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Preface

Welcome to the fascinating world of angiogenesis! Back by popular demand, this is the second
edition of the Vasculogenesis and Angiogenesis Open Access book published in 2011 by InTech.
The previous book comprised ten chapters of outstanding scientific content spanning the field
of angiogenesis, from developmental biology to regenerative medicine. The original book eli-
cited substantial enthusiasm, and as of January 2017, its chapters were downloaded more than
23,400 times from the InTech website.

We are now returning to the field, stronger than ever, with more than double the number of
chapters and with an expanded content and focus. In order to gain an overview of the impor-
tant elements in the field, we generated a “word cloud" or an objective weighted list of single-
word terms gathered from all the abstracts of the current chapters. This graphical
representation shown below highlights the most prominent terms, the frequency of each one
being proportional to the font size. Our word cloud highlights a group of essential terms of
significance to angiogenesis: factors, signaling, tumors, stem cells, blood and vascular, VEGF,
endothelial cells, and therapeutic.
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We therefore grouped the chapters into five parts. The first two parts cover cellular and molec-
ular signaling mechanisms in physiologic and pathologic angiogenesis with application to de-
velopment, the nervous system, skeletal formation, corneal angiogenesis, and the
cardiovascular system. During embryonic development blood vessels form very early and aid
in generation of most organs. In healthy adults, new blood vessel formation is not well repre-
sented; thus most organs appear to be “reticent" to de novo angiogenesis. Of particular note is
the role of VEGF, TGF-beta, Notch, SDF-1, CXCR4, MMPs, TIMPs, histone-modifying en-
zymes, and other signals in angiogenesis as well as the association of imbalances in homeosta-
sis of these factors with early loss of pregnancy, Alzheimer’s disease, cardiovascular diseases,
and others. Notable is also the intricate relationship between angiogenesis and endothelial
cells, endothelial progenitor cells and hypoxia, and atherosclerosis and growth of coronary
collaterals.

The third part grouped chapters on angiogenesis research in cancer. Starting with publication
of the original hypothesis by Judah Folkman in 1971 and discovery of VEGF by Napoleone
Ferrara in 1989, this topic continues to attract abundant attention and has generated many
promising therapies. In addition, cancer stem cells, which can differentiate into cancer endo-
thelial cells and influence angiogenesis, have become important targets in the fight against
cancer. Since numerous experimental approaches in vitro and in vivo are being utilized in an-
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giogenesis research, the fourth chapter was dedicated to presentation and discussion of ad-
vanced methods and models for the study of angiogenesis. Special emphasis was placed on
critical analysis of pros and cons of each method, so that the reader can select adequate models
for research and validation of selected targets.

Finally, in the fifth part, utilizing information from basic studies, significant focus has been
placed on developing targeted therapies for either promoting or inhibiting angiogenesis. This
dichotomy is quite unique to angiogenesis research and has generated a wealth of information
that feeds and cross-pollinates both aspects. In scenarios where angiogenesis is desired such as
ischemia relief after occlusion of blood vessels, therapies have been developed to induce new
blood vessel formation using growth factor delivery and stem cell-mediated gene therapy to
overexpress VEGF. Conversely, to limit tumor development, which in most cases relies on de
novo vascularization, numerous treatments targeting the intentional stoppage of angiogenesis
have been tested. Evidently, one major target is VEGF and its specific receptors. While initial
clinical trials with anti-VEGF treatments have proven successful, we had learned throughout
the years that these medications may cause significant side effects; in addition, some tumors
were found to be resistant to anti-VEGF therapies. Meanwhile, additional potential targets
have been identified. These include receptor tyrosine kinases, angiotensin receptors, angioten-
sin-converting enzymes, and cell surface receptors such as CD146, among others. Clearly there
is a need for sustained research and testing of additional targets that would set the basis for
effective treatment and benefit an increasing number of patients worldwide.

The purpose of this book is to highlight novel advances in the field and to incentivize scien-
tists from a variety of fields to pursue angiogenesis as a research avenue. Blood vessel forma-
tion and maturation to capillaries, arteries, or veins is a fascinating area which can appeal to
multiple scientists, students, and professors alike. Angiogenesis is relevant to medicine, engi-
neering, pharmacology, pathology, genetics, and veterinary sciences and to the many patients
suffering from blood vessel diseases and cancer, among others. We are hoping that this book
will become a source of inspiration and novel ideas for all and offer this quote as a last word
from Paracelsus:

“Medicine is not only a science; it is also an art. It does not consist of compounding pills and
plasters; it deals with the very processes of life, which must be understood before they may be
guided."
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Chapter 1

TGF-B Activation and Signaling in Angiogenesis

Paola A. Guerrero and Joseph H. McCarty
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/66405

Abstract

The transforming growth factor-B (TGF-P) signaling pathway regulates various cellu-
lar processes during tissue and organ development and homeostasis. Deregulation of
the expression and/or functions of TGF-f ligands, receptors or their intracellular signal-
ing components leads to multiple diseases including vascular pathologies, autoimmune
disorders, fibrosis and cancer. In vascular development, physiology and disease TGF-3
signaling can have angiogenic and angiostatic properties, depending on expression levels
and the tissue context. The objective of this chapter is to analyze the mechanisms that
contribute to the activation and signaling of TGF-{3 in developmental, physiological and
pathological angiogenesis, with a particular emphasis on the importance of TGF-f3 signal-
ing in the mammalian central nervous system (CNS).

Keywords: TGF-, vasculogenesis, angiogenesis, VEGF

1. Introduction

Discovery of TGF-Bs was the result of independent efforts by several laboratories [1-4] during
characterization of a secreted factor from fibroblasts transformed by the Moloney sarcoma
virus (MSV). The TGF- superfamily is now known to be composed of more than 30 che-
mokines such as TGF-f1-33, activins, anti-Miillerian hormone (AMH), bone morphogenetic
proteins (BMPs), growth and differentiation factors (GDFs) and NODAL that can signal via
canonical and noncanonical receptors and intracellular effector proteins [5].

The best characterized member of the TGF-3 family, TGF-B1, is initially produced from a
single gene as a large precursor known as pre- and pro-TGF-f3s which undergo two proteo-
lytic cleavage events. The first signal peptide is cleaved in the rough endoplasmic reticu-
lum. Furin, a proprotein convertase, subsequently cleaves the protein into two fragments [6].
The carboxy terminus corresponds to the functionally active cytokine and the large amino

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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terminus is latency-associated protein (LAP), also referred to as the prodomain. Regardless
of this processing by furin, the mature and LAP domains remain associated by noncovalent
bonds to form the small latent complex (SLC). This complex subsequently covalently interacts
with a second gene product, the latent TGF-f3 binding protein (LTBP), and is incorporated into
a larger latent complex (LLC) that associates with the extracellular matrix (ECM) [6]. Three-
dimensional crystal structure of porcine latent TGF-f31 shows a conformation that resembles
a ring-like shape [7]. Two domains were defined in the structure: (i) an arm domain that con-
tains an integrin-binding Arg-Gly-Asp (RGD) peptide motif and (ii) a “straitjacket” domain
where the mature TGF-f3 is encased. At the opposite end of the arm domain, LTBP binds the
prodomain forming the “ring head” [7] (Figure 1).

After secretion, the LLC complex interacts with various ECM proteins, such as fibronectin and
fibrillin, and is maintained in an inactivated form [8]. TGF-{ is activated by different mecha-
nisms, including interactions with integrins, alterations in pH and extracellular proteases. arv
integrin, which forms heterodimers with five different  integrin subunits (31, 33, g5, 36 and
[8), that bind to LAP-TGF-f1 and LAP-TGEF-3 [9, 10]. However, only avp6 and av(38 have
been shown to activate the latent TGF-3 complex [11]. Activation by both av6 and av{38
integrins requires the RGD motif in LAP. Activation by avB6 requires an intact cytoplasmic
domain [12, 13] and the presence of other ECM proteins [14]. Activation by avf8, however,

a)

b)

—=5— EM 3l Mature TGF-B ST Cytoskeleton T T Integrins

¢ contomngheomotts [\ Swailacke
. g domain
in red

Figure 1. TGF-f processing and activation. (a)TGF-$ precursor undergoes proteolysis at its N-terminus (black arrow
head) which results in the removal of its signal peptide. (b)In a second proteolytic cleavage event by furin (blue arrow
head), the precursor is separated into a large LAP or prodomain (gray) and the mature TGF-f (red) and (c)Schematic
view of the closed ring structure (left) and unfastened straitjacket (right) conformation corresponding to the inactive
LAP-TGF-{ and mature TGF-f, respectively.
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does not require the integrin cytoplasmic domain, but it is reported to require the presence
of metalloproteinases (MMPs) on the cell surface or in the ECM [9]. Additionally, in T cells,
avp6 and avp8 can activate LAP-TGF-f in cooperation with the glycoprotein-A repetitions
predominant protein (GARP) [15, 16].

TGEF-p is also activated by proteases. Aspartyl (e.g., cathepsin D) [17], cysteine (e.g., calpain)
[18] and serine proteases (e.g., plasmin and kallikreins) and metalloproteases have shown to
stimulate the release of chemokine from the latent complex, although most of these studies
have been performed in vitro [19]. Moreover, TGF-3 has been reported to be activated by other
nonprotease mechanisms such as neuropilinl (Nrpl), thrombospondin (TSP-1), F-spondin,
pregnancy-specific beta-1-glycoprotein 1 (PSG1) and deglycosylation. Likewise, there are
chemical and physical settings that activate TGF-@3, for example, heat, ultraviolet radiation,
physical shear, detergents and reactive oxygen species [8].

Three-dimensional structural studies of the LLC reveal that the RGD motifs are readily avail-
able for integrin engagement. Hydrophobic side chains, which have been identified near the
RGD motif, likely enhance integrin binding [7]. In the presence of avp6, LLC can bind one
or two integrin monomers. However, this binding does not induce required conformational
changes to promote the complete activation of TGF-3, which is in agreement with prior muta-
tional studies [12, 13, 20]. Furthermore, in accord with previous studies, the crystal structure
of latent TGF-f3 predicts that pulling forces, emanating from the integrin C-terminal cytoplas-
mic tail that interacts with the cytoskeleton and binding RGD via the N-terminal extracellular
region, are counteracted by associations with the ECM. Therefore, in the latent TGF-{3, the
straitjacket domain is maintained in a closed conformation until tensile forces are applied
from both ends of the structure, resulting in loosening of the straitjacket domain and the
release of the mature TGF-. This study also showed that an additional feature of the prodo-
main is to prevent access to activating receptors [7].

2. TGF-p signaling pathways

Signaling is regulated by three major receptors: TGF-f receptor type I (TRI), type II (TBRII)
and type III (TBRII). In general, TGF-f binds TPRIIIL, which facilitates its delivery to TBRII,
a constitutively active kinase, leading to the subsequent phosphorylation and activation of
TBRL In humans, there are seven TBRISs, also known as activin receptor-like kinases (ALK),
and five TBRIs [5]. In most cells, ALK-5 forms a heterodimer with TBRII bound to TGF-{,
which activates the ALK-5 kinase domain via phosphorylation of its G5 domain. This recep-
tor activation propagates intracellular signaling through ‘canonical” effector proteins moth-
ers against decapentaplegic homolog 2/SMAD family member 2 (Smad2) and Smad3, which
are transcription factors. Once phosphorylated, these Smad proteins form a complex with
Smad4 leading to nuclear translocation and initiation of genes transcription. In most normal
cells, TGF-[3-mediated activation of Smads leads to inhibition of cell growth. More specifi-
cally, the Smad?2/3-4 complex partners with foxhead box O (FOXO) factors to activate p21Cip1
(CDKN1A), which inhibits cyclin-dependent kinase 1(CDK1), resulting in cell cycle arrest.
Similarly, TGF-3 can also activate pl5Inkab (CDKN2B), the CDK4 inhibitor, through the
SMAD2-3/4-FOXO1 axis (Figure 2) [5].
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Figure 2. TGF-$ canonical pathway. (a)ln normal cells and early stages of cancer TGF-f3 promotes cell cycle arrest.
Repressors of the pathway are shown in red. Blue dots represent protein phosphorylation and (b)in endothelial cells, an
alternative pathway promotes cell proliferation.

Likewise, TGF-f acts as a cytostatic factor by decreasing c-Myc expression and downregulat-
ing the inhibitor of DNA-binding protein (ID) 1 and ID3 transcription factors. ID1 and ID3
are involved in differentiation, cell cycle progression and self-renewal of stem cells [21, 22].
TGEF-p elicits c- Flk-lmyc repression by promoting SMAD3 binding to a repressing Smad-
binding element (RSBE) at the c-myc promoter [23]. c-Myc can be recruited to the promot-
ers of CDKN1A and CDKN2B by the Myc-interacting zinc-finger (MIZ-1). This blocks CDK
expression and results in apoptosis [24]. Additionally, in endothelial cells (ECs), TGF-3 can
target a second receptor type 1, ALK-1, which signals through Smad1/5/8 and stimulates
angiogenic factors, such as interleukin 1 receptor-like 1 and ID1 (Figure 2) [25].

Several proteins are known to antagonize canonical TGF-3 signaling. For example, (i) PI3K
activates AKT which phosphorylates the SMADs-FOXO complex and inhibits its transloca-
tion to the nucleus [21], (ii) foxhead box G1 (FOXG1) inhibits the SMADs-FOXO complex [21],
(iii) SMAD? can trigger TPRI for proteosomal degradation by recruiting SMAD-specific E3
ubiquitin protein ligase (SMURF1) and SMUREF?2 [26], (iv) SMAD6 blocks SMAD1 through
SMAD4 binding, (v) Erk proteins phosphorylate SMADs and inhibit their nuclear translo-
cation, (vi) BAMBI, a pseudoreceptor, dimerizes with TPRI leading to its inactivation, (vii)
FKBP12 binds to TBRI and impedes its phosphorylation, activation and signaling [27] and
(viii) protein arginine N-methyltransferase 1 (PRMT1) methylates SMAD6 and allows BMP
signaling through SMADs1/5 [28-30].
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3. Vasculogenesis

During embryogenesis, the development of the vascular system is divided into three stages,
vasculogenesis, angiogenesis and arteriogenesis. Vasculogenesis occurs in embryonic organs
as well as extraembryonic tissues such as the placenta, yolk sac and allantois [31]. The earliest
discernible structures in vasculogenesis, the blood islands, are formed in the mouse yolk sac
by embryonic day (E) 6.5-7. This structure contains precursor cells or hemangioblasts, which
differentiate to EC and hematopoietic cells [32]. At E8.5, cells located toward the periphery of
the blood island, or angioblasts, differentiate into EC, while cells located toward the central
region give rise to hematopoietic precursor cells. Next, lumenization takes place; tight junc-
tions and basement membranes develop, and pericytes are recruited to blood vessels and
promote maturation [33].

Several growth factors have been identified to regulate vasculogenesis, such as vascular
endothelial growth factor (VEGF), fibroblast growth factor (FGF), the hedgehog family, neu-
ropilins, integrins, fibronectin and TGF-f3s. FGF-2 has been reported to participate in the gen-
eration of the angioblast in quail/chick chimeras and in vessel formation [34].

Hedgehog signaling has been shown to be crucial in the initial steps of vasculogenesis. It
promotes differentiation of the primitive endoderm into both, endothelial and hematopoietic
lineage [35]. For instance, blocking Indian hedgehog (Ihh) causes signaling repression from
the visceral ectoderm and consequently abrogation of vasculogenesis and hematopoiesis in
anterior epiblast [35]. Deletion of Ihh in mouse caused 50% lethality at midgestation with
the remaining 50% dying at birth. Defects in blood vessel formation have been proposed as
the cause for the lethality, which has been supported by experiments showing: (i) deletion
of Sonic hedgehog (Shh) in mice resulted in a reduction in vascularization in lung [36], (ii)
overexpression of Shh resulted in an increase in vascularization in neuroectoderm [37], (iii)
depletion of Shh in zebrafish caused defective vasculature [38] and (iv) depletion of Ihh from
stem cell-derived embroid bodies inhibited blood island differentiation [39].

VEGEF signaling is crucial in vasculogenesis. Genetic studies have shown that deletion of Flt-1
(VEGFR1), Flk-1/KDR (VEGFR2) and one or both alleles of VEGF cause embryonic lethality.
VEGFR1 mutants exhibit aberrant central localization of the angioblasts in the blood island,
instead of their normal localization toward the periphery [40]. These results implied that the
growth of ECs was not inhibited in this region and led to the idea that VEGR1 hampers signal-
ing from VEGF by ligand sequestration [33]. In addition, VEGFR2 mutants die around E9. In
these embryos, both vasculogenesis and hematopoiesis do not initiate which was explained
by faulty blood island in which cell migration was abrogated [41, 42]. Similarly, mutant het-
erozygous for VEGF die by E11 and showed impaired vasculogenesis and angiogenesis. These
embryos showed severe abnormalities, such as underdeveloped brain and heart, decreased
number of nucleated red blood cells in blood islands and aberrant vasculature in nervous
system and placenta [43].

Neuropilins are co-receptors for VEGF receptors. Nrpl1 is found in ECs of arteries, while neu-
ropilin 2 (Nrp2) is found at the endothelium of lymphatic vessels and veins. Deletion of Nrp1
in mice affects severely the central and peripheral nervous systems, as well as the yolk sac
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vasculature [44]. In contrast, depletion of Nrp2 has no effects in the vasculature of arteries or
veins, but it does affect angiogenesis of the lymphatic vasculature [45, 46]. In addition, mice
harboring deletions in both neuropilins have shown obstruction in vasculogenesis in the yolk
sac and in the formation of the primary vascular plexus [47].

4. Developmental angiogenesis

Angiogenesis is the formation of new blood vessels from existing vasculature. It occurs
by mechanisms including sprouting angiogenesis and intussusceptive angiogenesis
(Figure 3). Sprouting angiogenesis initiates with the selection of endothelial tip cells
at the vessel wall. These cells react toward extracellular stimuli and secrete proteolytic
enzymes to digest the surrounding ECM. Tip cells are connected to endothelial stalk
cells to direct the vascular sprout [33, 48, 49]. Once the new tube is formed and a lumen is
established, the vessel is stabilized by the recruitment of pericytes to capillaries or vascu-
lar smooth muscle cells (vSMC) to arteries and veins [6, 33], leading to re-establishment
of mature blood vessels.

Intussusceptive angiogenesis, also known as splitting angiogenesis, results in the formation of
intermediate intracapillary pillars. This mechanism is more efficient than sprouting angiogen-
esis since it does not require cell proliferation. Instead, it needs the reorganization of existing
ECs. In this process, (i) ECs from opposite sides of the blood vessel make contacts, (ii) ECs
from both ends reorganize and cause a splitting in the vessel wall, (iii) an interstitial pillar
core is generated and (iv) myofibroblasts, pericytes and finally collagen invade the pillar and
a basement membrane is formed [33, 49, 50].
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Figure 3. Mechanisms of angiogenesis. (a)Sprouting and (b)intussusceptive angiogenesis.
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5. TGF- in vasculogenesis and angiogenesis

5.1. Mutant phenotypes in mice lacking components of the TGF-B pathway

TGF-3 mRNA was initially detected by PCR in preimplantation stages and in situ expression
was present as early as E7.5, suggesting important roles in early development [51, 52]. In
the embryo, proper TGF-3 was detected in angioblast progenitors within the primitive heart
mesoderm. Likewise, its expression was detected in extraembryonic tissues, including in the
allantois mesoderm, and within blood islands of the yolk sac [53].
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Deletion of the TGF-31 gene in mice resulted in 50% lethality in utero, with the remaining 50%
of mutant mice surviving up to three weeks postnatally. Histopathology analyses showed
multifocal inflammatory cell infiltration and necrosis in several organs, especially the heart
and stomach [53, 54]. It was subsequently shown that maternal contributions of TGFBI RNA
and other genetic and epigenetic factors contributed to 50% postnatal survival [55].

The 50% of TGF-3 mutants showed lethality and resorption by E10.5. Analysis of E8.5 embryos
did not show significant morphological defects. However, analysis of E9.5 and E10.5 embryos
resulted in a range of phenotypic defects within the yolk sac. While in some cases, vasculo-
genesis was delayed; in other cases, a dramatic reduction in size was observed and it was
accompanied by weak and disorganized primary vessels, with some areas displaying com-
plete vessel depletion. Analysis of the yolk sac vasculature indicated that the defects occurred
during differentiation of ECs and hematopoietic cells. In contrast, the initial differentiation of
mesodermal cells into ECs was not affected [52].

Genetic ablation of TBRII resulted in very similar phenotypes as in TGF-f1 mutants, with
alterations in yolk sac vasculature and embryonic lethality by E10.5- E11.5 [56]. Mutants in
endoglin also showed defects in vascular vessels within and outside the embryo. Embryo
lethality was observed at E11.5, with mutants developing focal hemorrhage [57, 58]. Similarly,
engineered mutations in mice that abrogate the expression of ALK1, ALK5, SMAD1 or SMADS5
resulted in defects in cardiovascular development [57, 59, 60].

5.2. Roles of TGF- in angiogenesis

Early work to determine the roles for TGF-Bs in ECs was contradictory. TGF-{ signaling was
initially found to inhibit cell migration and proliferation [61, 62], yet later studies indicated
that it promotes cell proliferation [63-66]. The relative levels of expression of TGF- seem to
partially explain these discrepancies, with low doses promoting angiogenesis and higher lev-
els resulting in growth inhibition of ECs and maturation of blood vessels [66, 67]. For instance,
during blood vessel coverage by smooth muscle cells, TGF-§ paracrine signaling from ECs
to mesenchymal cells results in vascular smooth muscle cell and pericyte differentiation [6].

TGEF-p also plays a role in the angiogenic process of hypoxic tissue. For instance, during
infarction (stroke), neovascularization occurs primarily at the ischemic penumbra (periphery
of the infarct), which correlates with high levels of both mRNA and active TGF-f3 protein [68].
Similarly, during organ transplant VEGF and TGF-f1, levels are increased in devascularized
hypoxic tissue. TGF-33 was also upregulated in hypoxic tissues, but to a lesser degree [69].

TGF-f regulates angiogenesis by different mechanisms; for example, it is involved in ves-
sel proliferation and maturation by alternating two signaling cascades with opposite effects
(ALK1 and ALKS5). Likewise, TGF-B can promote its own expression, and it upregulates the
expression of other angiogenic factors such as, platelet-derived growth factor (PDGF), inter-
leukine-1, basic fibroblast growth factor (bFGF), tumor necrosis factor alpha and transform-
ing growth factor alpha [70]. TGF-{ can change the functions of other factors, such as VEGF,
from prosurvival to pro-apoptotic [71]. Similarly, in vitro work has shown that in ECs TGF-3
upregulates the expression of endothelin (EDN1), PDGFA and PDGFB, nitric oxide synthase
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3 (NOS3), actin, alpha 2, smooth muscle, aorta (ACTA?2), secreted protein acidic and cysteine
rich (SPARC), TSP-1, fibronectin (FN1), collagens (COL1A1, COL4A1, and COL5A1), plasmin-
ogen activator (PLAU), serpin family E member 1 (SERPINE1) and integrins (ITGB1, ITGB3,
ITGAV, ITGA2 and ITGAb). It can also downregulate several genes, such as selectin-E (SELE),
KDR, von Willebrand factor (VWR), thrombomodulin (THBD), monocyte chemo-attractant
protein (MCP1), C-X-C motif chemokine ligand 1 (CXCL1), integrins (ITGB1, ITGB3, ITGA5
and ITGA6), TIMP1 and PLAU [70].

Levels of ALK1 and ALK5 determine TGF- mitogenic or mitostatic responses in ECs. ALK5-
Smad?2/3 signaling stimulates transcription of ECM proteins such as fibronectin and plas-
minogen activator inhibitor type 1, which promote the resolution of angiogenesis by inducing
vessel maturation. In contrast, signaling via the ALK1-Smad1/5/8 pathway generates anti-
angiogenic responses [25, 51]. This requires a TGF-f3 accessory receptor, endoglin, which
enhances ALK1 signaling and inhibits ALKS5 cytostatic phenotype [72]. More recent work has
shown that in the mouse eye retina the leucine-rich alpha-2-glycoprotein (Lrg1), which binds
endoglin, promotes angiogenesis through Alk1-Smad1/5/8 in the presence of TGF-{3 [73].

5.2.1. TGF-B signaling in CNS development

In the mammalian CNS, neurons, astrocytes, pericytes and ECs closely interact to form a
multicellular neurovascular unit [11]. During embryonic brain development, TGF-{ is criti-
cal for sprouting angiogenesis of the CNS. In particular, TGF-3 has been shown to work in
conjunction with av integrins to regulate paracrine signaling between neuroepithelial cells
and ECs within neurovascular units. In mouse, embryos deletion of av integrin showed vas-
cular defects that were restricted mainly to the brain. This phenotype was recapitulated in 38
integrin mutant embryos. In contrast, deletion of 33 and (35 integrins did not cause brain vas-
culature abnormalities [74, 75]. Cell type-specific deletion of arv and 8 integrins in nervous
system glial cells resulted in developmental intracerebral hemorrhage as well as postnatal
motor dysfunction and seizures. Of note, the brain hemorrhage observed in embryos was
absence in adult mice, suggesting that a compensatory mechanism that repairs hemorrhage
occurs after birth [75, 76]. Interestingly, av ablation in vascular ECs did not show a pheno-
type [75]. In later work, in which an outbred background was used to overcome the effects of
[38—/- embryonic lethality, it was shown that adult mice lacking 38 integrin displayed neuro-
vascular pathologies [77]. Most notably, adult (38 integrin mutants displayed a reduction in
olfactory bulb size and abnormalities at the subventricular zone and rostral migratory stream.
Neuroblasts generated in the subventricular zone utilize blood vessels as guides to migrate
within the rostral migratory stream and differentiated to neurons within the olfactory bulbs.
The size-reduced olfactory bulbs in adult 38—/ mice revealed essential roles for this integrin
in promoting neuroblast migration along blood vessels. These defects correlated with a reduc-
tion in TGF-p signaling in neurospheres dissected from 38—/— mice [77].

The brain vascular defects observed in Ifgh8 null mutants are also shared by Tgfb1 and Tgfb3
loss of function mutants. In addition, mutating the integrin-binding RGD binding site in
Tgfb1 leads to early embryonic lethality [78]. Similarly, mice lacking both 36 and (38 integrins
showed similar phenotypes as null mutants for Tgfb1 and Tgfb3 [78].
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More recently, integrin 38 and Nrpl have been shown to mediate neuroepithelial-endo-
thelial cell interactions. (38 integrin in the neuroepithelium activates TGF-§ signaling in
ECs, while Nrp1 suppresses canonical TGF-f3 signaling, thus controlling normal sprouting
angiogenesis [79]. Disruption of TGF-{3 signaling by targeting 38 integrin or Nrp1 results
in excessive vessels sprouting and branching and formation of dysplastic glomeruloid-like
vessels that are hemorrhagic [80].

The avB8-TGF-B connection in developmental angiogenesis in the brain also regulated
neovascularization in the developing retina, where (38 integrin is expressed in astrocytes
and Muller glial cells, a neuroepithelial cell type specifically found in the retina [81]. f8—/-
retinas display abnormalities in the formation of the secondary vascular plexus, including
impaired sprouting and formation of blood vessels with glomeruloid-like tufts. In addition,
intraretinal hemorrhage was detected [81]. Furthermore, ablation of av or 38 integrins but
not of Tgfbr2 in astrocytes resulted in defects in angiogenesis, and blocking TGF-p1 with
neutralizing antibodies affected paracrine signaling to ECs [81]. This work was confirmed
later in a study showing that Tgfbr2 deletion in ECs of neonatal mice caused bleeding in
the brain and vascular abnormalities, hemorrhage and deficiency in the formation of the
deeper vascular network in the retina [82, 83]. Similarly, reduced Smad2 phosphorylation
was observed in ECs from retina of Tgfbr2 knockout mice [82].

6. TGF-p in pathological angiogenesis

Genetic mutations in TGF-3 signaling components are associated with various human vascu-
lar pathologies. For example, mutations in the TBRIIl/endoglin gene are linked to hereditary
hemorrhagic telangiectasia (HHT) and Osler-Rendu-Weber syndrome. The disease is charac-
terized, among others, by arteriovenous malformations (AVM) in the liver, brain and lung,
telangiectases in skin and mucous membranes and recurrent epistaxis [84]. In trying to under-
stand AVM, it was proposed that TGF-3 paracrine signaling from ECs to vascular smooth
muscle cells and/or pericytes was reduced. As a consequence, vascular smooth muscle cell
differentiation was affected and this resulted in fragile, leaky blood vessels [85]. Alternatively,
other suggested mechanisms underlying AVM endothelial cell apoptosis and depletion of
smooth muscle cells [6]. In addition, it was discovered that brain AVM present decreased
levels of integrin 38 which correlates with decreased TGF-{ activation and signaling in ECs
[86]. Mutations in human ITGAV and ITGBS genes also predispose some families to spontane-
ous brain hemorrhage [87].

In cancer, angiogenesis is not properly regulated as it occurs in developmental and
physiological settings. Hypoxic conditions and proangiogenic factors released by tumor
cells promote robust new blood vessel formation. The intratumoral vasculature is often
disorganized and leaky with hypertension and acidosis. Similarly, tumor ECs display
aneuploidy as well as centrosome and chromosomal amplifications [88]. The TGF- pathway
is affected by either mutations in the main signaling components, in particular SMADs, or
by altered expression of repressive factors (e.g., FOXG1, PI3K-AKT and C-MYC) (Figure 1).
Analysis of copy number alterations using data from The Center Genome Atlas (TCGA) and



12

Physiologic and Pathologic Angiogenesis - Signaling Mechanisms and Targeted Therapy

analyzed by cBioportal show that Smad2, 3 and 4 are mutated, deleted or amplified in sev-
eral tumor types, but especially in pancreatic, colorectal and gastric cancers [89, 90].

During tumor growth and progression, TGF-3 plays a dual role as both an angiogenic and
angiostatic factor [6]. In early-stage tumors, higher TGF- expression levels are correlative
with a better prognosis. TGF-Bs exert cell cycle arrest by downregulating c-Myc and Ids
1-3 in late G1 phase and by promoting the expression of cyclin-dependent protein kinase
inhibitors [25]. As a proangiogenic factor, TGF-f pathway collaborates with VEGF, PDGF
and bFGF in autocrine/paracrine signaling. In highly vascularized tumors, such as GBM and
hepatocellular carcinoma (HCC), TGF-{ levels are upregulated. In HCC cells, TGF-{3 induces
the secretion of VEGF-A. Accordingly, inhibition of TGF-3 by the TBRI/II synthetic kinase
inhibitor LY2109761 showed decreased tumor size, vessel density and VEGF expression. This
inhibitor also affected paracrine signaling between tumor cells and ECs. These effects on
VEGEF-A were dependent on SMAD?2/3 expression levels [91]. Likewise, TGF-f3 inhibition in
other cancer types such as colorectal cancer and GBM has also led to reduce intratumoral
vascularization [59, 92-94]. Of note, the increase in angiogenesis caused by TGF- in GBM
was decreased by inhibition of the JNK pathway [95]. TGF- family members also promote
the secretion of MCP1 and TGF-a [96, 97], which impact inflammatory cells in the tumor
microenvironment.

6.1. VEGF regulation by TGF-$

TGF-B promotes the expression of a major regulator of vasculogenesis and angiogenesis,
VEGEF. The VEGF family is comprised of a large group of secreted glycoproteins that inter-
act with various cell surface receptors. VEGF-A is expressed as four different isoforms (121,
165, 189, 206 a.a.). Isoform 121 has low binding for heparan sulfate and diffuses away from
its secreted location creating a chemogradient. Isoform 165 has higher affinity to heparan
sulfate compared with 121, and it shows the highest mitogenic capacity among all isoforms.
Finally, isoforms 189 and 206 have shown the highest binding capacity to bind heparan sul-
fates and are known to interact with other components of the ECM [33]. These ligands bind
mainly three tyrosine kinase receptors (VEGFR) 1-3. VEGF-A has been a major therapeutic
target in cancer due to its upregulation in many cancer types. Unfortunately, anti-angiogenic
therapies that target VEGF-A, such as the neutralizing antibody Bevacizumab, have been
unsuccessful in clinical studies where patients have shown resistance to anti-VEGF therapy.
Similarly, in vitro studies performed in GBM cell lines indicated that irradiation enhances
VEGEF secretion [98-101].

FGF-2 induces VEGF expression in ECs via paracrine and autocrine signaling mechanisms
[71]. TGF-p balances FGF-2 by suppressing the induction of plasminogen activator, a serine
protease involved in the migration of cells, which is required in the formation of capillar-
ies during angiogenesis [102]. In contrast, TGF-3 induces ECs apoptosis as part of capillary
remodeling and at the same time promotes ECs expression of VEGF [103]. VEGF-A is an ECs
survival factor and protects ECs from apoptosis [104]. More recent work has shown that VEGF
targets p38MAPK resulting in ECs survival. In contrast, in the presence of TGF-3, FGF-2 is
activated, promoting VEGF upregulation, p38MAPK activation and apoptosis [71].
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6.2. Upregulation of TGF-f in GBM

In GBM, an “angiogenic switch” marks the transition from low to more malignant tumors
where ECs proliferate, resulting in a major increase in blood vessels. This excessive growth in
vasculature was initially thought to be required for maintaining the aggressive growth rate of
GBM. However, recent work suggests that these aberrant blood vessels are also required to
maintain glioma stem cells (GSC), which are known to localize in close proximity to ECs in a
perivascular niche. These cells secrete VEGF and express VEGFR?2, and this complex is stabi-
lized by NRP1. This axis is involved in the self-renewal, survival and tumorigenic capacity of
GSCs [105]. Recent work has shown that TGF- induces differentiation of GSCs into pericytes
to support vessel formation and tumor growth [106].

TGF-f3 cooperates in glioma angiogenesis by enhancing the expression of FGF, VEGEF,
PDGEF-B, and CD44. Increased expression of FGF promotes VEGF expression. High levels
of TGF-{ in gliomas correlate with poor prognosis, and it is known to work in conjunction
with the PDGF-{ to increase GSCs proliferation [107]. In vSMC, TGF-f3 expression increases
the levels of PDGF-, its receptor (BPDGFR) and of EGF receptor (EGFR). BPDGEFR promotes
VEGF expression and secretion in ECs and signals through PI3K [108].

Angiogenesis in GBM develops by two mechanisms: microvascular cell proliferation and
sprouting. The origin of microvascular proliferation seems to arise from hypoxia, where cells
migrate away from the hypoxic center as a result of an increase in the levels of migration-
related genes. As a consequence, the center becomes necrotic and the cells surrounding it form
a palisade, which secretes angiogenic factors such as VEGF. This promotes neighboring angio-
genesis, known as glomeruloid-like microvascular proliferation, composed of both endothe-
lial and smooth muscle cells. In contrast, the increase in angiogenic capillaries can be observed
by staining with markers such as CD31 and Factor VIlI-related antigen (Figure 4) [109].

TGF-B1-3 levels and endoglin-ALK1 signaling are elevated under hypoxic conditions. In addi-
tion, under hypoxia, Snail and Slug expression levels are increased. These genes are known to
be involved in endothelial to mesenchymal transition and in sprouting angiogenesis and are
regulated by TGF-3 in ECs [110].

Integrins are important activators of the TGF-3 pathway. They are important in regulating
tumor angiogenesis by serving as receptors for ECM components, such as laminin, tenascin,
fibronectin and collagens [111]. atv{33 is a receptor for various secreted ECM proteins, such as
von Willebrand factor, TSP-1, fibrinogen, proteolyzed collagen, fibronectin and vitronectin,
and it is involved in angiogenesis and vascular remodeling. For instance, av(33 integrin asso-
ciates with MMP-2 in blood vessels of melanoma tumors, and this binding facilitates collagen
degradation in vitro [112]. In GBM, TGF-3 enhances avf33 integrin adhesion and expression
and promotes integrin-mediated motility [111].

avp8 is expressed in GBM cell lines and primary tumors samples. GBM cell lines overexpress-
ing av(38 show an increase in proliferation but when injected into the brain generate tumors
with a decrease in vascularity. Silencing av or 8 integrin in transformed astrocytes or in
human GBM cell lines leads to decreased in TGF- signaling, resulting in increased tumor
size, intratumoral hemorrhage and decreased tumor cell invasiveness [113, 114].
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Figure 4.Microvascular proliferation. (a)Hypoxia center, (b)cell migration, (c)necrosis (N) and (d)glomeruloid
microvascular proliferation (arrow heads).

In summary, TGF-f signaling is a crucial pathway in the angiogenesis of normal and tumor
cells facilitating interactions between endothelial and epithelial cells. The vast majority of
research has been focused on the activation of TGF-3, but more work is necessary to under-
stand how the pathway is repressed. This could help to move forward current therapeutic
attempts to target components of the TGF-f signaling pathway.
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Abstract

Intussusceptive angiogenesis (IA) known also as splitting angiogenesis is a recently
described mechanism of vascular growth alternative to sprouting. It plays an essential
role in the vascular remodeling and adaptation of vessels during normal and pathological
angiogenesis. It is an “escape” mechanism during and after irradiation and anti-VEGF
therapy, both inducing angiogenic switch from sprouting to IA by formation of multiple
transluminal tissue pillars. Our recently published data revealed the significant induction
of IA after inhibition of Notch signaling associated with an increased capillary density
by more than 50%. The induced IA was accompanied by detachment of pericytes from
basement membrane, increased vessel permeability and recruitment of mononuclear cells
toward the pillars; the process was dramatically enhanced after injection of bone marrow-
derived mononuclear cells. The extravasation of mononuclear cells with eventual bone
marrow origin was associated with upregulation of chemotaxis factors SDF-1 and CXCR4.
In addition, SDF-1 expression was upregulated in the endothelium of liver sinusoids in
Notchl knockout mouse, together with vascular remodeling by intussusception. In this
chapter, we discuss this important mechanism of angiogenesis, as well as the role of Notch
signaling, SDF-1 signaling and mononuclear cells in the complex process of angiogenesis.

Keywords: intussusceptive angiogenesis, Notch signaling, mononuclear cells, SDF-1/
CXCR4 signaling

1. Introduction: intussusceptive angiogenesis

Angiogenesis is essential for normal embryonic development and reproductive cycle and
plays a key role in pathological conditions such as tumor growth and ischemic cardiovascular
diseases. This is a complex process involving essential signaling pathways for instance VEGF,
bFGF, and Notch, etc., in vasculature, as well as additional players such as bone marrow-
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derived endothelial progenitor cells. Better understanding the role of the different pathways
and the crosstalk between different cells during angiogenesis is a crucial factor for developing
more effective proangiogenic and antiangiogenic anticancer therapy.

Angiogenesis involves the formation of new blood vessels from a preexisting vascular plexus,
and based on morphological characteristics two main distinct processes have been identified,
sprouting and intussusceptive angiogenesis (IA) [1-3]. Sprouting angiogenesis has been well
described since more than 150 years. Recent publications indicated that sprouting involves
tip/stalk cell differentiation and crosstalk process which is tightly controlled by the VEGF and
Notch/Dll4 signaling pathway [4, 5]. Intussusceptive angiogenesis (IA) is a particular form of
vascular growth and remodeling in which endothelial cells make invagination intraluminally
instead of extraluminally like it is in the sprouting. The cells form protrusions toward the
vessel lumen resulting in the appearance of transluminal endothelial pillars-the hallmarks of
intussusception. The arising pillars afterward are successively reshaped and fused and lead
to “splitting” of the preexisting vessel in two segments, thus doing remodeling and organiza-
tion of the vasculature. The effect is the formation of hierarchically organized vessels with
supplying and draining function, pruning of arteries, and veins, and finally development
of the primitive capillary plexuses into the functional vascular system. IA is a process with
several consecutive steps, including intussusceptive microvascular growth, intussusceptive
arborization, and intussusceptive remodeling [2, 3, 6, 7]. These processes end in the forma-
tion of mature vascular networks. In comparison to sprouting angiogenesis, intussusception
is a quite fast process, enabling the vascular system to swift adaptation in unfavorable con-
ditions. IA has been identified as the leading mode of vascular growth in animal models of
liver regeneration and in alveolar angiogenesis following pneumonectomy. Intussusception
appears to be predominant above sprouting in extra-embryonic vasculatures including the
vitelline circulation as well [8-10]. The intensive work of our group in the past few decades
clearly documented the morphological features of this specific angiogenic mode and dem-
onstrated its definite presence during development and tumorigenesis as a complementary
to sprouting vessel growth. Surprisingly, the cellular and molecular regulation of intussus-
ception is less well known but recent evidence suggests that it might involve a component
regulated by blood flow and Notch signaling [7, 9]. We provided with evidence showing that
Notch regulates intussusception involving interaction with circulating mononuclear cells in
developing vascular networks [11].

Intussusceptive angiogenesis (IA) is a well-documented and widely spread mode of angiogen-
esis, occurring during both normal development and in pathological conditions. In contrast to
sprouting angiogenesis, whereby abluminal sprouts outgrow and subsequently merge with
the existing capillaries, intussusceptive angiogenesis is elaborated by intraluminal growth of
endothelial cell processes. The last protrude from the opposing sides of the vessel wall and
form transluminal tissue pillar, representing endothelial bilayer, which is afterward perforated
and stabilized from outside by collagen bindles. Repetitive formation of pillars and their sub-
sequent fusion leads to the splitting of vessels and vascular expansion. Another way of intus-
susceptive angiogenesis is to increase the size of the pillar and form meshes, thus splitting the
vessel. Intussusceptive angiogenesis is a process linked to both blood vessel replication and
remodeling in development. It is present within the regions of increased vascular density in
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alveolar angiogenesis during compensatory growth after pneumonectomy in a murine model
of postpneumonectomy lung growth [8]. The remodeling of the retiform meshworks in the
avian lung was essentially accomplished by intussusceptive angiogenesis as well [12].

In addition to its developmental role, intussusceptive angiogenesis is well documented as a
mechanism of vascular adaptation in response to different environmental stimuli. In the adult
mouse retina, it was reported as a main adaptive mechanism to chronic systemic hypoxia
[13]. These investigations contribute to our understanding of hypoxia-induced angiogen-
esis and microvascular remodeling. The process of intraluminal division participates in the
inflammation-induced neovascularization associated with chemically induced murine colitis
[14]. Scanning electron microscopy (SEM) of vascular corrosion casts demonstrated replication
of the mucosal plexus without significant evidence of sprouting angiogenesis, whereas pillar
formation and septation were present within days of the onset of inflammation. The authors
conclude that intussusceptive angiogenesis is a fundamental mechanism of microvascular
adaptation to prolonged inflammation. It is also a mechanism of compensation for vascular
growth. In a capillary regression model of inflamed murine corneas, the abrupt termination
of capillary sprouting is followed by an intussusceptive response [15]. The capillary repair
during kidney recovery in Thy1.1 nephritis was done by intussusceptive angiogenesis [16].
Inhibitors of angiogenesis and radiation induce compensatory changes in the tumor vascula-
ture both during and after cessation of treatment. There is a switch from sprouting to intus-
susceptive angiogenesis, which may be an adaptive response of tumor vasculature to cancer
therapy that allows the vasculature to maintain its functional properties [17-19]. Potential
candidates for molecular targeting of this angioadaptive mechanism are yet to be elucidated
in order to improve the currently poor efficacy of contemporary antiangiogenic therapies.
Important is the involvement of intussusceptive angiogenesis in pathological conditions.
Vascular remodeling of the hepatic sinusoidal microvasculature in the course of liver nodu-
lar hyperplasia is a result of intussusceptive growth [9]. This angiogenic mode is widely
involved in tumor development. By using electron and confocal microscopy, Paku et al.
[20] observed intraluminal nascent pillars that contain a collagen bundle covered by endo-
thelial cells (ECs) in the vasculature of experimental tumors. Tumor angiogenesis in liver
metastasis from colon carcinoma is a controversial subject. Ceausu et al. [21] concluded
that in liver metastasis principal mechanism of neovascularization formation is based on
intussusception. In metastatic tumors of the brain there was intussusceptive angiogenesis,
whereby the fibrosarcoma cells were attached to the vessel, filled the developing pillars,
and caused lumen splitting [22]. Branching angiogenesis was not observed either in the
tumors or in control cerebral wounds. These data suggest that sprouting angiogenesis is
not needed for the incipient growth of cerebral metastases and that tumor growth in this
model is a result of incorporation of host vessels. Prolactin was found to directly stimulate
angiogenesis in breast cancer progression, enhancing vessel density and the tortuosity of
the vasculature by pillar formation, which are hallmarks of intussusceptive angiogenesis
[23]. It is a preferred mode of angiogenesis in oral squamous cell carcinoma [24] and in
hepatocellular carcinoma [25, 26].

Despite this variety of intussusceptive angiogenic roles, most of the current research is
focused on the mechanism of sprouting angiogenesis because this mechanism was first
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described and most existing experimental models are related to sprouting angiogen-
esis. Consequently, the mechanism of intussusceptive angiogenesis is often overlooked
in angiogenesis research [27]. Intussusception is an alternative to the sprouting mode of
angiogenesis. The advantage of this mechanism of vascular growth is that blood vessels are
generated more rapidly and the capillaries thereby formed are less leaky [1]. The regula-
tion of intussusceptive angiogenesis is still to be elucidated. There are some hypotheses
about the possible drivers of intussusception. In the sprouting type of angiogenesis related
to hypoxia, there is no blood flow in the rising capillary sprout. In contrast, it has been
shown that an increase of wall shear stress initiates the splitting type of angiogenesis in
skeletal muscle [7]. Inflammation-associated intussusceptive angiogenesis in adult mice
was associated with vessel angle remodeling and the morphometry of the vessel angles
suggests the influence of blood flow on the location and orientation of remodeled vessels
[28]. Regarding molecular regulation, very little is known for the molecular factors with
potential significance. Application of the essential angiogenic factors VEGF and bFGF in
an arteriovenous loop model demonstrated advanced neovascularization in the phase of
remodeling by a higher incidence of intussusception, compared to control without these
factors [29]. It was shown in Ewing sarcomas and rhabdomyosarcomas that treatment sup-
pressing IGF-1 signaling decreases intussusceptive angiogenesis [30].

The main factors for maturation and hierarchical organization of vessels, especially arterial
ones, are Notch, angiopoietin, and ephrin. In addition, it was shown that SDF-1 (CXCL12) is
a crucial maturation factor in coronary arterial vasculature, since its mutants have immature
capillary plexus and selective failure in arterial maturation, particularly with the onset of
coronary perfusion [31].

Our preliminary results suggest that intussusception is most probably synchronized by che-
mokine factors since intussusceptive growth was associated with the recruitment of mono-
nuclear cells [11]. After injection of bone marrow-derived mononuclear cells, we observed
robust induction of intussusception in Notch inhibited samples. Notably, the chemotactic
factors SDF-1/CXCR4 were upregulated only due to the Notch inhibition. Our hypothesis
is that Notch inhibition disturbed vessel stability and led to pericyte detachment followed
by extravasation of mononuclear cells due to the activation of the SDF-1/CXCR4 axis. The
stromal cell-derived factor SDF-1 is binding to its receptor CXCR4 and directs migration of
progenitor cells into the appropriate sites. The mononuclear cells contributed to the formation
of transluminal pillars with sustained IA resulting in a dense vascular plexus.

2. Notch signaling and intussusceptive angiogenesis

The crucial role for Notch/DLL4 signaling in regulating vascular development was established
based on findings from the analysis of targeted mouse and zebrafish mutants in Notch path-
way components [32-35]. The common characteristics of the most of these mutants were the
absence of angiogenic vascular remodeling, lack of arterial markers, and arteriovenous malfor-
mations. Mouse embryos deficient for Notch-ligand Jagged1 (Jagl), Notchl, Notch1/Notch4,
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or the presenilins, die between E9.5 and 10.5 and have severely disorganized vasculature [36].
Transgenic mice with inappropriate activation of Notch4 also display similar defects and die,
which suggests that the appropriate Notch expression pattern (in levels, sites, and time) is
critical for embryonic vascular development [37]. It was found out that Notch1, Notch2, and
Notch4 are expressed predominantly in endothelial cells of aorta and arteries, whereas Notch3
was in VSMCs of arteries [38].

Recently, we have established that Notch inhibition disturbs vessel stability and induces
intussusceptive neo-angiogenesis, triggering in this way the augmentation of the capillary
plexus but without the accompanying vascular maturation and remodeling. It was associ-
ated with extravasation of mononuclear cells of bone marrow origin possibly by upregulation
SDF-1/CXCR4 chemotactic factors.

Using the chick area vasculosa (and inhibiting Notch signaling by the y-secretase inhibitor-GSI)
and a mouse model of Notch inhibition (MxCre Notch1lox/lox mice), we have demonstrated that
in already existing vascular beds disruption of Notch-signaling triggers rapid augmentation of
the vasculature predominantly by intussusceptive angiogenesis [11]. The process is initiated by
pericyte detachment followed by extravasation of mononuclear cells (Figure 1). The latter cells
contributed to formation of transluminal pillars [11]. The sustained IA results in a very dense
vascular plexus but without the usual concomitant vascular remodeling or maturation.

The genetic approach in mice substantiated by pharmacological studies for developing vascu-
lar networks in chicken embryo enabled us to show that Notch is critical for intussusceptive
angiogenesis. In both models we demonstrated considerable changes in vascular morphogen-
esis, resulting in massive induction of intussusception. Inhibition of DLL4/Notch signaling
by novel therapeutic antibody against DLL4, performed in a recently published study [39],
was associated with threefold increase in vessel density and stimulation of vessel formation.
At the same time, marked reduction in the number of smooth muscle actin (SMA)-positive
mural cells was noted. Two-dimensional appearance of the blood vessels in the described
phenotype highly resembles the data in our chicken and mouse models. Similar phenotypes
were observed after Notch inhibition during developmental angiogenesis, in skeletal muscle
and in tumor models, showing increased vessel number and increased vascular permeability
[40—43]. The terminology for the resultant vascular pattern, used by authors in these studies,
was “abnormal vessels” or “excessive, nonproductive angiogenesis.” They focused mainly
on the front of sprouting invasion after blocking Notch signaling, thus describing only newly
developing, nonperfused vasculature. Along with the observed significantly increased ves-
sel density under Notch inhibition, there was evidently demonstrated reduced mural cell
coverage. The authors reported positivity for endothelial markers in the endothelial protru-
sions toward the vessel lumen and in the intraluminal vessel occlusions [44], but they did not
attribute this phenomenon to the induced intussusceptive angiogenesis. The detailed investi-
gation of this vascular pattern behind the sprouting mode of vessels invasion demonstrated
that Notch inhibition led to IA in already perfused vascular bed and this is a complementary
mechanism of angiogenesis. In fact, the authors above mentioned here nicely described the
characteristic features of intussusceptive microvascular growth even though they did not use
the terminology.
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-

Figure 1. Inhibition of Notch signaling led to detachment of pericytes from endothelium (indicated by arrows), as it
is shown at different time points after the application of GSI; it is followed by the extravasation of mononuclear cells
(Mo); L-vessel lumen.

3. Role of mononuclear cells in angiogenesis

To test the role of bone marrow cells in the process of intussusception, in our previous study
we isolated bone marrow mononuclear cells (BMMNC) from E14 chicken embryos and/or
4-week-old mice, labeled them with a fluorescent cell tracker (TAMRA) and injected them into
the Notch inhibited (by GSI) and control samples 3 hours prior to time point 24 hours at which
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time the samples were visualized by FITC injection [11]. About 3—4 hours after BMMNCs
injection, we observed a significant induction of intussusception in the GSI-treated area as we
detected high increase in the pillar number (4.2-fold) in inhibited samples as compared to con-
trols. Injection of BMMN(Cs in the area vasculosa after Notch inhibition dramatically induced
increase in microvascular density by onset of IA. Microvascular area density increases sig-
nificantly by 80% after injection of BMD cells in Notch-inhibited samples in comparison with
injection of BMD cells in PBS. Pillar density demonstrated dramatic augmentation by 63%
compared to the Notch inhibition alone and more than 400% as compared to PBS.

We have largely expanded our knowledge about the role of bone marrow-derived cells in
stimulating angiogenesis after their discovery in 1997 [45] and now their capability to pro-
mote vessel formation is intensively investigated. There are large clinical perspectives for
their use in many diseases, connected to angiogenesis.

With the tendency of aging, the elderly will account for a great part of population world wide.
This aging will be accompanied by chronic vascular dementia, due to chronic cerebral hypo-
perfusion. Cellular therapy is an emerging investigational approach for cerebral ischemia. The
most attractive source for such therapy is bone marrow-derived mononuclear cells (BMMNC),
since they consist of different types of stem cells. Several independent studies report the sig-
nificant effects of BMMNC in ischemic repair after acute and chronic ischemic disorders. The
intravenous infusion of BMMNC into rat brain ischemic model reduced neurologic impair-
ments, increased angiogenesis and cognitive function in rodent [46]. Mononuclear cells from
blood have therapeutic potential as well. The neuroprotective potential of CD34+ human cord
blood cells was demonstrated in regard to Parkinson's disease [47]. These cells did not dif-
ferentiate into neural phenotypes, but they rather exerted their effect by stimulating the pro-
duction of new neuroblasts and angiogenesis. CD34+ stem cell therapy was enrolled in 2011
for 37 patients with longstanding dilated cardiomyopathy (DCM) by cell mobilization with
colony stimulating factor (G-SCF) and apheresis collection [48]. Clinical response and stem
cells retention were evaluated. About half of the patients (51%) were responders to the stem
cells therapy, whereby the clinical response was predefined as an increase in left ventricle
ejection fraction (LVEF) of >5% in 3 months. Looking for biomarkers, which can be instru-
mental in prediction which patients will be responders, the authors suggested some baseline
factors, positively associated with both clinical response and retention, such as G-CSF, SDF-1,
LIF, MCP-1, and MCP-3. The most recent study described the significant effect of human cord
blood mononuclear cells (CB-MNCs) injection for cardiac repair in ischemic heart disease,
mainly by promotion of angiogenesis in the infarcted region [49].

The mechanisms of action for mononuclear cells in angiogenesis have been intensively stud-
ied. The domain comes to be multifaceted and contradictory data were sometimes arising.

First, it was proposed and evidence was provided that myeloid cells can turn into endothelial
cells in hypoxic tissue demand. Asahara et al. reported that purified CD34+ hematopoietic
progenitor cells in adults can differentiate ex vivo to an endothelial phenotype [45]. The cells
were at the same time positive for VEGFR2, a specific endothelial marker and they were
named endothelial progenitor cells (EPC). Thus, EPC expresses both hematopoietic stem cell
and endothelial cell markers on their surface [50]. The intensive studies in the past few years
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allowed distinguishing subpopulations of mononuclear cells existing in the adult bone mar-
row and circulating in peripheral blood which support angiogenesis without incorporating
permanently into the newly formed vessel-circulating angiogenic cells (CAC) [51]. Currently,
bone marrow-derived (BMD) cellular populations with angiogenic properties are classi-
fied according to their phenotypic markers in the following groups: (i) EPC, which express
VEGFR2, Tie2, CXCR4, CD31, CD34, CD133 (for immature progenitor cells) and they are
negative for CD14; (ii) monocytes, which express CD14 and have different subclasses such
as positive for Tie2, CXCR4, VEGFR?2, or VEGFR1; and (iii) macrophages, mostly positive for
CXCR4 and VEGFR1 [52].

Several clinical studies have shown a correlation between a high number of tumor-associated
macrophages and increased microvessel density, suggesting that these cells might promote
tumor angiogenesis, particularly due to production of proangiogenic and angiogenesis modu-
lating factors [53]. A number of functional in vitro and in vivo studies demonstrate that tumors
stimulate neutrophils to promote angiogenesis and immunosuppression, as well as migration,
invasion, and metastasis of the tumor cells [54]. In inflammation, the SDF-1/CXCR4 signaling
pathway plays an important role in the modulation of neutrophil activity, not only by promot-
ing chemotaxis but also by suppressing cell death [55]. Although limited, there is evidence to
suggest that tumor-infiltrating eosinophils can influence angiogenesis [53]. Freshly isolated
human blood eosinophils or supernatants from cultured eosinophils induce endothelial cell
proliferation in vitro and angiogenesis in the rat aortic ring assay, suggesting that eosinophils
can directly influence angiogenesis. The high number of mast cells (MC) has been observed in
various tumors where increased MC density positively correlates with increased microvessel
density [53]. Dendritic cells (DC) promote tumor angiogenesis both by their secretion of pro-
angiogenic cytokines (vascular endothelial growth factor (VEGF), interleukin (IL)-8, tumor
necrosis factor (TNF)-alpha) and their ability to serve as a local supply of endothelial progeni-
tors [56]. Natural killer (NK) cells control both local tumor growth and metastasis and partici-
pate in cancer elimination by inhibiting cellular proliferation and angiogenesis [57]. T helper
(Th) cell-mediated immunity has traditionally been viewed as favoring tumor growth, both
by promoting angiogenesis and by inhibiting cell-mediated immunity and subsequent tumor
cell killing, there are also many studies demonstrating the antitumor activity of CD4+ Th2
cells, particularly in their collaboration with tumor-infiltrating eosinophils or due to direct
antiangiogenic effects of IL-4 [58]. T regulatory cells (Tregs) are potent immunosuppressive
cells that promote progression of cancer through their ability to limit antitumor immunity
and promote angiogenesis. The accumulation of Tregs in tumors correlates with biomarkers
of accelerated angiogenesis such as VEGF overexpression and increased microvessel density,
providing clinical cues for an association between Tregs and angiogenesis [59].

Mononuclear cells, derived from bone marrow or umbilical cord, yielded in culture two types
of cells with angiogenic properties, distinguished by morphology-late endothelial progenitor
cells (EPC) and mesenchymal stem cells (MSC). Quantitative PCR analyses revealed high
expression levels of Ang-1, FGF-2, SDFla, and VEGF-A in the MSC, whereas late EPC had
higher expression of PDGF-B, PIGF, KDR, CD31, VE-cadherin, and Ang-2 [60]. After trans-
plantation of EPC and MSC in the ischemic hearts, mRNA levels of Ang-1, FGF2, SDF1a, and
IGF-1 were significantly increased in tissues collected from the peri-infarct zones; notably
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the upregulated factors were the same in both cell types transplanted. The data demonstrate
that these cells upregulate a number of paracrine factors connected to angiogenesis and cell
survival during the critical period of heart repair.

Although the role of bone marrow and peripheral blood mononuclear cells in neovasculariza-
tion has been convincingly shown, the question remains: how do these cells improve neovas-
cularization? The discovery that mononuclear cells can home to sites of hypoxia and enhance
neoangiogenesis has faced the possibility for using the isolated hematopoietic stem cells or
EPC for therapeutic vasculogenesis [61]. Remarkably, infusion of terminally differentiated
mature endothelial cells did not improve neovascularization [62, 63] suggesting that a not-
yet-defined functional characteristic (e.g., chemokine or integrin receptors mediating hom-
ing) is essential for EPC-mediated vascular augmentation after ischemia [64]. Monocytic cells
may play a crucial role also in collateral growth by adherence to the vascular wall during
both arteriogenesis and tumor angiogenesis [53]. These data suggest that monocytic cells are
necessary for arteriogenesis and possibly neovascularization. For therapeutic application, the
local enhancement of monocyte recruitment might be better suited than systemic infusion of
monocytic cells, which only leads to a relatively minor increase in the number of circulating
monocytes. During endothelial repair after vascular injury and during tumor angiogenesis
BMMNC do not seem to be involved in reendothelialization stressing rather their supportive
role over trans-differentiation [65, 66].

The hypothesis for endothelial trans-differentiation of EPC and MSC was tested in the experi-
ment with CM-Dil-labeled (red fluorescent dye) mononuclear cells and subsequent transplan-
tation in infarcted hearts. Interestingly, both EPC and MSC were detected in the pericytic or
perivascular areas with minimal and negligible endothelial trans-differentiation effects (<1%).
It was suggested that these cells function mainly by paracrine action and vessel stabiliza-
tion in the perivascular area. The efficiency of neovascularization therefore may not solely
be attributable to the incorporation of these cells in newly formed vessels, but may also be
influenced by the release of proangiogenic factors in a paracrine manner [67]. It was recently
shown that secreting factors from peripheral blood mononuclear cells enhance neoangiogen-
esis [68]. The capacity of EPC to physically contribute to vessel-like structures may contrib-
ute to their potent capacity to improve neovascularization as well [69]. Further studies are
in demand to be designed to elucidate the contribution of physical incorporation, paracrine
effects and possible effects on vessel remodeling and facilitating vessel branching in EPC-
mediated improvement of neovascularization. Likely, paracrine effects contribute in addition
to the physical incorporation of EPC into newly formed capillaries. The influence of the incor-
poration of a rather small number of circulating cells on remodeling and vessel maturation
has to be further elucidated.

Only recently the bone marrow-derived monocytes have been related to VEGF-independent
angiogenesis [70]. An open question is what drives BMD and PBM cells recruitment to the
sites of angiogenesis? Ischemia is believed to upregulate VEGF or SDF-1 [71], which in turn
are released to the circulation and induce mobilization of progenitor cells from the bone mar-
row via a MMP-9-dependent mechanism [72, 73]. Indeed, SDF-1 has been proven to stim-
ulate recruitment of progenitor cells to the ischemic tissue [74]. SDF-1 protein levels were
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increased during the first day after induction of myocardial infarction [75]. Moreover, over-
expression of SDF-1 augmented stem cell homing and incorporation into ischemic tissues [74,
75]. Interestingly, hematopoietic stem cells were shown to be exquisitely sensitive to SDF-1
and did not react to G-CSF or other chemokines (e.g., IL-8 and RANTES) [76]. The migratory
capacity of EPC or bone marrow cells toward VEGF and SDF-1, respectively, determined the
functional improvement of patients after stem cell therapy [77].

SDF-1/CXCR4 axis is crucial in the homing mechanisms of hematopoietic cells and the metas-
tasis of solid tumors. In the past few years, numerous studies have focused on studying the
role of this signaling in angiogenesis and proved its angiogenic activity in organ repair and
tumor development. However, the precise mechanisms by which SDF-1 exerts its proangio-
genic effects are not fully elucidated. Since it is supposed to be an angiogenic growth factor,
it is a good candidate for pro- and antiangiogenic therapy. It was reported that transient dis-
ruption of the SDF-1/CXCR4 axis using CXCR4 blocking antibody blocked the recruitment of
bone marrow-derived cells into the angiogenic sites of tumor tissue, and resulted in complete
inhibition of accelerated tumor growth after chemotherapy in mouse [78]. SDF-1 is constitu-
tively expressed in the bone marrow and various tissues, which enables it to regulate the traf-
ficking, localization, and function of immature and mature leukocytes, including monocytes,
neutrophils, dendritic cells, and T lymphocytes [79]. All these immune cells play an important
role in tumor angiogenesis and vascularization. However, the precise role of SDF-1/CXCR4
axis on function of monocytes/macrophages, neutrophils, DC, T lymphocytes in the process
of angiogenesis is still known and is worthy to be investigated.

4. SDF-1 as a key regulator of vessel development

Global mouse knockouts of SDF-1 (CXCL12) or of its receptor CXCR4 die shortly before birth
with vascular deficiency in gut, kidney, and skin and with multiple hematopoietic and neural
defects [80-82]. Disrupted CXCL12 signaling led to defective coronary vessel organization
in mouse embryos. This signaling was connected to perfusion of the coronary arteries and
respectively to embryo growth [31].

SDEF-1-positive endothelium was found lining the newly formed intraluminal vessels in lob-
ular capillary hemangiomas [83], possibly these were sites of pillar formation. Wrag et al.
demonstrated that transplantation of rat bone marrow-derived progenitor cells, positive for
VEGFR1, and CXCR4, in ischemic hind limbs increased capillary density by an SDF-1-depen-
dent manner, but did not differentiate into vascular structures like endothelial cells or smooth
muscle cells [84]. In our previous study, we observed upregulation of SDF-1 and CXCR4 after
Notch inhibition being in association with intussusceptive angiogenesis. These chemokine
factors are most probably essential for the recruitment of mononuclear cells, participating in
the formation of pillars.

It is well known that blocking of SDF-1/CXCR4 axis results in prevention or delay of tumor
recurrence after irradiation by inhibiting the recruitment of CD11b+ monocytes/macrophages
that participate in tumor revascularization [85]. It was shown that CXCR4 is expressed on
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eosinophils [86] and concentrations of SDF-1 correlates with eosinophil recruitment [87].
It is known that SDF-1/CXCR4 signaling has pivotal role in mast cell (MC) recruitment in
tumor tissue [88] and that MC produce proangiogenic chemokines in response to SDF-1 [89].
CXCR4+ dendritic cells (DC) promote angiogenesis during embryo implantation in mice [90]
and CXCR4 is known as a critical chemokine receptor for migration of plasmacytoid DC [91].
CXCR4 is expressed on both NK and NKT cells and regulates their migration in inflamed
and tumor tissues in response to SDF-1 as well [92, 93]. SDF-1/CXCR4 signaling is important
for migration and activation of T cells [94]. However, the role of SDF-1/CXCR4 signaling in T
cell-mediated angiogenesis is unknown. B cells promote tumor progression through STAT-3
regulated angiogenesis [95] and SDF-1/CXCR4 axis is essential for B-lymphocyte production
[96] and maintenance of B-cell homeostasis [97].

SDF-1 is the key regulator for homing of stem and progenitor cells to the ischemic injury and
its gradient is the major determinant of these cells’ recruitment. It has been shown that SDF-1
expression levels are increased in ischemic cardiomyopathy and this was accompanied by the
improvement of cardiac function. In addition, SDF-1 high circulation levels were detected in
patients with heart failure. Using the ELISA method, Liu et al. [98] proved significantly higher
circulating SDF-1 levels in HF patients (5101 + 1977 pg/ml) compared to controls (1879 + 1417
pg/ml). Platelet-bound SDF-1 was correlated with acute coronary syndrome and congestive
heart failure as well. It was associated with the number of circulating CD34+ progenitor cells.
CD34 is coexpressed with CXCR4, which is the ultimate SDF-1 receptor, in progenitor cells,
originated from bone marrow, cord blood, and fetal liver. SDF-1 levels were measured in 3359
Framingham Heart Study participants and was suggested as a biomarker of heart failure and
all-cause mortality risk. In this study, CD34+ cell frequency was inversely related to SDF-1,
in contrast to above-mentioned direct associations. The study has several limitations as the
SDF-1 measurement at one time point. There is evidence for modulation of SDF-1 levels in
humans and its effect is rather cumulative and chronic than acute.

The crucial role of SDF-1 for cardiac repair in chronic ischemic heart failure was the rea-
son for conducting clinical trial using SDF-1 nonviral gene therapy via its endomyocar-
dial administration [99]. This blinded placebo-controlled STOP-HF trial demonstrated
improvement of clinical status based on composite endpoint of six MWD (6-min walk dis-
tance) and MLWHFQ (Minnesota Living with Heart Failure Quality of life Questionnaire).
Another clinical trial-MARVEL was announced in 2015 to advance into US FDA Phase 3
clinical evaluation of regenerative/cellular therapy of chronic heart failure, planned to be
combined with SDF-1.

What trigger the SDF-1 upregulation is still elusive. Some authors postulate it is induced
by HIFla in response to hypoxia. However, other mechanisms of induction are also pos-
sible such as inflammation and subsequent release of mediators like interleukin-1 or tumor
necrosis factor-a into circulation. It is evident by its induction not only in ischemic, but also in
nonischemic cardiomyopathy. SDF-1 circulating levels were not influenced by the local heart
hypoxia, but showed positive correlation with CRP, which is a marker for inflammation.

Recently, we have demonstrated the endothelial expression of SDF-1 in liver of Notch1 knockout
mouse, whereby it was associated with intussusception (Figure 2).
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Figure 2. Vascular casts revealed predominant mode of intussusceptive angiogenesis in liver nodular regeneration after
Notch1 knockout (B) compared to wild type mouse (A). Inmunofluorescence for SDF-1 demonstrated strong sinusoidal
positivity for this marker only in Notch1 knockout mouse (D) but not in the wild type (C).

Connecting our observations for SDE-1 positivity and mononuclear cells (MNCs) partici-
pation in intussusceptive angiogenesis, we hypothesize that both processes are involved
in vessel remodeling. Using our model of chicken area vasculosa, we performed detailed
ultrastructural vessel study after application of recombinant SDF-1. A specific behavior of
mononuclear cells was detected during this experiment. They were involved in a step-wise
process of recruitment and extravasation (Figure 3). We determined five distinguished states:
1, MNCs are free in the circulation; 2, MNCs are recruited to the endothelium and rolling
under the blood flow; 3, MNCs are bound to the endothelium; 4, MNCs are extravasating; 5,
MNCs are localized in the perivascular space.

1. MC free in circulation-nonadhesive to endothelial cells
. MC tethered to endothelium and rolling under force of blood flow
. MC bound to endothelium and migrating

. Extravasation of MC from blood vessel

g = W DN

. MC in perivascular space-stabilizing function
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Figure 3. Transmission electron microscopy of chicken area vasculosa after the application of recombinant SDF-1 and the
proposed model for mononuclear cells (MC) extravasation.

5. Summary

* Angiogenesis is a complex process involving essential signaling pathways (for instance
VEGF, bFGF, Notch, etc.) in vasculature, as well as additional players such as bone mar-
row-derived mononuclear cells.

* Intussusceptive angiogenesis (I1A) is a well-documented and widely spread mode of angio-
genesis, occurring both during normal development and in pathological conditions.
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¢ Our preliminary results suggest that IA is most probably synchronized by chemokine fac-
tors since intussusceptive growth was associated with the recruitment of mononuclear
cells.

* The intensive studies in the past few years allowed distinguishing subpopulations of
mononuclear cells existing in the adult bone marrow and circulating in peripheral blood
which support angiogenesis.

* During endothelial repair after vascular injury and during tumor angiogenesis mononu-
clear cells do not seem to be involved in reendothelialization stressing rather their support-
ive role over trans-differentiation.

* We have demonstrated the endothelial expression of SDF-1 in liver of Notchl knockout
mouse, whereby it was associated with intussusceptive angiogenesis.

* We suggest that this chemokine factor is most probably essential for the recruitment of
mononuclear cells, participating in step-wise process of extravasation and stabilizing the
formation of intussusceptive pillars.
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Abstract

In this chapter, we describe the complex relationship between angiogenesis and skeleto-
genesis. While much is known about the interactions of these two dynamic systems for
bones that ossify via a cartilage template, comparatively little is known about directly
ossifying bones. Most of the bones of the head develop from osteogenic condensations
and undergo intramembranous (direct) ossification during development. Our under-
standing of the relationship between osteogenic cell condensations (in particular) and
angiogenesis is currently inadequate and prevents a comprehensive understanding of
vertebrate head development. This chapter highlights our understanding of both direct
and indirectly ossifying bones shedding light on where there are important gaps in our
understanding.

Keywords: avascular, skeletogenic condensation, osteoblasts, chondrocytes, cell culture,
VEGEF, HIF

1. Introduction

The coordinated development of tissues is critical for proper development. Bone is a highly
vascularized tissue that also houses the hematopoetic cell niche, which provides a lifelong
supply of blood cells (in humans and most other vertebrates). In this chapter, we will explore
the role angiogenesis plays during the development of bones. Bones that ossify endochon-
drally (from cartilage) versus bones that ossify intramembranously (without cartilage) have
different relationships with vasculature and hence with the process of angiogenesis. These
bones start development by forming a skeletogenic condensation, however, the molecu-
lar signals within these condensations differ [1]. We begin with a discussion of bones that

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgNN



48 Physiologic and Pathologic Angiogenesis - Signaling Mechanisms and Targeted Therapy

develop from a cartilage precursor (endochondral ossification) since more is known about
this process than about directly ossifying bones (intramembranous ossification). We also dis-
cuss data from cell culture and bone grafts that shed light on the cross talk between these two
dynamic processes, angiogenesis and skeletogenesis. Some pathological implications are also
included.

2. Bones that ossify via endochondral ossification

2.1. Angiogenesis during formation of the cartilage template

Endochondrally ossifying bones are bones that form via a cartilage template. The process of
endochondral ossification begins with stem cells originating from the mesenchyme in the
future area of bone development. These stem cells aggregate to form a chondrogenic con-
densation. Once this cell aggregation reaches a critical size, cells begin to differentiate into
chondrocytes (chondroblasts) that will then secrete extracellular matrix (ECM), collagen
type II. This matrix matures into the cartilage template that will eventually ossify (e.g., long
bones). Cartilage itself is avascular when first deposited, however, differentiated chondro-
cytes secrete anti-angiogenic factors (inhibitors) to maintain the avascular nature of the car-
tilage. These early chondrocytes are typically referred to as pre-hypertrophic chondrocytes.
As these chondrocytes mature, they gradually become hypertrophic and begin to secrete a
number of pro-angiogenic factors. Vascular endothelial-derived growth factor (VEGF), a pro-
tein which is important for angiogenesis and the subsequent ossification of the cartilage, is a
key angiogenic factor during bone development. Hypoxia-inducible factor is one of the key
upstream regulators of VEGF, and changes in the level of HIF can alter the level of VEGF thus
dramatically changing bone mass (discussed later).

During the maturation of hypertrophic chondrocytes, these cells release VEGF into the extra-
cellular matrix and into the area surrounding the perichondrium layer of the cartilage. The
hypertrophic chondrocytes also secrete fibroblast growth factor (FGF), bone morphogenetic
protein (BMP) and connective tissue growth factor (CTGF) [2, 3]. With the arrival of these fac-
tors to the site of bone formation, angiogenesis in the bone can now occur. There is a complex
cross talk between bone-forming cells (osteoblasts), the angiogenic factors present, and the
invading vasculature. These growth factors, in particular VEGF, recruit osteo/chondro-clasts,
osteoprogenitors and other bone precursors to the area in order to initiate the primary ossifi-
cation center, the first site of bone formation within the cartilage template [2, 4].

Osteoclasts are bone matrix resorbing cells, and once recruited, they secrete multiple factors
that contribute to the initiation of vascularization, including the release of more VEGF and
FGFs [2, 5]. Among these factors are matrix metalloproteinases (MMPs) and hypoxia-induc-
ible factors (HIFs) which, along with VEGF, are other key proteins important in the devel-
opment of vasculature in bone. The MMPs break down the ECM and release matrix-bound
VEGEF that allows for the resorption of cartilage so that osteoblasts can infiltrate and deposit
bone. MMPs, primarily MMP9 and MMP13, also function to recruit osteoclasts and osteopro-
genitors, further aiding in the subsequent deposition of bone [2, 4]. The matrix-bound VEGF
that is released is a key player in the formation of bone vasculature. HIFs regulate VEGF
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expression in bone, which has an effect on angiogenesis [2]. Thus VEGF, MMPs and HIFs play
a central role in angiogenesis during endochondral ossification.

2.2. Vascular invasion of the cartilage

Vascular invasion of the cartilage template is the first major step in angiogenesis in the develop-
ing bone. The vasculature from the perichondrium penetrates the previously avascular cartilage
and begins to invade the rest of the cartilage. Vascular invasion is coupled to a number of events
in the cartilage, the degradation of the extracellular matrix by MMPs, which releases matrix-
bound VEGF and favors the invasion of the cartilage, as well as apoptosis of the hypertrophic
chondrocytes which were responsible for secreting many of the growth factors that resulted in
the invasion [2, 4, 6]. As vasculature penetrates the cartilage and the hypertrophic chondrocytes
undergo apoptosis, they are promptly replaced by osteoblasts in the resulting bone cavity (i.e.,
by the osteoblasts previously recruited by factors such as VEGF). These osteoblasts then secrete
collagen type I to initiate ossification to form the bone matrix in the primary ossification center.
The same growth factors in and around the growth plate of the bone will allow the vasculature
to continue its invasion of the bone to the secondary ossification centers located at either ends of
the long bone, in the same way that the primary ossification centers were formed [2].

Angiogenesis during endochondral ossification is heavily dependent on the cellular compo-
nents of the skeleton, namely osteoblasts and chondrocytes. Without these cells, the valuable
pro-angiogenic factors would not be properly secreted and will not be able to induce vascular
invasion. However, the reverse is also true. In order for bone to continue to form properly, effi-
cient and effective vascular invasion is required. The vasculature that invades cartilage likely
also carries required factors for bone growth; the vascular epithelium is thought to carry osteo-
progenitors, more VEGF, FGFs and other factors which assist with the resorption of the sur-
rounding cartilage and the ossification of bone [6]. Without vasculature invading the cartilage,
bone formation is impaired. A study on mouse long bones showed that expression of SOX9 can
block the expression of VEGFA, which results in impaired vascular invasion, and as a result, the
bones do not ossify [7]. (SOX9 is a key marker of chondrogenic condensations [1].) VEGF also
plays a role in the ongoing maintenance of bone vasculature endogenous VEGF was shown to
enhance vascularization of bone and subsequently allows more rapid healing of injured bones,
indicating the role of vascularization in the formation and turnover of endochondral bone [6].

Along with VEGEF, another key factor in the invasion of vasculature into bone is hypoxia. The
lack of oxygen will result in the release of hypoxia-inducible factors (HIFs) which regulate the
production of the extracellular matrix and VEGF expression. The matrix binds VEGF triggering
vascular invasion. The HIFs expressed by osteoblasts support both the proper vascularization
of bone as well as the proper functioning of osteoblasts. Increased expression of HIFs results in
more vascularization and thicker bones, whereas deletion of HIFs (and the resulting reduced
expression of VEGF) results in less vascularization and thinner bones [2]. Thus, VEGFs and
HIFs are two major factors that couple angiogenesis to endochondral bone formation [2, 6].

Thus in summary, endochondral ossification is dependent on the interaction between pro-
angiogenic factors acting on bone-forming cells (Figure 1), and endochondral ossification is
impaired in the absence of these factors.
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Figure 1. Schematic showing the complex cross talk between angiogenesis and skeletogenesis. Mesenchymal cells
aggregate in an avascular (hypoxic) zone to form skeletogenic condensations. Differences in the molecular characteristics
of these cells determine the fate of the condensation. Cells within this condensation produce VEGF and other pro-
angiogenic factors, and this induces angiogenesis. Left side: Cells within the chondrogenic condensation continue to
produce these angiogenic factors, and ultimately, the condensation differentiates into a cartilage template, which is still
avascular. Following angiogenesis surrounding this template, blood vessels invade the cartilage perichondrium layer,
and this triggers osteoblast differentiation, cartilage matrix degradation, bone matrix production and the further release
of more pro-angiogenic factors. Ossification begins in the diaphysis (shaft) of long bones and spreads to the epiphyses
(ends of the bone). Right side: As cells within the skeletogenic condensation differentiate, they continue to produce
angiogenic factors. These factors induce angiogenesis and subsequent blood vessel invasion into the outer edges of the
condensation. As more cells within the condensation differentiate, the wave of bone matrix deposition and blood vessel
invasion spreads outwards.
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3. Bones that ossify via intramembranous ossification

3.1. Directly ossifying bones

Intramembranously ossifying bones form without a cartilage template. Motile mesenchymal
cells fated to differentiate into osteoblasts aggregate to from skeletogenic condensations at the
site of the future bone. As these osteogenic aggregations enlarge and reach a critical size, the
central cells begin to differentiate into osteoblasts, lose their mobility and deposit bone matrix.
This process results in osteoblasts becoming embedded or trapped in bone matrix, forcing
them to differentiate into osteocytes [8]. The majority of the craniofacial skeleton forms via
intramembranous ossification [9]. A common example is the skull vault (the calvariae). Less
common examples are the scleral ossicles (in reptiles), parts of the clavicles and scapula (in
mammals), the cleithra and opercula (in fish) and sesamoid bones (e.g., the patella in humans)
[9]. Although vascularization has been extensively studied in endochondral ossification as
discussed above, comparatively little research has been conducted to understand the relation-
ship between angiogenesis and intramembranous ossification.

3.2. Angiogenesis during formation of the initial phase of directly ossifying bones

The most studied intramembranous bones are the calvariae (or skull vault). Cells in the osteo-
genic condensations proliferate resulting in growth of the condensations until a critical size
is reached. Ossification begins at the center of the condensation and expanding outwards
toward the apex of the head [10]. Once this has occurred, cells at the osteogenic front prolif-
erate, and the bones grow toward one another [11]. Areas that ossified first form a trabecu-
lar bone structure that later becomes woven bone [10]. Interestingly, the frontal and parietal
bones in humans each develop two condensations, each with their own ossification centers;
these centers then fuse as ossification progresses [12].

There is a significant difference in the gene expression patterns in prechondrogenic and
preosteogenic condensations [1]. Avascularity within condensations may be necessary for
the formation of the condensations themselves and/or to provide positional cues [10, 13].
Indeed, in scleral ossicles, an avascular zone develops surrounding the condensation [14, 15].
Manipulating the size of this avascular zone has a direct effect on subsequent bone develop-
ment [15]. Although not much is known about the process of vascularization during intra-
membranous ossification, it is thought that similar to endochondral bones, hypoxic conditions
are important to induce angiogenesis. Avascular zones likely surround all preosteogenic con-
densations in mammals and avians, however, the mechanism by which these zones are estab-
lished is not known [10]. Percival and colleagues [10] postulate that this avascularity may be
important for condensation growth, and subsequent intramembranous ossification (as in the
case for prechondrogenic condensations of endochondrally ossifying bones, Figure 1).

A single study describes in detail, the association of angiogenesis and intramembranous
bones [16]. This study of the development of the chick frontal bone showed that small capil-
laries invade the thin avascular layer of loose mesenchymal cells of the condensation prior to
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invading the condensation at/near the site of initial ossification [16]. This association between
vascular invasion and ossification continues and cascades as the bone expands in all direc-
tions. As the bone mineralizes in the wake of this vascular invasion front, the internal and
external vasculature is remodeled.

Based on studies of endochondral ossification and distraction osteogenesis, Percival and col-
leagues [10] recently developed a model of angiogenesis during intramembranous ossification.
They propose that prior to the onset of mineralization, small capillaries begin to invade the sur-
rounding avascular loose mesenchymal tissue due to the presence of pro-angiogenic factors. At
around the time of mineralization onset, these capillaries invade the osteogenic condensations
and branch outwards from the ossification center (Figure 1). These capillaries branch toward
regions of pro-angiogenic factor expression and thus support the proliferating mesenchymal
cells of the condensation. Mineralization thus first occurs at sites closest to the capillaries and
then at sites progressively further away. Once the osteogenic condensation stops expanding,
the capillaries along with the mineralization front continue to moves toward the presumptive
sutures (i.e., the edges of the future bone), thus allowing continued calvarial growth.

Interestingly, while osteoblasts in endochondrally ossifying bones express both HIF1a and
HIF2a, only HIF2a is detected in the osteoblasts of directly ossifying bones (i.e., those that
undergo intramembranous ossification) [17]. This altered expression pattern of the HIFa sub-
units could suggest that alternative regulatory pathways trigger angiogenesis in these dis-
tinct types of ossification [17]. Percival and Richtsmeier [10] provide a comprehensive list of
hypotheses relating to intramembranous osteogenesis and angiogenesis that require testing.
The cross talk between these two dynamic processes is summarized in Figure 1.

4. Insights from cell culture and bone graft studies

VEGEF is a chemoattractant for primary osteoblasts and mesenchymal progenitor cells [18]
and can directly promote differentiation of primary human osteoblasts in culture in a dose-
dependent manner [19]. Osteoblasts and mesenchymal stem cells are the two cell types most
often used in bone tissue engineering. Interestingly, the type of cell used can influence the
mode of ossification that occurs and the organization of blood vessels [20]. Implantation of
osteoblasts leads to the formation of fibrous tissue and disorganized blood vessels. The osteo-
blasts become trapped in the secreted bone matrix (i.e., intramembranous ossification occurs).
In contrast, implantation of stem cells leads to the formation of cartilaginous tissue (i.e., endo-
chondral ossification) and well-organized blood vessels.

Basic fibroblast growth factor (bFGF) is another important pro-angiogenic factor. When
bone mesenchymal stem cells were transfected with bFGF and then implanted into rats
with calvarial defects, an increase in vascularization and osteogenesis was observed [21].
Similarly, the addition of sonic hedgehog (Shh) in engineered bone grafts in vitro also pro-
motes vascularization of the grafts [22]. Shh is expressed during fracture healing and



Angiogenesis Meets Skeletogenesis: The Cross-Talk between Two Dynamic Systems
http://dx.doi.org/10.5772/66497

neovascularization after trauma and has been used in vitro to promote the organization of
blood vessels in artificial tissue grafts similarly to VEGF [22, 23]. Furthermore, when these
grafts were implanted subcutaneously in mice, there was increased bone formation of both
directly and indirectly ossifying bone types [22]. For large defects, supplementing the graft
with platelet-rich plasma results in increased bone formation [24].

5. Pathological implications

The role of growth factors like VEGF, FGF, CTGFs and others in both bone growth and angio-
genesis has been demonstrated in a number of recent studies investigating the growth and
healing of bones. For example, FGF9* mice exhibit a reduction in the healing of bones accom-
panied by a lack of VEGF expression in the area of injury, suggesting that FGF9 is required
for angiogenesis and for healing long bones [25]. Hypomorphic VEGF?"'? mice have reduced
mineralization of the calvarial bones and consequently reduced bone thickness. This has been
attributed to a reduction and delay in vascular invasion [26]. Additionally, conditional deletion
of VEGFA in mice cranial neural crest cells causes cleft palate with reduced ossification of the
mandibular bone due to reduced endothelial cell proliferation and decreased angiogenesis [27].
Mice with a VEGF-deficient osteoblastic lineage exhibit age-dependent loss of bone mass and
increased bone marrow fat, similar to the changes associated with osteoporosis in humans [28].

6. Conclusions and summary

VEGF mediates angiogenesis, chondrocyte differentiation, osteoblast differentiation and
osteoclast recruitment [29], and thus, its role during osteogenesis is complex ([10], Figure 1).
Yang et al. [30] provide a useful tabulation of the effects of VEGF on intramembranous and
endochondral ossification. Importantly, this chapter highlights that the relationship between
angiogenesis and intramembranous ossification is not well understood. For example, only
one study describes the detailed relationship between these two dynamic systems [16], and
a very recent study provides a model of this process [10]. This model should be examined in
several directly ossifying bones in the skeleton in order to confirm whether all directly ossi-
fying bones follow the model or whether subtle differences exist depending perhaps on the
location of the bone or the origin of the bone cells. This lack of a fundamental understanding
about the developmental interactions between angiogenesis and skeletogenic condensations
(particularly with respect to directly ossifying bones) contributes to our inadequate under-
standing of skull formation [10].

It should be noted that bones that ossify from the perichondrium of a cartilage template can
be considered endochondral or intramembranous (since the perichondrium is a membrane of
the cartilage). An example is Meckel’s cartilage. The relationship between angiogenesis and
bones that develop via the perichondrium has not been studied.
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Abstract

A large subset of corneal pathologies involves the formation of new blood vessels,
leading to compromised visual acuity. Additionally, neovascularization of the cornea
worsens the prognosis of subsequent penetrating keratoplasty, keeping the patient in
a vicious circle of poor prognosis. Ocular angiogenesis results from the upregulation
of proangiogenic and downregulation of antiangiogenic factors. There is a tremendous
need for developing effective measures to prevent and/or treat corneal neovasculariza-
tion. Topical steroid medication, cautery, argon and yellow dye laser, and fine needle
diathermy have all been advocated with varying degrees of success. The process of cor-
neal neovascularization is primarily mediated by the vascular endothelial growth factor
family of proteins, and current therapies are aimed at disrupting the various steps in this
pathway. This article aims to review the clinical causes and presentations of corneal neo-
vascularization caused by different etiologies. Moreover, this chapter reviews different
complications caused by corneal neovascularization and summarizes the most relevant
treatments available so far.

Keywords: cornea, angiogenesis, etiologies, complications, management

1. Introduction

A normal cornea is necessary to protect the eye against structural damage to the deeper ocu-
lar components as well as to provide a proper anterior refractive surface. Optimal vision and
corneal clarity entail an avascular cornea, and maintaining the stromal avascularity is an
important feature of the corneal pathophysiology. Corneal vascularization, which is a sign
of corneal disease processes than a diagnosis, results from an imbalance between angiogenic
and antiangiogenic factors [1]. The angiogenic factors stimulate the proliferation and migra-
tion of vascular endothelial cells, resulting in the formation of a capillary tube [2, 3]. Corneal

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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neovascularization is part of the natural healing processes, which are triggered by exposure of
the cornea to trauma or pathogens, and is not necessarily ‘harmful.” In the long-term and under
certain circumstances, however, corneal neovascularization can surpass a threshold, invading
the cornea, reducing visual acuity, and, in case of lamellar keratoplasty or penetrating kerato-
plasty, endangering corneal graft survival [4-7]. These complications have prompted clinicians
to devise means to shut vessels. Topical steroid medication, cautery, argon and yellow dye laser,
and fine needle diathermy (FND) have all been advocated with varying degrees of success. The
advent of anti-vascular endothelial growth factor (VEGF) antibodies has resulted in a surge of
interest in using these agents to treat corneal neovascularization. These approaches, however,
have a limited clinical efficacy and can result in a multitude of undesirable complications. This
chapter aims to review the causes, pathogenesis, and clinical presentations of corneal neovascu-
larization caused by different etiologies, such as contact lens—induced keratitis, corneal ulcers,
and herpes simplex stromal keratitis. Moreover, it reviews different complications caused by
corneal neovascularization and summarizes the most relevant treatments available so far.

2. Etiologies

Corneal vascularization occurs as a nonspecific response to different clinical insults. Diseases
associated with corneal neovascularization include corneal graft rejection, inflammatory dis-
orders, chemical burns, contact lens—related hypoxia, stromal ulceration, infectious keratitis,
limbal stem cell deficiency, and congenital disease (Table 1) [8-10].

Categories Cause
Infectious keratitis Parasitic
Viral
Bacterial
Fungal
Hypoxia Contact lens wearing
Conjunctival/corneal degeneration Pterygium
Inflammatory disorder Stevens-Johnson syndrome

Mucous membrane pemphigoid
Corneal graft rejection
Rosacea
Atopic conjunctivitis

Ocular surface neoplasia Conjunctival or corneal intraepithelial neoplasia
Conjunctival or corneal squamous cell carcinoma
Papilloma

Loss of limbal barrier function Congenital (e.g., aniridia)

Thermal burn, chemical burn, or other injury

Table 1. Causes of corneal neovascularization.
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Hypoxia related to contact lens wear is a common cause where corneal neovascularization is
usually superficial and involves only the corneal periphery [11, 12]. However, if contact lens
wear is not discontinued, deep stromal and central corneal invasion can take place.

Infections can result in corneal neovascularization with the patterns of response being different.
Herpes simplex virus (HSV) keratitis is likely to cause extensive vascularization and lipid kera-
topathy, while, in Acanthamoeba keratitis, vascularization tends to develop late in the course
of the disease (Figure 1). The continued presence of HSV-DNA and HSV-immune complexes

Figure 1. Acanthamoeba keratitis. Corneal opacity and vascularization (arrows) developed four months after corneal
ulcer caused by Acanthamoeba in a contact lens wearer.

contributes to inflammation and angiogenesis in HSV stromal keratitis through increased lev-
els of matrix metalloproteinase (MMP)-9 and vascular endothelial growth factor (VEGF) [13,
14]. There is a close link between extent (i.e., superficial or stromal) and location (i.e., central or
peripheral) of infections, and the location and extent of corneal neovascularization.

