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Abstract

Many growth factors and their protein kinase receptors play a role in
regulating vascular development. In addition, cell adhesion mol-
ecules, such as integrins and their ligands in the extracellular matrix,
play important roles in the adhesion, migration, proliferation, survival
and differentiation of the cells that form the vasculature. Some integrins
are known to be regulated by angiogenic growth factors and studies
with inhibitors of integrin functions and using strains of mice lacking
specific integrins clearly implicate some of these molecules in vascu-
logenesis and angiogenesis. However, the data are incomplete and
sometimes discordant and it is unclear how angiogenic growth factors
and integrin-mediated adhesive events cooperate in the diverse cell
biological processes involved in forming the vasculature. Consider-
ation of the results suggests working hypotheses and raises questions
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for future research directions.

Introduction

The vascular system is one of the earliest
organs to form during development. In mam-
mals, both the extraembryonic vasculature
in the yolk sac and the embryonic vascula-
ture, comprising the major vessels and the
primitive heart, develop soon after implanta-
tion. The processes of vascular development
have commonly been divided into vasculo-
genesis, the generation of the vessels de
novo from mesodermally derived angioblasts,
and angiogenesis, the formation of vessels
as sprouts or offshoots of a preexisting vas-
cular tree (1-7). In truth the situation is much
more complex. The initial yolk sac vascula-
ture does indeed form from fusion of blood
islands in a process of de novo vasculogen-
esis and the major vessels, such as dorsal
aorta and heart, arise by aggregation of
angioblasts, to give vessels where none pre-
exist. However, the subsequent elaboration
of'these initial vasculatures involves produc-

tion of side vessels by at least two different
mechanisms; sprouting (5) and splitting (in-
tussusception; 8-10). The resulting vascular
plexuses are then remodeled to differentiate
large from small vessels and arterial from
venous vasculature and the endothelial tubes
become variously invested with accessory
cells (pericytes, smooth muscle cells, etc.).
The vasculature in different organs is clearly
different in many different ways. Examples
such as the high endothelial venules of lymph
nodes, the fenestrated endothelium of the
glomerulus and the extremely tight blood-
brain barrier are well known but there exist
many other variations in different organs (4).

The roles of growth factors and
their receptors

How do these diverse vessel types de-
velop? In recent years it has become clear
that the cells which comprise blood vessels
are regulated in their behavior by a large
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number of factors. Central among these are
various growth factors; vascular endothelial
growth factor (VEGF), basic fibroblast
growth factor (FGF-2), TGFB, angiopoietins,
neuregulin and platelet-derived growth fac-
tor (PDGF) and their corresponding recep-
tors (5,7,11-15). FGF-2, VEGF and angio-
poietins act on endothelial cells by binding
to tyrosine kinase receptors, whereas PDGF
and neuregulin are produced by endothelial
cells and act to recruit and organize acces-
sory cells, again by acting on tyrosine kinase
receptors on those cells. The list of growth
factors and receptors known to be involved
in control of blood vessel development is
growing fast. Potential involvement of Notch-
Jagged signalling in angiogenesis (16) and
the recent demonstration that ephrin-B2 and

Vasculogenesis
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its counter receptor, Eph-B4, are involved in
determining the distinction between venous
and arterial development (17,18) are two
cases in point and clearly there are others to
be discovered.

Various analyses, most notably those us-
ing gene ablation methods to generate mice
lacking specific factors or their receptors,
have provided initial insights into the roles
played by these different signalling systems
and a rough sequence of inductive interac-
tions can be formulated (Figure 1; 5,7,14).
Thus, VEGF, acting through two different
receptors, first controls the initial determina-
tion of angioblasts and subsequently their
ability to assemble into tubes. However, prior
action of FGF-2 appears necessary to induce
the expression of VEGF receptors in the
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Figure 1 - Regulation of vessel formation. Diagram depicts the various phases of vascular development, the multiple growth factors
impinging on endothelial cells (basic fibroblast growth factor (FGF-2), vascular endothelial growth factor (VEGF), angiopoietins) and their
receptors. Factors and ligands are arranged according to the processes they affect, based on inferences drawn from the phenotypes of
genetically modified mice. Thus, VEGF acting through VEGF-R2 (flk-1) affects the “birth” of endothelial cells, whereas VEGF acting
through VEGF-R1 (flt-1) instead affects tube formation and VEGF collaborating with angiopoietins affects recruitment of accessory cells
and angiogenesis. What is unclear, and is not shown here, is how these ligand-receptor combinations affect the morphogenetic events
involving cell-matrix and cell-cell adhesion. It is in this part of these processes that integrins and their ligands may play a role (see text).
Modified from an original diagram by Hanahan (14).
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endothelial precursors. Subsequently, angi-
opoietins acting on tie receptors affect fur-
ther development of the vasculature prob-
ably including interactions between endo-
thelial and accessory cells. PDGF, TGFf3 and
neuregulin signaling and ephrin/Eph inter-
actions contribute further to the differentia-
tion of different vessel types (12,17-19).

