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Angiogenesis depends on specific molecular interactions
between vascular cells and components of the extracel-
lular matrix (ECM). This Perspective focuses on the func-
tional role of integrins in angiogenesis and neovascular-
ization. Specifically, we discuss the mechanism by which
antagonists of Ov integrins disrupt angiogenesis in vivo
and how they may impact patients with cancer and
inflammatory disease.

Role of ECM and integrins during angiogenesis and vasculogen-
esis. Angiogenesis depends not only on growth factors and
their receptors but s also influenced by receptors for ECM
proteins. In general, cell adhesion to the ECM is mediated
by integrins, heterodimeric transmembrane proteins that
comprise a diverse family of over 15 o and 8 3 subunits.
Integrin subunits can heterodimerize in over 20 combina-
tions. Different integrin combinations may recognize a sin-
gle ECM ligand, while others bind several different ECM
proteins. Integrin-mediated adhesion leads to intracellular
signaling events that regulate cell survival, proliferation,
and migration (1). These signals include elevation in intra-
cellular pH and calcium, inositol lipid synthesis, and the
tyrosine phosphorylation of a wide range of nonreceptor
tyrosine kinases such as focal adhesion kinase and Src
kinases, as well as adaptor proteins such as Shc, p130 CAS,
and Crk II. These signaling events trigger a number of
downstream signals, including activation of the Ras/mito-
gen-activated protein (MAP) kinase pathway (1).

During angiogenesis, it is likely that a number of inte-
grins expressed on the surface of activated endothelial
cells regulate critical adhesive interactions with a variety
of ECM proteins, including fibronectin, vitronectin,
laminin, collagen types I and IV, von Willebrand factor,
fibrinogen, and denatured collagen. Each of these adhe-
sive interactions may regulate distinct biological events
such as cell migration, proliferation, and differentiation.
In addition, angiogenesis in different tissues may depend
on specific endothelial cell interactions with ECMs that
vary considerably in their adhesive protein composition.

Specific role of Qv integrins in angiogenesis. Of the wide spec-
trum of integrin subunit combinations that are expressed
on the surface of cells, integrin 0vf33 has been identified as
having an especially interesting expression pattern among
vascular cells during angiogenesis and vascular remodel-
ing. Integrin 0vf33 is a receptor for a wide variety of ECM
ligands with an exposed RGD sequence, including vit-
ronectin, fibronectin, fibrinogen, thrombospondin, pro-
teolyzed collagen, von Willebrand factor, and osteopontin.

In the adult human, integrin 0v33 has a rather limited
tissue distribution, as it is not typically expressed on

epithelial cells and appears at minimal levels on intes-
tinal, vascular, and uterine smooth muscle cells. This
receptor is also expressed on a small percentage of acti-
vated leukocytes, macrophages, and osteoclasts, where it
appears to contribute to immune function and bone
resorption. Some invasive tumors, such as metastatic
melanoma and late-stage glioblastoma, also express
avB3, where it contributes to malignant phenotype of
the tumor (2). Endothelial cells exposed to growth fac-
tors, or those undergoing angiogenesis in tumors,
wounds, or inflammatory tissue, express high levels of
avP3 (3-6). In fact, recent studies suggest that 0v33 may
serve as a useful diagnostic or prognostic indicator of
tumors. Specifically, the anti-0v33 mAb LM609 coupled
to a gadolinium-containing liposome specifically tar-
geted tumor-associated blood vessels in rabbits, as
detected by magnetic resonance imaging (7). Recent clin-
ical studies indicate that radiolabeled humanized
LM609 (Vitaxin) can be used to detect the vascular bed
of human tumors and their metastatic lesions by whole-
body imaging with a gamma camera (LoBoglio, A., and
co-workers, unpublished observations).

The expression of 0v33 on activated endothelial cells
suggests that this integrin may have an important func-
tion during angiogenesis and perhaps developmental neo-
vascularization. In fact, disruption of av(33 ligation with
antibody (LM609) or peptide antagonists of av3 dis-
rupts blood vessel formation in the chick chorioallantoic
membrane (CAM), quail embryo, mouse retina, rabbit
cornea, or arthritic knee (4, 6,8, 9, 10, 11). These antago-
nists perturb the growth and/or maturation of new blood
vessels without detectably influencing the preexisting
blood vessels. In tumor models, inhibition of blood ves-
sels by v integrin antagonists not only blocked tumor-
associated angiogenesis but in some cases caused tumor
regression (S5). Histological examination of tumors treat-
ed with the avf33 antagonists revealed few, if any, viable
tumor cells or detectable blood vessels (5).

