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Summary
Despite major advances in medical, catheter-based or surgical treatment, cardiovascular diseases such as peripheral artery disease and coronary artery disease still cause
significant morbidity and mortality. Furthermore, many patients do not qualify for catheter-based treatment or bypass surgery because of advanced disease or surgical
risk. There is therefore an urgent need for novel treatment
strategies. Therapeutic angiogenesis aims to restore
blood flow to ischaemic tissue by stimulating the growth of
new blood vessels through the local delivery of angiogenic
factors, and may thus be an attractive treatment alternative for these patients. Angiogenesis is a complex process
and the growth of normal, stable and functional vasculature depends on the coordinated interplay of different
cell types and growth factors. Vascular endothelial growth
factor-A (VEGF) is the fundamental regulator of vascular
growth and the key target of therapeutic angiogenesis approaches. However, first-generation clinical trials of VEGF
gene therapy have been disappointing, and a clear clinical
benefit has yet to be established. In particular, VEGF delivery (a) appears to have a very limited therapeutic window
in vivo: low doses are safe but mostly inefficient, whereas higher doses become rapidly unsafe; and (b) requires
a sustained expression in vivo of at least about four weeks
to achieve stable vessels that persist after cessation of the
angiogenic stimulus. Here we will review the current understanding of how VEGF induces the growth of normal
or pathological blood vessels, what limitations for the controlled induction of safe and efficient angiogenesis are intrinsically linked to the biological properties of VEGF, and
how this knowledge can guide the design of more effective
strategies for therapeutic angiogenesis.
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Ischaemic cardiovascular disease and clinical
trials of therapeutic angiogenesis
Atherosclerotic cardiovascular disease is the most frequent
cause of death in Western societies. Despite advances in
medical and surgical therapy, the morbidity and mortality
of coronary heart disease (CAD) and peripheral artery dis-
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ease (PAD) remain very high [1]. Slowly growing atherosclerotic plaques cause progressive obstruction of feeding
arteries and chronic clinical symptoms in the lower limbs,
the heart or the brain, but their sudden rupture with subsequent thrombosis leads to acute events like myocardial infarction or stroke. The clinical picture of progressive CAD
and PAD is extremely debilitating for the patient, with
chest pain (angina) and severe dyspnoea or muscle pain
in the lower limbs while walking short distances (claudication) progressing to pain at rest and to ischaemic ulcers
and gangrene, requiring major amputations (PAD). As the
major risk factors are obesity, diabetes and smoking, the
prevalence of PAD and CAD is predicted to further increase in Western-style societies. Furthermore, many patients are not candidates for surgical treatment, because of
unfavourable anatomy of the obstructions, diffuse disease
or significant comorbidities [1]. Therapeutic angiogenesis
aims to restore sufficient blood flow to ischaemic tissues
by the generation of new vascular networks through the delivery of specific growth factors. It would provide a muchneeded additional approach for the treatment of ischaemic
conditions.
The master regulator of vascular growth is vascular endothelial growth factor-A (VEGF). Already, only a few
years after its isolation and molecular cloning [2, 3], the
first uncontrolled clinical attempts to induce therapeutic
angiogenesis with its gene delivery were reported in PAD
or CAD patients [4, 5], generating great excitement. However, despite success in preclinical models and early clinical studies, subsequent double-blind, randomised and
placebo-controlled studies failed to show clear clinical efficacy for protein or gene delivery of either VEGF or other
angiogenic factors (see comprehensive reviews by Losordo [6] and Rubanyi [7]).
All accumulated biological evidence supports the notion
that VEGF is the key factor capable of kick-starting the
complex cascade of events leading to the assembly and
maturation of new vascular networks [8], suggesting that
the choice of target does not explain these clinical failures.
On the other hand, retrospective analyses identified several
factors for the unsatisfactory results of VEGF gene therapy
in clinical trials. Among these, the difficulty of delivering
sufficient VEGF into the target tissues at safe vector doses
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is a key issue to overcome in order to achieve a therapeutic
effect and correct ischaemia [9]. Here, we will review key
aspects of VEGF biology that have significant implications
for its therapeutic exploitation.