The roles of cell adhesion molecules

This rapidly developing understanding
of the hierarchy of controls affecting vascu-
lar development takes one only so far. We
still need to understand how the factors and
their receptor-mediated signals actually pro-
duce vessels, induce branching and endothe-
lial-accessory cell interactions and yield the
array of different vessel types found in a
mature animal. At the cell biological level,
these events clearly require control of cell
proliferation and survival, various cell mi-
grations and cell adhesive events, basement
membrane assembly and remodeling and
stable interactions between cells and with
the extracellular matrices around them. Cell-
cell adhesion molecules such as cadherins
are believed to play important roles and,
indeed, gene ablation studies clearly impli-
cate both N-cadherin (20) and VE-cadherin
(21) in early steps of vessel formation. How-
ever, we will focus here on a different family
of cell adhesion receptors, the integrins, and
their involvement in vascular development
and remodeling.

Integrins are a family of heterodimeric
cell surface receptors, which mediate adhe-
sion of cells to extracellular matrix proteins
and sometimes to other cells (22). In mam-
mals, around two dozen integrins are known
and endothelial cells can express at least five
or six different ones (23). Cell surface ex-
pression of integrins can be controlled by
various growth factors, including, notably,
VEGF (see below). In addition to mediating
cell adhesion to, and cell migration on, a
variety of extracellular matrix molecules rel-

evant to vascular development (fibronectin
(FN), collagens, laminins, vitronectin, von
Willebrand factor, thrombospondin, osteo-
pontin, fibrinogen, entactin/nidogen), inte-
grins also mediate intracellular signalling
events involving various protein kinases,
small GTPases, etc. (24-28) and these in turn
control aspects of cytoskeletal organization
and cell motility (29-31), and also regulate
cell cycle progression, apoptosis and gene
expression (32,33). Therefore, integrins oc-
cupy a central position in any consideration
of vascular development; they are regulated
by growth factors known to control the pro-
cess, they mediate exactly those cell biologi-
cal processes (adhesion, migration, prolif-
eration, survival and differentiation) needed
to organize a vasculature and they are ex-
pressed by the cells involved (endothelial
cells, pericytes, smooth muscle cells). There
is, in fact, a large and growing body of
evidence implicating various integrins and
integrin ligands in vascular development
(23,34-36). However, it is not clear exactly
which integrins are the most important nor
exactly what each of them does. In this brief
article, we will review the relevant results
(Table 1) and discuss the many unresolved
questions.

One major body of work bearing on the
possible roles of integrins in vasculogenesis
and angiogenesis involves the use of block-
ing reagents (antibodies, peptides, peptido-
mimetics) to inhibit the functions of various
integrins. This approach has been used most
intensively to investigate the functions of atv
integrins. These represent a subset of the
integrin family sharing a common ov sub-
unit in combination with one of five differ-
ent 3 subunits (B1, B3, B5, 36, 88). Endothe-
lial cells can express at least ovB3 and ovB5
and perhaps avB1 (since they do express
1), although resting endothelial cells ex-
press little or no avB3 (34,35). However,
this integrin is markedly upregulated on ves-
sels undergoing angiogenesis (37-39).
Cheresh and his colleagues (40) have shown
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that monoclonal antibodies or peptides that
selectively bind ovB3 or orvB5 can inhibit
vasculogenesis during early quail embryo
development and angiogenesis in the chicken
chorioallantoic membrane (CAM) both dur-
ingnormal development (37) and in response
to FGF-2 or VEGF (37,39) or tumor im-
plants (37,41). They have also shown inhibi-
tion of angiogenesis in response to tumor
implants on human skin transplants to mice
(38) and during neovascularization in the
murine retina (39) and another group has
provided corroborative data in the latter sys-
tem (42). Cheresh and colleagues (43) have
further shown that different angiogenic
stimuli apparently rely on either otvB3 (FGF-
2, TNFo) or avB5 (VEGF, phorbol esters)
and have shown that avB3 can bind the
matrix metalloprotease (MMP-2) in a fash-
ion that contributes to an invasive response
and to angiogenesis (44,45). These results