Limbal stem cell deficiency (LSCD) occurs in a variety of ocular pathologies both congenital
(e.g., aniridia) and acquired (e.g., contact lens use, drugs, chemical burns, etc.), which lead to
partial or total loss of limbal stem cells [15, 16]. Chemical (acidic and alkaline) substances can
penetrate and damage the cornea and anterior chamber, with alkali burns being more severe
[17]. Conjunctivalization of the cornea with massive neovascularization may develop, lead-
ing to severe reductions in corneal clarity and visual acuity through the pannus formation
on the cornea and an unstable and irregular epithelium [17, 18]. Deep vascularization may
develop in the late healing phase following severe chemical burns (Figure 2).

Degenerative conditions such as pterygium are associated with corneal neovascularization
that usually is accompanied with a fibrovascular pannus located on, rather than in, the
corneal stroma. Long-standing irritation of the ocular surface such as in vernal keratocon-
junctivitis can lead to aggressive corneal neovascularization (Figure 3).
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Figure 2. Limbal stem cell deficiency after alkali burn. The Figure demonstrates invasion of conjunctival vessels into the
cornea (conjunctivalization) along with corneal stromal opacification and vascularization (asterisk).

Figure 3. Corneal vascularization (asterisk) in a patient with vernal keratoconjunctivitis.

Ocular surface neoplasia, including papilloma and conjunctival/corneal intraepithelial neopla-
sia, can cause corneal neovascularization as part of the tumor angiogenic response. Initially,
the vessels can be limited to the tumor but eventually invade the entire cornea. Other specific
etiologies of corneal neovascularization include persistent corneal edema as in chronic hydrops
of keratoconus and bullous keratopathy as well as corneal allograft rejection. Less common
causes of corneal neovascularization are corneal foreign bodies and exposure to chemical tox-
ins including mustard gas, radiation, or sun [19-21]. Intrastromal corneal ring implants, loose
sutures, suture knots, and broken sutures seem to provide a stimulus for corneal vascularization
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Figure 4. Intrastromal corneal ring segment implants complicated by corneal neovascularization. (A) Active young
vessels (arrows) emanating from the limbus invade to the site of segment implantation. (B) The vessels have regressed
after intrastromal corneal ring segment implants were removed. Partially regressed vessels are present in the inferior
cornea (arrow).

(Figure 4). The mucus that collects around loose and broken sutures can trap polymorphonu-
clear cells and microbes inciting localized inflammation/infection, thus attracting vessels.

3. Pathogenesis

The upstream molecular pathway mechanisms resulting in corneal neovascularization differ
in the different underlying pathologies. Nonetheless, core molecular pathways governing the
processes of corneal hemangiogenesis seem to be shared among various conditions leading to
the active stage of corneal neovascularization. The normally avascular cornea may vascularize
in circumstances in which a disequilibrium between angiogenic and antiangiogenic stimuli
results in a surplus of proangiogenic factors, such as VEGF, basic fibroblast growth factor
(bFGF), interleukin-1 (IL-1), and MMP, and a deficiency in antiangiogenic agents, such as
endostatin, angiostatin, and pigment epithelium-derived factor (PEDF) [22].

The so-called VEGF family consists of VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placental
growth factor [23]. VEGF-A is the most important member of this family, especially relat-
ing to pathologic hemangiogenesis through VEGF receptor (VEGFR)-2. VEGF-C and VEGF-D
can stimulate lymphangiogenesis through VEGFR-2 and VEGFR-3, respectively [24, 25].
Macrophages, activated by injury or inflammation, can also produce VEGF-A, VEGF-C, and
VEGEF-D in corneal stroma [26]. VEGF-A sustains various steps of hemangiogenesis including
vascular endothelial cell proliferation and migration, capillary lumen formation, and pro-
teolytic activity [1]. The importance of VEGF-A in corneal neovascularization was exhibited
experimentally on animal studies by inhibiting angiogenesis following stromal application of
an anti-VEGF-A antibody [27].

Platelet-derived growth factors (PDGFs) are involved in cell division, growth, tissue
remodeling, and angiogenesis. Receptors, such as PDGFR-a and PDGFR-b, and ligands,
such as PDGF-A and PDGEF-B, can be found in cornea and are associated with corneal
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neovascularization [28, 29]. Improved understanding of the molecular mechanisms of
vascularization has enabled identification of specific factors that suppress angiogenesis to
maintain the avascularity of the cornea. Because several molecules are involved in corneal
neovascularization, a multipronged approach is desirable.

4. Clinical presentations

Corneal neovascularization which arises from the limbus, conjunctiva, and iris can lead to a
reduction in the clarity of the cornea and visual acuity because of edema, scarring, intracorneal
lipid and protein deposition, and persistent inflammation. Additionally, there is a robust associa-
tion between the presence of corneal neovascularization and corneal graft rejection with the risk
increasing as more quadrants are affected by vessels (Figure 5) [4-7]. The presence of corneal neo-
vascularization can also cause intraoperative bleeding, which can be associated with hyphema.

Abnormal vessels may invade the cornea at different planes depending on the location and
nature of the inflammatory stimulus. Corneal neovascularization has three clinical patterns,
based on the depth of involvement. The first type, superficial vascularization, results from
ocular surface disease (Figure 6). The second type is stromal vessels, which results from
alkaline injury or stromal keratitis (Figure 7). The third is deep vessels overlying Descemet's
membrane, which can be associated with interstitial keratitis or HSV keratitis, or after deep
anterior lamellar keratoplasty (Figure 8) [1, 8, 9, 22]. Mixed patterns are often observed clini-

Figure 5. Endothelial corneal graft rejection in a high-risk graft. Active old corneal vessels (arrow) arising from the
limbus sharply dip into a deep suture track and continue to the graft in an eye that underwent penetrating keratoplasty.
The presence of keratic precipitates (asterisk) indicates an episode of endothelial graft rejection.
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Figure 6. Phlyctenular keratitis. Superficial corneal vascularization (arrow) is evident in an eye with severe blepharitis.
Adjacent stroma shows edema and infiltration.

Figure 7. Deep stromal vascularization in an eye with recurrent herpes simplex stromal keratitis. Active young, bright
red, brush-like vessels (asterisks) invade in to the corneal stroma.
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Figure 8. Partially regressed vessels with lipid keratopathy (asterisk) at the donor-recipient interface in a patient who
underwent deep anterior lamellar keratoplasty (DALK). Vessels arising from the limbus sharply dip into a deep suture
track and continue to the deep lamellar plane created by the DALK procedure, before fanning out. The vessels are dull
red with a slow circulation, and some parts of the complex are less visible or have undergone attrition.

cally. The level of vascularization is chiefly related to the level of pathology rather than to the
etiology. Superficial corneal pathology results in superficial vascularization, and deep pathol-
ogy results in deep vessels. Often when the disease process extends through the thickness of
the cornea, superficial and deep vessels are seen in the same cornea.

A detailed clinical evaluation of corneal neovascularization, including extension (the num-
ber of quadrants involved) and depth, is crucial for treatment planning. In addition to the
extent and level of corneal vascularization, the state of vessel activity is also important [30].
Clinically, corneal vascularization can be classified as active young, active old, mature, par-
tially regressed, and regressed. This often corresponds with the stage of activity or chronicity
of the disease. Active young vessels are freshly formed vessels that are full of blood, appear
bright red in color, have minimal surrounding fibrous tissue sheathing, and are actively
progressing in the cornea with a well-defined arborizing network of fine (capillary) vessels
(Figures 4A and 7). The corneal stroma surrounding the vessels shows signs of leakage and
edema. Active old vessels appear less bright and maintain a brisk circulation (Figure 5). This
represents the stage when the vessels have reached and surrounded or covered the offending
lesion in the cornea. Their progression ceases but consolidation continues. Mature vessels
are relatively large vessels, with minimal arborization and regressed or absent capillary net-
works, seen to persist in scar tissue or in the corneal stroma after the corneal pathology has
healed. These vessels contain blood and maintain a circulation (Figure 9). Partially regressed
vessels are seen when the corneal pathology has abated in response to therapy or the arrival
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Figure 9. Mature vessels in the corneal stroma after the improvement of corneal ulcer (asterisk). The vessels are relatively
large, with minimal arborization and regressed or absent capillary networks. These vessels which persist in scar tissue
contain blood and maintain a circulation.

of corneal vessels. The circulation in the vascular complex is relatively slow, the vessels are
less engorged, and some parts of the complex have become less visible or undergo attrition
(Figures 4B and 8). Regressed (ghost) vessels present as fine white lines mirroring the mor-
phology of the original vessels. These do not have an active circulation, and the cornea where
they are located is not edematous. Although clinically undetectable, lymphangiogenesis
almost always accompanies hemangiogenesis in the cornea [31].

5. Paraclinical evaluation of corneal vascularization

Accurate evaluation and documentation of corneal neovascularization are essential to moni-
tor the effect of any treatment modality employed. Case note entries can be used to assess the
extent of corneal vascularization, and the depth of penetration and the centripetal progression
of vessels, which allows a semiquantitative measurement of corneal neovascularization. It is
neither time efficient nor practical, however, to manually trace the corneal vessels in each fol-
low-up examination. Furthermore, the reproducibility is questionable, and the opportunity
for variability and human error is very high.

The need to measure corneal neovascularization motivated researchers to explore measurement
tools. An ideal measurement tool should allow rapid, reproducible, accurate, and objective mea-
surement of corneal neovascularization. Digitized photographs with good contrast can be ana-
lyzed, based on the grayscale values, to evaluate the progression of vascularization [32]. Corneal
vessels can be quantified on the basis of contrast enhancement, density threshold identification
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for the blood vessels, and pixel measurement [33]. A more novel automatic approach on the basis
of gray filter sampling and threshold analyses of digital photographs using an image analysis
software has also been investigated [34, 35]. Despite the recent progress in the graphic editing
software, automated methods have some limitations. First, the optimization and validation of
any automated quantitative tool are questionable [36-38]. Second, it does not allow sufficient
appreciation of details on vessel extent, localization, leakage, origin, and differentiation of the
afferent and efferent systems. This information is of importance for guidance of clinical judg-
ment and treatment [39].

Corneal angiography, using fluorescein and indocyanine green, provides excellent details of
the neovascular complexes, thus enabling an enhanced clinical assessment and decision-mak-
ing even in patients with complex corneal neovascularization [39]. The required technological
equipment for corneal angiography is readily available in most ophthalmologic centers, as
angiography is widely used to diagnose vascular disorders of the retina of various origin. It
is a relatively inexpensive and safe diagnostic intervention, and serious adverse events like
anaphylaxis to the intravenous dye are extremely rare [40, 41].

Fluorescein angiography gives an indication of the vessel maturity and leakage activity, whereas
indocyanine green angiography allows better depiction of capillaries and deeper corneal neo-
vascularization, particularly in the presence of vessel obscuration because of corneal haze and
scarring [39]. It is possible to calculate the area of corneal neovascularization, the time to first
detection of fluorescein dye leakage, corneal neovascular vessel diameter, and vascular tortuos-
ity and activity. These parameters reliably quantify changes in corneal neovascularization over
time [39]. Therefore, it allows monitoring of the natural course and treatment success [42].

6. Treatments

The treatment for corneal neovascularization aims at the occlusion of afferent corneal blood
vessels to reduce exudative lipid keratopathy, and stromal edema and inflammation or as a
preoperative conditioning intervention before keratoplasty to increase chances of graft sur-
vival [17, 43]. Current treatments for corneal neovascularization consist of topical nonste-
roid anti-inflammatory and corticosteroid medications [44], photodynamic therapy [45], laser
photocoagulation [46, 47], fine needle diathermy [48], and limbal, conjunctival, and amniotic
membrane transplantation (AMT) [49]. More recently, manipulation of VEGF activity and
manipulationof proangiogenicmediatorslikeinterleukinhavebeenunderinvestigation [50,51].
Unfortunately, all of these approaches have a limited clinical efficacy, especially when the
vessels are large because large vessels are difficult to occlude and easily recanalized. In addi-
tion, a multitude of undesirable side effects can occur after the treatment of corneal neovas-
cularization. The following section reviews the available treatment approaches for corneal
neovascularization and their limitations.

6.1. Corticosteroid therapy

Inflammation is a potent driver for corneal neovascularization. When inflammation set-
tles, spontaneous regression of corneal neovascularization can occur and lead to gradual
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resolution of lipid keratopathy if present. Topical and periocular steroids have been popu-
lar and can effectively reduce inflammation and consequently corneal neovascularization
in various disease conditions. However, the risks of superinfection, glaucoma, and cata-
ract associated with the long-term use of corticosteroids have been a limiting factor [44].
Additionally, steroids have only limited antiangiogenic effects [52]. Cyclosporine A and
nonsteroidal anti-inflammatory agents were reported to be largely ineffective in controlling
or limiting corneal angiogenesis [53].

6.2. Laser photocoagulation

Photocoagulation of vessels has been shown to be an effective method to obliterate corneal vas-
cularization [46, 47]. The argon laser [46] and the 577 nm yellow dye lasers [47] have been used
effectively for treating vascularization in lipid keratopathy and graft rejection. Laser obliteration
of corneal efferent vessels is comparatively easy as they are wider and have a relatively slower
blood flow. Conversely, the afferent vessels are narrower and deeper, have a rapid blood flow,
and are more difficult to obliterate. Consequently, reopening of the afferent vessels takes place
in a high proportion of patients. In such cases, the procedure can be repeated more than once.
Laser photocoagulation may not be effective in cases with extensive corneal neovascularization
[46]. Other drawbacks include damage to iris and accidental suture lysis, which has a signifi-
cant implication for grafts with running sutures. Furthermore, the expense of this equipment
and the lack of availability in most centers make the treatment inaccessible to most surgeons.

6.3. Fine needle diathermy

Fine needle diathermy (FND) is an inexpensive and useful procedure that can serve as an
adjunct or alternative to laser photocoagulation for the management of established corneal
vessels. FND is simple and inexpensive and can be performed under topical anesthesia by any
ophthalmologist. It can be applied at any depth to obliterate both afferent and efferent ves-
sels with equal efficacy. However, it may have to be repeated to obtain the desired result [48].
Corneal microperforation is a potentially serious adverse event that can occur during passage
of the needle. This is particularly so when the vascularized cornea is thin [48]. Other adverse
events, such as striae, whitening, and intracorneal hemorrhages, are reversible [48]. Transient
opacification of the cornea is observed in the stroma immediately surrounding the needle
in all patients and persists for 24—48 h, with complete resolution. Intracorneal hemorrhage
occurring intraoperatively or immediately postoperatively is the commonest adverse event.
Though dramatic in appearance, intracorneal hemorrhages all resolve over a week or two.
Sometimes, crystalline deposits can develop in the site of hemorrhage [48].

6.4. Corneal anti-angiogenesis target therapies

The advent of anti-VEGF agents has introduced a new dimension to the management of cor-
neal vessels [54]. Active young vessels which usually indicate an underlying ongoing pathol-
ogy continuing to induce further vascularization are probably best treated with anti-VEGF
drops or subconjunctival injections. There is a growing list of therapeutic agents that target
corneal angiogenesis (Table 2). Currently, only limited experience using anti-VEGFs on the
cornea and only in an off-label setting is available [54].
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Targets Mechanisms Therapeutics
Vascular endothelial growth Anti-VEGEF-A antibodies Bevacizumab
factor
Ranibizumab
Soluble or modified VEGF VEGEFR-2-Fc
receptors

Pigment epithelium-derived
factor

Angiostatin

Platelet-derived growth factor

12-Hydroxyeicosatrienoic acid

Hypoxia-inducible factors

Decorin

Vascular adhesion protein

Cannabinoid receptor CB1

Vasohibin-1

VEGF-A aptamer

PEDF direct effect

Angiostatin direct effect

Multitargeted receptor tyrosine
kinase inhibitor

PDGEF receptor inhibitor

siRNA for cytochrome P450
mono-oxygenase

shRNA for hypoxia-inducible
factors

Decorin direct effect

VAP-1/SSAO inhibitor

CB1 antagonist

Vasohibin-1 directly effect

sVEGFR-3 overexpression gene therapy
VEGFR-1 morpholino
Recombinant dimeric
sVEGFR-1 overexpression gene therapy

VEGER intraceptor gene therapy
(F1t23k, Flt24k)

Aflibercept/VEGF-Trap(R1R2)
Pegaptanib

PEDF

PEDF gene therapy
PEDF-derived peptide
Angiostatin pump
Sunitinib

AG 129

CYP4B1 siRNA gene therapy

HIF-1a shRNA gene therapy (HIF-1a
RNAI-A)

Decorin gene therapy

U-Vv002

LJP1207

Rimonabant

Vasohibin-1 gene therapy

HIF-1a: hypoxia-inducible factor 1a, CYP: cytochrome P450 mono-oxygenase, PDGF: platelet-derived growth factor,
SSAO: semicarbazide-sensitive amine oxidase, PEDF: pigment epithelium-derived factor, VAP-1: vascular adhesive
protein-1, sVEGFR: soluble form of vascular endothelial growth factor receptor, VEGEF: vascular endothelial growth
factor, VEGFR: vascular endothelial growth factor receptor.

Table 2. Corneal antiangiogenesis target therapies.
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6.4.1. Anti-VEGF antibody

Inhibition of VEGF activity by a specific neutralizing anti-VEGF antibody is one possible
strategy for treating corneal angiogenesis. VEGF inhibitors such as pegaptanib sodium
(Macugen™, OSI/Eyetech), off-label bevacizumab (Avastin™, Genentech), and ranibizumab
(Lucentis™, Genentech) are currently used for the treatment of different retinal pathologies
including wet-type age-related macular degeneration [55]. Both animal models and clinical
trials have demonstrated that these agents are effective in reducing corneal neovasculariza-
tion. Both ranibizumab and bevacizumab use the same mechanisms and nonspecifically
inhibit the VEGEF-A isoforms [56]. Nevertheless, differently from ranibizumab and bevaci-
zumab, pegaptanib specifically binds to VEGF-A165 and does not inhibit all of the VEGF iso-
forms. Subconjunctival ranibizumab, pegaptanib sodium, and bevacizumab are effective with
no epitheliopathy in reducing corneal angiogenesis. Repeated subconjunctival injections with
higher doses and concentrations and combination therapy with other antiangiogenic agents
may be valid options to improve the effectiveness of treatments [57].

Treating corneal new vessel with the anti-VEGF antibody has some limitations. In contrast to
superficial and active vascularization, in which clear regression is observed, anti-VEGF agents
have a lower effect on deep vascularization. The effect of the anti-VEGF antibodies depends
on the time of the treatment after the onset of neovascularization. In contrast to newly formed
vessels, stable vessels are less affected by VEGF blockade [58]. The vessels mature in chronic
neovascularization, and pericytes are recruited to the area around the region of corneal neo-
vascularization [59]. Such coverage may reduce the influence of anti-VEGF agents on the
regression of newly formed immature vessels. Anti-VEGF therapy is only a symptomatic
treatment of corneal neovascularization that does not cure the underlying pathology, mak-
ing it necessary to repeat the treatment to maintain its positive effect over a span of time [27].

Bevacizumab, which is FDA approved for intravenous administration in the treatment of
various cancers, is a full-length, humanized murine monoclonal antibody with a molecular
weight of 149 kD. Bevacizumab recognizes all isoforms of VEGF and is in widespread use, off-
label, as an intravitreal injection to treat different retinal diseases [60]. Additionally, studies
have demonstrated that topical, subconjunctival, and intraocular application of bevacizumab
can partially reduce corneal angiogenesis and inflammatory response, resulting in an increase
in corneal transparency [61, 62]. Bevacizumab can inhibit macrophage migration to the cor-
neal stroma in early but not late treatment. Macrophages are known to trigger neovascu-
larization in ischemic or inflamed corneas [63]. There is a concern about the interference of
the topical form but not subconjunctival form of bevacizumab with nerve regeneration and
delayed wound healing [54, 64, 65].

Ranibizumab, which has VEGF-binding characteristics similar to bevacizumab, is a recombi-
nant humanized monoclonal antibody fragment that binds and inhibits all VEGF-A isoforms.
Bevacizumab and ranibizumab are related to each other, but ranibizumab is the Fab fragment
from the same antibody used to create bevacizumab. Therefore, ranibizumab has a molecular
weight of 48 kD, making it approximately one-third the size of bevacizumab and theoretically
allowing a better corneal penetration. In addition, it has been affinity matured to optimize
the VEGF-A binding potential. These characteristics may enable ranibizumab to reduce cor-
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neal angiogenesis more effectively than bevacizumab [66]. Subconjunctival ranibizumab sig-
nificantly reduces VEGF levels not only in the bulbar conjunctiva and cornea but also in the
iris and aqueous humor [67]. Clinically, stable corneal neovascularization can be effectively
treated by topical ranibizumab 1% as evidenced by a significant reduction in vessel caliber
and neovascular area with no significant change in invasion area. These findings suggest that
the main outcome of ranibizumab treatment for stable corneal neovascularization is to induce
the narrowing of vessels more than a reduction in their length.

6.4.2. Pigment epithelium-derived factor

PEDF is a glycoprotein with neurotrophic, antitumorigenic, and antiangiogenic functions.
PEDF can inhibit FGF, VEGF, and interlukin-8 (IL-8/CXCL8)-mediated angiogenesis by
inducing the cells” apoptosis and reducing endothelial cell migration simultaneously [68, 69].
It is also found to play an important role in the antiangiogenic effect of AMT [70]. Topical
PEDF or PEDF-derived (P5-2 and P5-3) peptides can downregulate VEGF expression and
inhibit corneal neovascularization in a chemical-induced corneal model [71].

6.4.3. Tyrosine kinase inhibitors

Anti-VEGF antibodies block the effect of VEGF before it attaches to the endothelial recep-
tors. Tyrosine kinase with immunoglobulin and epidermal growth factor homology domain
2 (TIE2) that is predominantly or exclusively expressed in endothelial cells is an important
regulator of angiogenesis. Tyrosine kinase inhibitors inhibit the activity of VEGF by block-
ing tyrosine kinase in the intracellular part of the VEGF cell membrane receptor. This may
offer a different opportunity for the management of the angiogenesis process in corneal dis-
eases. Regorafenib is a multikinase inhibitor that targets various kinases, including PDGF
B, VEGFR1, VEGFR2, and VEGFR3, mutant oncogenic kinases, TIE2, and the FGF receptor,
which are involved in neovascularization. The inhibitory effects of topical regorafenib are
comparable to those of topical bevacizumab and dexamethasone [72]. Sunitinib is a multitar-
geted receptor tyrosine kinase inhibitor that blocks both VEGF and PDGEF. Topically adminis-
tered sunitinib can reduce corneal neovascularization more effectively than bevacizumab [73].

Trastuzumab is a monoclonal antibody that interferes with the HER2/ neu receptor. Lapatinib
is a dual tyrosine kinase inhibitor, which interrupts the epidermal growth factor receptor
(EGFR) and HER2/ neu pathways. Lapatinib used in the form of lapatinib ditosylate is an
orally active drug for solid tumors such as breast cancer. In recent studies, both substances
were compared for the treatment of experimental corneal angiogenesis. The results suggested
that systemically administered lapatinib is more effective than systemically administered
trastuzumab in preventing corneal angiogenesis [74].

7. Conclusion

Corneal neovascularization is a common clinical feature in different corneal diseases includ-
ing ocular traumatic or chemical injury, autoimmune diseases, chronic contact lens wear,
infectious keratitis, and keratoplasties. Although corneal neovascularization can serve a
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beneficial role in arresting stromal melts, wound healing, and the clearing of infections, its
disadvantages are numerous and it frequently results in edema, tissue scarring, persistent
inflammation, and lipid deposition that may significantly reduce vision. Furthermore, it
plays a major role in corneal graft rejection by breaching corneal immune privilege. VEGF,
which plays a crucial role in angiogenesis and the pathologic neovascularization associated
with a variety of eye diseases, is the most important target for antiangiogenic therapies.
Experience indicates that anti-VEGFs are effective in occluding actively growing corneal
neovascularization but not established vessels. Surgical procedures, including laser photo-
coagulation or fine needle diathermy, are useful particularly to obliterate large, established
corneal vessels.

Author details

Sepehr Feizi
Address all correspondence to: sepehrfeizi@yahoo.com

Ophthalmic Research Center and Department of Ophthalmology, Labbafinejad Medical
Center, Shahid Beheshti University of Medical Sciences, Tehran, Iran

References

[1] Chang JH, Gabison EE, Kato T, Azar DT. Corneal neovascularization. Curr Opin
Ophthalmol 2001;12(4):242-249.

[2] Stromblad S, Cheresh DA. Integrins, angiogenesis and vascular cell survival. Chem Biol
1996;3(11):881-885.

[3] Lee HS, Chung SK. The effect of subconjunctival suramin on corneal neovascularization
in rabbits. Cornea 2010;29(1):86-92.

[4] Bachmann B, Taylor RS, Cursiefen C. Corneal neovascularization as a risk factor for graft
failure and rejection after keratoplasty: an evidence-based meta-analysis. Ophthalmology
2010;117(7):1300-1305.

[5] Huang PT. Penetrating keratoplasty in infants and children. ] AAPOS 2007;11(1):5-6.

[6] Panda A, Vanathi M, Kumar A, Dash Y, Priya S. Corneal graft rejection. Surv Ophthalmol
2007;52(4):375-396.

[7] Sellami D, Abid S, Bouaouaja G, Ben Amor S, Kammoun B, Masmoudi M, Dabbeche K,
Boumoud H, Ben Zina Z, Feki ]. Epidemiology and risk factors for corneal graft rejec-
tion. Transplant Proc 2007;39(8):2609-2611.

[8] Menzel-Severing J. Emerging techniques to treat corneal neovascularisation. Eye (Lond)
2012;26(1):2-12.

71



72

Physiologic and Pathologic Angiogenesis - Signaling Mechanisms and Targeted Therapy

(%]

[10]

(11]

[12]

[13]

(14]

[15]

[16]

[17]

(18]

[19]

[20]
[21]

[22]

(23]

TshionyiM, Shay E, Lunde E, Lin A, Han KY, Jain S, Chang JH, Azar DT. Hemangiogenesis
and lymphangiogenesis in corneal pathology. Cornea 2012;31(1):74-80.

Beebe DC. Maintaining transparency: a review of the developmental physiology and
pathophysiology of two avascular tissues. Semin Cell Dev Biol 2008;19(2):125-133.

Madigan MC, Penfold PL, Holden BA, Billson FA. Ultrastructural features of con-
tact lens-induced deep corneal neovascularization and associated stromal leukocytes.
Cornea 1990;9(2):144-1451.

Wong AL, Weissman BA, Mondino BJ. Bilateral corneal neovascularization and
opacification associated with unmonitored contact lens wear. Am ] Ophthalmol
2003;136(5):957-958.

Remeijer L, Duan R, van Dun JM, Wefers Bettink MA, Osterhaus AD, Verjans GM.
Prevalence and clinical consequences of herpes simplex virus type 1 DNA in human
cornea tissues. ] Infect Dis 2009;200(1):11-19.

Hayashi K, Hooper LC, Detrick B, Hooks JJ. HSV immune complex (HSV-IgG: IC) and
HSV-DNA elicit the production of angiogenic factor VEGF and MMP-9. Arch Virol
2009;154(2):219-226.

Dua HS, Azuara-Blanco A. Limbal stem cells of the corneal epithelium. Surv Ophthalmol
2000;44(5):415-425.

Kokotas H, Petersen MB. Clinical and molecular aspects of aniridia. Clin Genet
2010,77(5):409-420.

Lee P, Wang CC, Adamis AP. Ocular neovascularization: an epidemiologic review. Surv
Ophthalmol 1998;43(3):245-269.

Mochimaru H, Usui T, Yaguchi T, Nagahama Y, Hasegawa G, Usui Y, Shimmura S,
Tsubota K, Amano S, Kawakami Y, Ishida S. Suppression of alkali burn-induced cor-
neal neovascularization by dendritic cell vaccination targeting VEGF receptor 2. Invest
Ophthalmol Vis Sci 2008;49(5):2172-2177.

Applegate LA, Ley RD. DNA damage is involved in the induction of opacifica-
tion and neovascularization of the cornea by ultraviolet radiation. Exp Eye Res
1991;52(4):493-497.

Cogan DG. Corneal vascularization. Invest Ophthalmol Vis Sci 1962;1:253-261.

Javadi MA, Jafarinasab MR, Feizi S, Karimian F, Negahban K. Management of
mustard gas-induced limbal stem cell deficiency and keratitis. Ophthalmology
2011;118(7):1272-1281.

Chang JH, Garg NK, Lunde E, Han KY, Jain S, Azar DT. Corneal neovascularization: an
anti-VEGF therapy review. Surv Ophthalmol 2012;57(5):415-429.

Neufeld G, Cohen T, Gengrinovitch S, Poltorak Z. Vascular endothelial growth factor
(VEGF) and its receptors. FASEB ] 1999;13(1):9-22.



[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Corneal Angiogenesis: Etiologies, Complications, and Management
http://dx.doi.org/10.5772/66713

Goldman J, Rutkowski JM, Shields JD, Pasquier MC, Cui Y, Schmdkel HG, Willey S,
Hicklin DJ, Pytowski B, Swartz MA. Cooperative and redundant roles of VEGFR-2 and
VEGFR-3 signaling in adult lymphangiogenesis. FASEB ] 2007;21(4):1003-1012.

Shibuya M. Vascular endothelial growth factor (VEGF) and its receptor (VEGFR) signal-
ing in angiogenesis: a crucial target for anti- and pro-angiogenic therapies. Genes Cancer
2011;2(12):1097-1105.

Cursiefen C, Chen L, Borges LP, Jackson D, Cao J, Radziejewski C, D’Amore PA, Dana
MR, Wiegand SJ, Streilein JW. VEGF-A stimulates lymphangiogenesis and hemangio-
genesis in inflammatory neovascularization via macrophage recruitment. J Clin Invest
2004;113(7):1040-1050.

Krizova D, Vokrojova M, Liehneova K, Studeny P. Treatment of corneal neovas-
cularization using Anti-VEGF bevacizumab. ] Ophthalmol. 2014;2014:178132.
doi:10.1155/2014/178132.

Kim WJ, Mohan RR, Mohan RR, Wilson SE. Effect of PDGF, IL-1alpha, and BMP2/4 on
corneal fibroblast chemotaxis: expression of the platelet-derived growth factor system in
the cornea. Invest Ophthalmol Vis Sci 1999;40(7):1364-1372.

Hoppenreijs VP, Pels E, Vrensen GF, Felten PC, Treffers WE. Platelet-derived growth
factor: receptor expression in corneas and effects on corneal cells. Invest Ophthalmol Vis
Sci 1993;34(3):637-649.

Pillai CT, Dua HS, Hossain P. Fine needle diathermy occlusion of corneal vessels. Invest
Ophthalmol Vis Sci 2000;41(8):2148-2153.

Cursiefen C, Chen L, Dana MR, Streilein JW. Corneal lymphangiogenesis: evi-
dence, mechanisms, and implications for corneal transplant immunology. Cornea
2003;22(3):273-281.

Proia AD, Chandler DB, Haynes WL, Smith CF, Suvarnamani C, Erkel FH, Klintworth
GK. Quantitation of corneal neovascularization using computerized image analysis. Lab
Invest 1988;58(4):473-479.

Conrad TJ, Chandler DB, Corless JM, Klintworth GK. In vivo measurement of corneal
angiogenesis with video data acquisition and computerized image analysis. Lab Invest
1994;70(3):426—434.

Bock F, Kénig Y, Kruse F, Baier M, Cursiefen C. Bevacizumab (Avastin) eye drops inhibit
corneal neovascularization. Graefes Arch Clin Exp Ophthalmol 2008;246(2):281-284.

Cursiefen C, Bock F, Horn FK, Kruse FE, Seitz B, Borderie V, Friith B, Thiel MA, Wilhelm
F, Geudelin B, Descohand I, Steuhl KP, Hahn A, Meller D. GS-101 antisense oligonu-
cleotide eye drops inhibit corneal neovascularization: interim results of a randomized
phase II trial. Ophthalmology 2009;116(9):1630-1637.

73



74  Physiologic and Pathologic Angiogenesis - Signaling Mechanisms and Targeted Therapy

[36]

[37]

[38]

(39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

Wu PC, Liu CC, Chen CH, Kou HK, Shen SC, Lu CY, Chou WY, Sung MT, Yang LC.
Inhibition of experimental angiogenesis of cornea by somatostatin. Graefes Arch Clin
Exp Ophthalmol 2003;241(1):63-69.

You IC, Kang IS, Lee SH, Yoon KC. Therapeutic effect of subconjunctival injection
of bevacizumab in the treatment of corneal neovascularization. Acta Ophthalmol
2009;87(6):653—-658.

Jhanji V, Liu H, Law K, Lee VY, Huang SF, Pang CP, Yam GH. Isoliquiritigenin from
licorice root suppressed neovascularisation in experimental ocular angiogenesis models.
Br ] Ophthalmol 2011;95(9):1309-1315.

Kirwan RP, Zheng Y, Tey A, Anijeet D, Sueke H, Kaye SB. Quantifying changes in cor-
neal neovascularization using fluorescein and indocyanine green angiography. Am J
Ophthalmol 2012;154(5):850-858.

Kwan AS, Barry C, McAllister IL, Constable I. Fluorescein angiography and adverse drug
reactions revisited: the Lions Eye experience. Clin Experiment Ophthalmol 2006;34(1):33-38.

Hope-Ross M, Yannuzzi LA, Gragoudas ES, Guyer DR, Slakter JS, Sorenson JA, Krupsky
S, Orlock DA, Puliafito CA. Adverse reactions due to indocyanine green. Ophthalmology
1994;101(3):529-533.

Steger B, Romano V, Kaye SB. Corneal indocyanine green angiography to guide medical
and surgical management of corneal neovascularization. Cornea 2016;35(1):41-45.

Romano V, Spiteri N, Kaye SB. Angiographic-guided treatment of corneal neovascular-
ization. JAMA Ophthalmol 2015;133(3):e143544.

Al-Torbak A, Al-Amri A, Wagoner MD. Deep corneal neovascularization after implan-
tation with intrastromal corneal ring segments. Am ] Ophthalmol 2005;140(5):926-927.

Brooks BJ, Ambati BK, Marcus DM, Ratanasit A. Photodynamic therapy for corneal neo-
vascularisation and lipid degeneration. Br ] Ophthalmol 2004;88(6):840.

Baer JC, Foster CS. Corneal laser photocoagulation for treatment of neovascularization.
Efficacy of 577 nm yellow dye laser. Ophthalmology 1992;99(2):173-179.

L’sEsperance FA Jr. Clinical photocoagulation with organic dye laser. A preliminary
communication. Arch Ophthalmol 1985;103(9):1312-1316.

Faraj LA, Elalfy MS, Said DG, Dua HS. Fine needle diathermy occlusion of corneal ves-
sels. Br ] Ophthalmol 2014;98(9):1287-1290.

Liang L, Li W, Ling S, Sheha H, Qiu W, Li C, Liu Z. Amniotic membrane extraction solu-
tion for ocular chemical burns. Clin Exp Ophthalmol 2009;37(9):855-863.

Oliveira HB, Sakimoto T, Javier JA, Azar DT, Wiegand S, Jain S, Chang JH. VEGF
Trap(R1R2) suppresses experimental corneal angiogenesis. Eur ] Ophthalmol
2010;20(1):48-54.



[51]

[52]

[53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

Corneal Angiogenesis: Etiologies, Complications, and Management
http://dx.doi.org/10.5772/66713

Hos D1, Bock F, Dietrich T, Onderka ], Kruse FE, Thierauch KH, Cursiefen C.
Inflammatory corneal (lymph) angiogenesis is blocked by VEGFR-tyrosine kinase inhib-
itor ZK 261991, resulting in improved graft survival after corneal transplantation. Invest
Ophthalmol Vis Sci 2008;49(5):1836-1842.

Cursiefen C, Wenkel H, Martus P, Langenbucher A, Nguyen NX, Seitz B, Kiichle M,
Naumann GO. Impact of short-term versus long-term topical steroids on corneal neo-
vascularization after non-high-risk keratoplasty. Graefes Arch Clin Exp Ophthalmol
2001;239(7):514-521.

Ey RC, Hughes WEF, Bloome MA, Tallman CB. Prevention of corneal vascularization. Am
J Ophthalmol 1968;66(6):1118-1131.

Dastjerdi MH, Al-Arfaj KM, Nallasamy N, Hamrah P, Jurkunas UV, Pineda R 2nd,
Pavan-Langston D, Dana R. Topical bevacizumab in the treatment of corneal neovascu-

larization: results of a prospective, open-label, noncomparative study. Arch Ophthalmol
2009;127(4):381-389.

Heier JS, Antoszyk AN, Pavan PR, Leff SR, Rosenfeld PJ, Ciulla TA, Dreyer RF, Gentile
RC, Sy JP, Hantsbarger G, Shams N. Ranibizumab for treatment of neovascular age-
related macular degeneration: a phase I/ II multicenter, controlled, multidose study.
Ophthalmology 2006;113(4):633.e1-4.

Bhisitkul RB. Vascular endothelial growth factor biology: clinical implications for ocular
treatments. Br ] Ophthalmol 2006;90(12):1542-1547.

Akar EE, Oner V, Kiiclikerdonmez C, Aydin Akova Y. Comparison of subconjunctivally
injected bevacizumab, ranibizumab, and pegaptanib for inhibition of corneal neovascu-
larization in a rat model. Int ] Ophthalmol 2013;6(2):136-140.

Ferrari G, Dastjerdi MH, Okanobo A, Cheng SF, Amparo F, Nallasamy N, Dana R. Topical
ranibizumab as a treatment of corneal neovascularization. Cornea 2013;32(7):992-997.

Cursiefen C, Hofmann-Rummelt C, Kiichle M, Schlétzer-Schrehardt U. Pericyte recruit-
ment in human corneal angiogenesis: an ultrastructural study with clinicopathological
correlation. Br ] Ophthalmol 2003;87(1):101-106.

Keating AM, Jacobs DS. Anti-VEGF treatment of corneal neovascularization. Ocul Surf
2011;9(4):227-237.

Avisar I, Weinberger D, Kremer I. Effect of subconjunctival and intraocular beva-
cizumab injections on corneal neovascularization in a mouse model. Curr Eye Res
2010,35(2):108-115.

Lee SH, Leem HS, Jeong SM, Lee K. Bevacizumab accelerates corneal wound heal-
ing by inhibiting TGF-beta2 expression in alkali-burned mouse cornea. BMB Rep
2009;42(12):800-805.

75



76  Physiologic and Pathologic Angiogenesis - Signaling Mechanisms and Targeted Therapy

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

Chen WL, Chen YM, Chu HS, Lin CT, Chow LP, Chen CT, Hu FR. Mechanisms control-
ling the effects of bevacizumab (avastin) on the inhibition of early but not late formed cor-
neal neovascularization. PLoS One 2014;9(4):e94205. doi:10.1371/journal. pone.0094205.

Kim TI, Chung JL, Hong JP, Min K, Seo KY, Kim EK. Bevacizumab application delays
epithelial healing in rabbit cornea. Invest Ophthalmol Vis Sci 2009;50(10):4653-4659.

Koenig Y, Bock F, Horn F, Kruse F, Straub K, Cursiefen C. Short- and long-term safety
profile and efficacy of topical bevacizumab (Avastin) eye drops against corneal neovas-
cularization. Graefes Arch Clin Exp Ophthalmol 2009;247(10):1375-1382.

Stevenson W, Cheng SF, Dastjerdi MH, Ferrari G, Dana R. Corneal neovasculariza-
tion and the utility of topical VEGF inhibition: ranibizumab (Lucentis) vs bevacizumab
(Avastin). Ocul Surf 2012;10(2):67-83.

Liarakos VS, Papaconstantinou D, Vergados I, Douvali M, Theodossiadis PG. The effect
of subconjunctival ranibizumab on corneal and anterior segment neovascularization:
study on an animal model. Eur ] Ophthalmol 2014;24(3):299-308.

Duh EJ, Yang HS, Suzuma I, Miyagi M, Youngman E, Mori K, Katai M, Yan L, Suzuma K,
West K, Davarya S, Tong P, Gehlbach P, Pearlman J, Crabb JW, Aiello LP, Campochiaro
PA, Zack DJ. Pigment epithelium-derived factor suppresses ischemia-induced retinal
neovascularization and VEGF-induced migration and growth. Invest Ophthalmol Vis
Sci 2002;43(3):821-829.

Mori K, Gehlbach P, Ando A, McVey D, Wei L, Campochiaro PA. Regression of ocular
neovascularization in response to increased expression of pigment epithelium-derived
factor. Invest Ophthalmol Vis Sci 2002;43(7):2428-2434.

Shao C, Sima ], Zhang SX, Jin ], Reinach P, Wang Z, Ma JX. Suppression of corneal neo-
vascularization by PEDF release from human amniotic membranes. Invest Ophthalmol
Vis Sci 2004;45(6):1758-1762.

Jin J, Ma JX, Guan M, Yao K. Inhibition of chemical cautery-induced corneal neo-
vascularization by topical pigment epithelium-derived factor eyedrops. Cornea
2010;29(9):1055-1061.

Onder HI, Erdurmus M, Bucak YY, Simavli H, Oktay M, Kukner AS. Inhibitory effects
of regorafenib, a multiple tyrosine kinase inhibitor, on corneal neovascularization. Int J
Ophthalmol 2014;7(2):220-225.

Pérez-Santonja JJ1, Campos-Mollo E, Lledé-Riquelme M, Javaloy ], Ali6 JL. Inhibition
of corneal neovascularization by topical bevacizumab (Anti-VEGF) and sunitinib (Anti-
VEGF and Anti-PDGF) in an animal model. Am ] Ophthalmol 2010;150(4):519-528.

Kaya MK, Demir T, Bulut H, Akpolat N, Turgut B. Effects of lapatinib and trastuzumab
on vascular endothelial growth factor in experimental corneal neovascularization. Clin
Exp Ophthalmol 2015;43(5):449-457.



Chapter 5

Angiogenesis-Related Factors in Early Pregnancy Loss

Marina M. Ziganshina, Lyubov V. Krechetova,
Lyudmila V. Vanko, Zulfiya S. Khodzhaeva,
Ekaterina L. Yarotskaya and Gennady T. Sukhikh

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/66410

Abstract

The habitual loss of early pregnancy is one of the major problems of obstetrics now-
adays, provided that the cause of more than 50% of all early pregnancy losses is
unknown. Adequate angiogenesis is one of the main indicators of proper formation
of placental system, making the basis of fetal life support. The objective description of
angiogenesis in physiological development of pregnancy and in pathological condi-
tions is complicated by the difficulties in obtaining and characterizing placental tis-
sue in early pregnancy. Thus, angiogenesis-related factors are promising indicators to
characterize angiogenesis in pregnancy. This chapter draws attention to alteration in
angiogenesis-related factors in peripheral blood of patients with habitual early preg-
nancy losses. Investigation of factors (vascular endothelial growth factor (VEGF), sFlt-1,
sKDR, metalloproteinase (MMP)-2, MMP-9, tissue inhibitor (TIMP)-1, TIMP-2 and pla-
cental growth factor (PLGF)), which specifically and nonspecifically regulate angio-
genesis in pregnancy, was performed in the most significant terms for placentogenesis:
6 weeks, 7-8 weeks and 11-14 weeks of pregnancy. It was found that in a missed abor-
tion there was a significant imbalance of angiogenesis-related factors compared with
normal pregnancy. These results reflect a disturbance of angiogenesis in a missed abor-
tion and point to the importance of the studied factors in the pathogenesis of early
pregnancy losses.
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1. Introduction

Adequate formation of uteroplacental and fetal placental blood flow is the determining factor
of physiological pregnancy and fetal development. Successful uterine-placental vascular
morphogenesis and embryonic morphogenesis of fetal blood system are the basis of these
processes. There are two stages of vascular morphogenesis: vasculogenesis—primary forma-
tion and development of blood vessels de novo from committed mesodermal cells—and angio-
genesis—formation of new blood vessels from existing vascular structures, which reflect the
formation of vascular system of a fetus and placenta during pregnancy [1-4].

“Early pregnancy” period includes several time intervals when the most significant for angio-
genesis events occur, determining further course and outcome of pregnancy. During gestation
up to 6 weeks, the primary fetal circulatory system and placental bed with the development
of villi are formed, and extensive vascularization of placental villous tree occurs. The 6-8th
weeks of pregnancy are marked by the start of transition to the placental circulation, as well
as by the most expressed invasion of extravillous trophoblast into maternal spiral arteries
(first wave of trophoblast invasion). The period of 11-13 weeks is considered to be borderline
and is characterized by the completion of embryogenesis, the starting period of fetal develop-
ment, fading of the first wave of trophoblast invasion and further increase in the volume of
uteroplacental blood flow [4-8].

During trophoblast invasion into endometrium, interactions with components of the extracel-
lular matrix, which is mediated by cell adhesion molecules, occur. Proteinases participate in
the degradation of extracellular matrix and cell migration deep into the myometrium through
the uterine spiral arteries. Cytotrophoblast cells change their phenotype from epithelial to
endothelial, producing a large number of soluble factors contributing to the development of
the vasculature [9, 10].

Growth factors play the key role in vessels formation. They serve as cell mitogens, as attrac-
tants in the formation of vascular architectonics, and most important, as morphogens. The
main regulators of angiogenesis are members of the family of vascular endothelial growth
factor (VEGF). In addition to direct activators of angiogenesis, there is a large group of factors,
whose effect on angiogenesis is nonspecific. It includes matrix metalloproteinases (MMPs)
and their tissue inhibitors (TIMPs) [11-14].

Decidual NK-cells in early pregnancy, at the stage preceding the invasion of trophoblast into
the maternal arteries, produce VEGF, placental growth factor (PLGF) and matrix metallopro-
teinases (MMPs), in particular MMP-2 and MMP-9 [15-17]. These MMPs are collagenases
of IV type which specifically hydrolyze the collagen of basement membranes and thereby
facilitate cell invasion through the basement membranes and stimulate angiogenesis [18-21].
Decidual NK-cells are the main source of MMP-2 and TIMP-2 from the group of tissue inhibi-
tors of matrix metalloproteinases (TIMPs) [22-24].

Trophoblast also produces factors regulating processes of vessels formation. Particularly,
MMP-9, TIMP-1, TIMP-2 and TIMP-3 are produced by the cells of extravillous tropho-
blast. Villous cytotrophoblast cells and invasive endovascular trophoblast produce MMP-2
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which is considered a key regulator of cell invasion in early gestation (up to 8 weeks),
according to some authors [17, 19].

Production of anti-angiogenic factors is an integral part of the normal angiogenesis. As a
result of the molecular dialog during vascularization, production of inhibitors serves as a
hamper for excessive trophoblast invasion, as well as an obstacle for the further development
of the vascular bed and for vascularization of pathologically changed tissue sites. Angiogenic
factors are specifically expressed in endothelium and in the placenta during pregnancy. These
include receptors VEGF-R1 (Flt-1), VEGF-R2 (Flk-1, KDR) and VEGF-R3 (Flt-4). Soluble forms
of these receptors are able to bind growth factors in circulation, slowing or blocking angio-
genesis [25].

Humoral factors involved in vascular formation processes are more accessible for research in
maternal circulation, and change of their content in mother's blood reflects changes in the con-
tent of these factors in the fetal blood circulation and tissues. In this regard, a complex study
of angiogenesis-related factors and their ratios is crucial for understanding and predicting
vascular morphogenesis disorders during pregnancy.

2. Characteristics of the groups and study design

The prospective study included 66 patients with early stage pregnancy.

The control group consisted of 20 patients with normal pregnancy. All the patients had one or
two previous pregnancies uneventfully completed at term.

The main subgroup A consisted of 16 patients with the history of miscarriage and current
threatening miscarriage. All patients from the main subgroup A gave live births at term. The
main subgroup B included 30 patients whose pregnancy ended as «missed abortion».

In patients of the control group and of the main subgroup A, the study of angiogenesis-
related factors in peripheral blood samples was performed within 6 weeks, at 7-8 weeks
and at 11-14 weeks of pregnancy. In the main subgroup B, the investigation was conducted
at the time of diagnosis of «missed abortion» (8 patients were examined before 6 weeks, 14
patients—at 7-8 weeks and 8 patients—at 11-14 weeks).

The criteria for inclusion into the main groups were as follows: history of two and more early
pregnancy losses, no childbirth in current marriage, singleton natural pregnancy.

Exclusion criteria were endometriosis, POS, uterine fibroids, induced pregnancy and/or
extragenital conditions (diabetes mellitus, psoriasis and systemic autoimmune diseases, and
malignancies), FV L and FII G20210A gene mutations, and activation of bacterial viral infec-
tions. Groups were matched for the patient's age.

Diagnosis of recurrent miscarriage was established according to the International Classification
of Diseases 10th Edition (ICD-10-CM). Pregnancy was diagnosed based on the ultrasonogra-
phy study and HCG.
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The samples of peripheral blood for investigation of angiogenesis-related factors were
obtained from the cubital vein not later than 5 days after ultrasonic detection of cessation
of pregnancy development in the patients of the main subgroup B in case of intact chorion
(absence of retroplacental and/or retro amniotic hematomas, vaginal tract bleedings). Prior to
investigation, the serum was stored at the temperature of «-80°C».

3. Methods

Determination of serum levels of VEGF, VEGF-R1 (sFlt-1), VEGF-R2 (sKDR), MMP-2, MMP-9,
TIMP-1, TIMP-2 and PLGF was performed by enzyme-linked immunosorbent assay (ELISA)
using standard test systems: Bender MedSystems GmbH (Austria) and R&D Systems (USA).
The optical density was measured using the plate reader BioTek (USA) at the wavelength of
450 nm. Construction of the calibration curve and calculation of the concentrations of VEGF,
sFlt-1, sKDR, MMP-2, MMP-9, TIMP-1, TIMP-2 and PLGF were performed by linear regres-
sion equation in logarithmic coordinates.

The statistical processing was carried out using statistical analysis package for Microsoft
Office Excel 2007 and software package Statistica for Windows 7.0, Statsoft Inc. (USA). Control
of the normality of obtained parameters in studied groups was performed with Shapiro-Wilk
W test. The significance of differences of mean values of the measured parameters was evalu-
ated using unpaired t-test with different dispersions. Differences were considered significant
at a significance level p <0.05.

4. Results

Results of the study of angiogenesis-related factors are presented in Tables 1 and 2.

4.1. Time course of angiogenesis-related factors in patients with normal pregnancy

It was found that VEGF had the maximum concentration in blood at terms up to 6 weeks of
gestation: Contents of this factor was significantly higher (more than 10 times) compared
with further points of study. Concentration of PLGF at terms up to 6 weeks and at 7-8 weeks
remained unchanged but increased more than two times by 11-14 weeks; this is consistent
with the published data [24]. This trend in changing of VEGF and PLGF during early preg-
nancy probably provides pro-angiogenic effect because under the decrease in VEGF, PLGF is
able to synergistically enhance angiogenesis promoted by VEGF [26].

Level of sVEGF-R1 was minimal at the starting point of the study but significantly increased
reaching maximum values at 11-14 weeks. In contrast, the concentration of sVEGF-R2 was
decreased only at 7-8 weeks of pregnancy. It is known that VEGF interacts with receptors
VEGEF-R1 and VEGF-R2, while VEGF-R1 is the only receptor for PLGF [27]. These factors
compete for binding with VEGF-R1. Under increased secretion of VEGF and PLGF, this
leads to exhaustion of VEGF-R1 and predominance of VEGF-R2 in circulation. PLGF is
also supposed to be able to replace VEGF in the VEGF/VEGF-R1 complex, activating the
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Factor (u.m.) Groups Factor's values in terms of study
Up to 6 weeks 7-8 weeks 11-14 weeks

VEGF (pg/ml) Control 100.5+24.5 55+1.3* 8.9+3.2¢
Main subgroup A 202.7+82.3 5.9£0.9 42+1.2°
Main subgroup B 49.6+28.6 47+19 3.2+04

VEGF-R1 (ng/ml) Control 0.4+0.1 1.1+0.2¢ 1.7+0.4°
Main subgroup A 0.9+0.1* 1.4+0.1% 1.7+0.1%
Main subgroup B 0.4+0.1%* 5.8+2.6* 0.5+0.2%**e

VEGF-R2 (ng/ml) Control 94+19 49+0.6° 9.3+1.5e
Main subgroup A 84+1.9 10.6+0.4* 10.5+0.6
Main subgroup B 12.5+2.0 11.6£1.5% 12.5+2.0

PLGF (pg/ml) Control 122+14 132+25 289+4.1%
Main subgroup A 75+0.6* 9.9+0.8 22.5+25%
Main subgroup B 8.5+0.7* 9.5+2.0 8.8 £2.4%**

*Comparison with the control group;

**comparison with the main subgroup A;

‘the differences within one group in comparison with the data obtained before 6 weeks.

ethe differences within one group in comparison with data obtained at 7-8 weeks (¥ <0.05).

Table 1. Blood levels of pro- and antiangiogenic factors of the first trimester of pregnancy.

Factor (u.m.) Groups Factor's values in terms of study

up to 6 weeks 7-8 weeks 11-14 weeks

MMP-2 (ng/ml) Control 330.6+31.1 331.8+13.2 364.2+30.9
Main subgroup A 415.3+£21.9* 411.1+30.0* 392.6 +34.8
Main subgroup B 526.8 +16.0%** 378.7+33.7¢ 271.8 £21.9%, ***e

MMP-9 (ng/ml) Control 556.5+71.4 379.6+50.1% 558.8+92.8
Main subgroup A 537.2+78.6 500.1+51.1 578.9+109.0
Main subgroup B 296.1+132.6 403.6+79.3 278.0 +67.7%,**

TIMP-1 (ng/ml) Control 435.6+31.0 357.5+26.1* 388.5+23.9
Main subgroup A 440.3+62.1 458.8 +34.1* 344.0+42.3¢
Main subgroup B 321.4+27.9* 403.9+48.9 342.0+27.4

TIMP-2 (ng/ml) Control 22.6+2.1 19.4+15 21.0+15
Main subgroup A 23.3+24 21.2+2.6 29.4+4.1*
Main subgroup B 30.4+1.4%** 25.3+3.0* 18.1£1.3**%e

*Comparison with the control group;

**comparison with the main subgroup A;

‘the differences within one group in comparison with the data obtained before 6 weeks.
sthe differences within one group in comparison with data obtained at 7-8 weeks (p <0.05).

Table 2. Blood levels of matrix metalloproteinases and their tissue inhibitors in the first trimester of pregnancy.
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expression of VEGF-R2 [28]. According to the published data, VEGF-R2 is a key receptor in
angiogenesis [29] although its affinity to VEGF is quite lower than VEGF-R1 [30].

It is known that normally pro-angiogenic molecules are less than their inhibitors; neverthe-
less, intensive vascularization of placenta and of fetal developing organs occurs in pregnancy.
This situation can be described as “pro-angiogenic state.” However, it is quite difficult to
quantify it, as the described models of angiogenic factors-receptor interactions do not give
guide on the factor/inhibitor ratio, allowing to specify the pro-angiogenic state or block of
angiogenesis [26, 31]. Therefore, trends observed in normal pregnancy may serve as refer-
ences for challenging cases.

Blood levels of MMP-2 and TIMP-2 vary insignificantly in the studied terms of normal preg-
nancy. Significant decrease in MMP-9 and TIMP-1 concentration was found at 7-8 weeks
compared with the terms before 6 weeks of pregnancy.

Normally, MMPs blood level is insignificant. Soluble forms of MMPs are present in blood
as inactive proenzymes and transfer into active forms after propeptide cleavage under the
impact of activation factors including inhibitors. Constant concentrations in the system
“protease-antiprotease” (MMP-2/TIMP-2) may indicate extracellular matrix remodeling
and vascular morphogenesis which intensively go at these terms; degradation of intersti-
tial collagens and basement membrane collagens under the participation of these factors is
obvious.

4.2. Time course of angiogenesis-related factors in patients of the main subgroup A

Blood levels of PLGF and sVEGF-R1 in patients of main subgroup A significantly increased
with gestational age. In contrast, concentration of VEGF was maximum at the starting point
of the study but significantly decreased (more than 30 times) by 7-8 weeks and then remained
at the same level till 11-14 weeks of gestation.

Lack of significant differences in dynamics of MMP-2, MMP-9, TIMP-2 and sVEGF-R2 was
observed during entire pregnancy. Concentration of TIMP-1 significantly decreased by
11-14 weeks.

Thus, in the main subgroup A, we found significant fluctuations of certain soluble factors. For
several factors (VEGF, PLGF, MMP-2, TIMP-2), trends of this levels alterations at the same
study points coincided with those observed during normal pregnancy; there was no statisti-
cally significant differences between the groups and the most studied terms. At the same time,
for sVEGF-R1, sVEGF-R2, MMP-9 and TIMP-1, the trends were significantly different from
the control group. However, these differences do not seem sufficient to cause dramatic conse-
quences in pregnancy. Probably for successful outcome of pregnancy, a balanced production
of VEGF and PLGF, key angiogenic factors for pregnancy [14, 24, 32], is necessary, as well as
the balance between MMP-2 and TIMP-2, because MMP-2 is the key regulator of trophoblast
invasion [17, 19] especially in early pregnancy.
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4.3. Angiogenesis-related factors in the main subgroup B

4.3.1. Blood levels of angiogenesis-related factors in patients with missed abortion before 6 weeks of
gestation

Missed abortion before 6 weeks was characterized by significant differences of the levels
of angiogenesis-related factors: sVEGF-R1, PLGF, MMP-2, TIMP-1 and TIMP-2. Thus, with
missed abortion, the level of PLGF was lower than in the control group; however, there was
no significant difference with the main subgroup A. Blood level of sVEGF-R1 did not dif-
fer from the values of the control group. However, comparison with the main subgroup A
showed that in complicated pregnancy which further accomplished with childbirth, level of
sVEGF-R1 was higher than in missed abortion. These results may indicate the existence of
subtle mechanisms of regulation in the system “ligand/receptor,” where the most important
aspect is not a certain level of material content of the molecule, but the impacts of the factors
on each other.

The concentrations of MMP-2 in the main subgroups A and B were significantly higher than
in the control group. The maximum level of MMP-2 in blood was detected in missed abortion.
TIMP-1 and TIMP-2 levels in the control group and main subgroup A differed insignificantly;
in the main subgroup B, the level of TIMP-1 was significantly lower and the level of TIMP-2
was significantly higher at these terms.

Thus, more distinct differences specific for missed abortion were found in the group of factors
“protease-antiprotease.” The content of the factors in the system MMP-2-TIMP-2 at this term
is, probably, critical for pregnancy. It is known that MMP-2 and TIMP-2 are most important
at early terms of gestation during trophoblast invasion into maternal tissues [19]. Constant
expression of MMP-2 and TIMP-2 was detected in apical layer of the syncytiotrophoblast and
decidual NK-cells [19]. The published data suggest a possibility of syncytium activation by
MMP-2, and the participation of this molecule in the processing of paracrine factors synthe-
sized by these cells [19, 21]. There is a probability of change in the balance of production of
biologically active molecules determining the development of pregnancy, due to the excessive
production of MMP-2 or TIMP-2.

Pregnancy-initiated angiogenesis is closely associated with tissue remodeling and vasculariza-
tion. Changes occurring in the endometrium decidualization include as follows: infiltration of
tissues by immune cells (uNK-cells and macrophages), extracellular matrix remodeling with
cell invasion through the matrix and membrane, and lysis of muscle-elastic tissue elements. In
this period, the most important processes are formation of the placental bed and vasculariza-
tion of the villi [6, 8, 10]. It is known that embryos which stopped to develop at 3-5 weeks had
vascular villi, large hydropic dystrophy of the villous stroma and no embryonic blood vessels
[33-35]. The disbalance of angiogenic factors, causing autocrine and paracrine effects to each
other and to the cells, leads to microenvironment that is not compatible with the development
of pregnancy. Excessive protease activity under these conditions may also reflect degenera-
tive processes in the uterus before abortion.
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4.3.2. Blood levels of angiogenesis-related factors in patients with missed abortion at 7-8 weeks

Pathological changes specific for missed abortion at 7-8 weeks were reflected by the signifi-
cant increase in VEGF-R1, VEGF-R2 and TIMP-2 levels compared with the control group.

The interval of 7-8 weeks of gestation is marked by the first wave of trophoblast invasion into
the mother's arteries and the start of uteroplacental blood flow. Extravillous trophoblast has a
high invasive potential and expresses VEGF, PLGF and VEGF-R1 [36]. The receptor VEGF-R2
is expressed by the cells of fetoplacental complex [36, 37]. It should be noted that the level of
VEGEF-R1 is five times higher and VEGF-R2 more than two times differ from these factor levels
in the control group. According to the published data, soluble forms of VEGF-R1 and VEGF-R2
are able to block angiogenesis and adversely affect the migration and proliferation of endothe-
lial cells [27, 38, 39]. However, comparison with the main subgroup A did not show any signifi-
cant differences in the studied period. Therefore, excessive levels of soluble forms of VEGF-R1
and VEGF-R2 in maternal circulation are not the main cause of this pathology at this term. It is
known that adequate angiogenesis of villous tree and chorionic villi are critical stage and con-
dition for further development of the placenta and fetus [1-4]. Inadequate start of restriction of
uterine arteries at these terms initiates a chain of troubles in the system mother-placenta-fetus.

The key process of pregnancy is cytotrophoblast invasion into uterine arteries. At the same
time, there is arteriolar lumen expansion under the impact of metalloproteinases. Excess of
tissue inhibitors at 7-8 weeks, probably, leads to incomplete trophoblast invasion and insuf-
ficient lumen expansion which under the increased secretion of VEGF-R1 and VEGF-R2 can
result in vasospasm and enhanced vascular permeability-specific manifestations of increased
contents of these factors [36, 40] which adversely affect the embryo development.

4.3.3. Blood levels of angiogenesis-related factors in patients with missed abortion at 11-14 weeks
of pregnancy

Missed abortion detected at of 11-14 weeks was characterized by a significant decrease in
sVEGF-R1, PLGF, MMP-2 and MMP-9 compared with the control group and main sub-
group A. Level of TIMP-2 was significantly lower than in the main subgroup A, but close to
the control group.

The end of the first trimester of pregnancy is marked by the start of the fetal period of intra-
uterine human development, fading of the first wave of trophoblast invasion and prepara-
tion for a second wave at 16-18 weeks of pregnancy. Significant decrease in soluble forms of
VEGF-R1 and PLGF in the main subgroup B could evidence the role of these factors in the
pathologic processes leading to pregnancy loss. PLGF is the main regulatory factor in the
first trimester of physiological pregnancy [2, 24] that acts as paracrine regulator of decidual
angiogenesis and autocrine regulator of trophoblast function [24]. The synergy of effects of
PLGF and VEGF on angiogenesis manifests with the morphogenesis of more mature and
stable vasculature [24, 27]. Its effect is more significant in angiogenesis than in vasculogenesis
[2]. Besides inhibition of angiogenesis, soluble form of the receptor VEGF-R1 also provides
“support,” and thus, the effect depends on the factor blood level. Probably in this situation,
levels of sVEGF-R1 and PLGF are insufficient for adequate angiogenesis.
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4.4. Ratio of angiogenesis-related factors

Dynamic balance in the system ligand/receptor provides a state of the system which empow-
ers the implementation of its function, if this system tends towards the harmonic balance.
The equilibrium point in such systems is always moving, because ligand/receptor pairs,
being complex systems, are influenced by a variety of factors. In terms of the dynamic bal-
ance theory, ligand's positions in this study were occupied by the factors which specifically
and nonspecifically affect angiogenesis, while the receptor's positions were occupied by its
inhibitors. Studied ligands and receptors have multiple substrate specificity, but because their
activity is affected by other factors that are present in the bloodstream and were not included
in this study, investigation of ligand/receptor pairs in terms of classical concepts is difficult.
Moreover, current models describing interactions of VEGF family members with the recep-
tors [26] as well as of the matrix metalloproteinase family members with the inhibitors [31]
do not provide quantitative binding characteristics of the system receptor/ligand for these
molecules. The situation is complicated by the different levels of expression of these factors by
various cell types. Therefore, the use of any index or ratio characterizing the dynamic situa-
tion in the selected time interval as a pro-angiogenic or nonproangiogenic state does not seem
possible. To describe such situations, “surrogate” indexes characterizing the ligand/receptor
ratio may be most appropriate to define any process, particularly angiogenesis. Such ratios
are used to calculate the risk of development of pregnancy complications, such as preeclamp-
sia [41-44].

Changes of the ligand/receptor pair ratio (VEGF/VEGF-R1, VEGF/VEGEF-R2, PLGF/VEGF-R1,
MMP-9/TIMP-1, MMP-2/TIMP-2) in the studied groups are presented in Figure 1.

4.4.1. VEGF/VEGF-R1 and VEGF/VEGF-R2 ratios

VEGEF/VEGEF-R1 ratio (Figure 1A) in the control group before 6 weeks was significantly higher
than in the main subgroups A and B (0.562; 0.178 and 0.0312, respectively). In the control
group, we observed significant differences between the terms before 6 weeks of gestation and
other terms. Interestingly, the pattern of the VEGF/VEGF-R1 ratio change in the main sub-
group A had tendencies similar to the control group. In the main subgroup B, the values of
ligand/receptor pairs were significantly low, except for the last study term (0.0086) compared
with the control group (0.006) and the main subgroup A (0.0024).

VEGEF/VEGEF-R2 ratio changed in a similar way (Figure 1B). Before 6 weeks of pregnancy,
the significant changes were noted only in the main subgroup B (0.0023), compared with the
control group (0.020) and the main subgroup A (0.011).

Tendencies of changes of VEGF/VEGF-R2 were similar in the control and the main subgroup
A, demonstrating at the same time significant differences at 7-8 weeks. The main subgroup B
was characterized by minimal values of the ratio which significantly differed in terms before
6 and 7-8 weeks compared with the other groups, but do not change within group in all terms
of pregnancy.

It is known that realization of different mechanisms of angiogenesis depends on the type of
receptor interacting with VEGEF. Activation of VEGF-R2 leads to stimulation of angiogenesis
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Figure 1. Factor/receptor (A, B, C) and factor/inhibitor (D, E) ratio in the blood of women at early terms of pregnancy.
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by triggering proliferation, migration, differentiation and inhibition of apoptosis of endo-
thelial cells. Activated VEGF-R1 receptor stimulates intercellular interactions, branching of
vascular network and regulates the trophoblast invasion into the spiral arteries [27]. Use of
blocking antibodies for VEGF-R2 causes reduction in decidual angiogenesis and pregnancy
loss in mice, while use of antibodies of similar effect for VEGF-R1 does not cause such effects
[37]. In other studies, the lack of VEGF-R1 in experimental animals led to overdevelopment of
disorganized vessels and clusters of endothelial cells, and the absence of VEGF-R2—to reduc-
tion in development of vasculature [2]. It has been demonstrated that interaction of VEGF/
VEGF-R2 regulates the development of fetoplacental complex [27] and acts as a paracrine
system in the processes of formation of primitive embryo vascular network [24, 29]. On the
contrary, the formation of an active complex VEGF/VEGEF-R1 mostly affects the processes of
differentiation and migration of trophoblast and also regulates invasion [27].

4.4.2. PLGF/VEGF-R1 ratio

PLGF factor affects endothelium through specific binding with the receptor VEGF-R1
(Figure 1C). According to the published data, PLGF more impacts the processes of angio-
genesis, than vasculogenesis; however, PLGF and VEGF-R1 also affect the mobilization of
mesenchymal progenitors of endothelial cells, which are involved in vasculogenesis [2]. PLGF
enhances angiogenesis acting synergistically with VEGF, and it is also able to replace VEGF
in the complex with VEGF/VEGEF-R1 releasing it for VEGF-R2 activation. It is also known that
PLCF is a paracrine regulator of decidual angiogenesis and autocrine regulator of tropho-
blast's functions in differentiation and invasion [24] and also the main regulating factor in
normal pregnancy in the first trimester [2, 24].

The ratio of PLGF/VEGF-R1 for each group of pregnant women had its own tendencies. There
were significant differences between the main subgroup A and control group before 6 and at
7-8 weeks. However, there was notable misbalance of factors in ligand/receptor pair PLGF/
VEGF-R1 manifesting with significant deviations from the average value of the factors ratio
at 7-8 weeks of pregnancy in the main subgroup B. Moreover, low ratio values were noted in
the ligand/receptor pair of the main subgroup A at all studied points. The reduced value of
this ratio in the main subgroup A may be due to the changes in the dynamic system PLGF/
VEGF-R1 (both toward the increase in sVEGF-R1 and toward the decrease in PLGF). Obtained
ratio values for the given ligand/receptor pair for all groups at early terms of pregnancy may
evidence the acceptable fluctuations of the values of the factors in this pair, which are nonsig-
nificant for the development of pregnancy.

4.4.3. MMP-9/TIMP-1 and MMP-2/TIMP-2 ratio

Analysis of the obtained results showed no significant differences of ratios of free forms of
MMPs and tissue inhibitors TIMPs (MMPs/TIMPs) between the groups at the most studied
terms of pregnancy (Figure 1D, E). Significant differences were shown for the MMP-9/TIMP-1
ratio at 11-14 weeks for the main subgroup B (0.91) and the control group (1.48). The signifi-
cant decrease in this ratio in the main subgroup B may evidence degradation processes and
autolysis in missed abortion. The character of changes of the ligand/receptor ratio within
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studied groups confirms some stable dynamic equilibrium of the factors concentrations.
Probably, nonspecific effects of the factors in the studied ligand/receptor pairs on angiogen-
esis processes are of somewhat conservative nature comprising prevention of excessive pro-
tease activity, and sufficient for an adequate angiogenesis at the studied terms of pregnancy.
However, use of these ratios is not informative to characterize the pathologic processes at
studied terms in patients of these groups, excluding the ratio MMP-9/TIMP-1 at 11-14 weeks
of pregnancy. The observed reduction in MMP-9/TIMP-1 at 11-14 weeks may serve as an alert
of the development of critical events.

5. Conclusions

This study revealed the features of humoral systems regulating angiogenesis during physi-
ological pregnancy and in patients with successful and unsuccessful perinatal outcomes. We
found that deviations in the peripheral blood contents of angiogenesis-related factors: VEGEF-
R1, VEGF-R2, MMP-9 and TIMP-1 in patients with the history of missed abortion do not reflect
critical for angiogenesis events in the first trimester of pregnancy. However, a significant dis-
balance of soluble factors, regulating angiogenesis, detected in patients with missed abor-
tion shows that matrix metalloproteinases and their tissue inhibitors play the leading role in
pregnancy losses before 6 and 7-8 weeks. Analysis of ligand/receptor ratios complements the
obtained results, as we have found a significant decrease in the VEGF/VEGF-R1 and VEGF/
VEGF-R2 ratios before 6 weeks of pregnancy despite the fact that there were no significant
differences between individual molecules forming these pairs. The nature of VEGF/VEGF-R1
and VEGF/VEGF-R2 ratios alterations within the groups at the studied terms suggests the
presence of a single mechanism that regulates interactions between VEGF and its receptors
VEGF-R1 and VEGF-R2. In patients with pregnancy losses at 11-14 weeks, we found low con-
centrations of PLGF and sVEGF-R1 and also of MMP-2 and MMP-9, and reduction in MMP-2/
TIMP-2 ratio, which are probably insulfficient for an adequate angiogenesis at this term. Since
an adequate angiogenesis is the determining factor for the development of pregnancy, early
identification of criteria alerting about a trouble in fetoplacental system will also have diagnos-
tic and prognostic value. Detection of the markers is especially important in cases of habitual
pregnancy loss of unknown origin, because the disturbance of angiogenesis may be one of the
causes of missed abortion. Taking into account difficulties with obtaining placental tissue at
the studied terms of pregnancy, the angiogenesis-related factors may serve as unbiased indi-
cators of placental angiogenesis. The obtained results allow to presume various mechanisms
of pregnancy pathology at early terms and to demonstrate the possibility of using the analysis
of ligand/receptor pairs to characterize the angiogenesis processes in early pregnancy.
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Abstract

Vascular dysfunction is a crucial pathological hallmark of Alzheimer's disease (AD).
Studies have reported that beta amyloid (Af) causes increased blood vessel growth
in the brains of AD mouse models, a phenomenon that is also seen in AD patients.
This has given way to an alternative angiogenesis hypothesis according to which,
increased leakiness in the blood vessels disrupts the blood-brain barrier (BBB) and
allows unwanted blood products to enter the brain causing progression of disease
pathology, promoting amyloid clumping and aggregation along with impaired
cerebral blood flow. Furthermore, the expression of melanotransferrin in AD model
and patients may contribute to angiogenesis. The objective of this chapter is to
attempt to establish a link between the vascular damage and AD pathology. Curbing
the vascular changes and resulting damage seen in the brains of AD model mice and
improving their cognition by treating with FDA-approved anti-angiogenic drugs may
expedite the translational potential of this research into clinical trials in human
patients. This direction into targeting angiogenesis will facilitate new preventive and
therapeutic interventions for AD and related vascular diseases.
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1. Introduction: history of vascular dysfunction in Alzheimer's disease

Alzheimer's disease (AD) presents itself as a progressive neurological disorder, which is the
major cause of dementia leading to death in the elderly. It affects thinking, orientation and
memory, causing impairment in cognition, social behaviour and motivation [1]. Approximately
47.5 million people worldwide have dementia, of which the most common contributor is AD
with 60-70% [1]. In 2010, the total global societal costs were estimated to be US $604 billion
corresponding to 1.0% of the worldwide gross domestic product [1].

In 1906, Dr. Alois Alzheimer [2] noted two microscopic neuropathological findings, which were
further characterized and eventually established as the hallmarks of AD: senile neuritic
plaques, which are aggregates that are primarily composed of beta-amyloid (AB) peptides; [3,
4] and neurofibrillary tangles, which are primarily composed of intra-neuronal hyperphos-
phorylated tau aggregates [5]. AP, a 4 kDa peptide, is a proteolytic cleavage product of the
amyloid precursor protein (APP) by the action of a and vy secretase enzymes [6, 7]. Mutations
either in the APP gene or in the secretase enzyme complex lead to a [3 secretase cleavage,
forming a pathogenic A species (A{31-42). These AP molecules aggregate to form oligomers,
which multimerize into protofibrils, followed by the formation of dense core amyloid plaques
[8-10].

1.1. Initial clinical observations linking AD and vascular disease

Post-mortem analysis has established that 50-84% of the brains of persons, who die aged 80-
90+ years, show appreciable cerebrovascular lesions and although there is a debate around
their impact on AD pathology, it is suggested that the independent dementia caused by
vascular and AD-type pathologies may have additive or synergistic effect on cognitive
impairment [11]. Vascular pathologies that have been seen in the aged human brain include:
cerebral amyloid angiopathy (CAA), cerebral atherosclerosis, small vessel disease in most
cases caused by hypertensive vasculopathy or microvascular degeneration, blood-brain barrier
(BBB) dysfunction causing white matter lesions, microinfarctions, lacunar infarcts and
microbleeds [11]. Studies in post-mortem of human brains also found evidence of increased
angiogenesis in the hippocampus, midfrontal cortex, substantia nigra pars compacta, and locus
coeruleus of AD brains compared to control brains suggesting that vascular dysfunction is an
inherent part of AD pathology [12, 13].

1.2. Genetic risk factors linking AD and vascular disease

Epidemiological studies have identified risk factors for AD that are similar to those for
cardiovascular disease (CVD) [14] such as hypertension during midlife, diabetes mellitus,
smoking, apolipoprotein E (APOE) 4 isoforms, hypercholesterolemia, homocysteinemia and,
in particular, age [1]. Familial AD is caused most commonly by presenilin 1 (PSEN1) or
presenilin 2 (PSEN2) mutations. It is also seen that the presenilins are expressed in the heart
and are critical to cardiac development. The work by Li et al. indicated that PSEN1 and PSEN2
mutations are associated with dilated cardiomyopathy (DCM) and heart failure and implicate
novel mechanisms of myocardial disease [15]. Amyloid is a known vasculotrope and an
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increased amyloid aggregation in AD brains is seen to be in interaction with the angiogenic
and CAA positive vessels [14]. Apolipoprotein 3 (APOE3) is responsible for normal lipid
metabolism; however, the APOE4 isoforms is strongly associated with the late onset of AD [13].
Carriers of this isoform show a decreased cerebral blood flow and have also been linked to
disorders associated with elevated cholesterol levels or lipid derangements (i.e. hyperlipopro-
teinemia type III, coronary heart disease, strokes, peripheral artery disease and diabetes
mellitus) [15]. These overlapping genetic risk factors might give us a direction for understand-
ing the mechanisms of the disease-related pathways.

1.3. Factors linked to AD and increased angiogenesis: melanotransferrin (p97), VEGE,
transglutaminases (factor XIIIa and tTG)

Melanotransferrin (also known as p97 or melanoma tumour antigen) is a member of the
transferrin family and is responsible for the cellular uptake of iron. P97 was shown to be
present in the capillary endothelium in a normal brain, in contrast to the brain from patients
with AD, where it is found to be localized in microglia cells, associated with senile plaques [16,
17]. Serum normally contains very low levels of p97; however, it is reported to increase by five-
and six-fold in patients with AD [18, 19]. From this observation, it was proposed that serum
P97 could be a potential biochemical marker for this disease. It was further demonstrated that
melanotransferrin exerts an angiogenic response quantitatively similar to that elicited by
fibroblast growth factor 2 [20], and hypervascularity has been shown to be a feature in the
brains of AD patients [12]. Overexpression of vascular endothelial growth factor (VEGF)
receptor 2 was observed in newly formed vessels, suggesting that the angiogenic activity of
melanotransferrin may depend on activation of endogenous VEGF [20]. VEGF is the major
player in pathological/dysfunctional blood vessel formation. It is shown that VEGF is highly
up-regulated in AD brains via the inflammatory pathway and also that VEGF co-aggregates
with Af in AD brains [13]. The role of transglutaminases in AD is highly debated; however,
it is shown that the activity of these enzymes might contribute to both angiogenesis and in the
formation of protein aggregates in the AD brain [21, 22].

2. Alzheimer's disease and the blood-brain barrier pathogenesis:
angiogenesis and inflammation

A physical seal is present between the vasculature in the brain and the central nervous system
that restricts fluid and entrained molecules from being transported into the brain from the
systemic circulation [13, 23]. Dysfunction of the BBB was originally seen in animal models of
AD [24] and was later established as a prominent, but unexplained clinical feature of AD in
patients [23]. Though it is unknown where the BBB dysfunction stems from, it is, however,
argued that A3 may be directly involved in this process [25, 26]. Leakiness of the BBB has been
demonstrated in a number of AD transgenic animal models that have overexpression of APP,
including the Tg2576, which manifests a form of early-onset AD [24, 25]. Studies show that
BBB integrity is compromised in this mouse model as early as 4 months of age, much before
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the onset of other disease pathology, such as the consolidated amyloid plaques [24, 27]. Hence,
the mechanism leading to the BBB disruption is a potential target for AD therapy.

2.1. Tight junction disruption in mouse models

The brain has a unique structure termed as the blood-brain barrier (BBB), which is a specialized
physical seal that precludes the transport of various, large and/or hydrophilic, peripheral blood
molecules from entering the brain parenchyma [13, 25]. This restricted exchange protects the
brain from indiscriminate exposure to peptides, macromolecules and potentially toxic
molecules [13, 25]. The integrity of the BBB is maintained by inter-endothelial complexes called
tight junctions (T]), in the brain capillaries, that are composed of a variety of plasma membrane
spanning proteins (occludin), scaffold proteins (zonula occludens protein-1; ZO-1) and the
actin cytoskeleton [12, 13, 25]. The peripheral membrane protein, ZO-1, localizes along blood
vessels in the brain parenchyma and along with claudins and occludin ensures the intactness
and permeability of the BBB [26, 28]. A second barrier is presented by the basal lamina,
composed of type IV collagen, fibronectin and heparan sulphate along with other molecules,
which operates as a molecular weight filter [26]. Lastly, there are cells that interact to protect
the BBB, known as the neurovascular unit (NVU). This is composed of neurons, cerebral
endothelial cells, basal lamina, astrocytic foot processes (containing proteases and neurotrans-
mitters) and perivascular macrophages called pericytes [26].

Since the BBB plays crucial role in maintaining central nervous system (CNS) homeostasis, its
dysfunction proves deleterious for the smooth working of the brain. The BBB dysfunction
includes: (1) BBB disruption, resulting in the discharge of potentially neurotoxic circulating
substances into the CNS; (2) transporter dysfunction, which consequently creates deficiency
of nutrient supply and amplify toxic substances in the CNS; and (3) altered protein expression
and NVU cell secretions, potentially resulting in inflammatory activation, oxidative stress and
neuronal damage [28]. The three effects stated above have been reported in AD patients,
although the scope of this chapter pertains only to BBB disruption.

The compromised integrity of the BBB has been indicated by increased CSF/serum albumin
ratios seen in AD patients [28]. Albumin is a macromolecule that is unable to cross an intact
BBB [27, 28]. Histological studies have also revealed the presence of albumin staining around
microvessels that shows co-localization of amyloid plaques and angiopathy [12, 13, 26]. It is
suggested that this staining is a result of an affinity of extravasated albumin for amyloid [28].

Prothrombin is seen at elevated levels particularly around the microvessels in the brains of AD
patients [29]. Highest levels of the protein were observed in people scoring higher in the Braak
staging [30, 31].

The increased vesicularization of brain endothelial cells damages the BBB by altering the tight
junction function. This is consistent with increased transcytotic disruption of the BBB initiated
by the release of inflammatory cytokines that are angiogenic triggers, promoting paracellu-
lar leakage [28].
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2.2. CBF impairment: a road to hypervascularity in mouse models and humans

Vascular dysfunction is a crucial pathological hallmark of AD [12, 32]. The two key precursors
to neurodegenerative changes and A3 deposition in AD are the BBB breakdown [12, 32] and
cerebral blood flow (CBF) impairment [33]. Various studies with the help of a non-invasive
imaging technique (arterial spin labelling MRI) have shown that AD is associated with a global,
as well as a regional CBF impairment, also known as cerebral hypoperfusion [34]. While AD
patients exhibit a global decrease in blood flow (averaged 40%), compared to healthy controls,
the CBF reduction is seen only in specific regions that are usually implicated in the disease
state [14, 34]. It is, however, argued whether a diminished blood flow in AD is a cause or
consequence of the disease.

Hypoperfusionis associated with both structural and functional changes in the brain and hence
plays a pivotal role in influencing the permeability of the BBB [34]. Severe reductions in CBF
have been seen in the elderly at a high risk for cognitive decline and AD [34]. Individuals that
are carriers of the major AD risk allele, (APOE4), have a more impacted regional deteriorated
CBF than non-carriers of the allele [35, 36]. AD-related vascular pathology impairs cerebral
autoregulation and causes cerebrovascular insufficiency [37]. This impaired CBF and com-
promised BBB result in the accumulation of potentially neurotoxic molecules (e.g. increased
Ap concentration) in the brain along with the entry of unwanted blood products via peripheral
circulation [38, 39]. Data obtained from structural MRI scans show atrophy in different regions
of the brain, and an overall change in cortical thickness is observed due to hypoperfusion in
AD patients [34]. The thickness of the cortex is an important predictive measure of evolution
to AD for subjects with mild cognitive impairment [34]. Carriers of the APOE4 allele, a
demographic reported to have glucose hypo-metabolism, demonstrate hastened cortical
thinning in areas most vulnerable to aging (medial prefrontal and peri-central cortices) as well
as in areas associated with AD and amyloid-aggregation (e.g. occipito-temporal, basal
temporal cortices and hippocampus) [34]. Ageing is the leading risk factor for the development
of late-onset AD. Aberrations in vascular ultrastructure, vascular reactivity, resting cerebral
blood flow and oxygen metabolism are all associated with age and act as a catalyst for
cerebrovascular diseases and subsequent cognitive deficits [40]. To cope with the decrease in
blood flow, the brain has evolved a compensatory mechanism whereby it increases the
formation of blood vessels resulting in hypervascularity, a phenomenon which is seen not only
in mouse models [40—43] but also in post-mortem samples of AD patients [43].

2.3. Involvement of angiogenesis and not apoptosis

The ‘vascular hypothesis’ as stated currently, defends that the vascular damage is a conse-
quence of diminished blood perfusion of the brain, leading to hypoperfusion/hypoxia causing
the BBB dysfunction [44]. A subsequent amalgamation of accumulated A, neuro-inflamma-
tion, and the eventual disintegration of the neurovascular unit is seen, culminating in vascular
death [13, 25, 45]. In a state of hypoperfusion, the hypoxia-inducible factors initiate angiogen-
esis (the formation of blood vessels) through the up-regulation of pro-angiogenic factors [25].
The main player in this blood vessel formation is VEGF, which induces differentiation and
proliferation of endothelial cells from its progenitors, the hemangioblast and the angioblast
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[46]. This forms an inefficiently differentiated primitive vascular plexus (vasculogenesis) [47].
The vascular plexus undergoes remodelling, that is triggered by the angiopoietin-1 (Ang-1),
into a hierarchically structured mature vascular system established through endothelial cell
sprouting, trimming differentiation and pericyte recruitment (normal angiogenesis) [48]. In
contrast to these events in AD, it is observed that, a downstream cell signalling molecule to
VEGEF, angiopoietin-2 (Ang-2), destabilizes the vessel wall of mature vessels [32, 49-51]. The
quiescent endothelial cells become sensitive to VEGF (and other angiogenic factors), prolifer-
ate indiscriminately, migrate to form new vessels that are not able to mature and eventually
lead to the establishment of a leaky network of blood vessels [32]. This phenomenon is termed
as pathological angiogenesis, which is a common occurrence seen during the evolution of
tumours. In accordance with the current version of the ‘vascular hypothesis', the BBB
disruption is due to vascular cell death caused by apoptosis and angiogenesis would only be
required to ensure tissue regeneration and likely be limited to replacing the damaged tissues
and ensuring oxygenation of brain tissues [12, 13]. However, this role of apoptosis in BBB
dysfunction is highly debated. Recent studies have shown that endothelial cell proliferation,
during pathological angiogenesis, results in hypervascularity [12]. As a compensatory
mechanism to the decreased blood flow caused by the leaky blood vessel network, vascular
remodelling and structural changes take place in the physical arrangement of the tight junction
proteins, resulting in compromised BBB integrity [12, 52]. The work of Biron ef al. characterized
the relationship between amyloidogenesis and BBB integrity, through changes in the TJ
morphology in the Tg2576 AD mouse. They reported that the Tg2576 AD mice exhibit no
apparent vascular apoptosis but have significant TJ disruption, which was seen directly linked
to pathological angiogenesis, resulting in a significant increase in vascular density in AD brain
[12]. Hence, it can be said that these data support the model that T] disruption results from
increased vascular permeability that takes place during extreme neovascularization in AD.

2.4. Angiogenesis: inflammation and vascular activation

Increasing evidence suggest that the vascular perturbation appears as a common feature in AD
pathology as its hallmarks: amyloid plaques and neurofibrillary tangles. Over the years,
emphasis has still been given to the accumulation of Ap in AD, which, as a result of its impaired
clearance from the brain, is thought to be responsible for the onset of cognitive decline [39, 53—
55]. Paradoxical to this hypothesis, aggregated AP can be extensively present in the human
brain in the absence of AD symptoms [56-58]. Although A plays a crucial role in AD, it is
neither necessary nor by itself sufficient to cause full AD pathology [27]. The alternate idea is
that the mere production of AB (amyloidogenesis), promotes extensive pathological angio-
genesis, leading to the redistribution of T]s, which then causes disruption to the BBB integrity,
thereby increasing vascular permeability, subsequent hypervascularization and eventual AD
pathology. This alternate ‘vascular hypothesis’ stems from a body of data that now establishes
hypervascularization as a mechanistic explanation for amyloid-associated T] pathology [12].
It provides new modalities for therapeutic intervention that target the restoration of the BBB
by modulating angiogenesis, thereby possibly preventing AD onset and potentially repairing
damage in the AD brain. A second study by Biron et al. demonstrated that immunization with
AP peptides neutralized the amyloid trigger that causes pathological angiogenesis and thereby
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reverses hypervascularity in Tg2576 AD mice [59]. The A plaques were seen to be dissolved,
solubilized A3 removed from the brain parenchyma along perivascular drainage routes, which
resulted in a decrease in the hypervascularity [59]. This supports a vascular angiogenesis model
for AD pathophysiology and provides the first evidence that modulating angiogenesis repairs
damage in the AD brain.

Pathological angiogenesis and hypervascularization in an AD brain occurs in response to
impaired cerebral perfusion (oligaemia) and inflammatory response to vascular injury [60].
We have already discussed the impaired perfusion in Section 2.2. In this section, we will look
at the inflammatory activation of angiogenesis. Morphological and biochemical evidences
present themselves in the form of regionally increased capillary density, unresolved vascular
sprouting, glomeruloid vascular structure formation, and up-regulated expression of angio-
genic factors: VEGEF, transforming growth factor 3 (TGF ) and tumour necrosis factor o (TNF
a) [60]. In AD, inflammatory pathways, when stimulated, cause the release of angiogenic
cytokines such as thrombin and VEGF, contributing to pathological angiogenesis [60]. It is
hypothesized that a thrombogenic region develops in the endothelial cells of the vessel wall,
leading to intra-vascular accumulation of thrombin. This thrombin activates the vascular
endothelial cells to secrete amyloid precursor protein via a receptor-mediated protein kinase
C-dependent pathway [60]. Progressive deposition of amyloid precursor protein leads to
accumulation of the AP plaques, which generates more reactive oxygen species and induces
further endothelial damage in a cycle of neurotoxic insult. This establishes a cycle of neuro-
toxicity and death, instituted by the discharge of thrombin following Ap-induced neuroin-
flammatory responses [60]. Other studies further support the interaction of Af with thrombin
and fibrin throughout the clotting cascade, to increase neurovascular damage and neuroin-
flammation [61-63]. Astrocytes, cultured in vitro and stimulated with AP, showed a release of
neuroinflammatory cytokines that resulted in the increased expression of VEGF [49, 50]. Other
pro-inflammatory cytokines, such as interleukin-1§3 are increased during AD and known to
induce VEGF and growth of new blood vessels [52, 64].

Consequential evidence is present implicating Af3 as a vasculotrope, modulating blood vessel
density and vascular remodelling through angiogenic mechanisms. Brain microvessels have
been shown to be closely associated with Af3 plaques with the aid of ultrastructural studies.
It was observed that that AD brain capillaries contained pre-amyloid deposits [60]. A
stimulates angiogenesis in a highly conserved manner, which is speculated to be mediated
through vy-secretase activity and Notch signalling [60, 65]. The in vitro studies of human
umbilical vein endothelial cells (hUVEC), exposed directly to AB1-40 and AP1-42, show an
angiogenic effect on the hUVEC, which exhibited an increase in the number of tip cells and
branching [60].

