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Vascular endothelial growth factors regulate vascular and lymphatic growth. Dysregulation of VEGF signaling is
connected to many pathological states, including hemangiomas, arteriovenous malformations and placental

VEGF abnormalities. In heart, VEGF gene transfer induces myocardial angiogenesis. Besides vascular and lymphatic
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endothelial cells, VEGFs affect multiple other cell types. Understanding VEGF biology and its paracrine signaling
properties will offer new targets for novel treatments of several diseases.

1. Introduction

Vascular endothelial growth factors (VEGFs) and their receptors are
important for normal physiology and they participate in the patho-
genesis of several different diseases. Physiological levels of VEGFs are
required for the maintenance of normal endothelial function but too
high concentrations lead to aberrant angiogenesis and other patholo-
gical findings. In the heart, VEGFs induce new vascular growth in is-
chemic myocardium. However, the effects of VEGFs extend also to
other cell types beyond endothelial cells. Examples are fibroblasts, stem
cells and neurons, where some unexpected findings have been observed
after administration of certain VEGF family members, leading to sig-
nificant side effects, such as arrhythmias.

VEGFs and their receptors play significant roles in the pathogenesis
of vascular anomalies, such as hemangiomas and arteriovenous mal-
formations. VEGFs are also crucial in maintaining normal function of
the placenta, while some problems in abnormal placental function have
been related to dysfunctional endothelium and angiogenic signaling.
Some members of the VEGF family have also significant effects on the
growth of lymphatic vessels, which open new avenues for studies re-
lated to the circulation and tissue fluid handling in various organs, such
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as brain, heart and skin. In this review, we summarize recent findings in
the VEGF biology in areas less frequently studied in connection with
VEGFs and their receptors. It is likely that further understanding of the
normal physiology and pathogenesis related to these growth factors in
the heart, aberrant vascular structures, placenta and lymphatic system,
will offer new targets for novel treatments of several diseases.

1.1. VEGFs in the heart

VEGF therapy aimed at improving cardiac function has largely
concentrated on myocardial angiogenesis and improving blood flow.
However, a functional heart requires the coordinated function of mul-
tiple cell types (Fig. 1). VEGFs have been shown to have effects on all
cell types found in the heart, and a broad spectrum evaluation of their
effects is therefore essential to understand both therapeutic effects and
potential side effects of novel therapies. The different cell phenotypes
present in the heart and their role in VEGF biology is discussed below.

1.1.1. Endothelial cells
Endothelial cells are by far the most established target for VEGFs,
and they are known to express all VEGFR isoforms. VEGF expression
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Fig 1. VEGFs have effects on multiple cell types in
the heart. VEGF receptors are widely expressed in
the heart and VEGF over-expression has effects on all
cell types. VEGFs have unique effects depending on
their receptor binding profile and solubility. (A)
Endothelial cells express VEGFR-1 and VEGFR-2.
VEGFR-2 expression is upregulated in angiogenic
capillaries and in response to ischemia. Both VEGFR-
1 and VEGFR-2 ligands induce angiogenesis in the
heart. (B) Cardiomyocytes express both soluble and a
cell membrane bound form of VEGFR-1. Its expres-
sion has been shown to be upregulated in ischemia
but the function is yet unknown. Long-term over-ex-
pression of VEGFR-1 ligands leads to cardiac hyper-
trophy and metabolic changes in cardiomyocytes. (C)
Fibroblasts express low levels of all VEGFRs.
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e~ ‘) i o However, overexpression of VEGFs often leads to fi-
broblast proliferation and activation. This may be
either a direct effect, or a result of interstitial edema
and infiltration of inflammatory cells. VEGFR-1 li-
gands promote a-SMA expression and transformation
to myofibroblast phenotype. Myofibroblasts express
VEGFR-1, -2, -3 and VEGF-A, and play an important
role in wound healing after myocardial infarction.
(D) Cardiac lymphatic vessels are mainly located on
the epicardial surface and express VEGFR-3. VEGFR-
3 ligands induce lymphangiogenesis in the heart.
Cardiac lymphatics are important in repair processes
after myocardial infarction, and may be utilized to
reduce the side effects of angiogenic therapies. (E)
Smooth muscle cells express both VEGFR-1 and
VEGFR-2. Smooth muscle cells play an important role
in both growth of larger collateral vessels and in
stabilization of neovascularization. In coronary ves-
sels excessive smooth muscle cell proliferation pro-
motes plaque formation and restricts blood flow.
Both VEGFR-1 and -2 ligands induce smooth muscle
cell proliferation. In therapeutic applications direct
stimulation of smooth muscle cells may not be re-
quired, as blood flow and increased shear stress in the
vascular wall, appear to be sufficient to promote ar-
terial growth. (F) Neurons express VEGFR-1, -2 and

and activity is induced in response to ischemia [1-3], resulting in the
stimulation of microvessel dilation and growth [4], thus inducing
myocardial angiogenesis [5,6]. Although the VEGF family is large, each
VEGF has a unique profile, for example, VEGF-B appears to be myo-
cardium-specific, at least in larger mammals [6]. VEGFs promote es-
sentially all processes required for neovessel formation: nitric oxide
mediated vasodilation, endothelial cell detachment, cell survival, pro-
liferation, migration and tube formation [7]. Solubility of VEGFs de-
termine the angiogenic pattern and the spread of vessels within the
ischemic tissue [8]. More soluble factors like the proteolytically pro-
cessed form of VEGF-D are distributed distant from the producing cells,
while heparin sulphate binding factors like VEGF-A;45 are retained in
the vicinity of the producing cells [5]. In the heart, myocardial archi-
tecture guides vessel growth and limits diffusion of growth factors,
causing angiogenesis to be more vessel dilation-related and associated
with growth of pre-existing capillaries rather than neovessel sprouting
[9]. In endogenous angiogenesis, growth factor gradient guide the
formation of vessels in the ischemic areas [10]. In the infarction area,
organized myocardial structure is replaced with a fibrous scar, and
neovessel sprouting is observed [11,12].