Table 1 - Integrins and their ligands in vascular development.
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have stimulated a lot of interest, not least
because of the potential use of blocking
reagents for therapy of a variety of disorders
including tumor angiogenesis and blindness
caused by retinal neovascularization.

Senger et al. (46) have reported similar
antiangiogenic responses using antibodies
directed against o181 and o2B1 integrins,
which are also markedly upregulated by
VEGF. Furthermore, Drake et al. (47) had
earlier shown that antibodies to avian (1
integrin interfere with dorsal aorta vasculo-
genesis. These results suggest that integrins
other than owv integrins play significant roles
in vascular development.

Results on mouse strains lacking specific
integrins also implicate several different
integrins in vasculogenesis and angiogene-
sis (see Table 1). Ablation of a581 integrin
(48) or its ligand, fibronectin (49,50), causes
major disruptions in development of extraem-

VEGF, Vascular endothelial growth factor; FGF-2, basic fibroblast growth factor; VCAM-1, vascular cell adhesion molecule.

Integrin Ligands Observations References
alRl Collagens - Induced by VEGF 46
o2R1 Laminins - Antibodies to those integrins block VEGF-induced angiogenesis in mouse skin
- ol knockout; viable; o2 knockout, not done 52
- alR1 is upregulated after vascular injury 68
a4R1 Fibronectin - o4 knockout and VCAM-1 knockout show defects 69-71
VCAM-1 in formation of coronary vessels
o5iR1 Fibronectin - Antibodies to R1 integrins block vasculogenesis in quail embryo 47
- 05 knockout shows defective vasculogenesis in yolk sac and embryo 48
- FN knockout shows even more severe defects in vasculogenesis 49,50
aviR3 Vitronectin - Induced by VEGF, FGF-2, etc. 37,38,41,45
oviR5 Fibrinogen - Antibodies and peptides block angiogenesis at many 43
ovil Osteopontin sites in response to VEGF, FGF-2, tumors, etc.
Thrombospondin - Antibodies and peptides block vasculogenesis in quail embryo 40
von Willebrand factor - Retinal neovascularization is also inhibited by such agents 39,42
Plus others (see text) - av knockout shows extensive vasculogenesis and angiogenesis, 53
although cerebral vasculature is defective
- 33 knockout shows normal vascular development including retinal vessels 59
Other integrins Other ligands - Many other knockouts of integrins or their ligands show 36,72
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bryonic (yolk sac) and embryonic (heart,
aorta) vasculature. In both cases, endothelial
cells do differentiate, that is, the VEGF/
VEGF-R2-mediated induction of angioblasts
is intact. However, absence of either o531 or
fibronectin disrupts vessel formation in a
fashion somewhat reminiscent of the defects
seen in embryos lacking VEGF-R1 (flt-1;
51). Clearly interactions of endothelial cells
with FN play an important role in these early
steps and there exists a distinct possibility
that there is regulation of a5B1 expression or
function by VEGF/VEGF-R1 or that this
signalling system cooperates with the o531-
FN-regulated responses. This result conforms
with the inhibition of early vascular devel-
opment by anti-B1 antibodies (47).

In contrast with this concordance be-
tween antibody blocking and genetic abla-
tion results, some other studies show less
convergence. Although antibody blockade
of allB1 and 281 integrins blocks angio-
genesis in the CAM (46), ablation of the a1
gene yields viable, fertile animals with no
evidence of vascular defects (52). Since ot161
and 0281 both act as collagen and laminin
receptors, it is possible that they serve over-
lapping and to some extent redundant roles.
Unfortunately the o2-knockout is not yet
available. Time will tell whether there is
indeed a conflict here between the immuno-
logical and genetic approaches. However, it
is already clear that ablation of the av inte-
grin gene yields results that are difficult to
reconcile with the results of ov-inhibitors
(53). oav-null mouse embryos develop an
apparently normal yolk sac and early embry-
onic vasculature (53) in marked contrast with
the blockade of quail dorsal aorta formation
(40) or chicken chorioallantoic angiogenesis
(37) by antibodies directed against owvB33.
Granted that the systems employed in these
studies are different, the two sets of data
differ greatly in their implications for the
importance of av integrins in early vascular
development. Indeed, 20% of ow-null em-
bryos develop to term and are born alive,