The indication for AB-related angiogenesis has been extended in vivo as well, which can be
observed with the chick embryo chorioallantoic membrane assay [65]. A31-40 and A[1-42
stimulated embryos illustrated escalated vascular growth [65]. In vivo studies, using various
APP mutant AD mouse models that have an overproduction of Af, show modifications in
brain vasculature compared to the wild-type animals [12, 25]. APP23 AD model mice exhibit
significant blood flow alterations correlated with structural modifications of blood vessels [51].
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A study using three-dimensional architectural analysis [51], revealed significant changes to be
accelerated only in the amyloid positive vessels [64]. Interestingly, brain homogenates taken
from A-overexpressing AD model mice, demonstrated an increase in the formation of new
vessels in an in vivo angiogenesis assay [52]. This increase in vessels was blocked on exposure
to a VEGF antagonist [52]. The vascular changes observed in these mice may be thought to be
due to unrelated, ‘off-target’ effects of the APP mutation. However, the fact that the vascular
changes observed in transgenic mice correlate well with vascular disturbances reported in
human AD brains, it is safe to say that angiogenesis plays a crucial role in the establishment
of AD pathology.

Post-mortem studies of human brains also show evidence of increased angiogenesis in the
hippocampus, mid-frontal cortex, substantia nigra pars compacta, and locus coeruleus of AD
brains compared to healthy individuals [43]. Further analysis found no correlation between
the number of microglia (activation of apoptosis) and angiogenesis or microglia with vessel
density, suggesting that it may be the presence of A that is initiating angiogenesis (and not
activation of apoptosis) and subsequently causing BBB dysfunction [66, 67].

It is seen that there are additional proteins at the BBB, which act to regulate brain Ap levels
and the disruption of which takes the brain towards up-regulated angiogenesis. The receptor
for advanced glycation products (RAGE), a multi-ligand receptor, regulates the entry of
peripheral A to the brain [67-69]. Its expression is up-regulated by binding with ligands
including AP and pro-inflammatory cytokine-like mediators [67]. This facilitates the entry of
Ap into the cerebral neurons, microglia and vasculature [69]. In vitro studies have also
implicated RAGE in the vascular pathogenesis of AD, by suppressing the CBF, leading to
hypoperfusion [67, 70].

3. Haemostatic mechanisms in relation to angiogenesis in AD

Maintenance of the fluidity of blood and limiting its loss upon blood vessel endothelium injury
is a crucial physiological process known as haemostasis [71]. Haemostasis is possible due to
the existence of a delicate balance between pro-coagulation and anti-coagulation along with
numerous pathways and feedback loops [71, 72]. Haemostasis has three distinct phases—
where the primary haemostasis is involved in adhering platelets to site of injury, forming a
‘haemostatic or platelet plug’ [71]; secondary haemostasis—which involves the activation of
coagulation cascade, culminating in a fibrin clot; the last stage—which is fibrinolysis, or the
dissolution of the clot [71]. Accompanied with vascular dysfunction, an altered haemostatic
scenario is increasingly implicated in AD. Majority of the research, barring a few, support an
association of pro-coagulation mechanism in AD. The proteins like transglutaminases are core
components of the coagulation system that could be used as therapeutics to resolve the altered
haemostasis in AD.
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3.1. The involvement of haemostatic factors in angiogenesis: transglutaminases (factor XIIIa
and tTG)

Transglutaminases (TG) are a family of enzymes, which catalyse irreversible post-translational
modifications of proteins [22, 73]. Yamada ef al. put forward the suggestion that TG activity
might contribute to the formation of protein aggregates in AD brain [21]. Though this idea is
debated, tau proteins have been shown to be in support of this hypothesis by being an
appropriate in vitro substrate of TGs [22]. Studies also show that transglutaminase-catalysed
cross-links, co-localize with pathological lesions in AD brain. More recently, amyloid 3-protein
oligomerization and aggregation, at physiologic levels in vitro, have seen to be induced by the
activity of TGs [22]. By these molecular mechanisms, TGs could contribute to AD symptoms
and progression. Though the studies mentioned above support the involvement of TG in
neurodegeneration, they fail to indicate whether aberrant TG activity, per se, directly deter-
mines the disease's progression [22].

Factor XIII (FXIII), a plasma TG, besides clot stabilization, plays an important role in wound
healing and embryo implantation —a process that involves angiogenesis [74]. Haemostasis and
angiogenesis are inter-related as can be seen by the haemostatic proteins assisting the spatial
localization and stabilization of endothelial cells, which is succeeded by growth and repair of
damaged vessels [74]. Post clot stabilization, the coagulation and fibrinolytic proteins regulate
angiogenesis [74]. Thrombin-activated FXIII promotes endothelial cell migration, proliferation
and inhibits apoptosis [74]. It is known to bind endothelial cell integrin av33. This binding
enhances the integrin's interaction with VEGFR2, which then activates downstream, the Erk
and Akt, thus augmenting cell proliferation [74]. This body of data suggests that there is an
altered state of haemostasis that could contribute to AD pathology through angiogenesis.

4. Therapeutic modalities in treating pathogenic angiogenesis in AD

Angiogenesis, as stated by the studies mentioned in this chapter, can be viewed as that stage
in AD pathology where all the different pathways (hypoperfusion, BBB dysfunction, inflam-
mation) merge, leading to the AD pathology. Observations showing increased cerebrovascular
permeability prior to the appearance of the hallmarks of AD, sprout a novel paradigm for
integrating vascular remodelling (angiogenesis) with the pathophysiology of the disease.
Targeting this integral step in the pathophysiology of AD and developing a novel therapeutic
intervention using anti-angiogenic drugs can help to alleviate the global societal burden of
AD.

4.1. Anti-angiogenics: small molecule tyrosine kinase inhibitors

Anti-angiogenics, including small molecule tyrosine kinase inhibitors have been tested and
approved as anti-cancer therapeutics and have shown to maintain normal vascular [75-77].
Sunitinib is a broad spectrum tyrosine kinase inhibitor. This is known to inhibit the phosphor-
ylation of multiple receptor tyrosine kinases and is a potent inhibitor of VEGF as well as
platelet-derived growth factor (PDGF-{3). Currently, it is in use for gastrointestinal stromal
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tumours, renal cell cancer and pancreatic cancer. Sunitinib was shown to decrease the amyloid
burden and reverse cognitive decline in AD model mice, suggesting that if we target angio-
genesis, we can revert the increase in the accumulation of Af3 and abate the cognitive decline
associated with AD [76].

4.2. Biologics and small molecule VEGFR inhibitors

We now know that VEGEF is the prime and central component of pathological blood vessel
formation. There are biologics and small molecules that specifically target the ligand or its
receptor. This specific-targeted therapy could prove more efficient and less deleterious due to
avoidance of unwanted “off target’ effects. A potential therapeutic is Bexarotene, a retinoid X
receptor agonist, is shown to facilitate Af3 clearance via activation of apolipoprotein (APOE)
expression and promoting microglial phagocytosis [78]. Bexarotene counteracts VEGEF-
mediated angiogenesis by decreasing blood vessel density and reversing cognitive deficits in
AD mice [78].

These are examples of some of the therapeutic routes that could target angiogenesis; however,
understanding the molecular mechanism behind angiogenesis causing eventual AD pathology
is of utmost importance in order to look for safe and effective novel therapeutics for AD and
other vascular diseases.

5. Concluding remarks

As the Western world ages, AD represents an ailment that will place a significant burden on
all the aspects of society. This burden, primarily placed on family caregivers, has been
estimated to cost billions in lost productivity and healthcare costs (both direct and indirect).
Currently, there is a lack of understanding regarding the cause(s) of the disease that translates
into a lack of viable treatments or cures. Over the years, limited progress has been made with
regards to the clinical translation of the popular amyloid hypothesis for treating AD and hence
new thinking towards AD pathogenesis is required. Vascular risk factors and neurovascular
dysfunction associated with hypotension, hypertension, cholesterol levels, type II diabetes
mellitus, smoking, oxidative stress and iron overload have been found to play integral roles
in the pathogenesis of stroke and AD. Observations showing increased cerebrovascular
permeability prior to the appearance of the hallmarks of AD, sprout a novel paradigm for
integrating vascular remodelling (angiogenesis) with the pathophysiology of the disease.
Taking this into account, research focused on understanding the molecular mechanism behind
the pathophysiology of angiogenesis leading to AD pathology will mediate in developing
novel therapeutic interventions targeting this pathological blood vessel formation help to
alleviate the global societal burden of AD.
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Abstract

The balance between vascular oxygen supply and metabolic demand for oxygen within
the vasculature is tightly regulated. An imbalance leads to hypoxia and a consequential
cascade of cellular signals that attempt to offset the effects of hypoxia. Hypoxia is invari-
ably associated with atherosclerosis, wound repair, inflammation and vascular disease.
There is now substantial evidence that hypoxia plays an essential role in angiogenesis as
well as plaque angiogenesis. It controls the metabolism, and responses of many of the
cell types found within the developing plaque and whether the plaque will evolve into a
stable or unstable phenotype. Hypoxia is characterized in molecular terms by the stabili-
zation of hypoxia-inducible factor (HIF)-1a, a subunit of the heterodimeric nuclear tran-
scriptional factor HIF-1 and a master regulator of oxygen homeostasis. The expression of
HIF-1 is localized to perivascular tissues, inflammatory macrophages and smooth muscle
cells where it regulates several genes that are important to vascular function including
vascular endothelial growth factor, nitric oxide synthase, endothelin-1 and erythropoi-
etin. This chapter summarizes the effects of hypoxia on the functions of cells involved
in angiogenesis as well as atherogenesis (plaque angiogenesis) and the evidence for its
potential importance from experimental models and clinical studies.

Keywords: hypoxia, HIF-1, proliferation, atherosclerosis, plaque formation, blood
vessel

1. Introduction

The circulatory system develops early in mammalian embryogenesis. An oxygen supply is
essential for normal tissue function, development and homeostasis. The vascular network
within the cardiovascular system is essential for the delivery of oxygen, nutrients and other
molecules to the tissues of the body [1]. Oxygen availability serves as an important regulator
of the cardiovascular system. Oxygen balance may be perturbed if there is reduced oxygen
diffusion, or increased oxygen consumption that may be a consequence of rapid cellular divi-
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sion during embryonic development, by tumour growth, or by vasculature dysfunction due
to vessel occlusion or rupture [2].

Hypoxia is defined by a reduced oxygen tension relative to those normally extant within a
particular tissue. It has multiple impacts on the vascular system and cell function [3]. The
effects of moderate hypoxia (3-5% O,) are usually reversible and are usually accompanied by
adaptive physiological responses in the cells. A lower oxygen tension (0-1% O,) contributes
to the pathophysiology of tumour progression and cell apoptosis [4] and is a feature of condi-
tions that include cancer, ischemic heart disease, peripheral artery disease, wound healing
and neovascular retinopathy. Hypoxia promotes vessel growth by stimulating an upregula-
tion of multiple proangiogenic pathways that mediate key aspects of endothelial, stromal
and vascular support cell biology. The role of hypoxia in human disease is now becoming
increasingly clear [5] including the association between hypoxia and endothelial dysfunction
that affects several cellular processes and signal transduction.

Hypoxia can occur in several ways: (1) hypoxic hypoxia is caused by an insufficient oxygen
concentration in the air in the lungs, which may occur during sleep apnea, when the diffusion
of oxygen to the blood is reduced, or at high altitude; (2) hypoxemic hypoxia occurs when the
blood has reduced transport capacity as seen in carbon monoxide poisoning when haemo-
globin cannot carry oxygen at its normal concentrations; (3) stagnant hypoxia results when
the cardiac output does not match the demands of the body and the flow is not sufficient to
deliver enough oxygenated blood to the tissue and (4) histotoxic hypoxia occurs when cells
cannot utilize the available oxygen, for example following cyanide poisoning when oxygen
cannot be used to produce ATP as the mitochondrial electron transport is inhibited.

Chronic tissue hypoxia (an oxygen tension of 2-3% for a prolonged period of time) may cause
uncontrolled proliferation of cells. When physiological oxygen concentrations are restored,
the increased blood flow supplies excessive oxygen; this may then lead to increased free-
radical generation, tissue damage and concomitant activation of stress-response genes; a con-
dition known as ‘reoxygenation injury’. In these circumstances, normal cells/tissues may not
survive; but tumour cells are still able to proliferate despite the hypoxic milieu, as they have
developed genetic and adaptive changes leading to resistance to hypoxia [6].

Hypoxia plays important roles in normal human physiology and development. For exam-
ple, it is integral to normal embryonic development. Whatever the cause, or the severity of
hypoxia, it leads to an induction of adaptive responses within the endothelial and vascular
smooth muscle cells through the activation of genes that participate in angiogenesis, cell pro-
liferation/survival and in glucose and iron metabolism [7].

In healthy vascular tissue, vascular smooth muscle cells (SMCs) and endothelial cells (ECs)
proliferate at very low levels. However, SMCs and ECs can be stimulated to re-enter the cell
cycle in response to several physiological and pathological stimuli. Hypoxia is considered an
important stimulus of SMC and EC proliferation and is found in atherosclerotic lesions and
rapidly growing tumours [4].

The proliferation of ECs is pivotal to the formation of new micro-vessels and is important
during organ development in embryogenesis and tumour growth, and also contributes to
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diabetic retinopathy, psoriasis, rheumatoid arthritis and atherosclerosis. Abnormal SMC pro-
liferation contributes to atherosclerosis, intimal hyperplasia after angioplasty and graft ath-
erosclerosis after coronary transplantation [8, 9].

2. Consequences of hypoxia

Most cells are able to survive under hypoxic conditions through the transcriptional activa-
tion of a series of genes. The oxygen-sensitive transcriptional activator, hypoxia-inducible
factor-1 (HIF-1) is the key transcriptional mediator of the hypoxic response and master
regulator of O, homeostasis. It orchestrates the profound changes in cellular transcription
that accompanies hypoxia by controlling the expression of numerous angiogenic, meta-
bolic and cell cycle genes. Accordingly, the HIF pathway is currently viewed as a master
regulator of angiogenesis [5].

HIF-1 is normally only found in hypoxic cells. It is a heterodimer that is composed of an
O,-regulated HIF-1la subunit and a constitutively expressed HIF-13 subunit [10]. In the
a-subunit, there is an oxygen-dependent degradation (ODD) domain, where the 4-hydroxy-
proline formation is catalysed by proline-hydroxylase-2 (PHD-2). This leads to its ubiqui-
tination by the von Hippel-Lindau E3 ubiquitin ligase (VHL) and subsequent proteasomal
degradation under normoxic cellular conditions. This prevents the formation of a functional
HIF dimer [11]. Since PHDs require oxygen for their catalytic activity, and function as cellu-
lar oxygen sensors, HIF degradation only occurs under normoxic conditions. Factor inhibit-
ing HIF-1 (FIH) protein, which hydroxylates HIF-1, also contributes to HIF-1 inactivation in
normoxic conditions, and thereby prevents the interaction of this subunit with the two tran-
scriptional co-activators of HIF-1: p300 and CREB-binding protein (CBP) which are essential
for HIF-1 transcription. Expression and stabilization of the HIF-1 complex is also regulated
through feedback inhibition, as PHD-2 itself is activated by HIF-1 [12].

Under hypoxic conditions, HIF-1 protein is stable and active as the hydroxylase, VHL pro-
teins, and FIH are all inhibited by a lack of oxygen. HIF-1 is then able to interact with its co-
activators and can dimerize with its constitutively expressed (3-subunit [12]. Once stabilized,
the HIF-1 protein can bind to the regulatory regions of its target genes, inducing their expres-
sion; these target genes include VEGF (vascular endothelial growth factor) [13], erythropoi-
etin [14] and nitric oxide synthase (NOS) [15, 16] and other proangiogenic factors such as PIGF
(placental growth factor), or angiopoietins [12] (Figure 1).

It has been proposed that the induction of a pseudo-hypoxic response by inhibiting HIF pro-
lyl 4-hydroxylases may provide a novel therapeutic target in the treatment of hypoxia-asso-
ciated diseases [17].

Several small molecules, such as dimethyloxalyl glycine [18], Roxadustat (FG-4592) [19] and
ZYANTI [20], have been developed to inhibit prolyl hydroxylase domain-containing (PHD)
enzymes, and cause HIF activation [21]. These agents have been applied to the treatment of
renal anaemia in which there is a deficiency of erythropoietin [22, 23]. The administration of
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Figure 1. Regulation of the hypoxia-inducible transcription factor (HIF-1a) pathway. Under normal oxygen tensions
(normoxia), prolyl hydroxylase (PHD) enzymes, von Hippel-Lindau protein (pVHL), the ubiquitin ligase complex (Ub)
and factor inhibiting HIF-1 (FIH) are active leading to HIF-1la proteasomal degradation. Under hypoxic conditions,
PHD, pVHL and Ub are not active leading to its cytoplasmic accumulation of HIF-1a. The HIF-1a gene is transcribed
in the nucleus with the help of specificity protein (Sp) 1, P300, and HIF-1{ leading to transcription of HIF target genes
such as EPO, NOS and VEGF.

these compounds is associated with an improved iron profile and an increase of endogenous
erythropoietin production to near the physiological range. The clinical trials currently under-
way aim to address whether PHD enzyme inhibitors will improve clinical end-points, includ-
ing cardiovascular events [24]. PHD inhibitors have been reported to reduce blood pressure
[22] and plasma cholesterol concentrations [19]. Hence, there is a good reason to believe that
some PHD inhibitors will reduce cardiovascular endpoints in patients with renal disease.
Whether they will benefit a broader category of patients with high risk of cardiovascular
disease is difficult to predict.

Hydroxylase activity can be also rescued by mutating specific regions, or by adding cobalt
ions to the cell, the latter of which presumably compete for iron-binding sites. Some hydroxy-
lases in the prolyl family can be selectively inhibited by Adriamycin in vitro. Cobalt (II) and
nickel (II) ions increase HIF-1 activity in cells, presumably because these ions displace iron
from the active sites of 2-oxo-glutarate (20G) hydroxylases [12].

It has been shown that HIF-1a can be regulated by non-hypoxic stimuli such as lipopolysac-
charides (LPS), thrombin and angiotensin II (Ang II) [25]. Hormones such as angiotensin II
and platelet-derived growth factor stimulate the HIF pathway by increasing HIF-1a pro-
tein levels through production of reactive oxygen species (ROS) within the cell. Although
the exact mechanism for this is unclear, it appears to be entirely distinct from the hypoxia
pathways.
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Thrombin and other growth factors appear to increase angiogenesis through HIF-1a protein
agonist mechanisms. Insulin similarly activates HIF-1a through the action of multiple protein
kinases necessary for expression and function. p53 is responsible for promoting ubiquitina-
tion of HIF-1a, and may be an another possible target for enhancing HIF-1. Homozygous
deletion of the p53 gene has been found to cause HIF-1 activation [26]. Gene therapy may
eventually be used to increase HIF-1 levels and relieve complications of ischemia. For exam-
ple, delivery of a stabilized, recombinant form of HIF-1a through adeno-associated virus
(AAV) in order to overexpress HIF-1 has been shown to result in significantly increased capil-
lary density in skeletal muscle [27]. While gene therapy approaches aimed at the process and
effects of angiogenesis continue to be developed and studied, higher levels of success in pre-
clinical trials currently are being sought before clinical applications are pursued. Amongst the
remaining obstacles in using gene therapy for this purpose is the effective mode of delivery
[12]. Inhibition of PHD2 using siRNA has been shown to decrease cardiac infarction size in
murine models [28, 29].

In addition to HIF-1a, there are two other members of HIF superfamily that have been
described: HIF-2 and HIF-3 [30]. Both are important regulators of the hypoxia response
with similar actions as HIF-1 [31] and lead to the transcriptional activation of target
genes in hypoxia [32]. However, Eubank et al demonstrated opposing roles for the HIFs
in tumour angiogenesis, with HIF-1 exhibiting proangiogenic properties that act through
its effects on VEGF secretion, whereas HIF-2 exhibits anti-angiogenic activity by induc-
ing the production of the endogenous angiogenesis inhibitor, sVEGFR-1 [33]. HIF-3a has
complementary functions, rather than redundant to HIF-1a induction in protection against
hypoxic damage in alveolar epithelial cells in protection against hypoxic damage in alveo-
lar epithelial cells [34].

Although the oxygen-sensing mechanism involving oxygen-dependent hydroxylation of the
HIF-a subunits is probably a universal mechanism in cells, and has been highly conserved
during evolution, additional regulatory steps appear to determine which of the alternative
subunits is induced [34]. One of the best studied hypoxic responses that will be discussed in
this chapter is the induction of angiogenic factors and growth factors, which lead to the for-
mation and growth of new blood vessels.

3. Hypoxia and angiogenesis

Blood vessels formation occurs through two basic mechanisms: (1) vasculogenesis repre-
sents de novo formation of blood vessels, and is derived from endothelial progenitors and (2)
angiogenesis and arteriogenesis (formation of blood vessels from pre-existing blood vessels).

Angiogenesis is a tightly regulated multi-step process that begins when cells within a tissue
respond to hypoxia. When tissues grow beyond the physiological oxygen diffusion limit, the
relative hypoxia triggers expansion of vascular beds by inducing angiogenic factors in the
cells of the vascular beds, which are physiologically oxygenated by simple diffusion of oxy-
gen. Angiogenesis may be a physiological process, as in the case in embryonic development,
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wound healing or vessel penetration into avascular regions. It may also be pathological, for
example when it occurs during the formation of solid tumours, eye disease, chronic inflamma-
tory disorders such as rheumatoid arthritis, psoriasis and periodontitis and atherosclerosis.

The regulation of angiogenesis (whether in physiological or pathological cases) by hypoxia
is an important component of homeostatic mechanisms that link vascular oxygen supply to
metabolic demand. An understanding of the processes involved in angiogenic, the role of
the interacting proteins involved, and how all this is regulated by hypoxia through an ever-
expanding number of pathways in multiple cell types may lead to the identification of novel
therapies and modalities for ischemic vascular diseases as well as diseases characterized by
excessive angiogenesis, such as rheumatoid arthritis, psoriasis, tumours, ischemic brain and
heart attack [5, 6].

Angiogenesis in hypoxia is regulated by several pro- and anti-angiogenic factors [1]. HIF-1
has been established as the major inducer of angiogenesis [35]. It regulates the transcription of
VEGEF, a major regulator of angiogenesis which promotes endothelial cell migration towards
the hypoxic area. During hypoxia, HIF-1 binds to the regulatory region of the VEGF gene,
inducing its transcription and initiating its expression. VEGF is then secreted and binds to
cognate receptor tyrosine kinases (VEGFR1 and VEGFR?2) located on the surface of vascular
endothelial cells triggering a cascade of intracellular signalling pathways that initiate angio-
genesis [10]. These endothelial cells are recruited to form new blood vessels which ultimately
supply the given area with oxygenated blood [12]. Interestingly, recent studies have shown
that hypoxia influences additional aspects of angiogenesis, including vessel patterning, matu-
ration and function [5].

Other factors such as angiopoietin-2/angiopoietin-1 [36, 37], angiopoietin receptor (Tie2) [38],
platelet-derived growth factor (PDGF) [39], basic fibroblast growth factor (bFGF) [40] and
monocyte chemoattractant protein 1 (MCP-1) [41] have also been reported to be responsible
not only for increasing vascular permeability, endothelial sprouting, maintenance, differen-
tiation and remodelling but also cell proliferation, migration, enhancement of endothelial
assembly and lumen formation (Figure 2). In hypoxia, angiogenesis is also modulated by
several factors that are secreted by leucocytes, which produce a high abundance of angiogenic
factors, various interleukins such as TGF-f1 and MCP-1 and proteinases [42]. Thus, hypoxia
provides an important environmental stimulus not only for angiogenesis but also for related
phenomena in the hypoxic or surrounding area, suggesting that hypoxia is more than simply
a regulator of angiogenesis [6].

Angiogenesis may be detrimental when it is excessive. Therefore, angiogenic factors must be
highly active but also be tightly regulated. Angiogenesis that is associated with pathological
consequences may exhibit differences in the responsible molecular pathways in comparison
to physiological angiogenesis. Mutations in oncogenes and tumour suppressor genes and dis-
ruptions in growth factor activity play an important role in tumour angiogenesis. The activa-
tion of the most prominent proangiogenic factor VEGF might be due to physiological stimuli
such as hypoxia or inflammation or due to oncogene activation and tumour suppression func-
tion loss. Physiological angiogenesis that occurs during embryonic development or wound
healing seems to be dependent on VEGF signalling, whereas tumour angiogenesis adopts
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Figure 2. HIF-1a regulates factors involved in developmental and pathological angiogenesis. HIF-1a directly regulates
genes involved in steps such as vasodilation, increased vascular permeability, extracellular matrix remodelling and
proliferation.

the ability to shift its dependence from VEGF to other proangiogenic pathways, for example,
through the recruitment of myeloid cells and the upregulation of alternative vascular growth
factors (PIGF and FGF) [1].

The identification of alternative ways of inhibiting tumour growth by disrupting the growth-
triggering mechanisms of increasing vascular supply through angiogenesis will depend on
the understanding of how tumour cells develop their own vasculature. Other cofactors are
essential to ensure maximum efficiency of the transcriptional machinery related to changes
in oxygen availability within cells/tissues, and the roles of different HIFs in eliciting hypoxic
responses seem to be more divergent as originally assumed. Chen et al. have shown new
regulatory interactions of HIF-related mechanisms involving the interactions of basic HIFs,
HIF-1a and HIF-2a with their regulatory binding proteins, histone deacetylase 7 (HDAC?)
and translation initiation factor 6 (Int6), respectively [6]. Int6 induces HIF- 2 degradation. In
addition, silencing of Int6 produces a potent, physiological induction of angiogenesis that
may be useful in the treatment of diseases related to insufficient blood supply. The newly
discovered binding proteins-HDAC? for HIF-1 and Int6 for HIF-2 support the assumption
that the 2 HIF isoforms play distinct roles in eliciting hypoxia-related responses. HIF-2 may
be considered as one of the master switches for inducing angiogenic factors at least in some

cell types [6].

The hypoxia/reoxygenation cycle leads to the formation of reactive oxygen species (ROS)
that may subsequently regulate HIF-1 but in a rather complex manner. It has been suggested
that ROS promote angiogenesis, either directly through stimulation of HIF-1 genes that are
involved in stimulating angiogenesis, such as NOS and NADPH oxidase orthrough the gen-
eration of active oxidation products, including lipid peroxides. ROS are associated with the
development of several chronic diseases that include atherosclerosis, type 2 diabetes mellitus,
and cancer [43]. Although ROS have damaging effects on tissues, causing cell death at high
concentrations, lesser degrees of oxidative stress may play a positive role during angiogene-
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sis, or other pathophysiological processes. Angiogenesis induced by oxidative stress involves
vascular endothelial growth factor (VEGF) signalling, although VEGF-independent pathways
have also been identified [44].

The clinical importance of this biological process has become increasingly apparent over the
last decade, and angiogenesis now represents a major focus for novel therapeutic approaches
to the prevention and treatment of multiple diseases, most notably ischemic cardiovascular
disease and cancer [10].

4. Atherosclerosis and plaque angiogenesis

Considering the important contributions of HIF-1 in angiogenesis, it may also be a promising
target for treating ischaemic disease [1] and pressure-overload heart failure [45].

Atherosclerosis causes clinical disease through the occlusion of the arteries as a result of
excessive build-up of plaque within the artery wall resulting from the accumulation of choles-
terol, fatty material and extracellular matrix. This causes obstruction in the blood flow to the
myocardium (coronary heart disease), brain (ischemic stroke) or lower extremities (peripheral
vascular). The most common of these manifestations is coronary heart disease that includes
stable angina pectoris and the acute coronary syndromes [46].

Coronary heart disease (CHD) is a major cause of mortality globally (1 in every 6 deaths
annually). An estimated £2bn per annum is used to treat CHD and its co-morbidities [47].
Arterial injury plays a key role in the initiation and progression of CHD [48]. Treatments
for CHD range from lifestyle changes and non-invasive medical therapies to pharmacologi-
cal therapies and open surgical interventions. Despite the widespread use of drugs such as
statins, there remains a significant proportion of individuals for whom response to therapy is
sub-optimal, and who develop atherosclerosis [49, 50].

Atherosclerosis is a lipoprotein-driven disease affecting medium and large arteries that
leads to plaque formation at specific sites of the arterial tree through intimal inflamma-
tion, necrosis, fibrosis and calcification. It is a chronic inflammatory process that involves
increased oxidative stress, endothelial damage, and smooth muscle cell proliferation and
migration. It is associated with several established risk factors, including hypertension,
hyperglycaemia, ageing and dyslipidaemia [51]. It is important to control the factors
involved in the progression of atherosclerosis because advanced atherosclerotic lesions are
prone to rupture, leading to disability or death. Plaque at risk of rupture has been a major
focus of research [52]. There is an emerging need for new therapies to stabilize athero-
sclerotic lesions. Further understanding of the effects of hypoxia in atherosclerotic lesions
could indicate potential therapeutic targets [53, 54]. The presence of hypoxia in human
carotid atherosclerotic lesions correlates with angiogenesis. Hypoxia plays a key role in
the progression and development of advanced lesions by promoting lipid accumulation,
increased inflammation, ATP depletion and angiogenesis. A recent study has convincingly
demonstrated the presence of hypoxia in macrophage-rich regions of advanced human
carotid atherosclerotic lesions [53].
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4.1. Evidence for hypoxia within atherosclerotic plaque

Hypoxia in atherosclerotic plaques is now widely recognized, because of the use of specific
probes in imaging studies [4]. Imaging plaque hypoxia could provide a means of assessing puta-
tive culprit lesions that are at risk of rupture, and are consequentially liable to adverse outcomes.

Hypoxia has been consistently found in atherosclerotic plaques in vivo in humans and animal
models using different biomarkers [55]. The immunologically identifiable hypoxia marker,
7-(4"-(2-nitroimidazole-1-yl)-butyl)-theophylline (NITP), has been used to assess hypoxia in
three murine models in vivo. NITP can bind to cells under low-oxygen conditions [56, 57].

Other non-invasive imaging techniques have also been applied, which directly target plaque
hypoxia, and these techniques are now being further validated in human studies. The met-
abolic marker F-fluorodeoxyglucose (FDG) has been used to detect human atherosclerosis
in vivo and may also serve as an indirect marker of plaque hypoxia as the enhanced glu-
cose uptake in anaerobic metabolism results in an increased uptake of the labelled FDG
[58]. F-18-fluoromisonidazole positron emission tomographic (PET) has been used for the in
vivo assessment of hypoxia in advanced aortic atherosclerosis in rabbits where hypoxia has
been found to be predominantly confined to the macrophage-rich regions within the ath-
eromatous core, whereas the macrophages close to the lumen were hypoxia negative [47].
This was then related to hypoxia assessed by ex vivo tissue staining using pimonidazole, and
immuno-staining for macrophages (RAM-11), new vessels (CD31) and hypoxia-inducible
factor-1 a. ®¥F-fluoromisonidazole (**F-FMISO), a cell permeable 2-nitroimidazole derivative
that is reduced in vivo by nitroreductases, regardless of the intracellular oxygen concentra-
tion, has been one of the leading radiotracers for imaging hypoxia [47]. In human studies,
this imaging approach has been coupled with quantitative polymerase chain reaction (qPCR)
and immune-staining of plaques tissues recovered by carotid endarterectomy to determine
the gene expression of HIF-1a and cluster of differentiation 68 (CD68, a marker of inflam-
mation). HIF-1a and CD68 expression were both found to be significantly correlated with
F-FDG-uptake, indicating an association between the presence of hypoxia, inflammation and
increased glucose metabolism in vivo [59].

Imaging plaque biomarkers such as CRP, interleukins 6, 10 and 18, soluble CD40 ligand, P-
and E-selectin, NT-proBNP, fibrinogen and cystatin C show great potential in the prediction
and improvement for vascular patients [60].

4.2. The development of a hypoxic environment within the atherosclerotic plaque

Hypoxia has been identified as a potential factor in the formation of vulnerable plaque, and
it is clear that decreased oxygen plays a role in the development of plaque angiogenesis lead-
ing to plaque destabilization [61]. There have been a number of hypotheses of atherogenesis
(plaque angiogenesis) proposing that an imbalance between the demand for and supply of
oxygen in the arterial wall is a key factor in the development of atherosclerosis [2, 62].

During atherogenesis, the intima (the innermost layer of the artery wall) may thicken by the
accumulation of cells and matrix, and the diffusion of oxygen can then become impaired. The
vasa vasorum, forming the network of small blood vessels, are vulnerable to hypoxia espe-
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cially at the site of arterial branching as they are end arteries and the blood flow is reduced in
this region. It has been hypothesized that hypoxia within the vasa vasorum is due to reduced
blood flow and consequent endothelial dysfunction, local inflammation and permeation of
large particles such as microbes, LDL-lipoprotein and fatty acids which are transformed by
macrophages into foam cells [63, 64], which may be an initiating factor in atherosclerosis
[65]. Therefore, the micro-environment within the atherosclerotic plaque is thought to be an
important determinant of whether a plaque progresses, and the likelihood of clinical compli-
cations. Recent reports provide substantial evidence that there are regions within the plaque
in which hypoxia can be identified [46].

In addition to being a marker of hypoxia, HIF-1a may directly enhance atherogenesis through
several mechanisms, including smooth muscle cell proliferation and migration, new vessel
formation (angiogenesis) and altered lipid metabolism [66]. The effects of HIF-1a on macro-
phage biology and subsequent promotion of atherogenesis has been studied in mice. HIF-1a
expression in macrophages affects their intrinsic inflammatory profile and promotes the
development of atherosclerosis [67]. Hence, HIF-1a may play a key role in the progression
of atherosclerosis by initiating and promoting the formation of foam cells, endothelial cell
dysfunction, apoptosis, increasing inflammation and angiogenesis [68].

It has been also proposed that the state of hypoxia, present in the atherosclerotic plaques of
mice deficient in apolipoprotein E (ApoE” mice), may promote lipid synthesis, and reduce
cholesterol efflux through the ATP-binding cassette transporter (ABCA1) pathway: processes
that are known to be mediated by HIF-1a [55]. Hypoxia has also been reported to increase
the formation of lipid droplets in macrophages to promote the secretion of inflammatory
mediators, and atherosclerotic lesion progression by exacerbating ATP depletion and lactate
accumulation in this model of atherosclerosis [53].

Several HIF-responsive genes have been found to be upregulated in atherosclerosis, such as
VEGEF, endothelin-1 and matrix-metalloproteinase-2 [69]. Hypoxia has the potential to fun-
damentally change the function, metabolism and responses of many of the cell types found
within the developing atherosclerotic plaque, and this may in turn determine whether the
plaque evolves into a stable or unstable phenotype. It is likely that this is mediated through
effects on angiogenesis, extracellular matrix elaboration and lipoprotein metabolism. The
hypoxic milieu in the atherosclerotic plaque may therefore also have implications for the
putative therapeutic interventions for atherosclerosis. However, most in vitro studies have
been conducted under normoxic conditions. The effects observed under these conditions may
not accurately reflect those extant within the plaque [69].

The role of HIF-1 in atherosclerosis is not univocal. Silencing of HIF-1a in macrophages reduces
proinflammatory factors and increases macrophage apoptosis. Hyperlipidaemia impairs
angiogenesis in an HIF-1b and nuclear factor (NF)-kB-dependent manner. Specific knockdown
of HIF-1a in endothelial cells reduces atherosclerosis through reduced monocyte recruitment
[26], whereas knockdown in antigen-presenting cells results in aggravation of atherosclerosis
through T-cell polarization [70]. There is another non-lipid-driven mechanism by which alter-
native macrophages present in human atherosclerosis M(Hb) promote plaque neoangiogenesis
and microvessel incompetence throughan HIF-1a/VEGF-A-dependent pathway [71].
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HIF-1a has also been also implicated in the pathogenesis of in-stent restenosis following
coronary revascularisation, stroke, peripheral artery disease, aortic aneurysm formation and
pulmonary artery hypertension [72], and also appears to be involved in the calcification of
blood vessels, which often accompanies atherosclerosis [73]. Despite being an intracellular
transcription factor, HIF-1 could be possible released into the circulation from damaged cells,
similar to other transcriptional factors such as NF-«B and p53 [73-75].

4.3. Other atherogenic mechanisms of hypoxia

Although plaque angiogenesis is a physiological response that facilitates the increased oxygen
demand in the plaque, it can have adverse effects by facilitating intra-plaque haemorrhage
(IPH) and the influx of inflammatory mediators. IPH as a result of immature plaque neovessels
is associated with subsequent ischemic events. Inflammatory cell, endothelial cell and pericyte
interactions can provide insight into the biological mechanisms of plaque angiogenesis [70].

The recruitment of T lymphocytes and proliferation and migration of smooth muscle and
endothelial cells are essential for atherosclerotic plaque formation and development. During
this process, a number of pro-inflammatory factors and cytokines, leukotrienes and chemo-
kines are increased in expression, especially in lipid-loaded foam cells, such as IL8, tumour
necrosis factor a (TNFa), interleukin (IL)-1,vascular cell adhesion molecule 1 (VCAM-1) and
15-lipoxygenase-2 (15-LOX-2). Moreover, macrophages are trapped in hypoxic areas of the
lesion; however, the exact mechanisms have yet to be determined.

The majority of inflammatory cells contributing to early atherosclerosis probably enter the
artery wall from the lumen [76, 77]. However, the vasa vasorum and associated microvessels
may provide an alternate route by which leucocytes can enter the vascular wall [78]. As ath-
erosclerosis progresses, angiogenic factors within the micro-environment of the plaque may
stimulate new vessel formation. This combination of delicate new vessel network and inflam-
matory cells, that elaborate proteolytic enzymes, may contribute to intra-plaque haemorrhage
and subsequent plaque rupture [79]. The involvement of vasa vasorum and intimal hyper-
plasia in the pathophysiology of atherosclerosis is supported by several experimental animal
studies [80, 81].

Hypoxia may also induce macrophage migration inhibitory factor (MIF). MIF plays a critical
role in the progression of atherosclerosis by several different mechanisms. These include the
MIF-triggered arrest and chemotaxis of monocytes and T cells through its receptors CXCR2/4.
Further, in vivo studies have shown that the blockade of MIF in mice with advanced athero-
sclerosis leads to plaque regression and reduced monocyte and T-cell content. Additionally,
the neuronal signalling molecule Netrin-1 was recently shown to play an important role
in macrophage retention in atherosclerotic plaques. Notably, netrin-1 expression has been
shown to be regulated by hypoxia, but this may be tissue or disease specific [55].

Atherosclerotic lesion formation is associated with vessel wall thickening resulting in regional
limited oxygen exchange. Vascular cells respond to hypoxic conditions with changes in cell
metabolism, angiogenesis, apoptosis and inflammatory responses comparable to cells in
tumours. Local hypoxic regions and hypoxic cells have been identified in human atheroscle-
rotic lesions and in experimental models. Increased oxygen consumption by cells with a high
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metabolic activity, such as macrophages, further depletes the oxygen availability, creating a
hypoxic environment in the atherosclerotic lesion. In macrophages, hypoxia not only affects
the metabolism and lipid uptake but also results in an increased inflammatory response char-
acterized by increased IL-1f3 and caspase-1 activation. Hypoxia also augments the thrombo-
genic potential of atherosclerotic plaques through upregulation of tissue factor.

The identification of specific inflammatory markers pertaining to the arterial wall in ath-
erosclerosis may be useful for both diagnosis and treatment. These include macrophage
inhibiting factor (MIF), leucocytes and P-selectin. Purinergic signalling is involved in the
control of vascular tone and remodelling. Endothelial cells release purines and pyrimi-
dines in response to changes in blood flow (evoking shear stress) and hypoxia. They then
act on P2Y, P2X and P1 receptors on endothelial cells leading to release of EDRF mediated
by nitric oxide and prostaglandins and EDHEF, resulting in vasodilatation. The therapeutic
potential of purinergic compounds for the treatment of vascular diseases, including hyper-
tension, ischaemia, atherosclerosis, migraine and coronary artery and diabetic vascular
disease as well as vasospasm is discussed [82]. Modern therapeutic modalities involv-
ing endothelial progenitor cells therapy, angiotensin II type-2 (AT2R) and ATP-activated
purinergic receptor therapy are notable to mention. Future drugs may be designed to
target three signalling mechanisms of AT2R which are (a) activation of protein phospha-
tases resulting in protein dephosphorylation, (b) activation of bradykinin/nitric oxide/
cyclic guanosine 3”,5"-monophosphate pathway by vasodilation and (c) stimulation of
phospholipase A(2) and release of arachidonic acid. Drugs may also be designed to act on
ATP-activated purinergic receptor channel type P2X7 molecules which acts on cardiovas-
cular system. Better understanding of the vascular inflammatory processes and the cells
involved in the formation of plaques may prove to be beneficial for future diagnosis, clini-
cal treatment and planning innovative novel anti-atherosclerotic drugs [83].

Systemic hypoxia that is, for example, associated with obstructive sleep apnoea (OSA)
also promotes atherosclerosis. The processes by which it may do this include effects on
lipid metabolism and efflux, inflammation, altered macrophage polarization and glucose
metabolism [84].

5. Conclusion

Hypoxia is involved in several pathophysiological processes, including embryogenesis,
angiogenesis and atherogenesis. HIF-1 appears to be an important mediator controlling cel-
lular response to hypoxia. It also appears to be related to atherosclerotic progression and
rupture. A better understanding of the mechanism involved in these processes may provide
some novel therapeutic approaches to the treatment of cardiovascular disease.
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Abstract

This chapter summarizes recent research on the coronary collateral circulation. The chap-
ter is focused on clinical perspectives and importance of a well-developed coronary col-
lateral circulation, the mechanisms of growth induced by chemical factors and a role
for stem cells in the process. Some discussion is devoted to the role of shear stress and
mechanical signaling, but because this topic has been reviewed so extensively in the
recent past, there is only small mention of its role in the growth of the coronary collateral
circulation.

Keywords: arteriogenesis, coronary collateral, ischemic heart disease

1. Introduction

Although arteriogenesis has been studied for approximately a hundred years, there are still
fundamental unanswered questions about the causes of collateral vessel growth, and whether
different factors control growth at varying points in the maturation process. One line of inves-
tigation, spurred by the myriad contributions of Schaper and his colleagues have focused on
mechanical shear stress being the main factor that stimulates collateral growth [1-4]. Although
this hypothesis is well-founded on a large body of experimental data, it does not explain
other observations that show collateral growth in the absence of altered shear stress [5, 6].
Accordingly investigators have proposed that ischemia (via cytokine, chemokine, and growth
factor expression), and the consequential inflammation, is the cause of collateral growth, but
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assessing it has proven to be difficult due to the unclear lines between ischemic regions, nor-
mal circulation, and collateral growth. The hypotheses regarding the causative factor(s) for
collateral growth are not mutually exclusive as there are likely many mechanisms that are
the principal driver, which vary at various points of the process. For example, even if one
maintains that ischemia is the initiating mechanism for collateral growth, it is likely that other
stimuli continue the growth of the vessel after the ischemic stimulus has waned. To provide
perspective for this chapter, we refer to Figure 1, which summarizes four factors that exert
important effects in this adaptive process. The bulk of this chapter will focus on the collateral
growth from a clinical perspective, the role of stem cells, and chemical factors involved in this
process. We will not extensively review the role that shear stress in coronary collateral growth
as this has been reviewed ample times in the past. We also will not review the genetic aspects
because the bulk of this information has been derived from studies of collateral growth in
vascular beds other than the heart, e.g., skeletal muscle and brain [7, 8], although there is some
preliminary information about genetic links to collateral growth in patients [9]. Figure 1 also
shows the anatomical structure of a collateral; namely, an arterial-arterial anastomosis that
connect large coronary perfusion territories. Collateral growth, also known as arteriogenesis,
in the heart involves the abluminal expansion of a preexisting arterial-arterial anastomosis
[10]. The degree of expansion is profound —the caliber of collateral vessels can increase over
an order of magnitude [10]. This degree of expansion would greatly reduce vascular resistance
of these vessels, thereby increasing flow in the area of risk. This increase in flow is the reason
why the collateral circulation exerts beneficial effects through the reduction in infarct size (fol-
lowing a coronary occlusive event) and reduction in the incidence of sudden cardiac death.

We also would like to point out an obvious distinction between the growth of collateral ves-
sels (arteriogenesis) and angiogenesis. These processes are often confused as the same, but

Figure 1. An image of the human coronary circulation depicting large collateral vessels that connect perfusion territories
of major arteries and some factors that regulate their development.



Coronary Collateral Growth: Clinical Perspectives and Recent Insights
http://dx.doi.org/10.5772/67164

they are distinct and have distinguishing characteristics. In A Brief Etymology of the Collateral
Circulation, Faber et al. describe angiogenesis as the formation of capillaries from preexisting
capillaries [11]. In contrast to angiogenesis, arteriogenesis is more the remodeling of preexist-
ing vessels through the “anatomic increase in lumen area and wall thickness.” The causes of
arteriogenesis are more physical, specially, mechanical shear stress and ischemic conditions,
while angiogenesis is caused by chemical conditions such as hypoxia [11].

2. Clinical perspective

Heart disease is extremely prevalent in the United States, where it accounts for every one in
four deaths and almost 735,000 Americans suffer a heart attack each year (Centers for Disease
Control, USA). However, there are numerous differences between these individuals in terms
of response to treatment, future adverse events, and long-term survival rates. One explana-
tion for these differences involves the presence of good collateral growth in certain individu-
als. A 5-year study called Osaka Acute Coronary Insufficiency Study (OACIS) assessed both
acute and long-term survival in patients and came to three important conclusions: (1) patients
with a Rentrop collateral score (RCS) of one or two showed the most promising 5-year sur-
vival rates, (2) RCS of three was associated with a worse 5-year survival rate, (3) RCS of three
was associated with the best survival rates in a specific subgroup of patients with single vessel
disease without previous myocardial infarction (MI) [12]. These first two conclusions can be
explained due to the fact a higher baseline RCS can be indicative of a worse background of
clinical characteristics such as previous MI or angina pectoris resulting in increased mortality
rates, whereas an RCS of one or two was developed in the acute setting negating any adverse
effects of chronic ischemia [12]. The third conclusion states RCS of three is more beneficial
in the setting of single vessel occlusion and without previous MI, which would liken it to
individuals who have RCS of one or two, but without any previous adverse events. In this
subgroup, patients are having increased collateral flow, but without the chronic angina pec-
toris or previous MI improving survival rates [12]. This information leads to an important
conclusion where the increased number of collaterals does not equate to decreased mortality
rates, but rather is dependent upon a multitude of factors.

2.1. Methods

The literature is replete with the salubrious effects of a well-developed coronary collateral
circulation and the potential benefit of a therapeutic process aimed at stimulating coronary
collateral growth [13-19]. One patient study focused on coronary collateral growth in patients
that had stable coronary artery disease. Specifically, the Mobius-Winkler et al. study looked at
the impact of exercise on coronary collateral growth [20]. The patients were put into groups
of usual care, moderate intensity exercise, and high-intensity exercise. The main findings of
this study were that moderate and high-intensity exercise increased the coronary collateral
blood flow. Scientists in this study postulated the cause of the coronary collateral growth.
They questioned whether ischemia triggers collateral growth, since a percutaneous coronary
intervention was performed before the study began; however, there is a large body of litera-
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ture suggesting the PCI procedures may not completely resolve myocardial ischemia. The
authors further speculated that the cause could be this increased blood flow and could have
been from either increasing work done by preexisting blood vessels or an “improvement in
endothelial function of small intramyocardial vessels.” There was a CFI increase of 39% in the
group of patients that did high-intensity exercise and a 41% CFI increase in the group that did
moderate intensity exercise, which emphasized that exercise increased the coronary collateral
blood flow in patients with coronary artery disease [20].

There has been much discussion for stimulating arteriogenesis in patients in order to give them
proper blood perfusion to ischemic areas. Collaterals have been found to give patients many
benefits over individuals who do not have collaterals, with a long-term mortality reduction,
reduced myocardial infarct size, a greater postinfarction ejection fraction, and a reduced risk
for rupture of the papillary muscle, myocardial free wall, or interventricular septum [21]. A
reduction in infarct size was noted by the decreased peak creatinine levels as the number of
collaterals increased depicting a cardioprotective effect [12]. Additionally, specific benefits
have been noted between the presence of collaterals and sudden cardiac death and myocardial
infarction.

There are three prevalent assessment methods of collateral growth circulation: the Rentrop
score, collateral flow index (CFl), and intracoronary electrocardiogram. The Rentrop score
can be most easily assessed when using coronary angiography as a visual assessment method.
Circulation is then categorized into four different grades: Grade 0, Grade 1, Grade 2, and
Grade 3. These categories range from no filling of the coronary collaterals to complete filling
of collaterals, respectively. Although successful, the Rentrop method has some limitations
due to being easily influenced by blood pressure changes and the force of injections during
imaging procedures. Currently, the method considered to be the most accurate is the collat-
eral flow index measurement. This method centers around utilizing a Doppler sensor tipped
guide wire to quantify flow velocity in an occluded vessel compared with a normal vessel.
Briefly mentioned was the intracoronary electrocardiogram, which is regarded as “simpler,
cheaper, and very accurate” [22].

2.2. Benefits of coronary collaterals

Although many in the preclinical models have been employed in the study of coronary col-
lateral growth, there is a relative paucity of clinical studies that have attempted to elucidate
mechanisms of growth. One of the first studies done was in 1971 and was published in the
New England Journal of Medicine [23]. This study only had three successful trials that demon-
strated collaterals alleviating cardiovascular mortality. The inconsistency, according to Meier
et al., could be rooted in the method by which they measured coronary collateral growth.
The 1971 study “qualified” collaterals visually using coronary angiography, but Meier et al.
postulates that had a better measurement method such as CFI been used, results could have
been more promising [22].

One successful clinical study was performed by Seiler et al., which found that there is a direct
correlation between collateral function and atherosclerotic lesions [24]. Patients with chronic
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total coronary occlusions had higher CFI values than those patients who did not have this
condition. A CFI shift was quantified that patients with coronary occlusions had a CFI of 0.365
+0.190 versus 0.180 + 0.105 of that of patients without occlusions. This study directly demon-
strated that “collateral function is a direct indicator of CAD severity.” The clinical importance
of these findings suggests that human coronary collaterals can act as a “marker of poor out-
come” in diseases such as acute coronary syndromes.

Sudden cardiac death (SCD) has several causes including electrical instability of the heart, spe-
cifically QRS complex variabilities can be used as markers for SCD and at times even trigger SCD
[25]. The Oregon Sudden Unexpected Death Study (Ore-SUDS) has shown that prolongation of
the QRS complex is associated with a large increase of SCD due to both known and unknown
causes; therefore, methods to reduce this adverse event in the presence of myocardial ischemia
can reduce mortality [26]. Additionally, fragmented QRS (fQRS), which are various RSR pat-
terns in two continuous leads, have a well-established relationship with cardiac fibrosis caused
by previous myocardial infarction or ischemia [27]. fQRS patterns have also been associated with
increased morbidity and mortality, SCD, and repeat cardiovascular (CV) events and were found
more often in individuals with poor collateral growth [27]. The presence of a well-developed
collateral network has been shown to reduce QRS prolongation in left coronary artery occlusion
and occurrence of f{QRS in patients with chronic total occlusion [25, 27]. With this information, it
can be concluded that with an increased number of coronary collaterals, patients can avoid QRS
complex abnormalities thereby decreasing the chances of sudden cardiac death.

Additionally, the presence of collaterals has shown an increased time from symptom-onset-
to-perfusion (>6 hours in good collateral versus poor collateral). This enables patients to
increase the amount of time before onset of detrimental cardiac damage [28]. During an acute
MI, the presence of a well-developed collateral circulation was seen in infarcted tissue that
did not undergo cell necrosis, proving that increased collaterals will increase the chances of
myocardial viability [29-31].

Overall, the presence of a well-developed collateral circulation in conjunction with healthy base-
line characteristics (absence of repeat MI or angina pectoris) will be protective in patients who
may suffer SCD, MI, or bouts of ischemia. Working to induce this collateral growth in patients
both mechanically and chemically will prove to be very beneficial in decreasing mortality rates
of patients with heart disease and perhaps ameliorate the possibility of recurrent cardiac events.

3. Mechanical factors involved in coronary collateral growth

The precise stimulation of arteriogenesis is yet to be found; however, both mechanical and
chemical influences are required to induce the formation of collaterals in the heart. Mechanical
shear stress occurs due to increased pressure gradients that form when an occlusion is pres-
ent [32]. A stenotic artery will increase the pressure prior to the occlusion while decreasing
the pressure distal to the occlusion. The increased pressure above the occlusion will cause an
increase in blood flow into capillary beds prior to the occlusion increasing the shear stress
[32]. The increased movement of blood into pre-existing collaterals and the resultant increased
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shear stress leads to several changes in the capillary endothelium. The first of which includes
an increase in MCP-1 that serves to attract more monocytes to the proliferative site in order
to transform them into the subsequent macrophages. The macrophages play a vital role in
releasing cytokines and growth factors required for arteriogenesis. TNF-a, released by macro-
phages, helps form the inflammatory environment required for the growth of collaterals [33].
Another major factor includes basic fibroblast growth factor (bFGF), which helps with the
actual development of collaterals [32]. A more in depth analysis on chemical inducers will be
discussed later on in this chapter.

Although mechanical shear stress is thought to be a major contributor to arteriogenesis, it
cannot be the sole solution due to the inability of fluid shear stress to completely replace
the conducting artery. Fluid shear stress (FSS) has been found to only reach 35-40% of the
maximal conductance possessed by the original stenotic artery [34]. An explanation for this
phenomenon can be found in the relationships: FSS and blood flow velocity and FSS and cube
of the vessel radius. FSS and blood flow velocity have a proportional relationship, while FSS is
inversely related to the cube of the vessel radius [34]. The increase in blood flow velocity in the
pre-existing collaterals leads to an increase in FSS. Since the shear stress causes growth in the
collaterals (meaning an increase in the vessel radius), the FSS begins to decline preventing full
recovery of the stenotic artery [34]. This indicates the need for both mechanical and chemical
effectors for the production of proper coronary collaterals.

4. Chemical factors involved in coronary collateral growth

In addition to mechanical mechanisms of arteriogenesis, there are several chemical mediators
involved in regulation of the process. Many of these chemical factors modulate the functions
of the various cell types involved in arteriogenesis, including induction of cell proliferation,
chemotaxis, and cellular remodeling. In this section, we will outline the various chemical
mediators that are currently known to play a role in arteriogenesis.

4.1. Vascular endothelial growth factor (VEGF)

Vascular endothelial growth factor (VEGF) is known to play a major role in development of
new vasculature. Under hypoxic conditions, VEGF production and release stimulates new
capillary formation (angiogenesis) via endothelial cell sprouting, proliferation, and migration
[35]. Alternatively, under different conditions, it can instead stimulate growth of new arter-
ies, formation of collateral vessels, and modulation of lumen expansion—these actions are
collectively referred to as arteriogenesis [35].

In VEGF signaling, there are three primary cell-surface receptors to which it binds: two
tyrosine kinase receptors VEGFR-1 and VEGFR-2 and a nonkinase receptor neuropilin-1
(NRP-1) [35-37]. There are multiple isoforms of VEGF, with VEGF-A playing the major role in
endothelial cell function via binding to VEGFR-2 [35]. VEGFR-2 is also involved in signaling
pathways that lead to arteriogenesis via stimulation of proliferation, migration, survival, and
lumenization of endothelial cells [35].
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The first of these signaling cascades is activation of phosphatidylinositol 3-kinase (PI3K)/Akt
that inhibits apoptosis in endothelial cells thus promoting cell survival [35]. The cascade is
initiated by binding of VEGF-A to VEGFR-2 (Flk-1), which initiates receptor internalization
via clathrin-coated pits followed by receptor autophosphorylation [35]. Active VEGFR-2 then
phosphorylates PI3K, which goes on to phosphorylate the serine/threonine kinase Akt, which
will go on to phosphorylate targets to inhibit apoptosis [38].

The second signal cascade is phosphorylation of profilin-1, indirectly via Src/FAK as well
as directly via VEGFR-2, which stimulates migration of endothelial cells [35, 37]. Like the
previous mechanism, this cascade is initiated by binding of VEGF-A to VEGFR-2. Activated
VEGEFR-2 then goes on to phosphorylate profilin-1 as well as Src kinase, which also phos-
phorylates profilin-1 [37]. Phosphorylated profilin-1 then goes on to catalyze the exchange
of ADP for ATP on G-actin that stimulates polymerization of actin and resultant remodeling
of the endothelial cell cytoskeleton [37]. This remodeling results in formation of actin-rich
filopodia extending in the direction of the concentration gradient of VEGF, thus stimulating
endothelial cell migration [37].

The third signal cascade is activation of the Raf-MEK-ERK signal cascade, which stimulates
proliferation of endothelial cells, network formation, and increase in lumen size via phos-
phorylation of ERK1/2 [35]. While the exact mechanism of ERK1/2 action on cell proliferation
and motility is not yet well understood, it has been suggested that a major component of this
signaling cascade is downregulation of Rho-Kinase activity [39].

Finally, it is important to note that VEGF has been shown to be a critical factor in the process of
coronary collateral growth. In a study of collateral growth following myocardial infarction in
rats, it was observed that when the endogenous functions of VEGF were blocked by anti-VEGF
neutralizing antibody, the result was a complete lack of collateral growth and subsequently
no increase in coronary flow in the anti-VEGF group [40]. Additionally, upon treatment with
dipyridamole (a potent vasodilator), it was observed that the increased coronary flow seen in
the control group was in fact due to collateral growth, as there was no observed increase in
coronary flow in the anti-VEGF group after the dipyridamole [40]. This study solidifies the
importance of VEGF in the process of angiogenesis, particularly as it relates to coronary col-
lateral growth.

4.2. bFGF and PDGF

In addition to VEGF, other growth factors are known to play a role in arteriogenesis —notably
basic fibroblast growth factor (bFGF) and platelet-derived growth factor (PDGF) [41]. Basic
FGF and PDGF are known to induce mitosis in both endothelial and smooth muscle cells
and also exert other mitogenic effects such as promoting cell migration and differentiation
[41, 42]. Basic FGF stimulates these mitogenic effects via binding to FGF receptors (FGFRs)
expressed on cell surfaces [43]. These FGFRs are a part of the tyrosine kinase receptor family,
and following binding of bFGF dimerize are autophosphorylated to become activated [43].
Activated FGFRs, notably FGFR-2 (FGFR-1 is thought to be a regulator of bFGF concentra-
tion available to bind FGFR-2), then continue the signal cascade by activation of cytoplasmic
mitogen-activated protein kinase (MAPK), which then is translocated to the nucleus to initiate
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transcription promoting the aforementioned mitogenic effects [43]. PDGF, on the other hand,
is known to activate multiple other downstream targets including PI3K, phospholipase C
(PLC), as well as MAPK to mediate its mitogenic effects [44].

4.3. MCP-1 and macrophages

In addition to endothelial cells, macrophages are also heavily involved in arteriogenesis, but
in order to do so must be directed to the correct location [36]. The primary molecule that
has been studied as part of this mechanism is monocyte chemotactic protein 1 (MCP-1) [36].
Secretion of MCP-1 is initiated by activation of endothelial cell MAP-kinase-protein-kinase-2
(MK2) by elevation of fluid shear stress [45]. Released MCP-1 subsequently activates mono-
cyte MK2, initiating migration to the correct location [45]. In the last step of the cycle, release of
inflammatory cytokines by recruited monocytes cause increased secretion of MCP-1 from the
endothelium, resulting in further monocyte recruitment [45]. Of similarly significant impor-
tance to MCP-1 are two adhesive molecules, intracellular adhesion molecule-1 (ICAM-1), and
vascular cell adhesion molecule-1 (VCAM-1), which serve to bind the surface of migrating
monocytes allowing them to roll along the luminal surface of the vasculature [36].

Once the macrophages have reached their destination, the correct phenotype must be expressed
to stimulate new vessel growth [36]. There are two primary phenotypes of monocyte macro-
phages: M1 macrophages that secrete inflammatory molecules and help fight pathogens and M2
macrophages that play a role in vascular growth and wound healing [36]. These two phenotypes
are induced by different cytokines, with interferon-y causing a shift toward the M1 phenotype,
while IL-4, IL-13, and several other factors such as IL-10 and IL-33 causing M2 differentiation.
In histological analysis of hypoxia-induced arteriogenesis, the number of M2 macrophages was
shown to increase indicating their essential role in development of new vasculature [36].

4.4. NO and eNOS

Nitric oxide (NO) is a potent vasodilator that is produced via the activity of endothelial nitric
oxide synthase (eNOS). eNOS has been shown to function in stimulating production of new
vasculature, and its expression is also known to be upregulated in response to elevated fluid
shear stresses—a principal mechanical stimulus of arteriogenesis [46]. While the exact effects
of NO and eNOS on arteriogenesis are still controversial, it has been shown that one contribu-
tion of elevated NO due to increased expression of eNOS is a reduction of vascular endothelial
cadherin (VE-cadherin), resulting in increased vascular permeability and indirect promotion of
macrophage invasion [46]. Additionally, eNOS activity and pharmacological inhibition of eNOS
were shown to play a role in mediating vascular remodeling during collateral growth [47, 48].

4.5. Catestatin

Catestatin is a neuroendocrine peptide derived from a specific cleavage of the larger pro-
tein human chromogranin A (CgA) [49]. It functions in many different processes within the
body including secretion of histamine from mast cells, defense against microbes, vasodila-
tion, and attraction of monocytes. It has also been observed that catestatin acts in a pro-
angiogenic capacity, involved in inducing proliferation and migration of endothelial cells
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as well as formation of capillary tubes [49, 50]. This is accomplished through stimulating
release of bFGF, which in turn will activate MAPK via binding to FGFR-1 as previously
discussed [49, 50]. It has also been shown that catestatin activates other signal cascades such
as PI3K/Akt, serving an anti-apoptotic role to promote cell survival [50]. Finally, catestatin
influences effects in both endothelial progenitor cells (EPCs) and vascular smooth muscle
cells (VSMCs) in addition to its direct effects on endothelial cells, inducing chemotaxis to
incorporate these cell types into formation of new vasculature [50].

4.6. Neuregulins

Neuregulins (NRG) are another class of molecules produced by endothelial cells. These
growth factor ligands bind to erbB receptors expressed on the surface of endothelial cells—
this action has been shown to induce angiogenesis [51]. NRG involvement in angiogenesis
and arteriogenesis is tied to regulation of « (3, integrin, thus playing a role in cell migra-
tion, proliferation, and differentiation mechanisms as shown in a NRG-erbB knockout mouse
model. The mechanism by which this occurs involves another proangiogenic protein, Cyr61,
the expression of which is upregulated by NRG-erbB signaling, in addition to mediation via
induction of VEGF release and subsequent activation of the ERK signaling cascade [51]. ErbB
receptors have also been found to be expressed on EPCs, playing a role in increasing cell
survival, and on certain types of VSMCs, though the role NRG-erbB signaling plays here is
not well known [51].

4.7. Early growth response 1 (Egr-1)

Early growth response 1 (Egr-1) is a transcription factor of the zinc-finger family that has been
shown to be upregulated during arteriogenesis [52]. It plays a major role in modulating the
levels of other growth factors that are involved in the process of collateral growth, including
playing a role in the recruitment and proliferation of leukocytes [52, 53]. Specific genes that are
upregulated by Egr-1 include PDGF and transforming growth factor 3 (TGF-f3), which then
indirectly upregulates other factors involved in collateral growth such as VEGF and metallo-
proteinases [53]. Interestingly, despite the fact that most of these factors have been primarily
shown to affect angiogenesis, it has been observed that Egr-1 primarily affects the growth of
arterioles rather than capillaries, indicating its primary role in regulation of arteriogenesis [53].

Much like the other factors mentioned here, Egr-1 production is stimulated primarily by eleva-
tions in fluid shear stress, in this case by activating the Egr-1 gene promoter [54]. It has been
suggested that this is mediated by the Ras-MEK-ERK1/2 signal cascade in which shear stress
leads to activation of MEK1, which proceeds to activate ERK1/2 of the MAPK family, and finally
ERK1/2 activate the protein Elk-1 that induces transcription of Egr-1 [54]. Interestingly, this
pathway can be activated by very low levels of shear stress due to the sensitivity of ERK1/2 [54].

There are many varying chemical mediators of arteriogenesis, many of which share similar
signaling pathways leading to their involvement. While some of these mediators have been
studied extensively and are relatively well understood, there are others whose mechanisms
have not yet been elucidated and require more investigation. There are likely even more
chemical mediators involved that have not yet been studied. Going forward, more research
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will be extremely valuable in understanding the overall chemical mechanism behind collat-
eral vessel growth and how to apply this knowledge to a clinical setting.

5. Role of Stem Cells in Coronary Collateral Growth

In addition to the aforementioned chemical mediators that mitigate the consequences of
vascular occlusive diseases by stimulating collateral growth, in recent years, stem cell-based
therapy has been implicated as a possible avenue for vascular regeneration. Stem cells have
the unique potential of developing into many different cell types in the body. Under certain
physiologic and experimental conditions, they can be manipulated to grow into specific tissues
and organ cells with exclusive functionality. This revolutionary discovery for stem cells has
demonstrated a clinical potential to create new networks of blood-perfused vessels and treat
human patients with cardiovascular and vascular diseases [55]. The current theory is that stem
cells may release a series of angiogenic factors, such as VEGF and bFGF, which mobilize vascu-
lar endothelial cells through a paracrine effect [56]. In this section, we will summarize the cur-
rent state of regenerative approaches using stem cells to stimulate coronary collateral growth.

A 2012 study programmed endothelial cells to develop into induced vascular progenitor cells
(iVPCs) and assessed their ability to induce coronary collateral growth in a rat model in efforts
to increase blood flow to the collateral-dependent region of risk [57]. iVPCs are also known to be
less tumorigenic compared with induced pluripotent cells (iPSCs) and are more likely to commit
to a line of vascular differentiation (they will not turn into cardiomyocytes) [57]. When the iVPCs
were transplanted into myocardium, they formed blood vessels and improved blood flow mark-
edly better than did natural endothelial cells, mesenchymal stem cells, or iPSCs [57]. However,
while results showed that partial programming of the endothelial cells was promising enough
to sprout new blood vessels in the myocardium, one big challenge persists: how to maintain the
partial programmed state of the cells until they get to their intended destination [57].

In addition, current literature posits that bone marrow-derived stem cells and endothelial
progenitor cells in arteriogenesis do not physically deposit onto the walls of newly generated
arteries but rather play the role of supporting cells [58]. The therapeutic induction of collateral
growth from already established arteries improves any blood flow deficiencies caused by
blockage in major arteries. Transplanted bone marrow-derived cells act as “cytokine factors”
and secrete specific growth factors that mediate their effects through paracrine activity [59].
As Dr. Matthias Heil of the Netherlands puts it, “bone marrow stem cells provide the software
and not the hardware in vascular growth” [59]. His group’s study on the hindlimb ischemic
model with mice revealed that GFP-tagged bone marrow was not localized to endothelial and
smooth cell markers, but around burgeoning collaterals that were secreting chemokines and
growth factors [59]. Hence, therapeutic arteriogenesis functions to boost the body’s natural
angiogenic ability by stimulating the release of pro-angiogenic factors rather than actually
providing the buildings block for a new artery. A caveat to this is if the processes in the heart
are different from those in the peripheral circulation.

While there is a continued debate on whether bone marrow-derived multipotent stromal cells
(MSCs) exert their effect via transdifferentiation or through paracrine activity, there is unequivocal



Coronary Collateral Growth: Clinical Perspectives and Recent Insights
http://dx.doi.org/10.5772/67164

evidence showing that MSCs must first travel to ischemic tissue to achieve a therapeutic benefit
[60]. MSCs localize to injured tissues by adhering to endothelial cells and migrating across the cell
wall. Homing of MSCs to injured tissues is optimized by an expression of ligands on endothelial
cells [60]. A 2009 study showed the importance of epidermal growth factor (EGF) and heparin-
binding epidermal growth factor-like growth factor (HB-EGF) in inducing increased expression of
these ligands [60]. Specifically, phosphorylation of the EGF-R leads to higher expression of ligands,
VCAM-1, and ICAM-1 that enhanced MSC adherence and ultimately stimulated coronary collat-
eral growth in rats that had undergone repetitive instances of myocardial ischemia [60]. Coronary
collateral growth was assessed with the ratio of collateral dependent flow (CZ) to normal zone
flow (NZ). Exposure of both MSCs and coronary endothelial cells (CECs) to a 100 ng/mL dose of
EGEF for 16 hours maximally increased expression of adhesion molecules compared with samples
untreated with EGF [60]. The CZ/NZ ratio increased in rats whose MSCs were treated with EGF
and showed improved cardiac function and decreased left ventricular remodeling compared to
rats without EGF treatment of MSCs [60].

Another 2009 study involving a rat model of repetitive myocardial ischemia showed that
granulocyte-colony stimulating factor (G-CSF), a glycoprotein responsible for hematopoietic
cell proliferation and differentiation of neutrophil granulocytes, also stimulates coronary col-
lateral growth [61]. G-CSF mounts a series of defenses against infectious agents, one of which
is promotion of neutrophils to release reactive oxygen species (ROS) [61]. This generation of
ROS was studied both in vivo and in vitro and was shown to directly act on injured cardio-
myocytes. Cardiomyocytes under the influence of G-CSF-induced ROS generate angiogenic
factors that lead to vascular growth and tube formation in levels comparative to cardiomyo-
cytes induced by VEGEF [61]. To the surprise of researchers, this study also demonstrated that
G-CSF can promote coronary collateral growth without the impetus of repetitive ischemia
and hence this cytokine can act as a surrogate for ischemia [61].

Majority of the recent clinical trials in humans purport that stem cell-based therapy adequately
facilitates angiogenesis in patients suffering from peripheral arterial disease and promotes
wound healing [55]. Specifically, bone marrow-derived stem cell transplantation has shown
to improve ischemic symptoms, such as claudication, ischemic rest pain, and has augmented
wound healing in ulcer-related conditions [55]. Nonetheless, these studies have been limited
by a lack of care standardization, absence of a control group, small sample sizes, dissimilar
inclusion criteria, and inconsistencies in methods of outcome assessment [55]. In other cases,
the absence of follow-up procedures has prevented elucidation of long-term effects of treat-
ing peripheral artery disease with stem cells [55]. While the central issues of public safety and
treatment efficacy linger over the field, progress, albeit limited, has been made in the arena of
coronary collateral growth.

6. Summary

The process of coronary collateral growth is being better understood year by year. The role
that the many chemical factors, mechanical factors, and stem cells play in the process is still
incompletely understood. The study of these factors in “normal” preclinical models may be
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an oversimplification, because under conditions with risk factors for coronary disease, there
may be shifts in the normal control mechanisms. We advocate that future studies incorpo-
rate models of cardiovascular disease and aging to better understand the mechanisms by
which this adaptive process is abrogated in the majority of patients with ischemic heart
disease.
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Abstract

Cardiovascular diseases (CVD) continue to be the leading cause of death in the world
despite recent therapeutic advances. Although many CVDs remain incurable, enormous
efforts have been placed in harnessing angiogenesis as therapeutics for these diseases.
Epigenetics, the modification of gene expression post-transcriptionally and post-trans-
lationally, are important in regulating many biological processes. One of the main
post-translational epigenetic modifications, modification of chromatin structure by the
acetylation of histone tails within the chromatin by either histone deacetylases (HDACs)
or histone acetyltransferases (HATs), is important in modulating gene transcription and
has emerged as an important regulatory player from pathogenesis to therapeutics in
CVDs. Particularly, HDACs, which are largely involved in promoting chromatin compac-
tion and hence inhibitions of gene transcription, have been implicated in the pathogenic
signalling underlying many aspects of CVDs. Recently, histone modifications have been
demonstrated to play important roles in the angiogenesis process. Pharmacological inhi-
bitions of HDACs have displayed promising therapeutic potentials in several pre-clinical
models of CVDs where angiogenesis is of paramount importance. There are many evi-
dences proving that pro- and anti-angiogenic therapies—and the impact of epigenetics in
these processes—can help to artificially reconstruct the vasculature in patients with car-
diovascular diseases. Conversely, utilising knowledge of HDACs in angiogenesis might
help to develop anti-angiogenic therapies in tackling diseases that are characterised with
excessive pathological angiogenesis, including cancer and age-related macular degen-
eration. Understanding the molecular mechanisms underlying HDACs in modulating
angiogenesis will undoubtedly benefit future therapeutics development. This chapter
focuses on the emerging role of HDACs in angiogenesis and discuss their potentials and
challenges in utilising HDAC inhibitors as therapeutics in several major cardiovascular
diseases.
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1. Introduction

Cardiovascular diseases (CVDs) are a worldwide epidemic that have serious implication in
public health and constitute a huge amount of healthcare expenditure. Although there are a
number of preventable controllable risk factors, such as hypertension, hypercholesterolemia,
smoking, obesity, lack of physical activity and diabetes, and others such as age, gender and
family history are unmodifiable [1]. Progress in genetic sequencing has allowed the identifi-
cation of numerous genetic variants associated with specific CVDs [2], but their mechanisms
remain unclear. The last few years of research have been a key in understanding how epi-
genetic mechanisms such as histone modifications are involved in the occurrence and pro-
gression of CVDs including atherosclerosis, heart failure, myocardial infarction and cardiac
hypertrophy.

Epigenetics represent a phenomenon of altered heritable gene expression without changes
to the underlying DNA sequences. The epigenetic alterations can be affected by exogenous
stimuli such as diabetes milieu, diets and smoking, while at other times these alterations can
subsequently trigger disease initiation [3]. Thus, the impact of epigenetics in CVD is now
emerging as an important regulatory key player at different levels from pathophysiology
to therapeutics. For instance, histone alterations have been implicated in ECs response to
hypoxia and shear stress, in angiogenesis and in endogenous recovery following myocardial
infarction (MI) [4]. On the other hand, HDAC inhibitors (HDACi) have been investigated for
potential protective effects in heart muscles during acute MI [4, 5].

Tissue repair is one of the main therapeutic challenges facing the scientific community. There
are various approaches in improving tissue recovery depending on the pathological condi-
tions, but most of these conditions are initiated by local ischaemia and require a rich net-
work of blood supply for tissue regeneration. Hence, angiogenesis plays a vital part in tissue
regeneration in the treatment of CVDs. At present, the promising potentials of angiogenesis
therapies are in full swing.

2. Vascular system

2.1. Cardiovascular system

The cardiovascular system consists of three main components: heart, blood vessels (arter-
ies, veins and capillaries) and blood. There are three types of anatomically and function-
ally distinct blood vessels: arteries, veins and capillaries. The arteries are primarily involved
in the delivery of oxygenated blood and nutrients from the heart to target organs and tis-
sues. They have thicker and more elastic vessel walls to complement the higher blood pres-
sure for blood delivery from the heart. The veins carry deoxygenated blood, together with
waste products and other factors secreted by the tissues back to the heart. They tend to have
larger luminal areas and thinner vessel walls compared to the arteries, and have valves to
complement the pressure changes. Connecting these two vessel systems are the capillar-
ies that allow the direct exchanges of oxygen and nutrients with carbon dioxide and waste
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products between the target tissues and the blood. The walls of all vessels are generally
composed of three layers: the tunica intima, tunica media and tunica adventitia. The inner-
most layer is formed by the tunica intima, which is made up of a single layer of ECs and
connective tissues, both of which overlie the internal elastic lamina. The tunica intima has
an important function as a selective permeable barrier between the extravascular space, the
vascular wall and the blood. The tunica media forms the muscular element of blood vessels
that resides between the tunica intima and the tunica adventitia, and comprises circumfer-
entially arranged smooth muscle cells (SMCs) enclosed by a layer of external elastic lamina.
They provide supports to the vessels and regulate blood flow and pressure via controlling
the luminal diameter. The outermost layer, the tunica adventitia, is made up of connective
tissues and matrix-secreting fibroblasts. It is critical to maintaining vascular structure and
helps to anchor vessels in place to fit into the surrounding tissues. Capillaries constitute non-
muscular vessels and are only made up of an internal elastic lamina covered by a monolayer
of ECs, and provide a huge surface area for exchanges of vital blood components and factors
between vessels and tissues.

2.2. Endothelial cells and their impairments in CVDs

Vascular endothelial cells (ECs) have a crucial and diverse role, arraying the innermost layer
of the entire circulatory system. They act as the semi-selective and non-adherent barrier
between the lumen of the vessels and the underlying tissues, regulating tissue perfusion and
movement of inflammatory cells between them [6]. They are involved in regulating vascular
permeability, blood flow, vascular tone and blood coagulation and are essentially involved
in vascular remodelling in responses to diverse physiological and pathological stimuli.
Physiologically, ECs exert anti-coagulant and anti-thrombotic effects through the secretion
of anti-coagulant factors such as prostacyclin, nitric oxide (NO) and prostaglandin-E,, and
inhibit inflammatory cell adhesion in order to maintain vascular homeostasis [7]. Under path-
ological states, ECs are activated by vascular insults or pro-inflammatory cytokines, leading
to increased permeability, encouraging extravasations of immune cells, which are followed
by a series of pathological events leading to eventual vascular remodelling [7]. Decreased
EC secretion of the potent vasodilator NO as a result of repressed activity of endothelial NO
synthase (eNOS) also contributes to the circus of vascular pathogenesis [8]. These endothelial
dysfunctions, whether environmental, genetic or a combination of both, critically contribute
to the pathophysiology of many CVDs such as hypertension and atherosclerosis, and repre-
sent the discernible therapeutic targets for drug development [9].

3. Angiogenesis

There are three main processes that contribute to the formation of new blood vessels that are
termed globally as neovascularisation:

— Vasculogenesis is defined as the de novo formation of vascular structures by the migration
of stem cells to the site of vascularisation and differentiation into ECs. Although it was
originally thought to be exclusive to embryonic development, it is now widely accepted
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that the process can also take place in adults, which opens up a new avenue for clinical
applications [10].

— Angiogenesis is the formation of new blood vessels by sprouting from pre-existing small
vessels in embryonic and adult tissue or by intravascular subdivision process [11]. This
process is believed to be induced by angiogenic factors including fibroblast growth factor
(FGF) and vascular endothelial growth factor (VEGF).

— Arteriogenesis results from the hypertrophy and luminal distention of pre-existing collat-
eral vessels, which involves specific remodelling of existing nascent EC tubules for greater
size, elasticity and stability through the recruitment of and enclosure by SMCs and peri-
cytes that secrete specific extracellular matrices. Therefore, these vessels have fully devel-
oped tunica media and tunica adventitia [11].

Angiogenesis is a very complex process that can be simplified into three categories: mechani-
cal, chemical and molecular factors (see Ref. [12] for a more extensive review).

— Cellular factors: There are many molecules that can modulate angiogenesis. The most
essential angiogenic growth factors are as follows: FGF, VEGF, placenta growth factor,
angiopoietin-1 and angiopoietin-2. Several pathological conditions can also initiate angio-
genesis. For example, hypoglycaemia increases the expression of critical angiogenic induc-
tor VEGF [13]. It has also been extensively demonstrated that the presence of inflammatory
cells, like macrophages and neutrophils, is sufficient to induce angiogenesis [14].

- Environmental factors: Angiogenesis can be induced by hypoxia and through increased EC
production of NO. Hypoxia stimulates the release of several angiogenic factors including
platelet-derived growth factor and FGF-1 and FGF-2 by macrophages. Hypoxia also upreg-
ulates VEGF production, which is known to induce the production and secretion of NO
from ECs, while eNOS production is amplified during VEGF-induced angiogenesis [15].

— Mechanical factors: There are two main factors: haemodynamic and shear stress.
Haemodynamic changes trigger an augmentation of blood flow and might therefore stim-
ulate vascular sprouting, maintain patency of the newly formed collateral vessels and pro-
vide blood flow to the ischemic area [16]. Shear stress has an important influence on the
development of collateral vessel networks in the ischaemic tissues.

4. Epigenetics

The nucleosome is the fundamental subunit of chromatin in eukaryotes. Each nucleosome
consists of a 146-bp DNA segment wrapped around an octamer of core histone proteins that
includes two molecules of histones H2A, H2B, H3 and H4 associated with a single copy of
histone H1. Epigenetics is defined as the study of stable alterations of gene expression without
alterations of DNA itself. These alterations include the post-translational addition or removal
of methyl groups to DNA as well as methyl, acetyl, sumoyl and phospho groups to histones
and other kind of proteins. These changes participate in remodelling chromatin and modifying
its accessibility to transcription factors and cofactors [17]. Epigenetic control is one of the main
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regulatory systems contributing to phenotypic differences between cell types in multicellular
organisms. Epigenetic changes may explain why subjects with similar genetic backgrounds
and risk factors for particular diseases can differ greatly in clinical manifestation and therapeu-
tic response [18]. It has been reported that epigenetic mechanisms play a critical role in regu-
lating endothelial gene expression [19]. Among these epigenetic changes are the methylation
of DNA, RNA-based mechanisms and the posttranslational modification of histone proteins.

DNA methylation

The methylation of DNA involves the covalent modification of the 5-position of cytosine
to define the ‘fifth base of DNA’, 5-methyl-cytosine [20]. In mammals, DNA methylation is
almost exclusively restricted to CpG dinucleotides. DNA methylation is catalysed by DNA
methyltransferases and regulates biological processes underlying CVD, such as atherosclero-
sis, inflammation, hypertension, and diabetes [21].

RNA-based mechanisms
1. miRNA therapeutics

MicroRNAs (miRNA or miR) are short (2022 nucleotides) non-coding RNAs modulat-
ing gene expression further by down-regulating the translation of target mRNAs through
the inhibition of post-transcriptional events, through transcript degradation or through
direct translational repression.

2. Long non-coding RNAs (IncRNAs)

Long non-coding RNAs (IncRNAs) are gaining more prominence as regulators of gene
expression. The central role that IncRNAs play in heart development is only slowly being
recognised [18]. Besides, understanding the function of these molecules in CVD is even
further away.

Histone modification

It is well established that histone residues can undergo a wide array of modifications. At least
eight different types of modification have been characterised with a range of enzymes identi-
fied for each: acetylation, methylation, phosphorylation, ubiquitination, sumoylation, ADP-
ribosylation, deimination, and proline isomerisation (Table 1).

Histone methylation is modulated by two enzymes: histone methyltransferases and histone
demethylases. The acetylation status of histone is fine-tuned by histone acetyltransferases
(HATs) and HDACs. HDACs are enzymes that remove acetyl groups from histone lysine
residues thereby increasing their negative charges, which lead to chromatin condensation and
gene repression [17].

4.1. The HDAC family

Deacetylation of histones in nucleosomes induces chromatin compaction, which represses
transcription by preventing the binding of transcription factors and other components of the
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Modification type Amino acid modification ~ Examples of modifying Role
enzymes

Acetylation Lysine Histone acetyl transferases  Transcription Repair
(HATs)
Histone deacetylases Replication Condensation
(HDACs)

Methylation Lysine Lysine methyltransferases ~ Transcription
Lysine demethylases Repair

Arginine Arginine methyltransferases Transcription

Arginine demethylases

Phosphorylation Serine Serine/threonine kinases Transcription
Threonine Dephosphorylated by Repair Condensation
phosphatases
Ubiquitination Lysine Ubiquinases (ubiquitin Transcription
ligases)

Deubiquinating enzymes Repair

SUMOylation Lysine Small ubiquitin-like modifier Transcription
(SUMO)

De-SUMOylating enzymes:
sentrin-specific proteases

ADP ribosylation Glutamate ADP-ribosyltransferases Transcription
Deimination Arginine (to Citrulline) Peptidylarginine deiminases Transcription
Proline isomerisation Proline Proline isomerases Transcription

Table 1. Types of histone modifications and the enzymes responsible (modified from Ref. [22]).

transcriptional machinery onto the gene promoter and enhancer regions. HDACs are enzymes
that remove acetyl groups from hyperacetylated histones, and modification by HDACs leads
to a closed chromatin structure and suppression of genes. HDACs are recruited to gene pro-
moters by DNA-binding proteins that recognise certain DNA sequences and in this way pro-
vide specific modulation on gene expression.

There are 18 characterised members of the HDAC family in mammals, which can be grouped
into four classes depending on their functional similarities and their homology with yeast
HDAC:Ss. The class I and class Il HDACs are considered as the ‘classical’ HDACs [23].

Class I HDACs comprise nuclear, ubiquitously expressed HDACs 1, 2, 3, and 8. HDACI, 2, and
8 reside nearly exclusively in the nucleus. HDAC3 is found to shuttle between nucleus and cyto-
plasm. Because these are ubiquitously expressed and involved in cell proliferation and survival,
aberrations in their gene expression have been implicated in a wide range of cancers [24, 25].

Class I HDACs shuttle between the cytoplasm and the nucleus depending on specific cellular
signals; they share a tissue-specific expression pattern and are divided into two subgroups:
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class Ila (HDACs 4, 5, 7, and 9) and class IIb (HDACs 6 and 10). Class Ila HDACs distinguish
themselves with their extended N-terminal regulatory domain, whereas class IIb HDACs con-
tain two catalytic domains. Class Ila HDACs appear to have tissue-specific roles and can shut-
tle between the cytosol and the nucleus. In fact, the phosphorylation status is a critical event to
determine their localisation in the nucleus or cytoplasm and the ability to act as transcriptional
co-repressors in the nuclear region. Conversely, class IIb is mostly found in the cytosol [26].

Class III HDACs regroup the ubiquitously expressed silent information regulator 2 (Sir2)
family of nicotinamide adenine dinucleotide (NAD+)-dependent HDACs (SIRT1-7), which
share structural and functional similarities with the yeast Sir2 protein. Interestingly, these
have a critical role in a wide range of cellular processes such as ageing, transcription, cell sur-
vival, DNA repair, apoptosis, and inflammation. Sirtuins appear to have contradictory roles
in disease. On the one hand, they control many vital functions involved in cellular protection,
while on the other hand, they are also involved in several disease pathologies such as meta-
bolic diseases, neurodegenerative disorders, and cancer [27].

Finally, class IV HDAC is the newly discovered HDAC11. HDACI11 is most closely related to
class IHDACs. However, since the overall sequence similarities are low, it cannot be grouped
into any of the three existing classes. HDAC11 is primarily expressed in heart, smooth muscle,
kidney, and brain tissues.

Recent reports suggest that HDACs can deacetylate non-histone proteins as additional func-
tions of HDACs (Figure 1). The roles of HDACs in cancer and neurological diseases have

HDACI
|'— HDACs |—
' ;
HISTONES HOM-HISTOME PROTEINS
k - 'l
ARFESTOF CELL  |,— A I NR T |  moucemom
CYGLE - # | T — CELL DEATH
- e % .\ b o ; .
g -/ I ‘. . a ' -
- i E 't
e, RN ANTHINELAMMATION
NOLRCED NOUCE APOPTOSIS INHIEHTION OF |
ATOPHAGY \
\ ANGIDGENESIS
1 C -
L : b " T
HYPERACETYLATION z . | INCREASED
AND BHIBITION OF | cwmﬂpamsms INRILINDGEMECTY
CHAPEROME FUNCTION REEETION OF DhA (HEPA, a-TUBLLING —_— —
DAMAGE REPAIR
|

Figure 1. Schematic illustration of HDACi downstream effects. Inhibition of HDACs by HDACi induces acetylation of
histone proteins as well as non-histone proteins, which leads to the alteration in various physiological and pathological
processes (modified from Refs. [28-30]).
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been extensively examined. However, the functions of HDACs in cardiovascular diseases and
arteriosclerosis are less explored [23].

4.2. HDAC inhibitors

There has been a breakthrough in the development of HDACi. These HDACi induce acety-
lation of histone proteins, as well as non-histone proteins, which leads to the alteration and
regulation of biological events including angiogenesis, apoptosis/autophagy, cell cycle, fibro-
genesis, immune response, inflammation, and metabolism (Figure 1). As a result, HDAC
inhibitor-based therapies have gained substantial attention as treatments for cardiovascular
diseases and cancer.

In the following sections, we will describe the different exerted functions of HDACi in differ-
ent physiological and pathological conditions.

5. The role of HDACs in angiogenesis: HDAC-regulated ECs
functions in vitro

During development of the embryo and the physiological repairs of any tissue damages, the
formation of new blood vessels plays a major role. The process can either involve vasculogen-
esis where ECs may be derived from the differentiation of different kinds of stem cells such
as embryonic stem (ES) cells, while angiogenesis requires the proliferation, migration, and
sprouting of ECs. Some of these new blood vessel formations are normal and beneficial as
seen in wound healing after trauma and ischemic tissue restoration. However, pathological
neovascularisation leads to many diseases such as diabetic retinopathy, tumour, and inflam-
mation. Over the past decade, investigations into the role of HDACs in the regulations of
these processes have gained some tractions. We have previously shown that the stabilisation
of the class I HDACS3 plays an essential role in VEGF receptor 2 (VEGFR2)-mediated endo-
thelial differentiation of mouse ES cells (mESC)-derived Sca-1* progenitors [31], while these
events can also signal through VEGR2-HDACS stabilisation in a ligand-independent manner
through exposure to laminar shear flow [32]. These derived EC-like cells display increased
angiogenic potential by significantly enhancing re-endothelialisation with the host vessels
upon their transplantation into a mouse wire injury model and substantially attenuated the
injury-induced neointimal hyperplasia [32]. In addition, HDACS3 is also essential for the sur-
vival of ECs under atherogenic disturbed flow, and knock-down of HDAC3 increases neo-
intima formation in the atheroprone ApoE” mice [33]. Overall, these show HDACS3 plays a
role in the angiogenic processes.

Angiogenic activation of ECs to migrate and to form sprouts is associated with characteristic
changes in gene expression profiles [34], which can be modulated by the inhibition of HDAC.
HDAC inhibitions by pan-HDAC inhibitors such as suberoylanilide hydroxamic acid (SAHA)
and trichostatin A (TSA) can suppress VEGF-induced capillary-like structures formation in
human umbilical vein endothelial cells (HUVEC) by suppressing angiogenic factors such as
hypoxia-inducible factor 1 alpha (HIF-1a), VEGEF, and eNOS while both HDACi also prevent
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the sprouting of capillaries from rat aorta [35]. Discrepant reports exist however, as another
study has shown that treatment with SAHA or a more class I selective inhibitor valporic acid
(VPA) in combination with VEGF indeed resulted in enhanced EC sprouting [36]. These dis-
crepancies could be due to the contrasting roles that other HDACs within the same class and/
or from the other classes might play in regulating angiogenesis.

In fact, it is common that completely opposite role has been reported for other HDACs in the
regulation of angiogenesis. HDAC4, a class Ila HDAC, was reported to negatively regulate
angiogenesis by reducing VEGF expression [37], while others have reported HDAC4 induces
angiogenesis through an increase in stability of HIF-1vy [38]. In addition, Zhang et al. showed
that HDAC4 inhibition facilitated c-kit+ cardiac stem cells (CSCs) into the differentiation of
cardiac lineage commitments with EC potential in vitro [4].