Integrin avf3 is capable of recognizing a number of
ECM molecules in the context of the RGD adhesive
sequence. However, recent studies suggest that 0vf33 can
bind the matrix metalloproteinase-2 (MMP-2) in a
non-RGD-dependent manner where it serves to localize
the active form of the enzyme on the surface of angiogenic
blood vessels (12). This enables angiogenic endothelial
cells to degrade and remodel the ECM during their inva-
sion. Interestingly, native collagen contains RGD sites that
are inaccessible to av33. However, after MMP-dependent
proteolytic cleavage of collagen, these RGD sites are
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Figure 1

Hypothetical model for the role of Qv integrins in angiogenesis. Angio-
genic stimulus by growth factors induces expression of av3 and causes
cells to invade the surrounding ECM and enter the cell cycle. When liga-
tion of Av integrins is blocked, proliferating vascular cells undergo apop-
tosis, accompanied by an increase in p53 activity. Angiogenic growth fac-
tors induce the activation of Ras/MAP kinase in vascular cells and lead
to cell proliferation, differentiation, and migration.

exposed and become ligated to 0v33. One might predict
that the physical association between MMP-2 and avf33
might not only facilitate ECM remodeling but would
enable ov33-mediated endothelial cell invasion through
the proteolyzed matrix by attachment to exposed RGD
sites. In recent studies, natural breakdown fragments of
MMP-2, termed PEX, were shown to accumulate in tissues
that had undergone neovascularization (13). In fact,
recombinant PEX was not only able to block MMP-2
binding to 0vf33 but when administered in vivo was able
to disrupt tumor-associated angiogenesis (13). Thus, PEX
not only prevents endothelial cell-mediated matrix
remodeling by MMP-2 but would preclude avf33 ligation
by elimination of the exposed RGD sites in collagen.
Knockout mice reveal a direct role for Qv integrins in vascular-
ization. Recently, Qv integrin knockout mice have been
developed to examine the role of the av integrins in devel-

opmental neovascularization (14). Mice deficient in av
integrins express a dramatic vascular pattern. While most
animals die in utero, approximately 20% of Ov-deficient
mice survive to term but die within hours after birth. This
lethal mutation is associated with extensive brain and
intestinal vessel abnormalities and hemorrhaging, demon-
strating that Qv integrins are essential during blood vessel
formation and/or maturation in these tissues. However,
other organs show apparently normal vascularization (14),
suggesting that animals lacking av integrins can compen-
sate to some degree in an organ-specific basis. Interesting-
ly, mice lacking the B3 subunit while having a bleeding dis-
order contain normal brain and intestinal blood vessels
(15). Therefore, an objective comparison of the 0v and 33
knockout mice would lead one to conclude that an ov inte-
grin other than 0vf33 was required for brain and gastroin-
testinal tract neovascularization. The ability of some
organs to support neovascularization, even in the absence
of the v integrins, may provide a clue to some of the alter-
nate integrins that may mediate vessel formation in the
absence of av3 or av integrins. For example, integrin
av3S can potentiate a pathway of angiogenesis distinct
from that mediated by av[33 (10). Moreover, mice lacking
the fibronectin receptor 05B1 show embryonic lethality
with multiple development problems, including severe vas-
cular defects (16). In some cases, knockout mice have pro-
vided useful mechanistic information about a given mole-
cule and its biological function. However, the lethality
associated with a number of the integrin-deficient mice has
made it difficult to decipher how these molecules function
in normal animals. In addition, the likelihood for genetic
compensation and redundancy provides an additional
concern when interpreting the data from these models.
Perhaps when conditional knockouts are studied we will
gain further insight into the precise role of v and other
integrins in vascular development.

Integrin 0v33 and vascular cell survival. The role of inte-
grin avf33 in mediating crucial steps of angiogenic blood
vessels has led to the conclusion that this integrin facili-
tates the survival of stimulated endothelial cells. In fact,
systemic administration of av33 antagonists to animals
with ongoing angiogenesis shows blood vessels contain-
ing high levels of apoptotic endothelial cells. These
results suggest that ligation of av33 on vascular cells may
mediate a signaling event that is critical for the survival
and differentiation of vascular cells undergoing angio-
genesis in vivo. In this regard, av33 ligation is essential
for the sustained activation of MAP kinase by angiogenic
growth factors (17). Ligation of growth factor receptors
and integrins by the appropriate ligands is known to
potentiate a variety of intracellular signals, including the
activation of the Ras/MAP kinase cascade and the activa-
tion of focal adhesion kinase (FAK) and the Src tyrosine
kinases (Figure 1). In addition, 0v33 antagonists admin-
istered during angiogenesis in the chick CAM induce
endothelial cell p53-dependent DNA-binding activity,
which in turn leads to an increase in the expression of the
cell cycle inhibitor p21WAF/CIPI and decreased expression
of the death-promoting protein bax (18). Ligand binding
by endothelial cell avB3 suppresses this apoptotic path-
way, thereby facilitating the ultimate differentiation of
new blood vessels. It is important to point out that mice
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clearly survive without p53, indicating that alternative or
compensatory apoptotic pathways can allow normal
development. The importance of p53 during dv-mediat-
ed angiogenesis and endothelial cell survival is under-
scored by recent preliminary evidence that p53-deficient
mice are refractory to the effects of Ov antagonists
(Stromblad, R., et al., unpublished observations). This
provides strong evidence that endothelial cell survival
through p53 activity is linked to av binding to the ECM.
In the absence of p53, another compensatory pathway is
engaged, facilitating endothelial cell survival in an av-
independent manner. These observations may help
explain the compensatory mechanism facilitating blood
vessel growth in av-deficient mice.