although they die promptly (53). There is
extensive vasculogenesis and angiogenesis
in most organs and tissues in the absence of
all five awv integrins. Although av-null em-
bryos consistently develop defects in their
brain vasculature, the basic endothelial pro-
cesses of proliferation, migration, tube for-
mation and branching, and basement mem-
brane assembly all occur. Furthermore, there
isno evidence for increased apoptosis of otv-
null endothelial cells in contrast with the
effects of blockade of awv-integrins by anti-
bodies or peptides (41). Again, the vascular
systems under study are different but clearly
the implications of the results differ signifi-
cantly.

The intracerebral vasculature in ov-null
embryos is not normal; it becomes distended
and eventually ruptures leading to cerebral
hemorrhage (53). This result is somewhat
reminiscent of the defects occurring in PDGF-
B-null embryos, which are thought to be due
to failure of immigration of pericytes along
the cerebral vessels (54), raising the possi-
bility that the av-null defect arises from a
failure in pericyte recruitment to the vessels.
However, the owv-null defects initiate rather
too early for this to be the sole cause and it
remains to be discovered what exactly are
the av-dependent processes unique to this
vascular bed. Vascular defects in angiopoie-
tin-1 or tie 2 knockout mice (19,55,56) also
show some resemblances to those in av-null
and PDGF-B-null embryos raising the possi-
bility that these various genes may cooperate
somehow in the assembly of a normal vascu-
lature.

Since the awv-null animals die during ges-
tation or at birth (53) it has not yet been
possible to analyze the effects of ov integrin
ablation on later angiogenesis such as that in
the retina or in response to tumors. However,
viable knockout mice lacking each of three
of the awv-associated B subunits (33, B5, 36)
do exist (57; Huang XZ and Sheppard D,
personal communication, and 58, respec-
tively). In all three cases the animals are
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viable and fertile and show no obvious de-
fects in their vascular development. How-
ever, much remains to be investigated and it
is possible that further analyses of these null
strains, or of double mutants generated from
them, may reveal dependence of angiogene-
sis on one or more of these integrins, as
might be expected from the ov inhibition
data. To date, the B3-null mice have been
investigated for defects in postnatal retinal
angiogenesis and there are no major defects
(59). However, the effects of perturbations
such as hyperoxia or hypoxia or of combina-
tions of B-mutations have yet to be studied
and these mice should prove very useful
both for such studies and for analyses of
angiogenesis after wound healing, in response
to tumors, etc.

The apparent discrepancy between the
antibody and peptide blocking data and the
genetic analyses of v integrins is enhanced
by consideration of the phenotypes of mice
lacking individual extracellular matrix pro-
teins that are ligands for o integrins. Apart
from the embryonic lethal phenotype of FN-
null embryos (49,50) which is most likely a
consequence of its interactions with o561
(48,60), most other mouse strains lacking otv
integrin ligands are viable and fertile and
have, so far, shown no evidence of vascular
defects, although, as for the B integrin-null
mice discussed above, more detailed analy-
ses are needed. Nonetheless, it is striking
that mice lacking vitronectin (61), tenascin-
C (62), osteopontin (63), fibrinogen (64)
von Willebrand factor (65) or thrombospon-
din-1 (66) are all viable.