Angiogenesis and arteriogenesis
Angiogenesis is the growth or expansion of micro-vascular
capillary networks from pre-existing ones and is driven
by ischaemia and hypoxia. However, hypoxia-induced angiogenesis alone is not sufficient to restore physiological
blood flow after an ischaemic event. In fact, capillaries
are responsible for the metabolic exchanges between blood
and tissue, but feeding arteries are required to supply sufficient blood flow to satisfy the tissue needs. In contrast,
arteriogenesis is the formation of mature, functional arteries through the functional remodelling of pre-existing and
little-perfused interconnecting arterioles after an occlusion
of large conductance arteries, thereby bypassing the block
and restoring blood flow to ischaemic tissue downstream
[10]. Unlike angiogenesis, arteriogenesis is driven mostly
by haemodynamic factors, such as an increase in stretch
or fluid shear stress on endothelium, rather than hypoxia
[11]. However, angiogenesis induced by the delivery of
growth factors such as VEGF has been shown to drive
the enlargement of upstream collateral arteries through increased shear stress and gap junction-mediated retrograde
signalling along vessel walls, thereby effectively producing a biological bypass and restoring downstream perfusion [12–14]. The ability of micro-vascular expansion by
growth factor delivery to drive upstream arteriogenesis
has been clearly proven in animal models. Evidence for
the same process in human patients undergoing pro-angiogenic therapies has also been reported [15–17], but thorough investigations have been hampered by the general
lack of efficacy of first-generation clinical trials of therapeutic angiogenesis.
It must be remembered that preclinical studies in small,
young rodents poorly recapitulate the clinical situation of
aging human patients with several comorbidities, such as
diabetes and hyperlipidaemia [18]. Better models have
been introduced, including larger size (rabbit, pig) and accompanying disease conditions (diabetes and obesity in
db/db mice or hyperlipidaemia in LDL-receptor knock-out
mice). However, despite these improvements, the usefulness of preclinical animal models should probably be limited to establishing proof-of-principle, while therapeutic
efficacy should be more appropriately determined in controlled clinical trials.
In conclusion, therapeutic angiogenesis can lead to arteriogenesis and so restore tissue perfusion, but a more comprehensive understanding of the complex underlying biology is required to significantly improve the efficacy of the
treatment strategies and to exploit this concept in the clinical arena.

VEGF ligands and receptors
The mammalian VEGF family consists of five different
polypeptides: VEGF-A, VEGF-B, VEGF-C, VEGF-D and
placental growth factor (PlGF). Besides these canonical
VEGFs, two other related factors have been isolated, one
from the genome of the Orf virus (VEGF-E) [19] and one
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from the venom of the Eastern Cottonmouth snake (VEGFF, or vammin) [20]. These do not play a role in mammalian
angiogenesis. Despite this small number of members, the
complexity of the group is high, due to alternative splicing (VEGF-A, VEGF-B and PlGF) and post-translational
proteolytic processing (VEGF-A, VEGF-C and VEGF-D)
[21]. VEGF-A, which was originally identified as vascular permeability factor (VPF), was the first member of this
family to be characterised [22]. It is the most important
family member, controlling blood vessel growth in both
physiological and pathological angiogenesis. VEGF-B and
PlGF play more accessory or tissue-specific roles, while
VEGF-C and -D mostly regulate lymphatic vessels [8].
VEGF molecules bind to three distinct tyrosine kinase receptors in mammals: VEGFR-1 (Flt-1) and VEGFR-2
(Flk-1), which can also exist as soluble forms, named
sVEGFR-1 and sVEGFR-2 respectively [23], and VEGFR-3 (Flt-3). Ligand binding leads to receptor dimerisation, which is followed by autophosphorylation of the intracellular kinase domain and subsequent initiation of the
signal transduction cascade. Depending on the ligand, both
homodimeric and heterodimeric receptor complexes can
be formed [23]. Furthermore, the three VEGF-Receptors
are also able to interact with co-receptors of the neuropilin
family (neuropilin-1, NRP1 and neuropilin-2, NRP2),
macromolecules like heparan sulphate and proteoglycans
(syndecan and glypican), non-VEGF-binding auxiliary
proteins like vascular endothelial cadherin (VE-cadherin),
integrins, ephrin-B2, and protein tyrosine phosphatase
[24]. VEGFR-1, which can also bind to VEGF-B and PlGF
[25], is the receptor with the highest affinity for VEGF-A,
but it displays only weak tyrosine phosphorylation activity. As a consequence, the interaction of VEGFR-1 with the
ligand does not start the signal transduction cascade efficiently [25], and VEGFR-1 may rather act as both a decoy
receptor by sequestering VEGF-A [26] and as a modulator of the activity of VEGFR-2 homodimers [27]. VEGFR-2 is able to bind to VEGF-A with an affinity 10-fold
lower than that of VEGFR-1, but it is the main mediator
of VEGF-A activity in endothelial cell differentiation, proliferation, migration, angiogenesis and vessel permeabilisation [23]. VEGFR-2 is also able to bind to the processed
forms of VEGF-C and VEGF-D [28]. VEGFR-3 is activated by VEGF-C and VEGF-D and is mainly implicated in
the regulation of lymphatic endothelial cells [29].