Two angiogenic pathways are characterized by distinct Qv
integrins. Two pathways of angiogenesis have recently
been identified based on their dependence on the relat-
ed but distinct integrins avB3 and avB5 (10). In both
the rabbit corneal eye pocket and the chick chorioallan-
toic membrane angiogenesis assays, anti-0v3 mAb
blocked bFGF-induced angiogenesis, whereas anti-avf35
antagonists blocked VEGF-induced angiogenesis. Fur-
thermore, inhibition of the protein kinase C pathway
blocked the VEGF-induced angiogenesis and did not
affect bFGF-induced angiogenesis. The biological rele-
vance of these distinct angiogenic pathways is
unknown. Perhaps, vascular remodeling in distinct
organs depends on the particular growth factors and/or
adhesive proteins contained within the specific ECM. As
stated above, B3 integrin-deficient mice have normal
brain and gut vessel development in the absence of
av3, while av integrin-deficient mice have defective
brain and gut blood vessels. This strongly implicates
another av integrin, perhaps avf5, in brain and gut
developmental neovascularization.

Clinical perspectives. Based on the strong preclinical data
in animal models, the clinical potential of av-integrin
antagonists is currently being evaluated in phase I and
phase II clinical trials for patients with late-stage cancer.
For example, the humanized form of the anti-av33 mAb
LMG609 (Vitaxin) has successfully completed phase I trials.
Of the 14 cancer patients evaluated, 8 showed disease sta-
bilization and/or some objective tumor reduction (Table
1). Importantly, there was no evidence of toxicity at all
doses tested, even when administered for 22 consecutive
months. This clinical trial is among the first use of a “tar-
geted” antiangiogenic approach in humans. These clini-
cal data closely mirror the effects observed in tumor-bear-
ing animal models (5). Phase II cancer trials are now under
way to further evaluate the efficacy of Vitaxin during long-
term treatment. Additional phase I trials are under way to
assess the effects of an avf33/avf5 small-molecule antag-
onist in late-stage cancer patients.

Conclusions. Further study of the basic cell biological
mechanisms underlying growth factor receptors and
integrin function during angiogenesis may continue to
provide insight into the evaluation of the clinical bene-
fit of av-integrin antagonists. The elucidation of the
molecular basis of angiogenesis remains a challenge
because of the complex interactions between the ECM
and vascular cells that must be temporally and spatially
coordinated. Examination of the signaling events trans-

Table 1
Evidence for a role of Ov integrins in angiogenesis

Inhibitor studies (av integrin antagonists — antibodies, peptides, organics)

Chick
Blocks growth factor-induced angiogenesis on the CAM
Causes regression of human tumors on the CAM
Mouse
Inhibits:
Retinal vessel outgrowth
Human tumor xenographs
Tumors in human skin/SCID chimeric mouse
Skin matrigel angiogenesis
Rabbit
Inhibits:
Corneal micropocket angiogenesis
Arthritic knee angiogenesis and thereby reduces disease
VX-2 carcinoma growth
Imaging:
Tumors with antibody-coated liposomes as detected by MRI

Human clinical trials

Vitaxin (humanized monoclonal antibody to av33: LM609)

Therapy:
Produced stable disease or tumor shrinkage in 8 of 14 late-stage
cancer patients
No side effects observed at all dose levels

Imaging:
Vitaxin targets blood vessels in tumors as detected by whole body
scan (LoBoglio, A. and coworkers, unpublished observations)

Knockouts (Hynes and co-workers)

av knockout
Lethal due to defective brain and intestinal vessels.

B3 knockout
No vascular defect suggests an av integrin other than avp3 is
required for brain and intestinal vessels

duced by cell adhesion molecules to the smooth muscle
and endothelial cells may reveal mechanisms in which
cells can process cytokine or growth factor stimuli to
impact changes in intracellular phosphorylation cas-
cades, gene expression levels, and ECM-associated enzy-
matic activities. The coordinated response to these
inputs will likely impact the processes of vascular cell
survival, invasion, migration, proliferation, and differ-
entiation during angiogenesis. Knowledge of these
molecular mechanisms will foster the development of
novel antiangiogenic therapies to benefit patients with
cancer and inflammatory disease.
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