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Preface

This book is dedicated to the memory of Judah Folkman, MD, with whom I had the
pleasure of spending a 4-year postdoctoral fellowship, between the years 1994 and
1998. There are several aspects to Dr. Folkman’s personality that made him so effec-
tive in advancing angiogenesis in medicine. First, his research was clinically driven.
He wanted to use angiogenesis as a tool to cure human disease. Thus, he chose to
use basic research to address clinical problems, not as an end to itself. There are two
camps of people who perform basic research with regard to human disease. The first
believes that we have to know everything in order to treat human disease. A corol-
lary of that belief is that once we know everything, we will be able to design a spe-
cific targeted therapy that cures advanced cancer or other ailment, with no side
effects. This will be accomplished because advanced cancers are addicted to an
oncogene, and targeting that oncogene will lead to a painless cure. The second camp
is the one that Dr. Folkman belonged to, in that he wanted to know how we could
leverage the knowledge that we have today to help patients who are sick today. As a
pediatric surgeon, he recognized that patients who are sick today need treatments
today, and will likely not survive until that utopian time that we have magic bullets
with no side effects. His concepts of angiogenesis inhibition, first expounded in The
New England Journal of Medicine in 1971, were fiercely attacked both at home and
in other institutions. He had the courage to take these to clinical trials, which were
also controversial, but led to new treatments of cancer and disorders of excess vas-
culature. He was always in a hurry because he knew that time was short and that
people are sick and don’t have infinite lifespans. He was also very open minded and
allowed anyone to pursue their interests as long as they were related to angiogene-
sis. In this vein, he provided critical advice to a generation of scientists in terms of
career advancement. Finally, he was a total gentleman, and never disparaged those
who attacked and ridiculed him, although we knew very well the identities of these
individuals. The term “noble metal” refers to metals that are resistant to corrosion,
like gold. Dr. Folkman was resistant to the corrosive environment that he lived in his
entire professional life. This makes him noble.

Lab meetings in the Folkman lab were Friday mornings. I personally felt as if we
were knights at the Round Table of Angiogenesis, each of us representing a separate
field of angiogenesis. Studies from those heady times led to the development of
thalidomide for myeloma, anti-VEGF therapy for macular degeneration, under-
standing of the relationship of oncogenic signaling, understanding of the biology of
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hemangiomas and vascular malformations, isolation of endogenous angiogenesis
inhibitors, urinary detection of angiogenic biomarkers, angiogenesis and metabo-
lism, and many other advances that are in the clinic today. Dr. Folkman had a way
of quieting skeptics. When someone said, that won’t work, he gave him a pen and
piece of paper and told him to write it down and commit to it. I never saw anyone
actually committing their skepticism to paper.

Many of us alumni in the Folkman lab wonder how he would view the world
today. As someone who knew him from 1994 to the time of his untimely death in
2008 in the Denver airport, I can venture some predictions. He would be thrilled
with the clinical discovery that propranolol, a very old drug, is highly effective
against hemangiomas of infancy, and has been applied to this condition, even though
the mechanism of propranolol against infantile hemangiomas is not fully under-
stood. He would also be thrilled by the use of rapamycin against vascular malforma-
tions. Part of the rationale for using rapamycin on vascular malformations was our
discovery that mTOR is activated in vascular malformations, which we demon-
strated on paraffin samples which I had acquired while in his laboratory.

Dr. Folkman would not be surprised by the failure of the oncogene addiction
hypothesis, because as a surgeon, he had seen numerous advanced tumors and intui-
tively knew that large solid tumors were not reliant on a single oncogene. Evidence
of this are the numerous mutations and mechanisms that have been reported in Braf
inhibitor resistance in advanced melanoma. He would be pleased with the use of
Avastin as a treatment for macular degeneration and cancer, although he would
recognize that our use of Avastin causes compensatory events in solid tumors that
require further therapies, such as those that target NADPH oxidases and HIF2a, a
response to chronic hypoxia. He would likely be disappointed in the failures of
angiostatin and endostatin in the clinic, and would call for further studies to under-
stand why these drugs didn’t show the same effect in humans as they did in mice.
He would be gratified about the role of angiogenesis inhibition in promoting antitu-
mor immunity, and would call for combinations of angiogenesis inhibitors and
checkpoint inhibitors against solid tumors. Finally, he would approve of the concept
of angioprevention, the use of angiogenesis inhibitors to prevent the formation of
cancer, which is widely practiced today by the public with natural products.

Every dermatologist who prescribes a drug has a little bit of Dr. Folkman in
them. When we prescribe a drug, we do not know the full mechanism of the action
of the drug. Doxycycline kills bacteria but also inhibits matrix metalloproteinases.
Which is more important for treatment of acne and rosacea? We don’t know, but we
don’t let our lack of knowledge serve as an excuse not to treat patients. It is my hope
that the well-written chapters in this book will serve to clarify to the practicing der-
matologist a more full understanding of their every day actions. Once the derma-
tologist in the trenches has a better understanding of what they do, they too can
contribute to the immediate advancement of knowledge through keen clinical obser-
vations which can be rapidly disseminated and aid treatment of patients today.

Atlanta Veterans Administration Medical Center Jack L. Arbiser
Atlanta, GA, USA
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Angiogenesis: General Concepts

L. Jensen and Y. Cao

Introduction

The process of blood vessel growth, generally referred to as “angiogenesis”, is pivotal
for the development, homeostasis and function of all tissues and organs in the organ-
ism, but also for progression of most serious diseases including ophthalmic disorders,
cancer, cardiovascular disorders, inflammatory disorders and chronic skin ulcers [1].
In the last decades, great progress has been made in our understanding of the mecha-
nisms that regulate angiogenesis and vascular functions in health and disease, and this
continues to be one of the largest areas of research today [2]. It is now clear that the
regulation of tissue/organ development, physiology and disease progression by blood
vessels is highly complex and context-dependent, but certain general concepts and
factors are central and important for angiogenesis during development and in most
diseases. Such general concepts will be the focus of this chapter.

The concept of blood vessel formation and growth was first mentioned by the
Greek philosopher Aristotle in the fourth century BC [3], but the concept of angio-
genesis was not thoroughly studied until in the work of John Hunter who has been
credited (perhaps erroneously) with introducing the term “angiogenesis” in 1787
[4]. The process and mechanisms regulating angiogenesis was however first
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systematically studied using modern in vitro and in vivo assays in the work of
angiogenesis pioneer Judah Folkman [5]. Physiological, or healthy angiogenesis is
mostly considered as a part of organ development, blood vessels in adults are con-
sidered to be mostly quiescent and primarily serve structural purposes as the cells
forming the innermost layer of blood vessels. In pathological conditions, such as in
cancer, blood vessel growth may, however, be induced in adults, a finding reported
as early as in the fourth century BC by Hippocrates [5] and expanded radically in
the work performed in the Folkman Lab [2]. The identification of key angiogenic
factors including vascular endothelial growth factor (VEGF) in 1989 [6, 7] and the
VEGEF receptor (VEGFR) in 1990-92 [8-11] and their regulation, as well as the
development of a palette of in vitro and in vivo assays suitable for studying mecha-
nisms regulating angiogenesis [5] led to a more mainstream interest in the field,
followed by an explosion in the number of publications related to angiogenesis in
various aspects of health and disease. It is now clear that angiogenesis is important
for all types of tissue growth including during development but also during regen-
eration of wounds or damaged myocardial or brain tissues following ischemic
insults [12, 13] as well as adipose, muscle or tumor growth [14—-16]. Most of the
work on elucidating the importance of angiogenesis in health or disease, come from
studies where the process has been inhibited and subsequent phenotypes analyzed.
For example, mice lacking even just a single allele of the important angiogenic fac-
tor VEGF-A die in the womb just a few days after the first blood vessels should have
been formed, due to massive vascular insufficiency, improper formation of the few
vessels that do develop leading to extensive hemorrhage [17]. As a consequence of
these vascular defects, mouse embryos stop developing from day ES8.5, when the
embryo start to require oxygen transport by its own vasculature to maintain oxygen-
ation of the growing and developing organism, and eventually die at E10.5 [17].
Also during post-natal development VEGF-A is important for physiological growth
and morphogenesis of the retinal vessels in mice [18], a process that is dependent on
hypoxia-induced VEGF-A in the peripheral retina as in animals such as zebrafish
that develop in the absence of tissue hypoxia, the closely related homologue
VEGF-B is required for retinal angiogenesis [19]. Since these early discoveries,
genetic knock-out studies have been used to identify a host of factors necessary for
normal developmental angiogenesis or healthy vascular morphogenesis [20]. In
addition, the potential of factors to induce ectopic angiogenesis in the otherwise
avascular cornea has generated very important knowledge on factors that could be
exploited for pro-angiogenic treatment [21-23] alternatively to identify the com-
plex mechanisms involved in angiogenesis under pathological situations such as in
tumors [24, 25]. In cancer, quantitative analyses of gene-expression profiles or pro-
tein abundance have identified numerous putative angiogenic factors over-expressed
in solid tumors of all origins [2]. In particular VEGF-A and dual pro-angiogenic and
inflammatory cytokines such as TNF-alpha [26], TGF-beta [27], various interleu-
kins [28-30], chemokines and bone-marrow growth factors [31] as well as extracel-
lular matrix modulating enzymes [32] have been studied along with the putative
intracellular mediators. The importance of these factors have then been demon-
strated by loss- or gain-of-function studies using mouse tumor models, in which
tumor cells or whole animals have been genetically modified to produced
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pathologically relevant levels of these various factors. With so many potentially
important pro-angiogenic factors identified to date, a key issue is to understand the
interplay and synergistic mechanisms that drive tumor angiogenesis in complex
environments where several factors are over-expressed at the same time. As such
there are likely synergies between various angiogenic factors, that stem from their
actions on the different cell-types needed for angiogenesis including endothelial
cells, peri-vascular cells and macrophages which complicate using single specific
neutralizing or agonistic agents in anti- or pro-angiogenic therapy. In keeping with
this idea, single-agent treatments have largely failed both for anti-cancer therapy
and for restorative angiogenesis in ischemic disorders. Combinations of pro- or
anti-angiogenic drugs thus have much stronger potential in pre-clinical settings
[33], but such combination therapies remains to be thoroughly tested in clinical
studies.

In many cases angiogenic factors may act in a tissue-dependent manner. L.e. the
factors that is important for growth of blood vessels in the brain or eye, such as
Wnt7a/b, Grp124 [34, 35] or VEGF-B and Neuropilinl [19] seem to have little if
any role in angiogenesis in other parts of the organism. Similarly, factors regulat-
ing angiogenesis in the adipose or muscle tissue coinciding with the growth of these
tissues in adults, may also be different from those regulating angiogenesis in for
example the skin during wound healing. Leptin, produced at high amounts by
mature adipocytes, is a potent angiogenic factor [36], but also more general pro-
angiogenic molecules such as VEGF-A is important for adult adipose angiogenesis
and blocking these factors pharmacologically inhibit diet-induced or leptin-
deficiency-induced obesity in mice [37, 38].

In this chapter we aim to give an overview of the key features of blood vessels,
their structure and function and how blood vessels are involved in regulation of tis-
sue functions. In the second part we will focus particularly on the mechanisms regu-
lating vessel growth, maturation and regression, and discuss key differences between
the growth and function of healthy versus pathological vessels. Finally we will
introduce the concept of lymphangiogenesis and how lymph vessels develop, func-
tion and may contribute to disease under pathological conditions.

Blood Vessel Physiology and Function

The first and foremost function of blood vessels is to supply oxygen and nutrients
(mainly glucose and lipids) to support cellular metabolism. A large fraction of the
blood is therefore dedicated to transport of oxygen via hemoglobin-containing
erythrocytes that are responsible for approximately 50% of the blood volume. In the
cell-free fraction, the most abundant proteins including albumin and lipoproteins
are dedicated to transport of water in-soluble lipids/amphiphiles, and the plasma has
a high buffer capacity as a way to combat acidosis or reactive oxygen species that
are unavoidable side-effects from oxidative cellular metabolism. The abundance of
these oxygen- or lipid-binding factors in the blood also reflect the facts that free
oxygen is among the most reactive compounds in the organism and because free
lipid is detrimental to vascular physiology. Blood is delivered through the
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Fig. 1.1 Morphological differences between capillary beds of various tissues. Confocal micro-
graphs of blood vessels, shown in green, found in the retina, inner and outer choroid, skin, brain,
heart, liver and skeletal muscle of adult transgenic Tg(fli:EGFP)¥! zebrafish, expressing enhanced
green fluorescent protein (EGFP) in endothelial cells. The white size bar indicate 100 pm

vasculature to all metabolically active tissues and collected by veins which bring
waste products, primarily carbon dioxide (CO,), urea and other metabolites through
the kidneys and the liver to the lungs, where the last of the waste products (CO,) is
released and the blood is reoxygenated. This constant circulation of blood is neces-
sary for its function — blood that accumulate in tissues due to insufficient venous
drainage, persistent circulation in futile loops or hemorrhage rapidly loose the
tissue-supportive function and rather become a reservoir for tissue-damaging fac-
tors including cytotoxic cells and compounds [39]. As such, blood is only beneficial
to tissues if it is also effectively collected and recycled.

The metabolic activity of a tissue is the primary regulator of blood perfusion.
When metabolic activity increase this will lead to tissue hypoxia, which is the
most important physiological signal for increasing perfusion. This is perhaps most
clearly exemplified in the brain where the activity of different brain regions is
directly coupled to changes in perfusion; all techniques used to measure brain
activity today actually measure blood perfusion and not the activity of the nerves
or other brain cells themselves [40]. In tissues which exhibit constantly high
metabolic activity including the liver and the retina, blood vessel density is high
compared to other tissues (Fig. 1.1). However, in tissues with dynamic metabolic
activity such as the brain or muscle, the vascular density may not be particularly
high but perfusion is instead regulated by changes in the vascular diameter and
blood flow rates, a process known as hyperemia that can be achieved in seconds
after the increased metabolic demand [41-43] — much faster and more efficient
than regulating the vascular density by growth or regression of new blood vessels.
As such changes in perfusion of a tissue are mainly regulated by vascular dilation/



1 Angiogenesis: General Concepts 5

Healthy tissue Insufficient perfusion Hypervascularization
Yexsty
Perfusion

Metabolic
® demand

Homeostasis Vessel dilation Vascular regression
Angiogenesis or
Erythropoiesis Phenotypic tissue

transformation/pathology

Fig. 1.2 Vascular endowment is balanced by the metabolic needs of the tissue. In healthy tissue
the vessel density and perfusion (red balls) is balanced according to the metabolic activity of the
tissue (blue balls; left image). Should the metabolism increase (middle image), perfusion and oxy-
gen delivery will also increase through vessel dilation, angiogenesis and erythropoiesis. Is however
the vascular density or perfusion higher than the needs of the tissue (right image), excessive ves-
sels will regress or the metabolic needs of the tissue will increase (phenotypic switch). In diseased
tissues, excessive vessels do not regress but rather sustain pathological transformation or growth of
the tissue

contraction and hypoxia is the main physiologic mediator of these responses. On
the other hand the function of a tissue also changes in response to changes in blood
perfusion. For example, forced expansion of the vasculature in adipose tissue by
genetic modifications leading to increased expression or local delivery of growth
factors by the adipocytes, leads to a phenotypic change in the tissue from energy-
storing white to energy consuming brown-like adipose tissue, with a concurrent
increase in the metabolic activity of the adipocytes themselves [38, 44-46]. As
such, the metabolic activity of a tissue has to be balanced by the blood perfusion,
and changes in either the metabolic activity or perfusion parameter drive matching
changes in the other, or lead to disease (Fig. 1.2).

Blood vessels, however, are not only a conduit for transport of oxygen, nutrients
and metabolic waste products. Many factors important for organizing the functions
of various organs to act in concert with each other (i.e. endocrine regulators) also
use the vasculature as a route of communication and the vessels play an active role
in the signaling process. For example, insulin-dependent and in-dependent glucose
uptake by cells in the brain, where there is no passive leakage of glucose across the
capillary, is mediated by active transport of glucose across the wall of the blood ves-
sels by Glutl and Glut4 glucose transporters [47, 48]. Furthermore, hormone recep-
tors are expressed at high levels in the vessels which, in response to hormone
stimulation, produce cytokines that mediate some of these hormone-dependent
effects on the tissue, thus playing very important roles in endocrine regulation [49,
50]. Also under pathological conditions such as tissue inflammation, the tissue
recruit immune cells to fight the inflammatory stimulus (often invaded bacteria) by
activating the vessels locally, an activation that lead to the presentation of molecules
including ICAM and VCAM, on the inner surface of the vessel which are
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recognized by the immune cells and mediate their movement across the vessel and
into the tissue specifically at the site of inflammation [49]. These functions are also
important for the physiologic trafficking of immune cells to various lymphoid tis-
sues in the organism [51].

The vasculature not only transports chemicals and cells, it is also critical for the
thermoregulation by transporting heat [52]. Brown adipose tissue or skeletal mus-
cles are the main sources of heat generation due to their high expression of uncou-
pling proteins and inherent storage of energy either as fat or glycogen. From here,
warm blood is pumped for example through the skin, which is a main tissue respon-
sible for heat/cold sensing [53]. The important role of the blood for maintaining
temperature is mirrored in the fact that core body temperature decreases during the
inactive period (i.e. night in humans), when the heat generating muscle and brown
adipose tissues are less active [54], although many of the other tissues exhibit simi-
lar metabolic activity.

Locally, in the tissues, blood vessels also provide key signals for the surrounding
cells which are crucial for the specific function. Especially un-differentiated stem-
and progenitor cells are known to exist predominantly in so-called vascular nieches,
in which these cells make direct contact to endothelial cells, contacts that are crucial
for maintaining the undifferentiated state of the cells [55, 56]. As such in tissues as
different as the intestine, bone marrow, skin, brain and in tumors, the non-
differentiated stem/progenitor cells are specifically found associated with the vascu-
lature [57]. Also other, differentiated cells types require contact with vascular
endothelial cells in order to maintain their phenotype. An example of this has
recently been demonstrated in adipose tissue, where pericytes loose their identity
and transform into adipocytes when their contacts with endothelial cells are dis-
rupted [58]. Similarly, vessels-associated macrophages are primarily of the alterna-
tively differentiated type, whereas non-vessel associated macrophages to a higher
extent exhibit the classically activated phenotype [59] indicating that vessel contact
may induce or maintain processes required for alternative differentiation and associ-
ated functions of macrophages.

During development, the vasculature provide key signals required for organo-
genesis, regulation of organ size and shape as well as differentiation and specifica-
tion of cell types in the various organs. The development of the alveoli in the lungs,
for example, depends on signals provided by the developing lung vasculature [60].
Should blood vessel growth be inhibited during lung development, this will lead to
a failure in the development of alveoli. Also in the kidney, the vasculature provide
crucial signals required for differentiation and formation of the glomeruli [61] and
in the liver endothelial cells may be important for both the early development of the
fetal liver, the structural development of the liver lobules and for the growth and size
of the liver both during development and during regeneration [62]. Such regulatory
roles of blood vessels also dominate in the regeneration of other organs and tissues,
including the skin, in adults [63]. Fin regeneration in fish, for example, is stunted if
blood vessel growth is inhibited leading to incomplete regeneration and a smaller
fin compared to the size prior to amputation [64]. It is likely that blood vessels do
more than simply provide oxygen and nutrients to the developing tissue and as such
regulate its size. In zebrafish embryos, oxygenation is not dependent on perfusion
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during early development as the small size of the embryos allows for passive diffu-
sion of oxygen through the tissues as the main mechanism of oxygen delivery [19].
Yet, the development of for example the kidney and liver still requires blood vessels
[65, 66] indicating that there may be some still poorly characterized signals being
produced by the vessels which are important for organ development.

In order to accomplish all the functions and respond appropriately to systemic or
tissue-specific regulatory signals, blood vessels combine several different cell types
tasked with specific regulatory properties that work together in one functional unit.
Blood vessels are subdivided in three general classifications based on the direction
of blood flow, pressure, vessel structure and blood oxygenation level; arteries carry
high-pressure, highly oxygenated blood in an efferent manner to the tissues, capil-
laries are small caliber vessels that distribute the blood within and actively commu-
nicate with the tissues as described above, and veins are large caliber vessels that
drain the blood from the tissues and transport it in an afferent manner back to the
heart. Arteries, capillaries and veins are anatomically highly different and are also
regulated differently. Anatomically, the wall of large arteries and veins may be sub-
classified in at least three different regulatory domains known as the intima, media
and adventitia (Fig. 1.3). The innermost intima consists of endothelial cells, peri-
vascular cells known collectively as pericytes and their shared basement membrane
constructed from collagenlV, laminin, nidogen, and perlecan/proteoglycans [67].
The media (or tunica media) is a smooth muscle cell layer that covers the intima and
particularly for large arteries can be many cell-layers thick and constitute the largest
proportion of the vessel. Veins have thin media as the diameter of veins is to a larger
extent regulated passively by the amount of drained blood rather than actively via
smooth muscle contraction/dilation. The adventitia consisting of fibroblasts, con-
nective tissue, nerves and for the largest vessels even its own vasculature (vasa
vasorum) constitutes the external barrier of the vessel and is therefore the toughest
part of the wall. In large arteries such as the aorta it is elastic due to the presence of
elastin, which is required for the buffering of the large changes in blood pressure as
the blood is pumped out of the heart. Capillaries contain only a primitive intima and
generally have no media or adventitia (Fig. 1.3). Arteries and veins of different
organs are rather similar in structure, function and regulation. Capillaries, however,
communicate with the tissue in which they reside and are as such highly diverse
depending on the needs of the tissue. For example, capillaries in the liver, glomeruli
and endocrine organs such as the adrenal gland, pancreas and thyroid are very leaky
due to the existence of small holes (fenesters) in the endothelium allowing small
compounds and sometimes even cells to pass freely between the tissue and the vas-
culature [68]. In the skeletal and cardiac muscle, the capillaries are straight, and
with little branching, which allow for very efficient perfusion and in the brain the
capillary wall is covered with numerous other cell types including pericytes, astro-
cyte end-feet and even nerve endings, a structure known as the neurovascular unit or
the blood-brain barrier. Also the expression profiles of the endothelial cells are dif-
ferent depending on the tissue, reflecting these differences in structure and function.
As such, the endothelial cells of the capillaries are unique in each tissue, mirroring
the specific functions of the tissue and the associated requirements for communicat-
ing with the rest of the organism via the circulation. Recently it was discovered that
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Fig.1.3 Vascular anatomy. The anatomy of the vessel wall in large arteries, veins and capillaries
are illustrated in the fop row. The vessel wall consists of the intima (endothelial cells, pericytes and
basement membrane), media (smooth muscle cells) and adventitia (fibroblasts, nerves and capillar-
ies). Arteries have a thicker media and more nerves and vessels in the adventitia compared to veins.
Capillaries lack media and adventitia. Capillaries in different tissues exhibit widely different mor-
phologies as illustrated in the lower row. Capillaries in the liver (and other endocrine organs) are
fenetrated and leaky, whereas a subset of capillaries in the skin lack pericyte coverage and capil-
laries in the brain and retina exhibit very tight and complex regulation at the vessel wall including
coverage with astrocyte end-feet, giving rise to the blood-brain barrier

also the pericytes are not a homogeneous population of cells but rather that various
different types of pericytes are present in the vessels and that the composition is
different between organs [69, 70]. In addition, other cells such as stem/progenitor
cells, immune cells and possibly other cell types may also constitute part of the wall
of capillaries or larger vessels. The role of pericytes and other peri-vascular (also
known as mural) cell types are poorly understood beyond that they are important for
vessel stabilization and survival, but are likely important for tissue homeostasis as
well as involved in pathophysiological conditions such as fibrosis, regeneration and
inflammation. Possibly, some of these functions may arise from their crosstalk with
endothelial cells [71], endowing the highly diversified anatomy and functions found
in the capillary beds throughout the organism and as such they may be key players
in tissue-specific regulation of the vasculature.

Hypoxia is the key signal for increasing perfusion to tissues. Hypoxia act via in
principle three different routes; the immediate reaction is the activation of endothe-
lial nitric oxide synthase (eNOS) activity, leading to production of nitric oxide
(NO) which is one of the most potent signals for relaxing smooth muscle cells and
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thus dilation of arteries, via activation guanulyl cyclase-mediated cGMP produc-
tion and down-stream signaling in smooth muscle cells, providing an increased
amount of oxygenated arterial blood to flow into the hypoxic tissue [72, 73].
Hypoxia also lead to the increased production of erythrocytes via up-regulation of
EPO in the kidneys, as well as blood vessel growth via production of vascular
endothelial growth factor locally in tissues (more on this in section “Modes of
Blood Vessel Formation and Regression”). This regulation is exploited pharmaco-
logically as patients with high blood pressure are often prescribed nitroglycerin, a
potent NO-donor, which will lead to vascular dilation and reduced blood pressure.
In addition to direct regulation by hypoxia, blood vessels and in particular arteries
are highly innervated and thus regulated by the sympathetic nervous system. As
such, perfusion of muscles is enhanced under stressful situations as a part of the
fight or flight response, the intestines exhibit increased perfusion shortly after meal
intake, and the skin is perfused to a higher degree during exercise or in very warm
or cold environments. These responses are in large part due to beta-adrenergic
signaling in the neuro-vascular synapses [74]. A third important regulator of vas-
cular function is inflammatory signaling, as sites of inflammation are hyperper-
fused and leaky, which is important for appropriately mounting the inflammatory
defense system. In such instances, cyclooxygenase- or lipoxygenase-mediated pro-
duction of prostaglandins, leucotrienes or thromboxanes, which have strong vaso-
active effects, play a major role in the inflammatory vascular responses [75].
Certain neuropeptides including neuropeptide Y, vasoactive intestinal peptide,
melanocyte stimulating hormone and calcitonin gene-related peptide are also
important modulators of vascular function, in particular in allergies or asthma [76],
in the physiologic regulation of intestinal or central nervous system perfusion.
Most of these molecules act on arteries, but will lead to increased blood flow
through capillaries which will activate shear-stress sensitive signaling in both
down-stream arteries, pre-capillary arterioles and capillary endothelial cells. Such
signaling will first and foremost lead to remodeling of the vasculature including
circumferential vascular growth, vascular survival (non-perfused vessels regress
over time in healthy tissues), leakage and recruitment of peri-vascular cells [77].
Shear-stress signaling however, may also lead to vascular expansion by other
mechanisms, including angiogenesis, should the stimulation be sufficient to reach
the pro-angiogenic threshold [78, 79], as a mechanism of providing more capillar-
ies to absorb the increased inflow of blood into the tissue and as such reduce the
pressure in the individual capillaries. The mechanisms involved in angiogenic
expansion of the vasculature are the topic of the next section.

Modes of Blood Vessel Formation and Regression

Blood vessel formation can in principle be divided in two main categories — forma-
tion of new vessels by aggregation and vascular morphogenesis of endothelial cells,
a process known as vasculogenesis, and the expansion of existing vasculatures, a
process known as angiogenesis.
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Prior to vasculogenesis, endothelial cells are specified from the hemangioblast
progenitor population in the lateral plate mesoderm and migrate during early somi-
togenesis medially to form a main central endothelial chord [80, 81]. This process
is stimulated by sonic hedgehog-mediated vascular endothelial growth factor
(VEGF)-A production by the cells in the myotome and thus occurs in a central-to-
rostro/caudal fashion. At this point, the endothelial cells are progenitors lacing
luminal and basolateral polarization, but as they assemble and form the first vascu-
lar chord, they start to accumulate water-filled vesicles in a highly coordinated fash-
ion in which such vesicles in neighboring cells line up with each other in a common
plane. These vesicles fuse, both within each cell as well as between adjacent endo-
thelial cells, forming the lumen of the first vessel, the dorsal aorta [82]. An alterna-
tive mechanism involving electrostatic repulsion between endothelial cells at the
luminal side as a chord-hollowing mechanism has also been described [83]. Once a
lumen has been formed, endothelial cells polarize and establish different functional-
ity at the luminal versus the basolateral side, similar to the polarization of epithelial
cells. The early vasculature is the site of initial hematopoiesis, where erythrocytes
bud off the endothelium and are deposited as the first circulating cells in the blood
islands of the yolk sac and the lumen of the aorta [84]. Concurrently, the ventral
cells of the aorta also start migrating ventrally, a process that is independent of
VEGPF-A but instead mediated by repulsive signals between EphrinB2 expressed in
the aorta and EphB4 expressed in the migrating cells [85]. These cells eventually
coalesce and organize themselves with their luminal side facing inward into a large
caliber vessel; the cardinal vein. These two vessels, the dorsal aorta and the cardinal
vein connect to the heart and fuse to form a loop at the posterior pole at late somi-
togenesis stages, thus completing the primitive circulatory loop [81]. Similar pro-
cesses occurs in the brain where endothelial cells arise in other mesodermal
progenitor pools, migrate and coalesce to form the first cerebral arteries and veins
[86]. The primitive vasculature expands by sprouting angiogenesis. The first dorsal,
arterial sprouts arise at the dorsal aspect of the dorsal aorta and grow as interseg-
mental arteries, dorsally between the somites in a VEGF-A dependent manner [19],
around the same time where the cardinal vein cells migrate ventrally. This is the first
example of sprouting angiogenesis in the organism, but vascular expansion of other
tissues later in development occurs by largely identical mechanisms. As such,
sprouting angiogenesis is responsible for forming the vast majority of all vessels in
the organism.

Sprouting angiogenesis can in principle be divided in several individual pro-
cesses. As the process begins from an already perfused, and often mature, vessel,
the first step is to destabilize the vessel wall by local breakdown of the basolateral
basement membrane. This is achieved by induction of matrix metalloproteinases
(MMPs) including MMP2 and MMP9, as well as other extra-cellular matrix (ECM)
proteases [87]. In the case of vessels highly covered by pericytes, these then detach
from the endothelial cells, allowing the formation of basolateral pseudopodia in the
responding endothelial cells. This is followed by the induction of a tip-cell, i.e. the
primary responding endothelial cell which on one hand develops large pseudopodia
(filopodia and lammelipodia) allowing the cells to migrate into the tissue and on the
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other hand suppress similar activation of neighboring endothelial cells through the
Dll4-Notch1/4 axis [88—90]. The tip cell then migrates into the tissue, scanning the
path with highly dynamic filopodia as it moves and remain intimately connected to
its neighboring cells which form the subsequent stalk cells. Stalk cells proliferate
and as such extend the connection with the mother vessels as the tip cell drags the
new vessel sprout longer into the tissue [18]. Recently, this over-simplified scheme
however was revised as it was found that tip and stalk cells compete for the tip cell
formation as stalk cells may move to the tip cell position and vice versa during
sprout elongation [91]. As such, stalk cells may move relative to each other, but only
the tip cell decide the direction of growth for the entire new vessel. When the tip cell
meets with another endothelial cell, they fuse and as such terminate the growth of
the vessel. This process is called anastomosis and is critical for establishing perfu-
sion [92]. It has been suggested that this anastomosis process is regulated by mac-
rophages which attract tip cells and mediate their fusion [93]. Following anastomosis,
the two endothelial cells meeting each other form new tight junctions, which mature,
remodel and modify the shape and relative position of the endothelial cells in the
previously growing vessels such that their lumens are merged and blood can move
between the vessels [92]. The new vessels mature by recruiting pericytes and con-
structing a new basement membrane which provide stability and survival signals to
the vessel. These processes are however not serially induced, vessels mature as they
grow and only the distal piece of the sprout is immature. Tip cells constantly secrete
platelet-derived growth factor (PDGF)-B, a potent chemoattractant and growth fac-
tor for pericytes, which secure the pericyte investment of the vessel as it grows [94].
Pericytes and the endothelial cells themselves also secrete all the factors found in
the basement membrane. Angiogenesis is kept in check not only by the initial
restriction of sprouting by activated Notch-signaling but also during sprout/vessel
elongation as the stalk cells secrete soluble VEGF receptor (VEGFR)-1, which act
as a molecular trap on the sides of the vessel such that all the growth stimulatory
signals are received only by the tip cells in the very front [95].

High frequency actin turn-over is important for the tip-cell function as they need
to rapidly send out and retract filametous-actin rich filopodia while at the same time
moving the cell forward through lammelipodia [96]. As such, small rho-GTPases
including RhoA, Cdc42 and Rac which mediate the polymerization of actin, cofilin
and GTPase-activating proteins (GAPs) which mediate the depolymerization of
actin and Arp2/3, wasp and focal-adhesion components which mediate the struc-
tural arrangement of the actin cytoskeleton and its connection with the extracellular
matrix are all critical elements necessary for sprouting angiogenesis [96]. The filo-
podia of the tip cells are rich in so-called patterning molecules, receptors for mem-
brane bound ligands presented by the cells in the surrounding tissue that in the most
cases exert repulsive signals on the filopodium leading to its regression. These pat-
terning molecules in this way make sure that the vessel is not growing into tissues
where it should not, but stay on its intended course [97]. This is particularly clear
during development as the intersegmental vessels have a highly stereotypical shape
mediated by the inter-somitic boundaries, and never grow into the somites them-
selves. However, in the case of animals in which semaphoring ligands or plexin
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receptors have been rendered non-functional genetically, vessels readily grow into
the somites and the vascular development is chaotic and ineffective leading to the
early embryonic demise of the animal [98]. Interestingly these patterning factors are
shared by the axonal growth cones and also important for nerve pathfinding during
development [97].