Diverse role has also been reported in another class Ila HDAC HDACS5. On the one hand,
HDACS5 has been shown to repress KLF2 an important regulator of EC homeostasis that is
normally expressed in the laminar flow-exposed (therefore atheroprotective) segments of the
vessels, which results in repressed eNOS expression in ECs [39]. This anti-angiogenic role of
HDACS5 was validated by siRNA-mediated knock-down of HDACS5 that promoted migration
and sprouting of ECs [40]. Conversely, phosphorylation-dependent nuclear exports of HDAC5
[40] and HDAC? [41], thereby the de-repression of target genes, are crucial for the expression of
VEGEF or metalloproteinase-10 in ECs that lead to increased angiogenesis. Moreover, blockade of
HDAC? phosphorylation with a signal-resistant HDAC7 mutant represses EC proliferation and
migration in response to VEGF, confirming the important role of both class Ila HDACs plays in
VEGF-mediated angiogenesis [42]. In addition, HDAC?Y has also been identified as a key modu-
lator of EC migration at least in part by regulating PDGF-B/PDGF-beta gene expression [43].

Evidence from our laboratory demonstrated that mouse HDAC? undergoes alternative trans-
lation during mouse ESCs differentiation, resulting in the production of a 7-amino acid pep-
tide (Data not publish yet). This peptide was shown to enhance mouse vascular progenitor
cell migration and VEGF-induced differentiation towards the EC lineage in vitro. Overall,
HDAC? appears to be pro-angiogenic, while the mediating role of HDACS5 in angiogenesis
could be largely dependent on its translocation within the nucleus.

There is a limited research into the role of class IIb HDAC in angiogenesis, but neverthe-
less HDACS6 can be classified as a pro-angiogenic factor as it induces cell migration by the
deacetylation of cytoskeletal proteins [44, 45]. Class Il HDAC SIRT1 is also highly expressed
in the vasculature during blood vessel growth where it controls the angiogenic activity of
ECs. Loss of SIRT1 function leads to blockage of sprouting angiogenesis [46]. Furthermore,
SIRT1 associates with and deacetylates transcription factor Foxol and hence restricts its anti-
angiogenic activity [46].

6. The role of HDAC in therapeutic angiogenesis

Different strategies for therapeutic angiogenesis, including the direct delivery of angiogenic
growth factors and the delivery of cells to ischemic tissues, have been developed. Moreover,
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there is a recent progress on therapeutic angiogenesis by utilising polymeric biomaterials,
combined with stem cell and gene therapy as well as stimulation of endogenous stem cell
homing (see Ref. [47] for a more comprehensive review).

Owing to the disadvantage of invasiveness, limited drug diffusion, and lack of selectivity
towards targeted tissues, treatments with traditional drugs and surgery are becoming less
commonly used [48]. An emerging technique, ultrasound-targeted microbubble destruction
(UTMD), has been proposed as a non-invasive and specific targeting approach in angiogenic
therapy of CVDs. UTMD might create a series of biological effects, including improving
recovery of local tissue damages, improving transient membrane permeability, and extrava-
sation to facilitate the entering of targeted genes or drugs into the tissues or cells of interest.

There are several approaches indicating that inhibition of HDAC protects the heart against
injury in different cardiovascular-related diseases, including myocardial infarction, myo-
cardial hypertrophy, and diabetic cardiomyopathy. In addition, HDACi also seem to play a
therapeutic role in other CVDs with vascular remodelling as one of their main manifestations.
Here, we review the role of HDACs in these diseases one by one in order to better understand
the context-dependent effects of HDACs in angiogenesis regulation in these diseases.

6.1. Atherosclerosis

Atherosclerosis of the arteries is a main causative pathogenesis of various CVDs including cor-
onary artery disease (CAD), peripheral vascular disease (PVD), and stroke. It is a chronic path-
ological condition of the arteries that is characterised by the accumulation of lipids, chronic
inflammation, generation of a fibrous cap, proliferation of SMCs, calcification in vascular
smooth muscle layer, with the resultant loss of elasticity of arteries. In addition, disturbed
shear stress (the tangential force of the flowing blood on the endothelial surface of the blood
vessel) contributes to several elements of atherosclerotic disease. As a result of the growth of
atheroma, the lumen of the artery is gradually narrowed, which changes the local environ-
ment. Activated ECs within the injury lesions produce adhesion molecules [intercellular adhe-
sion molecule (ICAM) and vascular cell adhesion molecule-1 (VCAM-1)], chemotactic proteins
[monocyte chemotactic protein-1 (MCP-1)], E- and P-selectin, and growth factors [macrophage
colony-stimulating factor (M-CSF)] that create a pro-inflammatory environment. The inflam-
matory molecules then recruit monocytes to the vessel wall and promote their transmigration
across the endothelial monolayer into the intima, where they proliferate, differentiate into
macrophages, and foam cells by taking up the lipoproteins, leading to neointimal formation.
With time, the foam cells and macrophages die and release lipid-filled contents and tissue fac-
tors, contributing to the formation of the lipid-rich necrotic core, which is a key component
of unstable plaques. Meanwhile, SMCs migrate from the medial layer and accumulate within
the intima, where they synthesise and secrete interstitial collagen and elastin and form the
fibrous cap over the lesion. Ultimately, the thin fibrous caps rupture, then expose, and release
procoagulant materials into the blood, triggering the thrombosis that impedes blood flow and
results in acute stenosis of the arteries, leading to clinical manifestations [49-51].

Because many patients are not candidates for the standard treatments such as angioplasty
or bypass surgery, a great enthusiasm has emerged for the utilisation of angiogenesis as a
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therapeutic modality for atherosclerotic arterial disease. It must be taken into account that
angiogenesis plays a vital part in the pathogenesis and treatment of CVDs and has become
one of the hotspots that are being discussed in the past decades. Therapeutic angiogenesis
provides a valuable tool for treating cardiovascular diseases by stimulating the growth of new
blood vessels from pre-existing vessels.

This avenue needs to be explored with caution however, as the role of angiogenesis in athero-
sclerosis remains a very contentious topic, and currently, there is no consensus as to whether
angiogenesis is a way to treat coronary heart disease or in fact is a key causative factor in
the pathogenesis of atherosclerotic plaque formation. The controversy surrounding the role
of angiogenesis in ischemic heart disease reflects, in part, the complexity of the underlying
disease process. There are lot of studies supporting the therapeutic role of angiogenesis in
atherosclerosis since a key therapeutic objective has been to use the angiogenic cytokines such
as VEGEF or FGF to stimulate collateral blood vessel formation in the ischemic heart and limb
[52]. But, on the other hand, the pathogenic role of angiogenesis has been suggested as VEGF,
and other angiogenic growth factors can promote atherosclerosis in certain animal models
and potentially destabilise coronary plaques by promoting intralesion angiogenesis [53].

Apolipoprotein E-deficient (ApoE ") mice, created by homologous recombination in ES cells, was
first described in 1992 [54, 55]. Since then, this model becomes the most commonly used mouse
model of atherosclerosis that is able to develop severe hypercholesterolemia and lesions of ath-
erosclerosis highly similar to those observed in humans. Endogenous SIRT1 has been shown to
decrease macrophage foam cell formation and atherogenesis in ApoE” mice [56], while endothe-
lial-specific overexpression of human SIRT1 reduces atherogenesis in ApoE™ mice and improves
vascular function [57]. So, in the vasculature, SIRT1 gain-of-function using SIRT1 overexpression
has been shown to improve endothelial function in mice. Subsequently, it was described that
SIRT1 does not directly influence endothelium-dependent vascular function in ApoE—/- mice,
but it improves vascular function by preventing superoxide production in ECs and reduces the
expression of inflammatory adhesion molecules by suppressing NF-«B signalling [58].

HDACi TSA has been shown to exert contradictory role in the formation of atherosclerotic
lesion. TSA successfully prevents neointima formation after injury [59, 60]. In contrast, how-
ever, several reports have elucidated the proatherogenic effects of TSA [61]. Another example
of the discrepancies in TSA roles is the reduction of angiogenesis through the decrease of
NO level (a key second messenger in angiogenesis signalling) through downregulation of
eNOS [62]. These contrasting findings reinforce the theory of the contesting role angiogen-
esis plays in atherosclerosis. In addition, it was reported that TSA can reduce the cholesterol
biosynthesis by repressing the genes involved in the cholesterol, fatty acids, and glycolysis
pathways [63]. These evidences suggest that TSA could be used as a potential therapeutic
agent for the control of cholesterol levels as high cholesterol level is one of the main triggers
of atherosclerosis.

6.2. Myocardial infarction

Myocardial infarction (MI) occurs when blood flow stops to part of the heart causing damage
to the cardiomyocytes. In physiological conditions, oxygen and nutrients are supplied to the

159



160 Physiologic and Pathologic Angiogenesis - Signaling Mechanisms and Targeted Therapy

ventricular myocytes by the coronary arteries. Under pathological condition, the coronary
artery is often occluded by various pathological condition such as the growth of atheroma
in the coronary artery, rupture of vulnerable plaque, thrombi from proximal lesions, emboli
secondary to atrial fibrillation, or vegetation after endocarditis.

Several gene or protein therapies to deliver angiogenic factors such as VEGF, FGF2, or FGF4,
as well as cell therapy using endothelial progenitor cells (EPCs), mesenchymal stem cells
(MSCs), or induced pluripotent stem cells (iPSCs), have been developed as potential pro-
angiogenic therapeutics for ischemic heart disease and peripheral vascular disease [64, 65].
HDAC4 inhibition has been demonstrated to promote cardiac stem cells mediated cardiac
regeneration and improve the restoration of cardiac function in mice [4]. Granger et al.
observed thatischemiainduces HDAC activity in the heart resulting in increased deacetylation
of histones H3/4 in vitro and in vivo that leads to injured cardiomyocytes [66]. Furthermore,
HDAC;  exert direct antifibrotic activities that alter the response to ischemic cardiac injury and
reduce infarct size, which are accompanied by improvement in cardiac functions in the mouse
infarcted heart. However, it is unclear whether these therapeutic effects have any links with
angiogenesis in these earlier studies.

TSA have exerted an increased angiogenic response in vivo in the mouse infarcted hearts.
This indicates that TSA preserves cardiac performance and mitigates myocardial remodelling
through stimulating cardiac endogenous regeneration that could be dependent on enhanced
angiogenesis within the infarcted heart tissues [67]. The repression of ischemia-induced gene
expression such as HIF-1a and VEGF has been suggested as possible mechanisms mediated
by HDACI to stabilise vascular permeability [66]. Recruitment of stem cells has also been sug-
gested as another main mechanism that TSA mediates through. After 8 weeks of TSA treat-
ment in MI mice with or without c-kit deficiency, significantly improved neovascularisation
and cardiac repair accompanied by cardiac functions and reduced cardiac remodelling can be
observed in the wildtype infarcted heart compared to the c-kit-deficient mice [68]. It is also
important to distinguish between the timing of the HDAC] effects. Many reports show that
long-term (8 weeks) administration of HDACi induces neovascularisation [67], while acute
treatments (12 h) with HDACi inhibit angiogenesis [66].

6.3. Cardiac hypertrophy

Cardiac hypertrophy is a form of remodelling and is an adaptive response to the request for
high workload from peripheral tissue or from intrinsic underlying disease conditions such as
valvular dysfunction, hypertension, and MI. The heart responds to stresses by undergoing a
remodelling process that is associated with myocyte hypertrophy, myocyte death, inflamma-
tion, and fibrosis, which often result in impaired cardiac function and heart failure. These are
accompanied by activation of the myocyte enhancer factor-2 (MEF2) transcription factor and
reprogramming of cardiac gene expression. Recent studies have revealed key roles for HDACs
as both positive and negative regulators of pathological cardiac remodelling (Figure 2).

Members of MEF2 transcription factors family are some of the key regulators of myocardial
hypertrophy. The first connection between HDACs and the regulation of pathological cardiac
remodelling was provided by the discovery that class Ila HDACs interact with members of
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Figure 2. HDACs in cardiovascular disease. Different risk factors lead to the appearance of atheromatous plaques in the
coronary arteries, and from these, other cardiovascular diseases such as myocardial infarction occur. The discovery that
different HDAC enzymes are involved in processes such as angiogenesis has led to the development of inhibitors to
modulate its effect as a therapeutic treatment (— means induction; — means inhibition).

MEF2 transcription factor family [69]. The transcriptional activity of MEF2 factors is upregu-
lated in response to pathological stress in the heart, and ectopic overexpression of constitu-
tively active forms of MEF2 in mouse heart causes dilated cardiomyopathy. It was reported
that class Il HDACs are substrates for a stress-responsive kinase specific for conserved serines
that regulate MEF2-HDAC interactions. Those kinases phosphorylate the signal-responsive
sites in class I HDACs, and mutant proteins lacking these phosphorylation sites can act as
signal-resistant repressors of cardiomyocyte hypertrophy and fetal cardiac gene expression
in vitro [70]. These studies support a role for class Ila HDACs as endogenous repressors of
cardiac hypertrophy. Conversely, the function of class IIb HDACs in the heart remains largely
unknown in heart hypertrophy.

Nevertheless, administration of HDACi TSA 2 weeks after the induction of pressure over-
load can reverse cardiac hypertrophy in mice [71]. The class I selective HDACi MPTOE(014
also improves cardiac contractibility and attenuates structural remodelling in isoproterenol-
induced dilated cardiomyopathy [72]. As there is an intrinsic relationship between decreased
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capillary density and the transition of cardiac hypertrophy to cardiac failure [73], it remains
to be investigated whether the cardioprotective effects exerted by HDACi are related to
increased angiogenesis within the hypertrophic heart.

6.4. Peripheral artery disease

Peripheral artery disease (PAD) can be defined as the narrowing of the peripheral arteries that
are not directly linked to the supply to the heart or the brain. PAD development is a multifac-
torial process with many different forms [74].

Different action mechanisms have been proposed for different HDAC] in terms of regulating
angiogenesis in the case of vascular diseases. It was reported in a mouse model of hindlimb
ischaemia that the inhibition of class Ila HDACs is pro-angiogenic while class | HDAC inhibi-
tion is anti-angiogenic in mouse models of hindlimb ischemia [75].

6.5. Stroke

Stroke is a devastating illness and the second cause of death and disability worldwide after
cardiac ischemia. A stroke occurs when a blood vessel that carries oxygen and nutrients to
the brain is either blocked by a clot or bursts. As a consequence, part of the brain can die.
Post-mortem studies have revealed that angiogenesis can be observed several days after cere-
bral ischemic stroke; it is noteworthy that higher microvessel density correlates with longer
patient survival [76]. Enhanced angiogenesis facilities neurovascular remodelling processes
and promotes brain functional recovery after stroke.

There are several studies testing the effects of HDACi in neurovascular remodelling pro-
cesses and in brain functional recovery after stroke. Sun et al. showed that VPA treatment
enhanced post-ischemic angiogenesis by increasing microvessel density, facilitating EC
proliferation, and up-regulating rate of cerebral blood flow in the ipsilateral cortex. These
events may be associated with up-regulation of HIF-1a and its downstream proangiogenic
target VEGF as well as extracellular MMP2/9 [77]. Similar results were obtained by treating
rats with VPA during permanent middle cerebral artery occlusion (pMCAO). They exhibit
reduced infarct volume, promote functional recovery, enhance angiogenesis by upregulat-
ing VEGF [78], and reduce monocytes infiltration [79]. SIRT1 is proangiogenic and increases
EC tube formation, especially in post-natal angiogenesis [46]. So loss of SIRT1 reduces
angiogenesis and increases brain infarction, while SIRT1 was also demonstrated to play an
important role in neuroprotection against brain ischemia by deacetylation and subsequent
inhibition of p53-induced and nuclear factor kB-induced inflammatory and apoptotic path-
ways [80].

After pMCAO, sodium butyrate and TSA induce neurogenesis via HDACi in multiple isch-
emic brain regions in rats. Sodium butyrate also strongly upregulated VEGF, increasing
angiogenesis and functional recovery after stroke. It was also described that sodium butyrate
exhibits neuroprotective/neurogenic effects in rat model of neonatal hypoxia-ischemia [81].
All these results highlight that the inhibition of HDAC in brain after stroke enhances angio-
genesis, and this may contribute to the long-term functional recovery after stroke.
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6.6. HDACs role in angiogenesis in diabetes

Diabetes mellitus is a chronic disease where the lack of insulin leads to anomalies in the sub-
strate metabolism, causing a range of acute and long-term complications. One of the main
complication is the loss of small blood vessels. Another related secondary disease is diabetic
glomerulomegaly or kidney disease. One of the predominant feature of diabetic glomeru-
lomegaly is an increase in glomerular capillary volume [82], which can be controlled by
anti-angiogenic therapies. As there is evidence of genetic association between diabetes and
HDAC:sS, treatment with HDACi exerts a reduction in glomerular endothelial markers expres-
sion, which demonstrates the anti-angiogenic benefit [83]. This effect seems to be opposite
when it applies to the diabetic heart failure model, as another HDACi sodium butyrate exerts
improved cardiac functions and increased microvessel density within the diabetic myo-
cardium [84]. Moreover, HDACi also modulates cardiac peroxisome proliferator-activated
receptors (PPARs) and fatty acid metabolism in diabetic cardiomyopathy [85].

7. Pathogenic role of angiogenesis

7.1. Cancer

There are more than 200 different kinds of cancers, and each type behaves and responds to
treatments in different ways. Epigenetic enzymes are dysregulated in tumours through muta-
tion or altered expression. More importantly, tumourigenesis is largely due to overexpression
of oncogenes or the loss of function of tumour suppressor genes. The identification of these
proteins has driven the rapid development of small-molecule inhibitors.

Aswe mention above, the function of HDACs is not solely on modifying histones, but they can
also target many different cellular substrates and proteins, including those that are involved
in tumour progression. Currently, many HDACI are in clinical trials for cancer therapeutics
as HDACI result in hyperacetylation (and therefore repression) of genes related to tumour
cell apoptosis, growth arrest, senescence, differentiation, cell invasion, and metastasis [86].

An exemplary role of HDAC] play in modulating the tumour cells directly is its action on
vasculogenic mimicry (VM). VM refers to the process by which highly aggressive tumour
cells mimic ECs to form vessel-like structures that aid in supplying enough nutrients to rap-
idly growing tumours [87]. HDAC3 has demonstrated an important facilitative role on VM
in gliomas, as HDAC3 expression is directly correlated with the number of VM in tumours
with worsen tumour grade [88]. HDACi such as SAHA exert significant anti-VM effect in the
progressive pancreatic cancer cells through its inhibition of AKT and ERK signalling path-
ways [89].

The role of HDACs play in tumour angiogenesis has also been studied. It is widely known
that hypoxia induces tumour angiogenesis and cell survival through the up-regulation of
VEGF expression in tumour cells [90]. Different studies have reported that inhibition of
HDAC activity by TSA blocks hypoxia-induced tumour angiogenesis [91]. Other HDACi also
exert similar effects, as exemplified by MPT0G157, a potent inhibitor of HDACI, 2, 3, and 6,
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which was found to promote HIF-1a degradation followed by the downregulation of VEGF
expression [92]. There are also reports of the anti-tumoural effects of other HDACi (TSA,
sodium butyrate, and VPA) that are also partly mediated by the reduction of VEGFR-2 expres-
sion that might be related to repressing tumour angiogenesis [93].

SIRT1, a class Il HDAC, also plays an important role in tumour initiation, progression, and
development of drug resistance by hindering senescence, stress-induced apoptosis [94, 95],
and activating cell growth and angiogenesis. MiR-34a, whose expression level was found to be
reduced in various tumour cell lines [96, 97], was reported to exert its tumour suppression effect
via direct binding onto SIRT1 mRNA and regulate cell apoptosis via SIRT1-p53 pathway [98].
miR-34a also exerts its anti-tumoural effect through inhibiting SIRT1 to induce the senescence
of EPCs to suppress EPC-mediated tumour angiogenesis [99].

There are emerging HDACi for cancer therapy. HDACi-targeting class I, II, and IV HDACs to be
used as anticancer agents are currently under development. One of them, vorinostat, has been
approved by FDA for treating cutaneous T-cell lymphoma for patients with persistent or recur-
rent disease or following two systemic therapies. Other inhibitors, for example, FK228, PXD101,
PCI-24781, ITF2357, MGCD0103, MS-275, valproic acid, and LBH589 have also demonstrated
therapeutic potential as monotherapy or combination with other anti-tumour drugs [86, 100].

7.2. Age-related macular degeneration

Age-related macular degeneration (AMD) is the leading cause of blindness worldwide.
AMD is characterised by the deposition of drusen aggregates under the retinal epithelium.
Clusterin is one of the major proteins in drusens [101], and during aging, the expression of
clusterin increases [102]. The impact of epigenetic modifications on the pathogenesis of AMD
has been reported. It is known that aging affects histone acetylation status, so it is reasonable
to presume that the epigenetic regulation might have a role in clusterin expression. It was
reported that the treatment with HDACi induces prominent increases in the expression levels
of clusterin mRNA and the secretion of clusterin protein. This result indicates that epigenetic
factors regulate clusterin expression which could be affecting the pathogenesis of AMD via
the inhibition of angiogenesis and inflammation [103].

7.3. Pulmonary arterial hypertension

Pulmonary arterial hypertension (PAH) is a condition characterised by increased pulmonary
vascular resistance and pulmonary artery pressure leading to right heart failure and prema-
ture death [104]. During the process, there is a vascular remodelling caused by dysregulated
cell proliferation, migration, and survival. The cause of PAH is complex, but the excessive
proliferation of SMCs and ECs within the pulmonary artery is thought to play an essential
role in its pathogenesis.

Elevated levels of HDAC1 and HDACS have been observed in the PAH lungs, and treatments
with HDAC; such as SAHA and VPA reduce disease worsening in rat models of pulmonary
hypertension [105]. In addition, MEF2 might have a protective role in PAH progression as
the expression of MEF2 and its transcriptional targets are significantly decreased in pulmo-
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nary artery ECs from patients with PAH. The impaired MEF2 activity in ECs from PAH was
associated with increased nuclear accumulation of HDAC4 and HDACS. So, increasing MEF2
activity by the selective inhibition of class Ila HDACs by MC1568 seems to suppress exces-
sive EC migration and proliferation by PAH-ECs and can rescue experimental PAH model
[106]. Although the increased migration and proliferation of pulmonary artery ECs in PAH
are also hallmarks of angiogenesis, it is still contentious to link excessive angiogenesis with
the pathogenesis of PAH [107], and any potential anti-angiogenic therapy for PAH should be
proceeded with caution.

8. Concluding remarks and future perspectives

The past 15 years of research have significantly advanced our understanding of the functions
and modes of regulation of HDACs in CVD. With all the studies discussed above, we can get
an idea about how complex it is to translate HDACi as clinical therapeutics as they exert con-
tradictory functions in many occasions. Extensive evidence for HDAC involvement in multi-
protein complexes and cell-specific signalling indicates that a deeper understanding of these
pathways will be crucial to effective pharmacological targeting in future.

Although angiogenesis seems to be a very promising therapeutic possibility for the majority
of CVDs where patients are not responding to conventional treatments, there are also times
that angiogenesis participates in the pathological processes. So in some diseases such as MI
and diabetic cardiomyopathy, enhancement of angiogenesis is beneficial by improving recov-
ery of injured myocardium. In the other circumstances where aberrant neoangiogensis is one
of the main disease manifestations (such as cancer and AMD), potentiation of anti-angiogenic
signalling could be beneficial. Thus, the crucial role that angiogenesis can play as a therapy
can only be achieved by thoroughly understanding the underlying mechanisms.

In addition, the diverse and contrasting effects that the current available HDACi exert might
be due to their low specificity to a particular HDAC. Class Ila HDACs are expressed in limited
organs such as the muscles, brain, or bone, whereas class I HDACs exist ubiquitously. Thus,
one may question the specificity and adverse effects of unspecific HDACi for therapeutic
uses. Therefore in the future, creation of more specific HDACi, armed with better understand-
ing of the underlying mechanisms of specific HDAC in angiogenesis within each pathological
condition, could help the development of more targetted treatments to improve vascularisa-
tion and tissue repairs with higher efficiency and efficacy.

Alternative methods where HDAC modulation can be utilised in therapeutic angiogenesis
are to modulate endothelial differentiation of stem or progenitor cells, which can be applied
as cell therapy to enhance angiogenesis within the ischemic tissues. Next-generation gene-
editing tool, such as CRISPR-Cas9, can also be extremely useful in accurately targetting spe-
cific gene responsible for suppressing or exacerbating angiogenesis depending on the diseases.
Moreover, with diseases such as PAH that are characterised by both lack of angiogenesis
(within the right ventricles) and excessive angiogenesis (within the pulmonary vasculature),
the development of nanoparticles to deliver drugs to specific target tissues can be highly ben-

165



166  Physiologic and Pathologic Angiogenesis - Signaling Mechanisms and Targeted Therapy

eficial. This approach will also be extremely useful for patients that manifest both CVD and
cancer.

We are currently in an exciting era for translational research with a lot of new inspiring tech-
nologies that can truly transform therapeutic approaches. With diligent efforts to devise the
role of HDACs underlying angiogenesis robustly in various CVDs, in conjunction with the
creation of more selective HDAC inhibitors, advanced engineering solutions, and gene-edit-
ing tools to correct genes responsible for repressing angiogenesis, and a commitment in rigor-
ous placebo-controlled clinical trials, superior therapies for CVDs are on the horizon.
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Abstract

Endothelial cells (ECs) play a critical role in regulating vascular pathophysiology.
Various growth factors and relaxation factors such as vascular endothelial growth fac-
tor (VEGF) and nitric oxide (NO), which are derived from ECs, are known to maintain
homeostasis and regulate vessel remodeling. Although the inner lumens of all types of
vessels are covered by an EC monolayer, the characteristics of ECs differ in each tissue
and developing stage of a vessel. Previously, we identified the heterogeneity of ECs of the
ductus arteriosus (DA) by analyzing its gene profiles. The DA is a fetal artery that closes
immediately after birth due to the changes in concentrations of oxygen and vasoactive
factors such as NO and prostaglandin E. Studying the unique gene profile of ECs in the
DA can therefore uncover the novel key genes involved in developing vascular func-
tion and morphology such as O, sensitivity and physiological vascular remodeling. A
comprehensive gene analysis identified a number of genes related to morphogenesis and
development in the DA. In this chapter, we discuss the heterogeneity of vascular ECs in
the developing vessel in the DA.

Keywords: vascular endothelial cells, ductus arteriosus, vascular remodeling,
comprehensive gene analysis, oxygen, vitamin A

1. Introduction

The endothelial cells (ECs) in vessels control the vascular tone, permeability, attraction of
blood cells, which exhibit both innate and adaptive immunity, and migration/prolifera-
tion of underlying cells such as pericytes and smooth muscle cells (SMCs). To accomplish
these roles, vascular ECs exhibit phenotypic heterogeneity during development in a time-
and tissue-specific manner. The most significant diversity of ECs involves the differences

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgNN



176  Physiologic and Pathologic Angiogenesis - Signaling Mechanisms and Targeted Therapy

between arteries and veins as well as between large and small vessels. ECs undergo constant
changes in phenotype depending on different situations, both physiological and pathological.
Physiological angiogenesis occurs during development and repair processes. Many events
in vascular development during gestation are reciprocated in the adult neovascularization
that takes place in wound healing and ischemic disease treatment. In these cases, ECs must
express pro-angiogenic factors. Pathological angiogenesis is often implicated as the abnormal
proliferation of ECs such as that seen in tumorigenesis. Accordingly, many cancer studies
have focused on vascular endothelial growth factor (VEGF), a pro-angiogenic factor produced
from ECs. Endothelial damage and dysfunction causes cardiovascular diseases. For example,
endothelial dysfunction reduces nitric oxide (NO) production, which decreases vasodilatory
effects on SMCs. In addition, a decrease in NO production is also involved in the attraction
of leucocytes and the production of various growth factors that leads to unregulated intimal
thickening (Figure 1). Therefore, ECs play a central role in modifying the phenotypes of ves-
sels. ECs have different roles depending on where they are located. For instance, in a develop-
ing vessel, ECs become tip cells or other stalk cells to regulate different molecular signaling
to guide vessel sprouting [1]. Endothelial tip cells coordinate to have less proliferative activ-
ity by repressing Notch activity, thus upregulating VEGFR-2 (Flk-1) and other downstream
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Figure 1. Summarized pathological and physiological vessel response. Damaged ECs are shown in dark blue. Due
to the damage, there is a reduction of NO and an increase of ROS, which leads to platelet aggregation or leukocyte
adhesion to the intima. Cytokines produced from platelets or leukocytes induce growth factor production and cause
SMC hyperplasia and contraction. By contrast, healthy ECs constantly produce EDRF such as NO, so that SMC mitogen
and contraction are absent. In developing vessels, ECs are proliferating or deriving from progenitor cells. Proliferating
ECs can be distinguished into stalk cells and tip cells, which have different downstream VEGF pathways depending on
Notch activity.
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Notch transcription factors such as HASER1 [2]. By contrast, Notch signaling is more active
and VEGFR-1 (Flt-1) expression is upregulated in stalk ECs. Although Notch and VEGF
signals are greatly conserved in vessel sprouting among various tissues and species, how
widespread it is in terms of tissue specificity remains to be elucidated (Figure 1). Increasing
evidence shows that different signaling rules influence tissue-specific vessel sprouting—one
study demonstrated that bone morphogenetic protein (BMP) signaling provides the cue for
vein-specific angiogenesis during early development, and is independent from canonical
VEGF-A signaling [3]. Casanello et al. reported that endothelial diversity is also present in the
umbilico-placental vasculature, and emphasized that the heterogeneity of ECs is complicated
and cannot be explained simply by comparing the differences between micro- and macro-vas-
culature, or artery versus vein [4]. Thus, EC shows great heterogeneity in health and disease,
and studying the mechanisms of EC heterogeneity would contribute to the understanding of
both vascular physiology and pathology.

We previously revealed the unique gene profile of ductus arteriosus (DA)-specific ECs. The
DA, a fetal artery that connects the pulmonary artery (PA) and the aorta, is essential for
fetuses to bypass the oxygenated blood delivered from the placenta directly to the descending
aorta and not through the lung. The DA experiences a dramatic morphological change along
with environmental factors after birth, though other connecting arteries remain unchanged.
Therefore, even under similar physiological stresses underlying the DA and its connecting
arteries, heterogeneity of ECs must exist. In this chapter, we focus on reviewing the unique
identified gene profile of DA ECs, which should provide novel insights into heterogeneity in
vascular ECs.

Moreover, investigating DA remodeling would potentially help the understanding of dis-
eased vessels, just like other animal models in cardiovascular diseases. For instance, a wire
injury model is used for studying pathology of endothelial injury/dysfunction [5]; low-den-
sity lipoprotein receptor-deficient mice [6] and apolipoprotein E-deficient mice [7] are com-
monly used as atherosclerosis models; calcium chloride [8], elastase [9], angiotensin II [10], or
microRNA-21 [11] are infused to create an abdominal aortic aneurysms model. Developing
a disease model occupies a great deal of scientific findings on pathophysiology, and so the
existing models should always open to be refined. The DA can be an alternate model of an
occluding vessel, an extracellular matrix (ECM)-enriched vessel, or an oxygen-sensitive ves-
sel. Thus, studying DA ECs would be valuable for understanding an irregular angiogenic
pathophysiology.

1.1. Embryonic vasculogenesis

Vasculogenesis and angiogenesis are nomenclaturally similar as they both refer to the gen-
esis of blood vessels [12]. Vasculogenesis is the de novo formation of blood vessels differ-
entiated from mesodermal cells. Angiogenesis is the sprouting of blood vessels that occurs
as a result of the proliferation of existing vascular ECs. Despite the difference in these two
processes, vasculogenesis and angiogenesis are often compared to further understand
their underlying molecular mechanisms. Indeed, a significant amount of knowledge on
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tumor angiogenesis was achieved by studying embryonic vasculogenesis [13]. Therefore,
it is important to study developmental vascular biology and to understand vessel-specific
heterogeneity. Moreover, determining the heterogenic diversity of ECs would help open
up more options in clinical therapy, ultimately enabling individually designed therapeutic
treatments.

The vascular network is the first functional system established in the embryo. A primitive
vascular network is formed shortly after gastrulation by deriving endothelial progenitor
cells from the mesoderm. This first process is called the formation of angioblasts. Angioblasts
then differentiate into ECs by expressing various transcription factors and pan endothelial
markers for tubular formation, which is called the primitive vascular plexus [13]. Some of
the homeobox (Hox) transcription factors are known to be involved in this process. For
instance, Hox A9 regulates the expressions of endothelial NO synthase (eNOS), VEGEF-
receptor 2 (VEGFR2), and vascular endothelial-cadherin (VE-cadherin), and is responsible
for the tubulogenesis of mature ECs [14]. Hox B3 also plays a role in tubulogenesis [15]. Hox
D3 induces the differentiation of ECs from angioblasts [16]. The primitive vascular plexus
then undergoes complex remodeling accompanied by specification among arteries, veins,
and capillaries to become the functional vascular system [13]. Sry-related HMG box (Soxs)-F
subgroups Sox7, Sox17, and Sox18, along with vascular endothelial zinc finger-1 (Vezf-1),
were found to be essential to the remodeling process [17, 18]. Thus, vasculogenesis in gen-
eral consists of three steps: formation of angioblasts, formation of the primitive vascular
plexus, and vascular remodeling. During these steps, the heterogeneity of vascular ECs is
established.

1.2. Physiology of the DA

After the vascular system appears during embryonic development, the heart starts to func-
tion, and fetal circulation is established. Fetal circulation is different from adult circulation
since the blood is oxygenated in the placenta instead of the lung. Prenatal lungs do not yet
need to function so the DA bypasses the pulmonary artery and the descending aorta to
send most blood to the body instead of the lungs. Patency of the DA is maintained due to
the low oxygen level and high concentration of prostaglandin E, (PGE,) in the blood cir-
culated from the placenta, as well as the production of NO from ECs of the DA. Once the
infant has been delivered and lung ventilation has begun, the DA must close properly to
enable the transformation to adult circulation. Normal closure happens in two steps: func-
tional closure and anatomical occlusion [19]. The first closure is triggered by an increase
in pO, and a drop in PGE,, as well as a drop in blood pressure within the DA caused by
the reduction in pulmonary vascular resistance. This functional closure causes the loss of
blood flow which therefore induces hypoxia and extensive intimal thickening, followed by
fibrosis. The hypoxia on the vessel wall further inhibits endogenous prostaglandin and NO
production, which leads to an irreversible closure. Two to three weeks later, the sealed DA
eventually becomes a fibrous band called the ligamentum arteriosum (Figure 2) [19]. Failed
DA closure after birth is a condition called patent DA (PDA), and occurs frequently in
premature infants. Medical or surgical treatment of PDA is required when the left-to-right
blood shunt is significant.



Unigue Phenotypes of Endothelial Cells in Developing Arteries: A Lesson from the Ductus Arteriosus
http://dx.doi.org/10.5772/66501

[Pre-natal DA / functional closure] [Post-natal DA / anatomical closure]

Ischemic & ATP

hypoxia dEp'Etiﬂn-}CE” death

SMC migration, ECM

SMC

contraction PGE;,, NO{, ROS 1

low Po, COX1)@
e

Endothelidl SMC
adhesion ':"gramh

HO1/2

SMC relaxation

Figure 2. Representative pathways during DA remodeling. In early gestation, the DA remained open due to the high
concentration of PGE, from placental circulation, and by producing EDHF (NO and CO in the figure). Low oxygen
concentration induced ET-1 signaling and TGF-$ expression in ECs, leading to functional closure. Postnatal DA is
exposed to oxygenated blood that has reduced concentrations of PGE, and NO. Due to reduced NO production, ROS
are produced and monocytes are attracted to the intima. Monocyte-endothelial interaction induces cytokine and growth
factor upregulation, thus promoting SMC growth. Extensive neointimal formation at a later stage causes ischemic
hypoxia and ATP depletion, and eventual cell death.

2. Endothelial heterogeneity in terms of the DA

2.1. Current methodologies to study the heterogeneity of DA-specific ECs

The DA is a small shunt vessel in fetuses or neonates. The size of the tissue has always been a
study limitation in small mammals such as rodent models. Therefore, although many previ-
ous studies used larger mammals such as lamb or pig fetuses, they are inefficient for conduct-
ing primary-level research due to the difficulty in handling, low number of offspring, and
long gestational period. Rodents overcome these disadvantages, and experimental tools of
molecular biology are more available for rodents. Thanks to advancements in technology,
there are now more options than ever to overcome the limitation of tissue size in rodents.

2.1.1. Isolation of ECs of the rat DA

DA researchers have used different species, including baboon, pig, sheep, rabbit, chicken,
rat, and mouse [20]. These studies focused on a specific population of the cells in the DA
and always faced limitations in using rodent animals due to the small size of the fetal tissue.
To date, there are only three studies in which pure ECs were successfully isolated from rat
DA, including ours. Weber et al. applied a magnetic-activated cell sorting (MACS) method
to purify the ECs from collagenase-digested DA tissue [20]. They used von Willebrand fac-
tor (vWF) polyclonal antibody in MACS for the isolation. With their experimental method,
they succeeded in passaging a pure population of ECs up to three times, which overcame the
small number of primary-cultured ECs for further experiments. Following the isolation, they
confirmed the purification by flow cytometry and immunohistochemistry analyses. In our
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previous study, we used a florescence-activated cell sorter (FACS) to purify ECs from col-
lagenase-digested DA tissues [21]. In this experiment, we incubated pooled fresh cells with
fluorescein isothiocyanate (FITC)-conjugated anti-CD31 and APC/Cy7-conjugated anti-CD45
antibodies to separate EC and hematopoietic derivation cells, respectively. We confirmed the
purity by performing quantitative reverse transcription polymerase chain reaction (RT-PCR)
for Tie2 and gamma2-actin expressions, which are markers of ECs and SMCs, respectively.
After the FACS sorting, we proceeded directly to RNA isolation from the collected ECs for
application to a DNA microarray experiment, which minimized differentiation of the isolated
ECs after purification. More recently, a study focused on the heterogeneity of tissue-specific
cells that separated ECs and SMCs from the DA using laser-capture microdissection [22].

2.1.2. Comprehensive gene expression analysis of DA tissues

During the past decade, several groups, including ours, have studied comprehensive gene
expression in the DA using DNA microarray analysis. One study used human DA specimens,
with a broad range of ages [23]. Because of the difficulty involved with human samples of
the DA, they could not group the samples with biologic replicates. They found a tendency
of expressing more genes that relate to ECM synthesis, which implied the presence of active
neointimal proliferation in PDA. Other microarray studies used only rat vessels. Costa et al.
compared rat DA samples from embryonic day 19 (E19) and 3 h after birth, examining the
effects of oxygen [24]. Our group examined the expression profiles of rat DA and aorta at
E19 and E21, and reported that the growth hormone (GH)-receptor signal is predominant in
the SMCs of the DA [25]. We also investigated the effect of vitamin A maternal administra-
tion on the gene expression pattern of the DA at E19, E21 (full term), and 3-6 h after birth
[26]. Moreover, our group utilized the unique phenotype of the Brown-Norway (BN) rat—
this strain has been characterized as a novel animal model for PDA possibly due to systemic
elastin-related impairments—to compare with vessels of its control strain Fisher 344 [27].
Although all of these studies reported somewhat overlapping results, none could determine
the EC-specific gene profiles. As discussed above, the EC layer is maintained to form a single
layer; the majority of genes that appear on microarray analysis using whole tissue are there-
fore from SMC origin.

Because the analysis of the expression profiles of the vascular ECs of the DA is challenging,
only two studies have been published to date, including ours [21, 22]. It is difficult to compare
these two studies because we used pooled DA ECs purified by FACS, whereas Bokenkamp et
al. used laser-capture microdissection to isolate DA ECs from a frozen sample. Accordingly,
some of the study results are inconsistent. For example, Bokenkamp et al. demonstrated that
the expression of Rgs5 mRNA was higher in the DA compared to the aorta [22], whereas we
did not find a difference in Rgs5 expression between DA ECs and aortic ECs. In our study,
we divided samples into four groups: the DA and aorta of E21 fetals (F group) and neonates
30 min after birth (N group) rats. We further categorized the microarray data with GeneGo
MetaCore software to clarify the meaning of enriched gene expressions. Interestingly, the
majority of the identified DA-dominant genes had not previously been reported in previous
DA-related studies. We review the unique gene profiles of DA-specific ECs in the following
sections.
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2.2. Characteristics of DA-specific ECs in DA remodeling

As mentioned in the earlier section, the DA has special remodeling processes that differ from
other vessels. Most research on DA remodeling has been conducted using the whole tissue
or its SMCs. The importance of signals generated from blood or ECs has, however, begun to
be realized.

2.2.1. Extracellular matrix remodeling of the DA

In the late 1980s, Rabinovitch’s group discovered that the intimal cushion formation of the DA
is attributed to a special character in its cells [28, 29]. Using in vitro cells from lamb tissues, they
demonstrated that there are 10-fold and five-fold increased incorporations of hyaluronan and
heparansulfate in the ECM of DA ECs, respectively, compared to cells of the adjacent aorta or
pulmonary artery (PA). They further found that this remodeling, which involves the increased
hyaluronan accumulation in DA ECs, contributes to the migration of DA SMCs [30], and is
transforming growth factor-beta (TGF-f3)-dependent [31]. About a decade later, the same group
reported that TGF-1 expression in DA ECs was upregulated in the early gestation of fetal lambs
compared to aortic ECs, but was downregulated to the same level as aortic ECs by late gestation
[32]. This dynamic modification in the DA EC was explained to relate to stability in the trans-
lation and transcription of its mRNA. This second study provided some of the first evidence
showing that there are tissue-specific and developmental patterns of expression in DA ECs.

The comprehensive gene analysis study identified significantly high expressions of N-
deacetylase/N-sulfotransferase (Ndst3), Glipican 3(Gpc3), and heparan-sulfate 6-O-sulfo-
transferase 2 (Hs6st2), all of which are involved in heparasulfate synthesis, in DA ECs in
both full-term fetal and neonatal periods [21]. Ndst3 is the most important heparin-sulfate
synthase among the three members of the NDST family [33]. Other genes that are known to
relate to ECM, especially collagen synthesis, were also found to show higher expression levels
in DA ECs than aortic ECs: the glycosyltransferase25 domain containing 2 (Glt25d2), which
is known to strengthen collagen activity [34]; growth differentiation factor (Gdf6), and micro-
fibrillar-associated protein 5 (Mfap5), which promotes collagen production [35, 36]; Mfap4,
which stabilizes collagen activity [37]; anthrax toxin receptor 1 (Antxrl), which provides a
link between collagen I and actin cytoskeleton [38]; and prolyl 4-hydroxylase-alpha polypep-
tide (P4hal), which is related to the procollagen process [39]. ADAM metallopeptidase with
thrombospondin type 1 motif-17 preproprotein (Adamts17), plasminogen activator tissue
(Plat), and fibrillin 1 (Fbn1), which are also categorized as related to ECM formation, were
upregulated in DA ECs [21]. Interestingly, connective tissue growth factor (CTGF) was found
to show higher expression in DA ECs than in aortic ECs in the postnatal period, whereas
there was no difference in the fetal period [21]. CTGF is a well-known downstream mediator
of TGF-{31 in various cells and it exhibits diverse functions, such as cell proliferation, apopto-
sis, cell adhesion, ECM or collagen production, and angiogenesis [40, 41]. Moreover, a recent
study demonstrated that, via stimulation of TGF-31, CTGF binds to VEGF, and that the com-
plex inhibited VEGF-mediated angiogenesis in cardiac cells [42]. Although further studies
are needed, these results imply that there are intricate regulations among TGF-1, CTGF, and
VEGF in the DA remodeling after birth.
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2.2.2. PGE,, endothelial-derived relaxation, and hyperpolarizing factors in the DA

PGE, is a potent vasodilator for the DA. It is generated by the enzyme cyclooxygenase (COX).
There are two isoforms, COX-1 and COX-2. Although COX-2 is an inducible isoform that
requires cytokine, both COX-1 and COX-2 are known to be involved in fetal development
[43]. The expression levels of these two vary among species as well as the term of gestation.
For instance, COX-2 is barely detected in the DA of fetal pig, but more dominantly regulates
DA tone in fetal lamb by expressing it in ECs [43]. Another study found that there is a coop-
erative interaction between PGE, and NO, an endothelial-derived relaxation factor (EDRF)
[44]. Several studies showed that NO is more potent than PGE, in the preterm DA, whereas
the opposite relationship is seen at term [45-47]. Another EDREF that is found to be related to
controlling DA tone is carbon monoxide (CO). CO is naturally formed in the body from the
enzymatic activity of heme oxygenase (HO-1/2). Coceani et al. demonstrated that CO formed
by HO (ECs of DA only express HO-1 in rat and pig fetuses) interfered with the reaction with
the cytochrome P450-based monooxygenase and inhibited the synthesis of endothelin-1 (ET-
1), which is a potent vasoconstrictor that is also critical in DA tone [48-50]. CO generated from
HO-1, but not HO-2, is known to have a protective effect on ECs of various vessels [51], and
induces angiogenesis [52]. Importantly, compensatory mechanisms among PGE,, NO, and
CO were elucidated by using eNOS, COX, or HO-2-mutant mice [53]. The study showed that
there is no narrowing of the DA in each mutant, and that endothelial-derived hyperpolar-
izing factor (EDHF) additionally exhibits a large reciprocal effect [53]. In addition to bradyki-
nin, which has been shown to have the same relaxation effect as EDHF, there could be more
agents potentially qualified as EDHF. A more recent study reported that hydrogen sulfide
(H,S) also acts as EDHF by expressing its synthetic enzymes cystathionine-y-lyase (CSE) and
cystathionine-f3-synthase (CBS) in the intima, likely ECs of the DA [54].

2.2.3. Inflammatory response in DA ECs during anatomic remodeling

Anatomic remodeling of the full-term DA shares similar features of inflammatory vascular
disorders such as atherosclerosis. As a consequence of the functional closure of the DA, isch-
emic hypoxia of the muscle media is induced due to the loss of luminal and vasa vasorum
blood flow. Therefore, ATP depletion causes cell death [55, 56] and VEGF induction increases
the penetration of vasa vasorum into the DA muscle media [57]. Clyman’s group examined the
inflammatory processes involved in the postnatal constriction of the DA [58]. They found that
VLA4 integrin expressing mononuclear cells (CD14"/CD163" cells [59]), in which the ligand
is vascular cell adhesion molecule-1 (VCAM-1) in ECs, increased to adhere to the lumen of
the DA after birth. Along with the increased monocytes recruitment, VCAM-1 and E-selectin
expressions were also elevated in DA ECs after birth [58]. Unlike the pathophysiology of ath-
erosclerosis, the upregulation of P-selectin and intracellular adhesion molecule-1 (ICAM-1)
induced by monocytes adhesion was not seen in the DA. Interestingly, VLA4" mononuclear
cell adhesion was found to predominantly regulate the extent of neointimal remodeling of the
DA after birth, with T-lymphocyte adhesion to a lesser extent, but no neutrophil or platelet
adhesion [58]. VCAM-1 and E-selectin were also induced by VEGF and several cytokines,
such as TNF-a, IFN-y, and CD154, likely due to the profound hypoxia in the DA wall after
birth. These responses are also seen in atherosclerotic remodeling, but the pattern of gene
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expression modification seemed less in DA closure since IL-1 and MCP-1 were not expressed
in the closing DA [58]. Some researchers argue, however, that the inflammatory response dur-
ing DA closure may cause a failure in constriction after birth [58], because TNF-a and IL-6 are
known to have potent vasodilatory effects [60-63].

The monocyte-endothelial cell interaction has been implicated to play a critical role in vascu-
lar pathogenesis by inducing platelet-derived growth factor (PDGF) secretion that promotes
the migration of SMCs into neointima [64]. Indeed, PDGF-B chain expression upregulation
was confirmed in DA tissues after birth, and was inhibited by blocking monocyte adhesion
using anti-VLA-4 monoclonal antibody treatment [59]. Moreover, the regulator of G-protein
signaling 5 (Rgs5) that was found to be enriched in both ECs and SMCs of DA at full-term
gestation compared to adjacent aortic cells [22] was suggested to be negatively regulated by
PDGF [65]. PDGF-dependent repression of Rgs5 leads to SMC migration and G protein-cou-
pled receptor-mediated-signaling pathways, such as mitogen-activated protein kinase activa-
tion, thus contributing to vessel contraction and remodeling [65]. The Rgs5 expression level in
DA tissue after birth has not been studied, but it is reasonable to hypothesize that it would be
decreased, likely due to increased PDGEF secretion after birth. Further studies are required to
elucidate the intricate effects of DA remodeling.

2.2.4. Epithelial/endothelial-to-mesenchymal transition-related gene expressions in the DA

Recent studies have suggested that epithelial/endothelial-to-mesenchymal transition (EMT/
EndMT)-related genes play an important role in DA closure [21, 66]. Our microarray study
on FACS isolated ECs from rat DA revealed that Tgfb2, actin alpha 2 smooth muscle aorta
(ACTA2), N-cadherin (cadherin 2 or Cdh2), and met proto-oncogene (hepatocyte growth fac-
tor receptor or Met), which are known to be related to the EMT process, are significantly
expressed compared to the aortic ECs [21]. In accordance with this finding, ACTA2 mutation
is well characterized in PDA [67]. Another study that showed the importance of BMP9 and
BMP10 as circulating growth factors in DA postnatal closure also found that they induced
expressions of EMT/EndMT-initiating transcription factors SNAI1, SNAI2, ZEB2, TWIST],
and FOXC2 in ECs [66]. The study found that treatment with a neutralizing anti-BMP10 anti-
body on BMP9 knockout mice led to reopening of the DA. BMP9 and BMP10 are members
of the TGF-{ family, and are known to be elevated in mice around birth [68]. They have high
affinity to bind to activin receptor-like kinase 1(ALK1), which is an EC-specific receptor [69],
and additionally upregulate the expressions of BMPR2, ActR2A, and the co-receptor endoglin
as well in the DA [66]. Moreover, BMP9 is reported to upregulate COX-2 and hyaluronic acid
synthase 2 (HAS2) expressions, but not COX-1 [66, 70, 71]. Therefore, EMT or EndMT induced
by BMP9 and BMP10 is thought to be a necessary process for anatomical closure of the DA.

Although it remains to be proved whether ECs at the lumen of closing DA would differenti-
ate into mesenchymal cells, Levet et al. observed that there is a loss of EC-specific marker
(PECAM or CD31)-positive cells at the lumen [66]. Since those cells at the lumen had an
autophagic appearance, the authors speculated that the loss of ECs is at least partially due to
cell death. However, it is also reasonable to assume that the EC loss is attributed to EndMT
which resulted in loss of the EC characteristics.
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2.3. Genetic responses to external stimuli on the DA and other vessels

The DA encounters great environmental changes during the perinatal period. Interestingly,
the DA dramatically changes its morphology despite other neighboring arteries remaining
unchanged. Therefore, it is reasonable to assume that the DA is sensitive to external or internal
stimuli, which are primarily received by cells at the lumen, more than other neighboring arteries.

2.3.1. Response to oxygen

In fetal life when the lungs are not yet ventilated, the resistance of pulmonary vessels is high.
Therefore, most of the blood that is oxygenated from the placenta passes to the descending aorta
through the DA. At birth, in accordance with lung expansion, the blood passing via the DA is
reduced, since the resistance of the pulmonary arteries is lower than that of the systemic arter-
ies. In addition, an increase in oxygen concentration of the blood and a decrease in PGE, levels
trigger the contraction of the DA. Our previous study demonstrated that a1G, a T-type voltage-
dependent Ca* channel, mediates oxygenation-induced closure of the DA after birth [72].

Furthermore, as the neonatal period progresses, the DA constricts more and the vascular cells
undergo hypoxic changes. As a result of hypoxia, reactive oxygen species (ROS) are gener-
ated by converting O, to O,"” by NADPH oxidase in ECs. Further activated redox-signaling
pathways increase the tyrosine and serine/threonine phosphorylation of proteins, and result
in various physiological and pathophysiological responses that are reviewed elsewhere [73].
VEGEF is one of the best known genes that are elevated in response to hypoxia in the DA,
which contributes to the ingrowth of vasa vasorum and neointimal proliferation [57].

Our microarray analysis identified a significant number of genes that more closely relate
to oxygen in DA ECs than in aortic ECs. Aldehyde dehydrogenase 1 family-member Al
(Aldhlal), aldolase C-fructose-bisphosphate (Aldoc), and CD38 are oxygen-related enzymes,
and Vegfa, Tgfb2, and Ctgf are oxygen-related receptor ligands [21]. CD38 has been recently
implicated to regulate Ca* signaling in response to ROS generation in pulmonary arterial
SMCs [74]. Therefore, it would be interesting to examine the importance of CD38 in the DA.

2.3.2. Response to retinoic acid

Retinoic acid (RA), a metabolite of vitamin A, plays a critical role in organogenesis, such as
the formation of the face, heart, eyes, limbs, and nervous systems [75]. Vitamin A maternal
administration has been proven to increase the activities of vessel-contractile proteins and
to accelerate the development of the O,-sensing mechanism in the DA [76]. Yokoyama et al.
compared gene expression profiles by microarray in the DA in the presence or absence of
maternal vitamin A administration at different developmental stages, and found that 91 genes
in total responded to the treatment [26]. In addition to the genes that were previously dem-
onstrated to be induced by RA, such as fibronectin-1 and HAS2, the study also found that
vitamin A treatment promoted the maturation of functions and structure of the DA. They also
identified that VEGFA was increased by vitamin A administration.

Our microarray study on ECs from the DA versus the aorta also revealed the response to
vitamin A to be one of the most dominant biological processes that worked in DA ECs [21].
TGF-beta 2, CD38, Aldlal, Sp100, paired-like homeodomain 2-transcript variant 2 (Pitx2),
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fatty acid desaturase 1 (Fadsl), and dickkopf homolog 1 (Dkk1) were listed in the category.
Although the MetaCore system did not mention it, lecithin-retinol acyltransferase (Lrat) was
also increased in DA ECs. Indeed, Lrat was identified as one of the most significant expres-
sions in DA ECs, as it had a more than five-fold increase compared to aortic ECs. Given the
fact that Lrat is the predominant enzyme in retinoid absorption [77], it is reasonable to think
that this gene could play a great role in the DA having higher sensitivity to RA.

2.4. Other genes uniquely expressed in DA ECs

Our previous study identified more than 80 genes that were expressed more than two-fold or
greater in ECs of the DA compared to those of the aorta, in both terms (F and N) [21]. In this sec-
tion, DA EC-unique genes that were not mentioned in the earlier section will be summarized.

2.4.1. Neural crest cell-related genes during development

The DA derives from neural crest cells that are located in the sixth pharyngeal arch artery
[78, 79], which is one of the progenitors of the second heart field [78, 79]. We identified that
Tbx1, a major transcriptional factor in the second heart field, was expressed approximately
four-fold more in DA ECs compared to aortic ECs. Pitx2 and Fgf10, which are known to
co-express with Tbx1 [80, 81], also showed more than two-fold expressions in DA ECs than
in aortic ECs. Indeed, Momma suggested that the deletion of human chromosome 22q11.2,
where Tbx1 is, increased DA anomalies [82]. Moreover, cadherin 2 (Cdh2), which is known
to work downstream of Pitx2 [83], and Ephrin B1 (Efnb1), Hs6st2, and Isl1, which are known
to be in the Fgf10 signaling pathway [84-86], were also expressed dominantly in DA ECs [21].

2.4.2. Solute carrier family 38, member 1 (Sc38a1)

Slc38al is a highly homologous protein subtype of placental system A, a Na*-dependent
amino acid transporter that contributes to nutrient fetal growth, by expressing in the pla-
centa [87]. Placental system A activity increases along with the progression of pregnancy and
therefore coincides with demands of fetal nutrient [88]. Slc38al was found to be one of the
most dominant genes in DA ECs compared to aortic ECs [21]. Slc38al itself has not been fully
characterized yet and has not been implicated in studies in the DA. Recently, using siRNA
technology on cytotrophoblast cells, Slc38al was revealed to be a key contributor to total
system A activity in term placenta [87]. Hence, the fact that Slc38al expressed approximately
seven-fold more in DA ECs than in aortic ECs at full-term gestation implies its involvement
in the vascular remodeling of the DA. Further study is needed to identify the role of Slc38al
in the DA during development.

2.4.3. Calpain-6

The calpain family is a calcium-dependent cysteine protease that is ubiquitously expressed
in human tissues. Calpain-6 was identified about two decades ago; it has special features that
make it stand out from other family members [89]. Calpain-6 is the only family member that
lacks a calmodulin-like domain; it therefore has no protease active site [89]. Calpain-6 was
exclusively but highly expressed during embryogenesis [90] and in placenta in 50 adult tis-
sues [89] (no DA examination). Our microarray study identified that calpain-6 was also one
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of the most strongly expressed genes in DA ECs compared to aortic ECs, especially in fetal
tissue [21]. Calpain-6 was recently implicated in tumor angiogenesis. Specifically, calpain-6 is
suggested to play an important role in bone tumorigenesis and metastasis [91]. In the study,
calpain-6 was found to be upregulated by ET-1, and to provide a protective effect against cell
apoptosis and promote cell proliferation [91]. As mentioned earlier, ET-1 is increased in the
DA to regulate its vasoconstriction [48-50]. Therefore, calpain-6 might be a newly identified
gene in ET-1 signaling generated in DA ECs.

3. Conclusion

Studying EC heterogeneity aids our understanding of the physiology and pathophysiology
of angiogenesis. It also has great potential to identify novel ways to regulate angiogenesis
for treatment purposes. Comprehensive gene analysis using a microarray made it possible
to reveal many genes that were previously functionally unidentified in tissue or disease.
Molecular analyses using whole tissues hinder the data on specific cell types. ECs are the key
cells responsible for primarily generating signaling pathways to modulate the functions or
structure of a vessel. Vessels mainly consist of a medial layer (the majority of which is com-
posed of SMCs), and a single layer of ECs. The separation of ECs would therefore be the first
hurdle to overcome in order to acquire data on ECs.

This chapter focused on reviewing the current knowledge of DA ECs, since we believe that
the DA could be utilized as a vessel model for studying the mechanisms of both neointimal
formation and apoptosis in addition to embryonic vasculogenesis. DA-specific ECs are highly
unique compared to aortic ECs in terms of their heterogeneity. DA ECs have a great number
of specific genes related to ECM formation, inflammatory response, EMT or EndMT, and
oxygen and retinoic acid response. DA ECs also have more genes that are conserved from
embryogenesis compared to adjacent aortic ECs. In our previous study, Slac38al, Capn6, and
Lrat were found to be the most significantly expressed genes in DA ECs. Although much
more research is required to validate the importance of these newly identified dominant
genes in DA ECs, we expect that these findings will promote further studies on PDA, thera-
peutic angiogenesis, and cancer treatment.
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Abstract

Vascular remodeling is alterations in the structure of resistance vessels contributing to
elevated systemic vascular resistance in hypertension. In this review, physiopathology of
vascular remodeling is discussed, and the impact of antihypertensive drug treatment on
remodeling is described, emphasizing on human data, fundamentally as an independent
predictor of cardiovascular risk in hypertensive patients. Then we discussed a vascu-
lar repair by endothelial progenitor cells (EPCs) that play important roles in the regen-
eration of the vascular endothelial cells (ECs). The normal arterial vessel wall is mostly
composed of ECs, vascular smooth muscle cells (VSMCs), and macrophages. Endothelial
impairment is a major contributor to atherosclerosis and restenosis after percutaneous
coronary intervention (PCI). Reendothelialization can effectively inhibit VSMC migra-
tion and proliferation and decrease neointimal thickening.

Keywords: endothelial progenitor cells, fructose-fed hypertensive rats, metabolic

syndrome, hypertension, oxidative stress, vascular remodeling

1. Role of endothelial progenitor cells in vascular repair

Vascular diseases, including atherosclerosis, media calcification, and microangiopathy, are
prevalent in patients with diabetes mellitus and are considered to be primary causes of death
and disability in these individuals [1]. Atherosclerosis occurs earlier in patients with diabetes,
frequently with greater severity and a more diffuse distribution. Patients with diabetes have
increased prevalence of vascular disease and, as a result, increased morbimortality from acute
myocardial infarction. Diabetes and metabolic syndrome (MS) are associated with vascular
function abnormalities and ensuing morphological changes associated with vascular remod-
eling and atherosclerosis [2, 3].
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The arterial vessel wall is mostly composed of endothelial cells (ECs), vascular smooth mus-
cle cells (VSMCs), adventitial connective tissue and macrophages. Endothelial impairment is
believed to be a major contributor to atherosclerosis or restenosis after percutaneous coronary
intervention (PCI). Reendothelialization with ECs can effectively inhibit VSMC migration and
proliferation and decrease neointimal thickening. It is for this reason that we studied a mecha-
nism to achieve a rapid reendothelialization, through, for example, autologous translators of
endothelial progenitor cells (EPC), mature or immature, as a fundamental hypothesis in the
prevention of these two pathologies: atherosclerosis and restenosis, which derive in the same
clinical entity: acute coronary syndrome.

EPCs are divided into different evolutionary stages from mother cells to mature ECs. Both early
and late EPCs can repair blood vessels, but late EPCs that have a strong proliferation capac-
ity are more involved in the formation of new vessels or angiogenesis. By measuring EPC in
patients by flow cytometry in patients by flow cytometry, we found that in patients with ath-
erosclerosis are decreased compared to control subjects without atherosclerosis [4-6]. Several
studies show that EPCs can be recruited to sites of endothelial injury then mature in site, chang-
ing cluster of differentiation (CD), and playing a major role in reendothelialization [7-9].

Atherosclerosis is an inflammatory disease with leukocyte infiltration, accumulation of
smooth muscle cells, and formation of neointima. Damage of the endothelial monolayer trig-
gers the development of thrombosis with consequent occlusion versus arterial subocclusion.
Recent studies demonstrated the recruitment and incorporation of EPC into atherosclerotic
lesions and therefore provided evidence supporting the role of vascular cells in the patho-
physiology of atherosclerosis. Moreover, there is evidence that EPC are capable of regenerat-
ing cells, vascular grafts, and native vessels [10, 11].

The EPCs can mediate vascular repair and attenuate atherosclerosis progression even in the
continued presence of vascular injury. Although the mechanisms involved are still not clear,
EPCs seem to contribute to the restoration of the endothelial monolayer [12]. In addition to
bone marrow, spleen-derived EPCs also have the capacity to repair damaged endothelium [13].
EPCs derived from spleen homogenates also enhanced reendothelialization and reduce neo-
intima formation after induction of endothelial cell damage using the carotid artery model [14].

Other models have also been used, such as the balloon injury model, mobilization of circulat-
ing EPCs, and accelerated repair of the nude endothelium [15]. In addition, autologous EPCs
that overexpress endothelial nitric oxide synthase (eNOS) ameliorates endothelial integrity
when transplanted into mice after carotid artery balloon injury. Increased NO bioavailabil-
ity significantly strengthens the vasoprotective properties of the reconstituted endothelium,
leading to inhibition of neointimal hyperplasia [16].

Transfer of progenitor cells is not always beneficial. ApoE KO mice receiving mononuclear bone
marrow cells, following induced hind limb ischemia, showed increased neovascularization,
accelerated atherosclerotic plaque formation, and lesion size compared to control groups [17].
In an alternate study, because of proinflammatory properties of these cells, as reduction in IL-10
levels in the atherosclerotic aortas was observed accelerated atherosclerosis along with reduced
plaque stability [18]. Similarly, even though implantation of an arteriovenous anti-CD34-ePTFE
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graft in pigs, it also stimulated intimal hyperplasia [19, 20]. Besides obvious differences in vari-
ous experimental models, it is difficult to reconcile these findings and it seems that excessive
mobilization of progenitor cells may lead to restenosis, but its absence may impair reendothe-
lialization [21]. It is important to mention term EPC is loosely used to describe a vastly hetero-
genic cell population that is consisted of different progenitors. Recent studies have highlighted
the impact of cell isolation protocols on the functional capacity, that is, different phenotypes.

2. Flow cytometric characteristics of EPC

EPCs are identified by expression of CD34, CD133, or VEGFR2. Their accurate character-
ization is very difficult, because as these cells may originate from multiple precursors: the
hemangioblast, nonhematopoietic mesenchymal precursors, such as the bone marrow, mono-
cytic cells, and also tissue resident stem cells. Two methods for isolation of EPCs from the
peripheral blood have been described [22]:

1. From isolated monocytic cells onto fibronectin-coated plates and cultured in the presence of
growth factors, form colonies after 5-7 days, denominated endothelial cell colony-forming
units (CFU-EC) [23].

2. From monocytic cells from peripheral blood plated onto collagen-I-coated plates in endothe-
lial growth media (EGM-2) can give rise to CFU-EC after 14-21 days [24]. The expression of
VEGFR?2 on peripheral blood monocytes is essential for their endothelial-like function [25].

How was it exposed beforehand, there are two distinct phenotypes: early EPCs and late out-
growth EPCs [26, 27] which differ fundamentally from each other their proliferation potential.
The first, that are derived from monocytic cells, have low proliferative capacity but express
of eNOS and they fail to form perfused vessels in vivo. The late outgrowth EPCs have a high
proliferation rate and can be maintained in culture extensively. These cells play a key role in
angiogenesis [22]. Some studies further identified these cells as CD34'CD45" precursors [28]
and clarified their origin from the peripheral blood monocytes. CD14" cells seem to give rise
to early EPCs, whereas late EPCs develop exclusively from the CD14~ subpopulation [29].

In experimental studies, where EPCs are infused into ischemic lower limbs, only a small
number of these can be seen in capillaries of the patient, although the perfusion improves
considerably [30-33]. This suggests the potential release paracrine of angiogenic factors. This
supportive function of EPCs may be crucial in ensuring the survival of tissue-residing cells
and enhancing blood vessel formation and tissue repair. Early outgrowth EPCs produce
higher levels of growth factors [34, 35]. To summary, it can say that EPC phenotype vary
depending on their origin and their clutters of differentiation, with different functions:

1. immature EPCs that have proliferative ability
2. mature EPCs that can physically engraft into neoendothelial layer

3. supportive EPCs that produce growth factors to promote endothelial repair.
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3. Angiogenesis in the vessel wall

An interesting question could be: How do the vessel wall progenitor cells migrate to the endo-
thelial and intima layer of the vessel? The answer is the vasa vasorum. These play a significant
role in transporting cells to the intimal region and have positively correlated with the devel-
opment of atherosclerosis [35, 36]. In atherosclerotic lesions abundant microvessels can be
observed. The vasa vasorum are considered to significantly contribute to:

1. atherosclerosis progression
2. plaque instability
3. also authors, support that contribute to plaque regression.

The real thing is that decreased blood supply through the adventitial vasa vasorum can trigger
atherogenic intima thickening [37, 38]. Using the Lac-Z mice, Xu et al. [10] provided unique
insights into the formation of these microvessels. It was clearly demonstrated that endothelial
cells of microvessels within allografted vessels were derived from bone marrow progenitor
cells (Figure 1). These results suggest a potentially dual role of EPCs in transplant athero-
sclerosis, protective through the repair of the denuded endothelium and promoting plaque

C-Kit+/Sca-1+,
CD34+/KDR+,
CD133+,
Lectin+/Ac-LDL

Figure 1. EPC origins. EPCs could be released from bone marrow, fat tissues, vessel wall, especially adventitia and
spleen, liver, and intestine, where they form a circulating EPC pool. They can then contribute to the repair of damaged
vessels in pathological conditions.
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angiogenesis. Some studies have shown the potential detrimental EPC transplantation as
lung cancer or multiple myeloma [38]. Additional experiments are required to fully delineate
the functional significance of stem cell incorporation into the microvasculature and define the
role of progenitors in tipping the balance between atheroprotection and atherogenesis.

4. Definition of vascular remodeling

The vascular wall is formed by endothelium cells, smooth muscle cells, and fibroblasts inter-
acting to form an autocrine-paracrine complex. During vascularization, the vascular wall
cells detects changes in the environment, releasing communication signals as growth factors,
inflammation mediators, and paracrine mediators that influences on vascular structure and
function. The results are vascular remodeling. This is an active process of structural change
that involves changes in at least four cellular processes: cell growth, cell apoptosis, cell migra-
tion, and the synthesis or degradation of extracellular matrix.

Vascular remodeling is dependent on dynamic interactions between: (1) local growth factors,
(2) vasoactive substances, and (3) hemodynamic stimuli, and is an active process that occurs
in response to long-standing changes in afterload conditions; that it may subsequently con-
tribute to the pathophysiology of vascular diseases and circulatory disorders [39].

Increased peripheral vascular resistance in hypertension was uniformly ascribed to a higher
volume of wall material per unit length of vessel or “hypertrophy.” It was always thought
that the process of vascular hypertrophy was only due to increased muscle cells, as in the
left ventricle, the term remodeling was first applied to the resistance vessels by Baumbach
and Heistad to indicate a structural rearrangement of existing wall material around a smaller
lumen [39-41].

Mulvany proposed that vascular remodeling should encompass any change in diameter
noted in a fully relaxed vessel, not explained by a change in transmural pressure or compli-
ance, and therefore due to structural factors [42-44]. With the objective of to be operational,
the classification necessitates appropriate methods for the measurement of resistance vessels
dimensions, supplying factors either removed or controlled for: (i) vascular tone, (ii) transmu-
ral pressure, and (iii) vessel compliance [38, 45].

5. Classification of vascular remodeling

Consideration of morphological changes has changed over time. Gibbons proposed a clas-
sification based on the response to increased blood pressure. These changes are displayed
predominantly in media-to-lumen ratio (M/L), changing the vessel wall width for increased
muscle mass (Figure 2A) or in the reorganization of cellular and noncellular elements
(Figure 2B). These changes increase vascular reactivity, thus enhancing peripheral resistance.
Another mechanism are mainly involves changes in the dimensions of the lumen (Figure 2C
and D). In this case, the restructuring of the active components and cell signals does not
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Figure 2. Changes are predominantly in media-to-lumen ratio (M/L), changing the vessel wall width for increased
muscle mass (A) or in the reorganization of cellular and noncellular elements (B). Another mechanism of remodeling
are mainly involves changes in the dimensions of the lumen (C) and (D). In this case, the restructuring of the active
components and cell signals does not result in significant changes in the dimensions of the vascular lumen. Another form
of vascular remodeling is microcirculation rarefaction (E) and (F).

result in significant changes in the dimensions of the vascular lumen; the changes in vessel
wall thickness are relatively small. Clinical examples of this type of restructuring include the
dilation of vascular remodeling associated with a constantly high blood flow (Figure 2D) (e.g.
arteriovenous fistula) or the loss of cellularity and extracellular matrix proteolysis, resulting
in the formation of an aneurysm. Equally, a reduction in the diameter of the vascular mass
results from a long-term reduction in blood flow (Figure 2C). In fact, microcirculation rarefac-
tion is another form of vascular remodeling that promotes hypertension and ischemic tissue.
The vascular wall is also markedly changed in response to vascular injury (Figure 2E and F).
In neointima, forms of reparative response to injury, as thrombosis, migration and vascular
smooth muscle cells (VSMCs) proliferation, increased matrix production, and infiltration of
inflammatory cells also exist.

Hypertension is associated with structural changes in the resistance vessels such as reduction
in lumen diameter and increase in M/L ratio. This mode of structural change has been called
“remodeling” [46].

Structural changes in resistance vessels are described as a rearrangement process to under-
stand the pathogenesis of the disease and its therapeutic approach. However, it has been
discussed that the term “remodeling” is not ideal because it is frequently used to describe any
change in the structure of the vessel or myocardium. To avoid this difficulty, some authors
make four proposals [47].

First, the term “remodeling” is limited to situations where there is a change in the lumen
of a relaxed vessel, as measured under standard intravascular pressure. The changes in the
characteristics of the wall material do not take into account the change in the vascular lumen.

Second, the process of changing the vessel wall without changes in the amount or characteris-
tics of the materials are termed eutrophic remodeling. This process can be characteristic from
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situations involving an increase in the amount of material (hypertrophic remodeling) and
those involving a reduction in the amount of material (hypotrophic remodeling).

Third, changes associated with decreased or an increased in lumen diameter should be classi-
fied as internal remodeling and external remodeling, respectively.

Finally, the remodeling process should be quantified. The term “remodeling index” refers to
the variations of lumen referred to as eutrophic remodeling, depending on the changes in the
wall section area.

The four proposals above allow for accurate terminology. Thus, the increase in the M/L ratio
and decrease in the lumen diameter in resistance vessels of patients with essential hyperten-
sion without any change in the amount of wall material is called inner eutrophic remodel-
ing. The decrease in the lumen diameter of the renal afferent arteriole with a decrease in the
amount of wall material is called inner hypotrophic remodeling.

Chronic changes in hemodynamic forces structurally alter the vascular wall. In addition,
hemodynamic changes are not the only production mechanisms of vascular remodeling. The
inflammatory response and changes in the components of the matrix have been suggested as
important mediators in the vascular adaptation process [48].

Figure 3 highlights schematically the adaptation of these changes in different pathologies,
including structural changes to the intima layer that contribute to remodeling of the vascular
wall. Thus, outward remodeling compensates for atherosclerotic plaque growth and delays
the progression of blood flow limitation during stenosis, whereas during restenosis, intimal
hyperplasia causes a narrowing of the lumen.
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Figure 3. Schematic adaptation of changes in different pathologies, including structural changes to the intima layer that
contribute to remodeling of the vascular wall. Thus, outward remodeling compensates for atherosclerotic plaque growth
and delays the progression of blood flow limitation during stenosis, whereas during restenosis, intimal hyperplasia
causes a narrowing of the lumen.
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In summary, vascular wall remodeling is the result of changes in cellular and noncellular
components, depending on the disease process causing the changes. Changes in the growth
and migration of VSMC, endothelial dysfunction, inflammatory processes, and the synthesis
or degradation of extracellular matrix components may be present during the disease process.

6. Pathophysiology of vascular remodeling in hypertension

6.1. Hypothesis of inflammatory and endothelial dysfunction

The traditional view of atherosclerosis as a lipid storage disease is crumbling with grow-
ing evidence that inflammation is involved during all stages, from the initial injury to the
final stage of thrombotic complications. The narrowing of the arterial lumen is not necessarily
a sign of myocardial infarction, and treating narrowed blood vessels does not prolong life.
Although invasive procedures are needed in some cases, we understand that medical treat-
ment and lifestyle modification (diet and physical activity) produce benefits that may result
from reductions in inflammatory processes [49].

Usually, endothelial cells (EC) prevent leukocyte adhesion. However, the triggers of athero-
sclerosis can initiate the expression of adhesion molecules on EC, mediating leukocyte adhe-
sion to the arterial wall. A key part of this interaction is VCAM-1. It is likely that oxidized
lipids can induce gene expression via the pathway initiated by the nuclear transcription fac-
tor-kB (NF-kB), such as IL-13 and TNF-a [50].

This concept of vascular inflammatory disease allows a new approach for risk stratification
and treatment. Increased levels of CAM are predictive of cardiac events and are an indepen-
dent risk factor in men with coronary disease [51]. In our previous study, we demonstrated
the presence of the endothelium as well as the products of NF-kB signaling and VCAM-1 in
an experimental model of metabolic syndrome in hypertensive rats receiving a fructose-rich
diet fructose-fed hypertensive rats (FFHR) [52].

Chemokines are low molecular weight cytokines responsible for mediating the maturation,
differentiation, and migration of cells involved in the inflammatory response. In addition to
this role, chemokines could promote reactive oxygen species (ROS) production and other
cytokines during leukocyte infiltration of the vessel wall. Monocyte chemotactic protein-1
(MCP-1) is a chemokine that regulates the migration and infiltration of monocytes and macro-
phages into the site of inflammation. It is overexpressed in the presence of cardiovascular risk
factors, especially in atherosclerotic lesions. Differential activation induces nuclear transcrip-
tion factors such as NF-kB and AP-1, which leads to the release of IL-6 and the proliferation
of VSMC [53].

Cytokines are soluble proteins that form a complex signaling network critical in the regula-
tion of innate and adaptive inflammatory response. Cytokines modulate the inflammatory
response through their influence on the growth, development and activation of leukocytes,
and other inflammatory cells. TNF-a is a key mediator in systemic inflammation with a sig-
nificant role in the Thl inflammatory pathway. The activity of TNF-a is varied and includes
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the production of interleukin CAM expression, cell migration and activation, and activation
of metalloproteinases (MMP) and COX activity, promoting the procoagulant state. TNF-« is
detected in endothelial cells and smooth muscle cells at all stages of the formation of athero-
matous plaques [54].

There are over 30 members of the interleukin family. They are subdivided by the similar
structure or homology of the receptor. The transformation from a vascular homeostasis
inflammatory state is influenced by an imbalance between the pro-inflammatory and anti-
inflammatory activities of interleukins. The role of IL-1 includes the stimulation of CAM,
chemokines, growth factors, tissue factor, and other cytokines. The expression levels of the
receptor antagonist IL-1Ra significantly increase in unstable angina compared with stable
angina. Decreased levels of IL-1Ra after coronary stent placement may be linked to a low
association with recurrent ischemia [55]. IL-6 is a multifunctional cytokine with a central role
in inflammation. Elevated levels of IL-6 increase the risk of myocardial infarction and mortal-
ity in patients with coronary heart disease [56].

IL-10 has pleiotropic properties and influences different cell populations. Its most important
role is in inflammatory vascular disease as part of the Th2 response. The expression of IL-10
decreases the expression of inflammatory cytokines, decreasing the Thl phenotype. IL-10
also decreases NF-kB signaling reducing synthesis of pro-inflammatory cytokines, CAM, che-
moattractants, and growth factors [57, 58].

Endothelial dysfunction in FFHR causes an increase in the expression of NF-kB and AP-1
and the posttranscriptional product VCAM-1. The expression of NF-kB (p65) and AP-1 (c-fos)
predominates throughout the vessel wall. Increased VCAM-1, as discussed in the literature,
is a marker of vascular inflammation, vascular permeability, and endothelial dysfunction.

This experimental model produced an increased expression of several cytokines. This finding
demonstrates that the vascular bed FFHR model presents a pro-inflammatory and proathero-
genic microenvironment that favors vascular remodeling. C-reactive protein (CRP) was used
to evaluate whether this local inflammatory process is also systemic and revealed signifi-
cantly increased IL-6 expression in the liver.

The potential importance of vascular wall inflammation as a therapeutic target remains an
area not yet fully explored, where understanding the involvement of inflammatory mediators
in vascular remodeling is relevant. The data suggest that oxidative stress and the subsequent
activation of genes involved in the inflammatory process are actively involved in organ dam-
age at the vascular level.

6.2. Vascular remodeling and extracellular matrix metalloproteinases

MMPs are tools for maintaining the homeostasis of extracellular structures. Their synthesis
is induced by cytokines as well as cell-cell and cell-matrix interactions. Acute coronary syn-
dromes are an example of an increase in clinical conditions, specifically in the vulnerable
region of the plaque [59]. Exposure to oxidized low-density lipoproteins or TNF-a induces the
expression of MT3-MMP, a protease that degrades atherosclerotic plaques and is expressed
in macrophages [60, 61].
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MMPs with accessory signaling molecules can modulate cell-cell interactions through the
activation of signal transmission and release of cytokines and chemokines. By these effects,
accessory signaling molecules can propagate the inflammatory response.

6.3. Vascular remodeling and acute phase reactants

The production of acute phase reactants is a normal physiological response to cytokine release
in acute and chronic inflammatory conditions. Ultrasensitive quantification of CRP, when it
is below the detection limits of the common assay, has a very important role in the detection
of vascular inflammation and cardiovascular risk prediction. There is evidence that CRP is
involved in atherosclerosis, especially during the early stages. It stimulates the production of
pro-inflammatory cytokines in monocytes and macrophages [62] and mediates the expression
of CAM, allowing for increased leukocyte adhesion and migration. Their increased expres-
sion suppresses endothelial nitric oxide synthase [34] and promotes a procoagulant state.

Multiple studies have determined that increases in CRP are an independent risk factor for
developing atherosclerosis. Data from clinical studies indicate that this association is less
important when viewed in healthy subjects and controls inflammatory markers such as IL-6
and fibrinogen [63, 64], whereas another study identified CRP as a predictor of diabetes mel-
litus independent of established risk factors. CRP also indicated a correlation with the risk of
cardiovascular events in women with metabolic syndrome [65].

6.4. Vascular remodeling and the renin-angiotensin-aldosterone system

Another important pillar in the vascular remodeling process is the renin-angiotensin-aldoste-
rone system (RAAS) [66, 67]. To evaluate its participation, we studied the expression of AT1R
and AT2R at the vascular level. In the experimental model of FFHR, we observed increased
expression of AT1R and decreased expression of AT2R, promoting growth, vascular hypertro-
phy, and endothelial dysfunction. The release of ROS and initiation of vascular inflammation
through different intracellular signaling cascades foster interconnections with other routes
such as NAD(P)H oxidase and the growth factor receptor associated with insulin (IGFR).

Figure 4 allows us to appreciate the AT1R-associated intracellular cascades. In this experi-
mental model, the route associated with the satellite receptor and the IGFR subunit associated
with NAD(P)H oxidase are the most important pathophysiological mechanisms. The FAK
pathways PI3K and JAK2 generate stimuli and trigger contraction, migration and cell adhe-
sion via intranuclear promoters that synthesize ICAM-1 and VCAM-1. Endothelial Growth
Factor Receptor (EGFR) and Insulin Growth Factor Receptor (IGFR) amplified pathways are
associated with cellular growth and hypertrophy as a result of insulinogenic stimuli and per-
mit activation of collagenase, which modifies the extracellular matrix. Finally, the oxidative
stress pathway stimulated by angiotensin activates redox-sensitive inflammatory molecules
such as AP-1 and NF-kB, which amplify the inflammatory response by cytokines, chemo-
kines, and lymphokines to ultimately induce more vascular inflammation.

Angiotensin II is the main effector of the RAAS in the homeostatic regulation of the cardio-
vascular system and in the pathogenesis of cardiovascular disease. Aldosterone interacts with
mineralocorticoid receptors (MR), causing endothelial dysfunction, facilitating thrombosis,
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Figure 4. Associated intracellular cascades to physiopathology of vascular remodeling. In FFHR experimental model,
the route associated with the satellite receptor and the IGFR subunit associated with NAD(P)H oxidase are the most
important pathophysiological mechanisms. Also, the oxidative stress pathway stimulated by angiotensin activates
redox-sensitive inflammatory molecules such as AP-1 and NF-kB, which amplify vascular inflammatory response.

reducing complacence, causing vascular hypertrophy and cardiac fibrosis, and generating
pathological remodeling. Aldosterone also induces the growth and proliferation of VSMC. A
classical genomic action of aldosterone on MR is the translocation of this Aldo-MR complex
into the nucleus, where it interacts with promoters to post-transcriptionally regulate gene and
protein expression. For this path, increased Ki-ras2A expression (small and monomeric GTP-
binding protein), which is associated with cardiac remodeling, generates fibrosis, and cell
proliferation by ERK1/2 possibly [68]. Recently, some authors have demonstrated that aldoste-
rone stimulates EGFR intracellularly in CHO cells. The transactivation of this receptor has also
been described as a crucial step in the cascade of MAPK signaling activated by angiotensin
II. This pathway allows for “cross-talk” and mutual activation that allows the development
of cardiovascular injury and subsequent remodeling. The latter route is via “fast” activa-
tion, which is different from genomic stimulation and stimulates MKP-1 and Ki-generated
ras2A proliferation and vascular remodeling; this discovery explains the changes previously
observed in other studies [69].

Noting the role of aldosterone in vascular remodeling in FFHR, we observed that chronic
administration of spironolactone did not change the variables of metabolic syndrome that
were partially reversed by oxidative stress. This can be explained by the relationship between
aldosterone and the angiotensin II receptor AT1R, which sensitizes the effects and increased
the post-receptor response [67].

In summary, abundant evidences indicate the involvement of the RAAS in the pathophysiol-
ogy of vascular remodeling; our observations in experimental pathology highlight the struc-
tural and functional changes.
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In this special issue, different authors have tried to demonstrate the involvement of different
pathophysiological mechanisms to clarify the vascular changes associated with hypertension
and metabolic syndrome.

7. Clinical data

The most feasible possibility for studies of resistance vessels in humans relies on the exami-
nation of small muscular arteries from biopsies of subcutaneous gluteal fat. Small arteries
can also be obtained from omental fat [70-73]. The dissected vessels are mounted in a wire
or pressure myograph, but due to the invasive character of these procedures, most relevant
studies are of modest size [74-76]. In other cases, untreated hypertensives in place of patients
newly diagnosed. In this studies, a data indicate that small subcutaneous arteries of nondia-
betic hypertensives undergo inward eutrophic remodeling. Evidence suggests that diabetes,
on top of essential hypertension, is associated with media hypertrophy (eutrophy remodel-
ing). The same hypertrophy was also shown by one of these studies in normotensive diabet-
ics, supporting a pressure-independent effect.

Finally, hypertension secondary as renovascular disease could promote media growth in
arteries [77-80].

When evaluating the clinical data, there are two problems.

1. sampling problem.

2. subcutaneous vasculature is not necessarily representative of other vascular beds. In op-
position to this idea, a positive correlation has been found in hypertensive patients be-
tween coronary flow reserve and the M/L ratio of subcutaneous arteries, indeed support-
ing that hypertensive changes of microvascular structure were not limited to the subcutis
tissue.
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Abstract

Angiogenesis is the process of growth of new blood vessels. Tumor angiogenesis plays
pivotal roles in tumor development, progression, and metastasis. The conventional notion
of tumor vasculature is that new tumor blood vessels sprout from preexisting vasculature
near the tumor; hence, tumor endothelial cells are derived from normal endothelial cells.
However, recent evidence suggests that CD133-positive cancer stem cells (CSCs) in glio-
blastomas generate tumor endothelial progenitor cells, which further differentiate into
tumor endothelial cells. This chapter offers an overview of current knowledge on the role
of CSCs in tumor angiogenesis. Furthermore, we discuss our recent discoveries related to
human hepatoblastoma stem cells. Future efforts to elucidate the characteristics of tumor
angiogenesis should enable the development of effective new anti-angiogenic therapies.

Keywords: tumor angiogenesis, cancer stem cells, hepatoblastoma, cell culture

1. Introduction

Angiogenesis is an essential process by which new blood vessels are formed. In malignan-
cies, tumor growth and metastasis are angiogenesis dependent. It is widely accepted that
new tumor blood vessels sprout from preexisting vasculature. Therefore, tumor endothelial
cells are considered to be derived from normal endothelial cells. However, over the last few
years, different processes by which tumor vascularization occurs have been documented. It
has been shown that endothelial cells in the tumor vasculature arise from a small population
of tumor cells known as cancer stem cells (CSCs) or tumor-initiating cells. Since John Dick
and others identified leukemia cells in 1994 [1], the presence of CSCs with similar properties
to normal stem cells has been discovered. CSCs have the ability to undergo self-renewal and
differentiation into diverse cancer cells and are capable of becoming malignant. CD133 (or
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Promininl), a cell surface glycoprotein used widely as a marker for normal stem cells, is addi-
tionally recognized as a marker for CSCs. Recent reports suggest that CD133-positive CSCs
in glioblastomas generate tumor endothelial progenitor cells, which further differentiate into
tumor endothelial cells [2-4].

What is the origin of endothelial cells and pericytes lining tumor blood vessels? Can CSCs
give rise to tumor endothelial cells? The origin of tumor endothelial cells is the main focus of
this chapter. We will provide an overview of current studies and discuss the role of CSCs in
tumor angiogenesis. We have investigated the relationship between tumor endothelial cells
and CSCs in human hepatoblastoma, which is the most frequent type of malignant tumor to
occur in the pediatric liver. Our findings are reported in this chapter.

2. Characteristics of tumor blood vessels

The field of angiogenesis research arose following a publication by Folkman in 1971. The future of
anticancer therapy was emphasized in that the potential utility of angiogenesis inhibitors against
cancer was identified. The term “anti-angiogenesis” was proposed by Folkman's research group
to refer to the inhibition of new vessel sprouts from penetrating into an early tumor implant [5].

Tumor endothelial cells lining the inner layer of blood vessels are the main targets of anti-
angiogenic therapy. It is believed that new tumor vessels generally sprout from preexisting
vasculature; accordingly, new tumor vessels are considered structurally and functionally nor-
mal. However, recent studies have reported that tumor blood vessels differ morphologically
and phenotypically from normal blood vessels [6]. A common feature in the architecture of
the normal vasculature is a hierarchical and regular branching pattern. In contrast, tumor
blood vessels are structurally distinct from normal blood vessels. Tumor endothelial cells,
which are not comprised of regular monolayers, do not function as a normal barrier [7]. The
pericytes form abnormally loose associations with these cells and extend cytoplasmic pro-
cesses deep into the tumor tissue [8]. An inner layer of tumor blood vessels is composed of a
specific phenotype of tumor-associated blood endothelial cells. Furthermore, the tumor endo-
thelial cells are heterogeneous according to the malignancy status of tumor [9].

3. Tumor-specific angiogenesis

3.1. Cancer stem cells (CSCs) or tumor-initiating cells

The American Association for Cancer Research (AACR) defined CSCs as subpopulations of
cells within a tumor that possess the capacity for self-renewal and generation of heteroge-
neous lineages of cancer cells that constitute the tumor [10].

The cancer stem cell theory provides an attractive explanation for tumor proliferation and
progression. According to this theory, tumors retain subsets of cells with functional hetero-
geneity. However, the putative relationship between CSCs and tumor angiogenesis remains
poorly understood [11].
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3.2. The origin of the endothelial cells in the tumor vasculature

The origin of endothelial cells in the tumor vasculature is not yet known [12]. Some stud-
ies suggest that CSCs play an important role in tumor vascularization. The tumor stem cells
defined as CSCs or tumor-initiating cells are considered the source of tumor cells. Moreover,
novel findings, which suggest that CSCs also give rise to endothelial cells in the tumor vas-
culature, have been described in recent reports [2—4]. A proportion of endothelial cells that
contribute to blood vessels in glioblastomas originate from the tumor itself, having differen-
tiated from CSCs. A subset of endothelial cells that constitute tumor vessels carries genetic
aberrations found in the tumor cells themselves. It has been shown that a glioblastoma cell
population that could differentiate into endothelial cells and form blood vessels was enriched
in cells expressing the tumor stem cell marker CD133.

3.3. The origin of pericytes in the tumor vasculature

Pericytes are mural cells that wrap around the endothelial cells of capillaries and venules.
Vascular pericytes play important roles in supporting vascular structure and function. As
communication between pericytes and endothelial cells has been demonstrated to occur, it
is considered that pericytes may prove a novel target for tumor therapy [13]. A recent study
has reported that glioblastoma stem cells give rise to vascular pericytes that support vessel
function and tumor growth. These results suggest that CSCs from glioblastomas generate the
majority of vascular pericytes [14].

4. Tumor angiogenesis via endothelial differentiation of human
hepatoblastoma stem cells

We have investigated the relationship between tumor endothelial cells and CSCs in human
hepatoblastoma, which is the most frequent type of malignant tumor that occurs in the pedi-
atric liver.

4.1. Characteristics of human hepatoblastoma cells
4.1.1. CD133

CSCs exhibit specific cell membrane markers; CD133 is considered a stem-like cell marker
in various cancers [15-17]. In human hepatocellular carcinoma (HCC) and HCC cell lines,
CD133 is expressed by only a minority of the tumor cell population. CD133+ cells exhibit the
ability to self-renew, produce differentiated progenies, and form new tumors [18, 19].

4.1.2. Cell culture

Human hepatoblastoma cell line (HuH-6 clone 5, well-differentiated type, JCRB0401) was
procured from the Health Science Research Resources Bank (Osaka, Japan) and cultured in
Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) and
50 ug/mL gentamicin, according to a previously described protocol [20].