What is one to make of the apparent
discrepancies between genetics and inhibi-
tion studies? As we have noted, some of the
discrepancies may simply reflect the fact
that inferences are being drawn from some-
what different systems, in which case further
analyses may show that the initial discrepan-
cies are apparent rather than real. However,
it is also possible that the two different ap-
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proaches will continue to yield discordant
results. How could this be so? One possibil-
ity is that the genetic ablations underesti-
mate contributions of a given integrin or
matrix molecule either because of overlap-
ping functions of another gene or molecule
or because, in its absence, the organism com-
pensates for the missing component by ex-
pressing or utilizing a component which nor-
mally does not play a role. Such compensa-
tion has been observed in some knockout
strains, although it is more often invoked
than demonstrated. However, in the final
analysis, it is difficult to rule out and must be
considered. An equally likely possibility is
that the intervention experiments overesti-
mate the contributions of a given compo-
nent. Leaving aside the more trivial possi-
bilities of cross reaction of blocking antibod-
ies or peptides with other components, there
is also the more subtle possibility of trans-
dominant inhibition, even by truly selective
reagents. It has clearly been shown that se-
lective inhibition of one integrin on a cell
can have inhibitory effects on other integrins
in the same cell (67). The mechanism is
unclear at present, although a plausible pos-
sibility is that integrins compete for some
limiting components within the cell (e.g., a
cytoskeletal or signal transduction molecule)
and that engagement of one integrin by a
selective binding inhibitor depletes the sup-
ply of the limiting component with conse-
quent trans-inhibition of other integrins.
Other mechanisms could include inter-inte-
grin regulation which is known to occur in a
number of situations (22,57). In the absence
of further analyses to decide between the
two different approaches (genetic, and im-
munological/pharmacological) one must
draw inferences about the relative impor-
tance of different constituents with caution.
In the case of integrins, their ligands and
vascular development, several are implicated
but their relative importance in different vas-
cular responses remains unclear.
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Conclusions and future prospects

So the current situation is as follows
(Figure 2). We know of a variety of growth
factors and receptors which are clearly im-
plicated in controlling vasculogenesis and
angiogenesis (Figure 1), although exactly
what they all do is not yet clear. Most par-
ticularly we do not know how they do what
they do; that is, what are the intermediate
molecules which they control? That is where
integrins and their ligands come in. Some of
these molecules clearly are regulated by
VEGF and the like; others may be as well.

Integrins and their ligands clearly do play
important roles in the cell biological subrou-
tines necessary for vessel development (ad-
hesion, migration, proliferation, survival, dif-
ferentiation, matrix formation) but it is un-
clear exactly which ones are most important
in the different processes. Indeed the an-
swers to those questions may differ depend-
ing on the vascular bed or the angiogenic
stimulus. It may well be, indeed it seems
likely, that there is more than one form of
angiogenesis. It could be that yolk sac vascu-
lature relies primarily on a581-FN interac-
tions and less, or not at all, on o integrins,
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Figure 2 - Interplay of growth factor-receptor signals and cell adhesion receptors. The figure depicts an endothelial cell in the center, expressing various
integrins (whose major ligands are noted), which are implicated in one or more aspects of vasculogenesis or angiogenesis (see text) and receptors for
basic fibroblast growth factor (FGF-2), vascular endothelial growth factor (VEGF), and angiopoietins. The latter are produced by various cells in the
vicinity of developing vessels and those cells in turn receive stimulation by factors secreted by the endothelial cells (e.g., platelet-derived growth factor
(PDGF) and neuregulin) that act on receptors on the accessory cells. The latter cells also express and use integrins (data not shown). Thus, there is a
two-way “conversation” between endothelial cells and their neighbors and adhesion events involving either or both. Also shown are interactions
involving eph/ephrin family members, the Notch pathway and cadherins (see text). At the bottom are shown various cell biological events which must
be appropriately controlled to yield vessels of different types. The challenge is to define the interplay among the various receptors and ligands and the
contributions made by each to the cell biology of vasculogenesis and angiogenesis.
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whereas retinal or tumor vasculatures may
be more dependent on owv integrins and their
ligands. More detailed studies of the expres-
sion patterns, regulation and functions of
different integrins and their ligands in re-
sponse to different angiogenic growth fac-
tors are clearly necessary. Vessel develop-
ment and remodeling involve multiple cell
biological processes that need to be well
coordinated to yield a functional vascula-
ture. It stands to reason that such a complex
process, involving as it does, several differ-
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ent cell types acting in concert, would re-
quire regulation by multiple adhesive pro-
teins. It will be a fascinating challenge to
unravel the regulatory networks and coordi-
nated functions of all these players (Figure
2). The potential yield from a detailed under-
standing of these processes is significant
both in terms of the underlying biology and
in terms of opportunities for intervention in
diseases involving dysregulation of vessel
growth.
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