Both vasodilation and angiogenesis mediated by VEGFR-1 and -2
lead to increased vascular permeability [13-15]. Increased endothelial
cell surface area and immature neovessel structure result in increased

Nrp-1. Both activation of VEGFR-1 and inhibitory
signaling through Nrp-1 are suggested to effect nerve
growth and regeneration.

leakage of proteins to the interstitial space. In the heart, edema can
weaken mechanical properties of the myocardial wall by stiffening the
muscle and hindering diastolic function. The most severe outcome is
accumulation of pericardial effusion leading to diminished cardiac
output and even tamponade [4,5]. Attempts to uncouple vascular per-
meability from angiogenesis have so far been unsuccessful (unpublished
observations), and therefore choosing the growth factor with the best
benefit/side effect ratio remains the best strategy. Simultaneous im-
provement of lymphatic clearance is another approach to minimize
fluid accumulation in the heart.

1.1.2. Lymphatic endothelial cells

Fluid balance in various organs is very important in maintaining
normal physiology. Myocardial lymphatic vessels were only recently
brought into the spotlight and recognized to play a role in cardiac
function and pathologic processes [16,17]. Lymphatic vessels are
mainly located on the epicardial surface of the heart and they drain
lymph from the myocardium and pericardial sac [18]. The lymphatic
vasculature participates in repair processes after myocardial ischemia
[19], prevent adverse remodeling [20], and impaired lymphatic vessels
lead to poor outcome and more severe functional defects after myo-
cardial infarction. In addition, stimulation of lymphatic vessel growth
alleviates edema and accumulation of pericardial fluid, an inevitable
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side effect of neovessel formation. VEGF-C and VEGF-D, together with
VEGF-R3, are key drivers of lymphatic vessel growth. VEGFR-3 is ex-
pressed on cardiac lymphatic endothelium and over-expression of its
ligands VEGF-C and VEGF-D rapidly stimulate lymphangiogenesis
[5,20].

Previously, the role of lymphatics in metastatic spread of cancers
and association to lymphedema and filariasis have been reported by
several groups. However, disturbances in lymphatic flow and properties
in several other pathological conditions have only recently been
brought to the stage, thanks to the development of new diagnostic tools
and specific reagents. Examples are the detection of lymphatic vessels
in brain meninges [21,22]. Unexpectedly, blocking of VEGF-R3 activity
leads to very high cholesterol and triglyceride levels in mice [17,23].
VEGFs also seem to affect lipid absorption in the gut, normal structure
and function of intestine and several properties of subcutaneous tissue.
Edema in the myocardium can be reduced by gene transfer of lymphatic
growth factors into the myocardium. In addition, the role of lymphatic
growth factors in regulating eye pressure and glaucoma has been de-
scribed [24]. Therefore, lymphatic biology is becoming an integral part
of vascular and VEGF biology and its role in various pathological
conditions is emerging.

1.1.3. Vascular smooth muscle cells and pericytes

Smooth muscle cell activation and proliferation can be either ben-
eficial or detrimental, depending on the context and location. In larger
coronary vessels, smooth muscle cell proliferation contributes to ar-
terial obstruction and plaque formation. In contrast, in growing col-
lateral vessels and in neovessel formation, smooth muscle cell pro-
liferation is essential for vessel stabilization and arterialization. Smooth
muscle cells are a heterogeneous cell population, and VEGFR expression
varies, for example between arterial and venous smooth muscle [25].
VEGF has been shown to induce smooth muscle cell migration but not
proliferation in vitro [26,27]. In microvessels, a continuous smooth
muscle cell layer is substituted by pericytes, which play an active role in
angiogenesis and vessel maturation. In the early phases of angiogenesis,
mural cell detachment is required to allow endothelial cell proliferation
and migration, while in later stages, pericyte coverage is needed to
prevent vessel regression and to provide mechanical support and
functional regulation. VEGFs are thought to mainly promote the in-
itiation and proliferative phase of angiogenesis, while later stabilization
of vessels is regulated by other factors, such as Angiopoietins and Pla-
telet-Derived Growth Factors [28,29]. Although soluble sVEGFR-1 and
SVEGFR-2, are known to act as anti-VEGF agents, they can also be
beneficial and to promote vascular maturation [30]. Pericytes respond
differently to VEGFs, depending on their receptor binding profiles.
While VEGF-A and placental growth factor (PIGF) induce mainly pro-
liferation of endothelial cells and vasodilation, VEGF-B also stimulates
proliferation of a-smooth muscle actin positive cells and more stable
neovessels are formed [6]. However, when neovessels are needed in the
ischemic environment, blood flow and increased shear stress are likely
to be sufficient to stabilize newly formed vessel structures and induce
collateral growth. In larger coronary vessels, VEGF responses are more
controversial. VEGFs stimulate smooth muscle cell proliferation in vitro,
and interestingly, vascular injury appears to make vascular smooth
muscle cells more responsive to VEGF, by up-regulating VEGFR-1 ex-
pression [31]. Vascular injury has also been shown to increase VEGF-A
and VEGFR-2 expression in neointimal smooth muscle cells [32,33].
VEGFR-1-mediated signaling can also promote inflammatory changes in
the vascular wall, thus aggravating neointima formation [34]. How-
ever, in in vivo settings the net effect of VEGF expression may be ben-
eficial, as VEGF-induced reendothelialization improves vascular func-
tion and prevents neointima formation [35] and VEGF over-expression
has been shown to inhibit intimal thickening and macrophage accu-
mulation [32,36,37].
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1.1.4. Cardiomyocytes