217



218 Physiologic and Pathologic Angiogenesis - Signaling Mechanisms and Targeted Therapy

4.1.3. SEM and TEM

For SEM observation, the samples were fixed in 0.1 M phosphate buffer (pH7.2) containing
2.5% glutaraldehyde for 1 h and subsequently fixed in 0.1 M phosphate buffer (pH 7.2) con-
taining 1% OsQO, for 1 h, dehydrated in graded ethanol, and critical-point air-dried after treat-
ment with isoamyl acetate. The samples were sputter-coated with OsO, and observed under
a SEM (Hitachi, S-4800; Tokyo, Japan) [21].

For TEM, the cells were fixed in 0.1 M phosphate buffer (pH 7.2) containing 2.5% glutaralde-
hyde for 1h, followed by fixation in 0.1 M phosphate buffer (pH 7.2) containing 1% OsO, for
another hour. The specimens were dehydrated in graded ethanol, embedded in epoxy resin,
cut into ultrathin sections, and stained with uranyl acetate and lead citrate. The stained ultra-
thin sections were observed under a TEM (JEM-1010; Tokyo, Japan) [21].

4.1.4. Distribution of CD133 in human hepatoblastoma cells

We investigated CD133 distribution in human hepatoblastoma cells. CD133 was mainly local-
ized in membrane ruffles in the peripheral regions of the cell. Examination of the CD133-
positive sites using SEM revealed that they coincided with filopodia and lamellipodia. TEM
revealed that CD133 was preferentially concentrated in a complex structure formed by filopo-
dia and lamellipodia [21] (Figure 1).

4.2. Isolation and identification of human hepatoblastoma stem cells

A key challenge in the study of CSCs is the development of reproducible and reliable methods
for CSC isolation and identification. The side population (SP) assay identifies the fraction of
cells that efflux Hoechst dye through ATP-binding cassette (ABC) transporters. We identi-
fied hepatoblastoma stem cells based on their ability to efflux Hoechst 33342 dye using flow
cytometry, as described in Hayashi et al. [22]. A fraction of SP cells was analyzed by flow
cytometry (FACS Vantage SE, BD, Tokyo, Japan) (Figure 2). SP cells were injected subcutane-
ously into immunodeficient NOD/SCID mice (male, 4-week-old: Charles River Japan Inc.),
and tumor growth was evaluated. All animal experiments were approved by the Institutional
Animal Care and Use Committee of Saitama Medical University.

4.3. Sphere formation assay and three-dimensional collagen gel culture system

Digested xenograft tumor fragments were cultured, and tumor sphere assay was carried out.
The spheres were cultivated using three-dimensional collagen gel culture methods, referring
to the previous reports [23-25]. The spheres were fixed with 4% paraformaldehyde/phosphate
buffer saline (PBS) and then embedded in Technovit 8100 (T8100, Heraeus Kulzer, Wehrheim,
Germany) according to the manufacturer's instructions.

4.4. Immunohistochemical detection of CD133

The location of CD133 expression was examined in Technovit-embedded sections (Figure 3).
Some spheres were observed to form capillary-like structures (Figure 4).
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Figure 1. Immunohistochemical analyses of CD133 in hepatoblastoma cells by light microscopy, scanning electron
microscopy (SEM), and transmission electron microscopy (TEM). (A) Intense immunolabeling of CD133 was observed
at the peripheral regions of cells (arrow numbers 1, 2, 3, and 5) by light microscopy. Nanogold labeling was followed by
gold enhancement for 20 min. Arrow number 4 indicated a negative site; scale bar: 50 um. (B) SEM image of the sample
shown in A; the peripheral region of cells (arrow numbers 1, 2, 3, and 5) coincided with the positive sites observed
in A. (C) Higher magnification of SEM images of the positive sites shown in B; the positive sites were composed of
a complex structure of filopodia and lamellipodia. (D) TEM analysis: CD133 was preferentially concentrated in the
complex filopodial structure and at the leading edge of lamellipodia. The clustered particles form black spots; scale bar:
5 pum. (Modified from Akita et al. [21]).

Immunostaining for correlative observation by light microscopy and electron microscopy was
performed, according to previously described methods [21], to detect the expression of CD133
in these capillary-like structures. The spheres were incubated with primary anti-CD133 anti-
body (Santa Cruz Biotechnology, CA). Alexa Fluor 488- and 1.4-nm nanogold-conjugated goat
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Figure 2. Identification and characterization of side population (SP) cells from a hepatoblastoma cell line. The SP cells in
hepatoblastoma cells were identified by flow cytometry using a Hoechst33342-based staining procedure. (A) The SP cells
displayed in plots show a tail-like subpopulation close to the GO/G1 phase (on the left). Representative images of dot plot
analysis by FACS demonstrating the presence of 2.45% SP cells. (B) The ABC transporter inhibitor verapamil effectively
blocks the export of the Hoechst dye, thus leading to the disappearance of the SP subpopulation. SP cells were reduced
to 1.02% upon treatment with verapamil.

Figure 3. Immunofluorescence of hepatoblastoma tumor sphere. Immunofluorescence of tumor sphere labeled with
anti-CD133 antibody (green); nuclei stained with DAPI (blue). The overlaid image is shown in the right panel (merge);
scale bar: 40 pm.

anti-rabbit IgG (Nanoprobes, Yaphank, NY, USA) were used as secondary antibodies. The
nanogold signal was enhanced using GoldEnhance EM (Nanoprobes) for 20 min. The spheres
were analyzed by light microscopy (Figure 5, inset). The spheres of interest were subjected to
the gold-enlargement procedure using GoldEnhance EM (Nanoprobes, Yaphank, NY, USA)
to an appropriate size for TEM analysis, according to the manufacturer's instructions. Some
spheres formed CD133-positive capillary-like structures. TEM imaging of these structures
confirmed the presence of identifiable lumens (Figure 5, bottom).
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Figure 4. Tube formation assay of hepatoblastoma tumor sphere. Phase-contrast microscopy shows a tubular structure
sprouting (arrowheads) from hepatoblastoma tumor sphere (S) in a three-dimensional collagen gel. Higher magnification
of the inset indicated bottom; scale bar: 90 um (inset), 40 um (bottom).

Figure 5. Inmunohistochemical detection of CD133 in capillary tubes. (Inset) Light microscopy showed that the capillary
tube formed from the hepatoblastoma tumor sphere (S) in the collagen gel was positive for CD133 (arrowheads).
Nanogold labeling was followed by gold enhancement for 20 min. (Bottom) Transmission electron microscopy (TEM)
image of the sample shown in the inset; the cross section of this tube is shown. CD133 was detected in the capillary tube.
The clustered particles form black spots (arrows); scale bar: 1 um.
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5. Conclusions and perspectives

Tumor angiogenesis has been widely mentioned as a process that new blood vessels are devel-
oped from preexisting host blood vessels surrounding the tumors. However, we propose a
paradigm change. Our results suggest that CD133-positive CSCs differentiate into tumor vas-
cular endothelial cells and might be able to form tumor vessels.

Since Folkman hypothesized the notion of targeting tumor endothelial cells with anti-
angiogenic therapy, numerous anti-angiogenic drugs have been discovered. Previously,
we reported that CD133-positive capillary tubes were formed in vitro. Statins, which are
widely used as cholesterol-lowering agents, strongly inhibited the capillary tube forma-
tion [26]. Statin diminished intraplaque angiogenesis [27] and reduced the growth and
spread of many cancers [28, 29]. Khaidakov et al. suggested that statin had anti-angiogenic
effects [30]. We propose that the anti-angiogenic effects of statins can be considered for the
cancer therapy.
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Abstract

The vascular endothelial growth factor-A (VEGF) plays a crucial role in tumor angio-
genesis. Through its primary receptor VEGFR-2, VEGF exerts the activity of a multitask-
ing cytokine, which is able to stimulate endothelial cell survival, invasion and migration
into surrounding tissues, proliferation, as well as vascular permeability and inflamma-
tion. The core components of VEGF signaling delineate well-defined intracellular routes.
However, the whole scenario is complicated by the fact that cascades of signals converge
and branch at many points in VEGF signaling, thus depicting a complex signal transduc-
tion network that is also finely regulated by different mechanisms. In this chapter, we
present a careful collection of the best-characterized VEGF-induced signal transduction
pathways, attempting to offer an overview of the complexity of VEGF signaling in the
context of tumor angiogenesis.

Keywords: VEGF, signaling, angiogenesis, endothelial cells

1. Introduction

It has been over four decades that Judah Folkman hypothesized, demonstrated and empha-
sized the critical importance of angiogenesis in tumor growth [1]. His experimental studies
showed that in the absence of vascularization a tumor would grow only to a finite size of
few thousand cells, restricted by the inability of oxygen and nutrients to penetrate the tissue
beyond the diffusion limits of approximately 1-2 mm. To overcome this passive diffusion-
limited size, the tumor must perturb the physiological state of its environment inducing the
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so-called angiogenic switch that implicates the transition from quiescent to active endothe-
lium leading to the vascularization of the growing cell mass. The angiogenic switch was ini-
tially hypothesized to be triggered by the production and release of a growth factor called
TAF (tumor angiogenesis factor) by tumor cells [2]. Indeed, the explosive growth in tumor
angiogenesis research identified and characterized a number of angiogenic inducers. Among
them, vascular endothelial growth factor (VEGF) is recognized as the major tumor angiogen-
esis factor [3].

VEGF family consists of five secreted proteins (VEGF-A, VEGF-B, VEGF-C, VEGF-D and
placental growth factor). In terms of endothelial biology and tumor angiogenesis, VEGF-A
(hereafter referred as VEGF)—in particular VEGF-A, ,—is considered to be the most physi-
ologically relevant form. VEGF angiogenic potential is strictly dependent on its multifunc-
tional activity. Indeed, the coordinated arrangement of endothelial cells to form and maintain
new vascular tubes requires the induction of vascular permeability, endothelial cell migra-
tion, proliferation and survival. These biological responses take place in the endothelium via
a complex network of intracellular signal transduction pathways, mainly mediated by VEGEF-
induced VEGF receptor 2 (VEGFR-2) activation [4].

In this chapter, after a short historical synopsis of Judah Folkman’s hypotheses and main
discoveries in the field of tumor angiogenesis, we will present a careful collection of the best
characterized VEGF-induced signal transduction mechanisms, attempting to offer an over-
view of the complexity of VEGF signaling. The most intriguing aspect is that cascades of
kinases, activity of other enzymes and recruitment of adapter proteins converge and branch
at many points in VEGF signaling, emphasizing how linear pathways can integrate to form a
complex signal transduction network. If multitasking and integrated signaling go some way
toward an understanding of the functional versatility of VEGEF, it becomes quite complicated
to elucidate how specific information is processed through these pathways and how signaling
events are regulated in order to trigger a specific cellular behavior.

2. Historical synopsis of Judah Folkman’s hypotheses and main
discoveries in the field of tumor angiogenesis

Judah Folkman'’s scientific achievements in angiogenesis research revolutionized biomedical
research and clinical drug development. Until the early 1970s and for some years thereafter,
the conventional wisdom was that tumor vasculature was an inflammatory reaction to dying
tumor cells. In 1971, Folkman articulated several “visionary” hypotheses on tumor angiogen-
esis which are now widely accepted. His ideas were based not only on his own work, but also
on some studies of a small number of investigators [5-7]. As well summarized in a Cancer
Research Commentary recently written by Augustin [8], Folkman published his hypoth-
esis article in 1971, (i) predicting that tumors would be restricted to microscopic size in the
absence of angiogenesis, (ii) suggesting that tumors secrete diffusible angiogenic molecules,
(iii) describing a model of tumor dormancy due to the blocked angiogenesis, (iv) proposing
the term anti-angiogenesis for the prevention of new capillary sprouts from being recruited
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into a growing tumor, (v) envisaging the future discovery of angiogenesis inhibitors and (vi)
proposing the idea that an antibody to a tumor angiogenic factor could be an anticancer drug.

Folkman and collaborators obtained the first evidence of the existence of the avascular and
vascular phases of solid tumor growth in 1963, on the basis of experiments in isolated per-
fused organs [9]. A rabbit’s thyroid gland was seeded with cancer cells from mice and per-
fused with a blood substitute. Tiny tumors formed, but they grew to the same size, then
stopped and never became vascularized. When tumors were transplanted into live mice, they
rapidly vascularized and grew vigorously. This lab work and some clinical observations (in
particular those regarding retinoblastoma in children) help Folkman develop and sustain the
hypothesis that tumor growth is angiogenesis dependent.

In the decade following the 1971 report, research in the tumor angiogenesis field attracted
little scientific interest, but Folkman and his team preserved in their investigations, providing
convincing evidences for dependence of tumor growth on neovascularization [10-14]. This
was achieved in particular thanks to the development and use of bioassays devoted to angio-
genesis research, such as the model of eye transplant and chick embryo chorioallantoic mem-
brane. Of note, one of the major steps in allowing scientific appreciation of the role of tumor
angiogenesis and demonstrating angiogenesis in vitro was developing methods for passage
of endothelial cells. In 1979, Folkman's laboratory reported long-term passage of endothelial
cells [15], and the following year, they demonstrated angiogenesis in vitro using endothelial
cell cultures exposed to tumor conditioned media [16].

After the developments of the late 1970s, many other scientists entered the field of angio-
genesis and Folkman's skeptics became his competitors [17]. In particular, the 1980s were an
intense period of hunting for the hypothesized TAF [8]. In 1983, Dvorak and collaborators
reported the isolation of a tumor-derived factor that they called “vascular permeability factor”
(VPF) on the basis of its capability to induce blood vessel leakage [18]. However, at that time,
VPF was not completely purified and therefore not fully identified. In 1989, Ferrara purified a
novel angiogenic protein that he termed “vascular endothelial growth factor” (VEGF) on the
basis of its observed growth-promoting activity toward only vascular endothelial cells [19].
Around the same time, Folkman's laboratory isolated an angiogenic protein that resulted to
be identical to that purified by Ferrara [20]. By 1990, it was realized that VEGF and VPF were
in fact the same protein. There is no doubt that it was the discovery of VEGF to set in motion
a revolution in the field of angiogenic research.

From 1980 to 2005, Folkman'’s laboratory reported the discovery of eleven angiogenesis inhibi-
tors, eight of them are endogenous angiogenesis inhibitors [21]. Effort persisted in this area
and new anti-angiogenic molecules are continuously being developed. They essentially fall
into two distinct types: (i) antibody directed toward angiogenic factors such as VEGF, for
example, Avastin (Bevacizumab, Genentech) and (ii) small molecules inhibiting cellular sig-
naling by targeting multiple receptor tyrosine kinases among them VEGFR-2, for example,
Sutent (Sunitinib, Pfizer) and Nexavar (Sorafenib, Bayer and Onyx Pharmaceuticals) [17].

Targeting VEGF and VEGFR-2 offers benefit to patients with at least some types of cancer
and provides proof of principle that attacking the vasculature is a valid approach to cancer
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therapy [22]. At present, however, despite important results, the overall clinical benefits of
anti-VEGF/VEGEFR-2 therapy are still relatively modest: not all cancer patients respond to
anti-VEGF treatments, and when they do increased survival may only be measured in weeks
or months [17]. This is realistically due to a number of different and not yet fully clarified
reasons, which open discussion going beyond the topic of this chapter. Here, we will only
mention, as reported by Van Epps in 2005, that one of Folkman’s hopes for the future was that
anti-angiogenesis therapy could be initiated —based on diagnostic biomarkers—even before
the tumor reveals its location in the body, thus stopping cancer before it really gets started
[23, 24].

3. VEGF-mediated signal transduction

In vivo angiogenic response to VEGF is mainly mediated via activation of VEGFR-2, expressed
primarily in endothelial cells. VEGFR-2 activation initiates several intricate signaling paths,
which eventually lead to different endothelial responses: cell survival, proliferation, migra-
tion, invasion into the surrounding tissue, vascular permeability and vascular inflammation
[25]. These responses involve (i) a number of pivotal effectors such as phosphoinositide 3
kinase (PI3K), phospholipase Cy (PLCy), SRC, focal adhesion kinase (FAK) and Rho family
of GTPases; (ii) several multifunctional docking proteins and adaptors; and (iii) VEGFR-2
partners such as Neuropilin 1 (NRP1), integrins and vascular endothelial (VE)-cadherin. It is
apparent that these proteins orchestrate a complex signaling network leading to the integra-
tion of the different VEGF-induced endothelial responses that allows tumor angiogenesis to
take place. Figure 1 illustrates, in a simplified manner, VEGF-mediated signal transduction,
showing signal core components along with the main well-defined intracellular routes lead-
ing to different endothelial responses.

3.1. VEGFR-2 activation

VEGFR-2 is a tyrosine kinase receptor (RTK). Binding of VEGF to VEGFR-2 promotes recep-
tor dimerization, allowing trans/autophosphorylation of intracellular tyrosine residues.
Among the 19 tyrosine residues present in the intracellular domain of VEGFR-2, there are five
major phosphorylation sites: Y951, Y1054, Y1059, Y1175 and Y1214. The Y1054 and Y1059 are
located in the kinase domain activation loop, and their phosphorylation is critical for recep-
tor catalytic activity [26]. Y951 is located in the kinase insert domain, and its phosphorylation
serves as a binding site for T cell-specific adaptor (TSAD) also known as VEGFR-2-associated
protein (VRAP) [27, 28]. The Y1175 and Y1214 are located in the carboxy-terminal domain.
Phosphorylation of Y1175 creates a binding site for PLCy [29], p85 subunit of PI3K [30], the
adaptor proteins SHB [31] and SCK [32]. This residue is well-recognized as a critical mediator
of VEGFR-2 signaling. Phosphorylated Y1214 has been described to bind the adaptor protein
NCK [33].

VEGEFR-2 activation and downstream signaling are modulated by different mechanisms. The
main of them involve (i) receptor interaction with NRP1, specific integrins and VE-cadherin
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Figure 1. Signal transduction mediated by VEGF/VEGFR-2. Core signaling pathways involved in VEGF-induced (a) cell
survival and proliferation and (b) vascular permeability and cell migration. See text for details.

(see Section 3.7) and (ii) the activity of the protein tyrosine phosphatases (PTPs) such as
vascular endothelial PTP (VEPTP), SRC homology 2 domain PTP (SHP2) and PTP1B [34].
VEGFR-2 activation may also be influenced by the presence of heparin sulfate glycoproteins
that modulate VEGF-VEGFR-2 binding and signaling amplitude [35, 36]. Indeed, a change
in ligand-receptor affinity may highly influence RTK signaling. We recently reported that
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VEGF-VEGFR? affinity may vary from low to high based on the endothelial cell density state
that we also reported to influence the number of total and surface VEGFR-2 [37]. In particular,
by combining wet-lab experiments, theoretical insights and mathematical modeling, we found
that ligand-receptor affinity is reduced in long-confluent compare to sparse endothelial cells,
which recapitulate in vitro the condition of quiescent and angiogenic endothelium in vivo.

3.2. PLCy signaling

Activated VEGFR-2 directly recruits PLCy, which is in turn phosphorylated [38, 39].
Phosphorylated PLCy hydrolyzes the membrane phospholipid phosphatidylinositol-4,5-bi-
phosphate (PIP2), generating diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). This
latter mobilizes Ca** from the endoplasmic reticulum, thus leading to an increase in intracellu-
lar Ca*. IP3-mediated Ca?* increase supports DAG-induced activation of PKC, from which it
is triggered the RAF1-MEK-ERK1/2 mitogen-activated protein (MAP) kinase cascade, that is,
the best characterized pathway propagated downstream to VEGF/VEGFR-2/PLCy axis result-
ing, in particular, in endothelial cell proliferation trough the ERK1/2-dependent regulation of
gene transcription.

Most RTKs are known to utilize the classical GRB2-SOS-RAS activation of the RAF1-MEK-
ERK1/2 cascade. Conflicting results exist in the literature with respect to the interaction of
VEGFR-2 with SHC or GRB2, which recruit the RAS activating nucleotide-exchange factor
SOS to the receptor, and the significance of the classical RAS-mediated MAP kinase cas-
cade downstream to VEGFR-2 is unclear [32, 40]. Indeed, it is well-accepted that, after VEGF
stimulation, most of the MAP kinase activation is mediated via the PLCy-activated PKC as
first reported by Takahashi and coworkers [39, 41]. These authors described the pathway as
RAS-independent; however, considering the same pathway, Shu and colleagues reported the
involvement of sphingosine kinase (SPK), found to link PKC to RAS activation in a manner
independent of RAS nucleotide-exchange factor [42].

VEGF-induced activation of PKC also results in activation of protein kinase D (PKD), found to
influence ERK1/2 activation and cell proliferation [43]. In response to VEGF, gene repressive
action of histone deacetylases (HDAC) 5 and 7 in endothelial cells is overcome by the PLCy-
PKC-PKD pathway-dependent HDAC 5 and 7 phosphorylation and nuclear export, resulting
in the regulation of gene transcription, cell proliferation and migration [44, 45]. Moreover,
VEGF-induced PKC-dependent activation of PKD has also been reported to induce HSP27
phosphorylation and mediate cell migration without involving the p38 MAP kinase (p38
MAPK)/MAP kinase-activated protein kinase 2 signaling cascade [46].

As mentioned above, PLCy activation induced an increase in intracellular Ca*. Ca* signal-
ing is crucial in VEGF/VEGFR-2 signal transduction, not only for PLCy/PKC-mediated path-
ways but also for activation of other molecular players such as, in particular, the endothelial
nitric oxide synthase (eNOS) and the nuclear factor of activated T-cell (NFAT) family of tran-
scription factors. eNOS plays a crucial role in the control of vascular homeostasis and per-
meability; its activity is regulated by a complex combination of protein—protein interactions
and signal transduction cascades involving Ca* mobilization and phosphorylation events
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[47]. VEGF stimulates both Ca* and phosphorylation-dependent regulation of eNOS activ-
ity. VEGF stimulation in endothelial cells first leads to the Ca*-calmodulin disruption of the
caveolin-eNOS complex and promotes the association between eNOS and the chaperon pro-
tein HSP90; eNOS-bound HSP90 can then recruit VEGF-activated AKT to the complex, which
in turn can phosphorylate eNOS, resulting in potentiation of its activity [48]. NFAT proteins—
extensively studied in the immune system —are functional in several cell types, including can-
cer cells, endothelial cells and infiltrating immune cells [49]. The multiple functions attributed
to NFAT include cell growth, survival, invasion and angiogenesis. These transcription factors
are activated through a Ca*- and calmodulin-activated calcineurin-dependent mechanism.
In endothelial cells, VEGF stimulates receptor-mediated activation of PLCy leading to an
increase in intracellular Ca*, calcineurin activation and NFAT nuclear translocation that in
turn leads to the transactivation of genes that are essential for angiogenesis [49, 50], such as
COX-2 resulting in synthesis of PGE2, a mediator of endothelial cell migration and tube for-
mation [51]. Moreover, in endothelial cells, VEGF-mediated NFAT activation induces a gene
repertoire that includes an inherent inflammatory component, similar to that of interleukin 1
[52]. In addition, it has been recently reported that endothelial cells decode VEGF-mediated
Ca” signaling patterns to produce distinct functional responses: cell proliferation and cell
migration involving NFAT and myosin light chain kinase, respectively [53].

VEGEFR-2/PLCY signaling also involves TRPC channels, which are Ca*-permeable nonselec-
tive cation channels. Indeed, VEGF induces Ca* elevation through both Ca* release from
intracellular stores and extracellular Ca* entry. In particular, VEGFR-2/PLCy axis activates
TRPC3 and TRPC6 in a DAG-dependent manner [54]. TRPC6 has been reported to be required
for VEGF-mediated Ca* increase and the subsequent signaling that lead to processes associ-
ated with angiogenesis, such as cell migration, proliferation and tube formation [55, 56].

Overall, PLCy appears as a regulator of a number of pathways, leading to cell proliferation
and migration and contributing to vascular permeability. Thus, a better understanding of its
downregulation may be of interest in further elucidating the regulation of VEGF-induced
signaling, as well as in the development of new anti-angiogenic therapies. Indeed, very little
is known about the regulation of PLCy activity. Singh and colleagues have been reported that
VEGF-induced PLCy ubiquitination inhibits its tyrosine phosphorylation, thus providing a
negative feedback to prevent sustained PLCy stimulation [57]. In addition, we have previ-
ously reported the essential role of PTPs on VEGF-induced PLCy activation, suggesting the
existence of at least one—not yet characterized — PTP directly targeting PLCy and counteract-
ing receptor-mediated signal [37].

3.3. PI3K signaling

VEGEF/VEGFR-2 axis activates PI3K in different ways, including direct or indirect (i.e., through
adaptor and scaffold proteins) binding of PI3K to the receptor, and the involvement of SRC
(see Sections 3.4 and 3.6). The activated PI3K converts the plasma membrane lipid PIP2 to
phosphatidylinositol-3,4,5-trisphosphate (PIP3), and signaling proteins with pleckstrin
homology (PH) domains accumulate at site of PI3K activation by directly binding to PIP3
[58]. Among these signaling proteins of particular interest are the serine-threonine kinases
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AKT and phosphoinositide-dependent kinase 1 (PDK1). Phosphorylation of AKT by PDK1
and PDK2 allows the full activation of AKT, resulting in the phosphorylation of a number of
proteins [59]. Other PH domain-containing proteins that are activated by PIP3 include GDP-
GTP exchange factors for the small GTPase RAC [58, 60].

PIBK/AKT pathway is considered the main mechanism by which VEGF induces endothe-
lial cell survival. AKT mediates both short- and long-term cell survival effects by inhibiting
(through direct phosphorylation) pro-apoptotic proteins such as BAD, caspase 9 and forkhead
transcription factors, and by upregulating anti-apoptotic proteins such as BCL-2 [61, 62]. In
1998, Gerber and coworkers were the first to report that VEGF regulates endothelial cell sur-
vival through the PI3K/AKT signal transduction pathway and that VEGF also induces expres-
sion of the anti-apoptotic proteins BCL-2 and Al in endothelial cells [63, 64]. In the following
year, Tran and colleagues reported a marked induction of the IAP family anti-apoptotic pro-
teins survivin and XIAP —which inhibit caspase 3, 7 and 9—by VEGF in endothelial cells [65].

Although crucial for its function in cell survival, AKT is not simply a regulator of cell survival
but a multifunctional protein playing a pivotal role in both cancer cells and endothelial cells.
In addition to cell survival, AKT activation has been linked to tumor angiogenesis via several
other biological processes, including vascular permeability, cell proliferation, synthesis and
release of matrix metalloproteinases and induction of VEGF production by cancer cells [59].
Beyond the pro-survival effect and considering the VEGF/VEGFR-2 signal transduction in the
endothelium, the main contribution exerted by AKT resides in the direct phosphorylation of
eNOS, thus contributing to the control of endothelial permeability [48, 66].

3.4. SRC and FAK

The SRC family of protein tyrosine kinases (SFKs) plays key roles in regulating signal trans-
duction by a diverse set of cell surface receptors in the context of a variety of cellular envi-
ronments [67]. Endothelial SFKs includes SRC, YES and FYN. Many of the VEGF-mediated
pathways involve SRC activity. Moreover, SRC is intimately involved in the modulation of the
activity of FAK through direct phosphorylation (see below). VEGFR-2 activates SRC accord-
ing to different mechanisms: (i) by direct binding to Y951 in the receptor [27], (ii) through the
adaptor protein TSAD [68] or (iii) involving the scaffold protein GAB1 and GAB2 [69].

VEGF-induced SRC activity is involved in the activation of different signaling proteins, such
as PI3K, FAK and eNOS. Holmqvist and colleagues reported that activated VEGFR-2 recruits
SHB and SRC and that this latter phosphorylates SHB, which allows the subsequent activa-
tion of PI3K and phosphorylation of FAK at Y576 [31]. Duval and coworkers reported that
VEGEF induces phosphorylation of VEGFR-2-associated HSP90, which is dependent on recep-
tor internalization and on SRC kinase activation; furthermore, they demonstrated that SRC
directly phosphorylates HSP90 and that this event is essential for VEGF-stimulated eNOS
association to HSP90 and thus NO release from endothelial cells [70]. In response to VEGF,
Src may also activate members of the MAP kinase cascade such as RAF1 [71] and b-RAF [72];
this latter is activated in a manner dependent of SRC-mediated phosphorylation of the scaf-
fold protein IQ motif-containing GTPase-activating protein 1 (IQGAP1).
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In parallel with the effect exerted on intracellular signaling proteins, SRC plays a pivotal
role in the disorganization of cadherin-dependent cell-cell contacts and in integrin-VEGFR-2
cross-activation. In response to VEGF, SRC phosphorylates VE-cadherin in adherens junc-
tions, allowing endothelial cell migration and inducing vascular permeability [73-76].
Mahabeleshwar and coworkers reported that there is an intimate and coordinated relation-
ship between VEGFR-2 and avf33 integrin involving SRC activity [77]. In particular, they
demonstrated that (i) adhesion- and growth factor-induced 3 integrin tyrosine phosphoryla-
tion is directly mediated by SRC, (ii) SRC-dependent {33 integrin tyrosine phosphorylation
is critical for interaction between VEGFR-2 and (33 integrin, and (iii) SRC mediates growth
factor-induced (33 integrin activation, ligand binding and av33 integrin-dependent cellular
adhesion, directional migration of endothelial cells and initiation of angiogenic programming
in endothelial cells.

As mentioned above, SRC is involved in the modulation of FAK activity through direct phos-
phorylation. The non-receptor tyrosine kinase FAK —well recognized as an important regula-
tor of cell migration—is localized in focal adhesions, established as a consequence of integrin
ligation to the extracellular matrix. Upon integrin-dependent cell adhesion, phosphorylation
of FAK and its catalytic activity are stimulated. FAK possesses six tyrosyl residues (i. e., Y397,
Y407, Y576, Y577, Y861 and Y925) that are differentially phosphorylated by diverse agonists
and that are implicated in transmitting different signals and effects. Y397 is an autophos-
phorylation site that recruits SH2 domain-containing proteins, including members of SKFs,
PLCy and the p85 subunit of PI3K [78]. It appears that SRC is first recruited to Y397 and then
involved in transphosphorylation of other tyrosyl residues within FAK, such as Y576 and
Y577; this confers maximal activation of FAK and signaling in response to adhesion [79, 80].
In particular, upon VEGF stimulation, Y576 and Y861 are both phosphorylated in a SRC-
dependent manner [31, 81], while Y407 is phosphorylated in a SRC-independent manner that
involves the recruitment of HSP90 to the receptor, followed by the activation of RHOA and
that of RHO activated kinase (ROCK) [81]. This results in phosphorylation of FAK on S732
that allows FAK-related kinase PYK2-mediated phosphorylation of FAK on Y407, promoting
cell migration [82].

3.5. Rho family GTPases

The RHO family GTPases—shuttling between inactive GDP-bound and active GTP-bound
forms—include RHO, RAC and CDC42, which are known to regulate primarily the reorga-
nization of actin cytoskeletal systems such as actin stress fibers and focal adhesions, lamel-
lipodia and filopodia, respectively [83]. A growing body of evidence indicates a crucial role
for VEGF-induced RHO GTPases activity in endothelial cell during the processes involved
in angiogenesis such as, in particular, cell migration and vascular permeability [84]. VEGF/
VEGEFR-2 axis stimulates the activities of RHO [81, 85], RAC [86, 87] and CDC42 [88]. As
reported in Section 3.4, VEGF-induced RHO activity stimulates FAK activation promoting
cell migration [81]. VEGF-induced RAC activation has been linked to both endothelial perme-
ability and cell migration. Gavard and Gutkind reported that RAC takes part in a signaling
pathway by which VEGF stimulation promotes the rapid endocytosis of VE-cadherin, thereby
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disrupting the endothelial barrier function [86]. In particular, they demonstrated that VEGFR-2
activates RAC through the SRC-dependent phosphorylation of the nucleotide-exchange
factor VAV2 and that RAC activation, in turn, promotes the p21-activated kinase (PAK)-
mediated phosphorylation of VE-cadherin resulting in the recruitment of beta-arrestin 2
to phosphorylated VE-cadherin, thereby promoting its internalization into clathrin-coated
vesicles and the consequent disassembly of intercellular junctions. To complement this
study, Garrett and coworkers reported that VEGF-induced SRC-dependent VAV2 phos-
phorylation and downstream activation of RAC1 are also responsible for endothelial cell
migration and wound closure [87]. The involvement of CDC42 in VEGEF signaling has been
reported in particular by Lamalice and colleagues [33, 88]. They proposed a model accord-
ing to which, upon VEGFR-2 activation phosphorylated Y1214 within the receptor recruits
the adaptor protein NCK that becomes phosphorylated providing a recruitment site for
FYN that is also phosphorylated and required for the phosphorylation of NCK and that
of the p21-activated protein kinase PAK-2, an effector of CDC42; then, this early molecu-
lar complex containing VEGFR-2-NCK-FYN-PAK-2 triggers the sequential activation of
CDC42 and p38 MAPK leading to actin polymerization, stress fiber formation and endo-
thelial cell migration.

3.6. Key docking, adaptor and scaffold proteins

As it emerges from what above described, it is evident that, beyond a number of kinases
and other enzymes, VEGFR-2 signaling involves several key docking, adaptor and scaffold
proteins including SHB, TSAD, NCK, IQGAP1 and GABL. In the following, we briefly sum-
marize their main involvement downstream to VEGF/VEGFR-2 axis.

The adapter protein SHB contains at least four different domains responsible for protein-protein
interactions (i.e., the proline-rich motifs in its N-terminus, the phospho-tyrosine binding (PTB)
domain, potential tyrosine phosphorylation sites and the C-terminal SH2 domain) and has been
shown to operate downstream of several RTKs exerting versatile effects on a number of signal-
ing pathways [89]. SHB binds to phosphorylate Y1175 in VEGFR-2 and is phosphorylated by
SRC; this allows the subsequent activation of PI3K and phosphorylation of FAK at Y576 in the
kinase domain, regulating the migratory response in endothelial cells [31]. Along this pathway,
it is possible that SHB is required for VEGF-mediated activation of FAK by allowing SRC to
phosphorylate Y576. Indeed, it has been demonstrated that the PTB domain of SHB can bind
directly to FAK and regulate its activity in response to FGFR-1 activation in endothelial cells
[90].

TSAD is an adaptor protein containing a SH2 domain, tyrosines in protein binding motifs
and a proline-rich domain allowing SH3-dependent interactions. TSAD interacts with and
modulates the activity of some SFKs such as LCK and SRC [68, 91], and has been found to
control actin polymerization events in both T cells and endothelial cells [27, 92]. TSAD binds
to phosphorylate Y951 in VEGEFR-2 via its SH2 domain and to SRC via its proline-rich domain.
TSAD has been reported as an important docking mechanism for SRC to VEGFR-2, involved
in the regulation of cell migration, endothelial cell junctions and vascular permeability, but
not cell proliferation [27, 68].
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NCK is an adapter protein consisting of one SH2 domain and three SH3 domains. A main
function of NCK is to link receptor and receptor-associated tyrosine kinases with proteins
that directly or indirectly regulate remodeling and reorganization of the actin cytoskeleton
[93]. According to the model proposed by Lamalice and colleagues, upon phosphorylation on
Y1214 in VEGFR-2, NCK is recruited to the receptor thus allowing the formation of a molecu-
lar complex containing VEGFR-2-NCK-FYN-PAK-2 that convey the sequential activation of
CDC42 and p38 MAPK leading to actin polymerization, stress fiber formation and endothelial
cell migration [33]. Moreover, it has been reported that NCK participates with PAK in the
signaling pathway by which VEGF stimulates the assembly of focal adhesions [94].

The multidomain scaffold protein IQGAP1 binds to several structural and signaling proteins.
For example, interactions of the IQGAP1 calponin homology domain (CHD) with F-actin
and the GAP-related domain (GRD) with small GTPases regulate the cytoskeleton to pro-
mote actin binding or polymerization that regulates cell migration, stability of cell-cell con-
tacts and cytokinesis; moreover, IQGAPs also scaffold molecules form signaling complexes,
such as components of the MAP kinase cascade, thus promoting their activity [95]. Along
VEGEF signal transduction, IQGAP1 becomes phosphorylated by SRC and activates b-RAF,
contributing to cell proliferation [72]. Moreover, IQGAP1 has been implicated in regulation
of cell migration and cell-cell contacts [96, 97]. In particular, Yamaoka-Tojo and colleagues
suggested that IQGAP1 may function as a scaffold to link VEGFR-2 to the adherens junc-
tions through binding to VEGFR-2 and VE-cadherin/B-catenin complex, thereby dissociating
a-catenin from the adherens junctional complex and contributing to VEGE-stimulated loss of
cell-cell contacts in endothelial cell [97].

GAB1 is the prototype of a subfamily of large multiadapter proteins sharing an N-terminal
PH domain, two proline-rich regions involved in constitutive binding to GRB2 and multiple
tyrosine phosphorylation sites [98]. Downstream to VEGF/VEGFR-2 axis, GAB1—recruited
through an amplification loop involving PIP3 and its PH domain—has been proposed to be
a primary actor in coupling VEGFR-2 to PI3K/AKT [98]. In response to VEGF, it has been
reported that GABI is phosphorylated and associates not only with PI3K, but also with GRB2,
SHP2, SHC and PLCy influencing the signaling downstream to VEGFR-2 and, in particular,
cell migration and capillary formation [99].

3.7. Neuropilin 1, integrins and Vascular Endothelial Cadherin

VEGEF signaling is complicated by the fact that VEGFR-2 interact with additional cellular pro-
teins such as, in particular, NRP1, specific integrins and VE-cadherin [100]. This modulates
the signal strength induced by VEGFR-2 on the basis of the extracellular cues arising from the
soluble ligand, cell-substratum and cell-cell interactions.

NRP1 is a transmembrane receptor for VEGF and the neuronal guidance cue SEMA3A,
with essential roles in both vascular and neuronal development, as well as in pathological
angiogenesis [101, 102]. The precise mechanism of VEGF-VEGFR-2-NRP1 interaction and the
functional consequences of this molecular complex are still being explored. The most widely
accepted model of NRP1 function in angiogenesis postulates that it forms a VEGF-dependent
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complex with VEGFR-2 to enhance the activation of a wide variety of intracellular signal
transduction pathways, including those that involve ERK1/2, AKT, SRC and p38 MAPK [103].
Moreover, it has been reported that NRP1 promotes VEGFR-2 trafficking through RAB11
vesicles thereby specifying signal output [104].

Integrins link intracellular signaling pathways induced by soluble factor to output elicited by
cellular interactions with extracellular matrix. Specific integrins, particularly integrin 31 and
[3, act as important partners for VEGFR-2. An intimate and coordinated relationship between
VEGFR-2 and av(33 has been reported by Mahabeleshwar and coworkers (see Section 3.4)
[77]. In particular, the relationship between VEGFR-2 and (33 integrin appears to be syner-
gistic, because VEGFR-2 activation induces 3 integrin tyrosine phosphorylation, which, in
turn, is crucial for maximum phosphorylation of VEGFR-2 [77]. Exposure of endothelial cells
to matrix-bound VEGF promotes VEGFR-2-integrin 31 complex formation, redistribution to
focal adhesion, prolonged activation of VEGFR-2 with differential phosphorylation of Y1214
and extended activation kinetics of p38 MAPK [105].

VE-cadherin is involved in the formation of adherens junctions in endothelial cells and plays
a crucial role in VEGF signaling. In resting endothelial cells, VE-cadherin complexes with
VEGFR-2 at cell-cell contacts and attenuates VEGFR-2 phosphorylation through the phospha-
tase DEP1 [106]. Upon VEGF stimulation, VEC is phosphorylated and in turn internalized,
thereby disrupting the endothelial barrier function (see Sections 3.4 and 3.5).

3.8. VEGFR-2 internalization

It is well known that VEGFR-2 undergoes internalization and trafficking upon VEGF stimu-
lation. Emerging evidences suggest that VEGFR-2 internalization and trafficking are tightly
controlled processes that influence the sensitivity of endothelial cells to VEGF and the signal-
ing propagated downstream to the receptor. Although the mechanisms regulating VEGFR-2
internalization and trafficking and their exerted effects on signaling are still not fully under-
stood, it is apparent that a pivotal role is played by VEGFR-2 interaction with specific protein
partners such as, in particular but not only, VE-cadherin and NRP1.

In endothelial cells, VEGFR-2 is located in different subcellular pools, including receptors dif-
fusely distributed in the plasma membrane, engaged in cell-cell junctions through the inter-
action with VE-cadherin and associated with various intracellular compartments. Resting
endothelial cells have two surface pools of VEGFR-2: a stable pool that is complexed with
VE-cadherin, and a flux pool that is constantly cycling between the surface and the endocytic
compartment in a VEGF independent manner [107, 108]. VE-cadherin prevents internaliza-
tion of VEGFR-2 by physical interaction and recruitment of the DEP-1 phosphatase [106].
VEGF stimulation results in clathrin-dependent internalization of VEGFR-2. The clathrin-
coated vesicles fuse with early endosomes and then proceed through a series of steps that
can either direct their recycling back to the plasma membrane via the fast (RAB4) or slow
(RAB11) recycling pathways or target them for degradation into lysosome via the RAB7 path-
way [109]. Ballmer-Hofer and colleagues reported that when complexed with NRP1, internal-
ized VEGFR-2 is recycled through RAB4 and RAB11 positive vesicles; while in the absence
of NRP1, internalized VEGFR-2 bypassed RAB11 vesicles and rapidly accumulated in RAB7
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vesicles indicative of receptor degradation [104]. They also showed that VEGFR-2 is dephos-
phorylated before entry into the RAB11 compartment and then targeted to the plasma mem-
brane where it presumably initiates a new round of ligand binding and receptor activation
thereby prolonging VEGF signaling to downstream targets [104]. Furthermore, there are also
evidences that when activated VEGFR-2—not yet dephosphorylated —is trapped inside endo-
somes, it is still capable of stimulating some downstream signaling proteins such as those
belonging to the MAP kinase cascade [110].

4. Synopsis of VEGF-induced endothelial responses and their role in
tumor angiogenesis

VEGF/VEGEFR-2 signal transduction leads to six major endothelial responses: cell survival,
invasion and migration into the surrounding tissue, proliferation, vascular permeability and
vascular inflammation. These endothelial responses are tightly integrated to allow tumor
angiogenesis to progress successfully.

Vascular permeability —crucial for normal tissue homeostasis—is a prerequisite for VEGF-
induced angiogenesis. Endothelial permeability is mediated by the so-called transcellular and
paracellular pathways, that is, solutes and cells can pass through (transcellular) or between
(paracellular) endothelial cells. Transcellular passage requires cell fenestration and/or a com-
plex system of transport vesicles that includes organelles called vesiculo-vacuolar organelles,
while the paracellular pathway depends on the coordinated opening and closure of endothe-
lial cell-to-cell junctions, combined with cell retraction. VEGF is involved in both transcellular
and paracellular permeability. VEGF/VEGFR-2 axis induces increased endothelial perme-
ability mainly through SRC-mediated signaling of VE-cadherin internalization (see Sections
3.4 and 3.5) that disrupts the endothelial barrier function, and by activation of PLCy that
mediates an increase in intracellular Ca* resulting in Ca*-calmodulin-dependent regulation
of eNOS (see Section 3.2). Activation of eNOS—also achieved by AKT-mediated phosphory-
lation—promotes an increase in vascular permeability by NO production that is followed
by vasodilatation. VEGF-induced vascular permeability contributes to the dissemination of
extracellular proteases and the deposition of a fibrin gel provisional stroma that changes the
extracellular matrix of normal tissues from anti- to pro-angiogenic and stromagenic, favor-
ing and supporting inward migration of endothelial cells and the growth of new endothelial
sprouts [111]. In addition, the reduced vessel integrity may promote leukocyte extravasation
and facilitate exit of metastasis from the primary tumors.

VEGF-induced vascular permeability goes in parallel with vascular inflammation. Although
VEGF is not an inflammatory cytokine, VEGF-induced gene transcription—in particular
through NFAT activation—includes a conspicuous inflammatory component (see Section 3.2).
This could conceivably promote attraction of inflammatory cells that may contribute to the
angiogenic response. Indeed, it is well established that tumor angiogenesis is linked to inflam-
mation. On the one hand, tumor cells can be killed by the immune system; on the other hand,
tumor can use leukocytes to supports its expansion.
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Endothelial cell invasion into the surrounding tissue is made possible by means of the release
of MMPs, which degrade the basal membrane and the extracellular matrix and allow the
migration of endothelial cells to form capillary sprouts. Endothelial cells express different
MMPs, and it has been reported that their expression is induced by VEGF and regulated by
Ets transcription factors [112, 113]. Signaling pathways, such as MAP kinase cascade, PI3K/
AKT axis, and Ca*-specific signals, converge on the Ets transcription factors, controlling their
activity.

VEGF-induced endothelial cell migration and proliferation are tightly regulated and coor-
dinated spatio-temporal behaviors, which—in parallel with sustained cell survival —enable
angiogenic sprouting and capillary lumen formation, necessary to create the new vessels
devoted to support tumor growth and metastasis spread. VEGF-induced endothelial survival
and proliferation are stimulated primarily via PI3K/AKT and PLCy/ERK pathways, respec-
tively, involving —as above described —several signaling intermediates. VEGF-induced endo-
thelial cell migration appears to be regulated by a larger number of pathways, including the
involvement of PLCy, PI3K, RHO GTPases, SRC and FAK activities.

5. Conclusions

In this chapter, we attempted in particular to describe the best characterized signal transduc-
tion events downstream to VEGF/VEGFR-2 axis involved in tumor angiogenesis. Multiple
VEGF-induced signaling pathways take part in the promotion of different biological responses
in endothelial cells. Although it is possible to recognize distinct patterns along VEGF-induced
signaling, they are intricate, characterized by the involvement of a number of enzymes and
adaptor/scaffold proteins—whose activity converges and branches at many point—and by the
presence of VEGFR-2 molecular partners influencing endothelial cell sensitivity to VEGF and
receptor signal output. This depicts a complex signal network induced by VEGF, where the
apparent redundancy in operating signaling pathways is likely to reflect a need for a fine-tun-
ing and a differential control of the biological effects in response to VEGF [25]. Although past
decade has seen an important advancement in our understanding of VEGF signaling, there is
still a lack of insight in many aspects of VEGF/VEGEFR-2 signal transduction, in particular for
what concerns its fine regulation. A further elucidation of the multifaced VEGF signaling net-
work in the context of endothelial biology is crucial for developing new potential anti-angio-
genic therapies. In parallel with current therapies that directly target VEGF and VEGFR-2,
agents able to influence key molecular player —proximal, median or distal to VEGFR-2—could
be of clinical interest.
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Abstract

Chapter 14

Lung cancer is the major death-related cancer in both men and women, due to late diag-
nostic and limited treatment efficacy. The angiogenic process that is responsible for the
support of tumor progression and metastasis represents one of the main hallmarks of
cancer. The role of VEGF signaling in angiogenesis is well-established, and we summa-
rize the role of semaphorins and their related receptors or hypoxia-related factors role as
prone of tumor microenvironment in angiogenic mechanisms. Newly, noncoding RNA
transcripts (ncRNA) were identified to have vital functions in miscellaneous biological
processes, including lung cancer angiogenesis. Therefore, due to their capacity to regulate
almost all molecular pathways related with altered key genes, including those involved
in angiogenesis and its microenvironment, ncRNAs can serve as diagnosis and prognosis
markers or therapeutic targets. We intend to summarize the latest progress in the field of
ncRNAs in lung cancer and their relation with hypoxia-related factors and angiogenic
genes, with a particular focus on ncRNAs relation to semaphorins.

Keywords: noncoding RNAs, angiogenesis, lung cancer, semaphorins, therapy

1. Introduction

1.1. Noncoding RNAs (ncRNAs) —definition, biogenesis and classification

The noncoding RNAs evolved in the last few years as important regulators of numerous
physiological and pathological processes with increased attention regarding cancer diag-
nosis, prognosis, and therapeutics [1]. The concept known as “dark matter” defined by the
lack of function and lack of genetic information is now long gone, being replaced by the
regulatory ncRNAs involved in cancer development and progression [1]. The transcription

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN



252

Physiologic and Pathologic Angiogenesis - Signaling Mechanisms and Targeted Therapy

of the noncoding regions produces RNA sequences that can vary in size, short, mid-size, and
long noncoding RNAs, and are able to influence the expression of tumor suppressor or tumor
promoting coding genes, activity that further classifies this class of RNAs into oncogenic or
tumor suppressor sequences [2].

The noncoding niche is rapidly expanding as new sequences are discovered and character-
ized. The ncRNAs, as their name underline, are RNAs that do not codify for proteins but
new molecular concepts are revealed regarding the interplay between these types of RNA
sequences and protein coding genes [3]. ncRNAs are also known as regulatory RNAs.

One of the most studied ncRNAs class is represented by microRNAs (miRNAs) that are small
single-stranded nucleotide sequences (1822 nucleotide length) capable of gene regulation
through sequence complementarity [2], being involved in all hallmarks of cancer [4]. The
biogenesis mechanism is presented in Figure 1. The discovery of miRNAs has enabled new

Cellular

-

Figure 1. miRNA biogenesis mechanism. microRNAs are situated in the genome of the host as individual transcriptional
units but also as clusters of a number of distinct microRNAs. For the first step, RNA polymerase II transcribes the target
sequence resulting in a primary transcript named pri-miRNAs. This unprocessed sequence is then subjected to the
activity of RNase IlI-type enzyme Drosha that transforms the pri-miRNA sequence into a transcript of approximatively
70 nt, pre-miRNA. This precursor is then transferred in the cytoplasm via Exportin-5, followed by another miRNA
manipulation step governed by the RNase III protein Dicer, resulting in a double stranded RNA called miRNA-miRNA
duplex. The less stable strand is further captured by the RISC complex, association that facilitates specific gene regulation
through complementary interactions.
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noninvasive diagnosis methods and also has conducted towards the development of more
targeted therapeutics alternatives in a large number of cancers and other pathological states
[4, 5]. Despite numerous discoveries in the ncRNA field, the two main noncoding fronts in
cancer are still represented by microRNAs and the more recent characterized long noncod-
ing RNAs (IncRNAs) [6]. As the technology advances, these last sequences are increasingly
mentioned in pathological contexts, where differential expression levels are associated with
malignant states and other diseases [6]. Despite the associations between IncRNAs expression
patterns and different types of cancers, there are still many unknowns regarding the complex
mechanism of action.

MiRNAs revolution has stimulated the investigation of other types of small ncRNAs such as
small interfering RNAs (siRNAs), and Piwi-interacting RNAs (piRNAs) [3, 7, 8]. These last
two types of molecules are similar to miRNAs in length and function, where siRNAs medi-
ate posttranscriptional inhibitory processes and piRNAs act particularly on transposable ele-
ments and are capable of forming complexes with Piwi proteins [7, 8]. piRNAs transcribed
from kiwi clusters together with Piwi proteins are capable of transposon modulation through
interruption of the specific transcript that will be no longer able to exercise their specific activ-
ity. Other types of ncRNAs, circularRNA (ciRNA) are formed through base pairing of intronic
repeats that ends up with a complete circular fragment that is able to act as a miRNA sponge
through complementary interactions [3, 9].

Supplementing the complex regulatory networks of miRNAs, ciRNAs have recently emerged
as new cancer modeling tools through miRNA targeting, escaping from the initial character-
ization as transcriptional “noise” [9, 10]. These types of transcripts are ubiquitous present in
eukaryotic cells and competitively bind microRNAs sequences, functioning like an inhibitory
sponge; process that could attribute a significant therapeutic potential to these circular frag-
ments [9, 10, 11, 12]. In this sense, specific microRNAs are eliminated from the regulatory
networks, influencing the expression scheme of target genes. Competitive endogenous RNA
(ceRNA) describes a new mechanism of gene regulation, being involved in physiological and
pathological processes [13].

The traditional concept that RNA molecules are just intermediary sequences between
DNA and proteins is now replaced with more advanced molecular data, where short-
and long-noncoding sequences play a key role in normal development and disease pro-
gression [14]. SiRNAs and miRNAs are similar in length, approximatively 22 nucleotides,
and are both processed by Dicer through cleavage. SiRNAs are derived from complemen-
tary dsRNA duplexes, where miRNAs originate from imperfect RNA hairpins from short
introns or long transcripts [15-18]. Both small noncoding types of sequences associate with
Argonaute proteins in order to manipulate gene expression (generally through 3'UTRs)
[19], although siRNAs are also involved in viral defense and transposon regulation. piR-
NAs are the longest fragments from the small RNAs group, having approximatively 26-30
in length. This class associates with PIWI-clade Argonaute proteins in order to guide trans-
poson activity and chromatin status [15, 17]. Long noncoding RNA group consist in all
RNA sequences that are not responsible for protein generation and their length exceed

253



254 Physiologic and Pathologic Angiogenesis - Signaling Mechanisms and Targeted Therapy

200 nucleotides, being further grouped in concordance with their genomic localization:
intronic, intergenic, sense, and antisense ncRNAs to host gene locus [6, 20]. Biogenesis
of IncRNAs is very similar with the processing activity of mRNAs molecule, being tran-
scribed by RNA Pol II and also being subjected to the same epigenetic modifications and
splicing signals. The functional roles of IncRNAs are more extended than in the case of
small ncRNAs, a significant part being still incompletely understood. Briefly, this type of
sequences is not so well conserved as miRNAs and also can control gene activity at differ-
ent levels in a more complex scheme [2, 6, 16].

2. Lung cancer—molecular classification and survival rates

Lung cancer occupies the first place regarding the mortality rates from the oncological field,
being characterized by an aggressive profile that ends with numerous deadly metastatic
sites. One of the main reasons for the high mortality rates consists in the late diagnosis [21].
According to the characteristics of the cancer cells, this malignancy presents itself in two
major forms, one being small-cell lung cancer (SCLC), and the other being named non-small-cell
lung cancer (NSCLC) according to the histological classification and another rare subtype, lung
carcinoid tumor (LCT) [22, 23]. NSCLC ranks as the number one diagnosed type of lung cancer
in the oncological field, being further divided into three histologic types: squamous cell carci-
noma, large-cell carcinoma, and adenocarcinoma. Adenocarcinomas represent the most common
subtype of NSCLC, with an incidence of 35-40% from all lung cancer cases, being the most
lethal type of cancer in male population, and the second in women. This type of pulmonary
malignancy frequently presents distant metastases and pleural effusions. Between a quarter
and 30% of all lung cancer cases belong to the squamous cell carcinoma category. These par-
ticular tumors are mostly located in the central areas of the lungs, and were shown to be con-
nected to tobacco smoking [24]. Lung carcinoid tumors are very rare and represent about 5%
of the lung cancers which grows very slowly and are rarely associated with metastasis [25].
Despite the frequency drop, pulmonary tumors remain the major cause of death and morbid-
ity around the world, being very aggressive and refractory to standard oncologic therapy [26],
due to the late diagnostic [27].

Environmental and occupational exposure to different agents and an individual's suscepti-
bility for these agents were associated with a risk of lung cancer in approximately 9-15% of
cases. The cigarette smoke is the primary risk factor for the development of lung cancer and is
estimated to be responsible for approximately 90% of all lung cancers [24], followed by asbes-
tos [28], and radon [27]. More than 300 harmful substances with 40 known potent carcinogens
were discovered in tobacco smoke.

The classical therapeutic strategies like surgery and chemotherapy or radiation fail to accom-
plish their purpose in advanced pathological states. In the case of patients diagnosed early
in the disease, the chances of survival are more promising, being observed a partial response
to drugs based on platinum. However, even in this case, the final outcome is not necessary
a positive one due to acquisition of treatment resistance. According to National Cancer
Institute, survival rates for early stages of NSCLC are extremely low compared to other types
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of cancer, where the rate for the late stages of the same malignancy can reach even 1%: the
5 years survival rate for stage 1A is approximately 49%, 45% for stage 1B, 30% for stage IIA
and 31% for IIB. The next stages, IIIA and IIIB, are associated with even more dramatically
numbers, 14% and 5% respectively (Figure 2). For the case of metastatic lung cancer, where
the tumor has spread within different body sites, the survival rates are extremely low (1%)
[29, 30]. Therefore, a critical part of lung cancer management is represented by the discovery
of specific molecular carcinogenic pathways in order to precisely target key molecules that are
responsible for tumor development and avoid treatment resistance. ncRNAs study represents
an important research direction for achieving these goals.

Overall 5-year survival rate Survival rates according to the
lung cancer stages

1A I8 I

] i (1] n

gERERERIRES
EREERE

T NECLC SCLC

Figure 2. The overall survival rates associated with different lung cancer subtypes (NSCLC, SCLC) and the 5-year
survival rate based on lung cancer stages.

3. Angiogenesis—beyond hallmarks of lung cancer

Nowadays, the cancer hallmarks are at the center of carcinogenesis: prolonged prolifera-
tion signals, escaping of growth inhibitors, apoptosis inhibition, indefinite replicative poten-
tial, vascular network development (angiogenesis) and activation of cell invasion, and thus
metastasis (Figure 3) [31]. Although all of these hallmarks represent key elements without
which tumorigenesis could not more or less advance, angiogenesis surpasses this listing of
malignant processes: without the ability to receive oxygen and nutrients and evacuate waste
products, the spreading of the tumor is naturally restricted. Moreover, the vessel network is
one of the invasion routes used by transformed mesenchymal cell in order to evade from the
original carcinogenic site and invade other tissues [31]. All these features stand at the base of
the therapeutic concept, where angiogenesis is one of the main signaling pathway targeted
in the treatment of cancer patients, including individuals with lung cancer. Inhibition of this
malignant progression pathway through exogenous administration of targeted agents in the
form of ncRNAs/anti-ncRNAs will enable the proper management of tumor spreading and
will serve as a feasible therapeutic strategy for lung cancer [33].

The most promising proangiogenic target in lung cancer is VEGF (vascular endothelial
growth factor), more precisely the interaction of VEGF with the transmembrane receptors
or receptors downstream the signaling pathways. However, prolonged exposure to
VEGEF/VEGEFR inhibitors may force tumor cells to find alternative pathways for vascular
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Figure 3. Lung cancer hallmarks with focus on angiogenesis.

development [34]. Additionally, some other angiogenic pathways have been explored with
the same purpose, where FGFRs (fibroblast growth factor receptors), angiopoietin, PDGFRs
(platelet-derived growth factor receptors), and, in the last few years, semaphorins and the
related receptors captured the attention [32, 34]. The metastatic cascade, a multievent pro-
cess that leads to the spreading of the tumor cells to numerous sites in the organism and
causes death, represents the main challenge in cancer treatment and angiogenesis plays a
major role in this progression [35].

3.1. Implication of ncRNAs in regulation of lung cancer angiogenesis

As a result of the limited success of the classical antiangiogenic therapies targeting VEGF
and its related receptors [35, 36], researchers have deepened their knowledge by analyzing
the expression of ncRNAs sequences in this pathology (Figure 4) [37, 38]. The mechanism of
lung cancer angiogenesis is far from being completely deciphered and implicit the process of
therapeutic inhibition via ncRNAs remains to be further investigated. Targeting ncRNAs will
enable a more precise treatment and will avoid compensatory mechanisms retrieved in lung
cancer [2, 37, 38].
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Figure 4. Evolution of vascular network within lung cancer. Malignant cells lacking nutrients and oxygen enter
in hypoxic stress, state that promotes the signaling pathways related to angiogenesis in order to sustain cell
proliferation. The same process is present at the metastatic sites, where mesenchymal cells that went through
epithelial to mesenchymal transition are establishing new malignant formations. The complex malignant scheme is
strictly regulated by noncoding RNAs (miRNAs and IncRNAs). Red - overexpressed ncRNAs; Green- downregulated
ncRNAs.

3.2. miRNAs related to lung cancer angiogenesis

Among all types of ncRNAs, miRNAs molecules are the most intensive studied in what
regards novel cancer therapies. Although the majority of the studies are concentrated on
oncogenic miRNA inhibition via exogenous delivery of complementary (antisense) sequences
through different vectors, it seems that another therapeutic alternative consists in miRNA
replacement. This last type of targeted treatment may be even more effective due to the fact
that the predominant pathological model consists more in dowregulated tumor suppressor
sequences than overexpressed oncogenic genes [5, 21, 39].

Until this moment, several miRNA patterns involved in different lung cancer processes such
as cell proliferation, resistance to therapy, invasion, metastasis, and angiogenesis have been
identified. We will focus on some important miRNAs that presented the most aberrant expres-
sion related to lung cancer angiogenesis (Tables 1 and 2).
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3.3. LncRNAs related to lung cancer angiogenesis

The number of IncRNAs has significantly increased due to the progresses offered by sequenc-
ing methods in genomic research. Long noncoding transcripts act as gene regulators via a
wide range of mechanism [70], those related to lung cancer being summarized in Table 3.
The first long noncoding sequence associated with lung cancer was MALAT1 that through
increased expression and gene targeting (caspase-8, caspase-3, BCL-XL, BCL-2, and BAX)
promotes the proliferation and invasiveness of cancer cells. Recently it was emphasized to
target SLUG gene via a competitively “sponging” miR-204 [71]. Following this initial IncRNA,
a significant list of IncRN A was associated with lung cancer progression or inhibition through
modulation of key mechanisms involved in the hallmarks of lung pathology. The regulatory
process is complex, IncRNAs being able to escort chromatin modifying enzymes to target loci
within the genome, to bind the promoter of genes and modify the transcription process, to be
processed into miRNAs and further act as short noncoding transcripts, and finally to modify
the stability of specific mRNAs through direct binding [70].

Recent evidences suggested the role of PANDAR in lung cancer cell proliferation through p53/
PANDAR/NF-YA/Bcl-2 axis [72]. Another IncRNA positively regulated by p53 is TUGI, whose
downregulation is associated with increased cell proliferation and poor survival rate in lung
cancer patients [73]. Also, considering the antiangiogenetic role of the p53 gene and the posi-
tive correlation between the two sequences, there is a possible role for TUGI in angiogenesis
suppression, however further investigations are necessary. HOTTIP is a long noncoding tran-
script that is associated with tumor growth [74], process that involves the formation of new
blood vessel network, fact that could transform HOTTIP into a new target for antiangiogenetic
therapies. MVIH is associated with microvascular invasion in HCC, being upregulated in this
type of cancer with an increased oncogenic potential. Further studies have investigated the
possible role of the same IncRNA in lung cancer and the results were increasingly similar with
the previous pathology, MVIH representing a biomarker for poor prognosis and associated
tumor cell proliferation [75]. There are also other IncRNAs with tumor suppressor or tumor
promoting roles in lung cancer malignancies, like MEG3 (tumor suppressor), ANRIL, and
AKO001796 (oncogenic role) that are involved in cell proliferation and cell viability, processes
that go hand in hand with the angiogenetic transformation [76-78]. InRNA BC087858 is overex-
pressed in NSCLC and was demonstrated to be connected with drug resistance via EGFR-TKIs
axis [80]. MEG3 was proved to be downregulated in tumoral tissue, and directly related with
high tumoral stage. Preclinical studies demonstrated a reduced proliferation rate in the case
of MEG3 overexpression, by targeting MDM2 and p53 proteins. MEGS3 is presented not only
as prognostic marker but also as important therapeutic target [76]. ANRIL is overexpressed in
lung cancer tissue, being correlated with tumor-node-metastasis stages and tumor size, but
until now there are not presented data with a direct connection with angiogenesis [78].

3.4. Ultraconserved regions (UCRs)

Ultraconserved regions (UCRs) are genome sequences longer than 200 bp and, as the
name suggests, are conserved within humans, rats, and mouse, preserving their nucleotide
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IncRNA

Target gene

Biological role

Reference

TUG1

MEG3

MALAT1

PANDAR

LUADT1

HOTTIP

ANRIL

MEG3

AKO001796

MVIH

BC087858

ZXF1

LINC01207

LincRNA-p21

PRC2

MDM and p53

SLUG

NF-YA

p27

Cdc25C

KLF2 and p21

MDM and p53

BIRC5/TPDF2/CDC/GA

MMP-2 and MMP-9

EGFR-TKIs

c-Myc

EZH2

p53 and HIF1A

Tumor suppressor IncRNA regulated by p53, gene
that promotes the expression of TUG1

Tumor suppressor role through cell proliferation
reduction and increased survival. P53 expression
is frequently correlated with the expression

of the MEGS3, with possible cumulative role in
angiogenesis suppression

Promoter of EMT and metastasis, via miR-204

Inhibits tumor cell proliferation in the moment of
overexpression through p53/PANDAR/NF-YA/
Bcl-2 axis

Oncogenic role through promotion of cell
proliferation; knockdown of the target gene
significantly contribute to the reduced tumor size
by inhibition of cell expansion

Promotes tumor growth and is overexpressed in
lung cancers

Oncogenic role; knockdown of this IncRNA reduced

proliferation and increased apoptosis

Tumor suppressor role exercised through cell
proliferation reduction and increased survival.
P53 expression is frequently correlated with the
expression of the MEG3, with possible cumulative
role in angiogenesis suppression

Oncogenic role; involved in maintaining the tumor
cell viability through complex mechanisms

Overexpressed in lung malignancies, being

associated with increased cell proliferation and poor

prognosis; previously recognized as angiogenesis
promoter in HCCs

Promotes cells invasion and induces drug resistance

to EGFR-TKISs by activating PI3K/AKT and MEK/
ERK pathways and EMT via up-regulating ZEB1
and Snail

LncRNA ZXFloverexpression was connected with
a relatively poor prognosis; Knockdown by siRNA

has no effect on cell proliferation, but decreased the

migration and invasion of lung cancer cells
Cancer initiation and progression

Regulation of TP53-dependent apoptosis and
Warburg effect and angiogenesis

[73]

[76]

[71]

[72]

[79]

[74]

[78]

[76]

[77]

[75]

(80]

[81, 82]

[83]

[84]

Table 3. The main IncRNAs involved in lung cancer angiogenesis and possible therapeutic targets for inhibiting lung

cancers.
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succession during the evolution [85, 86]. Until this moment there are a number of 481 con-
served sequences, a part of them being situated at sensitive sites regarding cancer susceptibil-
ity and are further transcribed (T-UCR) into pathological expression patterns. Considering
this recent discovery, it has been postulated that the differential expression pattern could
serve as stratification tool in the oncology domain, being able to differentiate between human
cancers and possible between molecular subtypes of carcinomas [85, 86].

The exact mechanism that leads to aberrant expression of T-UCR is not fully deciphered,
although it is thought that the primary regulation models are represented by miRNAs interac-
tions and epigenetic modifications in CpG islands hypermethylation [85].

Calin et. al. were the first to discover the T-UCR spectrum in malignant cells compared with
healthy ones and found significant differences between the two states [85]. So far, molecular
analysis have revealed different T-UCR signatures in a number of carcinomas, including pros-
tate, hepatocellular, and colorectal cancer, as well as in chronic lymphocytic leukemia and
neuroblastoma. Presently was observed upregulation of several T-UCRs and demonstrated
by multiple investigations to be related with increased risks for tumour occurrence and a high
metastatic rate. Therefore, the main investigation area is focused on integration of synthetic
antisense oligonucleotides (ASOs) to inhibit T-UCR functions [85]. In lung cancer, an impor-
tant number of T-UCRs need to be characterized and then used for developing novel thera-
pies. In spite of the interest on the T-UCR, there are only few investigations on T-UCR therapy.

4. ncRNAs related to hypoxia in lung cancer

Hypoxia is a preangiogenetic process driven by specific gene modifications, alterations that
are able to induce the installation of the mesenchymal phenotype through epithelial to mes-
enchymal transition (EMT), acquisition of drug and radiation resistance, and propagation of
lung cancer stem cells [87, 88]. Compared to other cancers, lung malignancy is severely sus-
tained by the installation of hypoxia through complex interactions between specific molecules
(HIF1ae and miRNAs or other ncRNAs, as displayed in Tables 4 and 5) and establishment of
noncoding regulatory networks related to connection with the cell cycle regulation, apoptosis
or autophagy [88].

In terms of lung cancer hypoxia, miRNAs play a pivotal role through the ability to orchestrate
extensive signaling networks involved in this carcinogenic step. MiR-200 family has been
extensively characterized in numerous malignant scenarios and miR-200b member seems
to have a role that could be exploited in the context of the clinical area regarding hypoxia
induced EMT where cells acquire motility characteristic and are able to invade secondary
sites within the organism promoting lung cancer metastasis [89]. Reinforced expression of the
tumor suppressor miRNAs inhibited EMT through regulation of key genes involved in this
pathway [88]. Another possible therapeutic target is represented by miR-21, that is elevated
in NSCLC-derived cells grown under hypoxic conditions [90]. Hypoxic conditions also trig-
gered miR-155 overexpression and downregulation of FOXO3A target gene, and protects
lung cancer cells to irradiation, elucidating a possible course of treatment through inhibition
of miR-155 combined with radiotherapy [65].
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Type of Expression Name Target miRNA role in lung cancer Possible clinical role References
miRNA level gene hypoxia of miRNAs in lung
cancer
Tumor v miR-200b - Hypoxia-induced EMT in  Novel therapeutic [89]
suppressor lung cancer, influencing strategy via Nobiletin
miRNAs the activity of key genes delivery
involved in mesenchymal
transition miR-200 mimic
blocks hypoxia-induced
EMT
v miR-210 - Regulate cellular response  Biomarker for [63,91]
under hypoxic conditions  prognosis and patient
High levels connected stratification
with a positive outcome in
NSCLC patients
v miR-18a HIF-1a Connected with lung Possible prognosis [92]
metastasis of breast cancer factor of lung
cells ability to decrease the metastasis in breast
hypoxic stress in vitro and  cancer
reduce cell invasiveness
v miR-199a HIF1a Inhibition of cancer Possible prognosis [93]
cell hypoxia induced factor
proliferation in NSCLC
cells
Oncogenic A miR-21 - NSCLC derived cell lines  Possible therapeutic ~ [87, 90]
miRNAs grown under hypoxic and prognosis role
condition showed
an elevated miR-21
expression; modulates
radiation resistance via
hypoxic mechanism
A miR-339 RASSF1,  Activity correlated with Possible target for [94]
ERBB4,  the process of response to  therapeutic strategies
KRAS hypoxia
A miR-155 FOXO3A Correlates with poor Therapeutic potential  [65]
prognosis and protects for radio sensitization
hypoxic lung cancer of hypoxic lung
cells to irradiation and cancer cells
conversely
A miR-17-92  HIFla Downregulation of HIFla  Possible prognosis [95]
cluster does not affect the cellular  factor
adaptation to hypoxia
A miR-494 PTEN Promotes angiogenesis Possible prognosis [96]

through direct targeting
of PTEN and activation
of Akt/eNOS pathway;
expression is induced
during hypoxia

and therapeutic tool

Table 4. Tumor suppressor and oncogenic miRNAs involved in lung cancer hypoxia with possible roles in diagnosis,

prognosis, and therapy.
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Type of
IncRNA

Expression
level

Name

Target gene

IncRNA role
in lung cancer
hypoxia

Possible clinical
role of IncRNAs in
lung cancer

References

Tumor
supressor
IncRNAs

Oncogenic
IncRNAs

v

A

IncRNA-LET
(Low expression
in tumor)

GAS5-AS1

LincRNA-p21

HOTAIR (HOX
transcript
antisense
intergenic RNA)

H19

HIHD3;
hypoxia-
induced
histone
deacetylase 3

TP53 and
HIF-1a

HIF-1a

HIF-1a

Squamous-cell
lung carcinomas
downregulated by
HIHD3 promotes
hypoxia-induced
cancer cell
invasion

Downregulation
of GAS5-AS1
contributes to
hypoxia tumor
metastasis in non-
small cell lung
cancer

Target angiogenic
mechanisms

HOTAIR is
upregulated

in hypoxic
conditions and
is a direct target
of HIF-1q;
Promotion

of cancer cell
proliferation and
ability to migrate
and invade other
sites

Possess oncogenic
properties
triggered by
hypoxic stress
Correlates with
p53 tumor
suppressor status

New methods
for therapeutic
intervention

Prognosis and
therapeutic
marker

Prognosis marker

Novel therapeutic
target

Prognosis/
Diagnosis marker

[97]

[98]

[84]

[99, 100]

[101]

Table 5. LncRNAs involved in lung cancer hypoxia with possible roles in diagnosis, prognosis, and therapy.

Hypoxia management has led to reduced angiogenesis and thus obtuse the malignant cell
proliferation and survival due to deprivation of nutrients and oxygen via various molecules
including the noncoding transcripts represented by miRNAs and IncRNAs. Multiple target-
ing through ncRNAs that are able to influence the fate of the hypoxic microenvironment will
bring new insights into the pathogenesis of lung cancer, permitting the development of new
clinical tools for cancer management, improving the concerning survival rate of this pathol-
ogy. The list of miRNAs and IncRNAs implicated in the vascular invasion of the pulmonary
malignancy is presented in Tables 4 and 5.
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LncRNAs have recently emerged as important prognosis and therapeutic tolls in different
malignancies and even for specific carcinogenic processes as lung cancer hypoxia. One of the
main studied IncRNAs is HOTAIR, pathological expressed in numerous malignant scenarios,
being associated with tumor promoting roles and a negative outcome in oncological patients.
It was demonstrated that this IncRNA is a direct target for HIF-1a that act as an enhancer of
expression and contribute together to the securitization of hypoxia followed by cell prolif-
eration, migration, and metastasis. This information could transform HOTAIR in a possible
therapeutic target under hypoxic conditions for NSCLC, that is limited in what regards the
therapeutic options [99, 100]. Another newly discovered IncRNAs in lung cancer hypoxia
that is IncRNA-LET targeted by HIHDR. The interaction between these two molecules ends
with reduction of histone acetylation at the promoter region of the noncoding transcripts and
thus decreased expression. Moreover, the downregulation process secures the expression of
nuclear factor 90 proteins, a key element for cell migration induced by hypoxia. This data sug-
gest that IncRNA-LET can be used as a clinical tool against cancer promotion [97].

LincRNA-p21 impacts prognosis in resected nonsmall-cell lung cancer patients through
angiogenesis regulation. LincRNA-p21 was proved to be activated by TP53 and HIF1A [84].
It was proved to target the apoptosis pathway via regulation by p53 and the Warburg effect.
LincRNA-p21 is downregulated in tumor tissue, and has effect on the lung cancer patients via
angiogenesis regulation [84].

Other important ncRNA structures with a significant role in the development of novel molec-
ular therapies are represented by PIWI-interacting RNAs (piRNAs). piRNAs are recognized
to be involved in transposon silencing and gene expression during development and the com-
plete role on the somatic cells remains to be deciphered [8]. In a recent paper were empha-
ses a different piRNASs expression profiles between normal bronchial epithelial cells and
lung cancer cells. The most downregulated piRNAs in lung cancer cells was piRNA-like-163
(piR-L-163) having as direct target the phosphorylated ERM (p-ERM) [102]. S100A4-small
interfering RNA (S100A4-siRNA) was proved to activate the apoptosis and increase the radio-
sensitivity of A549 lung cells. S100A4 may promote A549 cell proliferation but also invasion,
and metastasis by regulating the expression of E-cadherin and p53 protein [103].

5. ncRNAs targeting semaphorines and its related receptors in lung cancer

Semaphorins are guidance molecules which were characterized initially as directing ele-
ments for axon outgrowth; however advances in genomic and translational medicine
revealed a more complex role for these proteins, being involved in cell migration, vascular
network, and tissue development [32, 104]. Considering their vital role in physiological
processes is not surprising that these guidance proteins are also involved in similar patho-
logical processes especially from the oncologic area, where they exercise the same func-
tions, but in a negative manner [32]. Therefore, semaphorins are implicated in carcinogenic
establishment, metastasis, and especially angiogenesis in numerous cancers, including lung
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cancer. Regarding their role in angiogenesis, the family of semaphorins is divided into two
main pathological classes: tumor suppressors inhibiting the angiogenic process and onco-
genes through promotion of vascular invasion. Therefore, loss of expression in the case of
antiangiogenic semaphorins and/or increased expression pattern for the procarcinogenic
ones translates into sustaining of the malignant cells [106]. Immediately after the estab-
lishment of their newly discovered role, in vitro and in vivo studies confirmed the ability
of semaphorins to serve as therapeutic targets in the form of suppression or enhancement
[32]. Despite the fact that their role in pulmonary malignant processes is quite extensively
studied, little is known about the ncRNAs regulatory action on the expression pattern of
semaphorins. Deciphering the regulatory noncoding sequence panel for these proteins will
enable a more advanced and specific molecular management of lung cancer, especially in
angiogenesis that has a vital role regarding the maintenance of tumor cells integrity and
proliferation.

The process of angiogenesis, can also occur through semaphorin receptors, neuropilins, and
plexins (Figure 5). In the case of neuropilins, we encounter a multiple ligation system, this
membrane proteins being able to bind both class-3 semaphorins, VEGF and growth factors.
Also, this type of receptors that are essential to proper vascular development during organ-
ism development are generally mutated in lung cancer. On the other hand, in vivo suppres-
sion of neuropilins led to improper vascular network.

Among the first studies that elucidated the role of neuropilins in vascular development is the
research where the authors observed that overexpressing of Nrp1 was lethal for embryos due
to extensive vascular defects like overdevelopment of blood vessel network and deformed
hearts [107]. This discovery paved the way for further research in the area of cancer manage-
ment with focus on targeted therapy. Therefore, it has been proven that a combined form
of therapy represented by neuropilins inhibitors (semaphorin, anti-NRP, soluble NRP - B
domain, and VEGF mimetics) administrated concomitant with anti-VEGF signaling mole-
cules (kinase inhibitors, anti-VEGF, anti-VEGFR-2, and soluble VEGFR for VEGF) is more
efficient than the classical antiangiogenic therapeutic strategy targeted towards VEGF alone
[104]. Research studies demonstrated a role for NRP1 and NRP2 in lung cancer progression
and angiogenesis where these two molecules were observed as normally expressed in bron-
chial basal cells, and as it progressed in the severity of the cell lesions, the level of neuropilins
increased significantly, concomitant with VEGF expression [104]. NRP1 has been previously
associated with cancer angiogenesis: overexpression of NRP1 in AT2.1 cells (in vitro model of
prostate cancer) resulted in advanced vascular density, cell proliferation, and also inhibited
apoptosis [108]; rat estrogen-induced pituitary tumors presented increased levels of NRP1,
level that was also correlated in a positive manner with the aggressiveness of angiogenesis
development [109].

The competitive binding of class-3 semaphorins and VEGF that in physiological conditions
leads to the proper development of the vascular platform is changed during malignant sce-
narios where proangiogenic VEGF takes the lead due to mutations in the structure of the bind-
ing domain that decreases the complementarity with semaphorins or enhances the expression
of receptors. Therefore, an alternative therapeutic pathway could be represented by the
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Figure 5. Semaphorin receptors and ncRNAs regulation. Green — downregulated genes; Red — overexpressed genes.

modulation of neuropilins (NRPs) expression. Furthermore, the specific malignant expres-
sion is most likely influenced by other molecules such as miRNAs and IncRNAs (Table 6).

Lung cancer therapies focused on semaphorins and their receptors are still an insulfficiently
explored domain that could hold great promises regarding the inhibition of cancer spread-
ing. Considering the competitive binding between class-3 semaphorins and VEGF in vascular
development, antiangiogenic strategies as antibodies for VEGF or NRP inhibition, soluble
NRP or NRP blocking peptides have been tested with effective results [104, 106]. A more
recent treatment compromising both VEGF and SEMA3A inhibitors have been applied in vitro
and in vivo for colon cancer [105]. Another type of action could be represented by the induced
internalization of the neuropilins through administration of dextran sulfate and fucoidan
that significantly decreased the number of endothelial surface receptors, including VEGFR
[131]. Although anti-VEGF molecules are well-known as efficient angiogenesis inhibitors,
combining the modulation of VEGF/VEGFR with SEMA/NRP may hold significant clinical
usage. Moreover, extension of the molecular insight regarding noncoding RNAs regulation
of semaphorins and their receptor could improve even more the inhibition of angiogenesis if
we take in consideration the ability of noncoding RNAs to regulate waste singling networks
that involve more than one target gene.
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Semaphorin  Regulatory Predicted targeting Role in lung cancer Potential clinical ~ Ref.
miRNAs miRNAs role in lung cancer

Semaphorin miR-30b miR-95-3p NSCLC-anticarcinogenic ~ Biomarker for [104, 110]
3A (SEMA 3A) miR-589-5p activity; low expression of ~ prognosis

SEMA 3A correlates with

lymph node metastasis

Semaphorin 3B miR-221 miR-155-5p Cell proliferation and Marker for cancer  [111, 112]
(SEMA 3B) miR-107 invasion progression

miR-187-5p Small-cell lung cancer-

miR-18a-3p tumor suppressor role via

miR-708 induction of apoptosis and

miR-3074-5p inhibition of angiogenesis

miR-106b-3p

miR-340-3p

miR-3074-5p

Semaphorin - miR-4746-5p A549 lung cancer Novel [113]
3C (SEMA 3C) miR-500a-5p cells -p65-SEMA3C antitumorigenic

miR-187-5p (cleaved SEMA3C) - drug

miR-301a-5p protumorigenic activities

miR-21-3p

miR-106a-3p

miR-4677-3p

miR-3074-5p

let-7g-3p

miR-183-3p

miR-29a-3p

miR-519a-5p

miR-200c-5p

miR-4668-3p

miR-16-2-3p

miR-193a-3p

miR-4326

miR-4417

miR-3664-3p

miR-155-5p

miR-590-5p

miR-616-3p

miR-3182

miR-103a-2-5p

miR-501-5p

miR-362-3p

miR-330-5p

miR-30e-5p

Semaphorin - miR-484 Proangiogenic and Prediction of [114, 115]
3D (SEMA 3D) miR-15b-3p metastatic role response and
miR-16-2-3pmiR-32-3p survival
miR-32-5p
miR-33a-5p
miR-33b-3p
miR-340-5p
miR-4668-3p
miR-345-5p
miR-629-5p
miR-18a-5p
miR-1306-5p
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Semaphorin  Regulatory Predicted targeting

miRNAs

miRNAs

Role in lung cancer

Potential clinical
role in lung cancer

Ref.

Semaphoring -
3F (SEMA 3F)

let-7a-3p
miR-183-3p
miR-21-3p
miR-21-5p
miR-4742-5p
miR-425-5p
miR-200a-5p
miR-301a-5p
miR-3619-3p
miR-589-5p
miR-3614-3p
miR-141-5p
miR-106a-3p
miR-93-3p

miR-29¢c-3p
miR-191-3p
miR-29b-1-5p
miR-18a-5p
miR-20a-5p
miR-29b-2-5p
miR-200c-5p
let-7g-3p
let-7a-3p
let-7d-5p
miR-7-5p
miR-3619-3p
miR-590-5p
miR-29b-2-5p
miR-30e-5p
miR-676-3p
miR-135b-3p
miR-30c-1-3p
miR-140-3p
miR-135b-3p
miR-140-3p

Role in TGF-betal-induced Possible prognosis

EMT

Antitumor role;
Downregulated in lung
cancer

Targets HIF-1 and VEGF

biomarker and
therapeutic target

[117, 118]
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Semaphorin
miRNAs

Regulatory Predicted targeting

miRNAs

Role in lung cancer

Potential clinical
role in lung cancer

Ref.

Semaphorin 4B miR-34
(SEMA 4B)

Semaphorin miR-138

4C (SEMA 4C)

Semaphorin miR-214

4D (SEMA 4D)

Semaphorin -
5A (SEMA 5A)

miR-34

miR-138

miR-199b-3p
miR-127-3p
miR-185-5p
miR-421
miR-500a-5p
miR-22-3p
miR-500a-5p
miR-22-3p
miR-505-5p
let-7g-3p
miR-1269a
miR-18a-5p
miR-3614-3p
miR-331-3p
miR-18a-5p
miR-18a-3p

miR-3677-3p
miR-3200-3p
miR-32-5p
miR-29b-1-5p
miR-183-3p
miR-345-5p
miR-454-5p
miR-3614-3p
miR-18a-3p
miR-500a-5p
miR-106b-3p
miR-27b-5p
let-7g-3p
miR-660-5p
miR-135b-3p
miR-1306-5p
miR-29a-3p
miR-29b-2-5p
miR-425-3p
miR-365a-5p
miR-3136-3p
miR-93-3p
miR-4787-3p
miR-19a-3p

NSCLC —inhibition

of invasion and

growth —prevention of
metastasis-direct target of
hypoxia-inducible factor
1 (HIF-1)

miR-34/p53 axis

NSCLC-cell proliferation
and EMT

Highly expressed in lung
cancer; promotion of
angiogenesis; NSCLC-in
vitro inhibition of cell
proliferation, migration,
and invasion

NSCLC-tumor suppressor
role; low levels associated
with poor survival rate

Novel therapeutic
target for
inhibition of
metastasis and
growth

-Novel therapeutic
target through
inhibition of HIF-1

New target or
prognosis marker
for lung cancer
treatment

Possible early
prognosis tool and
therapeutic target

New biomarker
for NSCLC

[119-121]

[122]

[124-126]

[127]
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Semaphorin ~ Regulatory Predicted targeting Role in lung cancer Potential clinical ~ Ref.
miRNAs miRNAs role in lung cancer
Semaphorin miR-27a/b  miR-1307-3p Endothelial cell repulsion ~ New therapeutic ~ [128, 129]
6A (SEMA 6A) miR-940 target through
miR-3187-3p manipulation
miR-33a-5p of miR-27a/b
miR-425-3p expression
miR-99b-5p
miR-99b-3p
miR-183-3p
miR-3176
miR-760
miR-345-5p
miR-4461
Semaphorin = 22_40957679_40957783 Promotion of tumor Possible role as [130]
7A (SEMA 7A) (novel miRNA) microenvironment and therapeutic target
metastasis through
regulation of prototypic
chitinase-like protein
(Chi3l1)

Table 6. Semaphorin and the targeting miRNAs with implication in lung cancer.

6. ncRNAs therapies targeting lung cancer angiogenesis

Once considered the “trash” of the genome, the noncoding RNA sequences are now emerg-
ing as important therapeutic targets (Table 7). Due to the complex regulatory network
involving ncRNAs and also because of the personalized pathological expression pattern
among cancer types, subtypes and malignant stages, ncRNAs are subjected to numerous
preclinical studies regarding their silencing or induced expression [2]. A lipid-based deliv-
ery vehicle for tumor suppressor miR-34 was developed in order to enhance the expression
of the specific molecule in a mouse model of non-small-cell lung cancer [132]. This approach
has demonstrated to be efficient in both locally and systemically administration, being
observed a reinforced miR expression concomitant with downregulation of the specific
targets. Moreover, the intravenous delivery of miR-34 mimic did not produce an immune
reaction in mice, but unfortunately this was not the case in humans. Very recently, MRX34,
the miR-34 mimic, was stopped to be administrated in a cancer clinical trial due to major
immune reactions [133].

Another therapeutic alternative that is currently on the scientific spotlight consist in the
manipulation of the ciRNAs that can function as microRNA sponges, modulating their onco-
genic or tumor suppressor activity [136]. Despite the fact that there is a number of research
studies focused on this type of noncoding RN As, relatively little is known about the regulatory
mechanism of circRNAs in cancer development. Future perspectives imply ciRNAs-based
therapy that can stand as “super-sponges” and modulate the activity of extended regulatory
miRNA networks, influencing at a superior level the carcinoma progression [136].
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The discovery of IncRNAs as regulators of cancer development has naturally conducted
towards potential therapeutic alternatives using these long fragments as direct targets. The
expression pattern of these sequences has been also investigated in lung cancer and the list
of oncogenic and tumor suppressor pathological expressed IncRNAs is continuously grow-
ing. Administration of siRNA, shRNA, and miRNAs or antisense oligonucleotides in order
to inhibit oncogenic IncRNAs is currently under investigation [137]. HOTAIR has been on the
spotlight of artificial knockdown via siRNA delivery with great rates of success in lung cancer
and also breast and pancreatic malignancies [100].

Moreover, the same approaches have been shown to be effective for the reverse of cisplatin
resistance through reduced expression of p21 [138]. Downregulation of MALAT1 through
shRNA delivery is also a potent therapeutic approach for lung cancer as it was shown
reduced cell viability after this type of treatment [71]. MALAT1 has been also inhibited by
exogenous antisense oligonucleotides, approach that induced reduced cancer progression
through cell cycle arrest [151]. Considering that in lung cancer there are also downregulated
tumor suppressor IncRNAs, the replacement therapy could also stand as an effective thera-
peutic approach for this type of carcinoma, but nonetheless the scientific information are quite
limited regarding this area.

The discovery that miRNA sequences can act as key regulators in cancer pathways through
aberrant expression has led to the idea that these fragments could serve as potent therapeutic
targets [139]. In this sense, several strategies have been implemented until now: inhibition
strategies—inhibitory antisense oligonucleotides and delivery vectors (miRNA sponges) and
enhancement strategies—miRNA replacement therapy (Figure 6) [139, 140].

For the case of therapeutics that follow an antagonistic pattern, the activity of tumor promot-
ing miRNAs that are hazardous expressed is inhibited via administration of single stranded
oligonucleotides complementary with the specific molecule or with the target binding site on
the mRNA molecule; in either situation, the interaction between miRNAs and mRNA mol-
ecules is blocked and the downstream pathological pathway is strongly affected [140].

Delivery of anti-miRNA oligonucleotides (AMOs) in the context of preclinical studies is still a
problematic area considering the necessity of target administration, prolonged stability, and
increased pharmacokinetic properties [140]. In this means, there is an urgent need for efficient
delivery vectors/vehicles that are able to fulfill the reminded request in order to accomplish
the treatment purpose. The majority of the freely administrated oligonucleotides is retrieved
in the liver and kidneys and then eliminated through the urine. Also, the necessary dose of
synthetic sequences is usually very high and the chance for off-target delivery is also increas-
ing. Establishment of an effective delivery system will break the grounds of miRNAs thera-
peutics and also other noncoding treatment strategies [139]. The current strategy for in vivo
administration implies conjugation-based methods, where miRNA sequences are conjugated
with different molecules like cholesterol [141] and a-tocopherol [142]. Although these stud-
ies have demonstrated promising results, the efficiency of miRNA targeting is still limited.
Another type of delivery method consists in liposome-mediated delivery of siRNAs, where
the first attempt [143] was to inhibit the replication of hepatitis B virus (HBV) in an animal
model through administration of siRNAs integrated in as polyethylene glycol (PEG)-lipid
conjugate (SNALP). Since then, different liposome-based vehicles have been tested and the
results are encouraging considering that the administration dose is significantly decreased
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Figure 6. MicroRNAs have emerged as important regulators of lung cancer angiogenesis and also as key therapeutic
targets regarding inhibition or enhancement strategies. MiRNAs sequences that are marked with green composed the
tumor suppressor group that have been tested in the context of replacement therapies; the genes marked with the same
color represent the target genes that have been downregulated after therapeutic modulation of miRNAs. Inversely,
miRNAs sequences marked with red are oncogenic ones proposed for inhibition in what regards antiangiogenic
programs; the genes marked with the same color also represent the target genes, but in this case their expression has
been augmented.

comparing to the naked oligonucleotides [144-147]. Progresses in the area of material science
produced a promising in vivo delivery system in the form of polymer-based nanoparticles
that are more flexible than liposomes and also can be produced in a more homogenous man-
ner regarding their size and form [139]. In respect of siRNAs and anti-miRs delivery, the
size of the vehicle is very important in order to permit the passing through cellular com-
partments, where nanoparticles can fulfill this request having a size between 10 and 100 nm
[139]. Moreover, in order to avoid the stimulation of the immune system, cyclodextrin-PEG
conjugated nanoparticles have been developed and tested for the inhibition of EWS-FLI1 in
an in vivo model of Ewing's sarcoma [148]. Attracting strategies for targeted therapies consist
in the conjugation of siRNAs or anti-miR sequences with specific antibodies able to conduct
the small fragments towards distinctive cells expressing the desired antigen [147, 149, 150].
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MiRNA replacement therapy is more limited regarding the current attempts and results,
although it seems to emerge as a more efficient form of treatment considering that the majority
of pathological expressed miRNAs consist in downregulated or inhibited tumor suppressor
sequences [140]. Even if the success of this therapeutic strategy could be greater than miRNA
inhibition workflows, the requirements for the structure and composition of the replacement
fragment are much more stringent considering the necessity of RISC uptake. Furthermore, the
impediments regarding the delivery system for these oligonucleotides are the same as in the
case of inhibitory antisense attempts.

