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Preface

We dedicate this volume to the memory of Judah Folkman, an inspirational leader and a mentor
to many, whose pioneering research in angiogenesis has led to a dramatic change in the way
cancer is treated and to extraordinary improvements in the treatment of many eye diseases.

lood vessels are formed by two primary mechanisms: angiogenesis, which is defined as the
Bsprouting of new capillaries from preexisting vessels (usually venules), and vasculogenesis, in
which blood vessels are formed de novo by the assembly of endothelial cell precursors called angio-
blasts. A landmark paper by Clark and Clark in 1932" included camera lucida drawings of blood
vessels growing in response to a wound. Interest in the process of angiogenesis began in the 1930s
and early 1940s. The first demonstration of blood vessel growth in response to a tumor was by Ide
and coworkers,” using an ear chamber model. This was followed by a series of papers from Algire
and colleagues,” who in the 1940s studied tumor-induced vessel growth in wound chambers.
However, the lack of tools for studying angiogenesis limited further progress.

This changed in the 1970s with the introduction of a number of important reagents and assays,
including the culture of capillary endothelial cells and the development of the chick chorioallantoic
membrane and corneal pocket assays by Judah Folkman and his coworkers at Children’s Hospital
Boston and Harvard Medical School. Initially, it was anticipated that tumors might produce a
“tumor angiogenesis factor” that would be unique to tumors and that could be purified due to
the availability of new bioassays. The first efforts led to the purification of acidic and basic fibroblast
growth factors (FGFs). These were potent endothelial cell mitogens and angiogenic factors and were
shown to be produced by a wide range of normal and tumor tissues, challenging the concept that
these angiogenic factors would be unique to tumors. Simultaneously, many groups were searching
for inhibitors of angiogenesis. A surprising finding was the observation of endogenous inhibitors
of angiogenesis in the form of fragments of highly expressed matrix and serum proteins, such as plas-
minogen activator (angiostatin) and collagen XVIII (endostatin).

A major breakthrough in the field came with the identification of vascular endothelial growth
factor (VEGF), which was isolated from both normal and tumor cells. Interest in VEGF was height-
ened by the finding that its expression was regulated by hypoxia, which was long thought to be a
driving force for angiogenesis in both normal and pathologic tissues, particularly tumors and the
retina. Early work analyzing glioblastoma in mice demonstrated that VEGF was produced by
tumors that were adjacent to the necrotic/hypoxic tumor center and that blocking VEGF signaling
could suppress tumor growth. The central role of VEGF in developmental vasculogenesis and an-
giogenesis came with the use of molecular genetic methods that allowed targeted gene deletions;
mice null for VEGF failed to develop a vascular system. With this demonstration, it was clear that
VEGEF regulated vasculogenesis, developmental angiogenesis, wound healing, and a wide range of

'Clark ER, Clark EL. 1932. Observations on living preformed blood vessels as seen in a transparent chamber inserted into the
rabbit’s ear. Am J Anat 49: 441—-477.

’Ide AG, Baker NH, Warren SL. 1939. Vascularization of the brown Pearce rabbit epithelioma transplant as seen in the trans-
parent ear chamber. Am ] Roentgenol 42: 891-899.

*Algire GH, Chalkley HW, Legallais FY, Park HD. 1945. Vascular reactions of normal and malignant tumors in vivo. L. Vascular
reactions of mice to wounds and to normal and neoplastic transplants. ] Natl Cancer Inst 6: 73—85.
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pathologic angiogenesis (tumors and retinopathies, to name two). At about the same time, the VEGF
receptor family of tyrosine kinases, including VEGFR-1, VEGFR-2, and VEGFR-3, was identified,
along with naturally occurring soluble forms of the receptors (sFlt and sFlk). Neuropilins (NRPs)
were identified as non—tyrosine kinase VEGF coreceptors. To complicate the story, the kinase activity
of VEGFR-1 was shown not to be required, leading to the concept of VEGFR-1 as a decoy receptor.
Moreover, the identification of a variety of markers for lymphatic endothelial cells facilitated dra-
matic progress in the characterization of lymphatic development and pathology, a process also regu-
lated by members of the VEGF family: VEGFC and its receptor VEGFR-3. The use of transgenic mice
has led to the identification of novel regulators of angiogenesis, such as the tie-2 receptor and its
angiopoietin ligands, and the demonstration that known factors, such as PDGF B, had a role in
the remodeling process. More recently, conditional and inducible systems of gene expression in
mice have permitted more precise understanding of the role of these various factors in specific
tissues and at particular time points.