Loss of cardiomyocyte function and cell death are important hall-
marks of myocardial ischemia and cardiotoxic reactions. Over-expres-
sion of VEGFs has been shown to protect cardiomyocytes from apop-
tosis [38]. The protective effect is likely mediated via multiple
mechanisms. VEGFs directly up-regulate several anti-apoptotic path-
ways. In addition, vasodilation and neovessel growth improve local
blood flow and nourish surrounding cardiomyocytes, thus preventing
tissue damage.

Long term over-expression of VEGF-A and VEGF-B has been shown
to induce cardiomyocyte hypertrophy [39-42]. In some settings, hy-
pertrophy has been described as a physiological event, triggered to
benefit function, while in others, hypertrophy has led to a pathologic
phenotype and loss of function. Hypoxia up-regulates expression of
VEGF-A and -C in myocardial ischemia and reperfusion [43,44]. The
effect has been interpreted as a stimulus to direct neovessel growth to
the ischemic area, as VEGFs are mostly secreted from cardiomyocytes,
and their receptors are mainly located on the endothelial cell surface.
Physiological stimuli, such as exercise, also increase VEGF expression,
and VEGFs are thought to play a role in physiological hypertrophy.

VEGFs are also known to influence the electromechanical properties
of cardiomyocytes, where they regulate both expression and phos-
phorylation of connexins, proteins essential for propagation of action
potentials in the myocardium [45,46]. VEGFs also alter ion channel
expression in cardiomyocytes [47,48]. VEGF-B appears to have a un-
ique effect profile, in regard to modulation of cardiomyocyte metabo-
lism [49]. However, the effects seem to vary between animal models.
VEGF-B over-expression has been shown to readjust cardiomyocyte
metabolic pathways to favor glucose oxidation [50] and to increase
cardiomyocyte fatty acid uptake [51], lipid accumulation and lipolysis
and ceramide accumulation in cardiomyocytes [42]. As a result, the
functional outcome in these experiments has varied from improved
cardiac function and ischemia resistance to lipotoxicity.

1.1.5. Fibroblasts

Fibroblasts respond to various pathological stimuli and are central
in scar formation after myocardial injury [52]. VEGFs induce fibroblast
proliferation and activation leading to myofibroblast phenotype [53].
Myofibroblasts express VEGFR-1, -2, -3 and VEGF-A [34,54,55]. Over-
expression of VEGFs has only minor effects on cardiac fibroblasts in
normoxic heart, however, in the ischemic environment, VEGFR-1 li-
gands VEGF-B and VEGF-A have been shown to stimulate more fibro-
blast proliferation and myofibroblast differentiation, than for example,
VEGEF-D [9,12,56]. Fibroblasts can transdifferentiate to endothelial cells
and even cardiomyocytes in vitro and in vivo, and VEGFs, among other
endothelial factors, promote this process [57,58]. However, the biolo-
gical significance and therapeutic potential of such phenomena remains
unclear. Although scar formation is initially a repair mechanism,
overactive fibroblast proliferation and collagen secretion may lead to
stiffening of the myocardium and diminished cardiac function [59].

1.1.6. Stem cells

VEGFs can both recruit circulating and bone marrow derived stem
cells to the heart, and stimulate proliferation of tissue resident stem
cells [60,61]. Stem cells have been shown to differentiate into several
cell types in the heart and to promote recovery after myocardial injury
[62]. Stem cells appear to play dual role in cardiac repair processes.
Several reports have shown that a small number of cells incorporate
into the forming neovessels in the adult heart. However, due to ap-
parent rarity of these events, the functional significance is likely to be
limited [63], although different types of bone marrow and blood de-
rived cells secrete cytokines and growth factors that are important for
repair processes [64]. This mechanism appears to be important espe-
cially for flow-mediated collateral vessel growth. In addition, VEGFs
promote embryonic stem cell differentiation into cardiomyocytes [65]
and endothelial cells [66].
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1.1.7. Neurons