In the stalk cells, restraining sprouting, maintaining cell-cell junctions and pro-
liferation are key for the extension of the vessel and maintaining its connection to
the patent vasculature. Many of these aspects are regulated by shear stress as the
stalk cells are carrying blood (although perfusion is poor until after anastomosis)
and are thus flow-stimulated [99]. The stalk cells also express or respond to “pat-
terning factors” such as notch and jagged but these are instead crucial for mediating
the crosstalk between endothelial cells and pericytes necessary for vascular matura-
tion. Other important factors mediating the crosstalk between endothelial cells and
pericytes include angiopoietin 1 and 2, and their ligands Tiel/2 as well as trans-
forming growth factor (TGF)beta and the TGFb receptors [100].

In addition to sprouting angiogenesis blood vessels may also grow by splitting
themselves in two, a process known as intussusception. Intussusception is charac-
terized by the local luminal bulging of the endothelium proceeding until bulges
from the two opposing sides reach each other, forming a trans-vascular hole or
“intussusceptive pillar”, which in turn is stabilized by perivascular cells, mainly
fibroblasts, moving into and filling the pillar [101]. It has been suggested that this
process is primarily induced by VEGF-signaling [102], but may also be mediated
by reduced notch-signaling in the endothelium, as it is the case for sprouting angio-
genesis [103]. Intussusception, however, involves stalk cells rather than tip cells and
the “sprouts” forming the intussusceptive pillar form on the luminal, rather than the
basolateral side of the endothelium. As intussusception often lead to the formation
of a loop that support circulation, this is considered a way for the endothelium to
survive by enabling pro-survival shear-stress signaling under conditions of inhibited
survival or growth factor signaling such as pharmacological inhibition of VEGF
[104]. Some tissues, such as the lungs and the choroid in the back of the eye, how-
ever, have adopted this mode of angiogenic expansion during development [105,
106] indicating that it is also important in physiology. The intracellular processes
taking place in the endothelial cells during intussusception is however poorly under-
stood at present.

A variation of intussusception is the recently described pulling of vessels into a
non- or de-vascularized area from the surrounding vascularized tissue mediated by
myofibroblasts, a process that often precedes sprouting angiogenesis and is, like
intussusception, dependent on myofibroblast activity [107]. This is for example
seen during inflammation-induced corneal neovascularization or wound healing in
the skin, where immediate vascularization of the inflamed cornea or regenerating
skin is accomplished by in this way recruiting already existing vessels rather than
waiting for new ones to grow [107]. It is however not known if this process plays a
role during physiological neovascularization during development.

Large blood vessels are highly stable, but capillaries are constantly remodeling
especially in dynamic tissues such as muscle, adipose or liver. Also during
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development and in wound healing/regeneration the vasculature develops as an
overly dense network which then remodels to achieve its final density reflected by
the needs of the tissue [108, 109]. As such, hyperoxia or hypoperfusion in blood
vessels start a process of vascular regression which can largely be considered as
reverse sprouting — the cell-cell junctions between two endothelial cells remodel,
the lumen collapses and the junctions are dissolved leading to two tip cells being
pulled backward toward the used and stabilizing vessels to which the regressing
vessels connect [110]. Alternatively, in pathological situations such as in cancer or
neovascular eye diseases, immature pathological vessels may also regress simply by
removal of the pro-angiogenic signal, also leaving a few but much more mature ves-
sels that are stabilized and remain in the absence of growth factor signaling [104,
111]. This ordered regression is required for avoiding hemorrhage or leakage of
blood or plasma into the tissue. During regression, however, the receding vessels
leave the basement membrane behind as empty sleeves, or tunnels in the tissue.
Such acellular “ghost” vessels which do not carry blood, but can still be seen by
immunostaining for basement membrane markers such as collagenlV, or by other
types of imaging techniques, are thought to be a highway for extremely rapid neo-
angiogenesis should the vessel growth signal emerge again for example during
breaks in the anti-angiogenesis treatment procedure or due to recurrence of an
inflammatory signal [112]. It is currently not known how this last part of the vessel,
the basement membrane, is removed during developmental vascular remodeling or
whether such processes could be exploited to generate more complete and long-
lasting anti-angiogenic treatments in the future.

Differences in Healthy and Pathological Angiogenesis

The above description primarily pertains, in principle, to both developmental angio-
genesis, constructive angiogenesis as a part of tissue regeneration as well as patho-
logical, non-constructive angiogenesis. In pathological conditions, however, the
process is deregulated in various ways, leading to formation of chaotic vasculatures
that are poorly functional, i.e. tissue perfusion is often not improved, or even
decreased, despite increased vascular density [113]. This leads to persistent hypoxia
and further hypoxia-induced pathological angiogenesis, thus constituting a vicious
circle which aggravates pathological phenotypes [114]. As such in diseases charac-
terized by pathological angiogenesis including chronic inflammatory disorders,
cancer or hypoxia-associated retinopathies such as age-related macular degenera-
tion, diabetic retinopathy and retinopathy of prematurity, correcting the vascular
function by reducing the pro-angiogenic signaling in the microenvironment for
example by using VEGF-targeting drugs are in many cases effective treatments
which increase the healthy functions of the inflamed or hypoxic tissue and inhibit
disease progression.

A key phenotype of pathological vessels is the chaotic structure which arises
from the lack of patterning signals. Many patterning factors are primarily expressed
during development and are thus lacking in quiescent adult tissues [115]. While
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growing endothelial tip-cells re-express vascular patterning receptors, pathological
tissues do not express the ligands, or the ligands are proteolytically cleaved to frag-
ments of opposite function compared to the native molecule [116] and thus physi-
ological vascular repulsion does not occur and vessels grow in any direction and do
not follow defined trails. Another class of patterning receptor-ligand pairs, namely
the semaphoring-plexin system is also involved in pathological angiogenesis, but
the regulation is complicated by the fact that these protein families are rather large
and different receptor-ligand interactions may exhibit opposing functions on the
vasculature [117]. Nevertheless, de-regulation of the expression of patterning fac-
tors is an important, yet understudied mechanism for driving the pathological phe-
notypes of vessels found in inflamed and/or malignant tissues.

Under pathologic conditions, the production and secretion of angiogenic factors
occurs in a deregulated manner which contributes to the disorganized overgrowth of
vessels. As angiogenic stimuli are often sensed from all directions, the vessels are
dragged everywhere at the same time. This is in stark contrast to the spatiotemporal
production of for example pro-angiogenic VEGF in the myotome at 24 h post fertil-
ization in zebrafish embryos, which exactly coincide with the sprouting and growth
of intersegmental arteries dorsally, towards the myotomes and the subsequent
repression of VEGF-A in myotome, when the vessels arrive at this location [19].
The VEGF-production is then rather shifted to the dorsal roof of the intersegmental
vascular bed, leading to continued dorsal growth and eventually the formation of the
dorsal anastomosing longitudinal vessel (Fig. 1.4). In pathological situations such
as in cancer, the pro-angiogenic signals are not turned off or repositioned in a regu-
lated manner, leading to vessels growing into the tissue producing the angiogenic
factors and there, grow in all directions, anastomose prematurely, and immediately
re-initiate sprouting in a continuous cycle leading to the formation of a vasculature
characterized by highly ineffective circulation.

Persistent angiogenic stimulation also leads to defective pruning/regression of
surplus or under-used vessels, a key feature of healthy vascular remodeling. Indeed,
the vasculature of pathological tissues can sometimes resemble that of healthy or
regenerated tissue prior to the onset of vascular remodeling in terms of containing
vessels that are either non-perfused or contribute to inefficient perfusion through
futile loops. High levels of proteases which are common to tissues exhibiting patho-
logical angiogenesis prevent vascular maturation by inhibiting the formation of a
continuous basement membrane and an appropriate recruitment of perivascular
mural cells. The vessel wall is therefore of poor structural integrity and as a result
the vessels are highly leaky and prone to disintegration leading to edema, hemor-
rhaging and high interstitial fluid pressure (Fig. 1.5). Such conditions further accel-
erate pro-angiogenic inflammation and inhibit effective perfusion leading to hypoxia
[114]. Forcing vascular maturation, while leading to a stabilized vasculature that is
difficult to get rid of, and which support perfusion and thereby oxygen and nutrient
delivery, which may not intuitively be a desired outcome in for example cancer
treatment, is, however, emerging as an effective alternative strategy as compared to
the aim of completely obliterating all vessels in the tumor. Especially when com-
bined with cytotoxic agents, or radiation therapy, both of which require efficient
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Fig. 1.4 Spatiotemporal expression of VEGF-A drives vascular patterning in zebrafish embryos.
In situ hybridization showing Vegfaa mRNA expression in zebrafish embryos at 24-48 hours post
fertilization (hpf) is shown in purple in the top row. Vegfaa is initially expressed in the myotomes
but gradually relocate to the dorsal roof and ventral floor of the trunk at 36 hpf. At 48 hpf expres-
sion emerges in the notochord. These changes in expression correlate with areas of ongoing angio-
genesis as shown in the lower row. Blood vessels of Tg(flila:EGFP)"! zebrafish embryos shown in
green start sprouting towards the VEGF-A signal at 24 h. At 36 h when Vegfaa expression has
shifted to the dorsal roof of the trunk, formation of new sprouts leading to the construction of the
dorsal-lateral anastomosing vessel in this site, takes place. At 48 hpf when notochord-expression
is initiated, lymphatic progenitors sprout and form the transient parachordal lymphatic vessels.
The white or black size bars indicate 100 pm
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Fig. 1.5 Pathological phenotypes of blood vessels. In healthy tissues most capillaries (shown in
red) are covered with pericytes (shown in green; top-left image), are relatively non-leaky, quiescent
and exhibit uni-directional blood flow (lower-left image). In pathological conditions, however,
pericyte coverage is diminished, vessels start leaking plasma into the tissue and non-directional
hyper-sprouting as a part of ongoing angiogenesis is apparent (fop row). Perfusion is also impaired
as vessels may support flow in both directions (lack of arterial-venous identity), are often collapsed
and non-perfused, or develop futile loops which do not support efficient perfusion through the tis-
sue (lower row)
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perfusion for maximal effects, such vascular maturation therapy might act synergis-
tically to inhibit tumor growth rate (or even induce tumor regression) and impor-
tantly make the disease manageable compared to high-dose anti-angiogenic therapy
which might lead to reduced effect of other treatment and could potentially even
accelerate progression to metastatic disease, a risk that is intimately association
with tumor hypoxia.

Lymphangiogenesis and Lymphatic Specification

Arteries and capillaries in healthy tissues are generally slightly leaky, which is the
main mechanism of interstitial fluid production. Interstitial fluid, proteins, cellular
and other types of debris is in turn collected by lymphatic vessels, a special vascu-
lature that functions as the “sewage system” of the organism. The movement of fluid
from arteries and capillaries to lymphatics is, however, also important for efficient
delivery of nutrients and other factors through the tissues. The lymphatic vessels
move the collected liquid and materials through an entirely afferent system, the
content of which is eventually emptied into the cardinal vein at the duct of Cuvier,
thereby transporting the liquid back into the blood from where it came. As such, the
lymphatic vessels are essential for liquid homeostasis in the tissue and inefficient
lymphatic functions or defective lymphatic developmental syndromes are primarily
characterized by an accumulation of fluids (i.e. edema) [118]. As the interstitial
fluid is rich in foreign proteins at sites of infection, the lymph (liquid in the lym-
phatic vessels) is first moved through the lymph nodes, where it bathes resident
antigen-presenting dendritic cells, which in turn activate T- and B-cell responses
against the invading pathogens. As such, lymph nodes both contribute to interstitial
fluid drainage as well as adaptive immunity through being an integral component of
the lymphatic system.

The lymphatic vessels are structurally and histologically different from blood
vessels. Lymphatic capillaries emerge in blind-ended sacs in which the interstitial
fluids are collected. As flow can only occur in one direction, the liquids will con-
stantly be removed from the sacs, leading to a negative pressure which enables
efficient “suction” and thus drainage of fluids [119]. The lymphatic endothelial cells
in the capillary region has discontinuous and patchy basement membrane, which is
not in direct contact with the lymphatic endothelial cells but rather is connected via
filaments rendering the lymphatic endothelium naked. Furthermore, the lymphatic
endothelial cells have no tight junctions but overlap one another in structures that
function as valves only allowing liquid and macromolecules, cellular components
or whole cells to flow in, but not out of the vessels. Just as in large veins, there are
also valves in the lumens of the lymphatic vessels, which secure directional flow
important for maintaining the negative pressure in the lymphatic sacs. Lymphatic
capillaries drain into larger collecting lymphatic vessels, which are covered with
smooth muscle cells that aid in the transport of lymph towards the lymph nodes and
later the ducts of Cuvier [120]. The special structure of the lymphatic vessels is mir-
rored by a specific profile of genes being expressed in these vessels, which provide
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means to distinguish lymphatic vessels from blood vessels. The VEGF receptor
three is a frequently used lymphatic-specific marker [26], although it has recently
been found expressed also by tip cells in actively expanding blood vessels. However,
as the lymphatic vessels are morphologically very different from tip cells, it is still
convenient to use VEGFR3 staining as a histological tool. Lymphatic but not blood
vessel endothelial cells also express the membrane glycoprotein LY VE-1, the tran-
scription factor responsible for lymphatic endothelial identify, Prox1 and the adhe-
sion protein Podoplanin [121, 122].

The main growth factor responsible for lymphatic vascular development and
growth in adults is VEGF-C, which act primarily through VEGFR3 [123, 124].
During development, the induction of Prox-1 signaling in a sub-population of
venous endothelial cells lead to the expression of VEGFR3 which in turn react to
the secretion of VEGF-C by near-by arterial endothelial cells leading to the budding
off and migration of these prox-1/vegfr3 positive lymphatic endothelial progenitors
towards the VEGF-C source [122, 124]. The lymphatic endothelial cells aggregate
as small lymphatic sacs or islands, which undergo morphologic transformation into
the first lymphatic vessel, the thoracic duct, which connect to the cardinal vein only
at the ducts of cuvier [123]. Other peripheral , posterior lymphatic vessels eventu-
ally grow by sprouting lymphangiogenesis from the thoracic duct, whereas anterior
lymphatics in the head region of the embryo form by lymphvasculogenesis in a
similar way as the thoracic duct is formed, and constitute the basis for expansion of
the anterior lymphatic systems [125]. Under pathological conditions, however,
inflammatory cytokines such as TNF-alpha are also potent lymphangiogenic sig-
nals, as recently identified in a corneal micropocket lymphangiogenesis model [26].

Concluding Remarks

In this chapter we have discussed how blood vessels are essential for the mainte-
nance, development and differentiation, growth, regeneration and homeostasis of all
tissues not only by serving as a transportation system for delivery of oxygen, nutri-
ents and growth factors/other endocrine cytokines but also by forming niches
through direct interaction with the cells in the tissues. The blood vessels have co-
developed with the tissue and all capillary beds exhibit specific characteristics
defined by the functions and needs of the tissue they exist in, respond to different
growth factors in a tissue-specific manner and have different structure and density
in for example the skeletal muscle, skin, adipose tissue, liver and central nervous
system. The central mediators of vascular development and growth are members of
the VEGF and VEGEF receptor families with VEGF-A being generally important for
the vascularization of most tissues, often in a hypoxia-dependent manner, and
VEGF-C being of particular importance for lymphatic vessels. The vessels gener-
ally grow by sprouting angiogenesis a process which requires degradation of extra-
cellular matrix, dissociation of perivascular cells, sprouting, longitudinal growth of
the new vessel, anastomosis and lumen formation followed by maturation of the
new vessel. This process is de-regulated under pathological conditions causing
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vessels to (1) grow in a non-directional manner, (2) anastomose and re-initiate
sprouting prematurely and excessively leading to supraphysiological vascular den-
sity paradoxically coupled to hypoperfusion as a consequence of the formation of
futile circulatory loops and blind-ended blood vessels, (3) inhibit pruning/degenera-
tion of surplus vessels and increasing non-beneficial endothelial survival, (4) inhibit
the development of the vascular wall and increase fenestration leading to high leaki-
ness of the vessels, elevated interstitial fluid pressure and hemorrhaging and (5) are
in many cases collapsed and non-perfused (summarized in Fig. 1.5). These charac-
teristics of pathological vessels cause maintained or even increased tissue hypoxia,
inflammation and therefore maintain the pathological state of the tissue [114].
Positive and negative regulation of blood vessel growth has proven a very chal-
lenging objective of medical intervention. While pathological growth of blood ves-
sels in the eye, a prominent feature of diabetic retinopathy and age-related macular
degeneration can be in many cases effectively treated by anti-VEGF-A therapy,
leading to regained vision in nearly blind patients, the effects are in most cases not
permanent and the vessels will eventually grow back and when they do they are
refractive to anti-VEGF-A therapy [126, 127]. In cancer, however, the initially
promising results from anti-VEGF-A therapy have faded. As the amount of patients
treated with these drugs increased it became clear that problems with toxicity fol-
lowing prolonged systemic treatment, poor long-term efficacy due to resistance and
possibly problematic treatment schedules leading to rapid neovascularization dur-
ing drug holidays lead to poor if any overall survival benefit in treated patients
[128]. As such, anti-VEGF-A treatment has now largely disappeared from the
oncology clinics where such treatment is only used in a few indications such as
glioblastoma, renal and colorectal cancer. It has thus become clear that pathological
blood vessel growth is not dependent on a single factor, such as VEGF-A, but rather
is the result of a multitude of pro-angiogenic signaling, and that the exact composi-
tion of such pro-angiogenic cocktails in pathological tissues is most likely context
dependent and may differ from one patient to another [33, 128]. Even in eye disease,
some patients are non-responsive to anti-VEGF treatment whereas others respond
almost completely [126, 127], but angiogenesis is generally inhibited more effec-
tively by broad and non-specific anti-inflammatory agents such as steroid-treatment
[111]. This indicates that also in the context of a non-genetic and phenotypically
rather homogeneous indication such as for example age-related macular degenera-
tion, diabetic retinopathy or corneal neovascularization, single-target treatments are
not likely to be effective in all patients. Broader-acting treatments or multiple
single-target treatments should therefore be developed to effectively treat a larger
group of cancer or retinopathy patients in the future. Conversely, pro-angiogenic
stimulation as a strategy to combat ischemic diseases such as myocardial infarction,
stroke or non-healing, ulcerating wounds, is a highly promising approach but also
seem to rely on more than a single angiogenic factor. As such, despite promising
results in pre-clinical models, the application of VEGF-A to sites of ischemic injury
did not lead to the formation of a functional and mature vasculature but rather
induced the rapid growth of “pathological” vessels which caused edema and were
unstable [129]. Combinations of growth factors such as FGF-2 and PDGF-B or
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HGEF seem to be a more promising approach [13, 21], but results from clinical trials
based on such strategies are still to be reported. Therapeutic lymphangiogenesis
may also hold great potential for alleviating pathological edema in ischemic tissues,
for example following myocardial infarction [130]. Recently it was discovered that
angiogenesis may also be differentially regulated during the day and night [131,
132], indicating that circadian treatment schedules could be warranted. Furthermore,
the angiogenic endothelial cells were reported to exhibit a different metabolism than
quiescent endothelial cells, providing an additional target for anti-angiogenic ther-
apy [133]. These findings still require further validation and the mechanisms needs
to be more thoroughly characterized, but demonstrate that we still have much to
learn about the regulation of angiogenesis and how this process may be targeted
either positively or negatively in medicine.
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Infantile Hemangioma: New Insights
on Pathogenesis and Beta Blockers
Mechanisms of Action

Shoshana Greenberger

Introduction

Infantile hemangioma (IH) is the most common tumor of infancy, affecting 5-10%
of infants at the end of the first year. Increased risk factors for IH include Caucasian
race, female gender (4:1 female to male ratio) [1], prematurity, low birth weight,
and being the product of multiple gestations [2]. There is increased risk in prema-
ture neonates under the weight of 1,500 g, in females and in Caucasians. The super-
ficial tumors are usually noticed initially in the first 4 weeks after birth as brightly
red macule, papule or plaque. In contrast, deep-seated IHs often present later, at
2-3 months of age, as soft blue nodules.

Clinical

IH is a benign tumor, and in most patients it carries no risk of morbidity or mortality.
However, in 10% of patients IH is problematic or even endangering to the child, due
to its anatomical location or due to excessive growth. The great majority of IH are
focal and solitary. Sixty percent of the tumors occur on the head and neck, 25% on
the trunk, and 15% on the extremities. The tumor displays a unique life cycle that
can be separated clinically into three phases [3, 4]. The proliferating phase starts
within first weeks of life and ends within the first year of life, with the most growth
occurring during the first 4-6 months of life. At this phase, the tumor changes its pre-
sentation from mild blanching, fine telangiectasias or a red or macule to a prominent
bright red papule, plaque or nodule [5]. The involution phase begins on average at
12 months of age. The tumor changes color from bright red to less red and gray. Also,
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nodules and papules shrink and soften. Finally, at the involuted phase, tumor growth
has stopped and the tumor regressed. About half of tumors involute by age 5 years
and 70% by age 7 years. In 30%, an additional 3-5 years to complete the process
[6]. The regression of IH often leaves residues. These residues are correlated to the
maximum size of the hemangioma. These include telangiectasias, atrophic, wrinkled
skin, hyper or hypopigmentation as well as redundant fibrofatty tissue [7].

Histopathology and Cellular Components

The pathological phases of IH strongly correlate with the clinical phases. The pro-
liferating lesions display solid, cellular lobules consisting of plump endothelial cells
lining tiny rounded vascular spaces with inconspicuous lumina. In the involuting
phase the vascular channels contain flattened, mature, endothelial cells, an orga-
nized perivascular layer and basement membrane. Apoptotic cells, at least third of
them endothelial are seen [8§—10] and an increase in the number of mast cells. Lastly,
at the involuted phase, fat, fibroblasts and connective tissue replace the vascular tis-
sue, with few remaining large feeding and draining vessels evident.

In recent years, several cellular components of IH were isolated and character-
ized. These include hemangioma-derived progenitor/stem cells (HemSCs), endo-
thelial progenitor cells (HemEPCs), ECs (HemECs) and perivascular cells
(Hem-pericytes).

HemSC

The etiology of IH is still unknown. Over the years, several researchers speculated
an aberrant embryonic developmental in situ or placental embolic origin of IH dur-
ing early fetal life. The ‘placental theory’ is based on the co-expression of placen-
tal antigens, such as glucose transporter-1 (GLUT-1), merosin, Lewis Y antigen,
FCyRIII, and type 3-iodothyronine deiodinase in IH ([11-13]). In addition, a
higher incidence of IH has also been observed following amniocentesis and chori-
onic villous sampling (CVS) [14, 15]. Supporting the hypothesis of dysregulated
embryonic differentiation is the identification of progenitor/stem cells in IH. In
2008 the Bischoff group isolated a primitive mesenchymal cell [16] using anti-
CD133-coated magnetic beads. These rare cells, comprising 0.1-1% of the cells in
proliferating phase IH have the ability to self-renew and undergo multi-lineage
differentiation. Differently from Bone marrow mesenchymal progenitor cells,
HemSC differentiate not only towards adipocytes, osteocytes and chondrocytes but
also into endothelium. When implanted sub-cutaneously into immune-deficient
mice, the HemSC form GLUT1+ vessels. Tracing the cells in vivo demonstrated
that HemSC form the two layer of the capillaries- endothelium and pericytes [17].
Later, HemSC differentiate into adipocytes [16]. Other groups reported similar
results. Xu et al. isolated stem cells from IH using selective culture media and grew
tumor sphere that expressed CD133 and the progenitor cell marker SALLA4.
Injection into immunodeficient mice produced GLUT! positive tumors [18].



2 Infantile Hemangioma: New Insights on Pathogenesis and Beta Blockers 29

Itinteang T et al. demonstrated the expression of embryonic stem cell (ESC) mark-
ers, Nanog, SALL4, and CD133 in the proliferative phase of IH with reduced
expression during lesion involution [19, 20]. Taken together, these findings sug-
gested that IH is not only a disorder of angiogenesis (i.e., the sprouting of new
vessels from existing ones) but also a disorder of vasculogenesis (i.e., the de novo
formation of new blood vessels from stem cells)

Endothelial Cells

Endothelial cells constitute about 30% of the proliferating tumor. Morphologically
the cells are plump in the proliferating tumor and spindle shape in the involuting
phase [21]. In vitro studies showed that both in terms of cell morphology and pro-
tein expression hemangioma endothelial cells are more characteristic of embryonic
microvascular endothelial cells than that of postembryonic cells [8]. The cells
express typical endothelial-specific markers such as von Willebrand Factor, CD31/
PECAM-1, and E-selectin KDR, TIE-2, and VE-cadherin [22, 23]. In addition,
North and colleagues showed that glucose transporter-1 (GLUT1) is expressed on
hemangioma endothelium, whereas no expression is noted in other types of vascular
tumors and vascular malformations [24]. Consequently GLUT1 became a useful
diagnostic marker. HemEC were shown by Boye and colleagues to be clonal, sug-
gesting they arise from a common precursor [22].

Hemangioma endothelial progenitor cells (HemEPC) are less differentiated cells
that were isolated based on the human stem cell marker CD133. These cells consti-
tute a small percentage (0.1-2%) of the total endothelial cells. HemEPC, similarly
to HemEC, share properties with cord-blood endothelial colony—forming cells
(CB-ECFCs) including paradoxical stimulation by endostatin, suggesting that the
two cell types have immature phenotype [25, 26].

Myeloid Cells and Macrophages

The presence of myeloid cells in IH, and more specifically macrophages, have been
shown in several studies [27, 28]. Macrophages perform phagocytic clearance of
dying cells and protect the host through innate immunity, both as resident tissue
macrophages and as monocyte-derived recruited cells during inflammation.
Classically, macrophages have been divided into two types: The M1-polarised mac-
rophages are activated by microbial antigens and respond to Th1 immune cells by
the secretion of pro-inflammatory cytokines. The M2-polarized macrophages
secrete anti-inflammatory pro-angiogenic factors in response to Th2 cells [29]. Both
M1 and M2 Macrophages were shown to be more prevalent in proliferating IHs than
in involuting lesions [27, 30], with M1 being more prevalent. The cells are located
in the interstitium, between the vessels, and were shown to increase the proliferation
of HemSC. In addition, conditioned media from either M 1- or M2-polarized macro-
phages significantly suppressed the adipogenesis of HemSC [30]. Thus, macro-
phages may have a role in the proliferation of IH.
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Pericytes

Pericytes are contractile mural cells that are located around the EC of capillaries and
venules. The cells that can be distinguished from vascular smooth muscle cells by
the expression of distinct set molecular markers including platelet-derived growth
factor receptor § (PDGFRf), CD146, aminopeptidases A and N (CD13), endoglin,
neuron-glial 2 (NG2) [31-33]. Throughout the vasculature pericytes have a central
role in endothelial barrier development and maintenance of integrity [34]. In addi-
tion, the microvascular tone is regulate, in large, by the pericytes [35].

In IH, pericytes are abundant in both the proliferating and the involuting phases
[20]. In vitro and in vivo studies have shown that HemSC differentiate into pericytes
upon direct contact with EC. Jagged-1, a Notch ligand, is required for the differen-
tiation process [17]. Thus, the source of the pericytes in the tumor might be the
HemSC. Boscolo et al. demonstrated that IH pericytes differ from normal pericytes
both by their phenotype and their expression profile [36]. Hemangioma pericytes
have increased proliferation, increased vessel formation in vivo, and decreased abil-
ity to suppress proliferation and migration of endothelial cells. In addition, the cells
secrete more VEGF-A, a critical cytokine for IH proliferation [36, 37].

Propranolol Treatment

Historically, systemic glucocorticoids were the mainstay therapy for complicated
IH, with interferon alfa and vincristine used for unresponsive tumors. However, in
recent years, beta-blockers, most specifically propranolol, have become the first line
treatment. In 2008, Leaute-Labreze et al. published their serendipitous discovery of
the rapid clinical effect of propranolol on IHs. In two children treated with pro-
pranolol for cardiopulmonary indications [38] rapid regression of the tumor was
observed. Since then, many retrospective studies and case reports [39, 40] and few,
placebo-controlled trials [41, 42] have supported the efficacy of this treatment. A
meta-analysis of 35 studies comprising 795 patients treated with propranolol
showed response rate of 97%, compared to pooled response rate of 69% to steroids
after 12 months of follow-up (p < 0.001) [43]. The dosing is most frequently 2 mg/
kg of body weight per day and there is still a lack of consensus regarding the proto-
cols for initiation of the drug and ongoing monitoring [44, 45]. Propranolol use is
not devoid of side effects. These include diarrhea, sleep disorders, bronchial hyper-
reactivity, cold hands and feet as well as—rarely—hypoglycemia that may be life
threatening [41, 46]. Consequently, a number of beta blockers other than proprano-
lol (e.g. timolol and nadolol and atenolol) showed similar efficacy with potentially
fewer adverse side-effects [47, 48].

Beta Adrenergic Signaling
The p-adrenergic signaling pathway mediates fight-or-flight stress responses

through the sympathetic nervous system (SNS) [49]. The sympathetic nerve fibers
innervate all tissues in the body and secrete the catecholamine neurotransmitter
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norepinephrine (NE) in response to environmental , psychological or physiological
stimuli [50, 51]. Upon activation, catecholamine levels rises both in tissues and in
circulating blood via the release of epinephrine (E) from the adrenal medulla chro-
maffin cells and NE overflow from vascular neuro-muscular junctions.

The biological effects of NE and E are mediated by three receptor families: al,
o2 and P -adrenergic receptors. Ligation of p-receptors by NE and E activates the
Gas guanine nucleotide-binding protein to stimulate adenylyl cyclase synthesis of
cyclic 3'-5" adenosine monophosphate (cCAMP). Subsequently, protein kinase A
(PKA) is activated and, in turn, phosphorylates serine or threonine residues on myr-
iad of target proteins involved in cells proliferation, differentiation, morphology and
motility. Gene expression studies have demonstrated that approximately 20% of
human genes are affected by PKA-induced phosphorylation [52, 53]. An additional
key effector of cAMP is guanine nucleotide Exchange Protein activated by Adenylyl
Cyclase (EPAC). EPAC stimulates the Ras-like guanine triphosphatase RaplA,
which then activates downstream effectors B-Raf, MEK1/2, and ERK1/2A [54].
Propranolol is an orthosteric antagonist of both f1- and p2-adrenergic receptors. In
addition, it functions as central serotonin 5-HT receptor antagonist, inhibitor of nor-
adrenaline reuptake and indirect agonist of «-adrenergic receptors [55]. The drug
exists as a pair of optical isomers: S(—)propranolol and R(+)propranolol. The enan-
tiomers bind with relatively large differences in affinity to the -adrenoceptors [55].
Propranolol, as other pharmacological antagonists of the adrenergic receptors,
counteract the agonists via the same signaling pathways.

Stress and the f-adrenergic system have been shown to have many effects on tumor
biology. Though with some conflicting results, the use of B-blockers has been linked
to increased survival of patients with solid cancers [56]. In addition, stressful life con-
ditions have been shown to correlate with less favorable prognosis of cancer patients.
In mouse models of tumors p-adrenergic agonists have also been found accelerate
tumor progression and metastasis [57, 58]. As expected by the high percentage of
cAMP responsive genes, many cellular processes in tumors were shown to be modu-
lated by the B-adrenergic system, including expression of pro-inflammatory cytokines,
of macrophages recruitment, angiogenesis, invasiveness and apoptosis [51, 59].

The study of the mechanism of action of propranolol on IH is much “Younger”.
Yet, much progress has achieved during recent years. Studies done on human cells
isolated from IH in vitro and in vivo, on mouse models, revealed an effect on
three major processes that will be detailed below: vascular tone, angiogenesis and
vascuogenesis.