7. Conclusions and future perspectives

Lung cancer remains the most deadly disease from the oncological field, being an aggressive
form of cancer that is usually diagnosed in late stages with minimal therapeutic alternatives.
Even in the case of early discovery, the classical treatments have failed numerous times due
to compensatory mechanisms developed within the tumor environment leading to the same
negative outcome. Therefore, we face a crisis situation where we need to develop new thera-
peutic tools for lung cancer management able to target key elements/pathways, but avoid
in the same time the possibility of alternative carcinogenic pathways activation. One of the
hallmarks of cancer is represented by angiogenesis, process that is in the sight of research-
ers for some time, but the classical inhibition of central molecules like VEGF has failed to
deliver long-lasting results. Therefore, ncRNAs have emerged as potential lifesaving agents
due to the capacity of extensive modulation, where the same ncRNA is able to target multiple
genes and regulate their function. Also the same microRNA, or more recently discovered, the
IncRNA can be encounter in different consecutive processes in pulmonary carcinogenesis,
as in the case of hypoxia and angiogenesis. Development of novel therapeutic tools able to
transform the pathological expression of ncRNAs, mainly through silencing of upregulated
patterns, will enable a more extensive, and in the same time, specific approach that will prob-
ably excludes the installation of compensatory mechanism and significantly contribute to a
better outcome in lung cancer patients. The concept of noncoding RNAs as therapeutic tar-
gets in the clinical context is now more feasible than ever, being supported by numerous
preclinical studies. One of the main approaches should involve manipulation of miRNAs
that are actively implicated in the regulation of VEGF genes expression, genes that hold a
key role in the vascular development process. Even more, a heterogeneous approach that
implies the administration of different miRNA sequences able to target multiple genes and
naturally multiple pathological pathways within the angiogenic process will represent a more
extended form of therapy that could modify extensive regulatory networks. This type of tar-
geting will also minimize the compensatory mechanisms that are usually encountered after
the implementation of classical therapeutic strategies due to concomitant regulation of mul-
tiple signaling pathways. Additionally, some other approaches may be used for the inhibi-
tion of angiogenesis. For example, semaphorins are now emerging as important regulators of
vascular density in malignancies, with possible roles as prognostic tools or even therapeutic
targets. Inhibition of procarcinogenic semaphorins would represent a novel course of action
regarding cancer treatment considering their central role in vascular density. Moreover, the
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receptors associated with semaphorins contain binding sites for both semaphorins and VEGF
molecules, engaging the competitive binding between these types of molecules. Managing
the expression of VEGF via miRNA therapy concomitant with the levels of neuropilins (sema-
phorins receptors) will enable a more dramatic approach that could have more drastic results
for cancer development.

Current therapeutic programs are promoting the effectiveness of specific sequence inhibition
or enhancement through administration of antisense oligonucleotides or supplementation of
the same sequence through exogenous enhancement. Development of chemically modified
oligonucleotides under the form of medication for individuals diagnosed with cancer is now
at the close horizon. Administration of synthetic oligonucleotides for noncoding RNAs inhi-
bition or upregulation will enhance the effect of the current therapeutic strategies by modu-
lation of specific gene expression able to influence the carcinogenic process or even reverse
the malignant installation. In this sense, it is now clearly understood that the major strat-
egy towards cancer treatment is focused on taking advantage of the key roles of noncoding
sequences regarding the modulation of entire aberrant regulatory networks through manipu-
lation of central molecules.
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Abstract

Angiogenesis, a natural phenomenon of developing new blood vessels, is an integral
part of normal developmental processes as well as numerous pathological states in
humans. The angiogenic assays are reliable predictors of certain pathologies in particu-
lar tumor growth, metastasis, inflammation, wound healing, tissue regeneration, isch-
emia, cardiovascular, and ocular diseases. The angiogenic inducer and inhibitor studies
rely on both in vivo and in vitro angiogenesis methods, and various animal models
are also standardized to assess qualitative and quantitative angiogenesis. Analogously,
the discovery and development of anti-angiogenic agents are also based on the choice
of suitable angiogenic assays and potential drug targeted sites within the angiogenic
process. Similarly, the selection of cell types and compatible experimental conditions
resembling the angiogenic disease being studied are also potential challenging tasks
in recent angiogenesis studies. The imaging analysis systems for data acquisition from
in vivo, in vitro, and in ova angiogenesis assay to preclinic, and clinical research also
requires novel but easy-to-use tools and well-established protocols. The proposition of
this pragmatic book chapter overviews the recent advances in angiogenesis assessment
methods and discusses their applications in numerous disease pathogenesis.
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1. Introduction

The growth of new microvessels from the parent ones is an integral part of new tissue growth
in growing organisms. It plays an essential part in human health while playing key roles
in wound healing and tissue development [1]. Similarly, the phenomenon is regularly trig-
gered in certain pathological conditions including rheumatoid arthritis, endometriosis,
diabetic retinopathy, macular degeneration, tumor growth, and inflammatory conditions
in response to certain antigens and toxins [2]. However, almost every normal tissues lack
this phenomenon in adulthood, except cyclical events in the female reproductive organs [3].
Physiological angiogenesis in tissues contains a natural balance between endogenous pro-
and anti-angiogenic factors [3]. When this balance gets disturbed and shifts more toward
the pro-angiogenic side in certain pathological states (inflammation, ischemia, hypoxia, and
cancer), microvascular endothelial cells (ECs) initiate a cascade of angiogenic reactions which
may be retracted or progressive and turn microvessels to an angiogenic phenotype [4]. A
considerable diversity exists among microvascular endothelial cells in different tissues and
organs, and species heterogeneity cannot be ignored in this scenario [4].

Where angiogenesis is useful for tissue growth and development, excessive vessel growth is
really problematic and a hallmark to propagate many diseases while contributing to turn-
ing tumor cells into cancer, tumor metastasis, psoriasis, arthritis, diabetic retinopathy, and
predominantly metabolic disease such as obesity, atherosclerosis, and certain infectious dis-
eases [5]. Conversely, insufficient angiogenesis or neovascularization may cause ischemic tis-
sue states in heart, brain, and peripheral muscles which may lead to high blood pressure,
preeclampsia, neurodegeneration, and osteoporosis [5]. In such pathological states, pro-
angiogenic therapies which promote compensatory angiogenesis show promise to treat such
pathologies [6]. In parallel to that, angiogenic inhibitors found highly effective in clinical tri-
als as successful strategic treatment approaches with or without conventional chemotherapy
for the treatment of solid tumors and metastasis [7]. The potential beneficiary of such novel
treatment strategies are patients with aberrant ocular angiogenesis and cancer patients, where
defective sight and cancer progression are entirely angiogenesis-dependent [7]. Such treat-
ment paradigms are also heralding a new era of the treatment for other commonly occurring
angiogenesis-related diseases.

The formation of new vessels involves many different cell types, and an intricate interplay of
various endogenous vascular growth factors, receptors, extracellular matrix (ECM) proteins and
the humoral factors [8]. To design and develop potentially effective pro- and anti-angiogenic
treatments and to understand molecular mechanisms involved in angiogenesis and neovas-
cularization, numerous in vivo and in vitro assays and animal models of angiogenesis have
been developed [9]. Similarly, preclinical angiogenesis assays have also used for drug screen-
ing, molecular structure activities, and dosage effects of certain approved anti-angiogenic
compounds although such assays are not equivalent and relevant to human disease regarding
efficacy [10]. The prime objective of this book chapter is to overview current major and newly
introduced angiogenic assays with regard to major advantages and limitations from biological,
technical, ethical, and economic perspectives. The major assays which we discuss here include
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corneal micropocket assay, CAM (chick chorioallantoic membrane) assay, rodent mesentery,
Matrigel plug assays, whole-animal assays (zebrafish), and animal models of angiogenesis in
the context of cardiovascular, ocular, and adipose tissue diseases. A precise note on genetically
engineered animal models for vascular endogenous genes and their spatial, temporal, and con-
ditional expression is also included [9]. It is beyond the scope of this chapter to cover every
angiogenesis assays in details, so we briefly overview quantitative techniques and/or methods
to assess/evaluate neovascularization in tissues. We also briefly discuss molecular mechanisms
and cell signaling pathways involved in angiogenesis and potential anti-angiogenic therapies,
their clinical impact, limitations, and future prospects.

2. Prerequisite for good angiogenesis assays

Before to choose an ideal assay for angiogenesis studies, the investigators and researchers
must know the assay kinetics in terms of operating procedures, handling the environment,
ethical justification, and assay economy [8]. In vivo angiogenic studies are more informative
than in vitro due to complex cellular and molecular activities of angiogenic reactions while
providing biology of the assay and showing experimental design are relevant [9]. Similarly, in
trauma-based assays (either physical or chemical), where cell damage triggers inflammatory
reactions which mimic the release of several pro-angiogenic cytokines, the sensitivity and
specificity of the assay are reduced [10]. For such assays, specific precautions must be taken to
avoid any inflammatory reaction or to minimize the traumatic tissue state. In parallel to that,
the test substance/compound should be designed as being angiogenic in a noninflammatory
state. A near to physiological dose of the test compound should be administered for inducing
an angiogenic response while to modulate angiogenic assay conditions and dosage response,
a dose range of the clinical use must be chosen [10].

Vehicles carrying the test compound in many assays may also affect the pharmacokinetics
of the tested drug and alter the dose-response curves among different experimental animals
within one group. For such circumstances, the best solution is to compare test animals/sam-
ples with vehicle-exposed counterparts [9]. However, for data interpretation, one must be
fully acquainted with the fact that how the vehicle-administered tested animals differ from
the untreated controls [10]. Spatial and temporal distributions of the tested compounds are
also necessary and vital because failure to do so may produce or hinder to generate reliable
and rigorous dose-response curves [10]. As in different pathological states newly formed,
vessels are delicate in quality and poorly functional, the selection of angiogenic assessment
methods (either qualitative or quantitative) also matters to evaluate the morphology and
physiology of the neovascularization in diseased tissues [9]. For in vivo angiogenesis assays,
histological microscopy provides the detailed information precisely. Mammalian systems
adopted for in vivo angiogenesis assays and mouse models for certain cardiovascular, ocu-
lar, and cerebral diseases are comparatively more close to relating human pathophysiol-
ogy than the embryonic CAM assay, embryonic zebrafish (Xenopus laevis), and invertebrate
(Hirudo medicinalis) angiogenic assays [9, 10].
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3. Key components of an ideal angiogenesis assay

It would be interesting to describe that despite the much progress in the field of angiogenesis
research, there is no single angiogenic model available which may fully elucidate the entire pro-
cess and molecular mechanisms of the angiogenic and neovascularization process. Some exog-
enous and endogenous factors hinder the efforts to develop such an ideal system. Due to cell
diversity among different tissues where angiogenesis takes place and intricate interplay among
different cell signaling pathways of angiogenic reactions, it is an uphill task to develop and vali-
date a unique assay that is optimal for all situations. However, different modalities and ingenious
ways with the passage of time in a particular assay facilitate and provide optimisms for better
measurements of angiogenesis than the past. In this context, Vallee et al. [11] conclude that “The
design and verification of [new] specific, reliable, repeatable, and precise methodology to measure
angiogenesis are considered an imperative of high priority in the field of angiogenesis research.”
Similarly, Auerbach et al. [10] state “Perhaps the most consistent limitation in all these studies and
approaches has been the availability of simple, reliable, reproducible, quantitative assays of the
angiogenic response.” Moreover, it is challenging although not impossible in several angiogenic
assays that the quantification of newly formed vessels regarding numbers and lengths. Similarly,
the spatial and temporal distribution of tested compound is also necessary to get strong dose-
response curves. Performing an assay in a blinded manner may helpful in this prospect and also
to alleviate the influence of any preconceived notions. Analogously, the technical skills to perform
any angiogenesis assay are of utmost importance to ensure maximum success.

Despite all these qualms as described above, an ideal angiogenesis assay for quantification of
newly formed vessels must feature the following characteristics; first [12], “the release rate [R]
and the spatial and temporal concentration distribution [C] of tested compounds should be
known to evaluate dose-response curves; second, if tumor cells are used as a source of angio-
genic factors, oncogene expression and production of growth factors (either stimulants or inhib-
itors) must be genetically well defined before the assay proceeding; third, the assay must be
designed in a way ensure to provide quantitative measuring parameters of the newly formed
vessels (e.g., vascular length [L], surface area [A], volume [V], number of vessels in the network
[N], fractal dimensions of the network [Df], and extent of basement membrane [BM]); fourth,
the assay should be designed in a way to weigh quantitative measure of morphological charac-
teristics of new vessels (e.g., endothelial cell migration [MR], proliferation rate [PR], canaliza-
tion rate [CR], blood flow rate [F], and vascular permeability [P]); fifth, a clear demarcation must
exist between new and parent vessels; sixth, tissue trauma must be minimized to prevent the
formation of new vessels; seventh, in vitro assessment should be verified by in vivo procedures;
eighth, angiogenesis assay for long term and with noninvasive monitoring should be preferred;
last, the selected assay should be economical, ethically justifiable, robust, and reliable.” [12].

4. Process of angiogenesis

Endothelial cell activation, proliferation, and directed migration to form new microvasculature
(capillaries) from the parent ones should be a complex process involving many molecular and
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cell signaling pathway events [2]. Some key regulators to switch on or off gene expression are
also participating and influence by positive and negative feedbacks of cellular processes. The
normal physiological angiogenesis initiates by sprouting of capillaries under the effect of vascu-
lar endothelial growth factors (VEGFs) from parent vessels [13]. It continuous during embryonic
development and transiently during female reproductive cycle but almost stops in adult tissues
except for some wound healing states [13]. Pathologic angiogenesis remains persistent with the
continuous proliferation of ECs in different tissue pathologies and particularly in cancer [3].
Many tumor cells are capable of attracting adjacent blood vasculature from nearby tissues [2]. It
was evident by the fact that for solid tumors to grow a certain size, neovascularization is neces-
sary otherwise such tumors rarely metastasize as found in thin melanomas which reside on the
avascular basement membrane [2, 13]. Also, for tumor growth, the nutrient supply, oxygen, and
waste removal are also essential. The new vasculature fulfills this task while providing immune
cells, macrophages, and humoral factors to the vicinity of the tumor cells [2].

The parent vessel wall comprises endothelial cell lining, basement membrane, and pericytic
cells. Pro-angiogenic growth factors (VEGF, TGF-a, TNF-at) from tumor cells bind to the recep-
tors of ECs and initiate a cascade of cell signaling pathways and angiogenic reactions [2].
Activation and resolution of ECs are two key steps of the angiogenic cascade reactions. When
ECs activate and stimulate to grow, the cells secrete proteases, heparanase, and other digestive
enzymes that degrade the extracellular matrix (ECM) [13]. ECM degradation allows the secre-
tion of many pro-angiogenic factors from the endothelial cell matrix, and the junctions between
ECs become leaky; new microvessel sprouts grow in the direct toward the stimulus [2] (Figure
1). For further ECs to grow, proliferate, and migrate, hematopoietic-endothelial progenitor cells
(HEPC) also play an essential role [13]. In resolution phase, the new microvasculature tends
to mature with the help of pericytic cell adhesion, reconstitution of basement membrane, and
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Figure 1. Process of angiogenesis from parent vessels: Angiogenesis sprouting initiates when vascular endothelial
growth factors (e.g., VEGF-A) bind to VEGFR-2 receptors located on endothelial cells (ECs). ECs release matrix
metalloproteinase (MMP) which degrades extracellular matrix (ECM) from which endothelial tip cells migrate.
Vascular endothelial growth factors also regulate Notch cell signaling to inhibit proliferation of endothelial stalk cells.
Platelet-derived growth factor (PDGF) released from ECs recruits smooth muscle cells (e.g., pericyte) to stabilize the
neovasculature. TGF-a = transforming growth factor, TNF-a = tumor necrosis factor.

297



298 Physiologic and Pathologic Angiogenesis - Signaling Mechanisms and Targeted Therapy

formation of cell junctions [14]. Interestingly, the resolution phase in tumor surrounding capil-
lary network remains incomplete which results in irregular and tortuous microvasculature with
partial ECs, increased cell permeability, and fragmentary basement membrane [15]. Tumor
vasculature is disorganized with poor microcirculation, and vessel diameter changes without
any differentiation into arterioles, capillaries, and venules [13]. Similarly, tumor vasculature is
sprouting type, so assays which quantify sprouting angiogenesis are very useful to study the
kinetics of tumor angiogenesis [15].

In the following section, we present the major and currently used preclinical angiogenesis
assays in approximate chronological order of their first publication like chick chorioallantoic
membrane (CAM), Matrigel plug, and corneal micropocket assays, while the others described
in brief. [10]. CAM, Matrigel plug, and zebrafish assays are very useful for new angiogenic
inhibitors screening. For a particular research focus, we provide advantages and disadvantages
between different assays in a tabular form feasible for the readers (Table 1).

Assay name Advantages Disadvantages

In vivo angiogenesis assays

Corneal micropocket assay (a) Easy-to-identify newly formed

vessels

(a) Atypical assay due to avascular tissue
nature

Chick chorioallantoic membrane
assay

Rodent mesentery assays

(b) Easy to perform in animals (e.g.,
mice, rat, and rabbit)

(c) Qualitatively permits noninvasive
and long-term monitoring

(d) Immunologically, cross reaction
is minimized

(e) New vessel formation by
sprouting

(a) Simple to perform and low in
cost

(b) Suitable to study pro- and anti-
angiogenic compounds

(c) Tumor angiogenesis may assess

(a) Natively sparsely vascularized

(b) Lacks physiological angiogenesis

(b) Induction of nonspecific
inflammation to test substance

(c) Inaccessible to endogenous blood-
borne angiogenic factors

(d) Ethical problems as using a major
sensory organ for angiogenic assay

(e) Oxygen exposure may affect
angiogenesis

(f) Not a suitable site for tumor growth
(g) Tested compounds are few

(a) Inflammation-mediated angiogenic
reactions

(b) Very sensitive to change in O, tension

(c) Not suitable for metabolically
activated compounds

(d) Embryonic nonmammalian
procedure

(e) Newly formed vessels are difficult to
identify

(a) Less significant for quantitative
angiogenesis in mice than rats

(b) Real-time observation is limited
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Assay name Advantages

Disadvantages

(c) Angiogenesis induction with little
or no trauma

(d) Suitable for quantitative
measurement of microvessel variables
(e.g., spatial extension, density, vessel
number and length)

(e) Suitable to study tumor
angiogenesis

(f) Sprouting type of angiogenesis

Sponge/matrix implant assay (a) Simple and inexpensive to proceed

(b) Replicate in hypoxic tumor
microenvironment so convenient for
tumor angiogenesis studies

(c) Reproducible and continuous
assessment of angiogenesis

Disk angiogenesis assay (a) Inexpensive and easy to perform

(b) Quantitative assessment of
angiogenesis

(c) Wound healing may access

(d) Multiple disks can be used at one
time

Matrigel plug assay (a) Rapid screening of pro- and anti-

angiogenic compounds

(b) An experimental model for tissue
regeneration

(c) Simple to proceed and rapid
screening in chambers

(c) Technically require skills and time
consuming

(a) Nonspecific inflammatory host
responses

(b) Implant/sponge composition may
vary

(c) s.c is not a reliable route for tumor
growth

(d) Variable drug retention within
implant

(a) Continuous or kinetic observation is
limited

(b) Encapsulated by granulation tissue

(a) Matrigel chemical composition is not
defined

(b) Three-dimensional plugs are difficult
to generate

(c) Avascular test tissue

Whole-animal models for angiogenic assays

Xenopus laevis (Zebrafish) (a) Embryonic and organogenic

angiogenesis is assessed

(b) Useful animal model for functional
genomic analysis

(c) Simple to proceed and relatively
fast

(d) Easy animal maintenance and
significant number of tested animals
per statistical analysis

(e) Single-drug dosing and small
quantities of drugs are required

(a) Expensive in breeding condition

(b) Non-mammalian and embryonic in
nature
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Assay name

Advantages

Disadvantages

Mouse models of angiogenesis

Adipose angiogenesis models

1. ob/ob mice

2. Db/db mice

(a) Deficient in leptin

(b) Suitable to study angiogenesis in
adipose tissue expansion

(c) Helpful to test compounds related
to metabolic disorders and obesity

(a) Excellent for role of angiogenesis in

insulin resistance and obesity-related
diabetes

Cardiovascular angiogenesis mouse models

1. Hindlimb ischemic model

2. Heart ischemic model

Wound healing assays

(a) Suitable to study arteries growth in

tissue hypoxia

(b) Can be performed in mice or rat

(c) Suitable to use for therapeutic
agents which augment perfusion to
ischemic limb

(a) Suitable for pathological and drug
evaluation studies

(b) Efficient neovascularization

(a) Suitable for vascular maturation/
remodelling studies

(b) Surgery is very simple

(c) Pro- or anti-angiogenic compounds
can be tested for vessel morphology or

regenerative angiogenesis

(d) Very easy and robust assay

(a) Expensive in terms of handling and
treatment

(b) Time consuming to assess
angiogenesis

(a) Difficult to handle and time
consuming

(a) Hind limb surgery is complicated

(b) Skilled and experienced person is
required

(c) Degree of tissue hypoxia may vary
within experimental animals group

(d) Residual blood flow may slightly
differ in limb after surgery

(a) Inflammatory response-mediated
angiogenesis

(a) Inflammatory responsemediated
angiogenesis

(b) limited to skin regeneration

(c) Regeneration through new tissue
formation instead repairing and
replacing damaged tissue

Transgenic animal models

1. Transgenic choroidal
neovascularization model

2. Transgenic zebrafish model

(a) Controlling transgene conditional
expression and evaluation of spatial
and temporal vascular gene
expression

(b) Knock-down vascular endogenous
gene expression

(a) Ethically questionable

(b) Time consuming

(c) Differential gene expression may
observed within same animal

Table 1. The advantages and disadvantages of major in vivo, in vitro and animal models angiogenesis assays.
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5. In vivo angiogenesis models

5.1. The corneal micropocket assay

The firm foundation of systematic angiogenesis research was initiated by Folkman and asso-
ciates who introduced first time the corneal micropocket assay and chick chorioallantoic
membrane (CAM assay) in 1974 [16, 17]. The corneal micropocket assay allows the growth
of newly formed blood vessels in vivo, and the techniques were first time applied in rabbits
and after that in mice and rat [16]. In this assay, a micropocket is made in the stroma where
a pellet containing the growth factors is placed inside the micropocket on the corneal surface
of the eye. The growth factors induce a reproducible angiogenic response, and by implanting
multiple pellets of different growth factors into parallel micropockets, the various stimuli of
angiogenic response may be assessed. The angiogenic response in this assay is entirely due
to direct stimulation of blood vessels instead to indirect induction of inflammation reaction.
The assay shows minimal inflammatory cellular activity. However, the tested compounds
are slowly released from the polymer of the micropocket, and such formulations may cause
irritation and ultimately lead to inflammatory reactions which may alter angiogenesis quan-
tification. The micropocket itself is inaccessible to certain blood borne growth factors and
blood progenitor cells which may influence angiogenesis. The new vasculature mainly forms
through the sprouting from the adjacent limbal area. Being avascular in nature, the corneal
assay is useful in visibility and accessibility of new vessel formation and topical application
of test drugs and biomicroscopic grading of new vasculature. However, it makes the assay
atypical because normal tissues are vascular with few exceptions [16].

5.2. Chick chorioallantoic membrane (CAM) assay

The assay was introduced by Folkman and associates, but embryologists used this method
to evaluate embryonic tissue grafts for their developmental potential [17]. The assay is use-
ful to study tumor angiogenesis as well as pro- and anti-angiogenesis compound screening
[18]. Fertilized hen’s egg incubated at 37°C for 3 days is prepared for grafting by removing
enough egg albumin to reduce shell membrane adhesion. Carriers containing the tested com-
pound are placed directly onto the CAM by making a rectangular opening in the eggshell.
Slow-release polymer pellets, air-dried disks, and gelatin sponges can be used as tested com-
pound carriers; however, Elvax 40 and Hydron which are used to form sponges and mem-
branes remain inert when applied to the CAM [19]. The quantification of angiogenesis can be
made 3-4 days after grafting [18-20]. The in ovo CAM assay is relatively simple to perform as
described above. However, a complementary in vitro method has also been described during
which the chicken embryos grow in Petri dishes after 3 days of incubation. The assay is techni-
cally in vitro, but strictly speaking, it presents a whole-animal assay. After three to six days’
extra incubation, the CAM develops, and grafts can be assessed for subsequent development.
In vitro CAM allows the quantification of blood vessels over a wider area than in ovo CAM
assay. Similarly, a large number of samples can be evaluated at one time, and response occurs
within a short period of time (i.e., 2-3 days). Furthermore, the test compound can be placed
on the underside of the coverslips. Generally, in ovo CAM assay is performed more than in
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vitro CAM. The calculated time for CAM angiogenesis response is very critical as between
day five and twelve, the experimentally induced acceleration or suppression of embryonic
organogenic angiogenesis can be determined. From day 12 onward, endogenous organogenic
angiogenesis under the influence of undefined growth factor may initiate, and identification
of newly formed vessels under the effect of tested compound becomes vague [18].

5.3. Rodent mesentery assay

The rodent mesentery assay was introduced by K. Norrby and associates in 1986 and refined
later on [21, 22]. The peculiarity of the assay is to use the small gut mesentery of small rodents
which is considered ideal for the physiological measurement of angiogenesis. It can be exteri-
orized from the abdominal cavity, and it's “window” like thin membranous parts make it an
ideal angiogenic test tissue by using intravital microscopy. Other potential advantage is that
the intestinal mesentery of mouse, rat, guinea pig, rabbit, cat, and dog is almost identical. The
test tissue is a 5-10 um thin membrane which is covered by a single layer of mesothelial cells
covered on both sides bordering onto a delicate basal membrane. The thin membrane sand-
wiches a tissue space that contains mast cells, histiocytes, fibroblasts, and some lymphocytes.
It is the thinnest tissue found in the body of Sprague-Dawley (SD) rats. Avascular part of the
test tissue contains predominantly 52% fibroblasts and 48% of the mesothelial cells in adult
male SD rats. The connective tissue elements of varying size including collagen, elastin, and
elastic fiber are also a part of mesentery test tissue [21].

A microscopic analysis clearly shows the cellular and vascular components of the mesenteric
windows [22]. The microvessel number per mm circumference is increased in the 15-week-old
male rat as compared to 5.5-week-old which demonstrates a slow progression of physiological
angiogenesis to the peripheral part of the windows. The same phenomenon is noticed in female
SD rats with an age increase; however, the increase in microvessel length, density, and vascular-
ization is not seen in untreated male SD rats at the age of 7 weeks. The distal part of the mesentery
(i.e., standard test tissue) of these rats shows no significant angiogenesis for 2-3 weeks which is
the usual duration of angiogenesis assay. The test compound usually in the form of an intraperi-
toneal injection (i.p.) reaches all targeted microvessel of the test tissue because the mesothelial
cell lining is highly permeable to a wide range of the molecular weight of the test compounds.
The test tissue is unaffected by inflammation mediated angiogenesis as it is untouched mechani-
cally, and no surgery is involved. The assay was tested for the first time for mast cell-induced
angiogenesis and later on inflammatory cytokines, and humoral growth factors were also tested
almost near to physiologic level doses [22].

The quantitative assessment of angiogenesis is performed by immunohistochemically
using a specific primary monoclonal antibody against the rat endothelium. The assay
allows clear cut identification of even the smallest newly formed vessels in the test tissue.
Thus, the quantitative vessel parameters (as discussed on page 4) can be measured easily
which are very vital to determine molecular activity, the effect of low molecular weight
heparinized preparations, and dose-response curves. Computer imaging and microscopic
morphometry may be used to further validate the immunohistochemistry findings in a
blinded fashion [22].
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5.4. The sponge implant assays

The assay was introduced by Andrade and associates by which tested compound is directly
injected into a sponge which is implanted subcutaneously in the rat [23]. The assay is used
for continuous assessment of the angiogenesis as sterile polyester sponge implants become
vascularized, and the measurement of blood flow in sponge by using Xe'* clearance tech-
nique produces reproducible and objective angiogenesis. The exudate fluid for biochemical
analysis may be extracted after local injection of angiogenic stimulator or inhibitors. The assay
is useful to study tumor angiogenesis as the sponge implant may replicate the hypoxic tumor
microenvironment although the composition of sponge implant may vary [9]. The potential
disadvantage of the assay is a nonspecific inflammatory response to sponge implant which
may infiltrate the sponge substance as the subcutaneous implant becomes encapsulate due
to granulation tissue. A variable composition of sponge sometimes makes inter-experimental
comparison difficult, and use of Xe!*® becomes complicated [23].

5.5. Disk angiogenesis system (DAS)

The assay was introduced to study wound healing and solid tumor angiogenesis as well as
the angiogenic response of soluble substances in mice [24]. A synthetic foam disk composed
of polyvinyl alcohol foam and covered on both flat sides by filters is inserted into mice abdo-
men or thorax which is well tolerated. The disk is easy to assemble, and the tested compound
or tumor cells suspension is placed at the center of the disk. The slow release of the tested
drug or tumor cell suspension is managed by the use of agarose or ethylene-vinyl acetate
copolymer. The disk is removed within a period of 7-21 days, during which microvascular
growth occurs centripetally into the disc. Paraffin-prepared sections of the disk are used to
microscopically view the vascular growth as well as fibroblasts and connective tissue compo-
nents. The quantitative vessel parameters can be determined by point counting on histological
sections, intravascular volume, and so on. The disadvantage of the assay is inflammation-
mediated angiogenesis as the disk is always surrounded by fibroblasts whenever vascular
growth occurs. Similarly, the kinetic observation of newly formed vessels is difficult because
one disk provides information for only one point in time [9].

5.6. The Matrigel plug assay

The Matrigel plug assay was introduced by Passaniti and coworkers in 1992 [25]. The Matrigel
was extracted from Engelberth-Holm-Swarm (EHS) tumor, which is rich in ECM proteins.
It is a solubilized basement membrane preparation which liquefies at 4°C but reconstitutes
into a gel at 37°C when injected subcutaneously into mice where it is slowly surrounded by
granulation tissue. The gel induces highly vascularized response under the influence of angio-
genic growth factors in particular bFGF [25]. The assay is noninvasive and easy to administer
but time-consuming to handle.

The Matrigel composition is not fully defined. However, the major components include epi-
dermal, transforming, platelet, nerve, and insulin-like growth factors (e.g., PDGF, TGF, and
bFGF) laminin, collagen, heparin sulfate proteoglycans, and entactin [26]. For this reason, care
should be taken while using Matrigel assay for the cellular activity studies. It was observed

303



304 Physiologic and Pathologic Angiogenesis - Signaling Mechanisms and Targeted Therapy

that when Matrigel with reduced growth factors is implanted, few cells invade the plug or
gel. However, with known angiogenic growth factors (e.g., bEGF), mixed with Matrigel and
injected subcutaneously, endothelial cells migrate into the gel and constitute vessel-like struc-
tures. A fine network of endothelial cell tubes enlarged by micro- and macro-vessel endothe-
lial cells slowly progress to capillary networks in vivo [26].

For the quantitative assessment of angiogenesis, Matrigel and surrounded granulation
tissue are removed after 1-3 weeks, and immunohistochemistry and histological sections
are measured [27]. However, determining the profiles of capillary-like vessels is difficult.
Similarly, the hemoglobin (Hb) test does not differentiate the blood flow in newly formed
blood vessels and large parent vessels. Fluorochrome-labeled high molecular weight dex-
tran and quantitative vascular specific indicators are alternative methods to assess neovas-
cularization [27].

The assay is suitable for tissue regeneration experiment model where neovascularization is
coupled with organogenesis, fibrosis, and monocytes/macrophages play a pivotal structural
role. A possible drawback of the assay is that Matrigel plug contains only capillary network
rather than no tissue without any pro- and anti-angiogenic factors to influence angiogenic
reactions [28].

A variation of the Matrigel plug assay is the combination of Matrigel and sponge techniques.
Five-hundred microliters of Matrigel is injected subcutaneously into mice and solidify for
20-30 min [27]. After that, the mice are anesthetized, skin overlying Matrigel is shaved, and a
small nick is made. A similar nick is made to Matrigel plug, and a sterile polyvinyl sponge with
the test compound is introduced into the center of the Matrigel plug with the help of tweezers.
The same procedure may use for angiogenic growth factors or test tissue to be implanted in
the Matrigel plug. By this modification, neovascularization is directional, and assay sensitiv-
ity is increased to measure direct angiogenesis as compared to standard Matrigel plug assay.
However, the sponge/Matrigel combined assay is time-consuming, and the total number of
assayed animals become limited [27].

5.7. Whole-animal angiogenesis model

Zebrafish was introduced in 1999 as a whole small angiogenesis model for the screening
of pro-angiogenic compounds which directly influence the newly formed vessels [29]. The
choice of the whole animal as a tested tissue was based on the remarkable similarity of zebraf-
ish organs to those of a human at the physiological, anatomical, and molecular levels [30].
Moreover, the short generation time (approx. 3 months) and easy to house in small space
and relatively large numbers also facilitate to evaluate many tested animals in one assay [31].
The external development of zebrafish embryos and optical transparency during embryonic
stage assists continuous microscopic evaluations of different developmental processes from
gastrulation to organogenesis [30]. Furthermore, external mode of fertilization also permits
easy access to experiment design and assessment. Small tested compounds dissolve to water
diffuse directly to fish embryo and induce distinct and dose-dependent angiogenic effects.
Both pro- and anti-angiogenic compounds exhibit similar effects in zebrafish as exerted in
mammals [31].
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6. Animal models of angiogenesis

In biomedical research, mouse models are of utmost importance for a wide variety of medi-
cal tests including gene expression, gene knockout, and medical genetic analysis [32]. For
this purpose, SCID, transgenic, and genetically engineered mouse models are of particular
interests which allow sophisticated investigations for genetically induced pathological states
and molecular pathogenesis of certain genetic disorders. Furthermore, such mouse models
are useful to study genes essential for angiogenesis and vascular biology [32]. In parallel to
that mice with conditional, global knockouts, over-expressing angiogenic factors are also con-
siderable in this prospect [33]. As remarkable similarity exists between human and murine
vasculatures, such tools are valuable to search possible molecular interactions among distinct
angiogenic factors in the onset and progression of various human diseases [32, 33]. In the
following section, we shed light on some practically used mouse models in the context of
pathological angiogenesis which directly plays a part in human diseases.

6.1. Mouse model of angiogenesis in adipose tissue

Genetically engineered mouse model for adipose tissue angiogenesis is highly reproducible
and produces robust results because the mice are inbred and share a highly similar genetic
background. This approach is irrelevant to humans because high caloric intake and little physi-
cal exercise are the predisposing factors for developing obesity instead a little genetics involved.
Thus, mice fed on high-fat diet present an ideal animal model to study non-genetically related
obesity [34].

6.1.1. Ob/ob mice

The mouse carrying the obese mutation (ob) was first described in 1950, and later on, it was
shown that the mutation located in the gene coding for a hormone leptin, which regulates
appetite and food intake [35]. The hormone binds to leptin receptor (Ob-R) in the hypothala-
mus and subsequent cell signaling regulates food uptake, energy expenditure as well as fat
and glucose metabolism. Ob/ob mice are deficient in leptin exhibit uncontrolled and continu-
ous food intake which results in a gain of body weight. Consequently, mutated mice weight
is three times higher, and body fat content elevates up to fivefold as compared to wild-type
species. The mutated mice also show decreased physical activity and energy expenditure,
infertility, and immune deficiencies. The mutation is recessive, so the heterozygotes do not
display such phenotype [35]. Ob/ob mice can be used as an outstanding model to explore the
role of angiogenesis in adipose tissue expansion, and with specific angiogenic inhibitors, obe-
sity may be prevented in such mice [36]. As the leptin kinetics in mice to regulate food intake
and obesity are homologous to human, such angiogenic model can be used to search novel
therapeutic targets to treat obesity and metabolic disorders [37].

6.1.2. Db/db mice

The mouse strain C57BL/Ks] was first described with an autosomal recessive mutation dia-
betes (db) in 1966 [38]. Homozygous mice with such mutation are deficient for the leptin
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receptor and exhibit a phenotype that resembles human diabetes mellitus. The mice with
such mutations are also characterized as an obese phenotype. Furthermore, such mice exhibit
infertility and hyperglycemia while heterozygotes are typically lived as wild type. Db/db
mice can be used to study molecular mechanisms involved in obesity-related diabetes and
insulin insensitivity, and the role of angiogenesis and neovascularization can be elucidated
in this regard [38].

6.2. Hindlimb ischemic model of angiogenesis

Most of the angiogenic models described above are very useful to study pathological angio-
genesis and search for novel anti-angiogenic treatment in the form of angiogenic inhibitors.
However, certain pathological states (e.g., myocardial infarction, stroke, and wound heal-
ing/regeneration) in human body require accelerated blood vessel growth to reinstate the
proper function of such vital organs [39]. In myocardial infarction, an occluded coronary
artery obstructs blood flow to a part of the cardiac muscle tissue which leads to severe tissue
hypoxia (ischemia). The cardiac muscle requires a regular supply of oxygen and glucose lev-
els for normal function. To overcome tissue hypoxia, the growth of highly functional arteries
is eagerly awaited in such situations. Hind limb ischemia in rat or mice presents an excellent
model to study and manipulate newly formed vessels in particular arteries in response to tis-
sue hypoxia [39].

In this assay, the arteries supply blood to one back limb of the mice is ligated to stop the
blood circulation in the entire limb [40]. The occlusion of arteries leads to tissue ischemia and
the initiation of arteriogenesis from collateral arteries. Pro-angiogenic factors and even anti-
angiogenic compounds under investigation can be administered to the limb musculature
to modulate the arteriogenic response. Doppler angiography is used to evaluate the blood
circulation in the hind limb, and the procedure can be repeated in the same animal to know
that how the blood flow improves over time. To study newly formed microvessels, the tissue
can be excised and stained, and morphology of the blood vessels is elucidated [40].

The assay is the first in class to present therapeutic angiogenesis and widely used in funda-
mental discoveries to demonstrate that how to generate highly functional and stable arteries
therapeutically [39]. On the other side, the potential disadvantage of the assay is very compli-
cated hind limb surgery and requires highly skilled professionals and experienced surgeons.
Similarly, the proportion of blood flow in a hind limb may vary after surgery, and it may
affect the degrees of tissue hypoxia which ultimately influence on the therapeutic activity of
pro- and anti-angiogenic compounds under investigation [39].

6.3. Wound healing assays

The wound healing assay allows to study and evaluate both angiogenesis and vascular matu-
ration/remodeling in injured or damaged tissues [41]. The assay is usually performed on the
skin of mice because other accessible tissues (e.g., tail and ears) do not regenerate well. Two
circular holes (approx. 5mm in diameter) are punched through the dorsal skin of anesthetized
wild-type C57B16 mice. One hole would serve as control while drugs under investigation can
be administered on the other. No bandages or sponge is required as no major blood vessels
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exist in this region of the skin and wound formation allows very little bleeding in the sur-
rounding area. Wound sealing starts within two weeks, and complete wound healing occurs
within a month [41].

Photography and measuring of wound area with calipers provide information about wound
size, scar formation, and re-epithelization of the wound [41]. The drugs under investigation
(either pro- or anti-angiogenic compounds) in this model may be administered either sys-
temically by oral administration, injection, or topically. The drug effects can be determined by
excision of the skin tissue, fixed, and stained with specific dyes. The tested compounds may
influence regenerative angiogenesis, vessel morphology, and function. The assay is easy to
setup, and surgery is very simple. The wound size remains uniform and homogenous for all
animals used in one experiment [41].

The potential disadvantage of the assay is that angiogenesis is inflammation-dependent
involving blood clotting phenomenon and other complex biological processes and occurs
only in the skin [41]. Similarly, skin tissue regeneration is entirely different as compared to
other highly vascular tissues such as the heart and nervous system and does not provide an
adequate understanding of the role of angiogenesis in tissue regeneration. Furthermore, tis-
sue regeneration is mainly due to reconstitute new tissue rather than repairing or replacing,
which is hard to replace in ischemic insults which produce large patches of dead tissue [41].

6.4. Genetically engineered animal model for angiogenesis

Gene expression analysis and gene function studies are contributing widely to almost every
research in life sciences, biomedical research, biotechnology, molecular pathology, and
human health [42]. In vivo applied and functional genomic studies are particularly consid-
ered by overexpressing a candidate gene or suppressing the gene expression for the purpose
of gene knockout [43]. Such approaches are achieved and applicable by genome manipulation
of wild-type animals [43]. Similarly, the generation of transgenic animals by injecting desired
DNA constructs to fertilized eggs also presents some standard technology in gene expres-
sion studies [44]. Transgenic animal models and DNA constructs (e.g., gene expression plas-
mids and vectors) with desired gene expression are widely used to study gene function and
molecular pathogenesis of diseases, and it create models to demonstrate the complex, intri-
cate interplay between gene overexpression or suppression for the molecular epidemiology
of human diseases [44]. In the following section, we briefly overview such novel approaches
to be involved in the context of vascular angiogenesis.

The control of target gene expression in vascular cells of transgenic animals by cell or tis-
sue expression plasmid with specific promoters is very helpful to study developmental and
pathological gene function in the vasculature [42]. It was found that the promoters derived
from the sequences of VEGFR-1, ICAM-2, vWF, or endoglin efficiently work in mouse endo-
thelial cells both in vivo and in vitro with specific intensity and specificity [42]. Similarly, lacZ
selective transgene expression was seen in ECs cells under the control of promoters derived
from Tie 2 (angiopoietin receptor), ICAM-2, or VE-Cadherin [42]. However, the expression
of a transgene in smooth muscle cells (SMCs) is difficult to achieve because most SMC mark-
ers are expressed differentially, and SMC growth and cell differentiation are an exclusive
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process [42]. In contrast, transgenic mice may obtain using selective promoters expressing
smooth muscle myosin heavy chain (SM-MHC), smooth muscle a-actin, and SM22a [42].
Such models provide valuable information about the function of a specific gene in a particu-
lar tissue, and controlling the expression of such genes may use as a therapeutic approach to
certain disease and also for angiogenesis and cancer [42]. However, the transgene expression
depends on promoter’s characteristics to be used while constructing cell or tissue expression
plasmids with the gene of interests including; promoters is constitutively active, capable to
express and replicate gene of interest or to express in embryonic or in the adulthood stage
[45]. Failure to do so may limit studies in molecular pathogenesis, leads to nonviable trans-
genic animals or compensatory responses. More powerful tools are being developed based
on conditional transgene expression systems [45].

The inhibition of endogenous gene expression is also a potential method to suppress the gene
function involved in the molecular pathogenesis of many genetic disorders and infectious dis-
eases [46]. Many studies show that sequence-specific mRNA degradation by double-strand
RNA strongly inhibits the function of that gene involved in pathogenesis or propagation of a
particular disease [47]. The technique is known as RNA interference (RNAi) and may be used
in certain genetic disorders, in cancer, HIV, and other harder to treat infections. Recent pub-
lish data indicate that mammalian expression vectors expressing short hairpin RNA (shRNA)
under the control of specific vascular promoters inhibit gene expression through an RNAi
effect [47].

7. Angiogenesis and cancer

The phenomenon of angiogenesis is fundamental in tumor growth, progression, and metas-
tasis [48]. Angiogenesis itself is the result of a highly orchestrated series of molecular and
cellular events including a plethora of genes, signal cascades, and transcription factors which
are highly organized and work in a systematic way to generate microvessels in normal physi-
ological angiogenesis [49]. However, the tumor angiogenesis is disorganized, irregular, and
not systematic at the level of molecular and cellular events and ultimately propagates many
tumors into cancers [48]. The cancer cells contain the ability to stimulate angiogenesis by
producing a lot of angiogenic factors including cell growth factors, cytokines, and numerous
other molecules [48, 49].

Many pro- and anti-angiogenic molecules involved in the induction of angiogenesis and neo-
vascularization, their receptor ligands, and intracellular signaling pathways have been identi-
fied within last 30 years [50]. Much work has been done to develop anti-angiogenic treatment
strategies for cancer patients [51]. However, numerous preclinical trials show no promise
regarding high efficacy and tolerability with classical anti-angiogenic drugs as monotherapy
[51]. It spurred the researchers and investigators to design and develop novel anti-angiogenic
compounds to be used in combination with classical cytotoxic agents and radiotherapy [52].
FDA-approved angiogenesis inhibitors in combination with chemotherapy have proven their
clinical worth regarding improved patient survival time and patient tolerability in certain
cancers [52].
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In the coming section, we briefly overview molecular mechanisms of major cell signaling
pathways involved in the induction of angiogenesis, and at the end, some brief glimpse about
the clinical impacts of newly developed angiogenic inhibitors will be described. The cellu-
lar events in the regeneration and propagation of tumor angiogenesis are already explained
briefly at page 5 and depicted in Figure 1.

7.1. VEGF intracellular signaling

Vascular endothelial-derived growth factor (VEGF) is one of the most important and potent
angiogenic molecules which play an integral role in tumor angiogenesis [50]. It presents the
first in a class of cytokines which induce vascular leakage and therefore also known as vascu-
lar permeability factor. Until now, six members (VEGE-A to VEGF-F) of this unique family of
cytokines have been discovered [53]. VEGF-A is mainly involved in angiogenesis and vascu-
logenesis whereas VEGF-B is a survival factor for ECs, SMCs, and pericytes [54]. VEGF-C and
VEGEF-D are essential for lymphangiogenesis, and PGF also acts as a survival factor for ECs
and modulates VEGF cell signaling [55].

Vascular endothelial growth factors activate ECs by binding to a family of class III trans-
membrane receptor tyrosine kinases (RTKs) expressing at high levels in endothelial cell lin-
eage [53]. VEGF-R1 and VEGF-R2 are located on ECs and activate during angiogenesis while
VEGF-R3 induces intracellular signaling in lymphatic cells. VEGF-R1 acts as a decoy recep-
tor as it is RTK defective and acts as a negative regulator of angiogenesis (Figure 2) [54].
The angiogenic multiple cell signaling pathways are initiated as VEGF-A binds to VEGF-R2,
and the receptor dimerizes and intracellular receptor domains are phosphorylated in ECs
and induce overexpression of growth factors, cell proliferation, mitogenesis, chemotaxis, and
prosurvival signaling (Figure 2) [55]. VEGF-C binds to VEGFR-3 and initiates mitogenesis in
lymphatic cells and stimulates hyperplasia in parent lymphatic vessels [53-55]. The produc-
tion of VEGF is regulated by several growth factors produced by the tumor cells including,
endothelial growth factor (EGF), transforming growth factor (TGF-a & {3), fibroblast growth
factor (FGF), and platelet-derived growth factor (PDGF) [54]. Some hormones (e.g., estrogen,
thyroid-stimulating hormone (TSH)) and interleukins (e.g., IL-1 & 6) also stimulate VEGEF-
induced intracellular events in other types of cells [56].

7.2. Notch signaling pathways

The Notch receptors are located on stromal cells and expressed as a heterodimeric complex of
two domains, that is, the Notch extracellular domain (NECD) and Notch intracellular domain
(NICD) which are associated with each other via noncovalent interactions (Figure 3a) [57]. The
Notch cell signaling may mimic direct tumor angiogenesis however actively involved to trigger
dormant tumors [1]. Notch ligand Delta-like 4 (DLL4) induces cell signaling pathways toimprove
vascular functions by endocytosis and nonenzymatic dissociation of Notch heterodimer in host
stromal cells (Figure 3a) [1]. DLL4 inhibition may promote cell proliferation response in ECs
which ultimately increase angiogenic sprouting and vessel branching [58]. Despite increased
endothelial cell vascularity, the tumor cells perfuse poorly, which reduces cell oxygen concen-
trations (i.e., increased hypoxia), and consequently, tumor growth is inhibited [59].
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Figure 2. VEGF-induced intracellular signaling in tumor angiogenesis and angiogenic inhibitors with targeted active sites:
The binding of vascular endothelial growth factors (VEGF) to respective transmembrane receptors stimulates a plethora
of intracellular signaling pathways which regulate nuclear transcription factors for altered gene expressions of normal
cell responses including loss of tumor suppression, activation of hypoxia inducible factor (HIF-a), increased receptor
tyrosine kinase activity, increased tumor cell growth, and repression of oncogene mutations. Angiogenic inhibitors to
their targeted active sites are also shown with numerical circles in the figure. Only anti-angiogenic compounds approved
by the US Food and Drug Administration (FDA) for the treatment of numerous solid tumors and carcinomas are
depicted where circle 1 represents growth factor inhibitors (bevacizumab, aflibercept); circle 2, growth factor receptor
inhibitors (sunitinib, sorafenib); circle 3, RAS inhibitors (tipifarnib, lonafarnib); circle 4, RAF inhibitors (sorafenib); circle
5, HIF-1a inhibitors (geldanamycin, chetomin, echinomycin, 2ME2); circle 6, PI3K inhibitors (wortmannin, LY294002);
circle 7, AKT inhibitors (FARA-A); and circle 8, mTOR inhibitors (rapamycin and analogues). JNK = JUN N-terminal
kinase; MAPK = mitogen-activated protein serine/threonine kinase, MAPKK = MAPK kinase, PDK1 = phosphoinositide-
dependent protein kinase-1; PLC = phospholipase C; PtdInP2 = phosphatidylinositol 4,5-bisphosphate, Ins (1,4,5) =
inositol 1,4,5-triphosphates.

In contrast, DLL4 expressed in ECs stimulates Notch 3 receptors located on adjacent cells (e.g.,
colorectal cancer or T-cell acute lymphoblastic leukemia cells) to activate tumor progression
from dormant to active phase [60]. Such findings consider Notch pathways a potential thera-
peutic target for the design and development of novel anti-angiogenic compounds, although
the Notch cell signaling shows a mixed behavior of tumor progression and inhibition in clini-
cal assays [58, 59].

7.3. Transforming growth factor-p (TGF-p)

Transforming growth factor is a ubiquitously expressed paracrine polypeptide of approxi-
mately 25 kDa molecular weight [61]. TGF 1 to TGF 3 are three highly homologous isoforms of
the polypeptide and discovered in humans and mammals [62]. TGF-{ is initially synthesized
as a zymogen, and after secretion, an associated peptide is proteolytically sliced to release
active form of the growth factor [63].

Active TGF-f binds to constitutively active serine/threonine kinase TGFBR2 receptors to acti-
vate TGFBR1 in a heterodimer complex which controls transcription via activation of canonical
signal pathways mediated by a family of SMAD proteins (SMAD1-5) (Figure 3b) [64]. The



Recent Advances in Angiogenesis Assessment Methods and their Clinical Applications
http://dx.doi.org/10.5772/66504

IITTIm N -
Fip gl 1 AP P b
/’ i
. okt ] »
G I.U.l --4“"‘-"' l"Il T mm ] | BT

LTI

—_—
domam .
[T —— B i—I ) —
AR .
reavigal Lt
n...l

Ll B }E’g—:

ol e iy

- e——— e — WA
?11\1\1".3\"\11 s
(L]
L, - -
(ofr}
=i

Figure 3. A schematic diagram of Notch and TGF-f induced cell signaling pathways in tumor angiogenesis: (a) Notch
cell signaling pathways: The ligand DLL4 dissociates Notch heterodimers by nonenzymatic degradation and cell
endocytosis. Notch extracellular domain exposes Notch to ADAM metalloproteases and y-secretase in sending cells
(tip cells) for proteolytic cleavage and the release of Notch intracellular domain which translocates to the nucleus of
receiving cells (stalk cells) for the transcriptional activation of Notch target genes (shown in the nucleus of the stalk cells).
The DLL4 ligand and Notch inhibitors are also depicted in the red rectangular boxes. (b) Transforming growth factor
(TGF-B) induced intracellular signaling pathway: In normal cells, the binding of TGF-f to transmembrane TGFBR2
receptors activates TGFBR1 receptors which upregulate the expression of a series of SMAD proteins (SMAD 2, 3, and
4) and cause cell cycle arrest and apoptosis. However, TGF-3 stimulates other molecular pathways in transformed cells
to inhibit cell apoptosis and accelerates cell migration and metastasis. In contrast, a second type 1 receptor (ALK1) is
expressed in ECs which stimulates cell proliferation and migration via activating SMADs 1 and 5 genes.

activation of SMAD 1 and 5 proteins in transformed cells inhibits apoptosis and mediates cell
proliferation and migration via the activation of other cell signaling pathways [65]. However,
in normal cells, the stimulation of SMAD 2, 3, and 4 exhibits cell cycle arrests and apoptosis
[66]. Similarly, the SMAD 2, 3, and 4 proteins increase the expression of PAI-1which is essential
for vessel maturation in angiogenesis (Figure 3b) [66].

8. Clinical impact of angiogenic inhibitors

The discovery and development of angiogenic inhibitors have raised the hopes to treat a lot
of tumors and carcinomas and ultimately to reduce the morbidity and mortality related to
tumors and cancers [67]. Five classes of anti-angiogenic compounds have established and
are still under investigation on the basis of potential antitumor drug targeted sites including
proteases inhibitors (MMP synthesis inhibitors), ECs proliferation and migration inhibitors,
vascular endothelial growth factor inhibitors, cell matrix protein inhibitors, and angiogenic
inhibitors with unique mechanisms (Figure 2) [68, 69].

Although the anti-angiogenic compounds approved by the FDA show therapeutic efficacy
in some categories of cancer as monotherapy, however, sufficient published data recently
reveal this fact that angiogenic inhibitors are best therapeutic choices for tumors when used in
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combination with traditional chemotherapies [70, 71]. However, one would not expect in the
first instance that angiogenic inhibitors might reduce the intratumoral delivery of cytotoxic
agents (traditional chemotherapy) by decreasing perfused blood vessels with impaired blood
flow and decrease drug transport in treated tumor cells [48, 72]. It would also increase tissue
hypoxia and inhibit tumor cell proliferation although proliferating cells are an easy target for
chemotherapy [48, 72].

To overcome such hurdles and to enhance synergistic therapeutic potential of chemo
and anti-angiogenic drugs when used in combination, Kerbel proposed three mechanis-
tic approaches in this scenario to be adopted; first, normalization of tumor microvessels
by anti-angiogenic compounds [73, 74]; second, maximum tolerated dose chemotherapy
during the break periods of successive courses [72, 75], and third, use of known chemo-
therapeutic agents having anti-angiogenic effects [72]. The additional advantages of che-
motherapy while improving their anti-angiogenic effects may be grabbed by adopting
“metronomic chemotherapy” which states that “the administration of chemotherapeutic
agents at relatively low, minimally toxic doses on a frequent schedule of administration at
regular close intervals, with no prolonged drug-free breaks [76, 77].” By such approaches,
endothelial cells are directly killed, and progenitor ECs are suppressed in circulation.
Furthermore, minimal use of toxic doses lowers the frequency of adverse events in treated
patients [72, 76, 77]. Such treatment strategies may be adopted for a prolonged period of
time with angiogenic inhibitors in the treatment of advanced solid tumors with little side
effects as validated by phase II clinical trials; however, phase III clinical studies are exten-
sively demanded in this direction [70, 71].

9. Conclusions

In vivo, in vitro, and in ova assays for angiogenesis assessment are the reliable approaches in
basic research and to some extent in real-world clinical practices. However, in vivo systems
are difficult to perform and time consumable, and the process of quantification is much com-
plicated than in vitro assays. Conversely, these are relatively better due to complex nature of
the vascular response to the test compound. In vitro angiogenesis assays may perform in a
short period and provide the accurate and reliable outcome of angiogenic processes. Mouse
models based angiogenesis assays have also standardized to an improved understanding of
tumor angiogenesis and lymphangiogenesis. Similarly, such models are also used to assess
vasculogenesis and arteriogenesis in ischemic heart diseases, blindness, psoriasis, and arthri-
tis. Angiogenesis assessment always plays a focal role to determine the pathogenesis and
progression of certain challenging diseases in human populations in particular human can-
cer. An ample understanding of angiogenesis research in tumor progression, by knowing the
molecular mechanisms and cellular pathways, also opens the ways to design and develop
effective anti-angiogenic inhibitors. The manipulation of the human genome in a precise and
predictable manner due to recently developed molecular techniques has opened new gates
for the generation of more reliable models for angiogenesis studies and the testing of new
therapeutic strategies.
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Abstract

Tissue explants of skeletal muscles, brain, kidney, liver and spleen from mice were
cultured using collagen gel. Electron microscopic observation revealed that formation of
capillary tubes with pericyte-like cells occurred only from the tissue explant of skeletal
muscles. The capillary tubes formed in the collagen gel were positive for tomato lectin
and platelet/endothelial cell adhesion molecule (PCAM)-1 antibody. Formation of capil-
lary tubes in the rat was more predominant than in the mouse. Plasmalemmal vesicles
were clearly observed in the capillary tubes from rat tissue explant. Muscle fiber-type
differences were also observed. In the soleus muscle, the formation of capillary tubes
was predominant than the tibialis anterior muscle. Using this culture model from the
rat soleus muscle, effects of a-isoproterenol (B-adrenergic receptor agonist) and low-fre-
quency electrical stimulation were examined on the formation of capillary tubes and fine
structures of skeletal muscle explant. The formation of capillary tubes was promoted by
a-isoproterenol administration. At low-frequency electrical stimulation, the formation of
capillary tubes was inhibited. Both a-isoproterenol and electrical stimulation reduced the
degeneration of skeletal muscles. This culture method of skeletal muscles may provide
a useful model that can examine the effects of various drugs and physical stimulations.

Keywords: angiogenesis, skeletal muscles, collagen gel culture, a-isoproterenol, low-
frequency electrical stimulation

1. Introduction

To study the process of angiogenesis and test new agents with angiogenic or anti-angio-
genic potential, suitable assays are essential [1]. For in vitro studies of angiogenesis, several
culture techniques have been developed. The most commonly used in vivo assays are the

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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chorioallantoic membrane (CAM) assay, the corneal micropocket assay and the dorsal skin-
fold assay [2-5]. The corneal micropocket assay, an analysis conducted within an avascular
environment, is often used to study the efficacy of angiogenic compounds. The efficacy of
anti-angiogenic compounds in inhibiting growth factor-induced vascularization and sponta-
neous vascularization is usually studied in vascular environments such as the CAM assay or
the dorsal skin-fold assay. These assays have proven useful and have dramatically advanced
our knowledge of angiogenesis. However, they are also limited in several respects (for a
detailed review see Refs. [6, 7]) : (a) complicated surgical techniques are required; (b) only a
limited number of test compounds can be assayed (e.g., in the case of the micropocket assay);
and (c) simultaneous assessment of both angiogenic and anti-angiogenic compounds in the
same assay is not feasible without the addition of exogenous growth factors. Fortunately,
the method using collagen gel is free from these limitations. Collagen gel culture has been
widely used for analyzing the biological process of angiogenesis [8-11]. Using the collagen
gel culture, we have conducted electron microscopic studies and immunohistochemical stud-
ies during angiogenesis. In the collagen gel culture of aortic explants, capillary tubes with
pericyte-like cells were observed [12]. As a source of angiogenesis, however, aortic explants
were generally used in the collagen gel culture. Capillary permeability varies greatly among
tissues, and this can be correlated partly with the type of endothelium. For simulation of
angiogenesis, establishment of suitable in vitro model of capillaries might be effective. The
endothelial cells of some capillaries have fenestrations or pores. For instance, fenestrated cap-
illaries occur in renal glomeruli. Capillaries without fenestrations in the brain and skeletal
muscle are known as continuous capillaries. As discontinuous capillaries, there are sinusoids.
Sinusoids occur in large numbers in the liver and spleen [13].

In this study, we report the formation of capillary tubes from tissue explants of skeletal
muscle, brain, kidney, liver and spleen from mice was cultured using collagen gel. Electron
microscopic observation revealed that the formation of capillary tubes with pericyte-like cells
occurred only from the skeletal muscle explant. Lectin and immunohistochemical studies
showed that the capillary tubes formed in the collagen gel have architecture of capillary in
vivo. There were some differences regarding the formation of capillary tubes among animal
species and fiber types. We demonstrated that the soleus muscle from rats was most suit-
able model to study angiogenesis. Using tissue explant from the rat soleus muscle, effects of
a-isoproterenol and low-frequency electrical stimulation were examined.

2. Materials and methods

2.1. Collagen gel culture

This collagen culture technique is a modification of our previous works [14, 15]. Samples
(soleus muscles, cerebral cortex of frontal lobe, liver, cortex of kidney and spleen) were
obtained from 1-month-old ICR male mice (1 = 5). The samples were cut into small pieces (2
x 2 x 2 mm) under a stereoscopic microscope. The small pieces were placed at the bottom of
tissue culture dish (35 mm; n = 25). Each tissue culture dish consists four pieces. An even layer
of reconstituted collagen solution (0.3% Cellmatrix type IA, Nitta Gelatin, Tokyo, Japan) was
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overlaid and gelled at 37°C for about 10 min. After gelation, Ham’s F-12 medium (Invitrogen
Corp., Carlsbad, CA, USA) containing 20% fetal bovine serum (FBS), 1% nonessential amino
acids, 100 units/ml of penicillin and 100 mg/ml of streptomycin (Invitrogen Corp., Carlsbad,
CA, USA) was added. Cultures were performed for 14 days in an incubator (95% air/5% CO,).
During the culture period, a phase contrast microscope was used to observe the capillary tube
formation. These experiments were made three times. To examine the differences in animal
species and fiber type, explants from skeletal muscles (soleus and tibialis anterior muscles)
from rats were cultured as described above. All animal experiments were approved by the
Committee on Animal Experimentation, Saitama Medical University (Permission No. 851 for
mice and No. 934 for rats) and carried out in accordance with the “Guidelines for Animal
Experimentation at Saitama Medical University.”

2.2. Electron microscopy

The cultured materials were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH
7.2) for 1 h and then fixed with 1% OsO, in 0.1 M phosphate buffer (pH 7.2) for another
hour. After dehydration with ethanol, samples were embedded in epoxy resin. After prepara-
tion of ultrathin sections, ultrathin sections were stained with uranyl acetate and lead citrate.
Kajikawa’s tannic acid stain was also used for demonstrating of elastic fibers [16]. The stained
ultrathin sections were observed under a transmission electron microscope (JEOL JEM-1010,
Tokyo, Japan). When capillary-like structures were observed, following lectin and immuno-
histochemistry were performed.

2.3. Lectin and immunohistochemistry

After fixation with cold 80% ethanol, capillary tubes were observed with FITC-conjugated
endothelial cell-specific tomato lectin (Lycopersicon esculentum; EY Labo, CA, USA), a lectin
that selectively binds to fucose residues on the endothelial cell surface [17]. Cold 80% ethanol-
fixed, collagen gel-embedded specimens were stained by streptavidin/peroxidase immuno-
histochemistry technique for intercellular adhesion molecule-1 (ICAM-1), platelet/endothelial
cell adhesion molecule-1 (PCAM-1) and integrin 3, detection. The specimens were treated with
0.3% H,0, in methanol to block endogenous peroxide activity and then incubated with the
polyclonal rabbit anti-rat [CAM-1, PCAM-1 or integrin 3, antibody (Santa Cruz Biotechnology,
Inc. California, USA). Biotinylated anti-rabbit immunoglobulin was added as a secondary anti-
body. The horseradish peroxidase labeled streptavidin-biotin complex was then used to detect
the second antibody. Finally, the specimens were stained with 3,3'-diaminobenzidine, which
was used as a chromogen. The brown or dark brown stained cells were considered as positive.
Some specimens were stained with Giemsa before being examined under a light microscope.

2.4. Effects of a-isoproterenol and low-frequency electrical stimulation

Excised material was divided into three groups as follows:

a. a-isoproterenol administration group (n =48): To the culture medium, 10 uM a- isoproter-
enol was added [18].
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b. low-frequency electrical stimulation group (n=24): Using C-Dish (ION Optix, Milton, MA,
USA), electrical stimulation (50 Hz, 2 h at 1.0 V; [19]) was performed by Ohm Pulser LFP-
4000 A (Zen Iryoki corp, Fukuoka, Japan).

c. control group (n = 48): without a-isoproterenol and low-frequency electrical stimulation.

2.5. Semiquantitative enzyme-linked immunosorbent assay (ELISA)

Eight different cytokines involved in angiogenesis in the culture medium were semiquanti-
fied by ELISA (Signosis; Angiogenesis ELISA Strip, Santa Clara, CA, USA). Tumor necro-
sis factor (TNF)-a, vascular endothelial growth factor (VEGF), interleukin (IL)-6, fibroblast
growth factor (FGF)-2, interferon (IFN)-vy, leptin, insulin-like growth factor (IGF)-1 and epi-
dermal growth factor (EGF) were tested. ELISA was carried out according to the manufac-
turer’s instructions. Outline is as follows. Eight wells were coated with eight different primary
antibodies against a specific angiogenesis cytokine. The test sample was sandwiched between
the primary antibody and enzyme-linked antibody. After incubation, unbound-labeled anti-
bodies were washed out. TMB (3,3',5,5"-tetramethylbenzidine) is added, and the color devel-
oped. After addition of stop solution, absorbance is measured spectrophotometrically at 450
nm. The concentrations of the test samples are directly proportional to the color intensity.
Data were shown as fold change relative control group.

2.6. Measurement of the length of the capillary tubes

Digital photography equipment (FUJIX DIGITAL CAMERA HC-2500, 3CCD, FUJI PHOTO
FILM, Tokyo, Japan) was used with an optical microscope (objective lens x5). Because capil-
lary tubes were overlapped in the vicinity of the explant, it is impossible to identify each
other. Length of capillary tubes was measured from a distance of 200 um of the outer edge
of the explant. Using six culture dishes (four pieces of the explant per dish), capillary tubes
captured by the objective lens x5 (1262 x 991 pixel). It was taken four places of one explant.

2.7. Statistical analysis

Tube formation from the soleus and tibialis anterior muscles of rats is quantified by measur-
ing the length of these capillary tubes in two-dimensional microscope images of six culture
dishes. Data were shown as means =+ standard error of the mean. Statistical analysis for the
data represented was conducted using two samples, with Mann-Whitney U test. A particular
result was considered significant if the p value was <0.01 for a two-tailed test.

3. Results

3.1. Collagen gel culture
3.1.1. Skeletal muscles

After 2 days, some cells were migrating in the collagen gel in the vicinity of the explants
(Figure 1a). Spindle-shaped cells were orientated radially to the explant. After 6-7 days, the
cell strands were recognized. At this time, lumen formation could not be clearly demonstrated
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Figure 1. Mouse soleus muscle. (a) After 2 days of cultivation, phase-contrast microscopy reveals fibroblastic cells
outgrown from a mouse skeletal muscle explant (*) into a three-dimensional collagen gel. (b) After 6 days of cultivation,
phase-contrast microscopy shows a tubular structure protruding (arrow) from a mouse skeletal muscle explant (*) into
a three-dimensional collagen gel. Scale bar:90 pum.

(Figure 1b). After 10 days, the capillary tube formation with lumen was well demonstrated
by electron microscopic observation. As revealed by cross section, several endothelial cells
with pericyte-like cells were involved in the composition of capillary tubes (Figure 2a, b). The
structure as capillary tubes was maintained at least 2 weeks. When the culture was continued,
degradation of the capillary tubes was observed.

Figure 2. Mouse soleus muscle. (a, b) Electron micrographs of capillary tubes. In a cross section of capillary tube, the
lumen is surrounded by two to three cells. Pericyte-like cells (*) are associated with the capillary tube. Scale bar: 2 pum.
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3.1.2. Cerebral cortex of frontal lobe

After 34 days, spindle-shaped cells were migrated from the explants. The number was quite
few. The strand of spindle-shaped cells was elongated (Figure 3a). The longitudinal axis was ori-
entated radially to the stump. As revealed by cross section, several cells surrounded a cell with
elastic membrane-like structure. Tube formation with lumen was not recognized (Figure 3b).

"y

Figure 3. Mouse brain. (a) After 12 days of cultivation, a phase-contrast microphotograph shows tube formation (arrow)
from mouse cortex of brain into a three-dimensional collagen gel. Scale bar: 50 um. (b) An electron microphotograph of
the collagen gel-induced tube formation. A cross section shows no lumen. Kajikawa’s tannic acid stain for elastic fibers.
Electron dense materials are defined among cells. Scale bar:1 pum.

3.1.3. Cortex of kidney

After 34 days, spindle- and cobblestone-shaped cells were migrated from the explants. The
strands of spindle-shaped cells were elongated (Figure 4a). As revealed by cross section, several
cells were attached each other and formed cellular mass (Figure 4b). Some area, a single cell,
formed the outline of a tube with a lumen. A cell of the wall was consisted of microvilli (Figure 4c).
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Figure 4. Mouse kidney. (a) After 7 days of cultivation, a phase-contrast microphotograph shows tube-like structure
(arrow) from mouse cortex of kidney into a three-dimensional collagen gel. Scale bar: 50 um. (b) An electron
microphotograph of the collagen gel-induced tube-like structure. A cross section shows lumen (*). Scale bar: 2 um. (c)
Enlarged electron microphotograph of the cells showed in (b). Arrows indicate microvilli. Scale bar: 500 nm.

3.1.4. Liver

After 3-4 days, spindle-shaped cells were migrated from the explants. The strands of spin-
dle-shaped cells were elongated (Figure 5a). As revealed by cross section, several cells were
attached each other and formed cellular mass (Figure 5b).

Figure 5. Mouse liver. (a) After 10 days of cultivation, a phase-contrast microphotograph shows tube-like structure
(arrow) from mouse liver into a three-dimensional collagen gel. Scale bar: 50 um. (b) An electron microphotograph of the
collagen gel-induced tube-like structure. A cross section shows tightly connected cells. Scale bar: 1 pm.
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Figure 6. Mouse spleen. (a) After 7 days of cultivation, a phase-contrast microphotograph shows tube-like structure
(arrow) from mouse spleen into a three-dimensional collagen gel. Scale bar: 50 um. (b) An electron microphotograph of
the collagen gel-induced tube-like structure. A cross section shows loosely contacted cells. Scale bar: 1 pm.

3.1.5. Spleen

After 2 days, numerous cells were migrated from the explants. Numerous cell strands of spin-
dle-shaped cells were elongated (Figure 6a). Some cells were partly contacted, but distinct
lumen was not observed (Figure 6b).

3.2. Lectin and immunohistochemistry

Since capillary tubes were observed only from the skeletal muscle explants, lectin and immu-
nohistochemistry with antibodies were performed only for the cultured materials from skel-
etal muscle explants. Capillary tubes formed in the collagen gel were strongly positive for
tomato lectin (Figure 7). Capillary tubes formed from the explants of muscles showed clearly

Figure 7. Mouse soleus muscle. After 11 days of cultivation, a fluorescent microphotograph of capillary tube (arrows).
Capillary tube is strongly positive for FITC-conjugated endothelial cell-specific tomato lectin. Asterisk shows a muscle
tissue explant. Scale bar: 50 um.
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Figure 8. Mouse soleus muscle. Capillary tubes (arrows) showed clearly immunoreactivity of PCAM-1. Asterisk shows
a muscle tissue explant. Scale bar: 50 um.

immunoreactivity of PCAM-1 (Figure 8). ICAM-1 and integrin 3, positive cells were sparsely
distributed, but capillary tubes were almost negative (figure not shown).

3.3. Species difference in capillary tube formation from the skeletal muscle explant

In rats, numerous and long capillary tubes were observed from an explant. In mice, capillary
tubes were few in number and short. Even without the statistical analysis, the difference is
apparent (Figure 9a, b). Capillary tubes from rats were also positive for tomato lectin (Figure 9c)
and PCAM-1 antibody (figure not shown). By electron microscopic observation, plasmalemmal
vesicles or caveolae were clearly observed (Figure 10a, b). Typical gap junctions and tight junc-
tions were not observed. Larger capillary tubes were also observed (Figure 11).

3.4. Difference in capillary tube formation between the soleus and tibialis anterior
muscles

In the soleus muscle containing a large amount of red muscle fibers, the formation of capillary
tube was predominant than the tibialis anterior muscle containing a large amount of white
muscle fibers (Figure 12a, b). Figure 13 indicates the results of statistical analysis.

3.5. Effects of a-isoproterenol and low-frequency electrical stimulation

3.5.1. a-Isoproterenol

Fine structures of explant: compared with the control group, the a-isoproterenol administra-
tion group was kept striated pattern (Figure 14a, b).

Formation of capillary tubes: in the a-isoproterenol administration group was seen promot-
ing effect on the formation of capillary tubes (Figure 15a, b).
3.5.2. Low-frequency electrical stimulation

Fine structures of explant: compared with the control group, the low-frequency electrical
stimulation group was kept striated pattern (Figure 14a, c).

Formation of capillary tubes: compared with the control group, the formation of capillary
tubes was suppressed. Also, it appeared to have led to damage to the migratory cells (Figure
15a, c). Figure 16 indicates the results of statistical analysis.
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Figure 9. After 10 days of cultivation of soleus muscles. (a) Mouse soleus muscle, (b) rat soleus muscle. Phase-contrast
microphotographs. Arrows indicate numerous and long capillary tubes. Scale bar: 90 um. (c) Rat soleus muscle, tomato
lectin staining. Arrows indicate numerous and long capillary tubes (cf. Figure 7). Scale bar: 50 um. Asterisks show a
muscle tissue explant.

3.6. ELISA

Compared with the culture medium, significant difference (p < 0.01) was observed only in the
concentration of FGF-2 in the culture medium of the mouse soleus muscle. In the rat, no signif-
icant difference was observed. No significant difference in the concentration of eight kinds of
angiogenic factor was observed between the soleus and tibialis anterior muscles from the rat
and mouse (data not shown). In the a-isoproterenol administration group, increase in leptin
was observed in the rat soleus muscle. However, no significant difference was observed. In
the electrical stimulation group, increase in angiogenic factors except for the TNF-alpha was
observed. Significant difference (p < 0.01) was seen in the concentration of the VEGF, FGF-2
and EGF (Table 1).



Novel Methods to Study Angiogenesis Using Tissue Explants
http://dx.doi.org/10.5772/66400

Figure 10. Rat soleus muscle. (a) Electron micrograph of capillary tube from rat soleus muscle. In a cross section of
capillary tube, the lumen is surrounded by two to three cells. Scale bar: 1 pm. (b) Higher magnification of a part of (a).
Arrowheads indicate a focal adhesion or an adherens junction. Arrows indicate plasmalemmal vesicles or caveolae.
Scale bar: 200 nm.

-

Figure 11. Rat soleus muscle. Electron micrograph of a large capillary tube. The wall is made up by five cells. Scale bar: 1 pm.
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Figur 12. Capillary density of rat soleus and tibialis anterior muscles. (a) Rat soleus muscle, (b) rat tibialis anterior
muscle. Capillary tubes were stained by Giemsa solution. Scale bar: 50 um.
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Figure 13. Statistical analysis of length of capillary tubes. Capillary density of soleus muscles had significantly greater

than tibialis anterior muscles at p < 0.01.
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Figure 14. Electron micrographs of tissue explants of rat soleus muscle. (a) Control, (b) a-isoproterenol administration,
(c) electrical stimulation. Both a-isoproterenol and electrical stimulation reduced the degeneration of skeletal muscles.
Banding pattern of skeletal muscles is maintained when compared to the control. Scale bar: 1 um.

Figure 15. Rat soleus muscle. Effects of a-isoproterenol administration and electrical stimulation. Numerous capillary tubes
were observed both control and a-isoproterenol administration groups. No capillary tubes were observed in the electrical
stimulation group. (a) Control, rat soleus muscle. (b) a-Isoproterenol administration. (c) Electrical stimulation. Capillary
tubes were stained by Giemsa solution. Numerous capillary tubes were observed both control and a-isoproterenol
administration groups. No capillary tubes were observed in the electrical stimulation group. Scale bar: 100 pm.
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Figure 16. Statistical analysis of length of capillary tubes. Control: rat soleus muscle. The formation of capillary tubes
was promoted by a-isoproterenol administration. At low-frequency electrical stimulation, the formation of capillary
tubes was inhibited. Capillary density of a-isoproterenol administration group had significantly greater than control
group at p <0.01.

Control a-Isoproterenol Electric stimulation
TNF-a 1 1.040 1.016
VEGF 1 0.843 1.542*
IL-6 1 0.980 1.350
FGE-2 1 0.912 1.335*
IFN-y 1 0.969 1.286
Leptin 1 1.232 1.446
IGF-1 1 0.913 1.003
EGF 1 1.027 1.313*

Data were shown as fold change relative control. In the a-isoproterenol administration group, no significant difference
was observed. In the electrical stimulation group, significant difference (*p < 0.01) was seen in the concentration of the
VEGF, FGF-2 and EGF.

Table 1. ELISA of eight angiogenic factors.

4, Discussion

4.1. Formation of capillary tube from tissue explant of skeletal muscles

In this study, we tested tissue explants of skeletal muscles, brain, kidney, liver and spleen.
In the light microscopic level, tubular structures are newly formed from all tissue explants
tested. By electron microscopic observation, tubular structures with a lumen were observed
only from the tissue explant of skeletal muscles and kidney cortex. By further detail elec-
tron microscopic observation, tubular structures from the kidney cortex have microvilli. The
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capillary tubes had quite similar architecture observed in the collagen gel culture of aortic
explant [12]. Plasmalemmal vesicles or caveolae were also observed. Plasmalemmal vesicles
are plasma membrane invaginations. They are particularly numerous in the continuous endo-
thelium of microvascular beds such as skeletal muscles in which they have been identified as
transcytotic vesicular carriers [20, 21].

In the present study, we demonstrated that capillary tubes have architecture of capillary by
tomato lectin, as we have previously shown [22]. Cell adhesion molecules are a family of
closely related cell surface glycoproteins involved in cell-cell interactions during growth and
are thought to play an important role in embryogenesis and development. PECAM-1, also
referred to as CD3]1, is a glycoprotein expressed on the cell surfaces of endothelial cells, as well
as platelets and mononuclear cells. PECAM-1 positive cells were clearly demonstrated as a
capillary-like structure. ICAM-1, also referred to as CD54, is an integral membrane protein of
the immunoglobulin superfamily and recognizes the p2al and 32aM integrins. In the pres-
ent study, ICAM-1 positive cells were sparse. It may accord with 2 integrin which was not
detected. We have reported that pericyte-like cells were observed in the aortic explant culture
(for a detailed review see Ref. [12]). Pericyte-like cells were positive for actin [12, 23]. In this
study, pericyte-like cells were also observed around the capillary tubes, as shown in the aor-
tic explant culture. Pericytes were reported to stimulate angiogenesis through the secretion of
growth factors such as fibroblast growth factor (FGF) [24], VEGF and placenta growth factor
[25]. In addition, pericytes appear to promote endothelial cell (EC) survival [26] and affect EC
behavior such as sprouting [27]. It is strongly suggested that pericytes play an important role
in angiogenesis. VEGF is a key promoter of angiogenesis. VEGF acts as a chemoattractant and
directs capillary growth. VEGF concentration gradients are important for activation and chemo-
tactic guidance of capillary sprouting [28, 29]. Zhang et al. [30] reported that a variety of cells in
the body, including myocyte (skeletal muscle fibers), secrete VEGF at different rates. Ji et al. [31]
also reported that VEGF is secreted by myocytes and binds VEGF receptors and neuropilin-1
on endothelial cell surface. Further studies are needed to understand the angiogenic factors.

It should be noted that, when compared with mice and rats, capillary tubes formation was
predominant in rats than mice. We could not demonstrate the difference in angiogenic fac-
tors between rats and mice. It is widely accepted that endothelial cells derived from different
species display different morphological, biochemical and phenotypical heterogeneity [32, 33].
For instance, FGF1 or collagen-coated dish is not required for culturing endothelial cells from
the bovine and pig, unlike the rabbit and rat [34]. Difference in the properties of endothelial
cells by species is considered in angiogenesis. It should be also noted that there is difference
between red and white muscles. The number of capillaries in the soleus muscle of rat is 2.8/
muscle fiber. The corresponding value for the tibialis anterior muscle is 1.2-2.0 [35]. The den-
sity of capillaries in the soleus muscle is greater than the tibialis anterior muscle. The differ-
ence in the capillary density may relate the formation of capillary tubes.

4.2. Effects of a-isoproterenol

Isoproterenol (B-adrenergic receptor agonist) promotes skeletal muscle hypertrophy in sev-
eral animals, including rats and mice [36, 37]. The hypertrophy by isoproterenol induces
through the stimulation of 3,-adrenergic receptor [38], and 3-adrenergic receptor is involved
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in skeletal muscle growth and regeneration [39]. Expression of 3-adrenergic receptor and its
coupling to cAMP are important components of the signaling mechanism that controls atro-
phy and hypertrophy of skeletal muscle [40]. We have reported that a-isoproterenol reduced
the degeneration of muscle after the facial nerve crush [41]. In this study, the direct effect of
a-isoproterenol was confirmed even in vitro.

There are a number of reports about the increase in skeletal muscle capillary density with
exercise. Exercise such as endurance training increases the capillary network to adapt to oxy-
gen demand, particularly arteriolar portion of capillaries to favor the oxygen supply [42, 43].
When the endurance training was loaded in normal rats, angiogenesis of the soleus muscle
is promoted, and arteriolar portion of capillaries is increased significantly [44]. Increase in
arteriolar portion of capillaries is believed to be caused by “arteriolarization of capillaries”
promoted by an increase in wall tension [44-46]. From the fact that circulating catecholamines
(adrenalin and noradrenalin) are concerned with contraction/expansion of the blood vessels,
catecholamines are expected to be associated with an increase in capillary density. Circulating
catecholamines, which are adrenergic receptor agonist, are the main hormones whose concen-
trations increase markedly during exercise [47]. Many researchers have worked on the effect
of exercise on these catecholamines and reported 1.5 to >20 times basal concentrations depend-
ing on exercise characteristics (e.g., duration and intensity) [48]. The increase in circulating
catecholamines results in stimulating of B-adrenergic receptor activity and, consequently,
increased intercellular concentration of cyclic AMP [49]. However, we have no direct effect
that catecholamines associate with an increase in capillary density. Although an experiment
in culture, in the brown fat precursor cells, noradrenalin encourages the growth of capillaries
[50]. In the soleus muscle in the present study, a-isoproterenol, which is also an adrenergic
receptor agonist, encourages the growth of capillary tubes. Although we could not detect the
angiogenic factors, it has become possible to study the direct effect of a-isoproterenol on the
skeletal muscle and formation of capillary tubes.

4.3. Effects of low-frequency electrical stimulation

From the results of the electrical stimulation, the effect of suppressing the denaturation of
the muscle was observed. Young et al. [39] reported that electrical stimulation increased the
number of -receptors and promoted the synthesis of cAMP.

In this study, we could demonstrate that electrical stimulation also reduced the degeneration
of skeletal muscles.

For angiogenesis in skeletal muscle in vivo, Cotter et al. [51] showed an increase in capil-
lary density by the low-frequency electrical stimulation. After that, angiogenesis by skeletal
muscle has been made under the various conditions of electrical stimulation [52-54].

For electrical stimulation in vitro, studies using myoblast cell line have been reported [55-57].
However, in vitro study of skeletal muscles capillaries is very few. Endothelial cells isolated
from skeletal muscle capillaries are studied to make physical and chemical stress to the cells
[58]. A number of angiogenic factors involve in angiogenesis by electrical stimulation [59, 60].
VEGEF can be mentioned as the most important proteins. VEGF encourages the growth of vas-
cular endothelial cells. VEGF played a central role in angiogenesis [59, 60].
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As the mechanism, skeletal muscle contraction due to electrical stimulation has been consid-
ered to induce hypoxia [61, 62] and shear stress [63]. However, Kanno et al. [19] applied the
electrical stimulation (50 Hz) without muscle contraction to the skeletal muscle and showed
the increase in VEGF protein in vitro, and they showed the increased in capillary density
in the rat model of hindlimb ischemia. In this study, the condition (50 Hz) according to the
report of Kanno et al. [19] was adopted.

Electrical stimulation upregulated FGF-2 and EGF protein levels in the brains of stroke rats
[64]. In this study, VEGF, FGF-2 and EGF protein levels are increased. However, under the
condition used in this study, it was harmful to the migrating cells. The effect of promoting
angiogenesis was not observed. On the contrary, angiogenesis was inhibited. Further studies
including the setting of the condition are necessary.

4.4. The usefulness of this in vitro model

Endothelial progenitor cells derived from bone marrow are present in the peripheral blood.
These cells reach the ischemic site, and angiogenesis occurs by proliferation and differentia-
tion. However, it is difficult to collect a large amount of bone marrow stem cells for treatment
of ischemia. Transplantation of CD133-positive endothelial precursor cells to the damaged
muscle tissue has been studied [65]. In this report, angiogenesis is promoted, and the dam-
aged muscle tissue is expected to recover. Recently, cardiac tissue sheets from human iPS cells
have been shown to be effective in engraftment and transplantation in the rat model of myo-
cardial infarction [66]. This cardiac tissue sheets include vascular cells (vascular endothelial
cells and pericytes), in addition to the cardiomyocytes. Higher survival rate than the sheet of
only cardiomyocytes has been shown. Transplantation including vascular cells may become
research to increase the possibility of therapeutic angiogenesis.

In this study, we propose the possibility of autologous transplantation using tissue explants
of skeletal muscle in cardiovascular disease including critical hind limb ischemia.
4.5. The drawback of this in vitro model

Clearly, those capillary tubes that emanate from the muscle explants are very similar to capil-
laries in vivo. However, the capillary tubes are not filled with flowing blood. Although the
structure as capillary tubes is maintained at least 2 weeks, further studies are needed for
long-term culture.

Author details

Tomoko Takahashi!, Keiko Fujita! and Masumi Akita?*
*Address all correspondence to: makita@saitama-med.ac.jp
1 Department of Anatomy, Saitama Medical University, Saitama, Japan

2 Division of Morphological Science, Biomedical Research Center, Saitama Medical University,
Saitama, Japan



336 Physiologic and Pathologic Angiogenesis - Signaling Mechanisms and Targeted Therapy

References

(1]

[10]

[11]

[12]

[14]

Deckers M, van der Pluijm G, Dooijewaard S, Kroon M, van Hinsbergh V, Papapoulos S,
Lowik C: Effect of angiogenic and antiangiogenic compounds on the outgrowth of capil-
lary structures from fetal mouse bone explants. Lab Invest. 2001; 81:5-15.

Jakob W, Jentzsch KD, Mauersberger B, Heder G: The chick embryo choriallantoic mem-
brane as a bioassay for angiogenesis factors: reactions induced by carrier materials. Exp
Pathol (Jena). 1978; 15:241-249.

Fournier GA, Lutty GA, Watt S, Fenselau A, Patz A: A corneal micropocket assay for
angiogenesis in the rat eye. Invest Ophthalmol Vis Sci. 1981; 21:351-354.

Kenyon BM, Voest EE, Chen CC, Flynn E, Folkman J, D’ Amato R]: A model of angiogen-
esis in the mouse cornea. Invest Ophthalmol Vis Sci. 1996; 37:1625-1632.

Lehr HA, Leunig M, Menger MD, Nolte D, Messmer K: Dorsal skinfold chamber tech-
nique for intravital microscopy in nude mice. Am ] Pathol. 1993; 143:1055-1062.

Jain RK, Schlenger K, Hockel M, Yuan F: Quantitative angiogenesis assays: progress and
problems. Nat Med. 1997; 3:1203-1208.

Staton CA, Stribbling SM, Tazzyman S, Hughes R, Brown NJ, Lewis CE: Current meth-
ods for assaying angiogenesis in vitro and in vivo. Int ] Exp Pathol. 2004; 85:233-248.

Montesano R, Mouron P, Orci L: Vascular outgrowths from tissue explants embedded in
fibrin or collagen gels: a simple in vitro model of angiogenesis. Cell Biol Int Rep. 1985;
9:869-875.

Mori M, Sadahira Y, Kawasaki S, Hayashi T, Notohara K, Awai M: Capillary growth
from reversed rat aortic segments cultured in collagen gel. Acta Pathol Jpn. 1988;
38:1503-1512.

Nicosia RF, Ottinetti A: Growth of microvessels in serum-free matrix culture of rat aorta.
A quantitative assay of angiogenesis in vitro. Lab Invest. 1990; 63:115-122.

Artym VV, Matsumoto K: Imaging Cells in Three-Dimensional Collagen Matrix. Curr
Protoc Cell Biol. 2010; Chapter 10: Unit-10.1820. d0i:10.1002/0471143030.cb1018s48.

Akita M: Development of in vitro method for assaying anti angiogenic effect of drugs.
In: Atta-ur-Rahman, M.Igbal Choudhary, editors. Anti-Angiogenesis Drug Discovery
and Development, Vol. 2. Sharjah: Bentham Science Publishers; 2014, pp. 63-111. doi:10
.2174/97816080586621140201

Standring S: Smooth muscle and the cardiovascular and lymphatic systems. In: Standring
S, editor-in-chief. Gray’s Anatomy 39th ed. Churchill Livingstone, London: Elsevier;
2005. p.143.

Akita M, Murata E, Merker HJ, Kaneko K: Formation of new capillary-like tubes in a
three-dimensional in vitro model (aorta/collagen gel). Ann Anat. 1997; 179:137-147.



[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Novel Methods to Study Angiogenesis Using Tissue Explants
http://dx.doi.org/10.5772/66400

Akita M, Murata E, Merker HJ, Kaneko K: Morphology of capillary-like structures in a
three-dimensional aorta/collagen gel culture. Ann Anat. 1997; 179:127-136.

Kajikawa K, Yamaguchi T, Katsuda S, Miwa A: An improved electron stain for elastic
fibers using tannic acid. ] Electron Microsc (Tokyo). 1975; 24:287-289.

Hoffmann S, Spee C, Murata T, Cui JZ, Ryan SJ, Hinton DR: Rapid isolation of chorio-
capillary endothelial cells by Lycopersicon esculentum-coated Dynabeads. Graefes Arch
Clin Exp Ophthalmol. 1998; 236:779-784.

Inomata T, Murata E, Akita M: Effects of a-isoproterenol on the atrophy of soleus
and tibialis anterior muscles after sciatic nerve crush injury, and on microstructure of
submandibular gland. ] Saitama Medical University. 2001; 28:171-178.