More than 40 years ago, Judah Folkman* predicted the existence of angiogenesis factors that were
active in promoting tumor growth, and he postulated the corollary that inhibitors of angiogenesis
factor would stop tumor growth. This concept—and all of the work that was conducted by Judah
Folkman, his coworkers, and the members of the field that he inspired—launched the development
by academia and by industry of a large number of antiangiogenesis agents for the treatment of
tumors and ocular pathology. Many of these drugs worked by blocking the activity of VEGE
either by neutralizing VEGF itself or by blocking its receptors. Recent observations have led to
some controversy regarding the modest effect of antiangiogenesis agents in tumor treatment and
the possibility that this is caused by a compensatory increase in expression of other angiogenic
factors. Although these questions are being resolved, the use of antiangiogenesis drugs has revolutio-
nized the treatment of wet macular degeneration—retaining and even restoring vision for a pathol-
ogy for which there was previously no effective treatment. Results of recent clinical trials indicate that
anti-VEGF will also have a major impact on the treatment of other ocular pathologies, including dia-
betic macular edema, proliferative diabetic retinopathy, branch vein occlusions, and the retinopathy
of prematurity.

This volume contains 30 chapters covering many different aspects of angiogenesis, both normal
and pathological. In light of the fact that a PubMed search of the term “angiogenesis” lists 53,323
citations, no such collection of chapters can be inclusive. Rather, we have attempted to highlight
the most important advances. Chapters on the biology of endothelial cells review the vast extent
of endothelial cell (EC) heterogeneity and function. Chapters on vessel formation and patterning
cover the role of tip and stalk cells in vessel sprouting and how these cell phenotypes are regulated,
as well as how lumens are formed. Developmental angiogenesis in zebrafish is described. Relatively
new and rapidly evolving areas of endothelial stem cells, microRNAs, and endothelial—neural inter-
actions are addressed, as are differences between tumor endothelial cells and normal cells. There is
also a comparison of the regulation of lymphatic and blood vessel development. A section on
molecular regulators of angiogenesis covers factors involved in the formation of blood vessels,
including VEGE VPE PIGE and the angiopoietins, along with a discussion of the angiogenesis
inhibitors thrombospondin and semaphorin. The contribution of the tumor microenvironment
to tumor angiogenesis is considered. In terms of treatment, the concept of blood vessel normaliza-
tion for facilitating drug delivery is described. Vascular pathologies are addressed through chapters
focusing on a number of examples and sources of vascular dysfunction including hemangiomas,
preeclampsia, and arteriovenous malformation, as well as the role of polymorphisms, integrins,
and disruption of EC-EC junctions. The book closes with a section critiquing anti-VEGF therapy,

*Folkman J. 1971. Tumor angiogenesis: Therapeutic implications. N Engl ] Med 285: 1182—1186.
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which deals with an important evaluation of anti-VEGF drugs in the clinic based on clinical trial
information. It is hoped that the vast amount of basic knowledge about angiogenesis that has
been acquired over the last four decades and reported in this volume will result in improved therapies
for angiogenesis-dependent disease.

We would like to thank the people at Cold Spring Harbor Laboratory Press, including Barbara
Acosta and Richard Sever, for their assistance and patience, and Melissa Anderson and Kristin
Johnson at Children’s Hospital Boston for their help with administrative issues and cover art,
respectively.

We thank Cold Spring Harbor Laboratory Press for the opportunity to work on this project
together. As mentees of Judah Folkman, this was a labor of love in his memory. As friends and col-
leagues for more than 30 years, it was a pleasure for the two of us to work together and to see the
remarkable strides that have been made in this field.