VEGF and the extracellular matrix
Physiological vascular growth is finely regulated by the interaction of VEGF-A (from here on referred to simply as
VEGF) with the extracellular matrix. The human Vegf-a
gene is organised into eight exons, which generate multiple isoforms by alternative splicing of exons 6, 7 and 8, but
all share the same N-terminal amino acid sequence, which
contains the receptor-interacting site [30]. Furthermore,
exon 8 contains a second (distal) splice site, which can
generate an alternate sequence for the last six residues of
all VEGF isoforms. This is important because the canonical isoforms, termed VEGFxxx (where “xxx” indicates the
amino acid number of the mature protein), are pro-angiogenic, whereas the alternate versions, termed VEGFxxxb,
are anti-angiogenic. Both the VEGFxxx and VEGFxxxb
families of isoforms bind to their cognate receptors, but on-
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ly the former are able to activate them [31]. While the anti-angiogenic VEGFxxxb isoforms certainly play important
regulatory roles, here we will focus on the canonical, proangiogenic VEGF isoforms for their role in therapeutic angiogenesis.
The three major pro-angiogenic VEGF isoforms each differ in length between rodents and humans by one amino
acid, with VEGF188/189 (rodent/human) encoded by exons
1–8, VEGF164/165 missing exon 6, and VEGF120/121 missing
exons 6 and 7 [31]. As exons 6 and 7 encode heparin-binding domains, the key functional difference between these
isoforms is their increasing affinity for extracellular matrix, from the shorter to the longer molecules [32]. Elegant
studies in transgenic mice that selectively express only one
of the principal VEGF isoforms without changes to the total expression levels showed that their matrix affinity is a
key factor controlling physiological vascular morphogenesis. VEGF120 does not bind matrix and induces vascular
networks with poor branching and abnormally enlarged diameters, whereas VEGF188 binds strongly and also causes defective vascular networks, but with opposite features,
namely excessive branching and very small capillaries. In
contrast, VEGF164 has intermediate affinity for extracellular matrix and is the only isoform capable of inducing
physiologically patterned vasculature in the absence of the
others [33]. Remarkably, the combination of VEGF120 and
VEGF188 also leads to normal angiogenesis in the absence
of VEGF164, showing that a balanced matrix-binding affinity, rather than a specific isoform, is required for proper
vascular morphogenesis [33].