Cardiac innervation regulates heart function under physiological
conditions and is implicated in essentially all cardiac pathologies. Blood
vessel and nerve development occur in parallel during embryogenesis,
and these processes share common regulators. Peripheral nerves have
been shown to express VEGFR-1, VEGFR-2 and Nrp-1. Hypoxia further
increases the expression of VEGFR-1 and -2 in at least some neurons
[67]. VEGFs can stimulate nerve growth and repair in several tissue
environments including the cornea [68]. We have recently shown that
VEGF-B stimulates sympathetic nerve growth in the heart. Nerve
growth in the ischemic heart is initially a compensatory mechanism,
aiming to salvage cardiac function and contractility. However, un-
coordinated nerve growth, nerve-perfusion imbalance and hyperactive
sympathetic activity, all increase the risk of arrhythmias and sudden
cardiac death [69]. While nerve growth in other settings is a potential
therapeutic target, in the ischemic heart, it is a potentially harmful side
effect. Although the mechanism for VEGF-induced nerve growth is yet
unclear, it is likely mediated via Nrp-1 and/or VEGFR-1, for example
VEGF-D does not stimulate nerve growth in the heart (unpublished
observation).

2. VEGFs in placenta

In addition to the heart, VEGF signaling has a crucial role in pla-
cental development. Decidual (i.e. mucous membrane of the uterus)
expression of the VEGF-A attracts embryonic trophoblasts expressing
VEGFR-1, and thus contributes to the crosstalk between maternal and
embryonic/fetal tissues. Elevated plasma levels of circulating soluble
VEGFR-1 (sVEGFR-1) during pregnancy are also associated with preg-
nancy complications. The role of VEGF in placental development and its
association to placental dysfunction will now be reviewed. In addition,
a novel therapy with VEGF for early onset fetal growth restriction will
also be discussed.

2.1. Placental development

VEGF-A is upregulated in the menstrual cycle in the endometrium.
In particular, the decidual expression of VEGF-A has been linked to the
requirement of macrophages in the endometrium, where it is thought to
promote the shift of the M1 to M2 phenotype. Macrophages are key
players in the remodeling of the uterine wall during early pregnancy.
The lack of available VEGF-A contributes to the macrophages being
sustained as an M1 phenotype, which is linked to pregnancy compli-
cations [70].

Once the embryo has implanted into the endometrium, develop-
ment of vascularity becomes essential for the growth of the fetus.
Decidual expression of VEGF-A on the maternal side attracts embryonic
trophoblasts expressing VEGFR-1 [71,72]. VEGF-A has also been shown
to be expressed in villous mesenchymal cells on the fetal side, as well as
in both endothelial and medial cells of the fetal villous blood vessels.
Accordingly, VEGFR-2 has been located in villous trophoblasts and
endothelial cells on the fetal side. On the other hand, placental ex-
pression of PIGF on the fetal side, a ligand to VEGFR-1, contributes to
the crosstalk between maternal and embryonic/fetal tissue, as extra-
villous trophoblasts on the maternal side express VEGFR-1 throughout
pregnancy [73]. Crosstalk between VEGF-A-expressing cells of the
maternal origin and PIGF-expressing placental cells, leads to decidual
spiral artery remodeling and invasion of extra villous trophoblasts from
placenta to decidua. In turn, this enables blood flow from the maternal
spiral arteries to enter the placenta and provide nutrients and oxygen
for the developing fetus [74].

2.2. Placental dysfunction

Fetal growth restriction, or intrauterine growth restriction (FGR or
IUGR, respectively), is diagnosed when the ultrasound imaging reveal
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the estimated fetus weight for the gestational age being below the 10
percentile [75]. In FGR, retardation of the fetus growth is detected
when subsequent ultrasound measurements are performed. SGA (small
for gestational age) fetuses grow while pregnancy proceeds, although
their weight is below the 10® percentile. Several factors can contribute
to the reduction of fetal growth, either alone or in combination. These
include maternal, fetal, placental and genetic factors. Placental factors
include, among others, abnormal maternal-placental vasculature. This
abnormality can develop to placental dysfunction, which may lead to
preeclampsia [76].

Elevated plasma levels of sVEGFR-1 during pregnancy are asso-
ciated with complications, including FGR and preeclampsia. Placental
cells expressing VEGFR-1, for yet unknown reasons, express the soluble
form of VEGFR-1 and thus alter the maternal-placental vascularity [77].
Whether it is the local increase of the VEGF-A protein levels that trig-
gers the excess expression of sSVEGFR-1 or any other reason, the lack of
available VEGF-A for spiral artery enlargement, diminishes the avail-
ability of nutrients and oxygen to the fetus, increases blood pressure
and may disrupt the placental villi.

2.3. Novel treatment options

Currently there is no effective treatment to promote fetal growth in
the uterus during FGR or preeclampsia. Maternal VEGF therapy has
been suggested as a treatment strategy for early onset FGR where there
is evidence of diminished utero-placental blood flow [78]. The aim is to
transduce the maternal uterine artery cells to produce excess VEGF-A,
which is secreted to the spiral arteries. This could then trigger the
VEGFR-1 expressing trophoblasts to remodel the spiral arteries and/or,
more directly, trigger VEGFR-2 expressing endothelial cells to pro-
liferate and express nitric oxide to induce vasodilatation. So far, this
method has been tested in guinea pig and sheep models, with both
VEGF-A and VEGF-D*N4€ via adenoviral vector delivery. In both animal
models, an increase of fetal growth, as well as utero-placental and
umbilical blood perfusion, have been observed [79,80]. In addition,
safety studies with an in vitro human placenta perfusion model, and an
ethical evaluation were recently published [81,82]. Accordingly, a
pregnant rabbit reproductive toxicology model has been established
and toxicology studies have already been performed (unpublished
data). The EU FP-7 funded EVERREST project is a clinical phase I/Ila
trial using this approach. The proposed treatment window is between
gestation weeks 22 and 28 [82].