MicHAEL KLAGSBRUN
Parricia A. D’ AMORE

Xi
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tubulogenesis role, 79
vascular endothelial growth factor receptor
signaling, 181-182
Protein S, 3—4
Prox1, lymphangiogenesis role, 120—121
Psoriasis, vascular normalization studies, 346—347
PTEN, 89
PVC, see Perivascular cell
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Quantitative trait loci (QTL), angiogenesis response
in animals, 425—-427

R

Raf-1, 322
Rag, 99
Ranibizumab
age-related macular degeneration management,
361-362
diabetic macular edema management, 368—370
retinal vein occlusion management, 371
Rapla, 439
Raplb, 313
Rasal, 437, 439, 452
RCC, see Renal cell carcinoma
Renal cell carcinoma (RCC), antiangiogenesis therapy,
476, 480—-481
Resistance, antiangiogenic drugs
extrinsic resistance, 502—-503
intrinsic resistance, 503
Retina, see also Ocular neovascularization
vascular endothelial growth factor patterning,
36-37
zebrafish development, 149
Retinal vein occlusion, see Ocular neovascularization
Retinopathy, see Ocular neovascularization
Rheumatoid arthritis, placental growth factor blockade
therapy, 221
Rho-associated protein kinase (ROCK), 80
ROCK, see Rho-associated protein kinase
RU-486
Ruboxistaurin, diabetic macular edema
management, 370

S

SDEF-1, 166

Semaphorins
history of study, 263—-264
neurovascular patterning, 323
receptors, 265-266

Index

structure, 264—265
tumor angiogenesis
inhibition
Sema3A, 268
Sema3B, 268-269
Sema3E, 269-270
Sema3E 269
Sema4A, 270-271
Sema6A, 271
promotion
Sema4D, 267
SemabA, 268
Sema5B, 268
Sema6D, 267-268
tumor progression role, 266—267
types, 264—265
Sepsis, placental growth factor levels, 220
ShcA, 450
Shh, see Sonic hedgehog
Single nucleotide polymorphisms (SNPs), identification
in angiogenesis regulation, 415-416
SMADs, 455
SMC, see Smooth muscle cell
Smooth muscle cell (SMC), vascular properties,
277-278
SNPs, see Single nucleotide polymorphisms
Sonic hedgehog (Shh), artery—vein specification in
zebrafish, 142
Sorafenib, 469, 480
Sphingosine kinase (SPK), vascular endothelial growth
factor receptor signaling, 181
Sphingosine 1-phosphate, stromal angiogenesis
regulation in tumor microenvironment,
404
SPK, see Sphingosine kinase
Stalk cell
overview, 41—43
tip/stalk cell selection
dynamics, 54—55
model, 52-54, 62—63
Notch role, 47—-51, 62—63
prospects for study, 55
vascular endothelial growth factor role, 47-51
zebrafish, 143—145
STATs, 92, 441, 450
Stroma
formation and vascular permeability, 207-208
tumor microenvironment
fibroblast
carcinoma-associated fibroblast, 397—-400
functional overview, 396—397
overview, 395-396
prospects for study, 407-408
stromal angiogenesis regulation
estrogen, 403
fibroblast growth factor-2, 400—401

519


adrian
Text Box
Copyright 2012 Cold Spring Harbor Laboratory Press. Not for distribution.
Do not copy without written permission of Cold Spring Harbor Laboratory Press.


Copyright 2012 Cold Spring Harbor Laboratory Press. Not for distribution.
Do not copy without written permission of Cold Spring Harbor Laboratory Press.