Cellular mechanisms of vascular growth by
VEGF delivery: sprouting vs intussusception
The best understood mode of vascular growth is sprouting,
by which new vessels invade avascular areas of tissue
guided by gradients of factors, e.g. during embryonic development. However, sprouting is not the only way vessels
can grow. It has become increasingly clear in the last
decade that the alternative mechanism of intussusception
(or splitting angiogenesis) plays an important role in the
expansion and remodelling of vessel networks in already
vascularised tissues, both in development and in post-natal
life [34, 35].
Sprouting angiogenesis relies on the functional specification of endothelial cells into either tip or stalk cells. Tip
cells do not have a lumen, extend numerous thin filopodia through which they can sense VEGF gradients, and
migrate towards the VEGF source, thereby guiding the
nascent sprout. Stalk cells, which instead proliferate just
behind the tip, form the body of the sprout and start the
process of lumen formation (fig. 1A) [36]. Physiological
patterning of sprouting vessels requires a balanced formation of tip and stalk cells, which is finely regulated by
Notch signalling. In fact, tip cells increase expression of
the Notch ligand Delta-like-4 (Dll4) in response to VEGF
signalling. This activates Notch1 in adjacent cells, instructing them in turn to downregulate VEGF-R2 and Dll4 and
acquire the stalk phenotype instead [37].
In contrast, intussusception (literally meaning “growth
within itself”) can be considered the opposite of sprouting,
with morphogenic events taking place inside the lumen
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mark is the formation of trans-luminal tissue pillars, which
can occur either through a zone of contact between the endothelial cells of opposite capillary walls, with subsequent
reorganisation of the endothelial junctions and invasion of
the pillar core by myofibroblasts, or through the extension
and fusion of intraluminal protrusions made exclusively
of endothelial cells (intraluminal sprouting). Subsequently,
transluminal tissue pillars align along the length of the preexisting vessel, progressively fuse together and divide the
affected vascular segment longitudinally into new, individual vascular structures (fig. 1B) [38, 39].
Recent evidence has shown that VEGF over-expression at
the doses required to induce functional benefit and to restore tissue perfusion after ischaemia in the therapeutic target tissue of skeletal muscle induces angiogenesis essentially without sprouting, but rather through a first step of
circumferential vascular enlargement followed by intussusception and longitudinal splitting [40]. It is not completely clear what determines whether VEGF induces
sprouting or splitting angiogenesis. However, unpublished
results, based on testable scenarios predicted by a computational model of Notch signalling [41], suggest that
therapeutic doses of VEGF may saturate the very limited
amount of extracellular matrix between muscle fibres, and
that the lack of a concentration gradient may cause endothelium to acquire an all-stalk phenotype, leading to proliferation without migration and therefore circumferential
enlargement rather than sprouting (Gianni-Barrera, Bentley, Gerhardt and Banfi, unpublished results). The molecular regulation of intussusception remains poorly understood due to a paucity of appropriate models, and its
elucidation will be key to providing a rational basis for the
design of therapeutic angiogenesis strategies.