3. VEGFs in hemangiomas and arteriovenous malformations

Finally, as well as the heart and placenta, VEGFs and their receptors
play significant roles in the pathogenesis of various vascular anomalies,
such as hemangiomas and arteriovenous malformations (AVMs). In
both, genetic mutations in VEGFR or genes affecting the VEGF signaling
pathway have been found. Propranolol, the first-line treatment of
complicated infantile hemangiomas, has been shown to reduce VEGFR
expression and secretion of VEGF-A. Besides endothelial cells, multiple
other cell types are involved in the pathogenesis of these diseases. In
hemangiomas, mainly stromal cells and stem cells express VEGF-A. In
AVMs, VEGF-A expression locates to the endothelium, subendothelial
layer and brain parenchyma. The involvement of various cell types in
VEGF signaling and pathogenesis of hemangiomas and AVMs are de-
scribed below.

3.1. General features of benign vascular tumors: infantile hemangioma

Infantile hemangioma (IH) is a benign, high-flow vascular tumor
with an incidence of 4-10% in all neonates and 4.5% in mature neo-
nates (female:male ratio 4:1, Caucasian prevalence) [83,84]. The ma-
jority of the lesions locate in the head and neck region and are found in
skin, subcutaneous fat or mucous membranes. Predisposing factors
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include low birth weight, family history of IH, multiple-gestation
pregnancy, placental anomalies and intrauterine complications
[83,85,86]. Lesions manifest during the first weeks of the postnatal
period. In proliferative phase, immature endothelial cells divide ra-
pidly, mast cells emerge and the basement membrane thickens
(Fig. 2A). After reaching a plateau, the lesion starts to involute, as en-
dothelial cells undergo apoptosis. As involution progresses, the amount
of arterial vascular channels decrease and the remaining vessels en-
large, containing mature endothelial cells and pericytes. In the final
regression phase, blood vessels are replaced with a fibrous adipocyte-
rich tissue [83,85,87,88].

Besides IH, rare forms of hemangiomas are fully grown before birth.
Fetal or congenital hemangiomas are divided in three forms: rapidly
involuting (RICH), non-involuting (NICH) and partially involuting
(PICH). Other rare benign vascular tumors include tufted angioma,
spindle cell hemangioma, epithelioid hemangioma and pyogenic gran-
uloma (ISSVA classification; http://www.issva.org/UserFiles/file/
ISSVA-Classification-2018.pdf). Previous studies link a perturbation of
the VEGF signaling pathway to most of these vascular tumors [89-93].

3.1.1. Genetic mutations and the role of VEGFR signaling in hemangiomas

The majority of I[Hs are sporadic. For familial IHs, two mechanisms
of inheritance have been proposed, autosomal dominant and maternal
transmission [84]. Although multiple studies suggest genetic contribu-
tion, the genetic background of familial IHs is not well-known [94].
Based on genetic mapping, 3 families were shown to have linkage to
5@q31-33 region, from which VEGFR-3, fibroblast growth factor receptor
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Fig 2. Involvement of VEGF-A and its downstream
signaling in high-flow vascular anomalies. (A, B)
Schematic illustrations showing the general structure
and pathological vasculature of proliferating phase
IH (A) and AVM (B) as well as key factors found to be
upregulated in the lesion. (C) Genetic mutations in
VEGFR-2, TEM8 and Gagq/11 are associated with
vascular tumors and promote elevated VEGFR-2 ac-
tivity and/or decreased VEGFR1 expression. Genetic
mutations in EphB4, RASA1, KRAS, MAP2K1, TEK
and ALK1 are associated with susceptibility to AVMs
and promote prolonged/constitutive MEK/ERK or
PI3K/AKT signaling. Signaling factors with sig-
nificant incidence of mutations are highlighted. +,
mutation promoting constitutive activity; -, in-
activating mutation.

Feeding
arteries

Nidus

Draining
veins

4 and platelet-derived growth factor receptor B have been linked to
angiogenesis [95]. Very rare genetic mutations have also been detected
in a small number of patients e.g. in VEGFR-2, VEGFR-3 and Angio-
poietin-1 receptor TEK [96-98] (Table 1). In the context of VEGFR
signaling, Jinnin et al. (2008) showed that in hemangioma-derived
endothelial cells, VEGFR-2/TEM8/[31 integrin signaling complex sup-
presses expression of VEGFR-1 and NFAT-regulated genes, which in
turn, leads to hyperactivation of VEGFR-2 signaling and a more pro-
liferative endothelial cell phenotype [98]. Furthermore, a C482R mu-
tation in VEGFR-2, found in a few IH patients [98], may induce ligand-
independent activation of VEGFR-2 pathway [99]. In addition to these,
mutations in genes regulating VEGFR-2 phosphorylation, such as G
protein-coupled receptor alpha subunits GNA11 and GNAQ, have been
found in some vascular anomalies [100-102] (Table 1). Thus, dys-
function of VEGFR-1 and VEGFR-2 signaling appears to be a common
denominator in many of the benign vascular tumors (Fig. 2C).