Vascular Tone

Following the administration of propranolol, a rapid change in the tumor consis-
tency and color is typically noticed, especially with deep-seated IH [40, 60]. This
raises the question of whether propranolol has an effect on the tumor vacular tone
via vasoconstriction. Indeed, propranolol has been shown to decrease tissue blood
flow to many organs following single administration [61-63]. Particularly in the
skin, adrenaline-induced vasoconstriction has been shown to be increased by oral
propranolol [64]. However, additional mechanisms might be involved in the slower,
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long-term effect of propranolol. A potential target of this mechanism of action is the
pericyte. Pericytes are regulators of microvascular tone. Bosclo et al. demonstrated
that pericytes from proliferating IH have lower density of the cytoskeleton compo-
nent F-actin fiber compared to involuting Hemangioma pericytes and retinal peri-
cytes. Also, these cells exhibit lower contractile capacity compared to normal
pericytes [36]. In another work from the same group Lee et al. demonstrated that
Epinephrine-induced relaxation of IH pericytes was prevented by propranolol.
Using siRNA assay it was demonstrated that both the relaxation and its prevention
by propranolol were mediated by the 2 receptor [65]. Interestingly, cultured peri-
cytes from other sources have been shown to constrict, not relax, in response to
catecholamines [66, 67]. Thus, the response of pericytes to NE and its blockers
might be cell and context dependent.

In addition to direct effect of propranolol on the pericytes to induce contraction,
it might exert its effect indirectly via the blocking of Nitric oxide release from
HemEC. The endothelial isoform of nitric-oxide synthase (eNOS), is a key determi-
nant of vascular tone. [68, 69] In different tissues and experimental systems, diverse
adrenergic receptors subtypes have been shown to modulate of eNOS expression
and activity, including the 1, 2 and 3 adrenergic receptors [70, 71], eNOS protein
expression has been demonstrated to be significantly decreased in involuting versus
proliferating hemangiomas [72]. In patients treated with propranolol, a significant
decrease in the expression of eNOS in hemangioma tissues was noted compared
with the age-matched untreated controls [72]. In addition, Wei-li Yuan have shown
that serum concentrations of eNOS declined gradually during the first 2 months of
propranolol treatment for IH [73].

Angiogenesis

Vascular endothelial growth factor (VEGF) has been shown to play a pivotal role
in the angiogenic process in general and specifically in IH proliferation. The
VEGF family consists of five ligands VEGF-A, VEGF-B, VEGF-C, VEGF-D
and placental growth factor (PIGF). These ligands bind to three main subtypes
of VEGF receptors: VEGFR-1 (Flt-1), VEGFR-2 (KDR/Flk-1)and VEGFR-3
[74]. Several works showed over-expression of VEGF-A in proliferating hem-
angioma tissue and in serum of patients with IH, compared to healthy controls
[37,75-77]. Moreover, we have shown that silencing the expression of VEGF-A
in HemSC by short hairpin RNA (shRNA) was sufficient to block blood vessel
formation in vivo [37]. NE enhances VEGF-A expression of both normal and
tumoral cell types, [78-80]. Propranolol has been shown to reverse this effect via
the blocking 1 and B2 adrenergic receptors [78—81]. Several lines of evidence
suggest that propranolol acts at least in part through the blocking of VEGF. First,
serum VEGEF levels were shown to decrease noticeably in 91% of patients after
a single month of propranolol treatment [82]. Similar results were reported by
another group following the administration of relatively low doses of propranolol
[73]. Second, in vitro studies have demonstrated that the NE agonist isoprenaline
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increased the expression of VEGF-A and the phosphorylation of VEGFR-2 in
HemECs in a f-adrenergic receptor- and extracellular-signal-regulated kinase
(ERK) -dependent manner. This response was blocked by p-adrenergic blockers.
In HemSC, Ling Zhang et al. showed that propranolol at physiological concen-
trations leads to dose-dependent suppression of VEGF expression, at the mRNA
and the protein level [83].

An additional major regulator of angiogenesis is Hypoxia-inducible factor
(HIF)-1a. During hypoxia, HIF-1a binds the regulatory region of the VEGF gene,
inducing its transcription and initiating its expression [84, 85]. HIF-1a expression
has shown to be increased in the endothelium of proliferating hemangioma com-
pared with involuting tissues [77]. Recently, it has been shown that HIF-1a was
upregulated in the serum, urine and tumor tissues of IH, and treatment of proprano-
lol markedly inhibited its expression. In vitro, in HemEC, overexpression of HIF-1a
blocked the inhibitory effects of propranolol on VEGF expression [86].

Several groups have demonstrated a direct pro-apoptotic or anti proliferative
effect of propranolol on HemEC. However, a major concern is the high concentra-
tions of propranolol required for these effects. These drug levels are unlikely to be
present in the tumor’s microenvironment [87]. It is possible, though, that proprano-
lol works by opposing the growth promoting effects of catecholamines. Ji et al.
showed that HemECs proliferation increased in response to isoprenaline via regula-
tion of thee cell-cycle proteins cyclin DI and its associated kinases, CDK-4 and
CDK-6. These effects were reversed by B-adrenergic receptor antagonists. Of note,
the antagonists had no effect on basal cell proliferation, but significantly decreased
ISO-induced cell proliferation and cell viability [88]

Vasculogenesis

Vasculogenesis, the creation of blood vessels de-novo from stem/progenitor cells,
contributes the proliferation of IH. Thus, it is appealing to hypothesize that pro-
pranolol acts as an inhibitor of this process, as was shown for corticosteroids and
rapamycin [89]. Against this hypothesis is the fact that late regrowth of the heman-
gioma seen in a subset of patients after cessation of the treatment [90]. This might
mean that propranolol does not target the HemSC or even prevents their terminal
differentiation or apoptosis. Effect of the adrenergic system on non-hemangioma
stem/mesenchymal cells has been shown by several works. For example, NE has
been shown to induce brown adipocyte differentiation of mesenchymal progenitors
within white adipose tissue [91]. Also, an effect of NE on mesenchymal stem cells
adipogenesis has been demonstrated in-vitro cell [92]. In work done on HemSC,
Wong et al. reported that Propranolol-treated cells had a more robust response to
adipogenic induction when compared to vehicle-treated HemSCs [93]. In a follow-
up work the same group has shown that this adipogenic differentiation is character-
ized by improper adipogenic gene expression [94]. Similar results were reported by
another group [95]. However, these results were achieved in very high, non-
physiological concentration of propranolol.
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Concluding Remarks

Although benign, IH commonly leads to disfigurement and negatively affects the
life quality of patients and their families. The discovery of beta blockers have revo-
lutionized the field and offered effective treatment for these lesions. However, not
all tumors respond and their use is not without risk. Understanding the pathogenesis
of IH and the mechanisms of action of beta blockers could potentially lead to novel
pharmacological approaches which are safer and more effective. Advances have
been made in recent years, mainly through the isolation and characterization of the
cellular components of IH and the creation of relevant animal models. However, due
to the complexity of the adrenergic system, more studies are needed in order to
establish the relevance of each signaling pathway and cellular effect.
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The Role of Angiogenesis
in the Development of Psoriasis

Ana Carolina Belini Bazan-Arruda, Daniela Melo Siqueira,
and Larissa Mondadori Mercadante

Introduction

Psoriasis is an immune-mediated, inflammatory dermatosis. In susceptible patients,
both environmental and genetic factors contribute to the symptom development of
this chronic, debilitating disease [1, 2]. With many known clinical subtypes, it is
characterized by the presence of erythematous plaques, covered by silvery scales.
Angiogenesis plays an important role in this disease pathogenesis, with vascular
alterations being the initial trigger to the autoimmune inflammatory response [1]. In
this chapter, we present the latest work on the main mechanisms through which
angiogenesis interfere on the physiopathology of psoriasis.

Historical Aspects

Psoriasis, from the Greek psora, pruritus or itch, is a long-known disease [3, 4].
Hippocrates (460-375 b.C.) used the term hypopsorodea in his fourth Epidemics
book to describe psoriasis-like lesions, which he named lopoi (from lepo, desqua-
mate) and classified as squamous eruptions [5, 6].

The first historical report on the disease was given by Celsus (25 b.C.-45 a.C.)
[6]. Galen (133-200 a.C.) created the term psoriasis, although his description of
eyelid lesions and of other psoriasis-like lesions associated to desquamation and
pruritus suggests that this author, in fact, was referring to seborrheic dermatitis [6].
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Until the end of the eighteenth century, both psoriasis and Hansen’s disease were
grouped together, with patients suffering the same type of discrimation [6].

In the beginning of the nineteenth century, Robert Willan (1757-1812) described
it as a clinical entity, but it was not before four decades later, in 1841, that Ferdinand
von Hebra separated Hansen’s disease from psoriasis definitely [3, 5, 6].

Finally, it has only been 200 years since the disease has been recognized by a
spectrum of clinical variants, which remains barely unchanged [5].

In 1971, while investigating the etiology of psoriasis, Folkman was one of the
first to suggest that angiogenesis could contribute to the development of this dis-
ease, fact corroborated by several subsequent studies [7].

Epidemiology

Psoriasis affects approximately 125 million people worldwide, representing near
2.2% of the global population [8]. It affects men and women equally and may mani-
fest itself at any age [8, 9]. However, some studies demonstrated that the beginning
of symptoms is especially associated to two incidence peaks: age groups 15-20 years
and 50-60 years [8, 9]. The prevalence varies depending on the studied population
and age group, being higher in countries far from the Equator [8]. Such variability
may be explained by genetic susceptibility, climate and exposure to local antigens
[10]. It is estimated that psoriasis affects 2—4% of the Occidental population [9]. In
the United States of America (USA), near 2% of the population is affected, with a
higher prevalence seen on Caucasians when compared to Afro-Americans [8, 9].

Prevalence is low in some ethnic groups, being rare among Japanese and virtu-
ally absent in South American Indians and Australian aborigines [8].

Clinical Features

Psoriasis is classified as an erythemato-squamous disease, although clinical manifesta-
tions may vary depending on its several subtypes. It is a chronic disorder, characterized
by exacerbation and remission periods, from which residual lesions can result [11].

Plaque Psoriasis (Psoriasis Vulgaris)

Found in 90% of patients, it is characterized by well-defined, erythemato-squamous
plaques, with dry, silvery-white, adherent scales, showing different degrees of infil-
tration and size (Figs. 3.1 and 3.2). It mainly affects the extensor surfaces of limbs,
the scalp and the sacral region, with occasional pruritus [11].

Nail Psoriasis

The cupuliform depressions called pittings of the nails (thimble nails) are the most
observed nail changes and occur due to changes of the proximal nail fold. The
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Fig. 3.1 Plaque psoriasis. Archives of the Ambulatério de Psorfase, Pontificia Universidade
Catélica de Campinas

Fig.3.2 Plaque psoriasis.
Archives

of the Ambulatério de
Psoriase, Pontificia
Universidade Catdlica de
Campinas
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involvement of the nail plate can determine the appearance of subungual hyperkera-
tosis, onycholysis and “oil slicks” (brown band between onycholysis and lunula).
The longitudinal ridges and onychodystrophy (Fig. 3.3) are caused by damage to
ungueal matrix [11].

Guttate Psoriasis

It is characterized by the sudden appearance of erythemato-squamous papules, usu-
ally on the trunk and proximal parts of limbs (Fig. 3.4). Being more common in
children, teenagers and young adults, this form of psoriasis may be preceded by
streptococcic infections and often heals spontaneously in a few months, although in
some cases it may persist and evolve to the plaque form [11].

Erythrodermic Psoriasis

An intense erythema is seen over the entire integument, with variable desquamation
(Fig. 3.5). Its occurrence may be due to the natural evolution of the disease in immu-
nosuppressed patients (iatrogenic form) or because of the patient’s bad response to

Fig. 3.3 Ungueal psoriasis. Archives of the Ambulatério de Psorfase, Pontificia Universidade
Catélica de Campinas
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Fig. 3.4 Guttate psoriasis. Archives of the Ambulatério de Psoriase, Pontificia Universidade
Catolica de Campinas

treatment. In such a form, it may be systemic and affects the heart, kidneys and liver,
in addition to increasing the risk of secondary infections, which requires the patient
hospitalization [11].

Pustalar Psoriasis

This form of the disease is characterized by the aggravation of both the erythema
and edema of previous lesions, followed by the appearance of confluent, non-
follicular, superficial pustules, especially on flexures and the trunk (Fig. 3.6). It may
be generalized or localized, and evolves from plaque psoriasis because of treatment
interruption, infection or hypokalemia, or assumes an idiopathic form. Its occur-
rence is acute and patients will relapse within a few weeks [11].

Palmoplantar Psoriasis
This type of psoriasis is more common in adults, being characterized by the appear-

ance of symmetrical, well-defined plaques, showing intense hyperkeratosis. It may
form fissures, except on the plantar cavus (Figs. 3.7 and 3.8) [11].
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Fig.3.5 Erythrodermic
psoriasis. Archives of the
Ambulatério de Psoriase,
Pontificia Universidade
Catélica de Campinas

Psoriasis in Children

Atypical presentations may be observed in infants, but it is mostly characterized by
a few erythematous plaques with little desquamation, occurring in the perioral, peri-
orbital, the scalp and genital regions (Fig. 3.9). Follicular affection is common. There
is no correlation between an early start of the disease and the worst prognosis [11].

Psoriasis in the Elderly
Lesions are mainly observed in inferior limbs and the scalp, with pronounced pruri-

tus. In general, the disorder varies from mild to moderate, but treatment may be
impaired by drug interactions [11].
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Fig.3.6 Pustular
psoriasis. Archives of the
Ambulatério de Psoriase,
Pontificia Universidade
Catdlica de Campinas

Anatomopathology

In psoriasis, histopathological findings are nonspecific but very characteristic, and
may be found in other dermatological diseases, such as in Pityriasis Rubra Pilaris
and Lichen Simplex Chronicus [12]. In initial lesions, vascular proliferation and
superficial vasodilation are observed in the dermis (Fig. 3.10). The perivascular
infiltrate is composed of lymphocytes and macrophages. With plaque develop-
ment, this infiltrate becomes a mixture of lymphocytes, macrophages and neutro-
phils, with neutrophils and lymphocytes migrating towards the epidermis. Vascular
alterations become even more evident, with an increase in the number and size of
capillaries, as well as the acquisition of a tortuous appearance (Fig. 3.11) [13]. In
the epidermis, there is an increase in the spinous layer (acanthosis), as seen by the
regular elongation of the dermal papillae and epidermal cones (Fig. 3.12). The
suprapapillary region becomes thinned and the granular layer may be reduced or
absent (hypogranulosis or agranulosis) [12]. In the corneal layer, hyperkeratosis
with parakeratosis (because of the increase in nucleated keratinocytes) is evident.
Neutrophils that migrated towards the epidermis gather forming Munro’s micro-
abscesses in the corneal layer, and spongiform pustules of Kogoj in the spinous
layer [12].
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Fig. 3.7 Plantar psoriasis. Archives of the Ambulatério de Psoriase, Pontificia Universidade
Catélica de Campinas

Angiogenesis in the Etiopathogenesis of Psoriasis

In spite of the advances in treatment for this chronic, immune-mediated, inflamma-
tory disease, there are still etiological aspects of psoriasis that are not completely
understood [14].

Specific cells responsible for triggering psoriasis have not been determined yet,
although it is known that T-helper lymphocytes (especially T-helper-1 and
T-helper-17) and T regulators contribute to the pro-angiogenic environment funda-
mental to the beginning and maintenance of the disease [14, 15].

Angiogenesis represents one of the initial events in psoriasis, occurring even
before plaque formation [13].

Angiogenesis is the process by which new capillaries form from pre-existing
vessels, with the use of the extracellular matrix and the recruitment of pericytes and
smooth muscles cells. It occurs physiologically during embryogenesis, the feminine
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Fig. 3.8 Palmar psoriasis. Archives of the Ambulatério de Psorfase, Pontificia Universidade
Catdlica de Campinas

menstrual cycle, and in tissue repair and cicatrization processes. Inflammatory dis-
eases, such as psoriasis, and the development of tumors are also marked by
angiogenesis.

The papillary dermis of patients with psoriasis presents peculiar histological fea-
tures, including elongated, tortuous, blood capillaries, increased in diameter and
number [16—19]. Such vascular alterations occur prematurely and precede the char-
acteristic epidermal hyperplasia of the disease [17, 20]. Effective treatments nor-
malize this vascular dilation before alterations on the epidermis are seen, but other
structural modifications in neo-formed vessels may persist for up to 9 months after
clinical improvements are observed [19]. Increases in the cutaneous blood flow
caused by angiogenesis are also observed in the clinically healthy skin, surrounding
the plaque [21, 22].

Clinically, the dilation and elongation of blood capillaries correspond to the
Auspitz’s sign. This sign is characterized by the presence of small bleeding points
resulting from the mechanical rupture of the neo-formed vessels in the papillary
dermis, after the scales have been removed through Brocq’s methodic curettage [23].

In addition to the structural alterations of vessels seen in the papillary dermis,
there is an increase in the migration of inflammatory cells and in the expression of
adherence molecules, such as E-selectin, ICAM-1 (Intercellular Adhesion Molecule
1) and the vascular cell adhesion molecule-1 [24, 25].
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Fig.3.9 Psoriasis in children. Archives of the Ambulatério de Psoriase, Pontificia Universidade
Catdlica de Campinas

The strong adhesion of leucocytes to endothelial cells triggers the inflammatory
response, coordinated by the infiltrate composed of neutrophils, mastocytes and
especially of (CD4*) T-helper lymphocytes, which secrete inflammatory cytokines
such as IL-17, tumor necrosis factor (TNF) and gamma interferon (IFN-y) [7, 26,
27]. In the presence of IFN-y, the immune response becomes polarized. As a result,
a pattern of Th1l and Th17 lymphocytes is formed, an important event in the phys-
iopathology of psoriasis for these cells are responsible for the proliferation of kera-
tinocytes in the epidermis [1, 13].

A study with keratinocytes of both lesioned and non-lesioned skin showed that
endothelial cells of sick patients exhibited a greater stimulus to migrate, when com-
pared to those of healthy individuals [28].

During angiogenesis, endothelial cells use the components of the extracellular
matrix to migrate [13]. Such a mechanism is mediated by transmembrane, heterodi-
meric proteins expressed in their walls, the integrins [13]. These proteins are respon-
sible for the activation of intracellular signaling pathways [13] and modulate the
pro-angiogenic response [29]. Among integrins, «,f3 is expressed in low levels in
the normal vascular tree, acting as a receptor for the von Willebrand factor, fibrino-
gen and fibronectin [30]. As a consequence of the inflammatory process, the expres-
sion of a,f3 is highly increased during angiogenesis [31-34]. In psoriasis, the
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Fig. 3.10 Vascular proliferation and vasodilation in the superficial dermis. Archives of the
Ambulatério de Psoriase, Pontificia Universidade Cat6lica de Campinas

expression of this integrin increases in endothelial cells compared to the skin of
healthy individuals [35, 36].

Once angiogenesis is one of the main features of psoriasis, several studies have
focused on the identification of pro-angiogenic mediators in the affected skin, which
revealed a vast spectrum of factors, among which the vascular endothelial growth
factor (VEGF), hypoxia inducible factors (HIFs), angiopoietins, the tumor necrosis
factor (TNF), interleukins (IL-8, IL-17) and the transforming growth factor-f and o
(TGF-p and TGF-a) [13, 37].

Vascular Endothelial Growth Factors (VEGF)

The development and activity of psoriasis are directly correlated to VEGF levels
and their high-affinity receptors VEGFR-1 and VEGFR-2 [13, 14]. The active form
of VEGEF is a 40-45 kDa, homodimeric glycoprotein, described for the first time as
a vascular permeability factor [13, 38].
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Fig.3.11 In the superficial dermis, capillaries are increased in number and size, and show a tortu-
ous appearance. Archives of the Ambulatério de Psoriase, Pontificia Universidade Catélica de
Campinas

Twelve subtypes are known, seven of which show pro-angiogenic properties, and
five anti-angiogenic action [39]. The gene encoding one of these subtypes, VEGF-A,
is located near the PSORS1 gene (associated to the hereditary origin of psoriasis),
both on chromosome 6p21 [40]. This gene is highly polymorphic, with some forms
being associated to the early development of psoriasis [15]. Among the four iso-
forms (VEGF-A121, VEGF-A165, VEGF-A189, VEGF-A206), VEGF-A165 is the
most common to stimulate angiogenesis [15] (Table 3.1).

VEGF can increase the expression of their own receptors on both keratinocytes
and endothelial cells, which results in the activation of tyrosine kinase-mediated
signal transduction pathways [15, 41-43]. One of these receptors, VEGFR-2, was
shown to be highly associated to the proliferation, migration and the increased vas-
cular permeability induced by VEGF [44].

The expression and secretion of skin VEGF-A by keratinocytes are triggered by
the tumor growth factor (TGF)-a, found in high concentrations in patients with
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Fig.3.12 Acanthosis, elongation of dermal papillae, hyperkeratosis with parakeratosis, and thin-
ning of the suprapapillary region. Archives of the Ambulatério de Psorfase, Pontificia Universidade
Catolica de Campinas

Table 3.1 VEGF-A

High-affinity

Isoforms Functions Secretion receptors®
VEGF-A121 l-increase vascular permeability | Keratinocyte stimulation | VEGFR-1
VEGF-A165" | 2-control differentiation of by the tumor growth VEGFR-2
endothelial cells factor (TGF)-a and
VEGF-A189 | 3-monocyte activation and external skin trauma.
chemotaxis
VEGF-A206 | 4-keratinocyte proliferation.

“More associated to angiogenic stimulation
"Expressed in keratinocytes and endothelial cells
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psoriasis [15, 45]. Increases in the expression of VEGF m-RNA, VEGF-A itself and
its high-affinity receptors, were demonstrated to occur in the epidermal keratino-
cytes and endothelial cells in the papillary dermis of sick patients [45].

In patients with psoriasis, the serum of both the affected and unaffected skin
shows increased VEGF-A levels. Such an increase is correlated to disease severity
and favors the early development of symptoms [46—48]. A study with transgenic
mice expressing increased levels of VEGF demonstrated the development of
psoriasis-like lesions, both clinically and histologically [49, 50]. These mice also
remained healthy when treated with VEGF antagonists, corroborating the role of
VEGEF in the physiopathology of psoriasis [49, 50].

Case reports suggest that VEGF inhibitors, currently approved for the treatment
of some tumors and ophthalmopathies, may improve the condition of patients with
psoriasis [50]. Given the multifactor nature of this disorder, it is unlikely that VEGF
inhibitors will be effective in all cases [50]. However, experimental data on the use
of VEGEF inhibitors in rats validate its importance for the treatment of particular
cases [50].

When secreted physiologically, VEGF not only causes intense angiogenesis, but
also contributes to the proliferation of keratinocytes and to the homeostasis of the
epidermal layer, thus supporting skin recovery following acute disturbances [13].
Psoriasis may be also induced as a result of external trauma, a response known as
the Koebner phenomenon. In addition, the disturbance of the skin barrier can induce
simultaneous increases in VEGF concentrations in the skin [51].

Hypoxia Inducible Factors

The cardiovascular system provides both the oxygen and nutrients to tissues. When
oxygen levels are reduced, a metabolic response is generated, with the release of
Hypoxia Inducible Factors (HIFs) [13]. A physiological response is then triggered,
resulting in angiogenesis. HIFs are composed of three a subunits (HIF-1a, HIF-2a,
HIF-3a) and one 3 subunit (HIF-1p) [1].

HIF-1a is the most studied of them. An increase in its expression was observed
under low oxygen concentrations, triggering the transcription of target genes associ-
ated to hypoxia [1].

Under physiological oxygen concentrations, a subunits are continually synthe-
sized and expressed in the cytoplasm of lymphocytes. Its activity is controlled by
degradation processes regulated by the proteasome, a complex of cytoplasmic and
nuclear proteins capable of converting proteins into oligopeptides, with ATP con-
sumption. The degradation occurs through the hydroxylation of the prolyl residues
of o subunits by prolyl oxidases, which are only active under normal oxygen levels.
The hydroxylated form is recognized by the Von Hippel-Lindau (VHL) tumor sup-
pressor, and then finally enters the ubiquitin-proteasome pathway [52, 53].

Under hypoxia conditions, HIFs degradation is interrupted because of the inacti-
vation of prolyl hydroxylases by oxygen reactive species [2]. As a result, HIF-a
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subunits are not metabolized, leading to the phenomenon of nuclear translocation,
in which angiogenesis-related genes are activated [54, 55].

HIFs have many gene targets, including different angiogenesis-regulating pro-
teins: VEGEF, angiopoeitins, VEGFR-1, VEGFR-2, IL-8 and Tie-2 [56-64].

An increased expression of those factors is observed in psoriatic lesions. This is
probably due to the increase in the metabolic expenses resulting from epidermal
proliferation, which leads to tissue hypoxia [1].

Angiopoietins

Angiopoietins (Ang-1 and Ang-2) are endogenous glycoproteins. Their binding to
tyrosine kinase receptors (Tie-2) is crucial to the angiogenesis process [65-70].
Ang-1 and Ang-2 are antagonists.

Angiopoietin-1 induces the phosphorylation of the Tie-2 receptor, promoting the
activation of an intracellular signal transduction cascade, which results in vessel
remodeling and stabilization during angiogenesis [69] (Table 3.2). In embryogene-
sis, the formation of immature vessels is induced by VEGE. Here, angiogenesis
depends on the interaction between VEGF and Angiopoietin-1 to be completed. In
adult tissues, low levels of activated Tie-2 guarantee that the mature vascular endo-
thelium remains at rest [71].

Angiopoietin-2, in turn, antagonizes the phosphorylation of the Tie-2 receptor,
promoting vascular destabilization, which will lead to vascular regression in the
absence of pro-angiogenic stimulation [13, 70] (Table 3.2).

It has been demonstrated that, during psoriasis, the Angiopoietin-Tie-2 system is
activated in the papillary dermis [72, 73]. Endothelial cells express Angiopoietin-2,
while Ang-1 is expressed by fibroblasts and mononuclear cells [72]. The reduction

Table 3.2 Angiopoetin’s functions

Action on Tie-2

Function receptor Expression sites
Angiopoietin-1 1. Vascular remodeling Induces Fibroblasts and
and stabilization. phosphorylation. mononuclear cells.

2. Finishes the
angiogenesis process.

Angiopoietin-2 1. Blocks angiogenic Antagonizes Endothelial cells.
stimulation. phosphorylation.
2. Vascular regression.
3. Sensitization of
endothelial cells to
inflammatory
stimulation.

4. Leucocyte chemotaxis
and adhesion.
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in Ang-2 expression, following adequate treatments, attests the importance of this
glycoprotein in angiogenesis, and its relation to etiopathology of the disease [72].

In a study with transgenic mice expressing increased levels of the Tie-2 receptor,
histological alterations similar to those of psoriasis were observed, such as epidermal
hyperplasia, hyperkeratosis, parakeratosis, as well as an increase in dermal vascular-
ization [73]. Suppressing this receptor expression completely reversed psoriasis [73].

Angiopoietin-2 is also capable of sensitizing endothelial cells to several inflam-
matory signals, facilitating leucocyte adhesion and chemotaxis, and contributing to
inflammatory responses during the development of psoriasis [74].

Cytokines

Cytokines are also involved in angiogenesis, promoting the proliferation, elonga-
tion, increases in tortuosity and the dilation of capillaries. In addition, they also
control the expression of other pro-inflammatory mediators, responsible for the
development of psoriasis [13]. TNF, IL-8 and IL-17, pro-angiogenic cytokines act-
ing on the physiopathology of psoriasis, are described as follows.

TNF

TNF-a is crucial to the development of psoriasis, once the use of anti-TNF drugs are
highly effective [75]. TNF-a levels are increased in both the serum and lesioned skin
of sick patients [76]. In lesioned skins, it is secreted by T-lymphocytes and antigen
presenting cells [77]. This transmembrane protein is a precursor of several pro-inflam-
matory events, such as the activation of endothelial cells, resulting in the increased
expression of adherence molecules and chemokines, keratinocyte stimulation for the
production of other inflammatory mediators, and the activation of both macrophages
and dendritic cells in the dermis [78]. Some of the pro-angiogenic factors induced by
TNF-a are IL-8, VEGF and the fibroblast growth factor [79]. The impact of TNF on
angiogenesis varies depending on its concentration and time of action, being also
influenced by other factors, such as VEGF and the platelet activating factor [78, 80,
81]. The pre-formed TNF is stored in dermal mastocytes, and released following
inflammatory stimulation [13]. Thus, TNF contributes to angiogenesis through direct
stimulation, as well as inducing other pro-angiogenic factors [13].

IL-8

IL-8 is an 8.4 KDa, non-glycosylated protein, composed of two cysteine residues
separated by a third amino acid. Its precursor belongs to the CXC chemokine family,
and contains 99 amino acids [82]. It is secreted by monocytes, neutrophils, fibro-
blasts and endothelial cells, following stimulation by IL-1, TNF-a, IL-6, IFN-y, lipo-
polysaccharides, oxygen reactive species and other mediators of cellular stress [13].
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There are at least two types of specific receptors for IL-8 expressed by monocytes,
neutrophils, fibroblasts, endothelial, mesothelial and tumor cells [13]. IL-8 binding
to its receptors produces factors with both local and systemic effects, with inflam-
matory activity being directly related to their concentrations. This cytokine shows
pro-angiogenic action and is highly expressed in several chronic inflammatory dis-
eases, including psoriasis [83-85]. However, IL-8 angiogenic effect is independent
of its pro-inflammatory activity, since it can stimulate angiogenesis without inflam-
mation [84, 85]. It promotes chemotaxis and the activation of neutrophils and other
inflammatory cells, as well as the migration, proliferation and formation of a tube
of endothelial cells in vitro [83, 86—88]. This interleukin also inhibits the apopto-
sis of endothelial cells, stimulating anti-apoptotic proteins (Bcl-2), while inhibiting
pro-apoptotic proteins (Bax) [88]. IL-8 and its m-RNA are found in high concentra-
tions in psoriatic lesions, which will decrease following effective treatments [89]. In
psoriasis, not only IL-8 induces angiogenesis, but also stimulates the proliferation
of keratinocytes and other cells. In spite of these findings, studies reporting the effi-
ciency of anti-IL-8 monoclonal antibodies as a treatment option are still lacking [13].

IL-17

Th17 lymphocytes secrete IL-17 after being stimulated by other cytokines (TGF-p,
IL-6, IL-21 and IL-23) [13, 90]. The IL-17 cytokine family is formed of six mem-
bers, IF-17 A-F, involved in inflammatory and autoimmune diseases, such as psoria-
sis [91]. Since the IL-17 cytokine family shares several receptors, different cellular
targets are achieved during the inflammatory process [90]. The presence of m-RNAs
of certain cytokines (IL-17A, IL-17F and IL-22) produced by Th17 lymphocytes in
lesioned skins indicates the role these cells play on the pathogenesis of psoriasis
[90]. IL-17A triggers the production of chemokines, growth factors and adhesion
molecules by different types of cells, such as fibroblasts, epithelial and endothelial
cells [13]. Some important cytokines produced are IL-6, IL-8, IL-1, G-CSF,
GM-CSF and ICAM-1. IL-17 has pro-inflammatory potential, once it promotes
neutrophil chemotaxis and induces granulopoiesis [13]. It also promotes the expres-
sion of TNF and IL-1p by human macrophages [92]. Studies with mice demon-
strated IL-17A induces the formation of new vessels [93]. Part of IL-17A effect on
angiogenesis could be explained by an increased expression of pro-angiogenic fac-
tors, including VEGF [13]. Recent studies demonstrated the efficacy of anti-IL17A
treatments on patients with psoriasis, who showed important clinical improvements
(83% of patients reached PASI 75 following 12 weeks of treatment) [90].

IL-9

Th2 and Th9 lymphocytes secrete IL-9, a cytokine that promotes the differentiation
of Th17lymphocytes, thus resulting in the development of autoimmune and inflam-
matory diseases [94-96]. IL-9 is also secreted by Th17 lymphocytes; these latter are
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stimulated to produce IL-17 in vitro, in the presence of IL-9 [97-99]. The gene
encoding IL-9 is located in the same chromosome region (5q31. 1) than those deter-
mining psoriasis susceptibility (5q31.1-q33.1) [13]. A study with transgenic rats
indicated that IL-9 has an important role in the pathogenesis of psoriasis. Rats with
the disease-associated phenotype showed increased levels of IL-9 and its receptors
[13]. Intradermal injections of IL-9 were shown to trigger inflammatory processes
with a Th17 response pattern, typical of psoriasis [100]. The study also showed this
interleukin was associated to the angiogenic process and with increases in the
expression of VEGF and CD31 [13]. The injection of anti-IL-9 antibodies in trans-
genic rats reduced not only the inflammatory process, but also angiogenesis.
Therefore, IL-9 may be an important component in the development of psoriatic
lesions, through the inflammatory and angiogenic activity of Th-17 lymphocytes
[100].

Anti-angiogenic Drugs Used in the Treatment of Psoriasis
Cyclosporine

As previously mentioned, high concentrations of many potent angiogenic cytokines,
such as TNF-alpha and IL-8, have been observed in psoriatic plaques. Increases in
IL-8 were also shown to reduce the expression of thrombospondin-1, an anti-
angiogenic protein, which confirms its role in the physiopathology of psoriasis
[101].