Therapeutic considerations for VEGF delivery
VEGF dose: the importance of the microenvironment
VEGF dose is tightly regulated during development. In
fact, it has been shown that relatively minor changes in its
expression levels, such as a 50% reduction [42, 43] or a
2- to 3-fold increase [44], are lethal for the embryo at an
early stage. The exquisite potency of VEGF is also confirmed in postnatal tissues, as robust over-expression of
VEGF by different gene therapy vectors has been reported to cause the growth of aberrant angioma-like vascular structures in several tissues, including skeletal muscle
[45, 46] and the myocardium [45, 47]. Preclinical data also showed a surprisingly narrow therapeutic window for
VEGF gene delivery, such that low vector doses are safe
but not sufficiently effective to yield a therapeutic benefit,
whereas only slightly higher doses rapidly become unsafe
[45]. Subsequent studies have discovered that the spatial
distribution of VEGF in the tissue is key to determining its
therapeutic window. In fact, work with monoclonal populations of transduced muscle progenitors, in which every
cell produces the same level of factor, has shown that
the switch between normal and aberrant angiogenesis by
VEGF, as well as its therapeutic potential, depend strictly
on the amount of factor localised in the microenvironment
around each producing cell, and not simply on the total
dose [48, 49]. Indeed, when the VEGF dose is homogeneously distributed in tissue, a wide range of microenvironmental VEGF doses are capable of inducing exclusivePage 3 of 8
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ly physiological microvascular networks, until a threshold
level is reached, above which aberrant angiogenesis is initiated [48]. This is due to the fact that VEGF binds tightly
to extracellular matrix [32], so that heterogeneous levels
do not average out with each other in tissue. Therefore,
“hotspots” of excessive expression can cause toxic effects
even in the case of rather low total doses of factor.
This concept is schematically depicted in figure 2. When
VEGF delivery leads to broadly heterogeneous levels of
expression, as is typically the case with gene therapy approaches, a robust vector dose will produce effective levels
in some areas but also toxic amounts in others, depending
on the variable copy numbers transducing different cells
in vivo (red curve in panel A). Reducing the total vector
dose delivered, however, will not significantly change the
degree of heterogeneity in the level distribution in the microenvironment (i.e. the breadth of the curve), but only
shift it globally towards lower expression (blue and black
curves in panel A). In such a scenario, total vector doses
that are sufficiently low to completely avoid all “hotspots”
of excessive microenvironmental expression (red dots in
the upper boxes above the curves) will actually lead to
mostly ineffective levels (grey dots above the black curve),
and therefore a significant loss of therapeutic efficacy. The
consequence of this is the rapid change from toxic (red and
blue curves) to ineffective total vector doses (black curve),
and an apparently very narrow or absent therapeutic win-

Swiss Med Wkly. 2019;149:w20011

dow. However, if the microenvironmental distribution of
expression levels can be controlled, e.g. by the delivery
of monoclonal populations of transduced progenitors in
which every cell produces the same amount of VEGF [48],
or by the controlled release of VEGF protein from fibrin
hydrogels [50], the microenvironmental levels achieved in
tissue can be rather homogenous (e.g. only the safe and effective levels represented by the blue dots at the top of panel B), with a tight distribution around a desired mean dose
(represented by the tight curves in panel B). This enables
the totality of the delivered dose to be placed within the
therapeutic window, so that both safety and efficacy can
be achieved, as shown in murine models of hind limb ischaemia and wound-healing [49, 50].
Duration of the VEGF stimulus
In order to be therapeutically useful, newly induced vessels
need to persist indefinitely after the end of the angiogenic
stimulus. Experiments with transgenic animals [51] or viral vectors [52] affording inducible control of VEGF expression, or VEGF blockade by treatment with the receptor-body aflibercept [48] showed that VEGF stimulation
shorter than about four weeks is insufficient to stabilise
normal newly induced vessels, leading to their regression.
Therefore, while transient delivery of a powerful factor
like VEGF is desirable for safety reasons, sustained expression is necessary to ensure efficacy: an understanding

Figure 1: Mechanisms of angiogenesis: sprouting (A) vs intussusception, or splitting (B). A. VEGF gradients in the extracellular matrix
induce the functional specification of endothelial tip cells (in red), which migrate towards the gradient source, and stalk cells (in yellow), which
proliferate behind the tip, forming ab-luminal sprouts that fuse together and generate new vessels. B. In the absence of a gradient, all endothelial cells respond to VEGF by assuming a stalk phenotype without tip cells. The subsequent proliferation without migration leads to circumferential enlargement of vessels without sprouting followed by formation of intra-luminal endothelial pillars which fuse together and cause longitudinal splitting into two new vessels.
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of the mechanisms of vascular stabilisation is crucial for
the development of treatments to ensure new vessel persistence despite transient and safe VEGF delivery.

ing a survival signal to endothelial cells; (2) inhibiting vascular permeability; and (3) promoting further pericyte recruitment [57].