Kanno S, Oda N, Abe M, Saito S, Hori K, Handa Y, Tabayashi K, Sato Y: Establishment
of a simple and practical procedure applicable to therapeutic angiogenesis. Circulation.
1999; 99:2682-2687.

Fawcett DW: Surface specializations of absorbing cells. ] Histochem Cytochem. 1965;
13:75-91.

Stan RV, Roberts WG, Predescu D, Thida K, Saucan L, Ghitescu L, Palade GE:
Immunoisolation and partial characterization of endothelial plasmalemmal vesicles
(caveolae). Mol Biol Cell. 1997; 8:595-605.

Fujita K, Komatsu K, Tanaka K, Ohshima S, Asami Y, Murata E, Akita M: An in vitro
model for studying vascular injury after laser microdissection. Histochem Cell Biol.
2006; 125:509-514.

Fujita K, Asami Y, Tanaka K, Akita M, Merker HJ: Anti-angiogenic effects of thalido-
mide: expression of apoptosis-inducible active-caspase-3 in a three-dimensional colla-
gen gel culture of aorta. Histochem Cell Biol. 2004; 122:27-33.

Watanabe S, Morisaki N, Tezuka M, Fukuda K, Ueda S, Koyama N, Yokote K, Kanzaki T,
Yoshida S, Saito Y: Cultured retinal pericytes stimulate in vitro angiogenesis of endothe-
lial cells through secretion of a fibroblast growth factor-like molecule. Atherosclerosis.
1997; 130:101-107.

Yonekura H, Sakurai S, Liu X, Migita H, Wang H, Yamagishi S, Nomura M, Abedin
MJ, Unoki H, Yamamoto Y, Yamamoto H: Placenta growth factor and vascular endothe-
lial growth factor B and C expression in microvascular endothelial cells and pericytes.
Implication in autocrine and paracrine regulation of angiogenesis. ] Biol Chem. 1999;
274:35172-35178.

Benjamin LE, Hemo I, Keshet E: A plasticity window for blood vessel remodeling is
defined by pericyte coverage of the preformed endothelial network and is regulated by
PDGE-B and VEGEF. Development. 1998; 125:1591-1598.

Nehls V, Denzer K, Drenckhahn D: Pericyte involvement in capillary sprouting during
angiogenesis in situ. Cell Tissue Res. 1992. 270:469-474.

337



338 Physiologic and Pathologic Angiogenesis - Signaling Mechanisms and Targeted Therapy

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Gerhardt H, Golding M, Fruttiger M, Ruhrberg C, Lundkvist A, Abramsson A, Jeltsch M,
Mitchell C, Alitalo K, Shima D, Betsholtz C: VEGF guides angiogenic sprouting utilizing
endothelial tip cell filopodia. J Cell Biol. 2003; 161:1163-1177.

Helm CL, Fleury ME, Zisch AH, Boschetti F, Swartz MA: Synergy between interstitial
flow and VEGF directs capillary morphogenesis in vitro through a gradient amplifica-
tion mechanism. Proc Natl Acad Sci USA. 2005; 102:15779-15784.

Zhang QX, Magovern CJ, Mack CA, Budenbender KT, Ko W, Rosengart TK: Vascular
endothelial growth factor is the major angiogenic factor in omentum: mechanism of the
omentum-mediated angiogenesis. ] Surg Res. 1997; 67:147-154.

Ji JW, Mac Gabhann F, Popel AS: Skeletal muscle VEGF gradients in peripheral arte-
rial disease: simulations of rest and exercise. Am ] Physiol Heart Circ Physiol. 2007;
doi:10.1152/ajpheart.00009.2007

Fajardo LF. The complexity of endothelial cells. A review. Am ] Clin Pathol. 1989;
92:241-250.

Browning AC, Gray T, Amoaku WM: Isolation, culture, and characterisation of human
macular inner choroidal microvascular endothelial cells. Br ] Ophthalmol. 2005; 89:1343—
1347. d0i:10.1136/bj0.2004.063602

Yamamoto K: Methods for long-term cultivation of endothelial cells (in Japanese).
Murota S Editor. Modern Chemistry 16, Tokyo: Tokyo Kagaku Dojin; 1989, pp. 151-157.

Schmalbruch H, Oksche A, Vollrath L: Skeletal muscle, v.I1/6, Handbook of Microscopic
Anatomy. Berlin, Tokyo: Springer-Verlag; 1985. pp. 22-30.

Deshaies Y, Willemot ], Leblanc J: Protein synthesis, amino acid uptake, and pools dur-
ing isoproterenol-induced hypertrophy of the rat heart and tibialis muscle. Can ] Physiol
Pharmacol. 1981; 59:113-121.

Mersmann HJ: Species variation in mechanisms for modulation of growth by beta-
adrenergic receptors. ] Nutr. 1995; 125:17775-1782S.

Hinkle RT, Hodge KM, Cody DB, Sheldon R], Kobilka BK, Isfort R]: Skeletal muscle
hypertrophy and anti-atrophy effects of clenbuterol are mediated by the 2-Adrenergic
receptor. Muscle Nerve. 2002; 25:729-734.

Beitzel F, Gregorevic P, Ryall ]G, Plant DR, Sillence MN, Lynch GS: 2-Adrenoceptor ago-
nist fenoterol enhances functional repair of regenerating rat skeletal muscle after injury.
J Appl Physiol. 2004; 96:1385-1392.

Young RB, Bridge KY, Strietzel CJ: Effect of electrical stimulation on beta-adrenergic
receptor population and cyclic amp production in chicken and rat skeletal muscle cell
cultures. In Vitro Cell Dev Biol Anim. 2000; 36:167-173.

Ishii K, Sowa K, Zhai WG, Akita M. Effects of a-isoproterenol on denervation atrophy in
orbicularis oculi muscle fibers. Histol Histopathol. 1998; 13:1015-1018.



[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]
[55]

[56]

Novel Methods to Study Angiogenesis Using Tissue Explants
http://dx.doi.org/10.5772/66400

Suzuki J, Gao M, Batra S, Koyama T: Effects of treadmill training on the arteriolar and
venular portions of capillary in soleus muscle of young and middle-aged rats. Acta
Physiol Scand. 1997; 159:113-121.

Suzuki ], Kobayashi T, Uruma T, Koyama T: Time-course changes in arteriolar and
venular portions of capillary in young treadmill trained rats. Acta Physiol Scand. 2001;
171:77-86.

Suzuki J: Effects of endurance training on skeletal muscle capillarity in IDDM model
rats. 2004; 7:1-7. http://s-ir.sap.hokkyodai.ac.jp/dspace/handle/123456789/6776

Price R], Owens GK, Skalak TC: Immunohistochemical identification of arteriolar devel-
opment using markers of smooth muscle differentiation. Evidence that capillary arteri-
alization proceeds from terminal arterioles. Circ Res. 1994; 75:520-527.

Price R], Skalak TC: A circumferential stress-growth rule predicts arcade arteriole for-
mation in a network model. Microcirculation. 1995; 2:41-51.

Paroo Z, Noble EG: Isoproterenol potentiates exercise-induction of Hsp70 in cardiac and
skeletal muscle. Cell Stress & Chaperones. 1999; 4:199-204.

Zouhal H, Jacob C, Delamarche P, Gratas-Delamarche A: Catecholamines and the effects
of exercise, training and gender. Sports Med. 2008; 38:401-423.

Hoffman BB, Lefkowitz RL: Catecholamines and sympathomimeric drugs. In: Gilman
AG, Rall TW, Taylor AS, editors. The Pharmacological Basis of Therapeutic drugs. New
York: Pergamon Press; 1990. pp.187-219.

Yamashita H, Sato N, Kizaki T, Oh-ishi S, Segawa M, Saitoh D, Ohira Y, Ohno H:
Norepinephrine stimulates the expression of fibroblast growth factor 2 in rat brown adi-
pocyte primary culture. Cell Growth Differ. 1995; 6:1457-1462.

Cotter M, Hudlicka O, Pette D, Staudte H, Vrbova G: Changes of capillary density and
enzyme pattern in fast rabbit muscles during long-term stimulation. ] Physiol. 1973;
230:34P-35P.

Brown MD, Cotter MA, Hudlicka O, Vrbova G: The effects of different patterns of mus-
cle activity on capillary density, mechanical properties and structure of slow and fast
rabbit muscles. Pflugers Arch. 1976; 361:241-250.

Hudlicka O, Tyler KR: The effect of long-term high-frequency stimulation on capillary
density and fibre types in rabbit fast muscles. ] Physiol. 1984; 353:435-445.

Hudlicka O: Growth of capillaries in skeletal and cardiac muscle. Circ Res. 1982; 50:451-461.

Ohno Y, Yamada S, Sugiura T, Ohira Y, Yoshioka T, Goto K: Possible role of NF-xB sig-
nals in heat stress-associated increase in protein content of cultured C2C12 cells. Cells
Tissues Organs. 2011; 194:363-370.

Goto K, Okuyama R, Sugiyama H, Honda M, Kobayashi T, Uehara K, Akema T, Sugiura
T, Yamada S, Ohira Y, Yoshioka T: Effects of heat stress and mechanical stretch on

339



340 Physiologic and Pathologic Angiogenesis - Signaling Mechanisms and Targeted Therapy

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

protein expression in cultured skeletal muscle cells. Pflugers Arch. 2003; 447:247-253.
d0i:10.1007/s00424-003-1177-x

Iwata M, Nishihama K, Tsuchida W, Suzuki S: The hypertrophic effect of electrical pulse
stimulation on cultured skeletal muscle cells. ] Health Sci, Nihon Fukushi Univ. 2013;
16:1-7.

Milkiewicz M, Doyle JL, Fudalewski T, Ispanovic E, Aghasi M, T Haas TL: HIF-1at and
HIF-2a play a central role in stretch-induced but not shear-stress-induced angiogenesis
in rat skeletal muscle. ] Physiol. 2007; 583:753-766.

Hang J, Kong L, Gu JW, Adair TH: VEGF gene expression is upregulated in electrically
stimulated rat skeletal muscle. Am ] Physiol. 1995; 269(5 Pt2):H1827-1831.

Annex BH, Torgan CE, Lin P, Taylor DA, Thompson MA, Peters KG, Kraus WE:
Induction and maintenance of increased VEGF protein by chronic motor nerve stimula-
tion in skeletal muscle. Am J Physiol. 1998; 274(3 Pt2):H860-867.

Hudlicka O: Is physiological angiogenesis in skeletal muscle regulated by changes in
microcirculation? Microcirculation. 1998; 5:7-23.

Forsythe JA, Jiang BH, Iyer NV, Agani F, Leung SW, Koos RD, Semenza GL: Activation
of vascular endothelial growth factor gene transcription by hypoxia-inducible factor 1.
Mol Cell Biol. 1996; 16:4604—4613.

Hudlicka O, Price S: The role of blood flow and muscle hypoxia in capillary growth in
chronically stimulated fast muscles. Pflugers Arch. 1990; 417:67-72.

Xiang Y, Liu H, Yan T, Zhuang Z, Jin D, Peng Y: Functional electrical stimulation-facil-
itated proliferation and regeneration of neural precursor cells in the brains of rats with
cerebral infarction. Neural Regen Res. 2014; 9:243-251. doi:10.4103/1673-5374.128215

Shi M, Ishikawa M, Kamei N, Nakasa T, Adachi N, Deie M, Asahara T, Ochi M:
Acceleration of skeletal muscle regeneration in a rat skeletal muscle injury model by
local injection of human peripheral blood-derived CD133-positive cells. Stem Cells.
2009; 27:949-960. d0i:10.1002/stem.4.

Masumoto H, Ikuno T, Takeda M, Fukushima H, Marui A, Katayama S, Shimizu T, Ikeda
T, Okano T, Sakata R, Yamashita JK: Human iPS cell-engineered cardiac tissue sheets
with cardiomyocytes and vascular cells for cardiac regeneration. Sci Rep. 2014; 4:6716.
doi:10.1038/srep06716.



Section 5

Pro-angiogenic and Anti-angiogenic Therapies







Chapter 17

Therapeutic Angiogenesis: Foundations and Practical
Application

Pavel Igorevich Makarevich and
Yelena Viktorovna Parfyonova

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/66411

Abstract

Angiogenesis as therapeutic target has emerged since early works by Judah Folkman,
yet his “holy grail” was inhibiting vascular growth to block tumor nutrition. However, in
modern biomedicine, “therapeutic angiogenesis” became a large field focusing on stimu-
lation of blood vessel growth for ischemia relief to reduce its detrimental effects in the
tissues. In this review, we introduce basic principles of tissue vascularization in response
to ischemia exploited in this field. An overview of recent status in therapeutic angiogen-
esis is given with introduction to emerging technologies, including gene therapy, genetic
modification of cells ex vivo and tissue engineering.

Keywords: therapeutic angiogenesis, growth factors, cytokines, gene therapy, cell
therapy, plasmid, viral vector

1. Introduction

Blood vessel growth is a natural process driven by multiple stimuli of which hypoxia is one of
the strongest inducing potent response until O, pressure is normalized by the blood coming
through de novo formed vasculature. However, a large group of diseases is caused by hypoxic
orischemicstate of tissue. These include peripheral artery disease (PAD) and intermittent clau-
dication (IC), coronary heart disease (CHD), myocardial infarction (MI) and ischemic stroke.
Accompanied by endothelial dysfunction and age-related reduction of angiogenic response,
they result in disabilities and mortality rate of 25-25% annually. Existing strategies for surgi-
cal bypass or endovascular interventions have limited efficacy as far as a cohort of non-option
patients expands reaching 25-50% after certain extent of disease progression. Moreover, long-
term prognosis after most interventions is negative as grafts undergo restenosis and vascular
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biocompatible prosthetics are yet to come for wide application. This drew attention of physicians
and researchers to the concept of angiogenic therapy to stimulate body’s own resource and
form new blood vessels to relieve ischemia. During recent decade the field of biomedicine
known as therapeutic angiogenesis evolved rapidly using protein delivery, gene therapy, cell
therapy and tissue engineering for induction of vessel growth and overview of its basic con-
cepts and recent achievements will be presented to the reader in chapters below.

2. Biological foundations of therapeutic angiogenesis

Postnatal growth of blood vessels is mediated by three mechanisms: vasculogenesis, angio-
genesis and arteriogenesis [1]. Vasculogenesis is de novo formation of vasculature from spe-
cific progenitor or stem cells; however, it is attributed to prenatal period and after birth its
role is unclear [2] and major extent of blood vessel formation involves two other mechanisms
focusing our attention on them. Molecular and cellular basics underlying these processes
became the cornerstones of therapeutic angiogenesis and become the source of novel objects
for applied researchers and translational medicine.

2.1. Angiogenesis: hypoxia-driven growth of blood vessels

Angiogenesis is the formation of a blood vessel de novo, yet in contrast to vasculogenesis, it
relies on migration, proliferation and sprouting of existing endothelial cells (EC) comprising
capillaries. The latter are small (8-15 um) vessels lacking tunica media responsible for majority
of tissue blood supply and O,/CO, exchange [3]. Reduction of tissue O, induces angiogenesis
response in health (intense exercise, tissue growth, etc.) and in disease: in the case of inter-
rupted or declining supply due to atherosclerotic lesions or anemia [4]. Under normal condi-
tion, capillaries are stabilized by autocrine and paracrine stimuli (Notch1 axis, angiopoietins,
thrombospondin, angiostatin, transforming growth factor (TGF)-3, etc.) that balance influ-
ence of pro-angiogenic cytokines within blood vessels’ vicinity (vascular endothelial growth
factors (VEGFs), fibroblast growth factors (FGFs), hepatocyte growth factor (HGF), platelet-
derived growth factor (PDGF)). Hypoxia dislodges this balance toward angiogenic events and
this is mediated by O,-sensitive system existing in a variety of cells including EC themselves,
smooth muscle cells (SMC), pericytes and fibroblasts. Cells respond to hypoxia via a system
of hypoxia-induced factors (HIFs) [5] —a group of heterodimeric transcription regulators con-
trolled by O,-sensitive prolyl hydroxylases. Briefly, stability of HIFs is increased drastically
in hypoxic environment resulting in their binding to hypoxia-responsive elements within
promoter regions of genes increasing their expression [6]. HIF-dependent genes include a
vast array of cytokines stimulating EC proliferation, blood vessel sprouting and, thus, labeled
“angiogenic growth factors” [7, 8]. The latter include soluble growth factors associated with
EC proliferation and differentiation (acidic FGF (aFGF), basic FGF (bFGF), HGF, VEGFs) [9,
10] and cytokines bound to extracellular matrix (ECM) and released during its cleavage [11].
These changes induce EC proliferation and migration forming a vascular sprout guided by
a “tip cell.” This cell follows a gradient of concentration and produces matrix metallopro-
teinases (MMPs) and urokinase (uPA) to cleave the ECM [12], releasing growth factors and
basically tunneling ECM followed by “stalk cells” that form a new capillary [13]. After lumen
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formation occurs normalized blood supply switches off hypoxic stimuli, “tip cells” lose
their phenotype and proteolytic potential [14] commencing microenvironment stabilization.
Expression of tissue metalloproteinase inhibitors and DI114-Notch1 axis [15] induction in EC is
followed by reestablishment of a balanced state between pro- and antiangiogenic molecules
in the tissue leaving a new capillary-sized blood vessel [16]. However, it should be mentioned
that this sequence of events never occurs as a perfectly tuned mechanism. “Stub” branches
are formed and must be removed, certain “tip cells” fail to form a sprout and maturation of
vascular network includes dissociation of certain anastomoses [16], which overall describes
angiogenesis as a dynamic process modulated by multiple stimuli [17]. Finally, under influ-
ence of stabilizing signals from surrounding EC, pericytes and stromal cells, the vascular bed
returns to normal steady state.

2.2. Arteriogenesis: shear stress-induced vascular remodeling

Arteriogenesis is triggered by rise of shear stress after an occlusion and induces collateral
vessel remodeling forming a bypass 20-100 um in diameter with developed tunica media.
Arteriogenesis may occur gradually (e.g., in increasing stenosis of a large-caliber artery) or
can be triggered by a rapidly developed occlusion with both situations are to result in effec-
tive blood flow delivery “around an obstacle” to distal portions of the limb or organ [18].
Certain studies show that collateral remodeling can be reversible till certain point of this pro-
cess in case shear stress drops to normal after thrombolysis or surgical thrombectomy [19].
Effective arteriogenesis may bypass up to 30-40% of basal blood flow in critical stenosis and
thrombosis, which is sufficient for tissue survival. However, its efficacy is drastically reduced
in disease and with aging [20]. Smoking-related hypercoagulation, hypertension and diabetes
also limit arteriogenic response resulting in critical level of ischemia and tissue loss [21].

After pressure rise in collaterals above the site of thrombosis, shear stress induces EC
membrane deformation and flow-sensitive ion channels activate downstream MAP-kinase
(ERK1/2, Rho, etc.) phosphorylation and expression of, growth factors, adhesion molecules
and chemokines (interleukin-8, macrophage chemoattractant proteins, etc.) [20]. Eventually
leukocytes begin to “roll” on EC surface resembling inflammatory changes of vascular func-
tion and infiltrate the collateral’s wall [22]. Pivotal role in wall thickening is played by mono-
cytes and their differentiated forms—macrophages and dendritic cells. Their function is not
limited to ECM and basal lamina cleavage by MMP and uPA production to destabilize the
collateral and make it “flexible” [23], but they seem to profoundly change the properties of
the blood vessel by induction of SMC proliferation and hypertrophy [24]. Under these influ-
ences, media thickness may increase 3- to 4-fold and collateral vessel’s volume can enlarge up
to 20-fold [25]. Moreover, monocytes produce a wide spectrum of angiogenic and mitogenic
cytokines, some of which have antiapoptotic properties required for tissue protection [26].
The role of monocytes and macrophages has been especially emphasized in cardiac arterio-
genesis where immunosuppressive steroid hormones [27], anti-inflammatory therapies and
even aspirin [28] have been shown to negatively impact the outcomes and collateral remodel-
ing. Toxic depletion of monocytes by clodronate reduced arteriogenesis in cryo-injured myo-
cardium and led to decreased ventricular function and higher mortality [29]. As collaterals
increase shear stress stimulus is relieved and EC reduce production of chemokines and lose
their “adhesive” phenotype. Macrophages limit production of proteolytic enzymes and start
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ECM reconstruction producing collagens, laminin and elastin and forming adventitial and
medial portions of a new arterial vessel.

Typically, we mention “therapeutic angiogenesis” referring gene or cell therapy to relieve isch-
emia. Nevertheless, one may see that angiogenesis and arteriogenesis share common media-
tors—namely growth factors and enzymes, ECM components, EC activation, etc. Eventually,
for adequate function therapeutic angiogenesis has to rebuild both—medium/large-caliber
arteries providing influx of blood and capillary-sized vessels that deliver it to the cells.

3. Therapeutic angiogenesis: methods and approaches

3.1. Protein-based therapeutics

After the discovery of proteins with angiogenic effects, the concept of their therapeutic appli-
cation was introduced by the 1990s and a vast array of animal studies was published to dem-
onstrate angiogenic efficacy of recombinant protein delivery. Going beyond the VEGF family,
experimental works showed induction of angiogenesis by FGFs, HGF, PDGF and placental
growth factor (PIGF) in small rodents and rabbits [30, 31]. Injection of these cytokines to isch-
emic tissue or blood vessels increased perfusion and vascular density. However, promise of
this method was questioned as far as achievement of local pharmacological concentration by
injection was extremely expensive (especially for human body mass) and half-life of most
cytokines was too low to render potent effects [32]. Furthermore, little was known on pharma-
cokinetics of recombinant proteins delivered intravascularly and their potential involvement
in tumor growth and chance of “washout” to systemic blood flow raised safety concerns.

In 2000, the first clinical trials of recombinant human bFGF were initiated in PAD/IC patients
after a pilot study showing safety and tolerance of intra-arterial delivery of bFGF solution.
Unfortunately, it was halted prior to completion of protocol due to urinalysis data revealing
proteinuria in bFGF-treated subjects and no positive changes of endpoints at the moment when
the trial was put to a premature end [33]. The final attempt to achieve success in the field was the
Therapeutic angiogenesis with recombinant fibroblast growth Factor-2 for intermittent claudi-
cation (TRAFFIC) randomized placebo-controlled trial in patients with PAD showing signifi-
cant improvement in walking time and ankle-brachial index (ABI) in bFGF group. However,
safety profile was compromised and yet no cardiac adverse effects or evidence for tumor forma-
tion was found in recurrent cases of proteinuria and signs of nephrotoxicity were an issue [34].

These results were as disappointing as valuable for the field and suggested that gene ther-
apy with its local sustained expression of desired protein is the best alternative possible [32].
Recently, no further attempts to implicate protein delivery for therapeutic angiogenesis were
made in clinics and advantages of other methods are exploited to patients’ benefit.

3.2. Gene therapy for angiogenesis

Gene therapy relies on delivery of genetic information by introduction of nucleic acids to
target cells/tissues using vector systems. This results in local expression and production of
desired protein over a certain period depending on vector used and properties of tissue. First
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experiments indicating possibility of in vivo gene delivery using simple injection of a recom-
binant plasmid DNA (pDNA) opened the gate for hundreds of studies published within the
last two decades [35].

As far as the “cornerstone” of gene therapy is the vector system, a brief overview of exist-
ing options is required. General concept in the field is that all vectors can be divided into
“viral” and “nonviral” subgroups covering nearly any possible way of genetic material deliv-
ery. Among nonviral vectors, pDNA is the most widely used due to its long-studied safety
profile, ease of production and low immunogenicity allowing repetitive administration [31,
36]. Moreover, plasmids are feasible for combined delivery of several growth factors by mix-
ing them in a formulation or generating a multicistronic vector. However, low transfection
efficacy (0.5-2.0% in various tissues) in large mammals including human is an efficacy-limit-
ing issue for pDNA [37]. Viral delivery systems comprise a broad spectrum of recombinant
or chimeric viruses of different capacity having a great potential. The latter is due to high
transduction efficacy and long expression period accompanied by tissue tropism in certain
viruses. However, disadvantages are safety issues: immune reactions and risk of carcinogen-
esis due to integration to host genome. The most widely spread vectors include adeno- [38],
adeno-associated [39] and retroviruses, yet in therapeutic angiogenesis, the latter have limited
application due to high risk of insertional mutagenesis [40]. Recent progress of molecular
engineering allowed development of optimized viral systems exploiting their advantages as
well as novel more effective pDNA systems [41, 42].

Period of growth factor-based gene delivery dates back to the seminal study by Dr. J. Isner [43]
who used injection of pPDNA encoding VEGEF-A 165 (VEGF165) isoform to succeed in treatment
of a non-option patient with critical limb ischemia. “First in-human” data were supported by
Baumgartner et al. who found increased collateral formation after intramuscular delivery of
VEGF165 and EC proliferation in amputation material providing proof of mechanism [44].
Later a number of vectors using VEGF-A and its isoforms were evaluated in experimental and
clinical trials making it the most intensively studied object in therapeutic angiogenesis.

Among numerous clinical examples, one may highlight the first “head-to-head” comparison
of adenovirus with VEGF165 (Ad-VEGF165) and liposome-packed pDNA-VEGF165 in PAD
patients undergoing angioplasty. The trial showed low clinical efficacy of both approaches—
Rutherford severity class stayed comparable to control group yet vascular density was
increased after treatment [45]. This and other studies using catheter delivery hinted that this
method lacks site specificity and intramuscular injection technique was generally adopted.
However, initial Groningen double-blind placebo-controlled trial intramuscular injection of
PDNA-VEGF165 in PAD patients with diabetes mellitus failed the primary endpoint (ampu-
tation rate), yet improvements in ulcer healing, TcO, and ABI were observed [46].

Later, Regional angiogenesis with VEGF (RAVE) trial was the first double-blind placebo-con-
trolled trial of VEGF-A 121 isoform (VEGF121). This cytokine is considered to have better
solubility than VEGF165 isoform as it lacks a heparin-binding domain [47]. Key feature of
this study was an attempt to perform dose optimization of Ad-VEGF121 dividing 105 patients
with PAD/IC into three subgroups that received a single session of 20 intramuscular injections
of AAVEGF165 delivering low dose (4 x 10° particles), high dose (4 x 10" particles), or placebo.
Final assessment after 12 weeks revealed no significant differences in endpoints between
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control and treatment subgroups, yet dose-dependent increase of edema adverse effect was
observed. Indeed, since first studies delivery of VEGF-A isoforms was haunted by evidence
of edema formation due to its influence on endothelial permeability [48] with certain authors
claiming this was a putative reason for low efficacy of therapy [49].

Trials in MI patients were initiated as early as in 1998 using a pPDNA-VEGF165 showing good
safety profile and no positive changes [50]. It was followed by Kuopio Angiogenesis Trial [51]
using a comparative design with Ad-VEGF165 or pDNA-VEGF165 delivery by intramyocardial
injection during transcutaneous angioplasty. In this trial, no differences between control and
treatment groups were found, yet at 6 months after injection of Ad-VEGF165, myocardium per-
fusion was higher than pDNA-VEGF165, which was attributed to its high transduction efficacy.
Eurolnject One trial gave similar results showing no significant improvement of myocardial
perfusion after injection of pPDNA-VEGF165, yet local contractility was higher than control [52].

Trials using delivery of HGF were initiated and conducted by Dr. Morishita’s group aiming
to treat PAD by intramuscular injection of pPDNA-HGF. Encouraging results in animal models
[31, 53] promoted clinical translation and after safety assessment a Phase II trial was initiated
comparing single and repeated dose of pPDNA-HGEF in favor of multiple injections: only this
dosing regimen showed improvement of TcO, compared to control [54]. Further results in
a placebo-controlled I/Ila phase trial showed good safety with no traces of secreted HGF in
peripheral blood and repeated injection of 8 mg pDNA-HGF showed significant improve-
ments of secondary endpoints (ulcer size, ABI and pain reduction) [55]. Similar results were
obtained in a placebo-controlled trial in PAD patients where by the end of week 12, 70%
decrease of ulcer size was observed [56]. Further attempts to increase efficacy included the
use of a bicistronic plasmid encoding two forms of HGF named dHGF and cHGF. They were
evaluated in animal models showing better perfusion after expression of dHGF + cHGF than
each one alone [57]. Clinical trial of this approach in PAD patients showed that multifocal
intramuscular injections of 4-16 mg of pDNA-dHGF/cHGF resulted in improvement within
3 months independently of dose: rest and walking pains reduced and a trend toward ulcer
healing and increase of TcO, was observed [58].

Overall, we may expect HGF-based drugs to become the first widely marketed for PAD—in
Japan it has been registered under “Collategene” name and now undergoes stage III clinical
trial in PAD cohort. Furthermore, despite HGF has never been tested for MI treatment in clini-
cal settings, preclinical assessments indicate that it may be effective as it has antifibrotic and
angiogenic mode of action that can be a good option for this disease or subsequent ventricular
failure due to tissue scarring [53, 59].

Fibroblast growth factor has been the first used in protein delivery and gene therapy studies
were to follow as soon as it gained attention. Therapeutic angiogenesis leg ischemia study
for the management of arteriopathy and non-healing ulcer (TALISMAN-201) have evaluated
PDNA-FGF-1 in no-option PAD patients [60] and showed improvements as decreased ampu-
tation rate within 1 year after treatment [61] and its prospective part showed reduced general
mortality in treated subjects [62]. However, phase III placebo-controlled “TAMARIS” (n = 525)
trial drew disappointing results and all primary endpoints including amputation events failed
to improve after treatment by pDNA-FGF-1 [62, 63]. Similar results obtained in OPTIMIST and
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EuroOPTIMIST trials indicated safety and lack of efficacy after treatment and lead to wrap-
ping up of this prospective drug testing. Nevertheless, in a follow-up stage, important safety
data showing no increased cancer, stroke, or MI in FGF-treated patients was obtained and
positively impacted new proceedings in the field [64].

In MI patients, FGF-4 was delivered using an intracoronary injection of an adenovirus with
this gene (Ad-FGF-4) in an Angiogenic gene therapy (AGENT) trial. Result evaluation showed
that the only subgroup with reduced size of ischemic myocardium after treatment was female
patients when compared to male subgroup. The authors speculated that it may be attributed
to higher extent of microcirculatory disorders in females [65, 66] accompanied by fewer criti-
cal stenosis typical in men [67]. As far as FGF-4 is known to positively influence endothelial
function, this might have been the mechanism for observed changes in the trial. Among other
therapeutic factors used for stimulation of angiogenesis, HIF-1a and development endothe-
lial locus-1 (DEL) are both worth a mention as far as they made it to the bedside in recent years
using adenovirus or pDNA vectors. However, trials showed minimal improvement in PAD
patients and further evaluations were ceased up to date [68, 69].

Overall despite failure to show expected efficacy in clinic, gene therapy is safe and well toler-
ated by patients showing little evidence although long-term evaluations are yet to be com-
pleted. Key obstacle in pPDNA-mediated gene therapy relates to transfection efficacy and thus
protein production levels after administration [70]. Viral vectors show some promise in solv-
ing the problem, yet optimization of dosage regimen, delivery routes and administration pro-
tocols also provide a field for further development.

From the point of translational potential, pPDNA-based gene therapy has the best safety
profile and the best results are definitely yet to come in the following years yet points for
improvement are obvious. Efficacy improvement in gene therapy can be achieved by com-
bined approaches basing on the point that angiogenesis is a dynamic process controlled by
numerous cytokines, each playing its party in initiation/cessation of different stages. This puts
the basis for combined gene therapy to treat ischemia with higher efficacy and it has been
supported by experimental findings using VEGF165 combined with another pro-angiogenic
growth factor: bFGF [71], PDGF [72], angiopoietin-1 [73], or Stromal cell-derived factor-1a
(SDEF-1a) [74]. Our previous experience in mouse hind limb ischemia model showed that com-
bination of VEGF165 and uPA [75] or HGF [76] induced angiogenic response more effectively
than each factor alone or allowed to reduce pDNA dose for combined delivery [75]. A crucial
transcription factor in angiogenesis, HIF-1a, was also used for combined gene therapy with
VEGF165 showing good results in animal model [77] as well as bFGF + heme oxygenase-1
(HO-1) [78]. Regarding the latter, it is known that HO-1 is an important regulator of endo-
thelial function with protective function. Its expression is known to induce angiogenesis in
ischemic tissues and blockade or knockout reduces EC proliferation and motility and thus
capillary growth [79].

Triple combined gene therapy has not been evaluated for angiogenesis, yet a study was
published where controlled release scaffolds containing a mix of VEGF165, HGF and angio-
poietin-1 or their double combinations were evaluated for enhancing efficacy of endothe-
lial progenitor cell (EPC) therapy. Triple combinations resulted in significantly higher
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SMC counts indicating more efficient vessel stabilization due to angiopoietin-1 effects on
perivascular cell chemotaxis [80].

Authors claimed that the use of VEGF165 + another cytokine typically leads to decreased
edema and vascular permeability: this has been shown for a well-known stabilizing cyto-
kines—angiopoietin-1 [73] and HGF [81]. Thus, another rationale for combined therapy is
decrease of certain “side effects” observed in “monotherapy” by VEGF as a key player in gene
therapy. The latter point is not limited to reduction of adverse reactions, but also arises from a
large spectrum of pleiotropic effects of cytokines. For example, VEGF may act as a pro-inflam-
matory cytokine by induction of nuclear factor x-B, while HGF [82] or angiopoietin-1 shows
antagonistic effects leading to reduction of VEGF-driven cell adhesion and inflammation [83].
Indeed, this has been confirmed in a number of in vitro tests and skin inflammation model
indicating that these properties may be utilized for development of next-generation gene
therapy drugs for angiogenesis exploiting pleiotropy of cytokines besides their main angio-
genic effect. Another approach is delivery of growth factors in two sessions apart in time: for
example, pre-treatment by angiopoietin-1 pDNA resulted in better angiogenic response after
subsequent pDNA-VEGF165 injection in mouse hind limb ischemia model hinting time of
administration as an important factor for efficacy [84].

3.3. Cell therapy and ex vivo modified cells

Cell therapy is a promising tool for regenerative medicine and therapeutic angiogenesis using
progenitor or stem cells” ability to self-renew and mediate tissue repair. For potential use of cell
therapy for vascular repair, one of the most intriguing findings was the discovery of endothe-
lial progenitor cells (EPC) in circulating blood which hinted involvement of postnatal vasculo-
genesis in perfusion restoration [85]. However, further works sparkled controversy about EPC
phenotype, origin [86], role in recovery from disease and even existence. Report by Prokopi
et al. [87] claimed that EPC can be false-detected as endothelium-like (CD31/vWF+) mono-
cytes in cultures due to phagocytosis of residual platelets rich with these protein markers.

Clinical trials up to date focus on delivery of bone marrow (BM) cells for induction of
angiogenesis. These studies evaluated effects of BM mesenchymal stem cells (BM-MSC) or
mononuclear cells (BM-MNC) delivered by intramuscular or intravascular injection in PAD
patients. Most studies supported efficacy and indicated improvement in evaluated endpoints:
ABI, pain-free walking distance, TcO,, ulcer healing, or amputation-free period. However,
some pivotal trials are to be mentioned in detail for better understanding of the field’s status.

First set of crucial data was obtained during “head-to-head” comparison of different cell
types to identify the optimal cell source. In a double-blind randomized study, administra-
tion of BM-MSC to diabetic PAD patients with foot ulcerations showed efficacy superior to
BM-MNC [88]. Subjects that received BM-MSC showed complete ulcer healing 4 weeks earlier
than BM-MNC; perfusion assessment, pain-free walking time, ABI and angiography data also
spoke in favor of BM-MSC as a more effective cellular angiogenic agent [88].

However, limitation of BM-based treatment is invasive procedure to obtain material and alter-
native approach was proposed using peripheral blood mononuclear cells (PB-MNC) mobi-
lized by granulocyte colony-stimulating factor (G-CSF) pre-administration. Feasibility of this
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approach was obvious and a trial was initiated to confirm its efficacy compared to BM-MNC
enrolling a total of 150 patients split in two groups. After 12 weeks of observation, PB-MNC
patients showed significantly higher limb temperature, ABI and reduced rest pains than
BM-MNC. Yet no difference was found in TcO,, ulcer healing rate and amputation frequency
hinting that two methods showed comparable efficacy profile with a trend to PB-MNC appli-
cation due to feasibility and endpoint improvements [89]. Interestingly, a trial of conventional
therapy + G-CSF monotherapy was compared to BM cells and in these groups, improvements
in ABI and TcO, were comparable and significantly better than in conventional drug therapy
control. This was an intriguing finding which showed that mobilization of endogenous mono-
nuclear cells (MNC) was sufficient to replace BM grafting and injection [90].

Another source of cells for therapeutic angiogenesis is adipose-derived mesenchymal stromal
cells (AD-MSC). Despite sources of mesenchymal stem cells (MSC) are not limited to adipose
tissue, these adult stromal cells can be isolated from samples obtained during lipoaspiration or
surgery. Taken together with ease of expansion, well-established phenotype and abundance
in healthy individuals, it makes AD-MSC an excellent object for autologous and allogeneic
use for angiogenesis stimulation [91]. Published experimental studies show that AD-MSC use
their paracrine potential for induction of angiogenesis and support of collateral remodeling
[92]. This is referred as “bystander effect” to emphasize that AD-MSC render their effects by
paracrine mechanism in contrast to previously existing opinion about their significant ability
to differentiate into specific vascular cells and EC in particular [93].

These cells have not been evaluated in PAD or MI clinical trials yet and considered to be a
very attractive option to complement existing strategies. Certain factors limiting potency of
AD-MSC exist including donors” age [94], comorbidities and effects of ex vivo culture [95].
However, improvement can be achieved by manipulation of cells’ paracrine activity, e.g., by
viral transduction to increase expression of cytokines forming an “alliance of gene and cell
therapy” for higher efficacy [96]. This approach has become possible after development of
effective viral gene delivery systems as far as pDNA transfection in primary human cultures
was extremely low or at the level of toxicity exerted by transfection reagents [97]. Modification
of cells intended for therapy use in performed ex vivo after sufficient amount of material is
obtained in appropriate culture condition. Selection of a viral vector depends on safety pre-
cautions and vector capacity for genetic material; however, cDNA of most angiogenic cyto-
kines “fit” into commonly used adenoviruses or adeno-associated virus (AAV).

This method has been tested in animal models of ischemia using exogenous delivery
of VEGF165 [98], insulin-like growth factor-1 [99], HO-1 [100], or other genes to different
types of cells: AD-MSC, EC, BM-MSC, etc. In majority of reports, modification resulted in
improvement of response after delivery to ischemic tissue. In our experience, administration
of human VEGF165-expressing AD-MSC to ischemic limb of immunodeficient mice resulted
in enhanced perfusion and vascular density superior to control cells. Furthermore, muscle
necrosis was minimal in this group indicating enhanced blood supply and antiapoptotic
effects of VEGF165 as mode of action [98].

Application of modified stem cells for induction of angiogenesis may be limited in coming
years unless safety of modification and full extent of its influence on biological properties
of cells is understood. Ex vivo modified cells are widely used for treatment of oncology and
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hereditary disease where benefit for patient overwhelms existing risks [101]; however, for
treatment of PAD and MI, additional measures of precaution will be required prior to active
clinical trials. Nevertheless, recently a group led by Dr. J. Laird began a phase I trial to evalu-
ate the use of VEGF-expressing MSC in patients with critical limb ischemia. The trial is now
ongoing with expected completion in 2017 and preclinical data indicated good safety profile
with long-term expression of VEGF in MSC after viral modification [102]. Recent progress in
virus biology and gene engineering allowed development of safer vector systems with con-
trolled expression, integration, or directed insertion to genomic “safe harbors” where they
induce minimal to none disturbances [103]. Preclinical evaluation of these systems is expected
to give more data on long-term impact of modification and facilitate translation.

4. Cell sheets: minimal tissue-engineered constructs

Cell sheets (CS) were first introduced by Dr. Okano’s group and occupied a niche between
3D tissue engineering and 2D cell cultures used to obtain therapeutic cellular materials [104].
Briefly, CS is an attached mono- or multilayered xeno-free construct that consists of viable
cells with ECM produced by these cells. Application of this method allowed to circumvent
a crucial setback observed in a number of experimental works—poor survival of cells used
for therapeutic interventions. One of main reasons for this is procedure of detachment by
proteolytic enzymes leading to disruption of ECM (along with deposited cytokines) and loss
of intercellular contacts resulting in anoikis and high prevalence of cell death aggravated
by passage of cells through a catheter or needle causing mechanical damage. Loss of cells
implanted to the tissue by injection in suspended form is estimated as 40-75% within the
first 3 days [105], while CS limits this damage to minimum keeping the cells viable after
delivery and enhancing their engraftment [106]. Furthermore, ECM proteins delivered as
a part of the construct are known to have a beneficial impact on regeneration and do not
have toxic or immunogenic features of chemical or xenogeneic scaffolds. Generation of CS is
possible from MSC, fibroblasts, EC, skeletal myoblasts, induced pluripotent stem cells and
cardiomyocytes derived from them, BM cells and cardiac progenitor cells [107]—literally,
any adherent cell culture after it produces enough ECM to stand mechanical manipulation
[108]. CS can be used to cover a significant surface making it a good technique for superficial
lesions, cardiomyoplasty and ophthalmologic and microsurgical manipulations. Numerous
clinical trials are being run in Japan these years to reveal their full potential in a wide array
of disorders [109].

In relation to angiogenesis, this technique was evaluated in MI models using CS from skeletal
myoblasts, AD-MSC, or cardiac progenitor cells showing their ability to generate vascular-
ized additional layer of tissue and facilitate vascular growth in underlying tissue [110, 111].
This resulted in improved ventricular function, limited MI size and fibrosis and favorable
outcomes in experimental animals. Comparative study of CS vs. injection of suspended cells
showed CS to be superior in terms of most functional and histological endpoints analyzed
and using a bioluminescent method, the authors reported higher survival of transplanted
rat neonatal cardiomyocytes after CS delivery compared to injection [112]. Recently, clinical
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application of CS from autologous skeletal myoblasts has begun to treat severe heart failure
patients with left ventricular assist devices. Delivery of multilayered constructs resulted in
ejection fraction increase sufficient to remove the device and postpone heart transplant as well
showing good potential of this approach [113].

In limb ischemia and diabetes, CS are generally considered to be a tool for ulcer treatment
and indeed numerous clinical trials have been initiated within last years. However, our
group has been extensively investigating application of CS as an angiogenic therapy in PAD.
We have found that subcutaneous delivery of CS from AD-MSC to mice with limb ischemia
resulted in robust angiogenic response and CS were superior to dispersed cells in terms
of tissue perfusion and vessel density [114]. This piece of evidence provided basis for CS
application in PAD indicating that their potential is not limited to cutaneous healing but that
paracrine factors are capable to induce angiogenic response in ischemic muscle. Our data
were supported almost at the same time in a study by Bak et al. who used mixed CS from
SMC and EC for successful treatment of experimental limb ischemia in mice by subcutane-
ous delivery [115].

Further improvement of CS potential is possible by application of ex vivo modification to
express growth factors and discussed above. Our group’s experience with viral vectors
expressing VEGF165 suggested robust increase of angiogenesis in MI and limb ischemia
after delivery of sheets from AD-MSC expressing VEGF165 after viral transduction [114, 116].
Effect of these constructs was superior to control CS and we observed no changes in immune
response to genetically modified sheets or cell proliferation/viability within them [114].

Overall, application of CS for therapeutic angiogenesis is a new field and its expansion is
expected within next years. These constructs are feasible from a translational point of view as
far as they do not contain xenogeneic, artificial, or cadaveric materials circumventing many
ethical and safety problems in translation.

5. Concluding remarks

Overall, therapeutic angiogenesis has accumulated a “critical mass” of evidence and
approaches that would allow its application in practice within the next 10-15 years expand-
ing the capabilities of treatment. However, possibility to shift from initially used non-option
or critical patients may lead to better results in clinical trials, especially in gene therapy, where
numerous failures put the whole concept under question several years ago. Development of
cell therapy was accompanied by a large framework of regulatory, legal, ethical and indus-
trial work to ensure safety and patients” benefit. Number of clinical trials is growing every
year and fortunately no serious evidence for adverse events or other risks for subjects’ health
and well-being was found up-to-date.

Therapeutic angiogenesis has become one of the pioneer methods in translational medicine
and its full potential is yet to be unleashed especially in the field of ex vivo modification and
tissue-engineered approaches to increase efficacy and ensure safety.
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Abbreviations

AAV adeno-associated virus

(a/b)FGF (acidic/basic) fibroblast growth factor
ABI ankle-brachial (pressure) index
AD-MSC adipose-derived mesenchymal stem cells
BM-MNC bone marrow mononuclear cell(s)
BM-MSC bone marrow mesenchymal stem cell(s)
CHD coronary heart disease

CS cell sheet

EC endothelial cell(s)

ECM extracellular matrix

G-CSD granulocyte colony-stimulating factor
HGF hepatocyte growth factor

HIFs hypoxia-induced factors

HO-1 heme oxygenase-1

IC intermittent claudication

MI myocardial infarction

MMP matrix metalloproteinase

MSC mesenchymal stem cell(s)

PAD peripheral artery disease

PB-MNC peripheral blood mononuclear cell(s)
pDNA plasmid DNA

PIGF placental growth factor

SDF-1a Stromal cell-derived factor-1a

SMC smooth muscle cell(s)

TcO, transcutaneous O, pressure

TGF transforming growth factor

uPA urokinase plasminogen activator
VEGF vascular endothelial growth factor
vWF von Willebrand factor

PDGF platelet-derived growth factor
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Abstract

Cellular therapies for patients with ischemic muscle have been limited by poor cell reten-
tion and survivability. Platelets are a robust source of growth factors and structural pro-
teins, and extracts from this peripheral blood component may be manipulated to improve
both cell retention and survivability in percutaneous delivery methods. Human platelet
lysate is generated from pooled human platelets and contains a growth factor milieu
that promotes robust human mesenchymal stem cell (MSC) proliferation without risk
of xenogenic contamination. As such, platelet lysate is a practical alternative to animal
serum for MSC culture and, with minor adjustments to the production process, can also
be used as a scaffold for cell delivery. Human platelet lysate is a promising substrate
that can provide nutritive delivery both in vitro and during cell implantation, potentially
improving retention and survivability of MSCs that may improve angiogenic function for
cell therapy in treatment of ischemic tissues.

Keywords: critical limb ischemia, mesenchymal stromal cells, platelet lysate, angiogenic

cell therapy

1. Introduction

The legs are a site of ischemic muscle that are particularly attractive to application of angio-
genic therapies. Decreased perfusion of the legs is known as peripheral arterial disease (PAD),
and PAD is pandemic with extreme costs to society. In its most severe form, it is called critical
limb ischemia (CLI). CLI patients do not have adequate perfusion to their resting nutritional
needs resulting in rest pain or even tissue loss. While only 1-2% of PAD patients will develop
CLL CLI affects 1 million individuals annually [1]. Surgical revascularization of CLI patients
can prevent major amputation. Current treatment for limb salvage includes endovascular
therapy (angioplasty or stent placement) and surgical bypass. However, despite improve-
ments in medical and surgical therapies, successful management of CLI is difficult with ~0.5
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of patients with CLI dying or undergoing major amputation within 1 year [2]. Since many
patients with CLI either fail revascularization therapy or are not candidates for these proce-
dures, amputation is commonly performed. In addition to the impaired quality of life that
results from lower limb amputation, historically mortality rates for this procedure have been
reported to approach 40% [3]. New and innovative therapies are imperative to improve mor-
tality and quality of life in patients with CLI and provide an alternative to limb amputation.

Cell therapy is a promising new treatment strategy for patient with CLL The concept of cell
therapy for treatment of critical limb ischemia coincided with the discovery of a circulat-
ing endothelial progenitor cell (EPC) in 1997, which described a population of circulating
peripheral blood mononuclear cells that presumably arise from the bone marrow yet is also
capable of displaying characteristics of a mature endothelium [4]. This discovery challenged
the prevailing paradigm of postnatal neovascularization [5] in which blood vessel growth
was the result of angiogenesis (the formation of new blood vessels from the existing endothe-
lium through sprouting or intussusception) and arteriogenesis (the expansion of preexisting
collateral vessels due to an increase in blood flow in response to changes in shear stress [6]).
The work by Asahara et al. was significant for two reasons. First, it introduced the concept
of postnatal vasculogenesis, suggesting that bone marrow-derived cells could contribute to
the formation of new blood vessels in the adult similar to the process of vasculogenesis seen
in embryogenesis, where primitive hemangioblasts give rise to de novo blood vessels in the
developing fetus. Second, it pioneered the idea of cell therapy, through experiments in which
the ischemic limbs of nude mice were injected with a population of human peripheral blood
mononuclear cells enriched for CD34+ and Flk-1 (VEGFR-2), and found that the transplanted
cells incorporated into the blood vessel endothelium at sites of neovascularization.

The notion that bone marrow-derived cells incorporate directly into native endothelium is
controversial. Despite several initial reports suggesting differentiation of bone marrow cells
into endothelial cells [7-9], several subsequent studies demonstrated that endogenous and
transplanted bone marrow cells did not directly incorporate into the endothelium but instead
support neovascularization through a paracrine mechanism [10-13]. Numerous stem and pro-
genitor cell populations derived from the bone marrow, adipose tissue, and embryonic stem
cells and induced pluripotent stem cells have been shown to enhance blood vessel growth in
animal models of hind limb ischemia, suggesting a role for cell therapy in therapeutic neovas-
cularization [4, 14-16]. Mesenchymal stromal cells (MSCs) are a potential cell source that can be
easily isolated, rapidly expanded ex vivo, and have potent proangiogenic qualities [17] medi-
ated through paracrine stimulation of endogenous tissues [18]. The use of MSCs for cell therapy
is advantageous over other cell types because they can be derived from an autologous source,
thereby avoiding the immunogenicity and loss of tolerance observed when allogeneic MSCs are
exposed to an inflammatory environment [19, 20].

Despite numerous animal studies and small clinical pilot trials demonstrating the ability of
MSCs to promote angiogenesis [17, 21, 22], the biology and clinical benefit of this approach
has not yet been demonstrated in patients with CLI. Two major limitations have prevented the
translation of MSC therapy from the laboratory to the clinical arena. First, the use of an autolo-
gous cell source in this demographic is complicated by the fact that progenitor cell populations
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are depleted or functionally impaired in patients with coronary artery disease [23], stroke
[24], and diabetes mellitus [25-27] and who are smokers [28]; all risk factors or comorbidi-
ties are highly prevalent in patients with CLIL. A second major limitation of stem cell therapy
thus far has been maintaining a clinically significant cell number in target tissues, as direct
intramuscular injection or intra-arterial infusion alone typically does not enable adequate cell
delivery [29-31]. In order to fully realize the potential of cell therapy, these limitations must be
addressed before successful clinical deployment of MSC therapy can be achieved.

As cell therapy is translated from preclinical animal studies to human clinical trials, strict cell
culture techniques must be employed to ensure human safety. The vast majority of clinical tri-
als to date have utilized fetal bovine serum (FBS) for ex vivo expansion and growth of MSCs.
However, FBS has considerable xenogenic potential and transplanted autologous MSCs can
be rapidly rejected after culture in FBS [32]. Therefore, new human-derived alternatives have
been evaluated as possible cell culture supplements to ensure that growth and expansion of
MSCs are complain with current good manufacturing processes (GMPs).

Platelets are small enucleated cell fragments derived from megakaryocytes in the bone marrow
and play a critical role in initiating hemostasis by binding and adhering to extracellular matrix
components after endothelial injury, which in turns leads to platelet activation. Activated plate-
lets then subsequently aggregate and become crosslinked with fibrin through activation of
the coagulation cascade, thereby generating a platelet plug capable of blocking the flow of the
blood. Platelets normally represent 0.1-0.25% of the blood and typically circulate for 5-9 days.
Platelets are also an abundant source of growth factors, accounting for the majority of growth
factors found in serum [33, 34]. As a result, various platelet extracts have been used for regen-
erative medicine applications. Platelet lysate (PL) is one such supplement that has been utilized
as a supplement for culture of MSCs and has been shown to be superior to FBS [35, 36]. We and
several collaborators have performed extensive characterization of platelet lysate as a cell cul-
ture supplement for expansion of human MSCs suitable for cell therapy trials. More recently,
we have modified the PL production process such that PL may be used to form a 3D scaffold for
MSC growth and invasion. In this chapter, we elaborate on our experience with PL as it pertains
to culture of MSCs as well as describe a novel scaffold for cell delivery derived from PL extract.

2. Platelet lysate

2.1. Soluble platelet lysate for expansion of human MSCs
2.1.1. Generation of fibrinogen-depleted platelet lysate

The platelet lysate supplement for cell culture used by our group and our collaborators is
manufactured through the Emory Personal Immunotherapy Center (EPIC). The specific pro-
duction strategy was initially optimized and described by Copland et al. The current protocol
employed by EPIC emphasizes good manufacturing process (GMP) technique and results in a
fibrinogen-depleted form of platelet lysate (dPL) that is a soluble media supplement for ex vivo
expansion of human MSCs. EPIC has provided numerous research groups with dPL and has
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received FDA approved for use of dPL for human cell therapy trials using MSCs for treatment
of Crohn's disease (NCT01659762) and graft vs. host disease following allogenic bone mar-
row transplantation (NCT02359929). The production process utilizes outdated plateletphere-
sis products obtained from the Emory University Hospital blood bank. For each lot of dPL,
five plateletpheresis products are exposed to sequential freeze-thaw cycles to ensure adequate
membrane fracturing. The platelet products are first stored at -20°C, then thawed at 4°C, and
aliquoted into smaller volumes of 20-25mL. The aliquots are then refrozen at -80°C and fil-
tered through a 40 um filter. The filtered PL is then centrifuged at 4000xg for 20 min at room
temperature and refiltered in 40 um filters. The PL is then mixed with CaCl, and heparin solu-
tion and stored at 4°C overnight to allow formation of a fibrin clot. Following this, the dPL sam-
ples are centrifuged again at 4000xg at room temperature, filtered at 0.2 um, and then stored at
-80°C [37]. These final aliquots are then thawed and immediately ready for use in cell culture.

The standard plateletpheresis process employed by the American Red Cross involves the
addition of 10% v/v acid citrate dextrose (ACD) to platelet products, which serves as a cal-
cium chelator to disrupt the coagulation cascade and prevent clot formation. In order to gen-
erate fibrin clot for depletion of the fibrinogen from the platelet lysate supplement, 20 mM
Ca(l, is added to the platelet lysate, which enables the protease-driven conversion of fibrino-
gen to fibrin, thus leading to spontaneous clot formation. The addition of heparin at a concen-
tration of 2 U/mL also stabilizes clot formation and increases yield of the soluble fraction of
the platelet lysate. Under these conditions, over 85% of the platelet lysate is recovered with a
final fibrinogen concentration of less than 5 pg/mL (compared to a fibrinogen concentration
of ~120 pg/mL in the unfractionated platelet lysate) [37].

The growth factor content of dPL has been well characterized and contains numerous abun-
dant mitogens for cell culture. Specifically, dPL contains ample amounts of PDG-BB, TFG-{1,
VEGEF, EGF, and BDNF. These growth factors exist in levels significantly higher than standard
serum and are preserved in both unfractionated and fibrinogen-depleted PL preparations.
Furthermore, dPL is remarkably stable, with room temperature preparations of PL capable of
maintaining consistent levels of PDGF-BB and EGF for up to 3 weeks [37]. The stability of dPL
and low interlot variability are extremely desirable qualities in a cell culture supplement and
therefore are well suited for ex vivo growth and expansion of human therapeutic cell lines.

2.1.2. Immunomodulatory effect of PL fibrinogen depletion on MSCs

The use of dPL as a cell culture supplement is advantageous because it not only decreases
the risk of xenogenic contamination but dPL also induces a robust proliferative response in
human MSCs. When compared to cells grown in FBS, low passage MSCs cultured in equiv-
alent concentrations of dPL had significantly decreased doubling times and decreased cell
volumes. Despite the increase in proliferation, cells grown in dPL maintained expression of
typical MSC markers including CD44, CD90, CD73, HLA-I, and CD105 and lacked expression
of CD45 and CD34 [37].

In addition to impacting proliferative capacity of MSCs, platelet lysate composition may
also affect the immunomodulatory properties of MSCs. MSCs can have a profound immu-
nosuppressive effect on various inflammatory processes. Exposure of MSCs to fibrinogen
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upregulates integrin and non-integrin fibrinogen-binding complexes. Furthermore, the
analysis of the secretome of MSCs exposed to fibrinogen in vitro demonstrated a significant
increase in pro-inflammatory cytokines IL-8, MCP-1, and IL-6 [37]. The impact of fibrino-
gen content in various PL formulations on T-cell activation and proliferation has also been
examined. Recently, upregulation of indoleamine 2,3-dioxygenase (IDO) in MSCs has been
shown to correlate with suppression of T-cell proliferation [38]. MSCs cultured in unfrac-
tionated PL had decreased IDO expression compared to cells cultured in FBS; however, the
IDO response was restored when dPL was used as a culture supplement. This functional
effect of MSCs on T-cell proliferation was also examined through a coculture assay where
MSCs were cocultured with PBMCs exposed to CD3/CD8. T-cell proliferation was noted to
be higher in the unfractionated PL compared to dPL and standard FBS. These data suggest
that an increased fibrinogen content promotes a pro-inflammatory phenotype of MSCs in
vitro, and conversely fibrinogen depletion of PL preserves the immunosuppressive proper-
ties of MSCs.

2.1.3. Ex vivo enhancement of MSCs with dPL

The ex vivo expansion for MSCs is essential for cell therapy, as a large number of cells are
needed to achieve a desired therapeutic effect. Bone marrow aspirates and peripheral blood
cultures provide a relatively low yield of MSCs, and this necessitates prolonged in vitro
expansion in order to obtain an adequate number of cells for autologous cell therapy. An
unfortunate consequence of this process is that prolonged culture leads to MSC senescence,
loss of plasticity, and loss of self-renewal capacity. Typically, human MSCs grown in media
supplemented with FBS begin to show signs of senescence after 10 passages, so either increas-
ing proliferation at early passages or delaying the effect of senescence would improve the
yield of MSCs for treatment of CLIL

The enriched milieu of growth factors contained within dPL can potentially overcome the
senescence associated with long-term MSC culture. Griffith et al. demonstrated that prolifera-
tion in senescent MSCs (passage 13 or greater) could be reversed with culture in dPL. MSCs
cultured in 5% dPL showed reduction in cell size and a decrease in doubling time while main-
taining MSC markers and reducing [3-gal production compared to control MSCs cultured in
FBS. These effects were short-lived, however, and by passage 16, MSCs failed to proliferate
adequately regardless of culture conditions. The transient increase in proliferative response
was also evident in late passage MSCs (passages 10-11). Culturing in dPL led to a marked
decrease in doubling time, but by passage 16, MSCs showed severe signs of senescence in both
dPL and FBS treatment groups. Consistent with these results, no changes in telomerase activ-
ity were noted between groups [39]. This study clearly established that poor-quality MSCs
could be rescued and restored to a robust proliferative state using dPL, even if the effect was
only temporary.

2.1.4. Expansion of MSCs from patients with CLI

Expanding on the research of our collaborators, we have worked to exploit the benefits
of dPL for cell therapy in patients with CLI. By generating patient-specific MSC cell lines
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from individuals with CLI, we were able to test the feasibility of expanding MSCs with dPL
for future cell therapy trials. In our initial series, we isolated MSCs from bone marrow of
amputated limbs of four patients with critical limb ischemia and four patients with critical
limb ischemia and concomitant diabetes mellitus. This cohort of patients had no further
surgical or endovascular revascularization options and therefore is representative of the
population of patients who would benefit from new cell therapy strategies. Additionally,
we obtained MSCs from four healthy donors through EPIC. All MSCs were initially plated
in media containing FBS; however, at passage 4 they were transitioned to either media
containing FBS or dPL. As demonstrated in previous studies, MSCs grown in dPL main-
tained a similar phenotype based on cell surface markers compared to cells grown in FBS
(Figure 1), with no notable differences detected across all patient groups. Additionally,
differentiation capacity was preserved in MSCs from all patient groups and culture condi-
tions, with all cells differentiating toward osteogenic or adipogenic lineage under appro-
priate assay conditions [40].

CD45 CDl11b CD34

o -

o -

Figure 1. Representative flow cytometry of human MSCs cultured in dPL expresses typical MSC markers. Reprinted
from Brewster et al. [40] with permission from Elsevier.
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The proliferative response of MSCs from all patient groups and in culture conditions con-
taining both FBS and dPL was examined by quantifying population doublings over multiple
passages. For these experiments, a direct comparison of FBS and PL was performed, such
that cells were cultured in either 5% FBS or 5% dPL. Cell counts were recorded at 7-day inter-
vals, at which point MSCs were replated up to passage 11. We found that when all patient
groups were analyzed together, the number of mean population doublings was increased in
the dPL group at earlier passages, but by mid to late passage, the benefit of culturing cells
in dPL had disappeared (Figure 2). When stratified according to disease state, cells cultured
in dPL were non-inferior to cells cultured in FBS, and at early passage, cells cultured in
dPL had increased number of population doublings across all groups. At early passage,
there was also no difference when disease states were compared, suggesting that prolifera-
tive capacity of MSCs was preserved regardless of patient characteristics. From a practical
standpoint, it should be noted that MSCs grown in dPL grew so rapidly at early passages
that they quickly became confluent prior to subculturing, and thus proliferation was likely
impaired by contact inhibition, so our experimental design may not have captured the full
proliferative effect of dPL [40].
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Figure 2. Cell culture with dPL leads to robust proliferation of human MSCs. In (A), MSCs from healthy controls are
shown in comparison to MSCs isolated from the bone marrow of patients with CLI or CLI with concomitant diabetes
mellitus. In (B), quantification of population doublings in MSCs across all patient groups was higher when grown in dPL
than FBS at early passages, but by later passages, there was no difference between culture conditions. Reprinted from
Brewster et al. [40] with permission from Elsevier.
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We also characterized the functional capacity of MSCs across the different patient groups in
vitro, in order to predict potential efficacy of MSCs for therapeutic angiogenesis in future
human trials. A colony-forming unit (CFU) assay was performed on MSCs from each patient
group. The number of CFUs in MSCS from patients with critical limb ischemia was similar
to healthy control donors, suggesting that clonal capacity was independent of patient charac-
teristics. A robust secretome analysis was also performed for all patient groups on MSCs that
were cultured in either FBS or dPL. We specifically examined MSC production of bFGF, VEGF,
HGF, and MCP-1. The secretome profiles were similar across all patient groups and culture
conditions, with only minor differences noted. Furthermore, there were no obvious functional
differences when conditioned media from the different treatment and patient groups were
used to stimulate endothelial cell migration or proliferation. In order to assess the proangio-
genic function of MSCs from patients with fibrinogen-rich platelet lysate (frPL), a coculture
assay was used where MSCs from each patient mixed with a human endothelial cell line and
embedded as cell pellets in 3D fibrin hydrogels. In this model the two cell types form sprouts
which invade the fibrin hydrogel. Sprout length was quantified as a surrogate for angiogenic
potential and was noted to be similar among all patient groups when MSCs were precul-
tured in dPL. When MSCs were precultured in FBS, sprout length in the CLI group (without
diabetes) was significantly lower than the CLI group with diabetes and the health controls.
Despite any residual impairment within MSCs from patients with CLI that may result from
epigenetic changes to the cells, the functional quality of MSCs from patients with CLI cultured
with dPL appears to be equivalent of that healthy controls. These data support the use of dPL
for expansion of MSCs and suggest that autologous cell therapy with MSCs for augmentation
of neovascularization is a viable treatment strategy in patients with CLL

Our study was the first in vitro testing of the proangiogenic characteristics of the bone marrow
from amputated limbs in patients with CLI, but it is notably limited by the small sample size
for each group. However, two important conclusions can be drawn from this study. First, we
provide compelling data that, despite numerous reports that progenitor cell populations are
impaired in patients with cardiovascular disease or associated risk factors, at least early-pas-
sage MSCs from patients with CLI are similar in quality to healthy controls when expanded
ex vivo. Diabetes specifically has been shown to impair mesenchymal stem cell (MSC) func-
tion [41], at least partially due the effect of oxidative stress from Nox4 upregulation. Diabetes
has also been shown to induce epigenetic changes in the promoter of IL-12 in bone marrow
cells, such that cell fate is predisposed toward a pro-inflammatory phenotype. This raises
the possibility that MSCs in patients with diabetes mellitus may have irreversible changes
to the epigenetic signature. However, our study is consistent with other reports that demon-
strate functional capacity of MSCs in patients with CLI is equivalent to healthy controls after
short-term culture [42] and that ex vivo expansion in either FBS or PL may at least transiently
overcome the epigenetic changes induced by patient comorbidities.

2.2. Platelet lysate as a scaffold for MSC delivery
2.2.1. Generation of fibrinogen-rich platelet lysate

Poor cell retention and viability at targeted sites of delivery have impaired advancement of
cell therapies, as the number of functioning cells in the desired tissue appears to be critical
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for therapeutic efficacy [31, 43, 44]. Numerous biologic materials have been developed to pro-
mote cell retention and viability including encapsulation with alginate [45, 46], prefabrication
of a tissue engineered patch [47, 48], and seeding of elongated fibrin strands [49]. While these
approaches demonstrate that scaffold-mediated cell delivery improves the functional impact
of cell therapy, the scaffold designs fail to incorporate any nutritive support for MSCs. In con-
trast to the fibrinogen-depleted form of platelet lysate used as a cell culture supplement for
MSC growth, modifying the production process to retain clotting factors within platelet lysate
(fibrinogen-rich platelet lysate or frPL) permits thrombin-induced self-assembly of a hydrogel
with incorporated growth factors.

In order to generate platelet lysate that can spontaneously polymerize into 3D hydrogels, we
modified the production process of dPL to maximize fibrinogen content of the platelet lysate.
This was achieved by eliminating the step in which fibrin clot is formed and extracted from
the solution. Our protocol again involves obtaining human platelets from Emory University
blood bank in collaboration with EPIC. The platelets are then pooled and exposed to two
sequential freeze-thaw cycles [freezing at -80°C for 48 h, then rapidly thawing at 37°C for
8 h] followed by centrifugation at 1500xg for 10 min. The rapid thawing phase is essential to
prevent the formation of cryoprecipitate, which will deplete the solution of soluble clotting
factors. The supernatant is then collected and stored at -20°C until ready for use. For hydrogel
formation, the frPL is rapidly thawed at 37°C immediately prior to use and then centrifuged
at 10,000xg for 10 min in 1.5 mL microcentrifuge tubes and sequentially filtered through 0.45
and 0.2 um syringe tip filters.

Using this processing technique, we generated frPL with a fibrinogen concentration of 450 g/
mL which rapidly self-assembled into a 3D hydrogel with the addition of thrombin [50]. The
hydrogel production process was refined for optimal durability and seeding with MSCs. For
most applications, a 50% frPL hydrogel has preferential mechanical properties and provides
appropriate MSC support. For hydrogel formation, an activating solution is prepared con-
taining cMEM media with calcium chloride and thrombin so that the final concentrations are
5mM and 2 U/mL, respectively, in a 50% PL gel. MSCs are then added to the activating solu-
tion at the desired cell density. The complete activating solution is then quickly mixed in a 1:1
ratio with frPL and cast in a cell culture plate and stored at 37°C for 1 h.

2.2.2. Structural composition of frPL

Microstructural analysis of [50] frPL indicates that fibrin is an essential component of frPL
hydrogels. To evaluate the contribution to the frPL scaffold, frPL hydrogels and fibrin con-
trols were loaded with 5% fluorescein isothiocyanate (FITC)-labeled fibrinogen and imaged
with confocal microscopy to visualize the fibrin microstructure. The resulting images reveal
an organized fibrin network within the frPL hydrogels that is more dense than control fibrin
hydrogels but lacks clear elongated fibers (Figure 3). Additional imaging with scanning elec-
tron microscopy shows that the morphology of the frPL consists of thin, highly intercon-
nected branched networks that are distinct from the fibrin hydrogels, which formed more
distinct elongated fibrils (Figure 3) [50]. This was surprising since the 50% frPL contained
only 225 pg/mL of fibrinogen, compared to the 1 mg/mL concentration of the fibrin-only con-
trols. The proteolytic activity of thrombin rapidly initiates the polymerization for liquid frPL
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into a 3D scaffold. The conversion of fibrinogen to fibrin clearly plays an important role in
hydrogel formation, but other structural components are also likely. At present, it is unclear
which specific proteins contribute to the mesh network visualized with microscopy, although
we speculate that there are additional clotting factors and retained membrane and cytoskel-
etal elements from platelets that incorporate into the scaffold.

50% frPL 1.0 mg/mL fib

Confocal

SEM

Figure 3. Microstructure of frPL and fibrin hydrogels is visualized in (A) with confocal microscopy after spiking with 5%
FITC-labeled fibrinogen (scale bar equal to 20 um) and (B) with scanning electron microscopy (SEM, scale bar equal to
1.0 um). Reprinted from Robinson et al. [50], with permission from Elsevier.

The functional attributes of frPL hydrogels are also unique when compared to gels contain-
ing only fibrin. Mechanical testing on frPL revealed that these hydrogels behave as a visco-
elastic solid with a storage and loss modulus equivalent to fibrin hydrogels with four times
greater fibrin content [50]. The specific etiology of this property is unclear, but it may be
the result of enhanced fibrin crosslinking due to the presence of additional components of
the coagulation cascade, including Factor XIII. Additionally, numerous extracellular proteins
(i.e., fibronectin, collagen), proteoglycans, and adhesion proteins such as Von Willebrand
factor within the PL may reinforce the underlying fibrin network. Under experimental condi-
tions, composite hydrogels containing additional elements such as collagen have improved
mechanical strength over their homogenous control hydrogels without a change in total pro-
tein content [51, 52]. Therefore, the presence of these additional proteins may essentially
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act to form composite fibrin hydrogels with improved mechanical properties. The improved
mechanical properties of frPL may also result from thrombin-induced polymerization of
alternative macromolecules within the frPL that either alter fibrin binding sites or function as
molecular crowders, thereby enhancing the viscoelastic behavior of the gel at relatively low
fibrin concentrations [53, 54].

The microstructural differences between frPL and standard fibrin hydrogels extend beyond
the microscopic appearance of the scaffold. Diffusion of FITC-labeled dextran molecules
from 20 to 150 kDa that were embedded in hydrogels and diffusion of labeled dextran were
significantly decreased. However, these differences between diffusion rates within hydro-
gels were due, at least in part, to the resistance of frPL hydrogels to proteolytic degradation
[50]. This was supported by the fact that inclusion of aprotinin (a protease inhibitor) in
culture media abrogated the differences between frPL and fibrin hydrogels. Additionally,
frPL hydrogels containing 5% FITC-labeled fibrinogen retained labeled fibrin for up to 7
days, while fibrin-only gels rapidly degraded. Again, degradation rates were significantly
decreased in fibrin gels with the addition of aprotinin, indicating that frPL is highly resis-
tant to protease degradation compared to pure fibrin hydrogels [50]. Although the specific
mechanism by which frPL hydrogels are stabilized has not been explored, it is likely due to
the presence of serine protease inhibitors within frPL such as a2-antiplasmin or plasmino-
gen activator inhibitor-1 (PAI-1), which are abundant in platelets and plasma and signifi-
cantly impair fibrinolysis.

During hydrogel polymerization, the abundant growth factors present in soluble PL become
entrapped within the frPL scaffold. We found that frPL hydrogels are enriched in PDGF-BB,
which is released over 20 days in vitro, and ~45% of PDGF-BB persisted within the frPL
gel at completion of that time course [50]. The retention of PDGF-BB in frPL hydrogels is
superior to that seen in optimized formulations of fibrin-only hydrogels in vitro [55, 56],
where greater than 90% of PDGF-BB is released after 7 days [57]. In addition to serving as a
proangiogenic growth factor [58], PDGF-BB is also a critical mediator of MSC engraftment
into tissue [59]; therefore, frPL can serve to both enhance engraftment of MSCs delivered
within the scaffold and also exert a proangiogenic effect on native endothelial cells. The
unique microstructure of frPL and resistance to degradation permit sustained release of
these growth factors, such that the therapeutic window of MSCs embedded within the frPL
scaffold is prolonged.

2.2.3. Impact of frPL on MSC function

The enriched milieu of growth factors and cytokines contained within frPL hydrogel has
numerous beneficial effects on both MSCs and endothelial cells in vitro. Seeding of MSCs
in frPL hydrogels leads to extensive proliferation of MSCs when quantified with MTS
assay. In fact, cell number was higher in an frPL gel than fibrin-only gels when quantified
over 7 days and also higher than in cells grown in a monolayer with dPL supplemented
media. The frPL does not appear to have the same mitogenic effect on endothelial cells,
as HUVECs grown in frPL hydrogels showed very little proliferative activity compared to
controls [50].
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The frPL hydrogel also has a significant impact on cell invasion. Sprout length from MSC/
EC coculture pellets embedded in hydrogels was significantly longer than sprout length in
fibrin controls (Figure 4) [50]. When MSCs or ECs alone were embedded in frPL, there was
a notable difference in effect between the two different cell types. MSC sprouting appeared
to be dependent on fibrin content, as sprout invasion was greater in low concentration fibrin
hydrogels in addition to frPL. In contrast to its effect on MSCs, the frPL scaffold led to superior
invasion of HUVECs compared to both high and low fibrin controls. Cells with the frPL scaf-
fold receive both biochemical and biomechanical cues, which have a variable effect on different
cell types. The frPL induces endothelial migration through biochemical signaling, but does
not impact proliferation. On the other hand, growth factor signaling within the frPL causes
substantial proliferation in MSCs, while the soft substrate of the scaffold provides mechanical
cues to stimulate cell migration of MSCs. Based on this in vitro data, we can infer that frPL
hydrogels embedded with MSCs have the ability to recruit remote endothelial cells, as dem-
onstrated in the transwell migration assay. These data support the proposed clinical treatment
strategy, whereby PL gel embedded with MSCs recruits host ECs for neovascularization fol-
lowing implantation in ischemic tissues.
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Figure 4. Cell sprouting of hydrogels. Human MSCs and HUVECs were mixed in a 1:1 ratio and embedded in frPL,
1.0 mg/mL fibrin, or 2.4 mg/mL fibrin hydrogels. Sprout length was assessed over 3 days in culture. Representative
bright field images of each group at day 3 are shown in (A). Sprout length is quantified in (B). Reprinted from Robinson
et al. [50], with permission from Elsevier.
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Preliminary testing in a mouse model of hind limb ischemia supports this treatment strategy.
Implantation of MSCs embedded in PL into ischemic limbs in a mouse model of HLI led
to rapid neovascularization of ischemic tissues by 8 days when assessed with LDPI. Rapid
and complete neovascularization of gastrocnemius muscle occurred in 8 days, which was
increased significantly when compared to PL gel alone and MSCs alone (Figure 5) [50].

A)
frPL + M5Cs frPL Only Saline Saline + M5Cs

DAY 1

DAY 8

B)
DE o . I HPL+MSCs
— iid [ | HPL
E - B Saline + MSCs
.5 § oal 7 Saline
LR
25

i o Dey1 Day 8

Figure 5. MSCs in saline or frPL were injected into the ischemic hind limb of mice, and perfusion with LDPI was assessed
after 8 days. (A) Representative LDPI images are shown of the different groups. (B) Perfusion ratio of the ischemic to
nonischemic limb is quantified for each group. Reprinted from Robinson et al. [50] with permission from Elsevier.

2.2.4. Encapsulation of MSCs with frPL

More recently, we have identified an additional novel application of frPL that results from
its unique effect on MSCs. For most experiments hydrogels are cast in sterile, tissue culture
treated polystyrene wells. In most cases the hydrogel will adhere to the walls and floor of
the dish. However, when tissue culture plates are preincubated with a solution containing
2% albumin, hydrogels are no longer tethered to the plastic. When MSCs are embedded in
fibrin gels, they exert a modest contractile effect on the scaffold that results in ~75% reduc-
tion in gel volume. However, when MSCs are embedded in an untethered frPL, hydrogel gel
volume is reduced to 1-2% of the initial volume over 3 days (Figure 6). Cells were stained
with CellTracker Red, and labeled fibrinogen was added to the frPL, and the reorganization
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of fibrin strands can clearly be seen with rounding of the cell bodies with loss of extending
processes (Figure 6). Cell viability is preserved in cells encapsulated within frPL pellets. The
pellets can be degraded and MSCs can be released with dispase treatment. Viability of MSCs
within the frPL pellets is preserved for up to 3 days in vitro, as determined with a live/dead
assay. The ability of frPL to form dense cell spheroids containing MSCs provides yet another
practical application of platelet lysate. The frPL MSC spheroids could serve as an additional
mechanism of cell delivery, by encapsulating MSCs in a thin fibrin shell.

Flh frPL Cell Tracker + Fibrin Cell Tracker

Tethered

Blocked

Figure 6. MSCs embedded in untethered frPL form cell spheroids. 2x10° MSCs/mL were embedded in frPL or fibrin
hydrogels in six well tissue culture dishes with (untethered) and without (tethered) preblocking the plate with 2%
albumin solution. MSCs within the frPL formed dense spheroids. Hydrogels were labeled with 5% FITC-dextran and
seeded with CellTracker Red-labeled MSCs in tethered and untethered culture conditions. Scale bars represent 20 um
(original figure).

3. Conclusion

Innovative strategies are needed for enhancing quality of MSCs in patients with CLI while
also improving delivery and retention of MSCs for cell-based therapy. Here we discuss the
dual use of human platelet lysate as both a cell culture supplement and a scaffold for cell
delivery. When bereft of clotting factors, depleted form of platelet lysate (dPL) supplemented
media enables rapid expansion of MSCs without diminishing their angiogenic activity. In
contrast, with preservation of clotting factors, frPL forms a rapidly assembling hydrogel with
desirable structural properties and biological activity on MSC and ECs. In both soluble and
hydrogel form, PL augments the proangiogenic qualities of MSCs and is readily derived from
human source materials that have been tested for safe delivery to patients. As a result of these
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unique traits, PL hydrogel is ideally suited to serve as a cell culture supplement for MSC
growth and as a vector for delivery of MSCs to ischemic tissues.
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Abstract

Vascular endothelial growth factor (VEGF) is a mitogen that plays a crucial role in angio-
genesis and lymphangiogenesis. It is involved in tumor survival through inducing tumor
angiogenesis and by increasing chemoresistance through autocrine signaling. Because
of its importance in tumor formation and survival, several medications have been devel-
oped to inhibit VEGF and reduce blood vessel formation in cancer. Although these medi-
cations have proven to be effective for late-stage and metastatic cancers, they have been
shown to cause side effects such as hypertension, artery clots, complications in wound
healing, and, more rarely, gastrointestinal perforation and fistulas. Current research in
using anti-VEGF medication as a part of cancer treatments is focusing on elucidating the
mechanisms of tumor resistance to VEGF medication, developing predictive biomarkers
that assess whether a patient will respond to VEGF therapy and creating novel treatments
and techniques that increase the efficacy of antiangiogenic medication. This chapter aims
to review the role of VEGF in tumor angiogenesis and metastasis, the structure and func-
tion of VEGF and its receptors, and VEGF's role in cancer are discussed. Furthermore,
tumor therapies targeting VEGF along with their side effects are presented and, finally,
new directions in anti-VEGF therapy are considered along with the challenges.

Keywords: VEGF, angiogenesis, side effect, medication

1. Introduction

Oxygen and nutrients are critical to the functioning and survival of cells in the body. This
need is met through the creation of an extensive vascular system, which is maintained
through the process of angiogenesis, and the creation of blood vessels from the existing vas-
culature [1]. In the angiogenesis process, endothelial cells initially respond to changes in the
local environment and migrate toward the growing tumor. The endothelial cells then migrate
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together forming tubular structures that are ultimately encapsulated by recruiting periendo-
thelial support cells to establish a vascular network that facilitates tumor growth and metas-
tasis. Angiogenesis is subject to a complex regulatory system of both pro- and antiangiogenic
factors after a tissue is fashioned [1-3] and deregulating angiogenesis—a classic trademark
of cancer-leads to an aberrant microenvironment and promotion of tumor progression.
Angiogenesis is initiated by the binding actions of vascular endothelial growth factor (VEGF)
and fibroblast growth factors (FGF1/2) [4].

VEGEF is an essential proangiogenic factor whose production is itself extensively regulated
by a plethora of growth factors, cytokines, and other extracellular molecules produced in
response to the various metabolic and mechanical conditions present in the cell’s environ-
ment [2-6]. VEGF plays a pivotal role in tumor angiogenesis. The overexpression of VEGF
is one of the central factors that leads to the onset and progression of cancer. In order
to sustain their growth beyond any current size, tumors require an increased supply of
blood, and this is achieved through the expression and secretion of VEGF, which stimu-
lates the induction of new blood vessels around the tumor. Furthermore, the cancer cells,
through the action of this subfamily of growth factors, invade other organs and areas of the
body (metastasis) [4]. Consequently, VEGF and the resulting tumor angiogenesis present
an attractive therapeutic target in the treatment of cancer. Inhibitors of VEGF/angiogenesis
have been garnering interest and studied for their therapeutic application in most solid
tumors [7, 8]. Moreover, a series of preclinical studies have revealed that anti-VEGF com-
pounds increase the efficacy of ensuing antitumor treatment, although the mechanism of
this effect is unclear [9].

2. Structure and function of VEGF and VEGFRs

VEGF is a dimeric glycoprotein secreted by cells that is able to induce permeability of blood
vessels and promotes angiogenesis. The VEGF family contains seven members, all part of
the platelet-derived growth factor (PDGF) supergene family: VEGF-A, VEGF-B, VEGEF-C,
VEGF-D, VEGF-E, VEGF-F, and PIGF [10, 11]. All members contain a core region comprised
of eight cysteine residues forming a cysteine knot motif. These residues are involved in both
inter- and intramolecular disulfide bonds at one end of a central four-stranded (3-sheet within
each monomer, which dimerizes in antiparallel fashion [11]. VEGFs A-D and PIGF are all
produced in humans, whereas VEGF-E is produced in the Orf virus, has a 25% amino acid
homology to mammalian VEGF, and lacks a heparin-binding domain [12]. VEGE-F is pro-
duced in snake venom and varies its structure and function by species, helping to produce a
variety of venom [13].

The VEGEF-A gene contains eight different exons that create six different isoforms through
alternative splicing. These isoforms have lengths (in amino acids) of 121, 145, 165, 183, 189,
and 206 that are produced by the alternate splicing of a single gene containing eight exons,
and they all contain exons 1-5 and 8. All forms of VEGF-A except for VEGF-A , can bind to
heparin [11]. VEGF ; is the one most commonly secreted by tumor cells and acts most strongly
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on endothelial cells to lead them to form new capillaries. VEGE-B exists as two isoforms of
lengths 167 and 186 amino acids and has been shown to act as a cell survival factor while
exhibiting little proangiogenic effect [14]. VEGF-C and VEGE-D are resealed proteolytically
from their respective precursor proteins and play important roles in regulating lymphangio-
genesis [10, 11]. PIGF upregulates angiogenesis through binding to VEGFR-1 (thereby freeing
VEGEF-A to bind to VEGFR-2) and exists in four isoforms of amino acid lengths 131, 152, 203,
and 224 [15]. It has also been shown to induce a specific phosphorylation and activation of
c-Jun N-terminal kinase (JNK) and p38 [16].

VEGEF signaling pathway plays a major role in angiogenesis. VEGF receptors (VEGFRs) are
type V receptor tyrosine kinases (RTKSs) activated upon ligand-mediated dimerization [17].
Two high-affinity VEGF receptors, VEGFR-1 (Flt-1) and VEGFR-2 (Flk-1/KDR), have been
identified in endothelial cells. Flk-1 (R2) has been shown to play a major role in tumor angio-
genesis. In all, there are three types of receptors, with VEGFR-3 only binding to VEGFs -C
and -D. Each of the three types of receptor (VEGFR-1, -2, and -3) is composed of seven immu-
noglobulin-like domains in the extracellular region, a transmembrane region, and a tyrosine
kinase sequence with a kinase insert domain [11].

Signaling of VEGEF is initiated via binding to its receptors, which are tyrosine kinases that are
able to transphosphorylate tyrosine residues of SH2 domain-containing signaling molecules,
thus activating kinase-dependent transcription factors known as STAT proteins, to modulate
cell responses induced by VEGF. VEGFR-1 and -2 are both involved in endothelial cell func-
tion and angiogenesis [18], while VEGFR-3, to which only VEGFs —C and -D can bind, plays a
critical role in lymphangiogenesis and primarily involved in normal embryonic development
[11]. VEGEF-1 has also been shown to be required in inducing the migration of monocytes and
macrophages [19]. Neuropilins-1 and -2 are important coreceptors for VEGF signaling and
increase the affinity of VEGF-A  for its receptors [5]. Refer to Figure 1 for a summary of how
each VEGF pairs with each VEGF receptor.

VEGEF is heavily involved in promoting angiogenesis and research suggests that it also plays
arole in regulating intussusceptive angiogenesis as well. In sprouting angiogenesis, hypoxia
induces parenchymal cells to release VEGF-A into the extracellular matrix (ECM). VEGF-A
then causes tip cells to produce the Delta-like-4 (D114) ligand, which is a membrane-bound
ligand that serves to activate the Notch receptor, a highly conserved transmembrane recep-
tor that regulates cell proliferation, cell fate, and cell death in metazoans on neighboring
cells through cell to cell contact [20]. D114 then inhibits migratory behavior through activat-
ing the Notch receptor on neighboring stalk cells. Tip cell filopodia, actin-rich protrusions
on the cell membrane that serve as a mechanism for a cell to explore its environment, sense
a gradient in VEGF-A and align their sprouting to this gradient. The tip cell then anchors
itself onto the substratum while actin microfilaments in the filopodia contract, pulling the
tip cell toward the VEGF-A source while stalk cells proliferate. When the tip cells from dif-
ferent sprouts meet, they fuse to become a functional capillary through which blood can
flow [1]. The function of VEGF in sprouting angiogenesis is less well understood, although it
is suspected that VEGF cooperating with angiopoietin-1 (Ang-1) plays a role in stimulating
the process [21, 22].
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Figure 1. A summary of the functions of each form of VEGF and PIGF and each VEGF receptor. VEGFR-1 regulates cell
migration and gene expression in monocytes and macrophages; VEGFR-2 regulates vascular endothelial functions; and
VEGEFR-3 regulates lymphatic endothelial functions. VEGF-A is a proangiogenic factor; VEGF-B is a prosurvival factor;
VEGEF-C and -D regulate lymphangiogenesis; VEGF-E is found in the Orf virus; and PIGF encourages VEGF-A to bind
to VEGEFR-2, thereby stimulating angiogenesis, and encourages the transcription of JNK and p38.

3. The role of VEGF in cancer

Tumors need oxygen to survive. At first, they are able to obtain enough oxygen by coopting
the surrounding vasculature, altering its morphology, physiology, and response to therapy in
the process. However, when a tumor becomes too large to be sufficiently supplied by existing
vasculature, an “angiogenic switch” is turned on, and the tumor begins the process of tumor
angiogenesis, thereby creating its own vasculature for an oxygen supply [23-26].

The angiogenic switch is triggered by hypoxia occurring when the tumor becomes too large
for oxygen to diffuse from existing vasculature to tumor cells [27]. Hypoxia induces the pro-
duction of VEGF in tumor cells through hypoxia-inducible factor-1at (HIF-1at) [25, 27], a mas-
ter transcriptional factor that regulates a group of downstream genes including VEGF that
promote angiogenesis and metastasis, while inhibitors of angiogenesis such as angiostatin
and interferon are downregulated [23]. A suite of other proangiogenic genes (such as Ang-1
and -2) and regulatory mechanisms (such as micro-RNAs) are also regulated by the hypoxia-
induced HIF pathway [25]. Tumor cells then release VEGF into the surrounding extracellular
space, which binds to VEGF R of surrounding or nearby endothelial cells, promoting local
angiogenesis and forming tumor-associated microvessels in order to delivering oxygen-car-
rying blood to the tumor.

Compared with normal vasculature, tumor vessels are highly irregular and inefficient at
delivering nutrients. They branch irregularly, follow a tortuous path, are far larger than their
normal counterparts, are unusually permeable to large molecules, have a high interstitial
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pressure, and are inefficient at carrying blood [26, 28]; these abnormalities of the tumor vas-
culature result in poor delivery of nutrients, causing certain areas of the tumor to be chroni-
cally hypoxic, stabilizing the HIF/VEGF signaling pathway described above and therefore
resulting in even more tumor vasculature [25]. The overproduction of VEGF-A results in an
abundance of tip cells from the DIl4 signaling pathway, which in part causes the malformed
vasculature associated with tumors through excessive branching of these tip cells [25, 29].

Tumor blood vessel can be divided into six general classes: (1) mother vessels, which are
enlarged, tortuous, thin-walled, lacking in pericytes, and highly permeable; (2) capillaries,
which are similar to normal capillaries; (3) glomeruloid microvascular proliferations, which
are tangles of vessels situated within a mixture of disordered pericytes; (4) vascular malforma-
tions, which are large vessels with an irregular coat of smooth muscle cells; (5) feeder arteries;
and (6) draining vessels, which are enlarged, serpentine smooth muscle cell-coated vessels that
supply and drain the blood vessels within the tumor [30]. The irregular pericyte and smooth
muscle cell formations on these vessels, which in normal vasculature serve to enhance tight
junctions and decrease leakiness, serve to decrease vessel efficacy in tumor angiogenesis [31].

Oncogenes play a prominent role in triggering the angiogenic switch. Expression of the H-Ras
oncogene in the immortalized rat intestinal epithelial cell line IEC-18 led to the upregulation
of VEGF and a significant increase of in vivo vascularization [32]. Ras signaling also results in
the stabilization of the resulting mRNAs and possible enhancement of their transcription [33].
The p53 suppressor gene normally serves to downregulate VEGF while upregulating throm-
bospondin-1, an antiangiogenic factor; mutations in these genes serve to increase the activity
of VEGEF [34, 35]. p53 acts as a foil to C-Myc, a gene that triggers the expression of VEGF while
downregulating thrombospondin-1. In tumors, mutations in p53 serve to increase the activity
of c-Myc, thereby increasing the activity of VEGF [34].

Compared to VEGF-A, VEGF-B plays an insignificant role in angiogenesis. Rather, it acts
as a potent survival factor, inhibiting the production of several proapoptotic factors such as
BH-3-related proteins. The prosurvival effects of VEGF-B are mediated by both VEGFR-1 and
the coreceptor NP-1 [36, 37]. More recent research suggests that VEGF-B may trigger tumor
angiogenesis through a VEGF-A-independent pathway and that it may even be a prognostic
marker for cancer metastasis [38].