Cyclosporine is an immunosuppressive drug that inhibits the activity of
calcineurin-dependent nuclear transcription factors (NTFs) in activated T lympho-
cytes. Calcineurin is a cytoplasmic protein found in several cells producing inflam-
matory cytokines, which are involved in immune responses and in the activation of
T-cells. Cyclosporine is also responsible for decreases in IL-1 and IL-8 levels in the
epidermis of patients with psoriasis, where it suppresses keratinocyte hyperprolif-
eration and dermal inflammation. This decrease in IL-8 levels allows a higher
expression of thrombospondin-1, thereby inhibiting angiogenesis [101].

Cyclooxygenase (COX-2) is another mechanism through which cyclosporine
inhibits angiogenesis. COX-2 is found in endothelial cells and inflammation sites,
and catalyzes the conversion of arachidonic acid into prostaglandins, inflammation-
inducing substances [102]. In psoriasis, the increase of pro-angiogenic factors, such
as VEGF, stimulates the production of COX-2, which in turn activates T-cells and
results in cutaneous inflammation. Cyclosporine inhibition is dose-dependent [102].

Fumarate Ester
Fumarate esters are derived from fumaric acid, a component of the Krebs cycle, and

have been used for the treatment of psoriasis for over 30 years. These drugs show
immune-modulating, anti-inflammatory and anti-proliferative properties, as well as
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apoptotic effects on T-cells [103]. Only dimethyl-fumarate exhibits anti-angiogenic
activity (neither monomethyl-fumarate and fumaric acid do) [104].

Dimethyl-fumarate decreases SPI1, a transcription factor known to promote
angiogenesis and acting on VEGFR-2 receptors. When SP1 expression is prevented,
these receptors are not activated and the production of VEGF and neo-vessels is
subsequently impaired. In addition, patients with psoriasis are deficient in the pro-
duction of endogenous fumarate, resulting in a higher production of hypoxia induc-
ible factors (HIFs), especially HIF-1. HIF-1 induces the production of VEGF, even
in the presence of normal oxygen tensions in cells. This process is inhibited when
fumarate concentrations increase for there is no VEGF production [104].

Fumarate esters are safe, effective drugs, showing little toxicity [104].

Methotrexate

Methotrexate (MTX) is a folic acid analogue and a dihydrofolate reductase inhibi-
tor, acting on the synthesis phase of cell cycles. Targets are, therefore, proliferating
cell populations. In addition to its apoptotic effect on fast-dividing keratinocytes
(seen in psoriasis), MTX also shows anti-inflammatory properties, decreasing the
chemotaxis of polymorphonuclear cells, as well as an immunomodulatory action,
diminishing the production of IL-1 and the density of Langerhans cells in the epi-
dermis [105].

This well-established treatment reduces the expression of several adhesion mol-
ecules and cytokines, and shows anti-angiogenic activity, which prevents VEGF-
induced neovascularization [106].

A significant reduction in the expression of VEGF is seen when MTX is used,
both in psoriatic plaques, as well as in the surrounding skin. Mechanisms through
which this drug inhibits angiogenesis include: direct effects on VEGF production
by keratinocytes; indirect anti-proliferative activity, reducing the number of kerati-
nocytes; the inhibition of cytokines such as IL-1 and TNF-alpha, potent angiogenic
factors; and the modulation of adhesion molecules, such as integrins and selectins.
The exact mechanism is still controversial and poorly investigated [106].

Acitretin

Acitretin is derived from retinoic acid, a vitamin A metabolite. It has been used in
the treatment of psoriasis for its anti-proliferative activity, controlling both cell pro-
liferation and differentiation. Applications include the treatment of other dermato-
logical diseases where parakeratosis is observed, such as ichthyosis. Acitretin also
suppresses the production of angiogenic factors, such as VEGF. The increase in
VEGEF levels in the blood and tissues results in the formation of dermal vessels,
influencing the development and exacerbation of new psoriatic lesions. The sup-
pression of vascular neoformation could thus be effective in the treatment of psoria-
sis [107].



60 A.C.B. Bazan-Arruda et al.

In fact, the use of VEGF markers on skin fragments showed a reduction in VEGF
following the treatment with acitretin, corroborating its anti-angiogenic action [107].

Anti-TNF Immunobiologicals - Infliximab, Adalimumab
and Etanercept

Anti-TNF drugs have two effects — they reduce the inflammatory infiltrate and the
activation of pro-inflammatory cytokines (decreasing TNF-alpha secretion by mac-
rophages), while suppressing vascular proliferation [108].

TNF-alpha is one of the main pro-inflammatory cytokines involved in angiogen-
esis. Many reports show that cells stimulated by TNF-alpha may release
angiogenesis-related cytokines, such as VEGF, Tie-2, BFGF, IL-8 and ICAM-1. In
vivo, TNF-alpha increases VEGF expression, promoting the formation of morpho-
logically altered vessels, as seen in psoriasis [108].

Treatments combining anti-TNF and anti-VEGF drugs were shown to be more
efficient than the use of anti-VEGF drugs alone, evidencing the important role TNF-
alpha plays in angiogenesis [108].

Anti IL-17A Imnmunobiologicals - Secukinumab

Drugs acting on specific immunological targets are increasing in importance as
treatments of auto-immune diseases. Anti-IL-17A drugs are among the most prom-
ising [109].

CD4 T-lymphocytes are classified according to their cytokine production profile.
The subtypes responsible for the physiopathology of psoriasis are TH1 and TH17
[109]. The production of IL-17 cytokine family and IL-22 is triggered by IL-23 in
TH17 lymphocytes [109].

IL-17 is an angiogenic factor. It induces the production of IL-6, IL-8 and prosta-
glandins, and increases the expression of ICAM-1, an adhesion molecule secreted
by fibroblasts and keratinocytes. Although it does not have a direct effect on the
proliferation of endothelial vascular cells, IL-17 stimulates their migration and the
production of capillary-like structures. This interleukin is also capable of stimulat-
ing VEGF production by fibroblasts. By inhibiting the activity of IL-17 and its
derivatives, secukinumab inhibits angiogenesis indirectly [110].

Anti IL-12 AND Anti IL-23 Immunobiologicals - Ustekinumab

IL-12 and IL-23 stimulate the secretion of IL-17 and IL-22 by TH17 cells, resulting
in the proliferation of keratinocytes and in dermal inflammation. Ustekinumab, a
human monoclonal antibody, blocks angiogenesis indirectly. It acts on the p40 sub-
unity of IL-12 and IL-23, reducing the production of IL-17 on psoriatic plaques.
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Therefore, the production of VEGF and of other substances associated to vascular
neoformation will be impaired [111].

Phototherapy

Phototherapy is an effective treatment for psoriasis. It suppresses the proliferation
and induces the apoptosis of keratinocytes, in addition to regulating the activity of
lymphocytes and antigen-presenting cells (APSs). If the production of cytokines
such as TNF-alpha decreases because of reductions in VEGF expression by kerati-
nocytes, angiogenesis will be also reduced [105]. Besides, with smaller numbers of
keratinocytes, an indirect decrease in both the action and secretion of VEGF will be
seen [105].
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Angiogenesis and Nonmelanoma Skin
Cancer

Omer Ibrahim and Sherrif F. Ibrahim

Introduction

Basal cell carcinoma (BCC) and squamous cell carcinoma (SCC) are the two most
common types of cutaneous neoplasms [1]. The worldwide incidence of nonmela-
noma skin cancer (NMSC) has increased by 3—8% every year, and the incidence in the
US may increase by 50% by the year 2030 [2—4]. In order to treat these tumors, espe-
cially in their aggressive forms not amenable to surgery, an understanding of their
pathogenesis is integral. A multitude of factors interact with one another to promote
tumorigenesis and tumor survival. This chapter will discuss the pathogenesis of BCC
and SCC, with particular emphasis on how aberrant angiogenesis promotes tumor
progression, and will elucidate nonsurgical treatment modalities, both old and new,
that directly or indirectly target angiogenesis in their anti-proliferative actions.

Basal Cell Carcinoma
Pathogenesis
BCC is the most common skin cancer, comprising about 80% of NMSC [5]. BCC

arises from the cells of the basal layer of the epidermis and hair follicles [6]. The
pathogenesis and proliferation of this tumor is a multifactorial process that
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eventually leads to cellular proliferation and differentiation, tumor survival, and
angiogenesis (Fig. 4.1, Table 4.1). In recent years, cancer genetics have elucidated
the role epidermal growth factor receptor (EGFR) activation in the development of
BCC [7]. EGFR appears to be mutated, dysregulated, or over-expressed in many
cancers, including BCC [7]. As a result, mutated or over-expressed EGFR leads to
impaired immune response in human skin and promotion of cellular proliferation,
differentiation, and survival [8].

In addition to EGFR signaling, established research has shown that the
Hedgehog (Hh) signaling pathway is the predominant player in the tumorigenesis
of BCC (Fig. 4.2) [7]. The Hh pathway is quiescent and nonfunctional in mature
skin. It is composed of patched-1 (PTCH), a transmembrane receptor, which nor-
mally exerts an inhibitory effect on smoothened (SMO), a transmembrane protein.
When PTCH is dysfunctional, it cannot apply its normal inhibitory effect on
SMO. In its unregulated active form, SMO promotes cellular replication and ulti-
mately, tumor development. The majority of BCC carry a mutation in the PTCH-1
resulting in inactive PTCH-1, while a minority carry a mutation in the SMO gene
resulting in overexpression of the Hh pathway [7].

R
Non-melanoma
- skin cancers

VN RN

@ Telomerase

Fig. 4.1 Major pathways involved in the pathogenesis of non-melanoma skin cancers. CDKN2A
cyclin-dependent kinase inhibitor 2A, GSTT! glutathione S-transferase theta 1, CYP2D6 cyto-
chrome P450, family 2, subfamily D, polypeptide 6, PTCH1 patched homolog 1, XPC xeroderma
pigmentosum, complementation group C, MCIR melanocortin 1 receptor, 7P53 tumour protein 53
(Adapted with permission from Madan et al. [47])
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Table 4.1 Environmental risk factors for non-melanoma skin cancers

Type of non-melanoma skin

cancer
Solar UV radiation BCC, SCC
Human papillomavirus SCC, BCC
Tatrogenic immunosuppression SCC, BCC
HIV/AIDS and non-Hodgkin lymphoma BCC, SCC
PUVA therapy SCC, BCC
Photosensitising drugs (e.g., fluoroquinolone antibiotics) SCC, BCC
UVB radiation BCC
Ionising radiation BCC
Occupational factors BCC, SCC
Arsenic SCC, BCC
Tobacco smoking Nee

Adapted with permission from Madan et al. [47]
UV ultraviolet, BCC basal-cell carcinoma, SCC=squamous-cell carcinoma, PUVA psoralen and
UVA.

a Normal

Target genes

Fig. 4.2 The Hedgehog (HH) signaling pathway. (a) Normally, patched 1 (PTCH I) inhibits
smoothened (SMO). Sonic hedgehog (SHH) can bind to the PTCH 1 receptor, thereby relieving the
inhibition of SMO by PTCHI1; SMO then sends signals through a series of interacting proteins,
including suppressor of fused (SUFU), resulting in activation of the downstream Gli family of
transcription factors (GLI1, GLI2 and GLI3). (b) Sporadic BCCs routinely carry mutations in
PTCH]I and TP53, and, in 10% of instances, in SMO. Other mutations implicated in BCC develop-
ment include genes that regulate skin color, DNA damage repair genes, members of the phos-
phoinositide 3-kinase (PI3K)-Akt and the Wnt pathways and FOXM1 (Adapted with permission
from: Epstein [48])
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In addition to promoting the proliferation and differentiation of adult stem cells,
the Hh signaling pathway has also been shown to be a key mediator of angiogenesis
and likely tumor survival [9]. In early embryonic development, the Hh pathway
plays a normal role in angiogenesis. It has been shown that this pathway induces the
expression of vascular endothelial growth factors (VEGFs) and migration of endo-
thelial cells [9]. The Hh pathway also leads to a signaling cascade that ultimately
aids in coronary and pulmonary angiogenesis [10, 11]. In post-natal life, reports
have shown that in ischemic or injured tissue, Hh expression is increased, playing a
role in regeneration, repair, and survival [12]. Therefore in an aberrant, over-
expressed state such as in BCC, Hh signaling may lead to unregulated angiogenesis
and tumor survival [13].

Treatment

Although surgical excision remains the gold standard for the treatment of BCC,
patients who are poor surgical candidates or with metastatic BCC may not be ame-
nable to surgical intervention. Therefore, research has brought to the forefront sev-
eral alternative modalities in the treatment of BCC that among many other
mechanisms, retard tumor growth, oftentimes acting on its angiogenic properties.
The most exciting development in the treatment of BCC has been the development
of oral Hh inhibitors. The first of these to come to market, vismodegib (Erivedge,
Genentech Roche) was recently approved for the treatment of locally advanced or
metastatic disease. As previously mentioned, when PTCH-1 is dysfunctional, it fails
to exert its normal inhibitory effect on SMO, leading to overexpression of SMO and
cellular proliferation (Fig. 4.2). Vismoedgib specifically acts as a SMO inhibitor,
thus acting at a downstream point in the Hh pathway and having efficacy whether
tumors harbor mutations in PTCH-1 or SMO. In a Phase I trial of 33 patients with
refractory advanced or metastasized BCC, there was an overall 58% response, either
partial or complete, and the duration of response was 12.8 months and ongoing;
several reports have shown similar results [14]. Other well-established drugs have
been experimentally employed in the treatment of BCC, such as the EGFR-inhibitor
cetuximab. In one case report, an 87-year-old man with giant, nodular mid-facial
BCC showed minimal progression over 4 months with treatment with cetuximab
[15]. In another case of two palliative patients, tumor stability was noted with cetux-
imab, and one patient developed liver metastases following cessation of treatment
[16]. Finally, a case series reported that when four patients with BCC were treated
with cetuximab, two had complete remission and two had partial remission; three
patients relapsed after treatment cessation [17].

In addition to systemic therapy, several topical modalities have been trialed in the
treatment of BCC. 5-fluorouracil (5-FU) 5% cream is approved by the US Food and
Drug Administration (FDA) clearance rate in lesions after twice a day application
for 8—12 weeks [18]. In addition to 5-FU, imiquimod, a topical immunomodulator,
has been successfully used in the treatment of BCC. Imiquimod 5.0% cream is US
FDA approved to treat nonfacial superficial BCC [19]. Once daily application,
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5-days per week for 6-12 weeks leads to the highest clearance rate of lesions (up to
80%) [18]. This topical drug activates toll-like receptor 7 (TLR 7) [19]. TLR 7 is
subsequently responsible for the upregulation of many different cytokines, includ-
ing interferon-o (IFN-a), tumor necrosis factor-a (TNF-«) and interleukin-12 (IL-
12) (Fig. 4.3) [20]. The role of Type 1 interferons (IFNs) in the apoptosis and
anti-angiogenesis of BCC cannot be understated.

IFNs are naturally occurring glycoproteins that are secreted by cells in response
to biologic stimuli, including viral infection [21]. Since their discovery, research has
elucidated their anti-viral, anti-proliferative, and immunomodulatory properties
[22]. Type I IFNs (IFN-o/f) have been shown to have an anti-proliferative, prodif-
ferentiation effect on normal keratinocytes. Keratinocytes supplemented with Type
1 IFNs exhibited an average of 70% growth inhibition, as well as terminal differen-
tiation. Several reports have demonstrated the effect of Type 1 IFNs on antiangio-
genesis. Mouse IFNs o/f have been shown to impair wound healing in mice by
inhibiting the endothelial and epidermal cell proliferation [23]. Another study
showed that mice implanted with IFN o/f} and proangiogenic factors such as VEGF
demonstrated a significantly less number of blood vessels than the mice without
IFN o/f [24]. Moreover, the immunomodulatory effects of Type 1 IFNs have been
explained by experiments that have demonstrated the induction of class I major
histocompatibility (MCH) antigen expression in keratinocytes treated with Type 1
IFNs [25]. Through these innovations, the mechanism by which imiquimod may
play a role in the destruction of BCC has been elucidated.

In addition, IFN-a has been explored as a direct treatment for BCC. One group
demonstrated that IFN-o demonstrated growth inhibitory effects on primary BCC
cell lines in vitro [26]. In another study of 15 patients with BCC, treatment with
IFN-«a led to the expression of CD95 and CD95L, which ultimately led to cell death
by suicide and fratricide [27]. In one report, four patients with nodular BCC were
treated with intralesional IFN-o and demonstrated resolution of the BCC on histo-
pathologic examination [28]. A similar study demonstrated that in six patients with
nodular and superficial BCC treated with intralesional IFN-a, two BCCs were cured
and four showed clinical and histologic signs of improvement [29]. Given its anti-
proliferative, anti-angiogenic, and immunomodulatory properties, IFN-a therapy
may be a plausible option in the treatment of patients who are poor surgical candi-
dates, or in order to shrink tumor size prior to surgery.

Squamous Cell Carcinoma
Pathogenesis

SCC is the second most common cutaneous neoplasm, after BCC. As in the devel-
opment of BCC, the pathogenesis of SCC is a multifactorial and multistage process
that occurs gradually over time in response to chronic ultra-violet (UV) radiation
exposure (Fig. 4.1, Table 4.1). In 1928, Findlay was the first to describe that chronic
UV radiation could induce SCC in mice [30]. During the initial phases of UV-induced
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damage, keratinocytes undergo point mutations. Nearly 60% of SCC demonstrates
mutations in the p53 tumor suppressor gene [31]. UV-induced mutations in p53
impair its normal ability to activate DNA repair enzymes, arrest the cell cycle, and
induce cellular apoptosis, leading to aberrant cellular proliferation and tumor devel-
opment [32]. Once tumorigenesis has initiated, a multitude of factors interplay to
support tumor growth and survival. One such key factor in the development of SCC,
and to a lesser extent BCC, is the increased expression of the enzyme cyclooxygen-
ase-2 (COX-2) in the epidermis. COX-2 is integral in the formation of prostaglan-
dins, potent mediators of inflammation, angiogenesis, and immunosuppression
(Figs. 4.4 and 4.5) [33]. In preclinical studies, mice that were deficient in COX-2
exhibited significantly less numbers of SCC than wild-type mice, and in a clinical
trial by Elmets and colleagues, patients treated with celecoxib, a COX-2 inhibitor,
exhibited significantly fewer NMSC than patients treated with placebo [34, 35].
Furthermore, the formation of reactive oxygen intermediates promotes DNA dam-
age and tumor progression [32]. Finally, as in BCC, SCC, especially of the head and
neck, demonstrate overexpression of EGFR, leading to signal transduction that
induces carcinogenesis [36].

Treatment

In the last decade or so, much investigation and ongoing research have sought to
investigate the non-surgical treatment of advanced SCC, especially of the head and
neck. Some of these investigational treatments target the angiogenic properties of
SCC, among a multitude of interplaying mechanisms in anti-carcinogenesis. The
EGFR inhibitor cetuximab has shown such potential in the treatment of locally
advanced, metastatic, and recurrent SCC of the head and neck, that it has become
the only targeted EGFR inhibitor to receive FDA clearance for use in localized dis-
ease concomitantly with radiation [37]. In one randomized study, patients with
locally advanced SCC of the head and neck treated with cetuximab and radiation
demonstrated an overall response rate of 74% in contrast to 64% in patients treated
with radiotherapy alone [38]. Also, studies have shown that cetuximab in combina-
tion with platinum based chemotherapy and 5-fluorouracil (5-FU) is a promising
therapeutic regimen in metastatic SCC of the head and neck [39]. Furthermore,
studies are underway to investigate the efficacy of anti-angiogenic VEGF receptor
inhibitors including bevacizumab in the treatment of SCC [37]. Time will reveal if
these targeted therapies will become mainstay in the treatment of advanced or meta-
static SCC.

As in the treatment of BCC, 5-FU and imiquimod have been trialed in the treat-
ment of SCC in situ. 5-FU, applied twice a day for up to 9 weeks resulted in upwards
of 90% clearance rate [18]. Imiquimod 5% cream applied once daily for 16 weeks
can lead to a 75-80% clearance rate [18]. As previously discussed, imiquimod
induces the release of a variety of cytokines and inflammatory mediators, including
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Type 1 IFNs that have potent anti-inflammatory, anti-angiogenic, and immunomod-
ulating effects [21]. Nickoloff et al. demonstrated that human skin SCC cell lines
demonstrated arrested growth when treated with IFN-a [40]. IFN-a also exerted
apoptotic and immunomodulatory effects on IFN-sensitive SCC cell lines, as dem-
onstrated by increased cellular death and decreased anti-inflammatory cytokines
[21]. These preliminary findings suggest that Type 1 IFNs may play a bigger role in
the nonsurgical treatment of SCC in the future.

As discussed earlier, COX-2, through the action of prostaglandin E2, is a media-
tor of angiogenesis, inflammation, and immunosuppression, and has been shown to
be overexpressed in NMSC including SCC and BCC. Although still a debated topic,
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some studies seem to support that chronic non-steroidal anti-inflammatory drugs
(NSAIDs) that inhibit cyclooxygenases correlate with decreased numbers of NMSC
[34, 35]. In one case-control study from Australia involving 1621 individuals,
NSAID use for more than two times per week for at least 1 year led to significantly
lower incidences of SCC [41].

Carcinogenesis and the Inmune System

Skin tumors are highly antigenic to the human immune system, and an intact
immune system is essential in controlling carcinogenesis and impeding tumor
growth. Immunosuppressive medications used in the treatment of organ transplant
patients greatly increase the likelihood of developing UV-induced skin cancers; in
addition, these tumors are more aggressive [32]. Organ transplant patients are 65
times more likely to develop SCC and 10 times more likely to develop BCC. Although
these tumors are highly antigenic, iatrogenic immunosuppression impairs the
immune system, allowing for unregulated development of invasive, aggressive
malignancies [32].

In addition to medication-induced immunosuppression, UV light itself impairs
local cutaneous immunity. In some studies, UV-radiation-naive mice who were
implanted with UV-induced tumors exhibited tumor growth initially then eventual
tumor regression as their immune defenses were activated and destroyed the tumors;
mice who were exposed to subcarcinogenic UV-radiation prior, eventually died of
their implanted tumors. These studies demonstrated that UV-radiation not only
induces carcinogenic mutations in skin cells, but also impairs the host immune
defense response that is responsible for the eradication of these aberrant cells [32].
UV radiation decreases the number of circulating antigen-presenting cells, impairs
the function of antigen-presenting cells, stimulates the production of regulatory T
cells, augments the production of the immunosuppressive cytokine IL-10, and
diminishes the production of IL-12 [42-46].

Conclusion

The incidence of NMSC is rising. Although surgical excision remains the gold
standard of treatment, novel systemic and topical therapeutic modalities have
emerged, especially in the treatment of nonsurgical, advanced, or metastatic
cases. The development of these modalities has depended on a detailed under-
standing and exploration of the pathogenesis of NMSC. Laboratory and clinical
experiments have helped elucidate the genetic, immunologic and angiogenic fac-
tors that aid in the development of skin cancer. As a result, newer topical and
systemic treatments that target these mechanisms have come to the forefront.
Although much innovation has occurred, there is much more research yet to
transpire. The insight into the development of skin cancer and the future of its
treatment remain fruitful.
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v-raf murine sarcoma viral oncogene homolog B; the most commonly
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activated protein kinase) pathway

Platelet-derived growth factor; growth factor
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PD-L1 Programmed cell death 1 ligand; ligand; inhibits T cell activation and
turn off cytotoxic T cells

VEGF Vascular endothelial growth factor; growth factor

VEGFR  Vascular endothelial growth factor receptor; receptor

WNT Wingless-type MMTYV integration site family; growth factor

Introduction

Melanoma is potentially a fatal malignancy with more than 76,250 estimated new
cases of invasive melanoma in the United States annually resulting in over 9180
deaths [1]. It is the fifth and sixth most common cancer in men and women, respec-
tively [1]. Early disease is typically cured with surgery however advanced disease
has a poor prognosis.

Prior to the successful use of targeted therapies and immune modulators, the
overall survival of a patient with widespread melanoma was approximately
3—6 months. The breakthrough started when a BRAF inhibitor [2] and immune
checkpoint blockade CTLA-4 antibody [3], showed significant clinical responses
in patients with late-stage disease. Due to recent advances in the therapeutic arena
over the past 4 years, overall survival for patients with advanced metastatic mela-
noma has extended beyond 15-20 months and thus it is no longer limited to
3—6 months.

An exciting therapeutic momentum began with the BRAF inhibitor, vemu-
rafenib, and the CTLA-4 antibody, ipilimumab, receiving their US Food and Drug
Administration (FDA) approvals for the treatment of late-stage melanoma in 2011.
Although various genetic aberrations have been described, BRAF is the most fre-
quently mutated oncogene in melanoma, resulting in activation of the RAS-RAF-
MEK-ERK signaling pathway [4]. Pharmacological inhibition of this signaling
cascade is successful in tumor reduction. BRAF inhibitors show significant clinical
efficacy in BRAF-mutant melanomas with over 50% of response and improve over-
all survival up to 16 months [2]. MEK inhibitors in combination with BRAF inhibi-
tion improve survival even beyond [5, 6]. However, patients eventually relapse due
to acquisition of resistance [7, 8]. Immunologic-based treatments targeting CTLA-
4, PD1, or PDL1 inhibit negative T cell responses that lead to T cell activation and
tumor cell killing. Recent studies show significant clinical activity in a subset of
patients with durable responses [9, 10]. Some patients receiving ipilimumab achieve
long-term responses up to 4.5 years. However, not all patients respond to this treat-
ment approach and some experience severe immune-related adverse effects [10]. As
new therapeutic targets are being identified, new drugs being developed, and new
combinatorial regimens are being tested, alternative approaches such as targeting
the angiogenesis program are of significant interest in the field.
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Angiogenesis in Melanoma: The Science
Tumor Angiogenesis

Angiogenesis is defined as new vessel growth that is essential for local tumor
growth by providing oxygen and nutrients for tumor cells as well as for metastatic
spread by providing channels for tumor cell dissemination to other sites (Fig. 5.1)
[11]. Angiogenic activity depends on the balance of positive and negative modula-
tors that tightly regulate the behavior of the vascular endothelium. In healthy skin
tissue, the vasculature remains quiescent due to dominance of negative regulators
of angiogenesis (anti-angiogenic factors). During tumor development, the balance
shifts in favor of pro-angiogenic factors that contribute to the process of neo-vascu-
larization and tumor angiogenesis. During this process, there is downregulation of
negative regulators and an increase in positive regulators that are mainly released by
neoplastic cells and immune cells that ultimately lead to the growth of new blood
vessels. Tumor angiogenesis, however, is not limited to an increase in blood vessel
density, but also represents various structural and functional abnormalities of the
vessels that are usually associated with increased permeability allowing trafficking
of tumor cells into the circulation.
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Fig.5.1 Tumor Angiogenesis. Blood vessels, tumor cells, and the cells of the tumor microenvi-
ronment are schematically depicted. Enlarged image (right panel) shows the cross section of a
blood vessel.
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Mechanisms of Tumor Angiogenesis in Melanoma

There are several modes of tumor vascularization. For many years, the process of
tumor vascularization was thought to mainly involve sprouting of new blood vessels
from pre-existing vasculature (sprouting angiogenesis). However, in recent years,
additional mechanisms have been recognized, such as vascular co-option, intussus-
ceptive angiogenesis, mosaic vessels, bone marrow-derived vasculogenesis, and
vasculogenic mimicry [12-15].

Sprouting Angiogenesis — the growth of new capillary vessels from pre-existing
ones - has been the most studied mechanism of neo-vascularization over the years
[11, 12, 16] (Fig. 5.2). It involves endothelial cell proliferation, migration, and tube
(vascular channel) formation. There are three sequential steps; quiescence, activa-
tion, and resolution. Every step involves well-coordinated molecular signaling.
Mechanistically, it begins with basement membrane degradation of the endothelium
and disruption of this monolayer [12]. When a quiescent vessel senses an angio-
genic signal (e.g. growth factors such as VEGF, ANG-2, FGFs, and cytokines)
released by the tumor cell, pericytes first detach from the vessel wall and liberate
themselves from the basement membrane by proteolytic degradation (mediated by
matrix metalloproteinases). Endothelial cells loosen their junctions, the nascent
vessel dilates, plasma proteins and others extravasate to form an angio-competent
milieu. To form a perfused tube (a new vessel) one endothelial cell, known as the
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Fig.5.2 Sprouting Angiogenesis. The process of neo-vascularization in sprouting angiogenesis is

shown. Enlarged image (right panel) shows the key ligand-receptor interactions on the surface of
the endothelial cells.
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‘tip cell’, becomes selected to lead the tip. VEGFRSs, neuropilins, and the NOTCH
receptors are critical for this step. The neighbors of the tip cell, known as the ‘stalk
cells’, divide and establish the lumen followed by initiation of blood flow, deposi-
tion of basement membrane, and pericyte coverage. During maturation, stalk cells
transform into phalanx cells. The end result of this process is a new perfused vascu-
lar channel from a pre-existing one.

Tumor Microenvironment During Angiogenesis

Tumor angiogenesis was first thought to be fueled by neoplastic cells, however
emerging evidence suggests that the tumor microenvironment and the immune cell
subsets are as important for regulating this process (Table 5.1) [17, 18]. There
appears to be a complex but well orchestrated interplay between the neoplastic cells,
immune cells, and the vascular endothelium [12, 19]. Tumor cells disrupt normal
tissue homeostasis by altering its gene expression to secrete molecules (e.g. growth
factors and cytokines) and cellular components to recruit other cell types. Early in
the course of tumor growth, hypoxia leads to activation of hypoxia-inducible factor
that follows a rapid increase in blood vessel formation. Cells of the tumor microen-
vironment are heterogeneous in origin, and can be derived from the stroma, blood
vessels, or the bone marrow [16].

Angiogenic Factors in Melanoma
A number of pro-angiogenic growth factors essential for melanoma growth and

metastasis have been characterized. They function via the classic ligand-receptor
interaction; the growth factor released from the tumor cell or other cells within the

Table 5.1 Tumor microenvironment in angiogenesis

Tumor

microenvironment Major constituents

1. Cells Melanoma cells

(a) Tumor cells Monocytes, macrophages, myeloid derived suppressor cells, dendritic
(b) Immune cells cells, natural killer cells, neutrophils, mast cells, eosinophils, T and B
(c) Pericytes cells, plasma cells

2. Stroma Collagen, fibronectin, laminin, proteoglycan

(a) Extracellular

matrix

(b) Fibroblasts

(c) Myofibroblasts

(d) Endothelial cells

3. Soluble factors VEGFs, PDGFs, Ang-1/2, PROK-1/2, FGFs, EGF, IGF, HGF, PIGF
(a) Pro-angiogenic Thrombospodin-1, angiostatin, endostatin

(b) Anti-angiogenic Matrix metalloproteinases, u-PA, elastase

(c) Proteases
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microenvironment binds to its specific receptor expressed on the endothelial cell
and enhances signaling leading to endothelial cell proliferation and migration (Fig.
5.2). While these growth factors are typically secreted or released by the tumor cell,
some are let-off by the stromal cells, bone marrow derived progenitor cells, and/or
inflammatory cells. Some of the key pro-angiogenic growth factors, their receptors,
and contribution to the angiogenesis program in melanoma are reviewed.

The VEGF (Vascular Endothelial Growth Factor) Family VEGF family is a
large group of growth factors including VEGF-A, -B, -C, -D, -E, and placental
growth factor-1 and -2 (PIGF-1 and -2) [20-22]. VEGF-A (also referred as VEGF)
is the main component that regulates angiogenesis in health and disease [23].
VEGFR-2 is the predominant receptor tyrosine kinase that mediates VEGF signal-
ing in endothelial cells and that drives VEGF-mediated angiogenesis. VEGFs bind
to three structurally similar tyrosine kinase receptors VEGFR-1 (Flt-1), VEGFR-2
(Flk-1, KDR) and VEGFR-3 (Flt-4) to stimulate blood vessel proliferation and
angiogenesis [21]. VEGFR-1 and -2 are expressed almost exclusively on endothe-
lial cells, while VEGFR-3 is necessary for blood vasculature during early embryo-
genesis, but later becomes a key regulator of lymphangiogenesis, the formation of
new lymphatic vessels. While VEGFR-1 and -2 are involved in angiogenesis by
VEGF-A isoform, VEGFR-3 is involved in lymphangiogenesis by VEGF-C and
-D. Neuropilin-1 and -2 are members of the VEGF family that function as co-
receptors to enhance binding to VEGFR-2, but also can signal independently.

VEGF is upregulated in melanoma, but is not expressed in normal melanocytes
[24]. Increased expression of VEGF and VEGFRs in primary cutaneous melanoma
as well as increased microvascular density strongly correlates with disease progres-
sion [25-27]. Serum VEGF levels are increased in melanoma patients compared
with healthy controls [28].