Since IHs usually regress, reversible pathophysiological events be-
sides genetic mutations, may act as a triggering mechanism for lesion
formation and induce constitutive activation of VEGFR-2. A current
hypothesis suggests that hypoxia upregulates VEGF-A expression which
further induces CD133-positive hemangioma stem cells to proliferate
and differentiate to immature endothelial cells [103]. Besides VEGF-A,
basic fibroblast growth factor, insulin-like growth factor 2 and matrix
metalloproteinases are upregulated in proliferative IH, but not in in-
voluting IH [104,105]. Increased VEGF-A plasma levels are detected in
patients having proliferative IH [106,107]. Interestingly, although ex-
pression of insulin-like growth factor 2 is detected in the endothelium
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Table 1
Mutations and genetic variants associated with susceptibility to high-flow vascular anomalies.
Disease Gene Mutation(s) Mutation/patient cohort Reference
Infantile hemangioma VEGFR-2 C482R n=2/9 [98]
P1147S n=1/15 [96]
VEGFR-3 P954s n=1/15 [96]
TEMS8 A326T n=1/9 [98]
DUSP5 S147P n=1/3 [971
TEK Y897C, R915C n=2/23 [186]
Pyogenic granuloma TEK R915C n=1/23 [186]
BRAF V600E, G464E n=4/25 [101]
KRAS G13R n=1/25 [101]
HRAS E49K, Q61R, G13S n = 4/4 [187]
Pyogenic granuloma associated BRAF V600E n = 8/10 [101]
with port-wine stain NRAS Q61R n=1/10 [101]
GNAQ R183Q n=9/10 [101]
Epithelioid hemangioma TEK Y897C n=1/23 [186]
WWTRI1- translocation in t(1;3)(p36.3;q25) n = 13/13 (FISH), confirmed WWTR1-CAMTA1 fusion [188]
CAMTA1 n=3/13
NICH GNAQ E209P, E209L n=5/10 [102]
GNA11l E209L n=2/10 [102]
RICH GNAQ E209L, E209H n=3/5 [102]
GNA11 E209L n=2/5 [102]
Tufted angioma GNA14 Q204L n=1 [100]
Spindle cell hemangioma IDH1 R132C n = 18/28 [189]
IDH2 R172T, R172M n=2/28 [189]
Sporadic extracranial AVM MAP2K1 Q56P, Q58 _E62del, K57N, F53L + D67Y n = 16/25 [190]
TEK L914F, S917I, R918H, Y897C, R915C, R918C n = 10/106 [186]
BMPR2 del in exon 6 + exon 7 n=1 [191]
Sporadic intracranial AVM KRAS G12D, G12V, Q61H n = 45/72 [192]
VEGF-A IVS5-892T > C, 3596A > G, —634C > G 1VS5-892TT/TC, 3596AA/AG, -634CG/GG and -8339AA  [193]
—8339A > T in intronic and regulatory regions genotypes more frequent in AVM than control group
ANGPTL4 Synonymous variant 9511G > A Minor allele more frequent in AVM than control group  [194]
ALK1 Intronic variant IVS3-35A > G Major allele more frequent in AVM than control group [195,196]
ENG synonymous variant 207G > A GG genotype more frequent in AVM than control group;  [195]
not significant alone but in combination with ALK1
IVS3-35A allele
TGFB2 Promoter variant —875A > G AG genotype more frequent in AVM than control group  [197]
IL6 Promoter variant —174G > C GG genotype more frequent in AVM than control group  [198]
IL13 Promoter variants —511C > T, —31T > C -511TT and -31CC genotypes more frequent in AVM [199]
than control group
ILla —889 C > T in 5 regulatory region Minor allele more frequent in AVM than control group  [200]
MMP3 Promoter variant —707A > G Minor allele more frequent in AVM than control group  [201]
CM-AVM RASA1 Several, cause reduced expression or loss of n = 6/17 families [202]
function n = 68/100 [203]
EPHB4 Several, cause reduced expression or loss of n = 54/365 [204]
function
Hereditary hemorrhagic ENG Several, cause reduced expression or loss of 85% of all HHT patients carry mutations either in ENG  [205,206]
telangiectasia ALK1 function or ALK1
SMAD4 Several, cause reduced expression n = 3/30 [207]
n = 2/109 [208]
BMP9 P85L, R68, R333W n = 3/191 [209]
BMPR2 Q433X n=1 [210]

and interstitium of IH, VEGF-A is mainly expressed in stromal cells and
not in the endothelium. Instead, hemangioma-derived stem cells ex-
press and secrete VEGF-A [88]. Accordingly, hemangioma-derived
pericytes upregulate VEGF-A and have reduced levels of angiopoietin-1
that may lead to vessel instability [108]. These data thus support the
role of stem cells in initiating lesion formation and emphasizes the
complexity of cellular crosstalk between pericytes, endothelial cells and
stem cells in IH life cycle. As mast cells are known to release VEGF-A
[109] and they are most prominent in the proliferative phase of IH
[88], this cell type may play a role in lesion formation and VEGFR-2
signaling.