Vascular stabilisation requires the maturation of newly induced vessels, i.e. the recruitment of mural cells (pericytes
and smooth muscle cells) and the establishment of cellto-cell contact between them and the endothelium. This
process is mediated by Platelet-Derived Growth Factor-BB
(PDGF-BB), produced by activated endothelial cells. In
fact, association with pericytes is necessary to render vessels independent of continued VEGF expression [53, 54].
Interference with PDGF-BB/PDGF-Rβ signalling in transgenic mice and the subsequent defects in pericyte coverage lead to vascular abnormalities, unabated endothelial
proliferation, the growth of microaneurysms, bleeding and
embryonic lethality [55, 56]. Pericytes regulate several aspects of endothelium biology by establishing a complex
molecular cross-talk [57]. TGF-β1 and angiopoietin/Tie2
signalling in particular have well-established roles in inducing vessel stabilisation. TGF-β1 has pleiotropic functions and can regulate both endothelial proliferation and
quiescence through its receptors Alk1 and Alk5 respectively, possibly as a function of its dose [58]. Activation of
TGF-β1-Alk5-SMAD2/3 specifically promotes vessel stabilisation by inhibiting endothelial migration and proliferation, as well as by stimulating mural cell differentiation
and the deposition of extracellular matrix and the vascular basal lamina [59]. Angiopoietins (Ang), on the other
hand, regulate vascular activation through the endothelialspecific receptor Tie2. Ang2, which is a context-dependent
partial agonist, predominantly acts as a negative regulator
of Tie2 signalling. It is released by endothelial cells upon
their stimulation with VEGF and is crucial for their activation and the kick-starting of the angiogenic process. Ang1,
in contrast, is produced by pericytes, activates Tie2 and
plays a crucial role in vascular stabilisation by: (1) provid-

Although pericytes have long been considered the only
regulators of vascular maturation and stabilisation, it has
become increasingly clear that circulating bone marrowderived cells also play an important role. In particular,
a population of CD11b+ monocytes has been found to
express the VEGF co-receptor neuropilin-1 (Nrp-1), and
are therefore named Nrp1-expressing monocytes (NEM).
These cells infiltrate the site of VEGF-induced angiogenesis and were originally described as promoting artery formation through the release of paracrine factors that stimulate smooth muscle cell recruitment, such as Ang1, TGF-β
and PBGF-BB [60]. However, we recently found that
NEM also play a key role in the stabilisation of newly induced microvascular networks, allowing them to achieve
VEGF-independence and indefinite persistence [61]. Interestingly, although Nrp1 can be a co-receptor for VEGF,
NEM are recruited to areas of VEGF-induced angiogenesis
by the other Nrp1 ligand, Semaphorin3A (Sema3A), which
is produced by activated endothelium in a VEGF dose-dependent fashion. In conditions with moderate VEGF expression, Sema3A expression by endothelium leads to robust recruitment of NEM, which induce endothelial
quiescence and vascular stabilisation by activating TGFβ1 signalling through SMAD2/3. TGF-β1, in turn, potently
upregulates Sema3A expression by endothelium, generating a powerful pro-stabilisation feedback loop. However,
high VEGF doses directly inhibit Sema3A expression by
endothelium, disrupting these molecular events and resulting in a dose-dependent delay of vascular stabilisation until its complete inhibition. From a therapeutic perspective,
local treatment with recombinant Sema3A protein restored
NEM recruitment and ensured vessel stabilisation despite
uncontrolled VEGF expression. It also ensured vessel per-

Figure 2: Functional outcomes of VEGF dose distribution in tissue. A. Heterogeneous dose distributions (e.g. by gene therapy vectors)
lead to some hotspots of excessive expression that remain localised in the microenvironment around producing cells (red spots on upper panels) and lead to toxic effects. Reducing the total dose does not completely avoid toxic hotspots, even if therapeutic levels are achieved in
some areas (blue spots), until the total dose is so low that mostly inefficient levels are achieved (grey spots), leading to a global outcome that
goes from toxic to inefficient, apparently without a significant therapeutic window (lower panels). B. Homogeneous distribution of the total dose
in the tissue allows consistent therapeutic levels to be achieved in the microenvironment around each expressing cell and unveils the therapeutic window of VEGF delivery.
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sistence despite a transient VEGF delivery, by a clinically
relevant adenoviral vector, of less than two weeks [61],
providing a novel molecular target to accelerate stabilisation of VEGF-induced angiogenesis.

