underlying the protection are still unclear due to a multitude of concurrent physiological changes associated
with high altitude exposure, which result in uncertainty about which changes being actually causative B4, In addition,
similar benefits might be achieved by different adaptive strategies based on genetic variation 28159 Apsent high altitude
hypoxia, aerobic exercise is perhaps the easiest way to achieve a similar effect [62,

For cancer, being the prototype of a moving drug target, molecular nudging is not likely to have any impact. While a
multitargeted anti-VEGF-A/-C/-D therapy might result in improved survival, any progress in this area will likely be
incremental since using alternative tumor angiogenesis factors is only one of many escape mechanisms that tumors can
deploy (61,
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