3.1.2. Management, treatment and emerging therapeutic concepts of
infantile hemangioma

IHs can be deforming, ulcerated or obstructive, thus needing ther-
apeutic intervention (10-12% of all IHs). Although VEGF-A seems to
play a role in the pathogenesis of many benign vascular tumors, in-
hibition of VEGF-A signaling pathway e.g. by sunitinib, bevacizumab,
suratinib has been mostly tested in separate case studies or in small
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patient cohorts of adult hepatic hemangiomas with mixed results [110].
Since 2008, propranolol, a beta-adrenergic receptor antagonist, has
been a first-line treatment for complicated IHs, with a response rate of
96-98% [83,85]. After 6 months of propranolol treatment, 60% of the
IH lesions are completely or near-completely regressed [111-113]. At a
cellular level, propranolol has been suggested to target hemangioma
stem cells, endothelial cells and pericytes. A recent study showed that
propranolol targets beta adrenergic receptor f2AR, reduces cAMP le-
vels and increases MAPK activity leading to reduction of hemangioma
stem cell proliferation and induction of apoptosis [114]. Propranolol
treatment has also been suggested to decrease VEGFR-1 and VEGFR-2
expression levels [115]. As VEGF-A and HIF-la are upregulated by
cAMP and BAR1/BAR2 ligand noradrenaline [116,117], a reduction of
cAMP levels by propranolol could lead to sustained inhibition of VEGF-
A signaling and thus regression of the lesion. In accordance, VEGF-A
levels in plasma are reduced in propranolol-treated patients [118,119].
However, no significant reduction of VEGF-A protein expression was
detected in propranolol-treated IH lesions [120]. As a recent study
showed that B1AR receptor blocker atenolol had an equivalent efficacy
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as propranolol for treatment of IHs, it appears that both BAR1 and
BAR2 are important in IH pathogenesis [121].

Recurrence of lesions after propranolol treatment (10-15% of cases)
occurs particularly in segmental or deep IHs [83]. Delayed referral to
treatment affects success rate, as propranolol is the most effective in the
early phase of the IH life cycle [122]. As propranolol crosses the blood-
brain barrier, hydrophilic B blockers e.g. atenolol, nadolol, acebutolol
have been suggested as an alternative for the treatment of IH, to reduce
central nervous system related side effects, such as sleep and memory
disturbances [83]. Besides transient gross motor delay in IH patients
treated with propranolol [123], no developmental risks or growth im-
pairment were reported in a recent follow-up study [124]. Lately,
propranolol-loaded nanoparticles [125] and nanoparticles with CD133-
aptamers [126] were used to reduce proliferation of hemangioma-de-
rived stem cells in vitro. Thus, a nanoparticle-aided approach with local
delivery could be an interesting option to reduce adverse effects of
propranolol. In addition, topical beta blockers, e.g. timolol maleate
0.5% gel, have already been tested in the clinics for the treatment of
superficial IHs alone or in combination with propranolol [127,128].

3.2. General features of arteriovenous malformations

AVMs are benign, congenital high-flow vascular anomalies. Their
typical characteristics are an aggregation of dilated arteries and veins
and the lack of a capillary bed (Fig. 2B). This results in abnormal ar-
teriovenous shunting which promotes higher physiological blood flow
and increased pressure towards the wall of the draining vein. AVMs
belong to rare diseases with an estimated incidence in the general po-
pulation of 0.001-0.02%. They could appear in any tissue and organ in
the body. Most common locations are central nervous system, followed
by head and neck regions, limbs, trunk and viscera [129-133]. Some
autosomal inherited genetic diseases, like hereditary hemorrhagic tel-
angiectasia and capillary malformation-arteriovenous malformation are
associated with higher incidence of AVMs [134-139]. No other pre-
disposing factors are currently known. In accordance to their congenital
nature, lesions are present at birth. Some of them remain in a quies-
cence state. However, ca. 82% of extracranial AVMs progress towards
an expansive and destructive phase during adolescence/early adult-
hood [129-131]. Expansive life cycle is a common feature also for brain
AVMs [132,133,140] which further elevates venous hypertension, is-
chemic symptoms and changes in the vessel wall structure [129-131].
The etiology behind AVMs is not well-known. Current knowledge sug-
gests that defects in vascular development or genetic mutations in key
angiogenic/vasculogenic pathways, in conjunction with second-hit
mutation, injury/trauma, infection or inflammation may function as
triggering factors and initiate focal formation of lesions [131,133,141].

3.2.1. Genetic mutations and the role of VEGF-A in arteriovenous
malformations

The majority of AVMs are sporadic. Familial syndromes associated
with AVMs are caused by inactivating mutations in transforming
growth factor (TGF) -p pathway genes or RASA1/EPHB4 (Table 1)
[134-139]. TGFp signaling is involved in vessel maturation by re-
cruitment of mural cells; additionally, it participates in VEGFR2 sig-
naling by regulating PI3K/AKT activity and VEGF-A expression
(Fig. 2C) [142-145]. Thus, defects in TGF[3 pathway have devastating
effects on vessel development and structure. Interestingly, EPHB4 and
RASA1 both act as negative regulators of Ras/MEK/ERK pathway
[137,139]. Recent studies have also detected somatic activating muta-
tions in the Ras family member KRAS, and the Ras downstream med-
iator MAP2K1, in > 60% of sporadic AVMs [146,147]. Together, these
findings suggest that activation of Ras/MEK/ERK pathway is a central
disease mechanism for AVMs [137,139,146,147]. TEK mutations with a
potential ability to disturb vessel maturation and formation of proper
endothelial junctions have also been found in a few patients [148].