The PDGF (Platelet-derived Growth Factor) Family PDGEF is a family of five
growth factors (PDGF-AA, -AB, -BB, -CC, and -DD) that exert their biological
effects through tyrosine kinase receptors, PDGFR-a and -f [21, 22]. The PDGF
isoforms differ in their receptor specificity. The -A and -C chains bind only to
PDGFR-q, and the -D chain binds only to PDGFR-f, whereas the -B chain binds to
both. PDGFs together with angiopoietins and TGF-f have critical roles in endothe-
lial cell-pericyte interaction [29]. During angiogenesis, endothelial cells produce
PDGEF-BB that stimulates PDGFR-f-expressing pericytes, and result in prolifera-
tion and migration of pericytes. Pericytes provide coverage of the vessel wall to
stabilize the channels. Either PDGFR inhibition or pericyte deficiency leads to ves-
sel leakage, tortuosity, and immature vessel formation. In the context of tumor
angiogenesis, pericyte coverage of the vessel walls appears to be protective against
metastasis as endothelial channels lined with pericytes limit tumor cell intravasation
as opposed to those that are loosely assembled and leaky [30].

Melanomas show enhanced expression of PDGF-AA, —BB, and PDGFR-a [31].
In highly metastatic melanoma cell lines, expression of PDGFR-a is significantly
elevated as compared to PDGFR-f.
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The FGF (Fibroblast Growth Factor) Superfamily FGFs activate receptors
(FGFR1-4) on endothelial cells or indirectly stimulate angiogenesis by inducing the
release of angiogenic factors from other cell types [12]. Low levels of FGF are
required for the maintenance of vascular integrity. Aberrant FGF signaling pro-
motes tumor angiogenesis.

bFGF (basic FGF or FGF-2) has been well studied in melanocytic tumors. It is
expressed in melanoma cells but not in normal melanocytes [32]. Targeting bFGF in
melanoma cells decrease tumor growth in vitro and in vivo [33].

ANG-TIE Signaling The ANG (Angiopoietin) family is composed of at least
three ligands (ANG-1, -2, and -4) and two tyrosine kinase receptors, TIE-1 and TIE-
2. ANG-1 functions as a TIE-2 agonist, stimulates mural coverage and vessel tight-
ness, and is critical for maintenance of endothelial cell quiescence. Whereas ANG-2
when stimulated by angiogenic factors antagonizes the ANG-1 and TIE-2 signaling
to enhance mural cell detachment, vascular permeability, and endothelial cell
sprouting. Thus, ANG-1/TIE-2 and ANG-2 function in a reciprocal manner as anti-
or pro-angiogenic, respectively.

Elevated serum levels of ANG-2 are reported in patients with melanoma com-
pared with healthy individuals [34]. Circulating levels of ANG-2 correlates with
stage of disease and overall survival.

NOTCH Signaling There are three ligands (Delta-like 4, Jagged-1 and -2) and
four NOTCH receptors (NOTCH 1-4) [35]. DLL4 and NOTCH signaling is critical
for generating perfused vessels, tip cell selection, stalk cell proliferation [35]. The
activity of this signaling is low during vessel quiescence. In tumor angiogenesis,
inhibition of Delta-like 4/NOTCH signaling induces more but hypoperfused ves-
sels, resulting in growth inhibition.

WNT Signaling Endothelial cells express various types of WNT ligand and their
frizzled (FZD) receptors, of which several stimulate endothelial cell proliferation
[36]. NOTCH and WNT activate each other in a reciprocal-feedback system [36].
WNT and NOTCH result in a similar phenotype in endothelial cells, characterized
by branching defects, loss of venous identity and aberrant vascular modeling.

Angiogenesis in Melanoma: The Therapeutic Implications
Targeting VEGF

The concept of anti-angiogenesis therapy was coined by Folkman and colleagues
in 1971 based on the observation that tumors do not grow beyond a minimal size
of 1-2 mm® without new vessel formation and therefore inhibiting angiogenesis
could prevent tumor progression [37]. VEGF was discovered as the primary media-
tor of tumor angiogenesis soon followed by generation of monoclonal antibody
against this growth factor and FDA approval in 2004 [38]. A plethora of
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pre-clinical and clinical studies on VEGF and its inhibition including in melanoma
concluded its lack of effectiveness as a single agent [38]. However, combining it
with other drugs have shown clinical benefit, and thus it is approved and used only
in combination with other drugs in several solid tumors [12]. Many patients are
refractory or acquire resistance to VEGF inhibitors, and biomarkers to identify
responders are lacking [39].

In melanoma, its combinatorial partner(s) are vigorously being sought, immune
checkpoint blockade (e.g. anti-CTLA-4, anti-PD1, anti-PDL1) currently receiving
immediate attention. It is likely that in the near future key drivers of angiogenesis
beyond VEGF will be identified as well as bypass mechanisms when a major endo-
thelial growth factor such as VEGF is inhibited along with a search for immune
modulating and other combinatorial agents that act in synergy, thus leading to effec-
tive angiogenesis-based therapeutics. Readers can view the ongoing clinical trials
targeting VEGF or others in melanoma via www.clinicaltrials.gov.

Bevacizumab (Table 5.2) This is a recombinant humanized monoclonal antibody
that neutralizes VEGF isoforms [40]. Although there are many drugs that inhibit
VEGF and its signaling (e.g. sorafenib, sunitinib), bevacizumab is the most com-
monly studied and used agent to date and considered as a prototype for anti-
angiogenesis based treatments due to its selectivity. Bevacizumab combined with
other neoplastic agents (e.g. interferon-alpha, chemotherapy) has been approved for
the treatment of advanced non-small cell lung cancer, breast cancer, colorectal can-
cer, glioblastoma multiforme, and renal cell carcinoma [12]. It is also licensed for
the intravitreal treatment of choroidal neovascularization secondary to age-related
macular degeneration [41].

Clinical trials in melanoma concluded that Bevacizumab has little activity as a
single agent for the treatment of advanced melanoma [42]. However combining
VEGF inhibitors with other agents may be of interest. In some solid cancers, even
though bevacizumab as monotherapy was ineffective combining with interferon
or chemotherapy, lead to marked clinical improvement and is currently approved
for the treatment of these tumors (e.g. colorectal cancer, renal cell carcinoma,
non-small cell lung cancer, breast cancer, ovarian cancer, and glioblastoma multi-
forme) [43].

Table 5.2 Bevacizumab in the treatment of cancer

Bevacizumab as single agent Ineffective
Bevacizumab in combination Approved* for the treatment of
[interferon or chemotherapy] Metastatic colorectal cancer

Metastatic non-small cell lung cancer
Metastatic renal cell cancer
Recurrent glioblastoma multiforme

For reference, see http://www.clinicaltrials.gov
This summary is limited to current knowledge; many clinical trials are ongoing
*Approved by the FDA
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This drug has been found to initially reduce tumor perfusion, vascular volume,
and microvascular density, findings referred to as ‘vascular normalization’ [44].
This phenomenon has been proposed as a plausible explanation for the improved
activity of radiotherapy and cytotoxic agents given in combination with bevaci-
zumab, as tumor normalization improves tissue oxygen levels and drug delivery.
However, unlike other cancers, the search for interferon or a chemotherapeutic
agent in combination with bevacizumab with improved activity for melanoma has
not yet been successful. It has been tested in combination with low dose interferon
alpha-2a (plus dacarbazine) [45], high-dose interferon alpha-2b [46], or several che-
motherapeutic agents in metastatic melanoma [42], but did not show significant
clinical responses. Adverse effects included neutropenia, peripheral neuropathy,
arterial thromboembolic events and hypertension [42].

One of the largest initial trials was the BEAM study with 214 patients investigat-
ing bevacizumab (in combination with carboplatin and paclitaxel). In this random-
ized phase 2 study there was no improvement in progression-free survival. At
17-month follow-up, bevacizumab prolonged the median overall survival (12.3 ver-
sus 8.6 months), with a non-significant 21% reduction in the hazard of death [42].
Bevacizumab and fotemustine showed an overall survival of 20 months in 20
patients [47]. A phase II trial combining bevacizumab and high-dose interferon
alpha-2b in advanced melanoma that accrued 25 patients showed a median overall
survival of 17 months [46]. In a phase II trial combining bevacizumab and temsiro-
limus (CTEP 7190/Mel47) for unresectable stage III/IV melanoma, three patients
showed partial response (17.7%), 9 patients stable disease at 8 weeks, and 4 patients
had progressive disease [48]. Temozolomide and bevacizumab in 62 patients
revealed overall survival of 9.6 months (SAKK 50/07) [49]. In another phase II trial
(NO775), temozolomide and bevacizumab or nab-paclitaxel, carboplatin and beva-
cizumab in patients with unresectable stage IV melanoma were evaluated in 93
patients and showed median overall survival of 12.3 months and 13.9 months,
respectively [50].

In preclinical studies VEGF has been associated with anti-tumor responses,
including suppression of dendritic-cell maturation, proliferation of regulatory T
cells, inhibition of T-cell responses, and accumulation of myeloid-derived suppres-
sor cells [51-55]. Thus, combining VEGF inhibition with immune checkpoint
blockers (e.g. anti-CTLA-4) plus given the success of ipilimumab in the clinical
setting was the next logical step. In a recent study bevacizumab and ipilimumab
combination resulted in partial responses in 8 patients and stable disease 22 patients
in a phase I trial of 46 patients [56]. Disease control rate in this study was 67.4% and
median survival was 25.1 months. In an earlier study, ipilimumab, when compared
with gpl00 peptide vaccine improved the median overall survival from 6.4 to
10.1 months [3]. Therefore, the study combining ipilimumab with bevacizumab
suggests worthy of future pursuit towards this combination. Notably, inflammatory
toxicities were generally higher with the combination therapy than ipilimumab
alone but were manageable [56].
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Bevacizumab in the Adjuvant Setting There is a need to improve adjuvant treat-
ment for patients who have melanoma and are at high risk of disease recurrence
after surgery. Adjuvant use of bevacizumab in this context was examined (AVAST-M
study). A large phase III open-label multicenter clinical trial published in 2014 ran-
domized 1343 patients with resected cutaneous melanoma at high risk for recur-
rence (stage IIB, IIC, and III) to either bevacizumab group (n = 671) or the
observation group (n = 672). One hundred thirty four (96%) patients in the bevaci-
zumab died of melanoma versus 139 (95%) in the observation group. There was no
significance in overall survival between the groups at a median of 51 weeks of treat-
ment. At this point, one can conclude that adjuvant use of bevacizumab in mela-
noma is not beneficial. This finding is not surprising, as the adjuvant use of this drug
has not improved survival in patients with any other tumor type to date [57].
Nevertheless, longer follow up to meet the 5-year survival end point will determine
the final beneficial effects and risks of this drug in melanoma [58].

Bevacizumab in Uveal Melanoma Uveal melanoma is a subtype of melanoma
that arises from melanocytes of the uveal tract [59]. Apart from its difference from
cutaneous melanoma in its anatomic location, developmental pathways, clinical
characteristics, genetic aberrations, and prognosis, it metastasizes through the
hematogenous route, typically to the liver, and is an angiogenic tumor [59]. Levels
of VEGF are significantly elevated in patients with metastatic disease compared to
patients without metastases [60]. IGF-1 has been shown to stimulate secretion of
VEGEF in retinal pigment epithelial cells and IGF-1 signaling may also stimulate
tumor angiogenesis in uveal melanoma liver metastases [61].

Anti-angiogenesis therapy has not yet been used for the standard treatment of
primary uveal melanoma or related metastatic diseases, although the intravitreal
application of bevacizumab has been successfully applied in non-oncologic neovas-
cularization diseases such as macular degeneration and proliferative diabetic reti-
nopathy. There has been extensive research into the effect of anti-angiogenic agents
such as bevacizumab on uveal melanoma cells in vitro and in animal models [61,
62]. Yang et al. studied the effect of bevacizumab on the growth and number of
hepatic micrometastases in a mouse model of ocular melanoma: systemic bevaci-
zumab suppressed primary ocular melanoma growth and the formation of hepatic
micrometastases in a dose-dependent manner. In addition, bevacizumab reduced the
level of VEGEF in the culture media of two human uveal melanoma cell lines [61].
Clinical trials using intravitreal bevacizumab in uveal melanoma are either on going
or have recently been completed.

Other VEGF Inhibitors

Ranibizumab is a recombinant humanized monoclonal antibody fragment that spe-
cifically binds VEGF-A. It is currently only approved for the intravitreal treatment
of macular degeneration. Aflibercept (VEGF Trap) is a fusion protein combining
the Fc portion of human IgGl with the principal extracellular ligand-binding
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domains of human VEGFR1 and VEGFR2. It acts as a high-affinity soluble trap to
the VEGF receptor and is thus a potent angiogenesis inhibitor [63].

Additionally, there are VEGFR tyrosine kinase inhibitors. These small molecules
target the intracellular tyrosine kinase domain of multiple receptors (termed multi-
tyrosine kinase inhibitors), most notably the VEGFR. They act by reversibly attach-
ing to the ATP binding site, blocking the enzymatic action of the kinases and
ultimately inhibiting the pathologically increased signal transduction in the malig-
nant cell. One such drug sorafenib is an oral multi-kinase inhibitor that that is licensed
for the treatment of renal cell carcinoma and hepatocellular carcinoma [64]. Sorafenib
can inhibit several serine-threonine and receptor kinases including RAF, VEGFR-2
and VEGFR-3, PDGFR-f, Fms-like tyrosine kinase 3 (FLT-3) and c-Kit protein
(KIT) [65]. Sunitinib is another small molecule approved for the treatment of
advanced and/or metastatic renal cell carcinoma [64] and for unresectable and/or
metastatic malignant gastrointestinal stromal tumor after unsuccessful imatinib ther-
apy [66]. This multikinase inhibitor selectively targets PDGFR-a and -f, VEGFR-1,
—2 and -3, KIT, FLT-3 and the RET receptor [67]. Several new multi-kinase inhibi-
tors have recently appeared in the market and have been approved for the treatment
of several malignancies. These include pazopanib, cediranib, vandetanib, and axitinib
[68]. These drugs affect several receptors including the VEGFR-1, 2, and 3.
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MCP-1 Macrophage chemotactic protein-1
NRP-1,2 Neuropilin-1,2

NT Non-transgenic

PAR, Proteinase-activated receptor 2
PECAM-1 Platelet endothelial cell adhesion molecule-1
PCV Dermal post-capillary venules
PDPN Podoplanin

SEM Scanning electronic microscopy
SNPs Single nucleotide polymorphisms
TEM Transitional electron microscopy
Tg Transgenic

TJ Tight junction

VAP-1 Vascular adhesion protein-1

VEGF-A, B, C,D Vascular endothelial cell growth factor-A, B, C, D
VEGFR-1, 2,3 Vascular endothelial cell growth factor receptor-1, 2, 3

Introduction

Atopic dermatitis (AD) is a chronic recurring skin condition manifested clinically
by inflammation, intense pruritus and marked by cycles of exacerbations and remis-
sions. As defined by the United Kingdom’s refined diagnostic criteria for epidemio-
logic studies (Table 6.1), a diagnosis of AD should fulfill at least 1 major criteria of
having a pruritic skin condition lasting at least 12 months and 3 minor criteria [1].
The disease can affect both genders equally at all ages but occurs more frequently
during infancy. In the United States, it is estimated that 65% of patients develop
symptoms in their first year of life, and 80% develop symptoms before the age of 5
[2]. Although the symptoms of AD resolve by adolescence in 50% of affected chil-
dren, the condition persists into adulthood in about half of these patients. Data also
suggests that AD patients have a higher incidence of developing asthma, hay fever
and food allergies [3]. The progression of these allergic diseases often begin with
AD in early childhood. About one half to two thirds of AD patients subsequently
“march on” to develop asthma and allergic rhinitis, respectively, as suggested by the
term “atopic march” [4]. The “atopic march” theory is based on the idea that the
skin overwhelmed with allergens will increase the migration of T-cells into the air-
ways, leading to upper and lower respiratory tract infections [4]. AD has also
become a common cause of workplace disability with increasing medical expendi-
ture. AD Worldwide, the prevalence of AD has increased over the past decade with
the problem more acutely seen in developing nations. In a recent analysis of medical
expenditure in the United States, it is estimated that both direct costs (doctor visits,
hospitalizations, and medicine) and indirect costs (over-the-counter remedies, and
days lost from work) for AD may exceed $3 billion annually, placing a huge burden
on the US healthcare system [2].
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Table 6.1 The United Kingdom’s refined diagnostic criteria for atopic dermatitis

Major criteria (Required for diagnosis)

Any pruritic skin condition in the past 12 months

Minor criteria (Require 3 of the following)

Age of onset younger than 2 years®

History of flexural skin involvement

History of generalized dry skin

Personal history of other atopic disease®

Clinical flexural dermatitis documented by photographic protocol

Reproduced with permission, Chan et al. [1]
“Not used for children younger than 4 years
"For children younger than 4 years, history of atopic disease in a first degree relative may be used

Although the pathogenesis of AD remains to be fully deciphered, this multi-
factorial disease is likely a product of both genetic and environmental factors. Data
from human and animal studies indicate that a Th2 cell immune response is domi-
nant during the acute phase of AD, and that a Th1 cell response is prevalent during
the chronic phase [5-7]. In addition, infiltration of inflammatory cells, defective
epidermis barrier functions, and high levels of inflammatory mediators are typically
associated with AD [5, 6]. The current approach towards the management of AD
has mainly been to suppress the inflammatory nature of the disease. Although this
approach helps to control the inflammation and the symptoms of AD, it does not
cure the chronic problem.

Recent studies of factors involved in inflammatory disease have focused on
angiogenesis and lymphangiogenesis. The process of neovascularization has been
found to be important in other inflammatory disorders like rheumatoid arthritis,
psoriasis and some autoimmune diseases [8]. Since blood vessels are the essential
pathways for transporting immune cells (T cells, eosinophils, dendritic cells and
macrophages) to the site of inflammation, examining the role of vasculature in the
inflammatory skin diseases seems to be a logical approach. Pro-inflammatory medi-
ators such as selectins, cell adhesion molecules (CAM), integrins, cytokines, che-
mokines, as well as vascular endothelial growth factors (VEGF), have been
associated with the process of new capillary formation. As angiogenesis and lym-
phangiogenesis are the development of microvasculature in response to inflamma-
tory agents, these two phenomena could in theory play some roles in the pathogenesis
of AD - as AD is a prototypic chronic inflammatory disease [9].

Currently, there is a scarcity of research studies that demonstrate angiogenesis
or lymphangiogenesis in human AD. In the following sections, our review on
human AD will be primarily on the role of vasculature in AD development. We
will then review the strong evidence of angiogenesis and lymphangiogenesis in an
animal model of AD. By understanding the potential roles of vasculature and
neovascularization in AD, we may be able to open a novel path to therapeutic
intervention.
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Evidence of Angiogenesis and Lymphangiogenesis in Human
Atopic Dermatitis

Selectins

The early steps of the inflammatory process involves leukocyte extravasation.
Evidence suggests that upon antigenic stimulation, resident macrophages in the
affected tissue release cytokines and chemokines such as IL-1 and TNFoa and CCL-5
which attract circulating leukocytes to the site of injury. TNF alpha and IFN gamma
then induce the endothelial cells at the activated site to express adhesion molecules
called selectins. These molecules allow for the tethering and adhesion of leukocytes
to the vascular endothelium [10]. Upon stimulation, L-selectin, found on all circu-
lating leukocytes, and E- and P-selectins, expressed on the activated endothelial
cells, will bind to each other’s complementary carbohydrate ligands with marginal
affinity. This will facilitate the process of rolling and tethering of the leukocytes
along the inner surface of the blood vessel walls. Research has indeed shown that
E-selectin levels are elevated in lesional skin of adults and children with AD [11].
There is also a positive correlation between the number of mononuclear cells and T
cells with the degree of E-selectin expression in lesioned skin of human AD [11]. In
the CD4 T cells of AD patients, an increase in L-selectin level was also detected
[12]. Because of this data, selectin levels have been suggested as a biomarker for
AD disease activity as well as treatment response [13].

Immunoglobulin Superfamily Cell Adhesion Molecules

Another subset of the cellular adhesion molecules are a large group of cell surface
proteins involved in the recognition and binding of cells known as the immuno-
globulin superfamily cell adhesion molecules (IgSF CAMs). These proteins have
domains that are similar in structure to antibodies and can activate leukocytes,
thereby enhancing their adhesion to other leukocytes and endothelial cells. The
IgSF on endothelial cells, ICAM-1, 2, 3 and VCAM-1 are expressed at different
phases of the inflammatory process and bind to their respective 2 integrin ligands
to initiate adhesion [12]. While VCAM-1 and ICAM-1 are minimally expressed in
the blood vessels of non-atopic individuals, they are strongly expressed in the non-
lesional skin and expressed with greater intensity in lesional skin of AD patients,
suggesting their involvement in the inflammatory process [14].

New cell adhesion molecules have emerged in the study of AD pathophysiology.
One molecule of interest is the vascular adhesion protein-1 (VAP-1), which was discov-
ered in the late 1980s to be involved in the inflammation of arthritis as well as in lym-
phocyte migration in inflamed skin and the gut [15]. It also participates in the adhesion
cascade of multiple tissues by allowing the lymphocyte-endothelial cell interaction to
occur. One study showed that VAP-1 was overexpressed in both the lesional and non-
lesional skin biopsies of AD patients. The fact that the serum levels of VAP-1 decreased
after AD therapy also suggests a role of VAP-1 in the AD disease process [15].
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Integrins

Mechanistically, certain chemokines released by macrophages could cause cellular
transmembrane receptor molecules integrins to switch from a low-affinity state to a
high-affinity state. Once activated, integrins will bind tightly to complementary
receptors expressed on vascular endothelial cells with high affinity allowing for a
firm attachment of the leukocytes. This action functions to prevent WBCs from
being swept away by the shear forces of the ongoing blood flow. Similarly, integrins
on eosinophils’ cell surface can also recognize the laminin, fibronectin, and glycos-
aminoglycans hyaluronic acid of the extracellular matrix allowing the eosinophils
to firmly attach to the sites of inflammation [16]. Of note, the a6 integrin, found on
the luminal side of blood vessels, have been studied for its role in binding migratory
T cells in atopic skin. A significant up-regulation of the a6 integrin has been found
on the endothelial cells and in the epidermis of lesional skin of AD as compared to
control, supporting a role of this integrin in the inflammatory process of AD [17].

Transmigration

The entire process of diapedesis, the transmigration of the leukocytes out of the
blood vessels, is well coordinated between leukocytes and endothelial cells. After
adhesion to the endothelial cells, leukocytes rearrange their cytoskeleton so that
they can flatten and spread out over the endothelium. In this morphology, leukocytes
can extend their pseudopods and pass through the gaps created between neighbor-
ing endothelial cells. Platelet endothelial cell adhesion molecules (PECAM-1) pro-
teins found on both leukocytes and endothelial cells can facilitate the movement of
the leukocytes out of the endothelium [17]. Transmigration of the leukocyte contin-
ues with breaking through the basement membrane by way of either proteolytic
digestion of the membrane and or mechanical forces. Once in the interstitium, leu-
kocytes resume their travels towards the site of injury or infection via chemotactic
agents. Significantly, the expression of PECAM-1 is highly increased in the lesional
skin of AD patients as compared to uninvolved atopic skin [18].

Growth Factors in Angiogenesis and AD

Growth factors involved in vascular remodeling have been identified with inflam-
matory disorders [19]. One growth factor of interest in inflammation-mediated
angiogenesis is the vascular endothelial growth factor (VEGF), which is present in
four different isoforms (A, B, C and D). As the name suggests, VEGF promotes the
growth, survival and migration of endothelial cells and is a potent vasodilator. The
A and B isoforms are angiogenic in nature with VEGF-A being the most pro-
angiogentic isoform, while the C and D isoforms are involved in lymphangiogenesis
[20]. VEGEF signals through three human VEGF receptors (VEGFR-1,2,3) [21] and
two co-receptors, Neuropilin-1, 2 (NRP-1,2) [22]. NRP-1 is mainly expressed on
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arterial endothelial cells and has the binding affinity for VEGF-A [23]. NPR-2 is
found on venous and lymphatic endothelial cells [24], thereby supporting lymphan-
giogenesis. By changing the vascular permeability, remodeling the vascular tone,
and increasing blood flow and surface area to promote leukocyte-endothelial cell
interactions, VEGF contributes to the angiogenic process. Its increased expression
in the epidermis of AD patients has been documented [25]. The ability to increase
blood vessel dilation and permeability, as well as being a chemotactic factor for
monocytes, may make VEGF a key participant of inflammatory disease in general
and of AD onset and development in particular [26]. In fact, researchers confirmed
that the levels of the stratum corneum VEGF not only correlated with the disease
severity but also with the levels of serum LDH and the amount of eosinophils in AD
patients [25].

It has been suggested that single nucleotide polymorphisms (SNPs) may be asso-
ciated with VEGF overexpression. Shahbazi et al. showed that at position 1154 on
chromosome 6p12, the GG and GA genotypes of the VEGF gene is linked to higher
VEGF production by mononuclear cells [27]. By digging deeper into gene poly-
morphism, other have discovered that AD patients have greater GA expression at
position 1154 of the promoter region of the VEGF gene which may be accounted for
the higher levels of VEGF expression.

Mediators Involved in Angiogenesis and AD

Mast cells

Increasing experimental evidence suggests that inflammatory cells contribute to the
development of AD by creating angiogenic and lymphangiogenic factors. Human
mast cells are a likely contributor because of their close proximity to epidermal
endothelial cells and because of their abilities to release pro-angiogenic factors and
histamine which can trigger increased vascular permeability, smooth muscle con-
tractions and vasodilation. Investigators have demonstrated that human skin mast
cells, which are abundant in the lesional skin of AD patients, contain and release
VEGF-A, B, C and D as well as the various VEGFR, thereby serving both as a
source and a target for VEGF. [28] From this observation, it was postulated that the
VEGF made by the mast cells can recruit more mast cells to the site of inflammation
in a paracrine fashion in order to sustain the angiogenic process in AD. [20]

Mast cells are also known to release tryptase, an enzyme that can activate the
receptor proteinase-activated receptor 2 (PAR,) on the dermal endothelium result-
ing in the up-regulation of ICAM-1 and E-selectin. The levels of tryptase and PAR,
are observed to be elevated in the lesional skin of AD patients suggesting localized
mast cell involvement in skin inflammation. [29]

The close proximity of epidermal and papillary mast cells to endothelial cells
may allow mast cells to participate in cutaneous inflammation and angiogenesis.
CD31-positive endothelial cells were found to grow only in the company of
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surrounding mast cells from the papillae up to the stratum granulosum. Even more
interestingly, mast cells may exhibit a bidirectional “tunneling” effect in the epider-
mis of AD patients. In the “forward” direction, mast cells secrete matrix-degrading
enzymes like MMPs which clears out a tunnel in the epidermis. While in the “back-
wards” direction, mast cells secrete pro-angiogenic factors, so that new vessels can
be attracted to sprout into the tunnel behind it. [30] In fact experiments have shown
an increase in MMP-2 expression along with several pro-angiogenic factors in the
presence of mast cells in AD skin. [30]

Cytokines

Cytokines and endothelial cells are co-factors in inflammation. Various interleukins,
such as IL-1, 4, 6, 8, 9 and 17, have been identified with special contributions to
vascular regulation and AD. [12, 31] IL-1 and TNF-alpha both up-regulate ICAM-1
and E-selectin, resulting in the activation of dermal vascular endothelial cells. IL-17
further augments this effect by inducing more IL-1 secretion from the same endo-
thelial cells. IL-17 also enhances the actions of fibroblast growth factor-beta (FGF-
) and VEGEF, stimulating angiogenesis and endothelial cell migration. [32]

IL-4 plays an important role in the pathogenesis of AD. It has been shown to up-
regulate AD related chemokines CCL25, CCL26, pro-inflammatory factors IL-1,
IL-19 and IL-20 as well the pro-angiogenic factor VEGFA in human keratinocytes
[31], thus providing a link between angiogenesis and atopic dermatitis.

Various studies have cited that AD patients have increased levels of IL-8 in the
plasma and eosinophils. IL-8 is also known to mediate angiogenesis by increasing
endothelial cell proliferation and chemotaxis. [20]

IL-9 was initially defined as a T-cell and mast cell growth factor associated with
the Th2 immune response. It has only recently been reported to promote VEGF
release from mast cells through STAT3 activation. [33] IL-9 and IL-9 receptor
mRNA expressions are in fact highly elevated in the lesioned skin of AD patients as
compared with controls. [33] These data are revealing of IL-9’s role in both angio-
genesis and AD.

IL-6 is a well-known mediator of inflammation and is produced by endothelial
cells. IL-6 in turn acts on endothelial cells to further increase their growth and acti-
vation. Up-regulation of IL-6 is not only found in human AD but can cause inflam-
mation in various other diseases. [12]

Chemokines

Chemokines are involved in both the adhesion and trans-membrane migration seg-
ments of the leukocyte extravasation process in the endothleium. In AD, endothelial
cells, keratinocytes, and fibroblasts can provide a variety of chemokines to attract
leukocytes. [12] For example, chemokines such as CCL11, CCL13, CCL17, CCL18,
CCL22, CCL26 and CCL27 have higher expression in the skin of AD patients as
compared to normal subjects. [34] CCL-1, 11 and 26 can interact with endothelial
cells to stimulate angiogenesis leading to further exacerbation. [12]
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Evidence of Angiogenesis and Hymphangiogenesis in a Mouse
Model of Atopic Dermatitis

Generation and Characterization of the Model

Since studies of angiogenesis and lymphangiogenesis in human AD are limited in
scope and in depth, we next examine the evidence from an animal model. Developed
in 2001 by Chan et al., the Keratin-14-IL-4 Transgenic (IL-4 Tg) mouse line is the
only known AD experimental animal model with characteristic chronic inflamma-
tion. [35] The IL-4 Tg mouse was established by over-expression of IL-4, a critical
Th2 cytokine involved in AD pathogenesis, in epidermal keratinocytes using a
Keratin-14 promoter/enhancer. The IL-4 Tg mice spontaneously developed patho-
logic phenotypes that fulfilled key diagnostic criteria of AD seen in human patients.
[36] Clinically, the Tg mice developed xerosis and pruritic inflammatory lesions in
the ears starting at age of 4 months. Lesions later extend to the neck, mouth, eyes,
back, torso, tail and legs (Fig. 6.1). Eye involvement caused eyelid dermatitis,
blepharitis and conjunctivitis frequently result in corneal and conjunctival scarring.
Microbiologically, crusted lesions and bacterial pyoderma developed at the external
ears from self-excoriation are culture-positive for Staphylococccus aureus and
Pseudomonas aeruginosa, with the former being a common infectious agent lead-
ing to disease exacerbation in human AD patients. Histopathologically, when com-
pared to Non-transgenic (NT) littermates, the Tg mice skin lesions are characterized
by increased spongiosis, acanthosis, and prominent epidermal and dermal infiltra-
tion of CD3+ T cells, macrophage-like mononuclear cells, degranulating mast cells,
and eosinophils (Fig. 6.2). Despite epidermal over-expression of IL-4, the serum
IL-4 level remains undetectable by ELISA. Immunologically, the onset and severity
of skin disease correlate with the elevation and maintenance of serum levels of total
IgE and IgG1. To monitor the disease progression and to correlate its progression
with immunological mechanism, the Tg mice are classified into three groups based
on disease progression, Tg-BO for mice before onset of any visible skin lesion,

Fig.6.1 Clinical manifestation of atopic dermatitis in affected IL-4 Tg mouse. Severe dermatitis
on head and neck with areas of crusting, hair loss and bacterial pyoderma (a). External ear destruc-
tion results from self-excoriation and eyelid dermatitis leads to corneal and conjunctival scarring
(b) (Reproduced with permission, Chan et al. [35])
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Fig. 6.2 Histopathological findings of skin lesions. NT littermates (a) have normal epidermal
thickness with rare mononuclear cells. The skin of EL IL-4 Tg mice demonstrates mild spongiosis
and acanthosis, with mononuclear cell infiltrate (b). LL mice demonstrate characteristics of
chronic inflammatory lesion, with prominent hyperkeratosis and dermal mononuclear infiltrate,
spongiosis and focal areas of parakeratosis (c). Mast cell degranulation (d) and eosinophil infil-
trates (e) are also prominently present in chronic lesions. Hematoxylin & eosin (a—c, e). Geimsa
(d) (Reproduced with permission, Chan et al. [35])

Tg-EL for mice with early/acute skin lesions of less than 1 week duration, and
Tg-LL for mice with late/chronic skin lesions of equal to or greater than 3 weeks of
duration.