Outlook
VEGF is the master regulator of angiogenesis, both in
health and disease, and remains the key target for the therapeutic induction of vascular growth. However, exploiting
VEGF’s formidable potency in a controlled and safe manner is a significant challenge that requires a thorough understanding of its complex biology, as outlined above.
One class of approaches aim to control VEGF-R2 stimulation in order to avoid excessive activation and aberrant angiogenesis. To achieve this, VEGF needs to be delivered at
precisely controlled microenvironmental doses in a clinically applicable way, e.g. by providing recombinant VEGF
protein engineered to be crosslinked in a fibrin matrix,
so that the factor is released only through cell-mediated
degradation of the matrix, and the dose can be precisely
controlled and homogeneously distributed [50]. An alternative ligand may activate VEGF-R2 more gently and
therefore require less stringent dose control. For example,
VEGF-B does not bind VEGF-R2, but activates it indirectly by displacing endogenous VEGF-A from docking sites
and making it available for signalling through VEGF-R2.
As receptor activation is limited to the amount of endogenously available VEGF-A, VEGF-B overexpression does
not easily cause excessive VEGF-R2 signalling. However,
VEGF-B actions are tissue-specific and appear restricted to
myocardium [62, 63]. Also, the proteolytically processed
mature form of VEGF-D (VEGF-DΔCΔN) has been shown
to acquire a strong blood angiogenic potential compared
to the native, unprocessed VEGF-D, comparable to that of
VEGF-A. However, as it is has significantly less matrix
affinity than VEGF-A, it caused more diffuse effects and
more physiological vascular growth [64]. Intramyocardial
adenoviral delivery of VEGF-DΔCΔN is currently being
evaluated in refractory angina patients in a phase I/IIa clinical trial [65].
A second class of approaches focus on correcting and preventing the side effects of robust and effective but uncontrolled VEGF delivery through the co-delivery of a second
factor. As pericytes play a key role in regulating endothelial activation and proliferation by VEGF, increasing pericyte recruitment through PDGF-BB co-delivery has been
shown to prevent aberrant angiogenesis and yield physiological and mature microvascular networks regardless of
VEGF dose [66, 67], and to be effective in models of
limb and cardiac ischaemia [66, 68]. On the other hand,
ephrinB2/EphB4 signalling in the pericyte-endothelial
crosstalk has recently been identified as the pathway responsible for switching aberrant angiogenesis to normal regardless of VEGF dose [69], providing a more specific,
druggable molecular target for correcting VEGF side-effects. In fact, EphB4 stimulation finely tunes ERK1/2 signalling downstream of the activated VEGF-R2, effectively
acting as a partial inhibitor, and therefore ensures moderate
endothelial proliferation despite robust and uncontrolled
VEGF expression [69].
Based on recent advances in the understanding of VEGF
biology and the cascade of events downstream of VEGFSwiss Medical Weekly · PDF of the online version · www.smw.ch
Published under the copyright license “Attribution – Non-Commercial – No Derivatives 4.0”.
No commercial reuse without permission. See http://emh.ch/en/services/permissions.html.

Swiss Med Wkly. 2019;149:w20011

R2 activation that control endothelial activation, vascular
morphogenesis and subsequent maturation and stabilisation, it can be envisioned that complementary targeting of
specific molecular targets with systemic drug treatments
could ensure a safe and effective outcome of VEGF gene
delivery. For example, a combination of adenoviral VEGF
delivery to skeletal muscle, leading to robust but uncontrolled and transient gene expression, can be combined
with pharmacological stimulation of specific pathways that
will prevent aberrant vascular growth (e.g. EphB4 [69])
and accelerate stabilisation (e.g. Sema3A [61]) to yield only homogeneously normal and stable microvascular networks.
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