Index
Stroma (Continued) Transforming growth factor-p (TGF-8)
macrophage, 405-406 integrin activation, 167
mast cell, 406 stromal angiogenesis regulation in tumor
matrix metalloproteinases, 404 microenvironment, 401—402
mesenchymal stem cell, 405 Triamcinolone, retinal vein occlusion management, 371
neutrophil, 406—407 TSAd, see T-cell-specific adapter molecule
peroxisome proliferator-activated TSC genes, 126
receptor, 403 TSP, see Thrombospondin
platelet-derived growth factor, 402—403 Tubulogenesis
sphingosine 1-phosphate, 404 cell hollowing model, 63-64
thrombospondin-1, 401 chloride channels, 65
transforming growth factor-3, 401402 cord hollowing model, 64
vascular endothelial growth factor, 400 endothelial cell
Sunitinib, 469, 480 cell—cell junctions, 78
polarity, 65-66, 78—79
extracellular matrix modulation, 66—67
T morphological changes
TAM, see Tumor-associated macrophage junctional remodeling, 80-81
T cell-specific adapter molecule (TSAd), vascular lumen expansion, 81
endothelial growth factor receptor selective sprouting model, 65
signaling, 180, 182 VEGEFR-2 signaling, 79—80
TEC, see Tumor endothelial cell vesicular trafficking, 64—65
TEK, 440—-441, 450 zebrafish, 145—147
TGE-B, see Transforming growth factor-f3 Tumor angiogenesis
Thrombospondin (TSP) angiopoietin-2 role, 242—244
angiogenesis modulation, 250 Notch signaling, 67—-69
CD36 receptor semaphorin modulation
apoptosis induction, 252—253 inhibition
interactions with VEGFR2, 251252 Sema3A, 268
endothelial cell migration and proliferation Sema3B, 268—269
inhibition, 253 Sema3E, 269-270
history of study, 249 Sema3E 269
nitric oxide signaling suppression, 253—255 Sema4A, 270-271
prospects for study, 257 Sema6A, 271
stromal angiogenesis regulation in tumor promotion
microenvironment by TSP-1, 401 Sema4D, 267
therapy with exogenous thrombospondins Semab5A, 268
delivery, 256—257 Sema5B, 268
efficacy enhancement strategies, 256 Sema6D, 267-268
overview, 255 vascular mimicry, 81
types, 255-256 Tumor-associated macrophage (TAM), 104, 405
vascular endothelial growth factor antagonism, 250— Tumor endothelial cell (TEC)
252 abnormalities of tumor vasculature
Tie, see Angiopoietin—Tie signaling abnormal sprouts, 280
Tight junction, 306—310 endothelial monolayer, 280
Tip cell intercellular openings, 280
overview, 41-43 morphology, 279
tip/stalk cell selection tumor progression role, 285-286
dynamics, 54-55 vascular endothelial growth factor levels,
model, 52—54, 62—63 280-281
Notch role, 47-51, 62—63 antiangiogenic versus antiendothelial therapy,
prospects for study, 55 287-289
vascular endothelial growth factor role, 47-51 culture
zebrafish, 143—145 human tumor cells, 283
TRAIL, see Tumor necrosis factor-related mouse tumor models, 283, 285
apoptosis-inducing ligand overview, 281
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endothelium
heterogeneity
mechanisms, 7—10
scope, 6—7
therapeutic targeting, 10—11
gene expression, 282
isolation, 281-283
microRNA, 282-283
origins of tumor epithelium, 286—287
prospects for study, 289
Tumor microenvironment, see Stroma
Tumor necrosis factor—related apoptosis-inducing
ligand (TRAIL), 252
Tumstatin, 324

\Y

Vandetamib, 470, 480
Vascular endothelial growth factor (VEGF)
cellular sources, 497
endothelial cell response in developing vessels,
30-33

inhibitor therapy, see also specific diseases and drugs

assessment, 502

biomarkers, 485—-487

clinical trial overview, 497501

drug types, 469—470

prospects for study, 487

resistance

extrinsic, 502—-503
intrinsic, 503

toxicity, 483—-485, 501-502
intersegmental vessel formation in zebrafish, 143
isoforms, 43, 177, 497
leukocyte-mediated remodeling and lymphatic

endothelium expansion, 101-104

nascent blood vessel patterning, 33—35
neurovascular interactions

guidance cue for growing axons, 168—169

neural plasticity control by VEGF-A, 169

neuronal progenitor signaling, 167—-168
polymorphisms, 417-421
splice variants, 496
tip/stalk cell selection, 47—51
tissue-level patterning, 36—37
VEGE-A

corticosteroid downregulation, 298

general effects on vessels, 30

inducers, 43

knockout mice, 44—45

propranolol downregulation, 300
VEGF-C targeting for lymphedema, 126

Vascular endothelial growth factor receptor (VEGFR),

see also VEGFR-1; VEGFR-2; VEGFR-3
integrin binding, 323
lymphangiogenesis role, 117—-118