Morphological Evidence
Angiogenesis occur in conjunction lymphangiogenesis in wound healing, inflam-

matory diseases such as peritonitis and rheumatoid arthritis. Dermal angiogenesis
parallel lymphangiogenesis in psoriasis [37], a prototypic chronic inflammatory
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skin disease. However, limited data exist on the alteration of skin microcirculation
of AD in human. Fueled by the successful introduction of the K14-IL-4 Tg mouse,
much progress has been made to investigate the presence and pathogenic role of
microvascular new growth in AD. First let us examine the morphological
evidence.

Immunofluorescence Microscopic Evidence

Recent morphological studies revealed that both dermal angiogenesis and lymphan-
giogenesis are prominent features of the IL-4-Tg mouse. When compared to NT, the
Tg mice have significantly higher expression of CD31 (an endothelial cell specific
marker), and VEGFR-2 (VEGEF receptor specific to blood vessels) per linear skin
length. Furthermore, the average blood vessel diameter and skin area occupied by
vessels increased as disease evolved from Tg-BO to Tg-EL and then to Tg-LL [38]
(Fig. 6.3). Under confocal microscopy, Tg-EL and Tg-LL have increased dermal
CD31 expression and reduced expression of claudin-5, an endothelial tight junction
protein, when compared to NT and Tg-BO. This finding supports the notion that
lesional skin has larger number of newly formed vessels, which characteristically
have fewer tight junctions [39].

Identification of lymphatic vessel-specific markers in recent years enabled the
study of inflammatory lymphangiogenesis. Dermal lymphangiogenesis parallels
angiogenesis in the Tg mice. Lymphatic vessel-specific markers, such as podoplanin
(PDPN), lymphatic vessel hyaluronan receptor (LYVE-1) and vascular endothelial
cell growth factor receptor-3 (VEGFR-3) expressions were significantly increased
in Tg mice when compared to NT mice [40] (Fig. 6.4). This phenomenon is observed
even in lesion-free areas of the skin of the Tg mice. As seen in angiogenesis, the
extent of lymphatic marker over-expression also correlates closely with disease
severity, i.e., the severer the disease stage, the greater expression of lymphytic
marker. When compared to NT littermates, the lymphatic vessels in Tg mice were
greater in number, larger average and maximum diameter, and occupied more vol-
ume in the dermis. The evidence that the growth of both blood and lymphatic ves-
sels match closely with the progression of skin lesions in Tg mice suggests a tight
link between inflammatory reaction and neovascularization.

Electron Microscopic Evidence

Electron microscopy (EM) studies on the skin of the Tg mice revealed important
ultrastructural changes in the microvascular beds [39]. Under transitional electron
microscopy (TEM), the perivascular dermal matrix of NT mice consists of fibro-
blasts, collage and mast cells. NT mice have dermal blood capillaries that are con-
tinuous and formed by 1-2 endothelial cells (EC) with regular and smooth surfaces
(Fig. 6.5a). In contrast, Tg mice dermal EC exhibit progressive nucleoli hypertro-
phy, cytoplasmic vacuolation, organelle hyperplasia, and increase in cell surface
irregularity, thus demonstrating an endothelial cell activation process (Fig. 6.5b—d).
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Fig.6.3 Immunoflouresence microscopy of dermal vasculatures. CD31 (endothelial cell marker,
Panel a) and VEGFR2 (VEGF receptor 2, Panel b) expressions parallel the severity of skin inflam-
mation in the IL-4 Tg mouse. Top left, NT; top right, BO; bottom left, EL; bottom right, LL

(Reproduced with permission, Chen et al. [38])
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Fig. 6.4 Immunoflourescence microscopy of dermal lymphatics. Lymphatic- specific markers,
PDPN, LYVE-1 and VEGFR-3 expressions are significantly increased in Tg mice when compared
to NT mice. The increased expression of these three markers correlates with disease severity. Left
block: PDPN (green) and LYVE-1 (red) co-localize on lymphatic endothelium (merged). Right
block: VEGFR-3 expression in various disease stages. PDPN, podoplanin; LYVE-1 (lymphatic
vessel hyaluronan receptor); VEGFR-3, vascular endothelial growth factor-3 (Reproduced with
permission, Shi et al. [40])
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Fig.6.5 TEM micrographs of dermal capillaries. Capillaries of the NT mouse has thin continuous
endothelium with regular and smooth surfaces (a). The capillaries of the IL-4 Tg mouse at BO
stage still has continuous endothelium, but are thicker, more irregular and vacuolated. The endo-
thelial cell (EC) nucleus is enlarged with prominent nucleoli, a sign of EC activation in preparation
for angiogenesis (b). As disease progresses from EL (¢) to LL (d) the capillary endothelium
becomes increasingly irregular and vacuolated; ECs become increasingly hypertrophic with large
nuclei and nucleoli and enlarged cytoplasm (Reproduced with permission, Agha-Majzoub et al.

(39D

The extracellular matrix is also more edematous with increased erythrocyte extrava-
sation. These ultrastructural alterations documented in the Tg mice are hallmarks of
angiogenesis.

Endothelial remodeling is the fundamental process responsible to angiogenesis
and we also examined this process by EM in AD. Angiogenic capillaries are distin-
guished from nonangiogenic capillaries by the presence of hypertrophied endothe-
lial cells that appears activated with organelle rich cytoplasm and a minuscule
lumen. In lesional skin of Tg mice, newly formed blood vessels form by intussus-
ception, where interposition of transcapillary pillars allows division of one capillary
into two separate capillaries (Fig. 6.6), whereas such observation is absent in NT
mice. In Tg-EL and Tg-LL mice, both angiogenic and non-angiogenic capillaries
were present.
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Fig.6.6 TEM showing
capillary formation by
intussusception during
angiogenesis. New vessels
form by the interposition
of transcapillary pillars
(arrows), which divides
one capillary into two or
more separate capillaries
(Reproduced with
permission, Agha-Majzoub
et al. [39])

The angiogenic capillaries in EL have increased interendothelial junctional cleft
(IEJC) length when compared to NT and BO (Fig. 6.7a—c), suggesting that angio-
genic capillaries may adhere to each other by overlapping their plasma membrane
surface. The elongated IEJC serves to provide surface area for new EC formation
during angiogenesis.

The length ratio of tight junction (TJ) to IEJC was decreased in dermal post-
capillary venules (PCV) and angiogenic capillaries in the EL and LL disease stages,
when compared to that of BO stage and NT mice. This decrease in TJ: IEJC may be
explained by a combination of IEJC length increase and reduction in TJ protein with
disease progression. As the endothelial cells prepare to separate from each other in
preparation for angiogenesis, IEJC increase in number and may transforms from
simple, paracellular clefts seen in the skin of NT mice and Tg mice in BO stage
(Fig. 6.7a, b) into the more complex, convoluted and interdigitated clefts in the skin
of mice in EL and LL stages (Fig. 6.7c, d). TJ protein reduction is supported by the
decrease in the expression of claudin-5, a TJ protein. Decreased TJ correlates with
increased microvascular permeability and the emergence of fenestrations in EL and
LL disease stages, a hallmark of skin inflammation and response to increased VEGF.

Furthermore, scanning electronic microscopy (SEM) provides a unique three-
dimensional examination of vessels. The vascular bed of EL and LL mice appears
strikingly different from N'T mice. In NT mice and Tg mice in BO stage, the dermal
microvasculature appears to have regular frame works consisted of smoothly orga-
nized branching pattern with scantly distributed vessels (Fig. 6.8a, b). The vessels
branches in NT and BO mice often form near right angles. The vascular bed of BO
mice shows early signs of vessel bedding, evidenced by subtle protrusions off the
vessels, which may correspond to the disruption of JC seen in TEM (Fig. 6.8b). The
vascular bed of EL and LL stages appear strikingly different from that of NT and
BO mice. Both arteries and venules of the diseased mice in EL and LL stages
become progressively torturous with increasing disease severity. EL and LL mice
have more abundant and disorganized capillaries forming dense, sprouting endo-
casts. The capillaries of LL mice have the greatest heterogeneity, with highly
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Fig.6.7 TEM showing IEJC NT and IL-4 Tg mice. Top row: The dermal capillaries of the NT (a)
and BO (b) mice have simple, short, and nonconvoluted IEJC; TJ located on the luminal aspect
(arrow) (a, b). The IEJCs in EL are elongated (arrowheads) compared to those of BO and NT mice;
TJs are located more towards to abluminal aspect of the IEJC compared to NT mouse (c). Bottom
row: Endothelial cell fenestration are seen in the EL (d) and LL groups (e). IEJC, inter-endothelial
junctional cleft; TJ, tight junction (Reproduced with permission, Agha-Majzoub et al. [39])
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Fig.6.8 SEM of the cast microvasculature in IL-4 Tg mice. The capillary network of NT (a) and
BO (b) mice are low density and well organized. The vascular network of EL mouse appears more
abundant, torturous and disorganized (c). In LL, the endocasts become very dense with no visible
background (d). In higher magnification, the heterogenous blood vessels in the LL group has vari-
able diameter (e). Small capillaries with bulbous sprouting (SC) and small extensions (arrow) are
characteristics of angiogenesis (e) (Adapted with permission, Agha-Majzoub et al. [39])

irregular vascular diameter and surfaces. In contrast to those seen in NT and BO
mice, the capillaries of LL. mice form sharp angles as the disorganized vessels twist
among each other (Fig. 6.8c, d). The center of the vasculature in LL consist of small
capillaries forming bulbous sprouting, while sharply angled and twisted vessels are
interspersed (Fig. 6.8e).

Biological Marker Evidence
In order to provide more evidence to support the presence of angiogenic and lym-

phangiogenic processes occurring in the lesional skin of Tg mice, we next examined
some relevant biological markers.
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Tissue and Serum Angiogenic and Lymphangiogenic Factors

VEGF-A, a major promoter of angiogenesis, has been shown to stimulate endothe-
lial cells proliferation, migration, blood vessel sprouting and remodeling. [41] Skin
VEGF-A mRNA level and serum VEGF-A protein concentration are increased in
IL-4 Tg mice that have developed skin lesions, but not in those that are disease free.
Both parameters are higher in Tg mice with chronic skin lesions than early skin
lesions, further suggesting that dermal angiogenic stimulation may be closely inter-
twined with disease progression [38].

While we documented an increase in then total skin VEGF-A mRNA, each of
the three VEGF-A isoforms (VEGF-A120, VEGF-A164 and VEGF-A188) was
found to have variable expressions in the Tg mice [38]. VEGF-A188 mRNA lev-
els are significantly increased in all disease stages, whereas VEGF-A120 mRNA
levels are only increased in lesional skin, but not before disease onset. Interestingly
there is no change in VEGF-A164 mRNA level in Tg mice when compared to
NT. It is unclear why isoforms 188 and 120 are preferentially over-expressed in
the skin of the Tg mice. Since the degree of angiogenesis increases with severity
and VEGF-A120 expressions are only increased in lesional skin but not before
disease onset, it is possible that VEGF-A120 plays role mainly in the maintenance
of inflammatory angiogenesis, but not in its initiation. However, VEGF-A188 iso-
form is upregulated in all disease stages, suggesting that it may play a role in both
the initiation and maintenance stages of skin inflammation. In addition of
VEGF-A, the role of a number of other angiogenic factors has been studied in the
Tg mice. Their mRNA regulation in various AD disease stages has summarized in
Table 6.2.

Conflicting evidence exist regarding the role of various inflammatory cytokines
in angiogenesis. Some studies suggest that TNF-alpha and IL1b, but not IL-6
induced VEGF-A mRNA expression in human keratinocytes. [42] Others have
shown the opposite findings. [43, 44] In the IL-4 Tg mice, skin IL-6 mRNA expres-
sion was elevated in both EL and LL stages compared to NT and BO stages while
INF-gamma mRNA was elevated in only LL stage. No change in either cytokine’s
mRNA levels was seen in the BO stage. Co-stimulation with INF-gamma and IL-6,
but not INF-alpha and IL-1f, leads to increased VEGF-A120 mRNA and total
VEGF-A protein levels in primary keratinocytes extracted from both NT and Tg
mice. The stimulatory role of IL-6 and INF-gamma in angiogenesis was confirmed
when intradermal administration of recombinant murine IL-6 and INF-gamma
induced VEGF-A120 mRNA elevation in the skin of Tg mice when compared to
administration of PBS. [38] So in our study, data supports a role of IL-6 and INF-
gamma in angiogenesis.

Real-Time PCR Data

Consistent with immunoflourescence microscope study, the skin mRNA level of
VEGFR-2 is significantly increased in acute and chronic lesions of the IL-4 Tg
mice. Other pro-angiogenic factors that show mRNA upregulation include Ang-1
and VE-Cadherin. For lymphangiogenesis, markers/factors that show mRNA upreg-
ulation in acute and chronic lesions of the IL-4 Tg mice include PDPN, Lyve-1,
VEGF-C, Ang-1 and Ang-2. Since Ang-1, Ang-2, and VEGF-C are involved in both
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angiogenesis and lymphangiogenesis, it is not clear whether their upreguations
favor one process or the other. The mRNA expressions of these factors in different
disease stages are summarized in Table 6.2.

Cellular Source of Lymphangiogenic Growth Factor

Many cellular candidates have been proposed as the potential source of hemangio-
genic and lymphangiogenic factors in AD. We found that our IL4-Tg mice had aug-
mented dermal infiltration of T cell, mast cell, macrophage-like mononuclear cells,
and eosinophils, however the exact contributory role of these inflammatory cells in
microvasculature remains elusive. Mast cells may be one cell source for both angio-
genesis and lymphangiogenesis due to their intrinsic capacity to produce vascular
growth factors (VEGF-A, B, C, and D) and vascular growth factor receptors
(VEGFR-1 and 2), their residence in close proximity of blood endothelial cells *
and their presence at sites of angiogenesis. However, recent data increasingly sup-
ports an important role of macrophages in lymphangiogenesis. Activated CD11b+
macrophages express lymphangiogenic markers such as VEGFR-3, VEGF-C,
Lyve-1 PDPN and can aggregate to form vessel like-structures in vitro. [45] Primary
macrophages express hemangiogenic factors VEGF-A and VEGF-B, and lymphan-
giogenic factors VEGF-C and D. [46]

We therefore focused our investigation on the role of macrophages in our model.
During the course of disease in the IL-4 Tg mouse, there is progressive dermal infil-
tration of CD11b+ macrophages that exhibit cytoplasmic and peri-cellular VEGF-C
immune-reactivity [40] (Fig. 6.9). In support of this hypothetical mechanism, our
in vitro experiment showed that IL-4 induced epidermal cells to express macrophage-
chemotactic protein (MCP-1) in a dose dependent manner. [40] Taken together, IL.-4
may spark local recruitment and trans-differentiation of macrophages into VEGF-C
producing cells that drive lymphangiogenesis in AD. In addition, VEGF-C immu-
noreactivity is absent in the epidermis of the IL-4 Tg mice, ruling out that keratino-
cytes (and stromal cells) as the major contributor of VEGF-C in the AD mouse
model.

Functional Evidence

Increased microvascular permeability is a hallmark of angiogenesis. In addition to
vessel enlargement and sprouting, the influence of VEGF on endothelial VEGF
receptors has been shown to increased blood vessel leakiness. VEGF administration
can induce fenestration development from a continuous endothelium. The analysis
of dermal vascular physiology was made possible using Evans blue (EB), a blue
colored azo dye with very high affinity for serum albumin, and thus is useful to
visualize the functional integrity of blood and lymphatic flow. When EB was
injected intravenously into the tail vein of the Tg mice, the ears became dramati-
cally more blue in color in just 5 min when compared to NT [38] (Fig. 6.10). The
color intensity and relative EB concentration was significantly greater in the ears of
lesional skin (Tg-EL and Tg-LL) than nonlesional skin (Tg-BO). The up-regulation
of VEGF-A and VEGFR-2 protein level in all Tg disease stages corroborates mor-
phologic changes of angiogenesis (as illustrated by EM findings), functional
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MERGED

Fig.6.9 CDI1b+ macrophages express VEGF-C in the skin of IL-4 Tg mouse. CD11b+ (red) and
VEGF-C (green) immunoreactivity co-localize in the dermis (merged), their expressions increases
with AD severity. VEGF-C expression is seen both intracellular and pericellular of CD11b+ cells
(100x, bottom panel) (Reproduced with permission, Shi et al. [40])
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NT BO

Fig.6.10 Dermal vascular leakage increases as AD progresses in Tg mice. The vascular leakage is
demonstrated by the increasing intensity in the ears of the K-14-IL4 Tg mouse as the disease stages
advanced from BO to EL and to LL. (Reproduced with permission, Chen et al. [38])

changes of angiogenesis (as demonstrated by increased microvascular permeabil-
ity), and inflammation (as depicted by increased inflammatory cell infiltration).
One of the main functions of the lymphatic system is to uptake extravascular
fluid and plasma proteins in the interstitial fluid and return them back to the blood
stream. We thus examined whether the enlarged and newly formed dermal lym-
phatic vessels in the IL-4 Tg mice retain their innate functional capacity for active
macromolecule uptake. We found that EB was indeed specifically taken up by lym-
phatic vessels. Twenty-four hours after intradermally administration of EB, the ears
of the Tg mice appears lighter in blue color when compared to NT mice (Fig. 6.11)
[40]. When we analyzed the extracted dye, we found that the color intensity and
relative EB concentration remained in the tissue was inversely proportional to
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LL

0 hr

24 hr

Fig.6.11 Lymphatic drainage in the ears of the K-14-IL4 Tg mouse increases with AD severity.
Dermal lymphatic update is inversely proportional to the amount of dye remaining at 24 h post-
injection (Reproduced with permission, Shi et al. [40])

disease severity, indicating lymphangiogenesis associated with skin inflammation
retains its native functional integrity, i.e., the new formed lymphatic vessels are
capable of up taking fluid.

In Vitro Functional Studies
cDNA Microarray Data

Inflammation-mediated angiogenesis and lymphangiogenesis are likely resulted
from of an interplay of cytokines, adhesion molecules, and other factors. Microarray
gene study is a useful screening tool for identifying key mediators of angiogenesis
and lymphangiogenesis, because it allows accurate assessment of the entire signa-
ture within a single experimental process. Since IL-4 is an important initiation of
inflammatory process in AD, we investigate how IL-4 might contribute to the angio-
genesis and lymphangiogenesis processes through influencing epidermal cells.
Indeed we found that IL-4 is a stimulator of VEGF-A up-regulation in human kera-
tinocytes. [31] PCR gene array on inflammation/autoimmunity revealed that 24 h
following IL-4 challenge, VEGF-A gene expressions in HaCAT cells were increased
2.2 folds at 10 ng/ml of IL-4, 1.89 folds at 20 ng/ml of IL-4 and 2.73 folds at 50 ng/
ml of IL-4. Moreover, IL-4 treatment down regulates TNF superfamily 15, an inhib-
itor of angiogenesis, in a dose-dependent manner.
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Fig. 6.12 IL-4 regulates the expressions of lymphangiogenic-related genes in human keratino-
cytes. Upward bars represent up-regulation, downward bars represent down-regulation. *p < 0.05,
p<0.01, #p < 0.001 statistical significance vs. treatment with control (albumin) (Reproduced with
permission, Shi et al. [40])

IL-4 stimulation also modulates the expression of a large number of
lymphangiogenic-related genes in human keratinocytes. Among these genes, ones
that showed over two-fold up- or down-regulations are summarized in (Fig. 6.12).
Most of the data on these lymphangiogenic markers thus far have focused on their
role in lymphatic metastasis of cancer, their detailed role and mechanism in skin
inflammatory diseases has not yet been elucidated. Significantly, IL-4 treatment
down-regulates the inhibitors of lymphangiogenesis (INFA1 and TNF). [40]
Together, our in vitro data showed that IL-4 not only up-regulates pro-angiogenic
and lymphangiogenic factors, but also down-regulates inhibitors of angiogensis and
lymphangiogenesis, thus may be a major factor in promoting angiogenesis and
lymphangiogenesis.

Summary

Cumulated evidence from human studies allows us to construct a proposed mecha-
nism in which angiogenesis plays a role in the inflammatory process of AD (Fig.
6.13). Up-regualtion of cutaneous inflammatory milieu in human AD including the
increase and release of various cytokines and chemokines which lead to recruitment
of mast cells and eosinophils into the dermis area. The subsequent release of
VEGF-A and VEGF-B by mast cells/eosinophils will lead to their binding to the
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corresponding endothelial cell receptors VEGFR1, VEGFR2, and NRP-1, resulting
in increased vascular permeability, increased proliferation and survival of endothe-
lial cells via FGF-P activation, and endothelial cell activation and migration via
up-regulation of ICAM-1, VCAM, and E-selectin, thus promoting microvascular
angiogenesis. The vascular permeability is further enhanced by the presence of
IL-17 released by activated Th2 cells through IL-4/JAK-STAT signaling pathway.
The resulting angiogenesis, moreover, becomes a positive feedback force to enhance
and maintain the inflammatory process by providing additional delivery system for
the fuel of inflammation. Similarly, data collected from studying the IL-4-Tg mouse
model enables us to propose how hymphangiogenesis may contribute to the anti-
inflammatory process in AD (Fig. 6.14). Epidermal over-expression of IL-4 initiates
an up-regulated cutaneous inflammatory milieu. Particularly, IL-4 stimulates kera-
tinocytes to express MCP-1, which serve as a chemokine to recruit CD11b+ macro-
phages to the site of skin inflammation. Additionally, IL-4 can cause skin barrier
disruption by decreasing synthesis of various barrier proteins (filaggrin, involucine,
loricrine). The breakdown of the protective barrier layer enhances bacterial coloni-
zation and penetration into the epidermis and dermis. Bacterial components such as
lipopolysaccharide (LPS) and lipoteichoic acid (LTA) can induce dermal macro-
phages to release VEGF-C, which could then stimulate dermal lymphangiogenesis
through the binding of its corresponding endothelial cell receptor (VEGFR3). This
mechanism is thought to be an attempt to resolve inflammation by clearing inflam-
matory macromolecules and cells.

Future Research Direction

Existing experimental data thus far strongly suggests that both angiogenesis and
lymphangiogenesis play a role in the inflammatory process of AD. While angiogen-
esis in AD promotes the inflammatory process by providing additional vessels for
the delivery of inflammatory cells and mediators to the inflamed site, the lymphan-
giogenesis in AD seems to act in down-regulating the inflammatory process by
providing pathways to remove the inflammatory cells and mediators from the
inflamed site. To confirm these biological actions in a functional manner, we need
to investigate the in vivo outcomes of both angiogenic inhibitor and lymphangio-
genic inhibitor, as our next steps. A logical way would be to examine whether these
inhibitors would reverse, make worse, or render no change in the skin inflammation
in an animal model of human disease. Should an inhibitor prove to be useful in
reversing the inflammatory process in the animal model, it may pave the way for the
development of new therapeutic modalities for this chronic inflammatory skin
disease.
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Chemoprevention and Angiogenesis
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Introduction

An estimated one in five Americans will develop skin cancer in their lifetime [1]. In
2016, melanoma is estimated to account for approximately 5% (76380) of all
expected new cancer cases by the American cancer society and with estimated death
of 10130 people due to the disease [2]. Men have a 3% chance of developing inva-
sive melanoma, amounting to 1 in 33 men in the US while women have a 1.9%
chance equating to 1 in 52 women in the US [2]. In addition, non-melanoma skin
cancers, including basal and squamous cell carcinoma represent the most common
of cancers, with over 1 million new cases per year [3]. However, these statistics are
likely an underestimate due to underreporting. Fortunately, for those whose mela-
noma is detected and treated before it spreads to the lymph nodes, the five-year
survival rate is 98%. On the other hand, the five-year survival rate for distant stage
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melanomas is 17%, a mortality rate second only to lung cancer and continues to rise
due to increased sun exposure, and environmental carcinogens, despite increased
public awareness [4, 5].

Populations especially susceptible to the damaging effects of UVA and UVB
rays and developing skin cancer are those who spend extended periods of time in the
sun or in tanning beds over a lifetime, those who have had at least one severe sun-
burn, those with a family history or inherited disorder, people with fair skin, light
hair, and light eyes, people with dysplastic nevi, and those who suffer from certain
skin disorders such as actinic keratosis and Human Papilloma Virus (HPV) [6].
Chronic exposure to UV rays can also have less severe consequences such as pho-
toaging. Photoaging is a type of damage characterized by histological changes in
the dermal connective tissues such as damage to collagen fibers, excessive deposi-
tion of abnormal elastic fibers, and increased levels of glycosaminoglycans [7]. The
result of these changes is a wrinkled, lax and coarse appearance along with brown
spots and uneven pigmentation [8].

Skin tumor formation has three stages: tumor initiation, tumor promotion, and
tumor progression (Fig. 7.1). UVA (315-400nm) and UVB (280-315nm) rays from
the sun are related to 70% of melanoma cases and are considered complete carcino-
gens: they can both initiate and promote cancer [9—11]. UVA, the largest portion of
solar radiation reaching the earth acts as a tumor promoter while UVB is 1000-
10,000 times more carcinogenic per J/m2 than UVA and functions as a tumor initia-
tor [8, 12]. Their role in skin cancer is multifaceted, causing chromosomal
alternations and DNA damage either directly or indirectly through reactive oxygen
species (ROS) [8, 13]. UVB causes direct DNA damage, creating cyclobutane
dimers, photoproducts, cytosine photohydrates, DNA strand breaks, and crosslinks,
damage that cannot be reverted by nucleotide excision repair. UVA does not directly
affect DNA, but rather induces oxidative damage by generating ROS [10]. When
UVA contacts the skin, endogenous photosensitizers such as porphyrins and NADH
become excited and react with oxygen to create hydrogen peroxide and hydroxyl
radicals that cause miscoding lesions in DNA. These ROS are also capable of stimu-
lating tumor development independent of DNA damage, by lipid peroxidation of the
cell membrane and subsequent activation of signaling pathways such as those that
regulate the proinflammatory transcription factor NF-kB [8]. High levels of reactive
oxygen also induce DNA methyl transferase 1 (DNMT), which methylates tumor
suppressors such as pl6ink4a. This is part of the generation of the reactive oxygen
induced tumor, which uses Akt and reactive oxygen for oncogenic signaling [14].
This increase in inflammation also has a strong relationship with skin aging, as the
combination of ROS over-generation and aging as the immune system becomes less
able to manage an inflammatory response [13].

This ROS induced irreversible DNA damage can induce vascular changes,
through recruitment of cytokines and chemokines such as vascular endothelial
growth factor (VEGF), basic fibroblast growth factor (b-FGF) and interleukin-8
(IL-8) [15]. These discernable and internal changes can further upregulate onco-
genic and inflammatory pathways associated with skin cancer including MAPK,
EGFR, Src, and p53 mutations [16]. In addition, it can further affect skin
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appearance, causing erythema, epidermal hyperplasia, vascular dilation and hyper-
permeability [17].

Aside from excessive sunlight, people are continuously exposed exogenously
whether through food, air, or water to chemical carcinogens and mutagens.
Chemical carcinogens are hypothesized to contribute to a significant amount of
human cancers, particularly through certain foods and tobacco products. Aflatoxin
is one such carcinogen found in the diets of Asian and African communities.
Aflatoxin is a mold-produced mycotoxin that directly affects the liver and
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synergizes with hepatitis B virus. Another chemical carcinogen are heterocyclic
amines, produced when muscle meats are heated above 180°C for extended time
periods. Though of all the ubiquitously present environmental carcinogens, tobacco
products are probably the most notorious. Tobacco products contain a host of
chemical carcinogens such as polycyclic hydrocarbons, nitrosamines, and aro-
matic amines which cause the formation of DNA adducts that lead to miscoding
and permanent mutations [18].

Because of its high incidence, skin cancer is one of the most pressing issues in
cancer today, and has sparked a need to delay the occurrence of cancer in high-risk
populations through dietary or chemical interventions [19]. High-risk populations
would include solid organ transplant patients on immunosuppressive drugs, patients
with DNA repair defects, as well as those with extensive sun exposure, fair skin, and
red hair [20, 21]. Patients who are heterozygous for p16ink4a have multiple atypical
nevi and a high incidence of melanoma [22]. Cancers such as melanoma have lim-
ited treatment options at late stages, are highly metastatic, and develop rapid drug
resistance [13].As a result, scientists conduct research on chemoprevention, the use
of synthetic or natural agents that inhibit cellular mechanisms involved in tumori-
genesis or before invasion and metastasis occur through prevention, arrest, or rever-
sal [23, 24]. Because cancer transformation is a multistage process, three types of
chemopreventive strategies exist: those that inhibit initial cancer formation, those
that block cancer promotion, and those that prevent recurrence after anti-cancer
therapy [25, 26]. Ideal chemopreventive agents must have little toxicity in healthy
populations, and distinctly affect premalignant or malignant cells, rendering normal
cells unaffected [27]. In order to develop such drugs researchers must know associ-
ated pathways, enzymes, genetic alterations, and cellular targets that are critical to
cancer development [28].

Of the tumorigenic pathways researched for chemoprevention, angiogenesis, a
hallmark of cancer, is one such targeted event. Angiogenesis is the growth of blood
vessels with functions in both normal tissues and cancer cells [16]. In normal tissue,
angiogenesis is tightly regulated and fundamental to reproduction, development,
and tissue repair [29]. In healthy tissues, vasculature is smaller and abundant with
evenly spaced, well-differentiated arteries, arterioles, capillaries, venules, and veins
[30]. Tumor vasculature, however, is characterized by a large size with some smooth
muscle coating, lack of organization, irregular branching, inconsistent blood flow
path and leakiness [28, 30]. These characteristics are a result of hypoxia, inflamma-
tion, and oncogenic mutations which make healthy tissues undergo an “angiogenic
switch” and upregulate pro-angiogenic agents [31]. For a cancer to grow beyond
several millimeters and adopt a metastatic phenotype, tumors must have an autono-
mous blood supply through neovascularization [15]. This abnormal angiogenesis
can lead to zones of ischemia and necrosis as the tumor grows and requires more
oxygen and nutrients from the blood supply [30].

The balance between angiogenic factors and angiogenic inhibitors can be dis-
rupted by the aforementioned “angiogenic switch.” These occurrences can cause the
increased secretion of angiogenic factors such as cyclooxygenase-2 (COX-2), a pro-
inflammatory enzyme, hypoxia induced factor alpha (HIF-1a) a transcription factor
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that facilitates response to hypoxia, angiopoetin-1 (ANGPT1), an endothelial cell
specific growth factor, angiopoetin-2 (ANGPT?2), a vascular endothelium remod-
eler, matrix metalloproteinases (MMPs), extra-cellular matrix remodelers, and
basic/acidic fibroblast growth factor (b-FGF or a-FGF), a growth factor involved in
cell mitosis and migration, and local immunologic tolerance among others [16, 30,
32, 33]. BFGF is found to be highly expressed in basal cell carcinoma [34] and
mutations in FGFR3 are present in some seborrheic keratosis [35]. Though of the
numerous promoters of angiogenesis, vascular endothelial growth factor (VEGF) is
perhaps the biggest driver. VEGF is an endothelial cell mitogen that when expressed
causes blood vessel growth in both normal and abnormal tissue [36]. Aside from
cancer, overexpression of VEGF and persistent angiogenesis supports the progres-
sion of certain other inflammatory diseases such as ocular neovascularization,
which causes blindness, infantile hemangiomas, arthritis, and psoriasis [37—40].

Though the overexpression of a multitude of angiogenic factors is essential for
tumor angiogenesis, the suppression of endogenous angiogenic inhibitors is also
necessary for tumorigenesis and metastasis. Such endogenous inhibitors include:
angiostatin, involved in cell cycle arrest and apoptosis; endostatin, an inhibitor of
cell proliferation and migration; canstatin and tumstatin, inducers of apoptosis;
arrestin, an inhibitor of VEGF driven angiogenesis and thromospondin-1 (TSP-1)
[15, 29, 33].

NSAIDs and COX-2 Inhibitors

Cyclooxygenase (COX), is the rate-limiting enzyme in the metabolism of arachi-
donic acid to prostaglandins, and exists in two isoforms: COX-1 and COX-2 [41,
42]. COX-1 is constitutively expressed in bodily tissue while COX-2 is induced by
certain pathological processes involving inflammation, mitogens, and growth fac-
tors [43]. Cyclooxengenase-2 (COX-2) is a vital enzyme that mediates many inflam-
matory processes, and whose up-regulation is associated with numerous
inflammatory disorders and cancers [44]. Animal models have demonstrated the
ability for COX-2 to catalyze malignant transformation [45], and is implicated in
human cancers with inflammatory origins such as colorectal, gastric, ovarian, cervi-
cal, esophageal, and Non-Melanoma Skin Cancer (NMSC) [46, 47]. Tumor promot-
ers, pro-inflammatory cytokines, lipopolysaccharide (LPS), and growth factors can
regulate the expression of COX-2 at the transcriptional and posttranscriptional level.
While COX-2 is an essential enzyme in the body, its constitutive expression can
initiate and promote carcinogenesis [48]. Some cancer-causing substances that initi-
ate this constitutive expression are chemicals in tobacco smoke such as nicotine,
nitrosamines, and poly-cyclic aromatic hydrocarbons [49, 50]. These initiators can
also come from the environment, the body, and infectious agents such as some fatty
acids [51], radiation [52], ultraviolet B [53], free radicals [54], oncogenic proteins
[55], growth factors [56], helicobacter pylori [57], HPV [58], hepatitis viruses [59]
and Epstein Barr virus [60]. This continuous over-expression of COX-2 promotes
carcinogenesis by mutagenesis through increasing reactive oxygen species,
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mitogenesis through increased production of prostaglandins, angiogenesis by stim-
ulation of vascular endothelial growth factor (VEGF) and platelet-derived growth
factor (PDGF), metastasis by increasing production of matrix metalloproteinases
(MMP), anti-apoptosis by decreasing arachidonic acid and inhibition of BAX,
immunosuppression through the inhibition of B and T lymphocyte proliferation
[61] and heightened intracellular telomerase [62].

