





/T0Z ‘9z AInc uo 1s9nb Ag /6i0'sfeuuno feye'sao119//:d1y wiouy pspeojumoq

Simons and Eichmann

demonstrate dramatically reduced arterial remodeling and ar-
teriogenesis.” However, whether this is primarily because of
the loss of endothelial PECAM versus PECAM in other cell
types has not been established.

Shear stress has several other effects on the endothelium
including induction of endothelial VEGF expression'* and
activation of NFkB signaling.”* One outcome is increased
expression of adhesion proteins including ICAM-1 and
VCAM'> leading to increased monocyte adhesion to the flow-
activated endothelium.'?® This factor seems critical to shear
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Figure 4. Regulation of arteriogenesis.

In ammatory (eg, tumor necrosis factor [TNF]-a. )

and mechanical (eg, shear stress) stimuli initiate
arteriogenic signaling in a resting endothelial cell (top,
blue). Activation of nuclear factor (NF)-xB signaling
by these stimuli leads to increase hypoxia-inducible
factor (HIF)-1a and HIF2a. levels, expression of
adhesion receptors and production of platelet-
derived growth factor BB (PDGF-BB), Ang1l, and
Ang2. Ang?2 in turn induces accumulation of a

speci ¢ macrophage population that, under control of
Angl, reduce their prolyl hydroxylase 2 (PHD2) levels
thereby increasing vascular endothelial growth factor
(VEGF) production. The macrophage-produced VEGF
(and to a lesser extent endothelial-derived VEGF)
activates arteriogenic signaling via VEGF receptor

2 (VEGFR2)/neuropilin-1 (Nrp1) complex. HIF2¢
induced expression of delta-like 4 (DLL4) activates
Notch signaling in neighboring endothelial cells
thereby controlling branching extent. PDGF-BB plays
an important role in recruitment of mural cells and
maturation of the new arterial network. ERK indicates
extracellular receptor kinase; Notch-ICD, Notch
intracellular domain; SMC, smooth muscle cell; and
TEM, Tie2-expressing macrophage.

stress—induced accumulation of monocytes at the sites of arte-
riogenesis as suppression of NFxB activation in the endothe-
lium leads to a profound reduction in monocytes/macrophages
accumulation.®

One of the consequences of shear stress signaling is acti-
vation of endothelial NFxB leading to expression of various
adhesions molecules such as ICAM-1 and VCAM-.50.127.128
This, in turn, facilitates accumulation of inflammatory cells,
including blood-derived macrophages (Figure 4). Another fac-
tor driving macrophage accumulation is angiopoietin-1 that is

Figure 5. Key arteriogenic events. Key arteriogenic
events including activation, regulation of signal
transduction, and arteriogenesis extent. See text
for details. aPKC, atypical PKC; Dll4, delta-like

4; ERK, extracellular receptor kinase; ETS, E26
transformation-speci c; FGF, broblast growth
factor; FOXC2, Forkhead box protein C2; HIF,
hypoxia-inducible factor; NFx B, nuclear factor-«x B;
Nrp1, neuropilin-1; PAR3, partitioning-defective

3; PTP1b, phosphotyrosine phosphatase 1b; and
VEGF, vascular endothelial growth factor.
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also produced by activated endothelial cells.'” The presence
of macrophage at sites of arteriogenesis has been long appre-
ciated.***** They are the primary source of VEGF and are also
capable of producing other angiogenic growth factors includ-
ing FGF2 and platelet growth factor among others.'*!3!

Regulation of the Extent of Arteriogenesis
and Arterial Branching

On par with induction of arterial fate specification and growth
of the arterial tree, regulation of the extent of this growth is
another key to effective arteriogenesis. Remarkably, virtu-
ally nothing is known on the signals that control the extent
of vascular tree formation. Endothelial Notch activation in-
duced by DIII is involved in regulation of arteriogenesis,'*
whereas D114 binding is considered the principle mechanism
controlling the extent of branching.'*3*% Loss of a single D114
allele, or inhibition of Notch signaling, significantly augments
the extent of arterial branching and artery-to-artery connec-
tions.®"1% Yet, despite the overall increase in arterial density
and the number of collateral connections, tissue perfusion is
not improved at baseline and is distinctly reduced in adult
mice after a major arterial trunk ligation.®!

Despite an important role played by DIl4, regulation of its
expression remains poorly understood. Among the known
regulators are Sox7 (Sry-related HMG box 7) and Sox18 (Sry-
related HMG box 18) transcription factors'*® and Wnt'*" that
may act via Sox17 (Sry-related HMG box 17).2 More directly
linked to arteriogenesis is the recently described regulation of
DI14 expression by NFxB.® Expression of a dominant-neg-
ative IkBow construct in endothelial cells results in a nearly
complete suppression of inflammation-induced or shear
stress—induced NFkB activation, thus eliminating signaling
input of the major arteriogenesis triggers. This leads to reduc-
tion of expression of key molecules involved in arteriogenic
response: DIl4, PDGF-BB (platelet-derived growth factor
BB), and endothelial adhesion molecules such as ICAM-1 and
VCAM-1 (Figure 4). Reduction in DII4 levels reduced Notch
signaling and hence increased branching, whereas decreased
PDGF-BB levels likely account for reduced maturation of neo-
vasculature because of impaired mural cell recruitment and
differentiation. Finally, reduced adhesion molecule expres-
sion leads to a profound decrease in recruitment of blood-de-
rived monocytes/macrophages thereby reducing local VEGF
concentration.®” The resultant phenotype is characterized by
vastly excessive, hyperbranched and immature arterial vascu-
lature, and a dramatic reduction in tissue perfusion, similar to
the phenotype observed in D114 heterozygous mice.**¢!