Higher expression levels of VEGF-A is detected from AVMs,
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compared to control tissue [131,149-152]. In brain AVMs, VEGF-A is
expressed in endothelial cells, the subendothelial layer and brain par-
enchyma next to pathological vessels [149-151,153]. Involvement of
endothelial cells in VEGF-A production has also been confirmed in cell
cultures derived from AVMs [154,155]. Interestingly, a polymorphism
in the intronic and 5’ regulatory regions of the VEGF-A gene with a
potential ability to regulate gene expression has been associated with
susceptibility to brain AVMs [156]. As tissue ischemia and venous hy-
pertension themselves are capable of potentiating VEGF-A expression
[157-160], it is still debatable whether VEGF-A upregulation is a cause
of the disease or a compensatory mechanism promoted by venous hy-
pertension/ischemic symptoms. Nevertheless, increased VEGF-A may
promote neovascularization and growth of the lesion, matrix re-
modeling, vascular leakage and recruitment of inflammatory cells
[131,157,161], and thus participate in the disease progression. VEGF-A
expression has been detected especially in rapidly growing or recurring
AVMs [140,158,162]. In accordance, acceleration of the growth of
vascular lesions was achieved by VEGF-A overexpression in the ALK1
knockout mouse model [144].

High expression of Notchl, Notch4 and their target genes, Hes and
Hey2, is also a common feature in brain AVMs. Notch signaling is ac-
tivated by e.g. VEGF-A, Ras/MEK/ERK pathway and elevated blood
flow and it regulates sprouting angiogenesis, tip cell/stalk cell selection,
arterial-venous specification and expansion of the vessels [163-165]. In
preclinical animal models, introduction of constitutive Notch4 activity
promotes formation of AVMs [166-168]. Notch receptors and their
polymorphisms have also been associated with intracranial hemorrhage
caused by AVM [146,167,169-171]. AVM-associated polymorphism in
inflammatory genes and MMP3 could further participate in lesion for-
mation and progression [172-175].

3.2.2. Management, treatment and emerging concepts in therapeutics

Clinical presentation of AVMs depends on location and size of the
lesion as well as its relation with other organs/structures. Although
early stage lesions may be symptomatic, more serious symptoms and
morbidity manifest in expansive and destructive phases of the growth
[129-131]. The symptoms associated with AVMs include pain, tissue
edema, structural and functional defects, significant risk of vessel wall
rupture, bleeding and ulceration, as well as headache, seizures, neu-
rological defects and a risk of hemorrhagic stroke. Noteworthy, brain
AVMs are a leading cause of hemorrhagic stroke especially in young
adults and children. In the most severe cases, extensive AVMs may lead
to a high-output heart failure [130-133].

Current treatment options for AVMs include sclerotherapy, en-
dovascular embolization, stereotactic radiotherapy and microsurgical
resection. Choice of the treatment method depends on the location, size,
and shape as well as angioarchitectural structure of the lesion. Although
efficient, all invasive treatments are associated with a risk of treatment-
related side effects and morbidity, as well as a risk of incomplete AVM
resection leading to recurrence after the treatment [130-133,176,177].
Thus, non-invasive medical treatment with a potential ability to nor-
malize the pathological vasculature of the lesion, and/or prevent re-
currence, would be of importance. Bevacizumab, thalidomide and
propranolol have been utilized to decrease epistaxis and improve he-
moglobin concentrations in hereditary hemorrhagic telangiectasia
[178,179]. Among these factors, the anti-angiogenic and anti-in-
flammatory agent thalidomide, showed the best efficacy; however,
teratogenic effects and side effects need to be taken into consideration
[179]. Despite clear association of VEGF-A to hereditary hemorrhagic
telangiectasia, bevacizumab did not have any significant effects on
epistaxis [178,179]. Partial improvement in clinical outcome was
achieved, with patients suffering from high output cardiac failure and/
or severe hemorrhages [180,181]. Recent findings on genetic studies
and mouse models suggest the potentiality of MEK and PI3K inhibition
for the treatment of sporadic AVMs [143,144,146,147]. Importantly,
chemical inhibitors targeting MEK (UO126) or PI3K (Buparlisib,
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Taselisib) are already in clinical use for the treatment of cancer and are
well tolerated [182,183]. In addition, normalization of Notch signaling
was shown to decrease arteriovenous shunting and blood vessel size in
preclinical animal models [184,185] and could become a potential
target for further drug development.

4. Summary

VEGFs and their receptors are important for the maintenance of
normal endothelial function of blood vessels. VEGF therapy, aiming to
improve cardiac function, has largely concentrated on myocardial an-
giogenesis and improving blood flow. VEGFs are also important med-
iators of vascular growth in placental abnormalities, hemangiomas and
AVMs. Since VEGFs affect various cell types via paracrine signaling, a
broad spectrum evaluation of their influence is needed to understand
both VEGF-induced therapeutic effects and the role of VEGFs in pa-
thological states. Techniques, such as massive parallel sequence-based
gene expression analysis, high-resolution in vivo imaging of transgenic/
knock-out animal models and co-culture assays of multiple cell types,
will improve our understanding of VEGF-induced cellular effects
leading to significant biological outcomes.
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