Since the 1960’s, epidemiological, clinical, and experimental studies have shown
the anti-cancer effects of nonsteroidal anti-inflammatory drugs (NSAIDs) through
inhibition of COX (Fig. 7.2) [63]. NSAIDs are a family of drugs that are frequently
used for inflammation, pain, and fever by reducing the production of specific pros-
taglandins that promote the aforementioned symptoms along with carcinogenesis
[64, 65]. NSAIDs are classified depending on their selective inhibition on the COX
isoforms: Selective COX-1 inhibitors, non-selective COX inhibitors, and preferen-
tial COX-2 inhibitors [66]. Common NSAIDs like aspirin, ibuprofen, sulindac, and
indomethacin inhibit both COX-1 and COX-2 [67] while the later developed coxibs
(celecoxib and rofecoxib) selectively inhibit COX-2 [48].

Preclinical studies have shown that NSAIDs such as sulindac sulfide [68], exisu-
lind [69], and celecoxib [70] can inhibit angiogenesis and cell invasion by inhibiting
the DNA-binding activity of Spl, a driver of VEGF overexpression, and by down-
regulating MMPs [71, 72]. Studies have also shown that Sulindac can stimulate
apoptosis in the normal rectal mucosa of patients with familial adenomatous pol-
yposis coli (FAP) [73] by inhibiting Wnt signaling [74] and reducing p-catenin lev-
els [75]. In addition, sulindac, sulindac sulfide, exisulind, and aspirin can inhibit
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Fig.7.2 Proposed chemopreventive mechanism of NSAIDS
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NF- B signaling [76, 77]. These agents may also impact the development of
NMSC, further proving its efficacy as cancer chemopreventive agents [28].

While COX may be the primary target for NSAIDs, evidently their effect on
signaling pathways may also contribute to its chemopreventive properties [24].
Numerous clinical studies have shown the protective effects that NSAIDs have
against cancer: Regular intake of 325mg aspirin or 200mg ibuprofen showed a risk
reduction of 43% for colon cancer, 25% for breast cancer, 28% for lung cancer, and
27% for prostate cancer [23]. Furthermore, daily intake of selective COX-2 inhibi-
tors, 200mg celecoxib or 25mg rofecoxib, demonstrated a 70% risk reduction in the
aforementioned cancers compared to 60% for ibuprofen (COX-1 and COX-2 inhibi-
tor) and 54% for aspirin (COX-1 inhibitor) [23].

However, despite its favorable results, the use of non-selective NSAIDs as a che-
mopreventive agent is not routinely recommended because of the gastrointestinal
and renal side effects that result from the suppression of prostaglandins due to COX
inhibition [24]. Therefore, selective inhibition of COX-2 to treat neoplastic prolifera-
tion is preferable to non-selective inhibition [78]. By the end of the 90s, the coxib
family of drugs was produced to overcome these harsh side effects [79]. Unfortunately,
these new drugs caused an increased incidence of cardiovascular side effects after
prolonged use [80]. As a result, though clinical studies have shown promising results
for using NSAIDs as cancer chemoprevention, long-term administration of COX-2
inhibitors would be ineffective as the risks outweigh the benefits.

Chemoprevention of Basal Cell Nevus Syndrome (BCNS)

BCNS is a rare autosomal dominant disorder characterized by the development of
innumerable basal cell carcinomas as well as an increased incidence of medullo-
blastoma. In addition, other abnormalities are present, including bifid ribs, kerato-
genic odontocysts, and palmar pits [81].

The major cause of morbidity and mortality in these patients is basal cell carci-
noma, which can be locally invasive and rarely metastatic. BCNS is caused by germ
line mutations in PTCH, a receptor for the secreted protein Sonic hedgehog.
Mutations in PTCH lead to chronic activation of Smoothened and cell proliferation
[82]. Smoothened is a transmembrane protein and activator in the Sonic hedgehog
pathway [82]. Recently, Smoothened inhibitors have been introduced into the clinic,
especially for large and inoperable basal cell carcinomas [83].

These inhibitors shrink but do not completely eliminate large basal cell carcino-
mas. However, small basal cell carcinomas as in BCNS completely regress. Because
these inhibitors can have severe side effects, they are often given intermittently, and
thus can be given to patients for long periods of time. It may be possible to use these
agents to prevent future development of BCC in patients with BCNS. Azole antifun-
gals have been shown to inhibit this pathway as an off target effect, but small clini-
cal trials have not revealed impressive results [84].
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Curcumin

Curcumin (diferuloylmethane) is a yellow phytochemical produced by some plants,
especially turmeric (Curcuma longa), amember of the ginger family (Zingiberaceae).
Turmeric has been used for thousands of years in Ayurvedic and traditional Chinese
medicine due to its antioxidant, anti-inflammatory, anti-tumorigenic, and antiangio-
genic properties [85] but has only entered clinical trials in the last 15 years [86].

Curcumin is commonly found as an herbal supplement, an additive in cosmetics,
a flavoring agent, and a food coloring. Studies show that turmeric inhibits and
decreases the number of tumors in DMBA( 7,12-dimethylbenzanthracene ) induced
and chronic UV initiated and 12-O-tetradecanoylphorbol-13-acetate (TPA) pro-
moted mouse models of chemical carcinogenesis [87, 88]. While many chemothera-
peutic agents may severely damage normal cells, curcumin can be safely
administered in large quantities with little to no side effects, due to its preference for
inducing apoptosis in highly proliferating cells [89]. As a result, curcumin could be
a useful dietary additive or pharmacological treatment for the prevention of cancer
incidence and mortality.

Curcumin inhibits the activity of interleukins, a group of pro-inflammatory cyto-
kines that play vital roles in the induction of adhesion molecules, metalloprotein-
ases, and pro-angiogenic factors. In addition, interleukins are involved in tumor
invasion and angiogenesis through signaling pathways such as NF-kB, VEGF and
JAK-STAT, which are inhibited by Curcumin [90-92]. The inhibition of NF-kB
plays a central role in general inflammation and immune response. Suppression of
COX-2 expression by inhibiting ERK activity and NF-kB activation may represent
molecular mechanisms underlying this anti-inflammatory effect [93, 94]. VEGF
overexpression, in particular, promotes angiogenesis and tumor growth in a number
of cancers including colon, lung, and pancreas. Therefore, agents that inhibit VEGF
expression have promising chemotherapeutic potential. In fact, a previous study
demonstrated curcumin’s ability to inhibit VEGF expression in murine pancreatic
and ovarian tumors in a similar action to Avastin (bevacizumab), an FDA-approved
drug for certain cancers [95].

In 1998, Arbiser et al showed that Curcumin and its derivatives demonstrated a
significant inhibition of bFGF-mediated corneal neovascularization in the mice sug-
gesting that curcumin is a direct angiogenesis inhibitor. Furthermore they also noted
effective inhibition of endothelial cell proliferation by Curcumin in a dose-dependent
manner [96]. Fibroblast growth factors (FGF) are a family of growth factors involved
in angiogenesis and are overexpressed in a variety of tumors.

Curcumin plays a significant role in the abrogation of a number of inflammatory
and oncogenic pathways like COX-2 expression (Fig. 7.3). In a study performed in
2005, treatment of UVB-irradiated HaCaT cells with up-regulated COX-2 with cur-
cumin strongly inhibited COX-2 mRNA and protein expression. Notably, there was
also effective inhibition on UVB-induced activations of p38, MAPK, AP-1 and
JNK. These results collectively suggest that curcumin may be an effective sunscreen
for the protection from photo-inflammation [97]. Despite its relatively low toxicity,
curcumin has poor bioavailability due to its rapid metabolism in the liver and
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Fig.7.3 Chemopreventive effects of Curcumin as suggested in human/ animal studies

intestinal tract [98]. As a result, until scientists can develop a method for increasing
the bioavailability of curcumin, it may not be an effective chemopreventive method
despite its obvious benefits.

Long-chain n-3 Polyunsaturated Fatty Acids

Long-chain n-3 polyunsaturated fatty acids (LC n-3 PUFAs), also known as
Omega-3 fatty acids, are essential for normal metabolism [99]. The three types of
LC n-3 PUFAs involved in human health are eicosapentaenoic acid (EPA) and doco-
sahexaenoic acid (DHA), which have protective effects on the heart, and alpha-
linoleic acid (ALA). LC n-3 PUFAs are not naturally produced in the body, and thus
must be obtained through the diet. EPA and DHA are commonly found in marine
oils such as fish and krill, while ALA is found in plant oils such as flaxseed, chia,
and hemp. Because LC n-3 PUFAs have anti-inflammatory, antiangiogenic, and
anticancer properties, their beneficial effects against cancers are widely documented
[100, 101]. Numerous clinical studies support the role of n-3 PUFAs for the preven-
tion of both melanoma and non-melanoma skin cancer (NMSC) and primarily
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attributes their activity to EPA and DHA [101, 102]. In addition to being an effective
chemopreventive agent, studies have shown that nutritionally induced changes in
tumor fatty acid composition result in increased sensitivity to chemotherapy. This
effect is especially observed in chemotherapy resistant tumor lines, by causing aug-
mented cytotoxicity to tumor cells while protecting normal cells [103].

Preclinical studies on LC n-3 PUFAs demonstrate its strong antineoplastic, apop-
totic, anti-metastatic, and antiangiogenic activities due to the number of molecular
factors and pathways affected. Laboratory experiments show the ability of DHA to
prevent UV-induced apoptosis by increasing the expression of the anti-apoptotic
Bcl-2 protein, and inhibiting the expression of human antigen R (HuR), which pro-
motes the inflammatory properties of COX-2 [104]. The decreased expression of
COX-2 also decreases B-catenin, a protein overexpressed in many cancers [105,
106]. Lastly, DHA has a pro-differentiating effect, which is integral to evade a
malignant cell phenotype [105]. Other laboratory experiments demonstrate that
EPA can decrease invasiveness, collagenase IV production, and metastasis in mela-
noma cells [107]. In addition, animal studies show that an omega-3 fatty acid rich
diet significantly reduces the growth rate and angiogenesis of a human breast cancer
xenograft without evidence of harmful side effects [108].

Recent clinical trials have shown the chemopreventive role of n-23 PUFAs in abro-
gating photo-immunosuppression [109] and decreasing inflammation [110].
Specifically, -3 PUFAs have shown antitumor activity, while -6 PUFAs and its derived
eicosanoids promote anti-carcinogenesis, anti-angiogenesis, and prevent invasion
[111]. Administering n-3 PUFAs decreases mucosal and epidermal response, while
moderately enhancing the antitumor effect of irradiation. The magnitude of the differ-
ential effect suggests that n-3 PUFAs need to be further investigated in the clinic [112].

The mechanism underlying the antineoplastic effect of PUFAs is unclear.
Initially, the idea was that n-3 PUFAs have health benefits, and do not produce dan-
gerous levels of cytotoxic and carcinogenic oxidative products in tissues [108].
Another proposed mechanism was that lipid raft signaling proteins can be modu-
lated in inflammation and cancer by n -3 PUFAs [113]. Recent pharmacological
studies have suggested several molecular targets for the anti-inflammatory effects of
omega-3 fatty acids, namely, nuclear receptor PPARc and the G protein-coupled
receptor GPR120. Another proposed mechanism is that omega-3 fatty acids are con-
verted to resolvins and protectins, lipids that have anti-inflammatory and tissue
healing activity [114].

Nevertheless, further effort is needed to identify the main molecular targets of LC n-3
PUFAs in melanoma through additional well-designed human observational studies.

Vitamin A

Vitamin A and its analogs represent a group of diverse organic compounds includ-
ing carotenoids and retinoids, which all have structural or biological effects similar
to vitamin A [115]. In the diet, carotenoids are found in leafy green and yellow
vegetables, while retinoids exist naturally in the liver and kidneys [116]. Vitamin A
and its derivatives regulate a variety of essential biological processes during normal
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development including vision, cell proliferation and differentiation, bone tissue
growth, immune function, and activation of tumor suppressor genes. While Vitamin
A is a vital part of a healthy diet, its derivative, retinoids, are important in maintain-
ing skin health and reducing susceptibility to chemical carcinogens [117] by regu-
lating gene expression [118]. The major skin diseases that benefit from treatment
with topical retinoids such as tretinoin are acne, psoriasis, disorders of keratiniza-
tion, premalignant lesions such as actinic keratosis and HPV-induced tumors, and
non-melanoma skin cancer [119]. Because of its apparent chemopreventive proper-
ties, patients at high risk for skin cancer due to genetic disposition (xeroderma pig-
mentosum), organ transplantation, or history of multiple tumors, may be treated
with retinoids like etretinate or acitretin for 6 months [120].

Retinoids such as etretinate, acitretin, and isotretinoin are most effective in the
treatment of precancerous lesions, such as leukoplakias, cervical dysplasia, and
actinic keratosis [119]. Tazarotene, a topical retinoid, demonstrated a sustained che-
mopreventive effect in patients with basal cell nevus syndrome and inhibition of
microscopic basal cell carcinomas even 5 months after treatment stopped [121].
These anticancer effects of applied retinoids are attributed to their impact on cellu-
lar metabolism, cell cycle progression, and inflammatory pathways. Retinoids
upregulate RARP2 [122], a tumor suppression gene, and induces the expression of
p21CIP1 and p27Kipl, cell cycle regulatory proteins that cause growth arrest [123,
124]. Lastly, retinoids effectively modulate inflammatory pathways that are critical
for carcinogenesis such as COX-2 [125], IL-6 and HIF-1o [126].

Despite promising in vitro and in vivo data, some prospective observational stud-
ies and randomized controlled trials on retinoids have exhibited a number of side
effects. Prolonged exposure to retinoids can cause dry skin, cheilitis, conjunctivitis,
and hypertriglyceridemia, effects that can exclude certain individuals from partici-
pating. Furthermore, retinoids can be teratogenic, which is a concern for women
[127]. The adverse effects demonstrate the importance of finding a retinoid or treat-
ment option that reduces these side effects, as the chemopreventive properties of
retinoids are highly promising.

Vitamin D

Vitamin D is a fat-soluble vitamin that is naturally present in very few foods and is
available as a dietary supplement. Most commonly, vitamin D is produced endoge-
nously when ultraviolet rays from sunlight strike the skin and trigger vitamin D
synthesis. Vitamin D plays a vital role in calcium homeostasis, cell proliferation and
cell differentiation [128]. However, the vitamin D obtained from sun exposure,
food, and supplements is biologically inert and must be activated inside of the body.
The first hydroxylation occurs in the liver, and converts vitamin D to calcidiol
(25-hydroxyvitamin D). The second occurs primarily in the kidney, and forms cal-
citriol (1,25-dihydroxyvitamin D) [129]. This physiologically active calcitriol is
then free to bind to the vitamin D receptor (VDR) which affects gene expression by
regulating transcription responses and microRNA-directed post transcriptional
mechanisms [130].



134 S.Raoetal.

1,25-dihydroxyvitamins D and analogs have been reported to inhibit the prolif-
eration of and induce the differentiation of a wide variety of cancer cell types,
including human malignant melanoma [131]. This mechanism is carried out through
the VDRs, which work as tumor suppressors. Laboratory experiments show that in
keratinocytes lacking VDR, there is an increased expression of oncogenes and
decreased expression of tumor suppressors, which predisposes the VDR deficient
mice to skin cancer formation [132]. Vitamin D3 and its analogs also demonstrate
moderate antiangiogenic properties, similar to those of all-trans retinoic acid [133].

Therefore, vitamin D signaling can protect the skin from cancer formation by
controlling keratinocyte proliferation and differentiation by suppressing activation
of the Hedgehog signaling pathway (Hh pathway) following UVR exposure [133],
facilitating DNA repair, and preventing neo-vascularization [134-136].

Analogs of vitamin D belong to the class of potent inducers of differentiation of
human cancer cell lines [137]. Vitamin D and its analogs induce apoptosis when
combined with retinoid acid [138] through the reduction of bcl-2 protein, a pro-
apoptotic protein, and increase in pS3 and p21WAF-1, both tumor suppressors
[139]. Because of this synergism and known chemopreventive activity of retinoids,
the combination of vitamin D analogs and retinoids could be indicated for chemo-
prevention of carcinomas in high risk groups (xeroderma pigmentosum, arsenical
keratoses, early actinic keratoses developing in chronic radiodermitis or in patients
with epidermolysis bullosa dystrophica). Lastly, when combined with various cyto-
kines, Vitamin D has an antitumor effect [140], and may be an effective chemopre-
vention strategy. Despite success in animal experiments, studies with Squamous-cell
carcinoma (SCC) failed to respond to 1.25(OH),D;, a Vitamin D analog, and showed
no change in VDR gene expression compared to normal keratinocytes [133]. To
ameliorate this issue, perhaps some modifications of the compounds or new deriva-
tives of vitamin D may prove more efficacious and should be introduced in clinical
practice [141].

Polyphenols

Research is human cell cultures indicates extensive anticancer properties of resve-
ratrol, a natural phenol found in red grapes, red wine, peanuts, and pines [142].
Through anti-angiogenic, pro-apoptotic, and antioxidant behavior in skin cancers,
resveratrol has proved to be a successful chemopreventive agent in murine models
[143-145]. Its anti-angiogenic activity is linked to the down regulation of vascular
endothelial growth factor (VEGF), a critical protein in the recruitment of new blood
vessels, and the up-regulation of the pS3 tumor suppressor [142, 143].

Studies on human melanoma show that resveratrol also decreases expression of
thrombospondin 1 (TSP1), hypoxia inducible factor-loe (HIF-1a), and toll-like
receptor 4 (TLR4), proteins heavily implicated in angiogenesis [143, 146, 147]. The
pro-apoptotic effects of resveratrol are linked to a down regulation of Bcl-2, an anti-
apoptotic protein and NF-kB, a pro-inflammatory transcription factor [148]. The
inhibition of lipoxygenase and cyclooxygenase are responsible for the antioxidant
behavior of resveratrol [144], further enhancing its anticancer activity. Despite the
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aforementioned positive characteristics, in some situations, resveratrol has also
exhibited pro-angiogenic properties such as in peri-infarct myocardium tissues
[149]. Numerous studies on both animal and human cell line models have been suc-
cessful in confirming the chemopreventive potential of resveratrol. However, small
scale clinical trials have failed to improve the bioavailability and identify the exact
mechanisms of actions of resveratrol [145]. Thus, further investigation into resvera-
trol and its chemopreventive properties is warranted to further understand its effects
and improve its efficacy in human cancer.

Myricetin is another dietary polyphenol flavonoid that exhibits anticancer prop-
erties. Commonly found in vegetables, fruits, nuts, berries, tea, and red wine [150—
152], myricetin demonstrates antioxidant and anti-angiogenic properties [153].
Similar to resveratrol, some studies show that it inhibits VEGF by directly decreas-
ing expression of associated regulatory proteins HIF-1a, p-Akt, and ribosomal pro-
tein S6 Kinase (p70S6K) [154, 155]. Other studies point the anti-angiogenic effects
of myricetin to its increased transcription of p21, a cell cycle regulatory gene that
can therefore down regulate HIF-1o and VEGF expression [146, 156]. Its antioxi-
dant behavior is related to its inhibition of COX-2 expression by targeting the
NF-kB inflammatory pathway [157].

among many others including MAPK [158], Akt [159], Fyn [160], and JAK/
STAT3 [161] oncogenic pathways. This widespread effect on multiple signaling
pathways shows the potential of myricetin as a chemopreventive agent, and should
be further investigated in human clinical trials.

A compound in the polyphenol class which has shown promise is a very low
molecular weight polyphenol, Honokiol. Honokiol is the active principle of
Magnolia extract [162] and is orally bioavailable compared to curcumin. It has pre-
viously demonstrated both antiangiogenic and antitumor activity in a number of
preclinical studies [163]. In a study by Battle et al, honokiol was shown to cause
apoptosis preferentially in cells derived from chronic lymphocytic leukemia patients
sparing the normal lymphocytic cells. They noted an upregulation of Bax protein
with no effect on anti-apoptotic protein bcl2 [164]. Honokiol has shown to decreases
activation of NF-xB and Akt signaling mechanisms and thus a decreases in levels of
NF-«B target genes like VEGF, matrix metalloproteinase-9, ICAM-1, COX-2 [165].
More recently, it has been shown to have chemopreventive activity in UV induced
skin cancer. Among the established mechanisms of action of honokiol is induction
of the mitochondrial enzyme sirt 3. This can act as an antioxidant in normal cells by
induced mitochondrial fusion, while it can induce reactive oxygen in premalignant
and malignant cells with defective mitochondria, thus potentially leading to selec-
tive death of cells with mitochondrial defects [166].

Summary

Skin cancer continues to affect an increasing number of people in the United States.
Even though there is a number of commercially available natural and synthetic sub-
stance and an equally large numbers under study for chemopreventive mechanisms,
the results leaves much to be desired. Further research is required to substantiate the
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chemopreventive effects of substances discussed in this chapter. A major obstacle to
the use of chemopreventive natural products is the formulation of these compounds
in a stable form that can be topically delivered to the basal layer of the epidermis
and upper dermis to inhibit angiogenesis and carcinogenesis.
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Introduction

The vascular system maintains human homeostasis by providing nutrients, oxygen
and hormones to trillions of cells in the body and removing metabolic wastes. The
vascular system is composed of a complex network of arteries, arterioles, capillar-
ies, venules, veins, and lymphatic vessels. The vasculature forms during the embry-
onic development stages and consists of two distinct cell types: (1) endothelial cells
which form the endothelium, the interior surface of blood vessels; and (2) perivas-
cular supporting cells, such as smooth muscle cells which form the wall of blood
vessels, and pericytes, a key component of the neurovascular unit.

A vascular anomaly results when a developmental error or dysregulated develop-
mental processes of the vascular system occur. Vascular anomalies are characterized
by an increase in the number of vessels and/or enlargement of vessels. Abnormalities
can affect one type of blood vessel, such as capillaries, or multiple types of blood
vessels, such as arterioles and venules. Vascular anomalies can be either congenital,
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which exist at birth or occur within weeks to years after birth, or non-congenital,
which are caused by environmental factors such as trauma.

According to a classification scheme proposed by Mulliken and Glowacki [1]
and the 1996 revision by the International Society for the Study of Vascular
Anomalies (ISSVA), vascular anomalies can be divided into two categories: vascu-
lar malformations and vascular tumors. Vascular malformations have a normal
endothelial cell cycle but the blood vessels are larger and/or the vessel number den-
sities are higher in the lesions as compared to normal skin [2—4]. Vascular malfor-
mations are categorized by the type of affected blood vessels and, thus, there are
capillary, venous, arterial, lymphatic or combined malformations. In contrast, the
distinctive features of vascular tumors are endothelial cell proliferation and rapid
postnatal growth followed by involution [2-4] . Some of the notable types of vascu-
lar tumors are: (a) hemangioma, (b) Kaposiform hemangioendothelioma, (c) tufted
angioma, (d) pyogenic granuloma; and (e) hemangiopericytoma.

In this chapter, both types of vascular anomalies, port wine stain (PWS, vascular
malformation) and infantile hemangiomas (IH, vascular tumor), will be discussed.
Discussions will focus on the pathogenesis and the role of angiogenesis in the
pathophysiological processes and treatments of both anomalies.

Port Wine Stain (PWS)

Port wine stain (PWS), also known as nevus flammeus, is a congenital, cutaneous
vascular malformation which causes a pink to red to violet skin discoloration. PWS
occurs in an estimated 3-5 children per 1000 live births and equally affects both
genders and all races [2, 5]. There are no reports of a hereditary tendency for PWS
or ways to predict or prevent PWS.

PWS can appear anywhere on the body, but most malformations occur on the
face and neck. The negative reaction of others to a “marked” person adversely influ-
ences the personality development of virtually all patients. Studies have documented
that PWS patients have lower self-esteem and problems with interpersonal relation-
ships [6-8]. PWS is a progressive malformation, and there is no spontaneous invo-
lution. In childhood, PWS is a flat red macule (Fig. 8.1a), but lesions tend to darken
progressively to purple and, by middle age, often become raised as a result of the
development of skin thickening and vascular nodules. Hypertrophy of underlying
soft tissue, which occurs in approximately two-thirds of lesions, further disfigures
the facial features of many patients (Fig. 8.1b) [9, 10]. In conclusion, PWS is a clini-
cally significant disease in the majority of patients with potentially devastating psy-
chological and physiological complications. Moreover, PWS may be a part of a
larger disorder or syndrome such as Sturge-Weber, Klippel-Trenaunay and Cobb
syndromes, which require medical intervention of the underlying malformations in
addition to treatment of the superficial PWS.

Histopathological studies of PWS show a normal epidermis overlying an abnor-
mal plexus of dilated blood vessels located in the upper 0.8—1 mm of the dermis
[11]. However, vessels throughout the entire skin thickness are abnormally dilated
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Fig.8.1 (a) Adolescent male with PWS; (b) same male with PWS at 42 years of age. Note vascu-
lar nodules and soft tissue hypertrophy in (b) (Reprinted with permission from [9])

[11]. Electron microscopy exhibits vascular dilatations confined to postcapillary
venules and thickening of the walls of the dilated venules [12, 13]. The endothelium
of PWS blood vessels contains fenestrations and/or small gaps. Various alterations
in the intervascular connective tissue have also been documented [13].

Pathogenesis of PWS

The pathogenesis of PWS remains incompletely understood. However, many
lines of evidence have suggested that the nervous system is involved in the patho-
genesis of PWS. Lesions on the face appear in the areas innervated by one or more
branches of the trigeminal (V1, V2, V3) nerve. In a study of 310 PWS patients, 99
PWS were located on the area innervated by the second (V2) branch of the trigemi-
nal nerve (32%), 128 in the combined first and second (V1, V2) branches (41%),
17 in the combined second and third (V2, V3) branches (5%), and 30 in all three
branches (V1, V2, V3) (10%) [14]. The same study also showed that when PWS
was involved in all three branches there was a significantly higher likelihood of eye
and/or central nervous system complications.

Several studies have shown that there is a deficiency of nerve innervation to PWS
vessels. Smoller et al. found, when staining the neural tissue with a S-100 antibody,
that only 17% of the vessels in a PWS course with nerves, as compared to 89% in
normal skin or hemangioma tissues [15]. Rydh et al. showed after staining the nerve
fibers with antibodies against neuron specific enolase, calcitonin gene-related pep-
tide and neurofilament, that pathologically dilated vessels in the middle and deep
dermis had defective innervation with only single or no nerve fibers in their vicinity
while other structures in the skin have a normal density of nerve fibers [16]. Selim
et al. showed when staining the nerve fibers with an antibody against protein gene
product 9.5 that nerve density was significantly decreased in all PWS sites as
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compared to normal skin [17]. Furthermore, when epinephrine was injected into the
PWS dermis, the ectatic vessels did not constrict [18], suggesting that defects in
proper tonic modulation received from the sympathetic nervous system leads to
progressive ectasia of thin-walled vessels. Collectively, the lack of blood vessel
innervation may contribute to the development of a PWS as a direct result of
decreased tonus of the vessels and/or a loss of neuronal trophic factors.

Treatment of PWS

Historical treatments for PWS included skin grafting, ionizing radiation, dermabra-
sion, cryosurgery, and electrotherapy. Clinical results were unsatisfactory due to
cosmetically unacceptable scarring post-treatment. The current treatment of choice
for PWS is pulsed dye laser (PDL) therapy which is based on the theory of selective
photothermolysis. This theory describes a method to selectively destroy subsurface-
targets without inducing thermal damage in adjacent normal tissue [19]. To achieve
this goal, a proper wavelength that is absorbed preferentially by a chromophore in
the target, such as hemoglobin, should be chosen. To limit the amount of heat dif-
fusing into the surrounding tissue during light exposure, the duration of laser irra-
diation should be on the order of the target’s thermal relaxation time which is
defined as the time required for the target to cool to one half of its peak temperature
immediately after laser irradiation.

The first generation of PDL had a wavelength of 577 nm and pulse duration of
300 ps which was shown to cause selective vascular destruction in PWS skin with-
out evidence of scarring [20]. A change in wavelength from 577 to 585 nm resulted
in deeper penetration of the laser light and deeper blood vessel injury which is
required for adult PWS treatment [21]. The incorporation of the dynamic cooling
device into the PDL allows selective cooling of the epidermis, which is prone to
injury due to light absorption by melanin, while leaving the temperature of the PWS
blood vessels unchanged [22]. Dynamic skin cooling has permitted the use of higher
light dosages to expedite PWS lesion clearance without producing complications
such as dyspigmentation or scarring [23].

Despite the advancement in PDL and skin cooling techniques, complete PWS
clearance is rarely achieved in the majority of cases even after multiple PDL treat-
ments. Van der Horst et al. treated 89 patients with PWS aged from infancy to
31 years using the PDL [24]. The average reduction in PWS color was only 40%,
and no patients had 100% clearance of their PWS after 5 treatments. In a study by
Yohn et al. on 74 adult patients treated using the PDL, only 36.5% achieved 50%
clearing, and no patients had 100% clearance of their PWS after 3—16 treatments
[25]. A recent review by Lanigan and Taibjee concluded that “it remains difficult to
eradicate PWS fully with our current armory of lasers and noncoherent light
sources” [26].

Many factors contribute to incomplete PWS blanching. Epidermal melanin lim-
its the light dosage that can be safely applied and reduces light delivery to targeted
PWS vessels. When the PWS blood vessels are too small or too large, heat cannot
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be confined to or fill the entire lumen [27-29]. Regrowth and reperfusion of photo-
coagulated blood vessels can cause PWS redarkening or treatment failure [30, 31].
We believe that the regrowth and reperfusion of blood vessels post-PDL treatment
is a critical barrier to achieving an adequate PWS therapeutic outcome. As shown
in Fig. 8.2, PDL resulted in intense purpura with histological documentation of
vascular wall necrosis. However, the laser-induced wound healing response to PDL
treatment often results in regrowth and reperfusion of PWS blood vessels within
1 month after laser exposure. As stated by Phung et al. [31], “the laser does what it

Fig.8.2 (a), PWS before PDL treatment; (b), 2 days after treatment; (¢), 1 year after PDL. Despite
intense purpuric response induced by PDL treatment, the PWS blood vessels have reformed
(Reprinted with permission from [31])



150 W.Jiaetal.

is supposed to do, namely, cause blood vessel wall necrosis. Regrettably, the body
also does what it is supposed to do, namely, repair the laser-induced damage.”

Angiogenesis and Vasculogenesis After PDL-Treatment

PDL treatment of PWS causes intense, acute damage to blood vessels [31, 32]. The
skin’s normal wound healing response detects hypoxia and initiates appropriate
defense mechanisms, such as angiogenesis. The PDL-induced local hypoxia leads
to upregulation of hypoxia-inducible factor-lalpha (HIF-1a), a master modulator
for hypoxic response [33, 34] and vascular endothelial growth factor (VEGF) [33,
34], which subsequently activates many angiogenic signaling pathways and ulti-
mately results in the regrowth and reperfusion of PWS blood vessels.

HIF-1a is known to control the expression of hundreds of genes involved in
angiogenesis, inflammation, bioenergetics, proliferation, motility and apoptosis
[35, 36]. As the key angiogenic molecule acting in response to oxygen concentra-
tion, HIF-1a is regulated at multiple levels in response to hypoxia. First, HIF-1a
mRNA expression increases under hypoxia or ischemia. Many studies have shown
that HIF-1oo mRNA increases in response to hypoxia in rodents [37—40] and humans
[41, 42]. Furthermore, the stabilization of HIF-1ao mRNA may also contribute to the
sustained increase of its mRNA [37]. Second, HIF-1a protein is synthesized and
accumulated as a result of hypoxia stimulation. Hypoxia activates the mammalian
target of rapamycin (mTOR) signaling pathway that plays a very important role in
stimulation of the synthesis of HIF-1a protein and its transcriptional activities [36,
43]. HIF-1a has been shown as the downstream target of mTOR with an mTOR
signaling motif located in its N terminus, which can interact with the regulatory
associated protein of mTOR (Raptor) [43]. This pathway affects the translational
levels of HIF-1a and serves as an amplifier for maximal expression of HIF-1a rather
than the essential trigger for its activation [43].