NFxB directly regulates VEGF-A and PDGF-BB expression
via HIF1a!%#!1% and DIl4 via HIF20..%° The latter conclusion is
supported by the observation of increased arterial branching
and decreased tissue perfusion in mice with endothelial HIF2a
deletion that resulted in decreased DI14 expression.®

Summary and Practical Implications
of the New Knowledge
The emerging data firmly identify endothelial ERK signaling
as the key driver of arterial fate specification during develop-
ment as well as developmental and adult arteriogenesis. The

regulation of this signaling cascade (Figure 5) is complex and
is still not fully understood.

At the level of an endothelial cell, expression of VEGFR2
and Nrpl is required for arteriogenic signaling. Activation of
the VEGFR2/Nrpl complex, either by a ligand (eg, VEGF-A)
or in a non-ligand-dependent fashion (shear stress and per-
haps other physical factors), leads to its endocytosis, a step
required for activation of ERK signaling. Initial steps involved
in VEGF-B/VEGFR2/Nrpl complex entrance into the cell
are poorly understood but involve ephrin B2,'® epsins 1 and
2140141 and polarity proteins atypical PKC and PAR3 (parti-
tioning-defective 3)'** among others.

Once internalized, VEGFR2-containing endosomes un-
dergo intracellular trafficking away from PTPlb-rich areas
of the cytoplasm, allowing for a full phosphorylation of Y3
site critical to ERK activation via the phospholipase y/Raf1
CaSCade.65’67'68’75’87']43']44

The state of Raf1 phosphorylation is another critical control
point as phosphorylation of its Ser®’ site leads to suppression
of MEK-dependent ERK activation. Activation ERK signal-
ing either by suppression of Raf1Ser259 phosphorylation or
by introduction of constitutive-active MEK/ERK constructs
promotes arteriogenesis.””781%7

This scheme suggests the presence of several critical check-
points (Figure 5). One is the availability of VEGF-A. The
other is the ability of the shear stress or another physical stim-
ulus (eg, radial wall stress) to activate VEGFR2 in a ligand-
independent manner. Importantly, the relative contributions of
these 2 factors to VEGFR?2 activation are not understood.

During embryonic arteriogenesis nerves are likely the key
source of VEGE,'"!" whereas adult arteriogenesis is largely
dependent on the presence of blood-derived monocytes/mac-
rophages.*?> In the case of arteriogenesis in various disease
settings it is doubtful that reduced VEGEF levels are ever they
key factors in impaired neovascular response. Therefore,
therapies aimed at providing exogenous VEGF to stimulate
arteriogenesis are unlikely to be effective. At the same time,
non-ligand-dependent activation of VEGFR2 signaling in
pathological conditions has not been fully explored.

Regardless of the stimulus, VEGFR2 becomes the central
molecule driving all subsequent events. A decline in VEGFR2
levels seen in disease states such as diabetes mellitus’ and
hypercholesterolemia®>!'® may account for poor arteriogen-
esis in these settings. In addition, maintenance of endothelial
VEGFR2 expression is an active process that requires a con-
tinuous FGF signaling input' acting via ETS (E26 transfor-
mation-specific) and Forkhead transcription factors.'46147

Impaired VEGFR2 trafficking leads to a decline in its ac-
tivity because of PTP1b-dependent dephosphorylation of the
Y!' site and inhibition of PTP1b activity seems effective in
restoration of ERK activation in certain circumstances.®®’> An
equally effective strategy may involve suppression of Akt”1%7
or another kinases capable of Rafl Ser* phosphorylation,
thereby also leading to ERK activation.

Finally, the effective size of the arterial tree is controlled
via NFkB-dependent regulation of DII4 expression and sub-
sequent Notch signaling activation.®*®> Remarkably, in the
absence of sufficient Notch activation, the increased num-
ber of arterial conduits and collaterals leads to ineffective
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circulation, suggesting that an optimal tree size and full matu-
ration of the newly formed vasculature are required for effec-
tive tissue perfusion.

In a larger context, endothelial cells have emerged as central
regulators of arteriogenesis.®” The presence of inflammatory
stimuli such as tumor necrosis factor-o or shear stress leads to
activation of NFkB. This, in turn, leads to 3 key events: (1) in-
duction of HIF2a expression that then stimulates D114 expres-
sion and activates Notch signaling; (2) induction of HIFla
expression that leads to increased platelet-derived growth fac-
tor BB and VEGF-A production; and (3) expression of ad-
hesion molecules such as vascular cell adhesion protein and
intercellular adhesion molecule-1 that facilitate blood mono-
cyte recruitment that subsequently become the key source of
VEGEF-A fully activating this cascade (Figure 5).

This emerging paradigm has direct implications with re-
gard to potential therapies, as endothelial ERK signaling is
clearly an appealing target. In the past efforts and therapeutic
stimulation of neovascularization focused on growth factor
(predominantly VEGF-A) therapy. Although new data clearly
support the biological importance of this molecule in adult
arteriogenesis, clinical trial experience to date equally clearly
points to its futility.**!*1% The principle cause of failures is
likely unresponsiveness of the diseased endothelium to VEGF
stimulation either is because of a reduction in VEGFR2 levels
or a decrease in its cellular uptake on stimulation.

Given this, the ability to stimulate arteriogenesis by interfer-
ing with endogenous regulators of VEGFR2 signaling such as
PTP1b to enhance signaling of partially endocytosed VEGF/
VEGFR2/Nrpl complexes or to directly activate ERK activa-
tion via suppression of Rafl Ser259 phosphorylation or ki-
nases that phosphorylate this site may prove practically viable.
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