VEGEF-C and VEGF-D are both heavily involved in lymphangiogenesis. In tumors, these
two forms of VEGF are overexpressed and activate VEGFR-3 by means of a paracrine sig-
naling loop, thereby encouraging lymphatic growth within the tumor [39, 40]. Lymphatic
vessels created through tumor angiogenesis tend to be larger than normal, enhancing
the delivery of tumor cells to the lymph nodes, from which metastasis can occur (while
VEGEFR-3 activation causes lymphatic vessels to sprout, it should be noted that VEGFR-2
causes the vessels to become dilated) [41]. For example, metastasis of breast cancer occurs
primarily through the lymphatic system, and VEGF-C has been shown to enhance tumor
metastasis in this disease [42]. Because both lymphatic vessels and blood vessels provide
nutrients and a metastatic pathway for a tumor, vascular density (lymphatic vessels den-
sity or blood vessel density) within the tumor may be a prognostic factor of metastatic
potential [41, 43].
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4. Anti-VEGF medications

Because of tumor dependence on VEGF for growth and survival, much work has been put
into developing VEGF inhibitors for use in the clinic. Most of these inhibitors fall under two
broad categories that differ in structure and mechanism of action: small-molecule inhibitors
(SMIs) and monoclonal antibodies (mAbs). Table 1 contains a list of the anti-VEGF medica-
tions mentioned in this chapter, their types, FDA approval dates, the forms of cancer they are
approved to treat, and some common side effects associated with their use.

Some SMIs targeting VEGF signaling pathway are able to pass through the cellular membrane
and interact with the cytoplasmic domain of receptor tyrosine kinases (RTKSs) [44, 45]. Most
act as competitive inhibitors with ATP. As the ATP binding site is common to all RTKSs, speci-
ficity in the SMI is created by engineering the part of the molecule not similar to ATP [44].
Small molecule tyrosine kinase inhibitors (SMTKIs) can be divided into three broad catego-
ries: those that hydrogen bond with the ATP binding site of the enzyme’s active conformation
(typeI), those that hydrogen bond with the hydrophobic pocket directly next to the ATP bind-
ing site in the enzyme’s inactive conformation (type II), and those that bond covalently and
irreversibly with specific cysteine residues on the kinase (type III) [44].

Sunitinib is a type I SMTKI [44] that is able to inhibit RTKSs containing a split-kinase domain,
such as VEGEFRs -1, -2, and -3; PDGFRs —-A and -B; cKIT; FLT3; CSF-1R; and RET [46]. The
inhibition of the RTKs blocks signal transduction, thereby preventing tumor growth and
angiogenesis among other processes. Sunitinib is administered orally in a recommended dose
of 50 mg once daily for 4 weeks followed by a 2-week rest [47]. The medicine is currently
FDA approved for use in progressive well-differentiated pancreatic neuroendocrine tumors
in patients with unresectable, locally advanced, or metastatic disease; metastatic renal cell
carcinoma; and gastrointestinal stromal tumors after intolerance to imatinib mesylate [46].

Sorafenib is a type II SMTKI [45]. Sorafenib inhibits VEGFR-2, VEGFR-3, PDGFR-f3, and Kit;
therefore, it operates through a dual mechanism of action, inhibiting both tumor growth and
angiogenesis [48]. Sorafenib is administered in a recommended dose of 400 mg twice daily
around mealtimes [47]. The medicine is FDA approved for use in recurrent or metastatic pro-
gressive differentiated thyroid carcinoma, advanced renal cell carcinoma, and unresectable
hepatocellular carcinoma [49].

Vandetanib is a type III SMTKI [44]. It inhibits VEGFR-2, EGFR, and RET, blocking several
signal transduction pathways that control tumor growth and angiogenesis [50]. Vandetanib
was approved in 2011 for use against unresectable, locally advanced, or metastatic med-
ullary thyroid cancer. The recommended daily dose of the medicine is 300 mg per day,
administered orally [51].

In contrast to small molecule inhibitors, monoclonal antibodies (mAbs) cannot translocate
through the plasma membrane to interact with the cytoplasmic domains of RTKs; they are,
however, more specific in action than SMIs [45]. mAbs used in antiangiogenic therapies can
be divided into two broad categories: those that bind to VEGF and inhibit VEGF's ability to
bind with its receptors, and those that bind to VEGFRs and inhibit ligand-receptor interaction
and activate immune responses.
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Medicine Type of FDA approval Types of cancers Common Grade 3-4
medication date approved for to date side effects
Apatinib [114] SMI N/A N/A N/A
Bevacizumab [125] mAb 26-Feb-04 Metastatic colorectal cancer, Sensory neuropathy,
nonsmall cell lung cancer, hypertension, fatigue,
glioblastoma, metastatic renal neutropenia, vomiting,
cell carcinoma, cervical cancer (in diarrhea
combination with chemotherapy),
platinum-resistant recurrent
epithelial ovarian, fallopian tube,
or primary peritoneal cancer in
combination with chemotherapy
FDA approval for the use of
bevacizumab in metastatic HER2-
negative breast cancer was revoked
on 18 Nov. 2011 on account
of potentially life-threatening
side effects and the few benefits
associated with its use
Cabozantinib [116] SMI 25-Apr-16 Renal cell carcinoma in patients Abdominal pain,
who have received prior pleural effusion,
antiangiogenic therapy diarrhea, and nausea
Pazopanib [126] SMI Oct-09 Advanced renal cell carcinoma, Diarrhea,
advanced soft tissue sarcoma hypertension, and
proteinuria
Ramucirumab [96] mADb 21-Apr-14 Gastric/gastroesophageal junction ~ Hypertension,
adenocarcinoma (with and without hyponatremia,
paclitaxel), with docetaxel for neutropenia,
platinum-resistant metastatic pneumonia
nonsmall cell lung cancer, with
FOLFIRI for metastatic colorectal
cancer
Sorafenib [50] SMI 20-Dec-05 Advanced renal cell carcinoma, Diarrhea, hand-foot
unresectable hepatocellular syndrome
carcinoma, progressive
differentiated thyroid carcinoma
Sunitinib [46] SMI 26-Jan-06 Gastrointestinal stromal tumor, Hypertension,
advanced kidney cancer, diarrhea, nausea,
pancreatic neuroendocrine tumors ~ vomiting
Vandetanib [52] SMI 6-Apr-11 Medullary thyroid cancer in Diarrhea/colitis,
patients with unresectable, locally  hypertension and
advanced, or metastatic disease hypertensive crisis, QT
prolongation, fatigue,
and rash
Zif-Aflibercept VEGF-Trap 3-Aug-12 Metastatic colorectal cancer that Neutropenia, diarrhea,
[127] (hybrid of is resistant to an oxaliplatin- hypertension,
VEGFR-1 binding containing regimen leukopenia, stomatitis,
domain and fatigue, proteinuria,
VEGFR-2 domain and asthenia
3)
33C3[57] mAb N/A N/A N/A

Table 1. FDA approvals for antiangiogenic drugs.
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Perhaps the most well-known mAb targeting VEGF is bevacizumab, first approved in the EU
in January 2005 [52]. The medicine targets all forms of VEGEF-A, thereby inhibiting its ability
to activate angiogenesis [53]. 2C3 is another mAb that binds to VEGF, preventing it from inter-
acting with VEGFR-2, but not VEGFR-1; it blocks the growth of blood vessels in tumors and
inhibits increases in vascular permeability [54]. IMC1121B (ramucirumab) binds to the ligand
binding site of VEGFR-2 [55]. 33C3 is an antibody that binds to Ig domains 4-7 of VEGFR-2
and therefore, on account of binding to VEGFR-2 as opposed to a VEGF molecule, has the
potential to act independently of VEGF concentration [56].

A type of VEGF inhibitor that defies simple classification into one of these two categories
was developed recently as VGEF-trap, otherwise known as aflibercept. Aflibercept is a fusion
protein consisting of the VEGFR-1 and VEGFR-2 binding domains and the Fc region of the
IgG1 antibody [57, 58]. The protein binds to VEGF-A, VEGF-B, and PIGF, inhibiting activa-
tion of VEGFR-1 and VEGFR-2 and thereby inhibiting angiogenesis [57, 58]. Aflibercept was
approved as Zaltrap on 3 August 2012 for use in combination with a FOLFIRI (folinic acid,
fluorouracil, and irinotecan) chemotherapy regimen in adults with colorectal cancer [59], and
has been shown to provide significant benefits in OS and PFS [60].

5. Side effects of anti-VEGF medications

No metabolically active tissue in the human body is more than a few hundred micrometers
away from a capillary vesicle. The extensive nature of the vascular system in humans is pro-
duced and maintained through angiogenesis; changes in metabolic activity lead to changes in
demand for oxygen which in turn regulate angiogenesis [1]. Therefore, angiogenesis inhibitors
are bound to have adverse side effects. These side effects are generally less severe than those
encountered from chemotherapy, although they can still be life-threatening [61]. Common
side effects include hypertension, arterial thromboembolic events (ATEs), cardiotoxicity, and
problems with bleeding, gastrointestinal perforation, and wound healing. See Table 2 for a
description of grades of adverse events.

Perhaps the most well documented side effect of angiogenesis inhibitors is hypertension.
VEGF has been shown to decrease blood pressure; for example, in a phase I clinical trial
(the VIVA trial, a double-blind placebo-controlled study), recombinant VEGF was shown to
decrease systolic blood pressure by as much as 22% [62]. This decrease in blood pressure is
caused by the generation of blood capillaries, which increases the total cross-sectional sur-
face area available for blood to flow and thereby reduces blood pressure, and VEGF-induced
vasodilation, which occurs when VEGF induces the production of nitric oxide and PGI, as
part of its signal transduction pathway [63]. VEGF inhibitors therefore cause hypertension by
inhibiting the production of nitric oxide and PGI,, leading to vasoconstriction and an increase
in blood pressure [64, 65]. Hypertension caused from VEGF inhibition can be managed using
standard therapies, such as angiotensin-converting enzyme inhibitors, beta blockers, calcium
channel blockers, diuretics, and angiotensin II receptor blockers [66].

VEGF-dependent interactions between the glomeruli and endothelial cells are also inhibited
through anti-VEGF therapies (such as bevacizumab, sunitinib, and sorafenib [67]), leading
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to proteinuria, a common side effect in anti-VEGF treatment [65, 68]. Inhibition of the VEGF
signaling pathway leads to the suppression of nephrin, which in turn leads to a decrease in
maintenance of the glomerular slit diaphragm [68]. Luckily, most instances of proteinuria are
mild, presenting as only grades I and II, although more severe proteinuria has been reported
in a share of cases [67, 68].

Treatment with VGEF inhibitors is also associated with an increased risk of arterial thrombo-
embolic events (ATEs) [65, 69, 70]. This increased risk is caused by a reduction in the regen-
erative capacity of endothelial cells and can diminish antiapoptotic factors while encouraging
procoagulant changes in the blood vessels [70]. The rate of venous thromboembolic events
does not seem to be affected by VEGF inhibition, at least when comparing bevacizumab
with chemotherapy and chemotherapy alone [69]. It is recommended that patients on anti-
VEGEF therapy who develop an ATE be taken off the therapy immediately [65]. The use of
aspirin during therapy has been shown to increase the likelihood of grade 3 and 4 bleeding
events, although no significant difference has been found between aspirin users in control
and bevacizumab-treated groups [69]. Patients with a history of ATEs and older patients are
at greater risk in developing a thromboembolic event when using VEGF inhibitors such as
bevacizumab [69].

Cardiotoxicity is also a common side effect of VEGF inhibition, and has been observed in
patients on bevacizumab, sunitinib, and sorafenib. The exact mechanisms of this toxicity are
often unclear, and they may either have to do with inhibition of VEGF, inhibition of other
signaling pathways concomitantly with VEGF, or both. Cardiomyopathy has been observed
in sunitinib monotherapy in a phase I/II trial in which 11% of all participants (8/75) had a car-
diovascular event [71]. Another study found evidence that sunitinib induces cardiotoxocity
through the inhibition of the AMPK signal transduction pathway [72]. Moreover, bevacizumab
given after acute myelogenous leukemia chemotherapy resulted in an increase in cardiovas-
cular toxicity, although the mechanisms for this toxicity remain unknown [73]. Sorafenib has
also been demonstrated to cause cardiotoxicity in mice due to myocyte necrosis [74].

Grade Description Example with gastric fistula
I Mild with few or no symptoms; no Asymptomatic; clinical or diagnostic
interventions required observations only; intervention not
indicated
II Moderate, with minimal intervention ~Symptomatic; altered GI function

needed; some limitation of activities

il Severe but not life threatening; Severely altered GI function; bowel rest
hospitalization required; limitation ~ tube feeding; TPN or hospitalization
of patient's ability to care for him or  indicated

herself

v Life threatening; urgent intervention  Life-threatening consequences; urgent
required operative intervention indicated

Vv Death related to adverse event death

Table 2. Explanation of grades of adverse events [76].
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Some side effects are caused by the fact that VEGF impairment impairs wound healing on
account of its antiangiogenic properties [65]. Gastrointestinal perforation has been known
to occur in patients on anti-VEGF therapy. In the AVOREN trial, three patients receiving
bevacizumab in combination with IFN-a experienced grade 4 gastrointestinal perforations,
while one patient experienced grade 3 gastrointestinal perorations [66]. Sorafenib and suni-
tinib have also been shown to cause gastrointestinal perforations [65]. These perforations are
caused by tumors, often metastatic, and the healing of these perforations is impaired because
angiogenesis is itself prevented. Moreover, a significantly increased risk of hemorrhagic
events of all grades is observed in patients on sorafenib, sunitinib, pazopanib, bevacizumab,
and aflibercept [65, 75].

6. New directions

Although much progress has been made in angiogenesis inhibition therapy, research in the
field is still ongoing. The following section reviews (i) how does tumor resistance against anti-
VEGF mediation grow? (ii) what are the challenges in assessing biomarkers for the efficacy
of antiangiogenic therapies in specific cases? and (iii) how can treatment methodologies and
new treatments improve overall survival (OS)?

6.1. How does tumor resistance against anti-VEGF medication grow?

Tumor resistance to antiangiogenic therapies can be classified into two broad categories:
intrinsic and acquired [65, 77]. Acquired antiangiogenic resistance, in contrast to normal meth-
ods of acquired drug resistance in which mutational alteration of the drug target prevent the
drug from working, consists of tumors initiating alternative methods to cope with hypoxia
[77]. There are at least four distinct mechanisms through which this acquired resistance oper-
ates: (1) through the activation and upregulation of alternative proangiogenic pathways; (2)
through the recruitment of bone marrow-derived proangiogenic cells including increased
pericyte coverage of tumor vasculature; (3) through increased tumor aggressiveness result-
ing in metastasis to provide vasculature through widespread vessel cooption as opposed to
tumor angiogenesis; and (4) through the adoption of alternative angiogenic mechanisms [77].

6.1.1. Proangiogenic pathways not involving VEGF

Several proangiogenic molecular pathways are upregulated when the VEGF/VEGEFR path-
way is inhibited. This often results in a return of tumor vascularization after a period of
refractoriness [65, 78]. Some examples of alternative proangiogenic pathways include fibro-
blast growth factors (FGFs), platelet-derived growth factors (PDGFs), tumor necrosis factor-o
(TNF-a), placenta growth factor (PIGF), angiogenin, stromal-derived factor la (SDF-1a),
and interleukins-1at and -1f3 (IL-1ct, IL-1{3) [79-81]. Several of these molecules are regulated
through HIF-1 expression, which in turn is controlled by hypoxia [79]. Therefore, through
inducing the regression of tumor vasculature, anti-VEGF therapies can induce the expression
of other proangiogenic pathways that reduce their own efficacy.
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Several therapies are being developed that target both VEGF and alternative angiogenic path-
ways at the same time. For example, blockage of both VEGF and bFGF with brivanib resulted
in prolonged tumor stasis following previous angiogenic inhibition in mouse neuroendo-
crine tumors [82]. Another study reported that inhibiting SDF-1a after irradiating mice with
implanted human U251 GBM tumors prevented the revascularization of irradiated tumors
more effectively than inhibiting VEGF, thereby suggesting that SDF-1a may be involved in
acquired resistance to anti-VEGF therapies as well [81]. It has also been suggested that syner-
gism between FGF-2 and PDGF-bb could induce angiogenesis, even if they are only present
at low concentrations within the cytoplasm [79]. Taken together, these results suggest that
inhibition of alternative angiogenic pathways in addition to inhibiting VEGF could increase
the efficacy of antiangiogenic therapy.

6.1.2. BMDCs

Bone marrow—-derived cells (BMDCs) such as pericytes and macrophages play important
roles in both normal and pathological angiogenesis [1, 83, 84]. Tumor-associated macrophages
(TAMs) are attracted to hypoxic regions of tumors through the upregulation of chemoattrac-
tants caused by hypoxia. Following extravasation into the tumor region, monocytes migrate
into hypoxic areas of the tumor, following a chemoattractant gradient [85]. Monocyte che-
moattractant protein-1 (MCP-1) has been shown to be an important chemoattractant in this
process [86]. Once in the hypoxic region of the tumor, macrophages will promote tumor pro-
gression and metastasis through their trophic role (breaking down the ECM and encouraging
tumor cell motility) and through excreting compound such as mutagenic oxygen, nitrogen
radicals, and several proangiogenic factors such as VEGF and angiopoietin-2 [83, 87].

The process through which pericytes contribute to cancer progression and metastasis is poorly
understood. Normally, pericytes are associated with newly formed blood vessels, creating a
single, often discontinuous, layer around the endothelial cell tube that serves to support a
mature vessel. However, in tumor angiogenesis, pericyte coverage can be greater than, or
less than normal tissue vasculature depending on the tumor type; for example, glioblastoma
exhibits lower than normal pericytes coverage, while islet carcinomas exhibit higher than
normal coverage. This aberrant pericyte coverage can result in tumor growth and metastasis
[88]. Current pericytes-targeted cancer therapies aim to reach a balance between pro-and anti-
angiogenic factors, encouraging vascular normalization [89].

6.1.3. Increased tumor aggressiveness

In most cancers, the appearance of a proinvasive phenotype following antiangiogenic therapy
is in question; however, in glioblastoma it is relatively undisputed [78], and there is evidence
suggesting its occurrence in pancreatic cancer [90]. The proinvasive phenotype allows tumors
from these cancers to circumvent the need for a blood supply, obviating the necessity of tumor
angiogenesis. The mechanisms underlying this increased tumor aggressiveness are not fully
known. HIFs have been widely accepted as playing a role in increased tumor aggressiveness
and metastasis [90]. Moreover, increased collagen signaling in the presence of VEGF inhibition,
including activation of discoidin domain receptor 1, protein tyrosine kinase 2, and pseudopo-
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dium-enriched atypical kinase 1, has been shown to increase tumor progression and aggres-
siveness in murine models of pancreatic ductal adenocarcinoma [91]. In glioblastoma, VEGF
inhibition creates hypoxic conditions in the tumor, which in turn causes increased expression
of c-Met, an HGF receptor tyrosine kinase, through HIF-1a; this increase in c-Met expres-
sion correlates with increased invasion and poorer survival [80]. When both VEGF and c-Met
are blocked, the increased tumor invasiveness and aggressiveness associated with anti-VEGF
medications is suppressed in murine GBM and PNET, suggesting new routes for research in
antiangiogenic therapies [80, 92].

6.1.4. Alternative angiogenic mechanisms

Another method through which tumors can circumvent angiogenic inhibition is though alter-
native angiogenic mechanisms such as intussusceptive angiogenesis, glomeruloid angiogen-
esis, vasculogenic mimicry, looping angiogenesis, and vessel cooption [78, 83]. These forms
of angiogenesis occur through other signaling pathways that do not involve VEGF, and are
upregulated when VEGF signaling is inhibited. One such alternative angiogenic pathway is
vasculogenic mimicry (VM), which may be encouraged when anti-VEGF medications pro-
vide selective pressure for stem-like cancer cells that participate in the process. This phenom-
enon highlights the need for novel therapeutic methods that target the signaling pathways
that control VM in addition to VEGF [93]. Similar combination therapies could be used to
increase the efficacy of antiangiogenic medication in general by restricting the tumor’s ability
to acquire resistance to antiangiogenic therapies.

6.2. Challenges in biomarkers

Unfortunately, no validated biomarkers are currently available for determining which
patients will respond best to antiangiogenic therapy [93, 94]. An array of biomarkers has been
studied in hope to find effective biomarkers, including systemic measurements, gene analy-
sis, circulating biomarkers, tissue markers, and imaging parameters [95]. Various challenges
stand in the way of establishing effective biomarkers, such as the inability to perform repeated
biopsies (inhibiting researchers’ ability to assess dynamic biomarkers), the unpredictability of
response and toxicity, the expensive and complex nature of human trials, the unpredictability
of toxicity and response to therapies, and the specificity of each biomarker to disease [95].

The degree of hypertension experienced by a patient has been proposed as a potential sys-
temic biomarker of tumor response, although more research is needed to establish the validity
of this measurement [95, 96, 97]. Because hypertension is dependent on the VEGF-signaling
pathway, it is possible that patients who do not develop hypertension are not responding to
VEGF treatment at the current dose. In fact, the degree of hypertension correlates with sur-
vival, with patients who develop more severe hypertension experiencing better cancer remis-
sion than patients who develop no hypertension [97]. Interestingly, VEGF polymorphisms
may play a role in determining the degree of hypertension, of anti-VEGF medications, which
certain polymorphisms being more susceptible to inhibition than others. For example, VEGEF-
634 SNP (single nucleotide polymorphism) G/G is correlated with higher hypertension in
suninitib-treated patients with mRCC than either VEGF-634 C/G or VEGF-634 C/C [98].
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Several circulating biomarkers have been proposed that circulate in the bloodstream of
patients. For example, high levels of soluble VEGF-R1 (sVEGFR1) correlate with decreased
efficacy of bevacizumab in GBM, rectal carcinoma, breast cancer, hepatocellular carcinoma,
and metastatic colorectal carcinoma. This correlation is probably caused by sVEGFR1 acting
as an endogenous VEGF-trap, so adding a VEGF-specific monoclonal antibody does little
to further inhibit VEGF signaling pathways [94]. Another potential circulating biomarker is
SDF1aq, as levels of this chemokine correlate with evasion of anti-VEGF therapies, although
further study is needed to assess this potential biomarker [94]. Pretreatment levels of circu-
lating VEGEF-A has been shown to be prognostic in metastatic colorectal, lung, and renal cell
cancers, but it is not predictive for bevacizumab treatment [99]. Moreover, a phase II study
presented evidence that plasma concentrations of VEGF-A and IL-8 are prognostic for OS in
MRCC, with high levels being unfavorable, while low plasma levels or sVEGFR-3 are may be
predictive for a positive outcome in patients with mRCC receiving sunitinib [100]. Another
phase II trial found that serum levels of Ang-2 and MMP-2, along with tumor levels of HIF-1a,
are potential baseline efficacy biomarkers for sunitinib in advanced RCC [101]. Finally, low
circulating endothelial cell levels (<65 CEC/4 mL blood) have been found to correlate with
longer median PFS and OS in patients with colorectal cancer receiving bevacizumab [102].

Imaging techniques provide potential of imaging parameters as biomarkers as well. For
example, MRI- and CT-based tissue vascular measured such as blood flow, blood volume,
and permeability have been shown to occur after bevacizumab administration, although
more research is needed to assess the efficacy of these measures as biomarkers [95]. Moreover,
pretreatment ADC histogram analysis has been shown to be a possible predictive biomarker
for bevacizumab treatment in recurrent glioblastoma [103]. Imaging studies can also be used
to augment other biomarker studies, and can be used in cooperation with systems pharma-
cology to create multilevel computational models that predict the efficacy of treatment in
patients, as well as suggesting dosing schedules that could be more efficacious than current
practices [104]. Another potential biomarker could be patient genotype. As discussed above,
some VEGF SNPs may be more receptive to treatment than others. However, some genes
show little or no correlation with the efficacy of antiangiogenic therapies. For example, the
mutation status of KRAS, a common oncogene, does not correlate with VEGF therapy efficacy
[105]. More research must be done to establish which genes can and cannot be considered
biomarkers.

6.3. Treatment methodologies and new treatments

According to the normalization hypothesis, during the course of antiangiogenic therapy, there
is a dose-dependent window of time during which aberrant tumor vasculature is normalized.
In this state, it is easier to deliver cytotoxic drugs from conventional chemotherapy to the tumor
in a treatment schedule that takes advantage of the window presented by antiangiogenic agents
given in low doses [106]. However, there are two important considerations to take into account
when scheduling chemotherapy with antiangiogenic agents: first, the dose of antiangiogenic
agents affects the normalization window during which chemotherapy can be delivered effec-
tively. Second, the size of the chemotherapeutic agents matters, as vascular normalization
causes the pores in aberrant tumor vessels to shrink, limiting the ability of large molecules to
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pass through to the tumor [94]. Vascular normalization has also been shown to improve the out-
come of immunotherapy, making delivery of immune cells to the tumor easier, and can even
decrease the intravasation of cancer cells, limiting the possibility of metastasis [94].

Most of the time, resistance to chemotherapy occurs through heritable changes in the tumor
genotype. However, because resistance to VEGF inhibitors does not occur through natural
selection, as discussed above, it is possible that rechallenging after disease progression fol-
lowing an intervening interval of time during which VEGF therapy is suspended may allow
for a return of efficacy in antiangiogenic VEGF inhibitors. For example, patients with meta-
static renal cell carcinoma (mRCC) who experience disease progression after initial response
to sunitinib can eventually respond to the drug upon rechallenge after an intervening period
on alternative therapies, such as sorafenib (patients with more than 6 months off sunitinib
experienced greater PFS than patients with less than 6 months off sunitinib, although in each
case the second PFS was shorter than the original) [99]. Moreover, in a randomized phase
III trial, patients with unresectable metastatic colorectal cancer progressing up to 3 months
after discontinuing bevacizumab plus chemotherapy experienced moderate survival benefits
when bevacizumab plus chemotherapy was given as a second line treatment as compared to
chemotherapy alone [107].

More research must be done to assess the efficacy of antiangiogenic agents in the adjuvant
and neoadjuvant settings. In the neoadjuvant setting, VEGF inhibition may cause tumor
regression, converting an unresectable tumor to a resectable one [82], with 12 of 30 patients
in one single-arm phase II study who received oxaliplatin plus bevacizumab having initial
nonsynchronous unresectable CLM become resectable [108]. However, antiangiogenic neoad-
juvant treatment in mouse models of metastatic disease has been shown not to correlate with
postsurgical survival [109]. In the adjuvant setting, it is possible that antiangiogenic therapies
may prevent relapse by preventing the reestablishment of tumor vasculature. However, beva-
cizumab has delivered poor results in OS when used in combination with chemotherapy for
adjuvant colorectal cancer, although PFS is improved [78].

Some work is also being put into developing novel VEGF and VEGEFR inhibitors. For example,
ramucirumab, a monoclonal antibody that inhibits VEGFR-2, was given FDA approval in
2014 for use as a single agent in the treatment of patients with gastroesophageal carcinoma; it
has since been given approval for use in combination with paclitaxel, docetaxel, and FOLFIRI
[110]. Ramucirumab is the first biological treatment to show moderate survival benefits as a
single agent after gatroesophageal adenocarcinoma progression following first-line chemo-
therapy in a phase 3 trial (ramucirumab vs. placebo, OS = 5.2 months vs. 3.8 months, respec-
tively) [111]. The drug has also shown moderate OS benefits when used in combination with
docetaxel for second-line treatment of stage IV NNSCLS compared with docetaxel alone after
progression on platinum-based chemotherapy (10.5 months vs. 9.1 months, ramucirumab
plus docetaxel vs. docetaxel alone, respectively) [112]. Apatinib is another novel VEGFR-2
inhibitor, a small molecule not yet given FDA approval (although it is approved for use in
China in treating metastatic gastric or gastroesophageal adenocarcinoma after second-line
chemotherapy) [113]. The drug thus far has shown only moderate survival benefits of 1.8
months, and several trials are ongoing to assess its efficacy in different settings [114].
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Yet another new small molecule VEGF inhibitor, cabozantinib (Cabometyx, Exelixis, Inc.) was
given FDA approval on 25 April, 2016, for the treatment of renal cell carcinoma in patients
who have received prior antiangiogenic therapy. Approval was given based on improved
progression-free survival (7.4 months vs. 3.8 months in the cabozantinib and everolimus arms,
respectively), improved overall survival (21.4 months vs. 16.5 months) and improved con-
firmed response rate (17 vs. 3%). The drug exhibits the standard side effects associated with
VEGEF inhibition; 40% of patients who received cabozantinib experienced a serious adverse
event such as abdominal pain, pleural effusion, diarrhea, and nausea [115].

Another potential target for anticancer therapy has also been found in lymphangiogenesis.
Several studies are examining the potential of inhibiting the VEGFR-3/VEGF-C/VEGEF-D
signaling axis in preventing lymph-node-mediated metastasis and disease progression.
Inhibition of VEGF-C/-D with soluble VEGFR-3 has been shown to reduce tumor metastasis
in mouse models, as has blocking VEGF-C/-D proteolysis or blocking VEGEF-C from bind-
ing with the Nrp-2 receptor [116]. Moreover, foretinib, a multiple kinase inhibitor currently
undergoing clinical trials, has shown promise in inhibiting the activity of VEGFR-3 and lym-
phangiogenesis and could potentially be used to inhibit lymph-node-mediated metastasis
[117]. Corosolic acid has also been shown to induce apoptosis in CT-26 colon carcinoma in a
mouse model, in addition to inhibiting lymphangiogenesis, but more study is needed before
this substance becomes useable as a cancer therapy [118].

PIGF inhibition is another potential novel therapeutic approach in the fight against cancer,
and preclinical studies have shown that inhibiting PIGF using genetic inhibition or anti-PIGF
antibodies slows tumor growth and metastasis, and can even induce tumor regression in
preexisting medulloblastoma [119]. However, the efficacy of inhibiting PIGF in tumors has
come under question, with some preclinical studies showing that inhibiting PIGF does not
significantly inhibit tumor grows [120, 121]. More research is needed to assess whether PIGF
inhibition could be an efficacious cancer therapy.

7. Conclusion

Ever since its discovery, VEGF has been at the center of attention in new and developing
cancer therapies. Since its early successes, however, antiangiogenic therapy has often pre-
sented only modest improvements in overall survival and progression-free survival [122].
Researchers have not given up hope that this therapeutic technique contains promise in the
arsenal against cancer. Therefore, much recent research has been done in pushing the frontier
of antiangiogenic therapies, trying to improve patient outcome.

Because the biology of VEGF and its receptors is well understood, current research focuses
on why some tumors become resistant to antiangiogenic therapies and others are intrinsi-
cally resistant, how to circumvent this intrinsic or acquired resistance, and how to best utilize
these expensive therapies by developing predictive biomarkers for treatment outcome. More
research is also being done to develop novel VEGF inhibition techniques, and in character-
izing the rare yet serious toxicities associated with these drugs.
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As they stand now, antiangiogenic therapies face a set of limitations that severally impacts
their efficacy. Tumors can acquire resistance to the drugs (if they do not already have intrinsic
resistance) and demonstrate an increase in aggressiveness. Moreover, antiangiogenic thera-
pies may cause a decrease in chemotherapy perfusion, lowering the efficacy of chemothera-
pies given in combination with antiangiogenic medicine [123]. These difficulties suggest that,
at least when given alone, antiangiogenic therapies may face severe limitations in survival
benefits. Therefore, future research should focus on more than simply inhibiting VEGF on
a continuous schedule. Rather, it should focus on increasing the efficacy of chemotherapy
through utilizing antiangiogenic therapy to induce vascular normalization, allowing for more
efficient delivery of chemotherapeutic agents [123, 124]. Moreover, research should also find
ways to decrease resistance to these therapies through inhibiting proangiogenic factors that
are upregulated in response to the inhibition of VEGF and through developing predictive
biomarkers for the efficacy of these expensive treatments [123, 124].
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Abstract

Angiogenesis plays a pivotal role in many pathological processes, including
hepatocellular carcinoma (HCC). This indicates that antiangiogenic agents could be
promising candidates for chemoprevention against HCC. Several inhibitors targeting
receptor tyrosine kinases (RTKs) for the regulation of tumoral vascularization have
been developed and employed in clinical practice, including sorafenib. However,
there seem to be several issues for the long-term use of this agent as some patients
have experienced adverse effects while taking sorafenib. Therefore, it is desirable for
patients with chronic liver diseases to be administered sorafenib as little as possible
by combining other safe-to-use antiangiogenic compounds. Various factors, such as
renin-angiotensin-aldosterone system (RAAS) and insulin resistance (IR), reciprocally
contribute to the promotion of angiogenesis. A blockade of RAAS with an angioten-
sin-converting enzyme inhibitor (ACE-I) or angiotensin-II (AT-II) receptor blocker
(ARB) markedly attenuates HCC in conjunction with the suppression of angiogenesis.
Moreover, the IR status has demonstrated direct acceleration in the progression of
HCC via the augmentation of tumoral neovascularization. These findings suggest that
a combination therapy involving a lower dose of sorafenib with other clinically used
agents [e.g.,, RAAS blockers, insulin sensitizer agents, and branched-chain amino
acids (BCAA)] may reduce the adverse effects of sorafenib without attenuating the
inhibitory effect against HCC in comparison to a high-dose administration.

Keywords: hepatocellular carcinoma, fibrosis, renin-angiotensin system

1. Introduction

Angiogenesis is the development of new vasculature from preexisting blood vessels or
circulating endothelial cell (EC) stem cells. Emerging evidence indicates that angiogenesis
developsin many organs and under multiple pathologicsituations, as well as during conditions
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of tissue growth and regeneration. Abnormal pathological angiogenesis is observed in patients
with rheumatoid arthritis, psoriasis, diabetic retinopathy, fibrogenesis, and tumor growth [1].
Although early studies were conducted to determine the molecular processes associated with
carcinogenesis and angiogenesis that were performed independently, more recent studies have
revealed that both biological phenomena emerge synergistically [2].

Hepatocellular carcinoma (HCC) is the sixth most common cancer and the second leading
cause of cancer-related mortality worldwide, accounting for more than 600,000 new cases
annually. The greatest risk factors for developing HCC include liver cirrhosis induced by
hepatitis B virus (HBV) or hepatitis C virus (HCV) infections, excessive alcohol intake, and
metabolic syndrome. Regardless of the etiology, since HCC commonly develops in patients
with a chronic liver disease (e.g., liver cirrhosis) only approximately one-third of the patients
diagnosed with HCC are eligible for curative treatments (e.g., surgical resection) [3]. Conse-
quently, several alternative therapies have been employed, including percutaneous radiofre-
quency ablation (RFA) and transarterial chemoembolization (TACE). However, no satisfactory
improvement of HCC prognosis has been achieved to date. The notable characteristic of HCC
that accounts for its poor prognosis is the risk of high frequency in recurrence attributed to
intrahepatic metastasis or the multicentric development. The key feature of HCC progression
is also hypervascularity formed by intratumoral angiogenesis as well as the frequent recur-
rence. Several studies have demonstrated that angiogenesis is implicated in the survival and
growth of HCC. It has also been reported that angiogenesis can be induced during the early
stages of tumor formation and the various carcinogenic mechanisms have been demonstrated
in several different experimental models [4-7]. Therefore, several antiangiogenic agents (i.e.,
sorafenib) have been developed as novel treatment options for HCC.

In this chapter, mechanistic insights into angiogenesis and its contribution to hepatocarcino-
genesis will initially be reviewed. In addition, newly developed antiangiogenic agents will be
described in detail.

2. Angiogenesis in HCC

In HCC, tumor angiogenesis leads to a pathologic vascularization pattern, of which intratu-
moral vascularization is critical for the diagnosis and treatment of HCC, as well as for
pathogenesis and patient prognosis [1, 8, 9]. In general, HCC is supplied with blood flow
primarily via the hepatic arteries, while noncancerous lesions and the normal liver parenchy-
ma are supplied predominantly by the portal vein. This distinct vascularization is clinically
utilized to diagnose HCC radiographically by emphasizing the tumor lesions. Any tumor mass
more than 1-2 mm? depends entirely on the formation of a vascular network that provides the
growing tumor with oxygen and essential nutrients [10].

Of the various proangiogenic factors, vascular endothelial growth factor (VEGF) is one of
the most potent and required for both physiological and pathological angiogenesis [11].
VEGEF induces EC proliferation, promotes migration and differentiation as well as stimulates
permeabilization of blood vessels and vasculogenesis. The several forms of VEGF bind to
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two tyrosine kinase receptors, fins-like tyrosine kinase (flt-1: VEGFR-1) and the kinase insert
domain-containing receptor/murine homolog, fetal liver kinase-1 (KDR/Flk-1: VEGFR-2)
[11, 12]. Recent reports have demonstrated that upregulated VEGF expression is more
frequently observed in the tumor lesions of HCC than noncancerous lesions [13-15].
Moreover, the marked increase of VEGF expression is shown during both hepatocarcino-
genesis and HCC growth in accordance with the augmented neovascularization. Our basic
studies elucidated that monoclonal antibodies (mAb) against both VEGFR-1 and VEGFR-2
ameliorated the HCC development with antiangiogenic activity in rodents [16]. These
findings indicate that a blockade of the VEGF-VEGEFR axis contributes to the suppressive
effect on HCC development.

In tumor neovascularization, VEGF often coordinates with other angiogenic pathways. The
angiopoietins (Ang) bind with receptor tyrosine kinases (RTKs) with immunoglobulin-like
and EGF-like domains (Tiel and Tie2). Increased levels of Ang2 promote tumor angiogenesis,
metastasis, and inflammation with augmentation of VEGF activity. VEGF-A is also upregu-
lated by interaction with multiple growth factors, including fibroblast growth factor (FGF),
insulin-like growth factor-1 (IGF-1), platelet-derived growth factor (PDGF), and the trans-
forming growth factors (TGF) [17]. Tissue hypoxia also stimulates VEGF-A upregulation via
the hypoxia-inducible factors (HIF)-1a and HIF-2«x [17].

3. Molecular targeted therapy

Several small-molecule, orally available RTK inhibitors exhibit an antiangiogenic effect of
inhibiting VEGF and other kinases. They are expected to have high clinical utility and are
currently being tested in clinical trials of varying stages for the treatment of advanced HCC
(Table 1).

Agent Target

Sorafenib A-RAF, B-RAF, C-RAF/Raf-1VEGFR-2, VEGFR-3, PDGFR-, Flt-3, c-Kit
Sunitinib VEGFR-1, 2, and 3, PDGFR-q, {3, c-Kit, FIt3

Brivanib VEGFR-1, 2, and 3, FGFR-1, 2, and 3

Lenvatinib VEGFR-1, 2, and 3, FGFR-1, 2, 3, and 4, PDGFR-¢«, c-Kit, RET

Cabozantinib VEGFR-2, MET, RET

Table 1. Molecularly targeted antiangiogenic agents for advanced HCC.

3.1. Sorafenib

Sorafenib (Nexavar®) was developed in 1995 and is the only chemotherapeutic drug that has
demonstrated to improve the survival rate in patients with HCC [18, 19]. Sorafenib acts by
inhibiting the RAF serine/threonine kinases that play a key role in the transduction of mito-
genic and oncogenic pathways through the Raf/mitogen-activated protein kinase (MEK)/
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extracellular signal-regulated kinase (ERK)/mitogen-activated protein kinase (MAPK)
signaling pathway [20]. Such signaling results in a lower cyclin D1 expression as well as cell
cycle arrest. Sorafenib also potently inhibits VEGFR-2, VEGFR-3, PDGFR-, Flt-3, and c-Kit,
which promote angiogenesis [19, 20]. The repression blocks a broad spectrum of different
processes involved in proliferation, angiogenesis, or apoptosis, causing a reduction in the
blood vessel regions of the tumor and the starving of cancerous cells. Furthermore, sorafenib
enhances tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL)-induced cell
death through an SH2 domain, which causes a tyrosine phosphatase (SHP-1)-dependent
reduction of signal transducers and activators of transcription type 3 (STAT3) phosphorylation
and the related protein myeloid cell leukemia 1 (Mcl-1) (i.e., survivin and cyclin D1) in HCC
cells [21]. Sorafenib is also able to repress Mcl-1 activity through an MAPK-independent
mechanism, which increases the intrinsic apoptosis pathway in tumor cells. Moreover, recent
studies have claimed that the eukaryotic translation initiation factor 4E (eIF4E) might be
implicated in sorafenib-dependent Mcl-1 inhibition [22]. Clinically, sorafenib can extend the
mean patient survival from 7.9 to 10.7 months [19]. Representative adverse events caused by
the treatment of sorafenib consist of diarrhea, weight loss, hand-foot skin reaction, and
hypophosphatemia. Currently, sorafenib is the first and only agent to demonstrate a beneficial
overall survival (OS) and be approved by regulators globally in patients with advanced HCC
[19].

3.2. Sunitinib

Sunitinib (Sutent®) is an oral multi-RTK inhibitor targeting VEGFR-1, 2, and 3, PDGFRs, c¢-Kit,
and other RTKSs associated with angiogenesis [23]. Several phase II clinical trials have shown
favorable results regarding the antitumor activity of this drug against advanced HCC. In one
phase III trial, the median OS was 7.9 and 10.2 in the sunitinib and sorafenib groups, respec-
tively [24]. This indicates that sunitinib had no benefit over sorafenib as a first-line therapy for
advanced HCC.

3.3. Brivanib

Brivanib, a dual tyrosine kinase inhibitor, shows potent and selective inhibition of VEGFR and
FGFR [25]. Brivanib has exerted an anticancerous effect in xenograft human HCC models
expressing FGF receptors [26]. Two phase III trials have been performed: (1) the BRISK-FL
study, in which brivanib vs. sorafenib as first-line therapy was evaluated in patients with
advanced HCC and (2) the BRISK-PS study, in which brivanib was administered to patients
with advanced HCC who were resistant to sorafenib [27, 28]. However, both trials failed to
meet the primary endpoint of statistically improving the OS rate.

3.4. Lenvatinib

Lenvatinib (Lenvima®) is an oral multityrosine kinase inhibitor with potent antiangiogenic
effects that has recently been approved for use in differentiated thyroid cancer [29]. The drug
was established in patient-derived xenograft models that reliably recapitulated the genetic and
phenotypic features of HCC [30]. Moreover, in models expressing high levels of FGF receptor
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1, lenvatinib exhibited a greater efficacy than sorafenib. Lenvatinib has also shown highly
promising data in phase I/II clinical trials involving patients with advanced HCC [31].

3.5. Cabozantinib

Cabozantinib (Cometriq®) was approved in 2012 by the FDA and is a small-molecule RTK
inhibitor with potent activity toward VEGFR-2, MET, and RET (rearranged during transfec-
tion), leading to the inhibition of tumor angiogenesis [32]. In a phase II study, the observed
disease control rate following 12 weeks of treatment with cabozantinib was found to be 68 or
78% of the patients with or without prior sorafenib treatment exhibited tumor regression. A
phase III randomized double-blind, controlled trial is ongoing to compare the efficacy of
cabozantinib with a placebo as the second-line treatment modality for advanced HCC patients
who have previously received sorafenib.

4. Alternative therapy

Sorafenib is the standard therapeutic agent administered for the treatment of advanced stages
of HCC and it is likely that other RTK inhibitors will also become commonly utilized drugs.
However, chronic liver damage usually lowers the capacity of drug metabolism in patients,
and the long-term administration of sorafenib may induce excessive adverse effects. Therefore,
to reduce dosage of sorafenib, an alternative approach may be required to identify a clinically
available compound targeting tumor angiogenesis. Among the various factors to affect
angiogenic activities, many researchers have focused their attention on the mechanisms of
angiotensin-II (AT-II) and insulin resistance (IR). These factors have been shown to affect
angiogenesis in the liver via close interactions [33]. Moreover, since these factors could also be
involved in the HCC, the regulation of these factors might contribute to suppressing the
progression of the chronic liver disease.

4.1. RAAS blockers

The renin-angiotensin-aldosterone system (RAAS) is a hormone system that is involved in the
regulation of the plasma sodium concentration and arterial blood pressure to maintain body
fluid homeostasis [34]. Recent reports have demonstrated that RAAS is locally expressed in a
number of tissues, including the kidneys, adrenal glands, heart, vasculature and nervous
system, and liver. Actually, RAAS s frequently activated in patients with chronicliver diseases,
such as liver cirrhosis [35, 36]. AT-II is an octapeptide derived from its precursor, AT-I, after
AT-I converting enzyme (ACE) acts AT-I, proteolytically cleaving the C-terminal dipeptide.
During the progression of chronic liver diseases, AT-Il is considered to be a potential mediator
of portal hypertension. It has been reported that AT-II plasma levels are clinically increased in
patients with cirrhosis, and an animal study has shown the elevation of the portal pressure by
AT-II administration [37, 38].

AT-II plays a crucial role in the development of several cancers, including HCC. Lever et al.
has previously shown the outcome of a retrospective cohort study consisting of 5207 patients
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with treatment of either an ACE inhibitor (ACE-I) or other antihypertensive agents such as
calcium channel blockers, diuretics, and (3-blockers with a 10-year follow-up (Glasgow study).
Interestingly, in their study, the incidence of cancer and fetal cancer was decreased in the
patients with ACE-I treatment as compared with those with other drugs [39]. A recent cohort
study has also demonstrated a lower incidence of cancer in patients using ACE-I or an AT-1I
receptor blocker (ARB) than nonusers [40]. Furthermore, it has been reported that the addition
of ACE-I or ARB provided the prolonged survival for the patients with advanced non-small
cell lung cancer undergoing platinum-based chemotherapy [41]. Additionally, inhibition of
RAAS possibly exerted the beneficial effects on the prognosis of patients with advanced
hormone-refractory prostate cancer and pancreatic cancer receiving gemcitabine [42, 43]. In
regard to liver cancer, ACE-I showed the suppressive effect on the tumor growth in a murine
HCC experimental model [44].

The RAAS, especially AT-II, is potently involved in the regulation of both rarefaction and
expansion of the vascular network. Circulating AT-II leads to drive a variety of signaling
cascades leading to VEGF, FGF, IGF, and TGF-f expression through mainly binding to the
AT1R on ECs [45-47]. AT-II/AT1-R axis plays a key role in the regulation of angiogenic activity
in various pathological events, including tumor neovascularization. Actually, inhibition of AT-
II by ACE-I and ARB reportedly attenuates intratumoral neovascularization with down-
regulation of VEGF expression in several cancers [48-50]. These findings indicate that ACE-I
and ARB can be candidates for novel antiangiogenic agents against HCC. However, previous
report has suggested that monotherapy with only antiangiogenic agent does not exert the
sufficient effect on the prognosis in patients with advanced cancer [51]. Therefore, the combi-
nation treatment of antiangiogenic agents has been approached to show a synergistic inhibi-
tory effect on cancer progression [51, 52]. For example, the combination of ACE-I and interferon
(IFN) suppressed HCC growth more potently than monotherapy with ACE-I [53]. Our report
demonstrated that the antitumoral effect of 5-fluorouracil (5-FU) is also enhanced by combi-
nation with ACE-I [54].

As well as tumor growth and metastasis, the early stages of carcinogenesis are also regulated
by RAAS-mediated angiogenesis [5, 55]. Our animal study has shown that ACE-I significantly
suppressed hepatocarcinogenesis at a clinically comparable low dose together with an
attenuated neovascularization [56]. Additionally, a combination of ACE-I with supplementa-
tion of vitamin K (VK), which is often administered to the patients with osteoporosis, showed
amore potent inhibitory effect on rat hepatocarcinogenesis than ACE-I monotherapy [57]. This
combination regimen consisting of ACE-I and VK also exhibited the beneficial effect on
ameliorating hepatocarcinogenesis in our clinical study [58]. A 48-month follow-up study
revealed that a combined ACE-I with VK significantly suppressed the cumulative recurrence
of HCC with reduced serum VEGEF levels. The serum level of lectin-reactive a-fetoprotein
(AFP-L3), known as one of the HCC tumor markers, was also decreased in parallel with VEGF.
Accordingly, this combination regimen may represent a new strategy for chemoprevention
against HCC.

Aldosterone (Ald), a downstream component of AT-II in RAAS, also affects in the regulation
of angiogenesis. Endocrinologically, Ald is a mineralocorticoid hormone regulating the
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plasma sodium (Na*), the extracellular potassium (K*) and arterial blood pressure, blood
pressure, and electrolyte balance via mineralocorticoid receptors (MR) [59]. Recent data have
suggested that Ald plays a key role in endothelial dysfunction, as well as a suggested involve-
ment in the pathogenesis of hypertension [60]. Moreover, the possible involvement of Ald and
the MR systems in pathological ocular neovascularization has been reported [61]. Ald was
shown to stimulate the proliferation and tubulogenesis of EC, and exacerbated angiogenesis
in oxygen-induced retinopathy. In addition, these events could be attenuated by spironolac-
tone. Eplerenone, a selective Ald blocker (SAB), is clinically used as a novel option for the
treatment of hypertension. SAB is a selective MR antagonist with higher affinity than spiro-
nolactone, contributing to lower side effect by binding the progesterone and androgen
receptors. The animal study revealed that murine hepatocarcinogenesis was markedly
suppressed by the treatment of SAB with attenuation of VEGF-mediated angiogenesis [62].
These results indicate that SAB is also a viable option for treatment of HCC.

4.2. Regulation of insulin resistance

Recent studies have revealed a close relationship between IR and the progression of liver
disease, including HCC [63, 64]. In general, chronic liver diseases impair the metabolic
homeostasis of glucose as a result of IR, glucose intolerance, and DM [65]. Several clinical
studies have also identified the hyperinsulinemia in patients with chronic hepatitis C (CHC)
[66-68]. Experimental evidence with the HCV-transgenic mouse model confirms the contri-
bution of HCV in the development of IR and DM [69]. In this model, the overproduced TNE-
o appears to play a pivotal role in the induction of IR and DM. TNF-a is a proinflammatory
cytokine, dramatically elevated during inflammation-induced disease pathology. HCV itself
induces the phosphorylation of the serine residues associated with the insulin receptor
substrate (IRS)-1 and -2 and stimulates the overproduction of suppressor of cytokine-3
(SOC-3), inhibiting the phosphorylation of Akt/PI3K, leading to the blockade of transactivation
of GLUT-4, which contributes to inhibit intracellular glucose uptake. Additionally, nonalco-
holic fatty liver disease (NAFLD) is a common liver disorder associated with IR and DM [70].
Various factors participate in the progression of NAFLD, such as oxidative stress, endotoxemia,
obesity, genetic factors, and IR. Several reports have suggested the association of IR and
mitochondrial abnormalities [71].

Recently, a reciprocal relationship between diabetes and HCC has been noticed. A two to
threefold increase in the risk of HCC has been observed in the patients with DM, regardless
of the etiology of chronic liver diseases [72-74]. A large longitudinal study in the United States
demonstrated the twofold higher incidence of HCC in the diabetic patients [74]. Moreover, a
recent study has elucidated that the IR status directly facilitated hepatocarcinogenesis [64].
Hyperinsulinemia can generally induce the synthesis and activation of IGF-1, which has a
potential to progress a variety of cancer [75]. The altered expression pattern of IGF-1 signaling
has been found in human HCC as well as hepatocarcinogenesis in rodent models [76].
Furthermore, IR status may progress hepatocarcinogenesis through the augmentation of
hepatic neovascularization and VEGF expression in a rat carcinogenesis model [64].
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The diabetic patients with compensated liver diseases initially are treated by a lifestyle change.
However, restrictive diets may be liable to aggravate malnutrition in some patients. Thus, the
oral antidiabetic drugs are administered to treat the diabetic patients with advanced liver
diseases such as cirrhosis [77, 78]. To avoid hyperinsulinemia affecting adversely HCC growth,
the drugs exerting insulin-sensitizing effects are preferable such as metformin, pioglitazone,
dipeptidyl peptidase 4 inhibitor, or sodium glucose cotransporter inhibitor. Another report
has demonstrated that the use of statins, a class of lipid-lowering medications by inhibiting
HMG-CoA reductase that plays a central role in the production of cholesterol, significantly
lowered the risk of HCC in the patients with DM [79].

The branched-chain amino acid (BCAA), an amino acid having aliphatic side chains with a
branch (a central carbon atom bound to three or more carbon atoms), comprises three essential
amino acids: leucine, isoleucine, and valine. Several clinical studies have suggested the
beneficial effect of the long-term supplementation with BCAA granules on hypoalbuminemia
and event-free survival in the patients with cirrhosis [80, 81]. BCAAs have also been shown to
induce glucose uptake and improve glucose metabolism in a rat cirrhotic model. Intriguingly,
the animal study using obese diabetic rat showed a chemopreventive effect of BCAAs against
HCC with the downregulation of VEGF and antiangiogenic activity [82, 83]. Multicenter study
in Japan also revealed that BCAAs decreased the incidence of HCC in patients with HCV-
related cirrhosis as well as the type 2 DM and obesity [84]. However, a monotherapy with
BCAA did not inhibit the recurrence of HCC after curative treatment. Therefore, to utilize
BCAAs with sufficient effect against HCC, it is strongly recommended to combine them with
other drugs. From previous research, AT-II also plays a key role in the development of IR.
Actually, mice genetically lacking ACE exhibited the improvement of glucose tolerance
through the reduced fat mass [85]. Moreover, additional administration of ACE-I or ARB to
BCAAs is also shown to improve the IR status [33, 86]. Our randomized control trial study
demonstrated that the combined BCAAs with ACE-I suppresses the cumulative recurrence of
HCC in the patients with IR [87].

Taken together, these findings indicate that the combination of BCAAs supplementation and
RAAS blockade may represent a potentially novel therapeutic strategy against HCC in the
patients with IR.

5. Conclusions and future perspectives

Angiogenesis plays a crucial role in hepatocarcinogenesis and HCC progression, indicating
the requirement of an antiangiogenic therapy as a tool for suppressing HCC. Sorafenib has
become a breakthrough drug in the field of HCC, with an improvement in the median survival
of almost 3 months. This represents a reduction of greater than 30% for the probability of death
during the follow-up period.

However, when using RTK inhibitors, including sorafenib for patients with chronic liver
diseases, many patients exhibit adverse effects, and several symptoms are very severe. Since
the adverse effects induced by RTK inhibitors emerge in a dose-dependent manner, it is
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desirable for patients with chronic liver diseases to avoid these drugs as much as possible.
Therefore, to lower the dose of such treatments, a clinically available compound to use in
combination with RTK inhibitors may be required.

ACE-], ARB, and SAB are extensively employed as antihypertensive agents in clinical practice
without serious adverse effects. Thus, these RAAS blocking agents may provide a novel
strategy targeting HCC. However, several reports also suggest that there is a close relationship
between AT-II polymorphisms and the progression of chronic liver diseases and cancers. In
certain types of cancers, the elevated ACE genetic polymorphisms are significantly involved
in their poor prognosis [88, 89]. Additionally, AT-II type I receptor polymorphism reportedly
contributes to the occurrence of nonalcoholic steatohepatitis (NASH) [90]. These evidences
suggest that the efficacy of RAAS inhibition may vary in each case. Since combination
treatment of ACE-I and VK exerted substantially more potent inhibitory effects, a combination
treatment involving these agents may be preferable for future clinical applications. Further-
more, under IR conditions, the combination treatment of BCAA and ACE-I would be a
promising approach against HCC via the suppression of VEGF-mediated angiogenesis. Since
these agents are widely used in clinical practice, the combination of these agents with RTK
inhibitors such as sorafenib represents a potential alternative approach against HCC.
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Abstract

Melanoma cell adhesion molecule (MCAM) (CD146) is a membrane glycoprotein of the
mucin family. It is one of the numerous proteins composing the junction of the vascular
endothelium, and it is expressed in other cell types such as cancer cells, smooth muscle
cells, and pericytes. Some recent works were designed to highlight its structural features,
its location in the endothelium, and its role in angiogenesis, vascular permeability, and
monocyte transmigration, but also in the maintenance of endothelial junctions and tumor
development. MCAM exists in different splice variants and is shedded from the vascular
membrane by metalloproteases. Studies about MCAM spliced and cleaved variant on
human angiogenic physiological and pathological models permit a better understanding
on the roles initially described for this protein. Furthermore, this knowledge will help in
the future to develop therapeutic and diagnostic tools targeting specifically the different
MCAM variant. Recent advances in research on angiogenesis and in the implication of
MCAM in this process are discussed in this chapter.

Keywords: angiogenesis, MCAM (CD146), melanoma, physiology, pathology

1. Introduction

Angiogenesis is the process of new blood vessel formation from preexisting vessels. It contrib-
utes to physiological processes such as development and wound healing, but also to patho-
logical processes, such as tumor angiogenesis. The identification of new targets involved in
angiogenesis remains an important challenge to fully understand the involved mechanisms
and to generate new therapeutic tools. Recent studies have highlighted CD146, an endothe-
lial junctional molecule, as a key factor in angiogenesis. This molecule that displays different
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isoforms and that is present on different cell types could hence constitute a novel target for
therapy. Different reviews have underlined its structural features, localization, and functions
in the endothelium. This chapter thus mainly addresses the differences in CD146 isoforms with
a special focus on their role in angiogenesis and the therapeutic tools targeting the molecule.

Historically, CD146 was discovered in 1987 by Professor J.P. Jonhson for the first time. It was
identified as a marker of melanoma progression. These data were obtained by using an anti-
body generated by mouse immunization with a cell lysate of metastasizing melanoma. This
antibody (MUC18) allowed the identification of a 113 kDa transmembrane protein. MCAM
(melanoma cell adhesion molecule) described as a marker of metastasizing melanoma [1].

In 1991, the team of Professor. F. Dignat-George identified Sendo-1 antigen as a marker of
circulating endothelial cells in the blood by flow cytometry. This was made possible through
the generation of a mouse monoclonal antibody named Sendo -1 [2] obtained by mice immu-
nization with a HUVEC cell lysate. Sendo-1 was able to stain the human endothelium what-
ever the vessel size and its anatomical location within the vascular tree [3, 4]. Gicerin and
HEMCAM refer both to the avian homologues of the molecule [5].

As reported in Kobé in 1997, CD146 (cluster of differentiation 146) is now the official name
grouping Sendo-1/MUC18/MCAM/gicerin/HEMCAM (Sendo-MUC18 preCD, Workshop
Report).

2. Structure and characteristics of CD146

2.1. Genomic description

The specific location of the CD146 gene is on the arm q23.3 of the chromosome 11 in humans
and on the chromosome 9 in mice (www.ensembl.org). The gene encoding the CD146 protein
extends over 14 kb. It consists of five immunoglobulin-like domains, two variable domains,
and three constant domains of C2 type, as well as a transmembrane domain and an intracyto-
plasmic portion [6]. The extracellular part of the molecule, including the five immunoglobulin
domains, is encoded by 13 exons; the transmembrane domain and the intracellular domain
are encoded by three exons.

The promoter of CD146 presents different putative binding sites and motifs including AP1,
AP-2, CRE, SP1, CArG, and c-myb. Analysis of this DNA segments suggests that the four SP-1
sites, the two AP-2 domains, and one response element to AMPc-(CRE) form the minimal
promotor of CD146 [7]. Specific sites play a role in CD146 expression. The AP-2 sites, which
are located at =131 and -302 by relative to the initial ATG, inhibit the expression of CD146 by
70 and 44%, respectively. Moreover, when mutated, the CRE site inhibits by 70% the tran-
scription of the genes. Therefore, AP-2 [8] and CRE sites [9] have been described to modulate
CD146 expression in melanoma cells, leading to an increase in tumor growth and metastatic
potential in these cancers. In fact, the AP-2 binding site located in the promoter (located at 23
bp) is an inhibitor of the transcription of CD146 while the other AP-2 sites (located at —131
and —302, respectively) are transcription activators [8].
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The size of CD146 mRNA is around 3.3 kb and has been first identified in human mela-
noma cancer cells [10]. Its encoding region is about 1940 bp. A large homology in the mRNA
sequences exists between human and mouse, but differences can be noted. Thus, in humans,
there is a lengthening of the 3" and 5" UTR region as wells as a loss of 6 pb in exon 2. The
encoding regions and 5’'UTR have a homology of about 80 and 72%, respectively, between the
murine and human genes and there is only 31% of homology for the 3'UTR fragment. Finally,
the protein sequence shares about 76% of homology between these two species [1, 10, 11].

2.2. Proteic structure and isoforms

The proteic structure of CD146 is composed of a signal peptide of 28 amino acids (AA), five
immunoglobulin domains (including two variable domains and three constant domains), a
hydrophobic transmembrane region (AA 561-585), and an intracellular region. The protein
sequence derived from the coding region of CD146 has a theoretical molecular weight of
about 72 kDa. However, CD146 has a molecular weight of about 113 kDa. This difference is
due to the glycosylation sites present on the protein sequence. Indeed, glycosylations repre-
sent about 35% of the total molecular weight of CD146 with mainly N-glycosylations. The
presence of sialylation has also been shown [12].

CD146 has many similarities with other immunoglobulin family members such as BCAM
(B-cell adhesion molecule) and ALCAM (activated leukocyte cell adhesion molecule), includ-
ing the same number of immunoglobulin-like domains, similarity of functions and expression
on tumor and endothelial cells. Thus, the ALCAM protein plays a role in CD4+ T lymphocytes
and in tumor invasion [13, 14].

A short and a long isoform generated by alternative splicing have been identified as the two iso-
forms of membrane CD146. They have not been identified simultaneously. The long isoform was
the first discovered in human melanocytes in 1987 and the short isoform was identified as a com-
plementary DNA from chicken more recently [15]. In addition, a soluble form of CD146 was also
identified in endothelial cell culture supernatant (HUVEC) and in bloodstream in patient [16].

Concerning the extracellular sequence, it is common to both isoforms. The difference is located
in the intracytoplasmic portion [15]. The two isoforms are the result of an alternative splicing
on exon 15 causing a reading frame shift. The short isoform displays a shorter intracytoplas-
mic domain containing a phosphorylation site for protein kinase C (PKC) and an interaction
site for the protein with PDZ domain while the long isoform displays two domains for phos-
phorylation by PKC and an endocytosis signal sequence [15].

The intracytoplasmic domain sequence is similar to mice and human at 95 and 93% for the
short isoform and long isoform, respectively. This conservation across species is in accor-
dance with the important functions carried by the intracytoplasmic domain of CD146.

Finally, a soluble CD146 isoform with a molecular mass around 100 kDa, was identified for
the first time in 1998 [16]. This isoform is detectable in human plasma and serum [17] and is
generated by a metalloprotease-dependant shedding of the extracellular domain of CD146.
The use of nonspecific inhibitors of metalloproteinase (GM6001) inhibits the formation of
soluble CD146 [18].
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3. CD146 localization

All the data concerning the expression of the different isoforms of CD146 and their functions
are summarized in Figures 1 and 2.

3.1. Localization in cancer cells

CD146 has been identified for the first time in melanoma where it plays an important role in
disease progression. Thereafter, CD146 has been shown to be expressed in various cancers,
such as pancreatic/breast/prostate/ovarian/lung/kidney cancers, osteosarcoma, Kaposi sar-
coma, angiosarcoma, Schwann cell tumors, or leiomyosarcoma (Figure 1). The mechanism
of this neo-expression is still largely unknown but, in prostate cancer, it was reported that
high expression of CD146 resulted from hypermethylation at the promoter of the CD146
gene [19].

However, almost nothing is known on the differential expressions and localizations of the
different isoforms of CD146 in these cells. A recent study has shown that many cancer cells
expressing CD146 were able to secrete soluble CD146 through a metalloprotease-dependant
shedding [20].
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Figure 1. Summary table for the different isoforms of CD146 expressed in several organs and cells related to their
functions, pathologies, and references associated.
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Figure 2. Expression, cell localization, and functions of the different isoforms of CD146 by endothelial cells (EC) and
blood circulating cells.

3.2. Vascular localization

CD146 is expressed on the whole vascular tree whatever the vessel anatomical location and
caliber. The localization of the long and short isoforms of CD146 is different. The induction
of long CD146 expression in the CHO cell line (which does not constitutively express CD146)
results in the expression of the protein at the intercellular junctions. Costaining of CD146 with
VE-cadherin, focal adhesion kinase (FAK), PECAM, and the complex catenin/cadherin shows
no colocalization, suggesting that CD146 is not located in the adherent junctions, tight junc-
tions, or focal adhesions sites [21, 22].

Overexpression of the long form of CD146 in the MDCK cell line (Madin-Darby canine kid-
ney) leads to a basolateral localization of the protein. A dileucine motif on its intracytoplasmic
peptide sequence is necessary for this localization [21]. An immunohistochemical staining of
long CD146 in endothelial colony-forming cells (ECFC) confirmed this junctional localization
of the protein. In addition, the presence of a cytoplasmic pool of long CD146 that can be redis-
tributed to the cell membrane was also described in Ref. [23].

The short isoform of CD146 does not share the same cellular localization. Transfection shows
an apical localization of the protein in MDCK cells [21] that was confirmed in ECFC in a cul-
ture with a specific antibody generated against this isoform [23].
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The confluence state of endothelial cells appears to regulate the spatial distribution of the two
isoforms. Indeed, the long CD146 isoform was not detected at the junction in nonconfluent
endothelial cells. Under this condition, the long CD146 isoform was intracytoplasmic and the
short CD146 isoform was essentially nuclear and at the migration front [23]. In other experi-
ments performed in chickens, it was shown a preferential localization of the long isoform of
CD146 in the microvilli where the protein plays a role in their formation. Overexpression of
CD146 increased the size of these microvilli [24].

3.3. Localization on immune cells

On peripheral blood of healthy patients approximately 1% of blood mononuclear cells
express CD146. An analysis by flow cytometry of different lymphocyte populations showed
an expression of CD146 on B and T lymphocytes in humans [25].

Research has shown that about 1% of B lymphocytes cells express CD146 and its expression is
upregulated by a factor 5 following stimulation with IL-4 and CD40. Moreover, CD146 can be
neo-expressed on some cell populations after stimulation [25]. The generation of two antibodies
by rat immunization using cells from the T lymphocytic cell line HUT102 deepened these stud-
ies and shown that 2% of CD3+, CD3+/CD4+, and CD3+/CD8+ lymphocytes express CD146.

Moreover, stimulations with IL-2 [25] and PHA (phytohemagglutinin) [26] increases the
amount of CD146+ T lymphocytes. The cells are also found in vivo in the synovial fluid of
patients with rheumatoid arthritis [26].

In mice, a leucocytes screening was carried out which demonstrated that CD146 is not detect-
able on T/B lymphocyte populations, monocytes, and dendritic cells while 30% of neutro-
phils and 60% of NK cells express CD146. CD146 expression was correlated with an increased
expression of CD11b and CD27 reflecting the maturity of NK. These CD146+ NK cells have a
decreased cytotoxicity and produce gamma interferon in smaller quantities [27].

3.4. Bone marrow environment

In adults, hematopoiesis takes place in the bone marrow located in long bones of the human
body. It is composed of a dense network of discontinuous capillaries allowing easy passage of
cells produced in the bone marrow into the blood. A vascular sinus network which is mainly
composed of stromal cells (reticular, endothelial, adipocyte, and osteoblast) serves to support
the hematopoiesis process.

In one particular study, a subpopulation of bone marrow stroma cells was shown to express
CD146 and to display characteristics of mural cells. They were characterized as a subpopula-
tion of advential reticular cells which are abundant in the bone marrow and are able to gen-
erate bone tissue and a hematopoietic environment after isolation and implantation into an
immunodeficient mouse [28].

Furthermore, angiopoietin -1 is regulated by CD146+ stromal cells. A decrease in the expres-
sion of CD146 by siRNA or FGF-2 (CD146 and Ang-1 regulator) reduces the capacity of these
cells to participate in the remodeling and the assembly of pseudovascular structures in vitro
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and to form hematopoietic microenvironment in vivo. From data on the spatial location of
adventitial reticular cells and the expression of Tie-2 (the angiopoietin-1 receptor), it was sug-
gested that CD146 and angiopoietin-1 are involved in the interaction between endothelial and
stromal cells [29].

3.5. Localization in the central nervous system (CNS)

CD146 is found in the central nervous system (CNS). It is expressed during fetal development
of the embryo but decreases after birth. Studies performed in chickens and rats have shown
an expression of CD146 in the cerebellum, hippocampus, Purkinje cells, and sensorimotor
cells of the spinal cord [30]. In chickens, CD146 binds NOF (neurite outgrowth factor), caus-
ing neurite extension [31], and increases the extension of the optic tectum process [32].

4, The different functions of CD146

CD146 was reported to be involved in many physiological processes. It has been described to
play a role during the vascular development but also during the angiogenic process. As others
junction molecules, it was described to be an actor during inflammation by modulating the
migration of leucocytes through vascular endothelium.

4.1. CD146 during the vascular development

The role of CD146 was studied during vascular development. To this end, a model of CD146
inactivation by antisense morpholino-oligonucleotides was developed in zebrafish. Authors
observed a decrease in intersomitic vessels followed by a decrease in blood flow and a reduc-
tion in vessel lumen observed by microangiography after CD146 inactivation [33]. It was also
shown an inhibition of the VEGF-dependent angiogenesis [34].

4.2. Permeability and leucocytes migration

CD146 has been shown to be involved in endothelial permeability [33]. Using both a mono-
cyte cell line, THP-1, and freshly isolated monocytes, it was also showed that it modulates
monocytes transmigration. Junctional CD146 was shown to bind monocytes through a het-
erophilic interaction to increase their transmigration. In addition, an increased transmigra-
tion was observed following the binding of soluble CD146 on monocytes [33]. Another study
showed that neo-expression of CD146 on lymphocytes induced new cellular properties.
Indeed, an increase in the adhesion of CD146+ T lymphocytes effectors was observed after
stimulation with IL-1 beta. This effect was blocked by the addition of anti-CD146 blocking
antibodies [34]. An increase in the adhesion of CD4+/CD146+ T lymphocytes on endothelium
was also observed after an inflammatory stimulus. In this study, in vitro transfection of the
long isoform of CD146 in NKL.1 cell line induced a reduction of rolling cells and an increased
adhesion to the endothelial monolayer. Moreover, these phenomena were accompanied by
an increase in microvilli in T lymphocyte cell membrane. Another study showed an increased
permeability of HMVEC (human microvascular endothelial cells) following incubation with
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an anti-CD146 antibody (P1H12) [35]. Finally, CD146 is coexpressed with CCR6 on a popula-
tion of TH17 lymphocytic cells [36].

4.3. Angiogenesis

Angiogenesis is an important mechanism, both in fetal life and at adulthood. Endothelial cells
with angiogenic capacities are able to proliferate, migrate, adhere, and generate new capillar-
ies from a preexisting one.

The injection of an anti-CD146 antibody (AA98) led to a decrease of 70% in the number of
vessels in a membrane model, chorioallantoic membrane model, in chicken. Furthermore, in
mice, this antibody reduced the number of vessels in different models of xenografted tumors
(hepatocellular carcinoma, pancreatic, and leiomyosarcoma) [37], demonstrating a role of
CD146 in tumor angiogenesis.

The recent discovery of the existence of two isoforms of CD146 and the description of a
soluble form of CD146 led to study their implications in the angiogenic process. Specific
siRNA directed against these two isoforms has shown that the absence of the short CD146
decreased the proliferation, migration, and adhesion of endothelial cells, whereas its overex-
pression led to the reverse phenomena. These experiments showed that the long CD146 was
also necessary to generate pseudocapillaries in Matrigel in vitro by stabilizing the junctions
of neovessels. It thus appears that both the short and long isoforms of CD146 display comple-
mentary effects to generate neovessels. The effects of the short CD146 were confirmed in vivo
by the transplantation of endothelial colony-forming cells (ECFC) overexpressing this iso-
form in a mouse model of hind limb ischemia. Indeed, it increased the incorporation of ECFC
in ischemic muscle and favored the generation of neovessels [23]. A study of the mecha-
nism showed that the short CD146 is associated with VEGF-R2 [38], but also angiomotin and
VEGF-R1 at the endothelial cell surface [39, 40]. This association is essential for these differ-
ent pathways. Indeed, the absence of the short CD146 isoform decreases the phosphorylation
of VEGF-R2 in endothelial cells and prevents the proangiogenic effect of vascular endothelial
growth factor (VEGF).

Soluble CD146 is also able to increase the formation of pseudocapillaries in vitro and to induce
neovascularization in a rat model of hindlimb ischemia. In addition, subcutaneous injection
of Matrigel containing soluble CD146 in mice increased the recruitment of both mature and
immature endothelial cells, as well as smooth muscle cells, resulting in the formation of cap-
illary-like structures [41]. Of interest, it was reported that soluble CD146 stimulates the short
CD146 isoform through its binding on angiomotin [39] and that the angiogenic properties of
soluble CD146 are additive to those of VEGF [41]. The roles of the different forms of CD146
are summarized in Figure 2.

4.4. Cancer cell growth and dissemination

CD146, which is neo-expressed on cancer cells, modulates their growth and dissemination. In
prostate cancer, CD146 expression was observed in different cell lines. CD146 overexpression
increased their invasiveness and metastatic potential [42]. CD146 overexpression was also
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observed in biopsies of patients. Its expression was correlated with a poor prognosis. In ovar-
ian carcinomas, CD146 expression was also correlated with the increase of the metastatic
potential. In addition, inhibition of CD146 protein expression in ovarian cancer cell lines
led to inhibition of invasiveness, tumor spread and induced cancer cell apoptosis. This was
explained by the fact that a lack of CD146 induced a decreased activity of Rho GTPase [43]
involved in the invasion, proliferation, and metastatic spread of cancer cells.

It was also demonstrated that CD146 expression is increased in osteosarcomas as compared to
nonpathological osteoblasts [44]. Injection of antibodies against CD146 decreased the amount
of lung metastases in an immunodeficient mouse model injected with cells derived from
human osteosarcoma [45].

In breast cancer, it was reported that CD146 would act as a tumor suppressor [46] while other
studies have described CD146 as a poor prognosis marker [47]. Indeed, CD146 overexpres-
sion in a breast cancer cell line induced an increased motility and tumorigenicity [48]. Recent
studies have also shown that CD146 induces the epithelial-mesenchymal transition (EMT) in
so far as its expression is correlated with markers of EMT in gastric cancer [49]. Moreover, in
triple negative breast cancers, an increase of CD146 expression in epithelial cells correlates
with a loss of epithelial markers in favor of mesenchymal markers, increasing their invasive-
ness, migration, and the number of mammospheres. In addition CD44 expression increases
and CD24 expression decreases on the cell surface suggesting that cells acquire phenotypic
characteristics of cancer stem cells [50].

At present, there is no data on the differential expression and roles of the two membrane
isoforms of CD146 on cancer cells. However, recent studies have shown an important role of
soluble CD146 in tumor development. First, an increase of soluble CD146 concentration was
described in blood of cancer patients with nonsmall cell lung cancer as compared to patients
with respiratory inflammatory disease and healthy subjects [51]. In this chapter, we showed
that association between an increased soluble CD146 concentration and an increased number
of circulating endothelial cells (CEC) constitute a poor prognostic factor [51].

Recently, a study showed that human cancer cells that express membrane CD146 on their
surface have also the ability to secrete the soluble form of CD146 [20]. This was described in
melanoma, colorectal and pancreatic cancer cell lines. The authors demonstrated that soluble
CD146 secreted by cancer cells could display autocrine effects on cancer cells and paracrine
effects on vascular endothelial cells. Indeed, in vitro stimulation of cancer cells with recombi-
nant soluble CD146 increased their proliferation and the production of protumorigenic fac-
tor such as VEGF. They also demonstrated that this stimulation protected cancer cells from
apoptosis induced by H,O, and decreased cancer cell senescence. In particular, the c-myc
signaling pathway appeared to be upregulated by soluble CD146. Soluble CD146 secreted
by cancer cells also increased the proliferation of surrounding endothelial cells, stimulat-
ing tumor angiogenesis. These effects were confirmed in vivo in different models of xeno-
grafted mice and an antisoluble CD146 antibody was able to block these effects. Thus, soluble
CD146 was described as a proangiogenic factor and seems to have a major role in tumor
development.
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5. Ligand and cell signalization

Historically, the first molecule interacting with the extracellular portion of CD146 is NOF
(neurite outgrowth factor). A stable transfection of complementary DNA encoding for
CD146 induces an adhesion of neuronal cells on a NOF matrix [32]. More recently, lam-
inin-8 has been identified as a new vascular ligand of CD146 expressed by TH17 lympho-
cytes. In this study, it has been demonstrated that the laminin-411/CD146 interaction favor
adhesion and tissue transmigration of these lymphocytes, leading to an increased inflam-
mation [52]. Furthermore, one study showed that CD146 DNA transfection in the CD146-
deficient melanoma cell line Mel-888 induced an increased aggregation between these cells
and cells which do not express CD146 suggesting that there are other still unidentified
partners [53].

The existence of a homophilic interaction for CD146 is controversial. One study showed
that CD146 transfection in neuronal cells induced their aggregation, suggesting that CD146
could create homophilic bonds [32]. Another in vitro study demonstrated that the neurite
growth of PC12 cells is increased when cells are in a chimeric CD146 protein substrate. In
addition, under these conditions, the use of an anti-CD146 antibody blocks neurite growth.
This inhibition would be associated with an inhibition of CD146-CD146 homophilic interac-
tion [54]. CD146 dimerization at the cell membrane following stimulation with an activating
CD146 antibody (clone AA98) was also demonstrated using fluorescence resonance energy
transfer (FRET) and pull-down. The use of an NFkB signaling pathway inhibitor reduced
this dimerization [55]. Finally, a recent study highlighted dimerization after stimulation
with VEGF [56].

Conversely, other studies could not replicate the homophilic interaction, in particular,
between soluble CD146 and CD146-Fc [33].

Recently, new ligands for CD146 were identified. A direct and strong interaction between
CD146 and VEGFR-2 was demonstrated in endothelial cells and this association was impor-
tant for VEGFR-2 phosphorylation by VEGF. These results were confirmed in a CD146 KO
mouse model where the absence of CD146 inhibited vessel formation induced by VEGF.
Experiments in mouse models of pancreas and melanoma cancer cell xenograft have shown
that the combined use of anti-VEGF antibody (bevacizumab) and anti-CD146 antibody
(AA98) displayed a synergistic effect on tumor development [57].

Another work identified galectin 1 as a new CD146 ligand on the endothelium [58]. This pro-
tein induced apoptosis of endothelial cells and specifically bound to CD146 via extracellular
glycosylations. This interaction is specific for galectin 1 since it is not found with galectin 2.
Using siRNA or antibodies able to block CD146 resulted in an increased cell apoptosis, sug-
gesting a protective role of CD146 against apoptosis.

Different factors have been shown to modulate CD146 expression:

- A stimulation with TNF-alpha increases the amount of CD146 present at the endothelial
cell surface [33].
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- TGF-beta administered to hepatocyte cells pretreated with an inducer of acute hepatitis
(tetrachloride carbonate) increases the amount of CD146 mRNA and the regenerative
capacity of these cells [59].

- HSP27 (heat shock protein 27), a chaperone molecule involved mainly in tumor differen-
tiation and tumorigenesis, inhibits the migration and invasion of melanoma cells and thus
acts on the tumor phenotype [60]. Overexpression of HSP27 has been shown to decrease
the expression of CD146 and increase the expression of E-cadherin in melanoma cell lines.
These variations in protein expression determine, among other, malignant phenotype of
melanoma cells [61].

- AKT activation by PD98059 and Wortmannin increases CD146 expression at the cell mem-
brane in melanoma cell lines. Conversely in these cell lines, overexpression of CD146 increases
AKT which inhibits BAD (Bcl-2-associated death promoter), increasing cell survival [62].

Membrane CD146 activates multiple signaling pathways, leading to the activation of the
NFkB pathway. CD146 dimerization has been described in the membrane of endothelial cells
following the addition of culture medium of tumor cells (A375 cell line). Inhibition of the
NFkB pathway (by BAY11-7082 compound) causes a reduction of the nuclear translocation of
NFKB but also inhibits the dimerization of CD146 [63, 64]. The junctional molecules involved
in adhesion such as VE-cadherin or claudins are also involved in a phenomenon of actin cyto-
skeleton reorganization. CD146 is also connected to the actin cytoskeleton.

Indeed, CD146 targeting with the S-ENDOI1 antibody led to FAK phosphorylation and an
increase in the release of intracellular calcium and extracellular calcium entry. This mechanism
of action of calcium flux was mediated by the recruitment and activation of Fyn leading to the
phosphorylation of PLC gamma. Calcium entry also caused the recruitment of PYK2 and p130.
On the other hand, FAK activation led to signaling pathways involved in the reorganization of
the actin cytoskeleton and also modulated transcription factors involved in cells survival and
migration. In these studies, there was no evidence of direct interaction between CD146, paxil-
lin, and FAK. It seems therefore important to identify the intermediate partners [65, 66].

Recently, a study confirmed the role of CD146 in the migration and induction of signals
related to the actin cytoskeleton. Indeed, CD146 displays direct physical interaction with the
ezrin-radixin-moesin (ERM) proteins, allowing the recruitment of ERM at the protrusions of
melanoma cells. This phenomenon induces the elongation and expansion of microvilli at these
protrusions [67].

Recruitment by CD146 allows the sequestration of a RhoA inhibitor (Rho guanine nucleotide
dissociation inhibitory factor 1) leading to RhoA activation and an increased cell motility.
Another study showed that CD146 is redistributed in a polarized structure named W-RAMP
(Wnt5a-mediated actin-myosin receptor-polarity) in subconfluent melanoma cells stimulated
with Wntba. W-RAMP is involved in membrane retraction and the direction of cell migration
with an intervention of Rho-A [68].

In another study that focused on the priming of ECFC with soluble CD146 in order to improve
the therapeutic potential of these cells in vivo, the authors showed that a priming of these cells
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Figure 3. Mechanism of actions of endothelial progenitor cells (EPC) activation leads to their recruitment after
inflammatory or angiogenic stimulation.

with soluble CD146 did not modify the number of engrafted ECFC in the ischemic muscle
but improved their survival capacity leading to an enhanced revascularization [39]. They
showed that in ECFC, it exists a signalosome that is located in a particular region of cell mem-
brane called lipid rafts. This signalosome contains soluble CD146, the short isoform of CD146
(shCD146), presenilin-1 but also the two VEGF receptor called flt1 and flk1. The mechanism of
action is characterized by a sequential proteolytic cleavage, induced by soluble CD146, with
an extracellular shedding of the short CD146 followed by an intramembrane cleavage which
is mediated by both the ADAM/matrix metalloproteases (MMP) and the gamma-secretase
protein. The consequences of this shedding involved a nuclear translocation of the new intra-
cellular peptide of shCD146 which binds to the transcription factor CSL and is associated with
a modulation of gene transcription leading to angiogenesis (eNOS) and cell survival (FADD,
Bcl-x1). The association between CD146 and VEGFR2 was described in a previous paper and
based on these results the authors showed that the effect of soluble CD146 on EFCF is depen-
dent on VEGFR2 but also VEGFR1 which are phosphorylated by soluble CD146. All these
findings show that the stimulation of this cell by soluble CD146 and the proteolytic cleavage
of shCD146 is a promising pathway to increase the regenerative properties of endothelial
progenitor cells for the treatment of cardiovascular diseases (Figure 3).
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6. CD146 in pathology

6.1. Obstetrical pathologies

About 2% of fertile women are affected by spontaneous fetal loss. The mechanism of this fetal
loss is not yet understood.

One study showed that CD146 is highly expressed during the implantation window.
During the following steps, the level of CD146 decreased rapidly and CD146 blocking
with an antibody caused abortion [69]. CD146 is expressed by the intermediate tropho-
blasts (or extravillous) in humans but is not detected on the syncytiotrophoblasts and
cytotrophoblasts [70].

After this work, soluble CD146 was described as a novel physiological factor with angio-
genic properties involved in the regulation of placenta vascular development by acting on
extravillous trophoblast (EVT). Using placenta explants, soluble CD146 was demonstrated
to inhibit the growth of extravillous trophoblasts and the ability of EVT to migrate and form
pseudocapillary tubes on Matrigel. A clinical study on the role of soluble CD146 in 50 preg-
nant women was also conducted. A physiological decrease of plasmatic soluble CD146 was
observed in pregnant women as compared to nongestational women. These results inspired
the authors to study the effects of prolonged administration of soluble CD146 in a pregnant
rat model. Repeated systemic injection of soluble CD146 after mating caused a significant
decrease in the pregnancy rate and the number of embryos. Histological studies of placenta
showed a decreased migration of glycogen cells (cells that are similar to the EVT in rat) in
female rat treated with soluble CD146.

In mice the use of a specific antibody blocking CD146 (AA98) caused a decrease in the blas-
tocysts adhesion on a uterine epithelium cell monolayer and a decrease in the growth of tro-
phoblastic cells. In addition, injection of this antibody in the uterine horn of the mouse at 3.5
dpc (days post coitum) resulted in a decrease of embryo implantation at 7.5 dpc. Histological
analysis showed that the embryos were present but smaller and in poor condition [69]. Two
clinical studies were in line with these observations. A first clinical study showed that the
rate of membrane CD146 expression was lower on intermediate trophoblasts in the placenta
of preeclamptic patients when compared to patients with nonpathological pregnancies [70].
In a second study, two populations of women have been used to compare the blood level of
soluble CD146. In this study, the authors used 100 blood samples which were taken 2 months
after the last obstetrical events between women with no pregnancy lost which have at least
one living child and 100 blood samples from women with at least two consecutive losses at/
or before 21 weeks of gestation. They found an increase in the level of soluble CD146 in the
second population compared to the first control population [71]. In this study, the two popu-
lations used are age matched.

Thus, in view of these results soluble CD146 may represent an attractive biomarker of vascu-
lar placental development as well as a therapeutic target in obstetric complications.
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6.2. Inflammatory diseases
Endothelial functions are altered in inflammatory diseases.

In inflammatory kidney disease, biopsies of patients with nephropathy show an increased
expression of membrane CD146 on endothelial cells, but also on the mesangial cells and a
neo-expression of CD146 on tubular cells [72]. In addition, there is a correlation between
CD146 expression and proteinuria, endocapillary proliferation and inflammatory syndrome.
The serum level of soluble CD146 is also modulated. Thus, an increase in CD146 secretion was
observed in chronic renal failure which was correlated with the severity of this disease in type
2 diabetic nephropathy patients [73].

In a second type of inflammatory disease, CD146 has also been identified in primary cul-
tures of keratinocytes while its expression was not observed on healthy skin. An increase in
the expression of CD146 has been observed in various skin diseases. For example, CD146 is
expressed in suprabasals keratinocytes of psoriasis patients [74]. CD146 is also detected in
Kaposi's sarcoma, lichen planus, on the skin overlying skin neoplasms or in chronic and acute
chronic dermatitis [74]. On the other hand, the expression of CD146 is not increased in other
skin diseases such as lupus erythematosus.

6.3. Tumor pathologies

CD146 is expressed in many cancers, such as melanoma, prostate cancer, breast cancer,
pancreatic cancer, lung cancer, Kaposi sarcoma, angiosarcoma, Schwann cells tumors, or
leiomyosarcoma.

The role of tumor CD146 was first studied in melanoma. A direct correlation has been
demonstrated between the increase in metastasizing capacities and the increased expres-
sion of CD146 [75]. The level of expression of CD146 by human melanoma cell lines has
been shown to correlate with their ability to form tumors and metastasis in a mouse xeno-
graft model in immunodeficient nude or SCID mice [76]. In addition, CD146 increases the
number of lung metastases following intravenous injection of melanoma cells in nude
mice in vivo [77]. These observations were confirmed through the use of interfering RNA
directed against CD146 leading to a decrease in migration, proliferation, and invasion in
vitro [78].

CD146 immunohistochemistry staining was performed on human primary melanoma tissue,
showing a CD146 expression on tumor-associated endothelium and on smooth muscle cells
[79]. The role of CD146 in tumor angiogenesis has been described in particular thanks to the
use of the AA98 antibody [37, 64] that is able to block tumor angiogenesis and decrease tumor
growth of human melanoma xenograft model in immunodeficient mice.

Currently, mechanisms involved in melanoma progression are unclear. A study showed that
a particular population of B lymphocyte cells, the B1 lymphocytes, has a prometastatic poten-
tial. Indeed, depletion of this population caused a decrease of tumor growth and metastasis
dissemination in mice in an experimental metastasis model, following a B16 cell line injec-
tion. The decrease in metastases dissemination involved homophilic interactions between B1
and B16 cells thanks to CD146 [80]. In addition, coculture of B1 cells with melanoma cells
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increased the expression of CD146 at the cell membrane of cancer cells, increasing the number
of metastases in vivo.

A clinical study was conducted on a cohort of patients with skin cancer. Patients were divided
into two groups: early and late stage melanoma, in order to analyze the presence of dif-
ferent commonly used cancer markers including CD146. Analysis in the blood of patients
showed that CD146 was the only protein correlated with the advanced stages of the disease
[81]. Another study confirmed this finding by demonstrating that CD146 is a marker of poor
prognosis and survival in melanoma patients. CD146 constitutes a better marker than biop-
sies analysis of sentinel lymph node [82].

6.4. Angiogenesis-related diseases and therapeutic approaches

Recent studies revealed that both isoforms of CD146 are involved in angiogenesis with a pro-
migratory and a proproliferative role of the short CD146 and a vessel stabilization role of long
CD146, which is also described in this chapter. Soluble CD146 secreted by both endothelial and
cancer cells is also able to stimulate angiogenesis. These different forms are involved in physio-
logical angiogenesis but also in pathological angiogenesis, in particular in tumor angiogenesis.

Therefore, different antibodies have been generated to block its functions. The first one was
ABX-MAL1, an antibody recognizing the human form of this molecule. This antibody was able
to inhibit the formation of spheroids containing melanoma cells, reducing metastasis, tumori-
genicity, and vascularization of the tumor in vivo. This reduction was related to the inhibition
of MMP-2 expression which is heavily involved in metastasis formation [83].

Another team-generated monoclonal antibody specifically directed against the vascular endo-
thelium of tumors. During the screening of these antibodies, the authors focused on the AA98
antibody. This antibody recognizes CD146 localized in the intratumoral vasculature but not
recognizes CD146 expressed on blood vessels in healthy tissues [37]. This antibody inhibits
both in vitro and in vivo angiogenic properties of CD146 in human tumors xenografted in
immunodeficient mice. In addition, it was demonstrated that the AA98 antibody is a potential
diagnostic and therapeutic agent in vascular and cancer diseases. Following this work, it was
shown that AA98 antibody inhibits phosphorylation of p38/MAPK, suppresses NFkB activa-
tion, and inhibits MMP-9 and ICAM-1 expression. This suggests that deleting NFkB is a piv-
otal point of the inhibitory effects of the antibody on endothelial cell migration, angiogenesis,
and development of tumor metastases [64].

Of interest, this antibody displays additive inhibitory effects when used in combination with the
anti-VEGF antibody bevacizumab in xenografted models of human pancreatic tumors and mel-
anoma [57]. In addition, it reduces significantly the chronic inflammation in the colon in a mouse
model and prevents the development of cancer associated with this chronic inflammation [38].

Recently, a novel antibody was generated against the soluble form of CD146 [20]. The authors
demonstrated that this antibody was able to decrease tumor angiogenesis and growth but to
also induce apoptosis of human melanoma and pancreatic tumors xenografted in immunode-
ficient mice. Of interest, this antibody cannot bind membrane CD146, a property that should
limit the side effects that could be observed with antibodies targeting the membrane form.
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Figure 4. Functions of the different isoforms of CD146 and the inhibitory antibodies associated during tumor growth
and angiogenesis.

Functions of the different CD146 isoforms and the inhibitory antibodies associated are sum-
marized in Figure 4.
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