The mRNA and protein levels of HIF-1a are significantly upregulated in animal
skin irradiated by PDL as compared to normal skin [44]. In a hamster model, when
the blood vessels are destroyed by laser [32, 44], the hypoxia induced by laser expo-
sure is very severe and persistent for days until the vessels are fully reformed and
reperfused. Thus, the increase of HIF-1a protein levels after laser treatment may be
the result of both an increase in its mRNA level and translation rate. Furthermore,
other angiogenic related biological processes, such as wound healing, defense and
inflammatory responses, may also contribute to the increase in HIF-1a protein and
mRNA levels in response to laser irradiation.

VEGEF is the growth factor that plays a predominant role in angiogenesis path-
ways. VEGF can activate the vascular endothelial growth factor receptor 2
(VEGFR-2) which can then render the full range of VEGF responses such as endo-
thelial cell proliferation, migration and formation of vascular tubulin [45, 46].
VEGF and HIF-1a can be upregulated reciprocally through angiogenesis pathways.
VEGEF is one of the downstream targets of HIF-1a. Hypoxia-activated-HIF-1a can
translocate into the nucleus and directly bind to the hypoxia response element of the
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VEGEF promoter and activate its transcription, thus leading to an increase in VEGF
mRNA levels [43, 47-49]. Alternatively, VEGF can increase HIF-1oo mRNA trans-
lation into protein via phosphoinositide 3-kinase (PI3K) /AKT signaling [48, 50].

Both skin mRNA and protein levels of VEGF have been shown to increase sig-
nificantly in a hamster animal model post-PDL exposure as compared to non-
irradiated control skin [44], indicating an active role of VEGF in the angiogenesis
process induced by laser irradiation. As the receptor of VEGF, which initiates the
angiogenesis pathway, the protein level of VEGFR-2 is upregulated in laser-treated
hamster skin as compared to non-irradiated control skin [51]. The 70 kDa ribosomal
S6 kinase (S6) and AKT, the two main downstream molecules of VEGF, demon-
strate an increase in their phosphorylation levels after PDL exposure [44], which
suggests that the PIK3/AKT/mTOR pathway is activated through VEGF/VEGFR-2
signaling.

A schematic of the angiogenesis pathways in skin post-PDL exposure is out-
lined in Fig. 8.3. Briefly, PDL-induced hypoxia stabilizes and translocates
HIF-1a into the nucleus as the initial step to trigger angiogenesis pathways.
HIF-1a can bind to the hypoxia response element on promoters of many angio-
genic genes, thus facilitating their transcription. These angiogenic growth
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factors, such as VEGEF, fibroblast growth factor 2 (FGF2) and platelet-derived
growth factor beta polypeptide (PDGFB), are regulated by HIF-1a at the tran-
scriptional level and mTOR/S6 kinase signaling at the translational level.
Ultimately, these factors are secreted into the extracelluar space between cells.
These secreted growth factors bind to and activate their receptors, such as
VEGFR2, FMS-like tyrosine kinase 1 (FLT1), fibroblast growth factor receptor 2
(FGFR2) and PDGF receptor, alpha polypeptide (PDGFRA), on adjacent cells.
Activation of these receptors leads to the activation of multiple signaling path-
ways in adjacent cells, such as protein kinase C (PKC), endothelial nitric oxide
synthase 3 (NOS3), PI3K/AKT, protein tyrosine kinase 2 (PTK2), SHC trans-
forming protein 1 (SHC1)/mitogen-activated protein kinase (MAPK). These sig-
naling pathways play important roles in cell proliferation, survival, migration,
cytoskeletal rearrangement and blood vessel stabilization, which ultimately con-
tribute to angiogenesis (Fig. 8.3).

In addition to angiogenesis, vasculogenesis may also be involved in regrowth
and reperfusion of photocoagulated blood vessels. Recent evidence has shown that
endothelial stem cells have been recruited into skin sites where blood vessel were
photocoagulated [52], suggesting the possible role of vasculogenesis in the regrowth
and reperfusion of blood vessels. Circulating endothelial stem cells are character-
ized by the expression of the cluster of differentiation 133 (CD133) [53] while mes-
enchymal stem cells are characterized by the expression of the cluster of
differentiation 166 (CD166) [54]. After human skin is exposed to PDL, the stem cell
marker nestin is strongly expressed in the proliferating endothelial cells but not
CD133 or CD166 [52]. Nestin-expressing stem cells are primarily located in the
hair follicular bulge region and contribute to the growth of new vessels in injured
skin [55]. These results together suggest dermal follicular-derived, rather than bone
marrow-derived, endothelial stem cells are locally recruited for the regrowth and
reperfusion of PDL-injured blood vessels. However, the stem cell marker nestin is
also upregulated in proliferating endothelial cells in human tumors [56, 57] and in
activated endothelial cells in inflammation [58]; thus, additional work is needed to
investigate the possible role of vasculogenesis during regrowth and reperfusion of
PDL-injured skin blood vessels.

Anti-angiogenic Therapy for PWS Treatment

Presently, PDL treatment for PWS is inadequate to achieve complete lesion blanch-
ing due to regrowth and reperfusion of photocoagulated PWS blood vessels. In the
pathophysiological process of PWS blood vessels regrowth and reperfusion, activa-
tion of angiogenesis pathways plays a major role. Thus, anti-angiogenic therapeutic
strategies combined with PDL may potentially enhance PWS therapeutic outcome.
Many anti-angiogenic drugs have been developed to target different signaling path-
ways in angiogenesis and have been approved by the US Food and Drug
Administration for treating certain cancers [59]. However, only angiogenesis inhibi-
tors without serious side effects should be used to treat PWS patients. One such
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compound is rapamycin (RPM) which has a long history of human use as an immu-
nosuppressant with a relatively low side effect profile [60].

RPM can inhibit mTOR activity by forming a complex with FK-binding protein
12 and then binding to mTOR directly [61-63]. RPM has been used: (1) for immu-
nosuppression in renal transplantation subjects [64]; (2) as anti-cancer therapy due
to inhibition of tumor cell survival and angiogenesis [61, 65, 66]; and (3) for the
treatment of hypervascular anomalies including angiomyolipomas [67-70] and
many skin diseases, including Kaposi’s sarcoma [42, 71, 72], psoriasis [73] and
angiofibromas [74].

A preclinical animal study has been conducted to show the feasibility of anti-
angiogenic therapy for PWS treatment. The animal model used in this study is the
dorsal window chamber installed on Golden Syrian hamsters. The model consists of
a lengthwise fold of dorsal skin held with two titanium frames. One layer of skin
within the frame’s observation window was cut to expose the subdermal blood ves-
sels in the underlying intact skin. This model permits in vivo visualization and irra-
diation of the subdermal blood vessels.

Laser irradiation was performed on the subdermal side of the skin through the
window glass. Blood vessels were irradiated with a frequency-doubled Nd:YAG
laser (532 nm wavelength). The pulse duration was 1 ms and the radiant exposure
varied from 3 to 5 J/cm?. The laser spot size was 2 mm (circles in Fig. 8.4). The
number of pulses varied from 1 to 5 and the pulse repetition rate was 20 Hz.

Topical RPM was applied onto the epidermal side of the skin in the window
chamber immediately after laser irradiation and daily thereafter for 14 days. The
RPM formula contained 1% RPM powder dissolved in 5% benzyl alcohol and thor-
oughly mixed with a skin penetration enhancer and an ointment base (Conrex
Pharmaceuticals, Newtown Square, PA).

To document the structural and functional changes of blood vessels induced by
laser irradiation or drug intervention, digital color photos and laser speckle images
(LSI) of the windows were acquired prior to, shortly after laser irradiation, and daily
thereafter for 2 weeks. LSI was used to determine blood flow dynamics in the win-
dow [75].

When animal skin was exposed to laser, acute vessel injury with a reduction or
stoppage in blood flow was observed immediately after exposure. However,
regrowth and reperfusion of the blood vessels were completed by day 14 when laser
was used alone, a process that is normally observed within 10 days post-laser irra-
diation (Fig. 8.4 — Laser Alone). In contrast, there were little regrowth and reperfu-
sion of blood vessels after light-induced blood vessel coagulation in conjunction
with daily topical application of RPM (Fig. 8.4 — Laser+RPM). Even after RPM was
discontinued for 21 days, only 20% regrowth and reperfusion was observed in the
skin microvasculature during this period [31, 32].

Our recent study showed that the VEGF/AKT/mTOR pathway activated by PDL.
irradiation can be suppressed by RPM [76]. In an animal model, topical application
of RPM suppressed the PDL-induced increase in mRNA and protein levels of VEGF
on day 3 post-PDL exposure. The upregulation of phosphorylation levels of S6
(Ser411) and AKT (Ser473) induced by PDL exposure was also suppressed with
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Laser Alone

Photograph

LSI flow map

Before

Fig.8.4 (a), (Laser alone) Photos of the subdermal side of the window chamber before and after
Laser alone treatment and 14 days later. At Day 14, blood vessel regrowth was observed. (b),
(Laser+RPM) Laser plus 1% topical RPM treatment show little blood vessel regrowth and reperfu-
sion 14 days after laser irradiation (Reprinted with permission from [31, 32])

RPM, which is consistent with studies with other animal and disease models [77,
78]. One possible mechanism to inhibit VEGF by topical RPM is that the suppres-
sion of mTOR with RPM downregulates HIF-1a levels and thus decreases its tran-
scriptional activity to the VEGF promoter [61, 79-82].

Similar to VEGF, the PDL-induced increase in mRNA and protein levels of
HIF-1a can also be suppressed by topical application of RPM [76]. RPM has been
demonstrated to downregulate hypoxia-induced HIF-1a protein and mRNA levels
in many other tissues and models [43, 79-81, 83]. The proposed mechanism is that
RPM can directly suppress the translation process of HIF-1a through inhibition of
mTOR signaling and modulate HIF-1a activity via a Von Hippel-Lindau-independent
mechanism, but RPM does not affect the stability of HIF-1a protein [43].
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A pilot clinical study has been conducted to determine the safety and efficacy of
combined oral RPM and PDL therapy on PWS test sites in comparison to standard
PDL therapy [84]. The hypothesis is that PDL can cause PWS blood vessel injury
and RPM can prevent blood vessels regrowth and reperfusion after laser therapy
which will improve PWS lesion blanching response.

An adult male PWS patient with a lesion involving his left chest was recruited.
Three test sites with a diameter of 2.5 cm were selected (Fig. 8.5a) and treated by
PDL alone as controls. One month after PDL alone exposure, the subject was given
2 mg RPM per day orally. On the seventh day after daily RPM intake, three addi-
tional test sites were then treated by PDL using the same parameters as the PDL
alone test sites. The subject continued taking oral RPM for 4 weeks after the second
laser exposure.

Photographs of the test sites at baseline, 6 weeks, 8 and 13 months are shown
in Fig. 8.5a, b, ¢, d. On the PDL alone test site, some blanching was observed at
6 weeks after treatment (Fig. 8.5b). However, the test sites progressively dark-
ened to almost unidentifiable at 8 and 13 months (Fig. 8.5¢, d). In contrast, the
test sites treated with the combined oral RPM and PDL therapy had better blanch-
ing responses as compared to PDL alone at 6 weeks after treatment (Fig. 8.5b).
Even more impressively, the blanching of the test sites treated with the combined
therapy has been maintained long-term for more than 13 months after treatment
(Fig. 8.5c¢, d).

No abnormal wound healing, skin texture change and dyspigmentation was
observed on any test site. Blood and urine test results at 2 and 4 weeks after the
second laser treatment were within normal limits (trace protein noted on
urinalysis.)

In summary, PWS is a congenital vascular malformation of skin with develop-
ment of progressive blood vessel dilation within the lesion. A defect in nervous
innervation to PWS blood vessels has been proposed to contribute to the pathogen-
esis of PWS. PDL treatment of PWS is inadequate to achieve complete lesion
blanching due to regrowth and reperfusion of PWS blood vessels after PDL treat-
ment. Angiogenesis pathways play critical roles in the pathophysiological process

; Before Treatment 6 Weeks after Tx 8 Months after Tx 13 Months after Tx

Fig. 8.5 PDL alone vs. oral RPM + PDL. Blanching responses by test sites and treatment: (a)
before treatment; (b) 6 weeks after treatment; (¢) 8 months after treatment; and (d) 13 months after
treatment (Reprinted with permission from [84])
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of regrowth and reperfusion of PWS blood vessels after PDL exposure. Multiple
signaling pathways, including VEGF, FGF2 and PDGFB, are activated in response
to PDL exposure. Thus, anti-angiogenic therapy combined with PDL should be con-
sidered as the future focus on new therapeutic strategies for PWS. One anti-
angiogenic drug, RPM, can efficiently suppress the VEGF/PI3K/AKT/mTOR
pathway and inhibit reperfusion of blood vessels post-PDL exposure in an animal
model and PWS patients.

Infantile Hemangioma (IH)

Infantile hemangiomas (IH) are the most common tumors of infancy and occur in
4-5% of infants by 1 year of age. The majority of lesions are noted within the first
few weeks of life [85]. For most children, the lesions are small and take on an
uncomplicated course, but some hemangiomas grow dramatically so as to destroy
tissue, impair function, or threaten life. A unique and defining feature of infantile
hemangiomas is their remarkably predictable biologic behavior: a rapid proliferat-
ing phase followed by a slow spontaneous involution characterized by apoptosis and
disappearance of capillaries with replacement by loose fibrofatty tissue. In the past
decade, there have been immense advances in the pathogenesis of hemangiomas,
providing us with insight on treatment and stimulating vascular regression.

Historical Perspective of Hemangiomas

The first theory on vascular tumors was developed in the 1950s, when light micros-
copy of IH revealed abnormal endothelia with cells forming poorly organized buds
and irregular vascular spaces. It was postulated that IH developed from islands of
angioblastic mesenchyma that were isolated from systemic vasculature during fetal
development [86]. In the past few decades, new histopathologic techniques at the
molecular and cellular level have significantly improved our understanding of these
tumors.

The following review will discuss these findings and theories on the pathogene-
sis of IH. Several hypotheses have been proposed to explain their pathogenesis, but
no single theory accounts for all of their features. Our current understanding of IH
suggests that the pathogenesis is multifactorial, and that multiple genes, in addition
to local effects, play a role in the development, growth and involution of IH.

Pathophysiology and Life Cycle of Infantile Hemangiomas
Infantile hemangiomas represent localized or regional areas of abnormal vascular

development and proliferation. Histopathologic evaluation of tissue reveals charac-
teristic findings in each phase of the life cycle.



8 Angiogenesis and Pathogenesis of Port Wine Stain and Infantile Hemangiomas 157

The proliferating phase is characterized by the rapid proliferation of primitive
cells and occurs during the first few weeks after birth to the end of infancy.
Microscopically, IH demonstrate increased endothelial cellularity, formation of
syncytial masses without a defined vascular architecture, proliferating endothelial
cells and pericytes that focally form lumina containing red cells (Fig. 8.6) [87]. The
endothelial and interstitial cells strongly express a marker of proliferation, MIB1.
The number of cells in mitosis greatly exceeds the apoptotic cells and mitotic activ-
ity is easily observed in the proliferative phase with apoptosis less frequently
detected. CD31+ endothelial cells are clonal and express a particular phenotype
[88]: indoleamine 2,3 dioxygenase (IDO), LY VE-1, merosin, CCR6, glucose trans-
porter (GLUT-1), antigen Lewis Y (Ley), and antigen FcRII (CD32). It has also
been observed that hematopoietic cells of the myeloid lineage constitute a signifi-
cant portion of the cells found in hemangiomas, particularly in the proliferative
phase. Myeloid cells appear in large numbers during the proliferative phase and
participate in angiogenesis through secretion of pro-angiogenic factors [89].

Spontaneous involution typically commences around 1 year of age and into
early childhood. During the involution phase, the endothelial cells express cas-
pases, which are known markers of apoptosis [90]. Light microscopy shows apop-
totic bodies and increased number of mast cells are present and the endothelium
begins to flatten, accompanied by enlargement of the lumen. Mitotic activity ceases

Fig.8.6 Note the prominent spindle-shaped pericytes in aggregates. The endothelial spaces are
scattered amidst these aggregates, and exhibit plump luminal cells. Note the numerous mitoses
represented by dark oval, round, and rectangular-shaped structures. There are scattered mast cells
and lymphocytes throughout the cellular population
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Fig.8.7 As involution proceeds, the areas of endothelial cell proliferation are replaced by islands
of stroma and adipocytes. The latest stages of involution exhibit fibro-adipose zones with only a
few large vessels as any evidence of a prior vascular lesion at the site

and apoptotic cells are easily observed. In addition, a diffuse lymphocytic infiltrate
with CD8+ T cytotoxic activity markers is also noted with positive granzyme B
expression. This stage corresponds to an increase in the expression of markers of
maturation and activation of endothelial cells such as HLA-DR and ICAM-1
(CD54) [91]. As involution proceeds, fibroadipose tissue increases and fills the
vessels both within and between lobules (Fig. 8.7) [87, 91]. The origin of the adi-
pocytes has been suggested to be derived from differentiated descendants of the
primitive cells present in the proliferating phase and it has been shown that heman-
gioma stem cells are capable of differentiation into not only endothelial cells, but
also adipocytes [92].

Angiogenesis and Vasculogenesis

Infantile hemangiomas are the result of the rapid development of blood vessels. The
growth and involution of IH are unique in their lifecycle of proliferation and involu-
tion, and differ from other vascular anomalies, which do not regress over time.
Blood vessels develop in vivo from two distinct processes: angiogenesis and vascu-
logenesis. Postnatal vasculogenesis is relatively uncommon and only occurs in spe-
cific circumstances, such as wound healing, placental formation, tumor growth and
diseases of the eye [93]. Studies have shown that both angiogenesis and
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vasculogenesis participate in the formation of blood vessels, however more recent
studies suggest that vasculogenesis may have a more important role in the develop-
ment of TH.

Supporting the theory of angiogenesis is the detection of angiogenic factors such
as bFGF and VEGF within the tumor, and up-regulation of angiogenesis-related
integrin receptors in proliferating but not involuting IH [89, 94]. VEGF has been
implicated in angiogenesis because it specifically induces proliferation of endothe-
lial cells and results in increased vascular permeability. It has been observed that the
expression of VEGFRI in hemangioma endothelial cells and protein levels are
abnormally low compared with different control endothelial cells. These low levels
of VEGFRI1 expression are associated with VEGF-induced activation of VEGFR2
and activation of downstream signaling pathways, which lead to stimulation of
angiogenesis. Nuclear factor activated T-cells (NFAT) targets the VEGFRI gene,
resulting in its transcription in endothelial cells; suppression of NFAT increasing
VEGEF levels [95].

Notch family members have also recently been found to play a role in vascular
development during tumor angiogenesis. The pattern of Notch gene expression has
been shown to parallel the progression from immature cells to endothelial-lined
vascular channels that characterizes the growth and involution of IH [96]. Notch3
was found to be expressed in hemangioma-derived stem cells but not in hemangioma-
derived endothelial cells. This finding indicates that Notch3 was associated with
proliferation, while increased expression of endothelial-associated Notch proteins
Notchl, Notch4 and Jagged-1 was associated with maturation and involution.

More recently, studies have demonstrated that IH may arise from the process of
vasculogenesis [97]. This theory suggests that IH may be derived from undifferenti-
ated stem cells or progenitor cells from the placenta or bone marrow [95].
Hemangioma-derived endothelial cells (HemECs) were found to express many of
the features of human endothelial cells and common endothelial markers. These
cells exhibit clonality and increased rates of proliferation, adhesion and migration
in response to endostatin, which normally inhibits migration and growth of mature
endothelial cells [98]. These findings suggest that hemangiomas may result from a
defect in endothelial differentiation or maturation. Hemangioma-derived endothe-
lial progenitor cells (HemEPCs), a precursor of HemECs, have also been isolated
from hemangiomas in the proliferating phase and found to co-express the human
stem cell marker CD133 and endothelial cell markers and enhanced migration in
response to endostatin. Endothelial progenitor cells (EPC) express HIFla which in
turn promotes local production of VEGF [99]. However, when implanted into
immunodeficient mice, EPC was found to be incapable of new blood vessel forma-
tion [100]. This led to a search and identification of hemangioma-derived stem cell
(HemSC), a multipotent progenitor-like cell that expresses CD90, a mesenchymal
cell marker. These cells exhibit clonality and increased rates of proliferation and
when implanted into immunodeficient mice, are capable of forming GLUT-1 posi-
tive hemangioma-like blood vessels, that subsequently decline and are replaced by
adipocytes [92].
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Theories of Hemangioma-Genesis and Involution

Placenta Theory

In recent years, there has been increasing evidence suggesting that the placenta is
closely related to IH. It has been observed that the natural progression of IH paral-
lels that of the placenta with proliferation in early gestation and stabilization there-
after. GLUT-1 was the first placental marker identified in IH and has become a
hallmark histological tool in distinguishing these tumors from other vascular anom-
alies, in that it is a specific feature of IH during all phases of progression, and was
not found in other vascular malformations [101]. In addition to GLUT-1, there is a
distinct constellation of tissue-specific markers uniquely co-expressed by IH and
placental microvessels, namely FcyRIIL, LeY and merosin. Other markers including
insulin growth factor 2 (IGF2), type II 17-hydroxysteroid dehydrogenase
(17HSDb2), tissue factor pathway inhibitor 2 (TFPI-2), type III iodothyronine deio-
dinase [102] and IDO have been discovered in recent years implying a unique rela-
tionship between the placenta and IH [103].

Further support of the placental origin is provided by results of a study using
large-scale genomic analysis [104]. Cluster analysis showed that placenta and IH
are as similar as normal lung and lung tumors, raising the interesting possibility of
viewing the placenta as “tumor” and the hemangioma as “metastasis” [105]. When
comparisons were restricted to genes with known expression in endothelial cells,
the similarities were even greater; [H was more similar to placental samples than
placental samples were to each other. A study by Barnes showed that gene expres-
sion of 21 endothelial-associated genes found high correlation coefficient for all
IH-placental pairs [104].

Epidemiologic studies also support the placental IH relationship. It has been
observed that IH are more prevalent in infants whose mothers underwent chorionic
villus sampling. Placental complications such as placenta previa and preeclampsia,
infants with premature birth, and lower birth weight are all associated with a higher
incidence of the tumor [106, 107]. Trauma from placental complications and chori-
onic villus sampling may increase the number of placental cells released into the
circulation and increase the likelihood of embolization of trophoblasts to fetal vas-
cular sites. One study showed that infants of mothers who underwent chorionic
villus sampling had a 10-fold greater incidence of hemangiomas compared with
those who did not undergo this procedure [108, 109]. A more recent study, however,
did not corroborate this association [107], with another study showing that all hem-
angioma endothelial cells matched the genotype of the child and not the maternal
genotype [110].

Hypoxia Theory

Infantile hemangiomas often exhibit an initial blanched appearance, thought of as a
“precursor” area of pallor that precedes the proliferative lesion [111]. The tissue
associated with the pallor undergoes a hypoxic insult sensed by cells, which respond
by modifying gene expression [112]. These modifications can enhance the ability of
the cell to survive low oxygen conditions as well as induce expression of factors that
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promote the growth of new blood vessels. These transcriptional effects are mediated
by HIF1-a, which are stabilized by hypoxia and increased estrogen levels, and
upregulated in both the placenta and IH tissue [113, 114]. Of significance, GLUT-1
and insulin-like growth factor 2 (IGF-2) are present in IH at high levels, and are both
under the control of HIF-1a and induced by hypoxia [115, 116]. A recent study
observed increased GLUT-1 transcription, protein and activity levels in IH endothe-
lial cells that were subjected to hypoxia [117]. As IGF-2 expression is induced
under low oxygen conditions, this may explain the high levels of this factor observed
during the phase of rapid IH proliferation [118].

Clonality of Infantile Hemangioma and the Progenitor Theory
Another hypothesis in the etiology of IH suggests that the basic defect is a genetic
mutation of the endothelial cell, or its progenitor. Hemangioma-derived multipoten-
tial stem cells have been found to display a mesenchymal morphology, robust pro-
liferation, and multilineage differentiation in vitro and form blood vessels with
features of IH when injected into mice. This finding is unique to hemangioma-
derived stem cells but not other cell lines in the tumor suggesting that hemangioma-
derived stem cells are the cellular origin of IH [92]. The somatic mutation is thought
to occur in a single endothelial progenitor, which then leads to dysregulation of the
genes that control endothelial growth and subsequently alters patterns of gene
expression in nearby cells to influence hemangiogenesis [119]. Chromosomal anal-
ysis has also demonstrated hemangioma endothelial cell clonality based on X chro-
mosome inactivation patterns, which was not present in non-endothelial cells [98].
Further evidence is shown by X-linked human androgen receptor gene analysis
(HUMARA) [120] which exploits the fact that in females, cells generally inactivate
one copy of their X chromosome in a random fashion. When a tissue or sample of
isolated cells shows a bias towards inactivation of one allele, it may indicate that
these cells may have been derived from a single parent cell, which was shown in
several studies of hemangioma endothelial cells and IH tissue [105, 119]. This is
consistent with the possibility that these tumors are caused by somatic mutations in
one or more genes regulating endothelial cell proliferation [98, 121]. Supporting
this theory are cases of familial IH showing an autosomal dominant inheritance in
the chromosomal region 5q31-33. Linkage analysis shows that this region contains
three candidate genes involved in blood vessel growth: fibroblast growth factor
receptor 4 (FGFR4), PDGF receptor (PDGFR)-beta, and VEGFR-3 (Flt-4) [121].
Further evidence is provided by studying lymphatic endothelial hyaluronan
receptor-1 (LYVE-1), a specific marker for normal and tumor-associated lymphatic
vessels that is expressed in IH during the proliferation and down-regulated during
involution [122]. LYVE-1 has been shown to be a specific marker for the proliferat-
ing stage of IH since GLUT-1 is expressed in both phases. The demonstrated co-
expression LY VE-1 and CD34 on hemangioma endothelial cells suggests that these
cells have an immunophenotype similar to the cardinal vein during normal vascular
development and supports the idea that hemangiomas arise from somatic mutation
and clonal expansion of progenitor cells and that IH are arrested in the early devel-
opmental stage of vascular differentiation.
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Passive and Active Involution Theory

One of the distinguishing features of IH compared with other vascular anomalies is
the limited growth before self-involution. There have been two proposed theories to
hemangioma involution. Apoptosis appears to be a major mechanism of cell death
in the regressing tumor, but the events that trigger the apoptotic program have yet to
be fully elucidated.

The first proposed mechanism is passive involution, where inherent properties of
IH endothelial cells place limits on their proliferative lifespan. Similar to the clearly
defined life cycle of placental tissue, it has been suggested that hemangioma cells
also share this programmed lifespan subsequent to which programmed apoptosis
will occur [123].

A second pathway involves active involution. It has been suggested IH cells car-
rying abnormal surface marker expression could be targeted by the immune system.
One study showed a role for indoleamine 2,3-dioxygenase (IDO), an enzyme
expressed in the proliferating IH in high levels but not in the involuting lesion. IDO
acts as a T-cell toxin and prevents antigen presentation. IDO is highly expressed in
the placenta and is thought to prevent rejection of the allogeneic fetus by cataboliz-
ing tryptophan, an amino acid crucial for the activation of T cells [124]. It has been
postulated that the immune suppressive action of IDO might protect hemangioma
cells from immune attack in the proliferating phase. In involution, antigen presenta-
tion is theoretically possible, leading to increased expression by CD8+ infiltrating
cells that result in cell death.

Therapy Related to the Pathophysiology of Infantile Hemangioma

The current therapeutic modalities for the treatment of IH have shown varied
response, and adverse effects of some therapeutic approaches limit their use (Table
8.1). Better understanding of the pathogenesis of IH may help to enable the develop-
ment of more targeted therapeutic strategies. Several of the existing ones work by
targeting different pathways of the IH.

Propranolol

Propranolol has become a widely accepted new therapy for complicated IH due
to its relatively low side effect profile, rapid onset of action and favorable
results. Propranolol was serendipitously discovered to be effective in the treat-
ment of IH in 2008 and subsequently, numerous studies have reported success
in clinically compromising cutaneous, orbital, visceral and airway IH as first-
line therapy or in conjunction with systemic corticosteroids [130, 131].
Propranolol is thought to work by several mechanisms, including vasoconstric-
tion, inhibition of angiogenesis and induction of apoptosis [132]. The early
effects, which clinically reflect brightening and softening of the hemangioma
within 1-3 days, are attributable to vasoconstriction of blood vessels due to
decreased release of nitric oxide. Intermediate effects are due to inhibition of
proangiogenic signals including VEGF, basic fibroblast growth factor and
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Table 8.1 Therapies used in treatment of IH [125, 126]

Drug

Mechanism of action

Side effects

Triamcinolone
Prednisonlone

Inhibit VEGF-induced angiogenesis
Induction of endothelial cell apoptosis

(Systemic)

Cushingoid appearance
Adrenal suppression
Hypertension
Decreased growth
Weight gain

Interferon alpha

Downregulation of VEGF expression leading
to inhibition of angiogenesis [127]

Spastic diplegia [128]
Leukopenia, neutropenia

Propranolol Vasoconstriction Hypotension
Inhibition of angiogenesis Induction of Hypoglycemia
apoptosis Bradycardia
Reduction of renin activity Bronchospasm

Pulse dye laser Selective absorption hemoglobin in vessels Ulceration

Damage to vessel wall, clot formation, vessel
removal [19]

Dyspigmentation

Bleomycin

Acts on S stage of DNA cell cycle to disrupt
mitosis during cell proliferation
Inhibition of neovascularization

Edema
Ulceration
Dyspigmentation

Inhibition of growth factor induced
endothelial cell invasion, growth and
migration

Induction of endothelial cell apoptosis [129]

HIF-1a, which arrest the growth of the tumor. Long-term effects of propranolol
are characterized by induction of apoptosis in proliferating endothelial cells,
resulting in tumor regression. It has also been proposed that angiotensin-
converting enzyme and angiotensin receptor 2 play a role in IH. Angiotensin II
has been found to cause secretion of VEGF from mesenchymal stem cells, pro-
liferation of CD34+ cells and inhibition of mesenchymal stem cell differentia-
tion into adipocytes [100]. These elevated levels of angiotensin II drive
proliferation of vascular progenitor cell expression CD 34 within the hemangi-
oma and prevent terminal differentiation of these cells into adipocytes. Beta-
blockers may accelerate involution of IH by reducing renin activity, thereby
lowering angiotensin I and angiotensin II levels.

Corticosteroids

Oral corticosteroid has been the mainstay therapy for complicated IH for many
decades. The mechanism of action of corticosteroids was shown in a recent study
that demonstrated that dexamethasone inhibited the vasculogenic potential of
HemSC. Dexamethasone was found to specifically target the multipotential heman-
gioma stem cells by suppressing VEGF, leading to inhibition of vasculogenesis
[133]. Corticosteroids have been shown to be more effective in the early proliferat-
ing phase of the IH than in the later proliferating phase [134], and may suggest that
the response to treatment is determined by the ratio of immature stem cells to mature
endothelial cells in the tumor [133].
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Pulse Dye Laser

Pulse dye laser (PDL) has been shown to be an effective treatment for superficial
hemangiomas and in patients with contraindications for systemic therapies or local-
ized lesions, with one study showing that superficial IH treated with PDL showed
reduction in redness and greater rate of clearance at 1 year [135]. PDL allows for tar-
geted results, especially in anatomically or cosmetically sensitive areas and has been
shown to decrease the proliferative phase and increase the rate of involution with the
benefit of no systemic side effects [136]. When treatment was administered every
2-3 weeks and initiated early, it reduced the development of atrophy and telangiecta-
sias by stunting the proliferative growth and expediting its resolution. In addition,
PDL has been shown to increase production of dermal collagen and elastic fibers.

Conclusion

In the last 40 years, several important milestones have been reached in the study
of vascular malformations. These include the seminal classification of Mulliken
and Glowacki, the discovery of GLUT-1 and the resultant further understanding
of molecular pathology of the lesions, the development and refinement of the
lasers in the treatment of the lesions, and the various pharmacologic agents that
have been introduced. In this chapter, we have discussed only two of the numer-
ous vascular anomalies, namely the port wine stains and infantile hemangiomas.
Our emphasis has been on a clear approach to clinical and pathological correla-
tion, understanding pathogenesis, and an updated discussion of therapy in these
lesions. While great strides have been made, in the last 15 years especially, they
have only begun to open the door to a profound understanding of not only vascu-
lar anomalies, but also to the formation of blood vessels and their relationship to
the nervous system in development.
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