Index

Notch signaling cross-talk, 51—52
ocular neovascularization role
age-related macular degeneration, 360
diabetic macular edema, 367
overview, 358359
proliferative diabetic retinopathy, 363
preeclampsia levels, 386—-387
signaling
endosome internalization and signaling, 187
heterodimers, 185
integrin modulation, 186—187
NRP complex, 185-186
overview, 43—45, 175-176
permeability, 183
prospects for study, 187—188
survival signaling, 182—183
VEGFR-1, 176-180
VEGEFR-2, 180-183
VEGEFR-3, 183-185
stromal angiogenesis regulation in tumor
microenvironment, 400
thrombospondin antagonism, 250—252
tumor levels, 280—281
VEGE-A receptors, 30, 43

Vascular normalization

age-related macular degeneration studies, 346
atherosclerosis studies, 347 —-348
benign tumor studies, 344—346
cancer treatment
clinical studies, 343—344
preclinical studies
actual and potential therapeutic benefits,
336-337
angiopoietin—Tie2 blockade, 340
indirect inhibitors of angiogenesis, 342—343
number of studies, 338
perivascular cell targets, 342
PHD?2, 231-342
placental growth factor, 341
vascular endothelial growth factor blockade,
338-340
hereditary hemorrhagic telangiectasia studies, 347
hypothesis, 335-336
lymphatic vasculature, 348
overview, 333—-334
prospects for study, 348—349
psoriasis studies, 346—347
tumor vascular abnormalities, 334—335

Vascular permeability

acute vascular permeability, 201-204
assays, 199

basal vascular permeability, 200—201
chronic vascular permeability, 204—206
definition, 197—-199

stroma formation, 207208

VEGFR-2 modulation, 184
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Vasculogenesis
features versus angiogenesis, 278
placenta, 378
VE-cadherin, 78-79, 99, 309-311, 313
VEGE see Vascular endothelial growth factor
VEGEFR, see Vascular endothelial growth factor
VEGEFR-1 (Flt-1), see also Vascular endothelial growth
factor receptor
knockout effects, 30
placental growth factor binding and signaling,
213-214
preeclampsia and soluble Flt-1 expression,
386—387
signaling, 43—44, 176—180
soluble form, 32—-33
splice variants, 32
VEGFR-2 (Flk-1/KDR), see also Vascular endothelial
growth factor receptor
CD36 interactions, 251 -252
endothelial progenitor cell marker, 20—22
integrin binding, 323
polymorphisms, 421
signaling, 180—-183
tubulogenesis signaling, 79-80
VEGEFR-3
lymphangiogenesis role, 117—-118
lymphedema mutations, 457
Venous malformation
cutaneomucosal venous malformation,
440-441
gene mutations, 450452
VE-PTP, 238, 309, 311-312
Vesiculo—vacuolar organelle (VVO),
201-204
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VMCM, see Cutaneomucosal venous malformation
VVO, see Vesiculo—vacuolar organelle

w

Whnt, central nervous system signaling, 163
Wound healing, placental growth factor expression,
219-220

Y

Yolk sac, vascular endothelial growth factor
patterning, 37

4

Zebrafish angiogenesis
advantages as model system, 137—138
axial vessels
angioblast midline migration, 140
artery—vein specification, 140—143
cranial vasculature
endothelial junctions in vascular permeability,
148-149
lateral dorsal aortae and cranial vasculature,
147-148
endothelial precursor cell origin and specification,
138-140
intersegmental vessel formation, 143
lymphangiogenesis
development, 150—152
lymphatic endothelial cell origins, 150
retinal vasculature, 149
tip/stalk cell specification, 143—145
tubulogenesis, 145-147
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