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Abstract

Angiogenesis is a biological process by which new
capillaries are formed from pre-existing vessels. It
occurs in both physiological conditions such as embryo
development, cyclically in the female genital system and
during wound repair, and pathological conditions, such
as arthritis, diabetic retinopathy and tumors. In solid
tumor growth, a specific critical turning point is the
transition from the avascular to the vascular phase.
Having developed an intrinsic vascular network, the
neoplastic mass is able to grow indefinitely (unlike all
the other forms, tumor angiogenesis is not limited in
time) both in situ and at distant sites (metastasis) in so
far as an intrinsic vascular network enables its cells to
enter the vascular bed and colonize other organs.
Tumor angiogenesis depends mainly on the release by
neoplastic cells of growth factors specific for endothe-
lial cells and able to stimulate growth of the host’s blood
vessels. This review describes its history as traced by
the main contributions to the international medical
literature and their contents. The specific new paradigm
discussed here has been gaining general approval and
considerable confirmation, thanks to its possible appli-
cations, as recently highlighted by the introduction of
anti-angiogenic substances in adjuvant tumor manage-
ment.
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Introduction
Angiogenesis is a biological process by which new capillaries
are formed. It is essential in many physiological (embryo
development, ovulation and wound repair) and pathological
conditions, such as arthritis, diabetic retinopathy, and tumors.

Solid tumors are endowed with angiogenic capability and
their growth, invasion and metastasis are angiogenesis-
dependent. Neoplastic cell populations can only form a
clinically observable tumor if the host produces a vascular
network sufficient to sustain their growth. Furthermore, new
blood vessels provide them with a gateway through which
they enter the circulation and metastasize to distant sites.
Tumor angiogenesis is essentially mediated by angiogenic
molecules elaborated by tumor cells.

This paper offers a historical account of the relevant
literature. It also emphasizes the crucial and paradigmatic

role of angiogenesis as a biological process and the
significance of the anti-angiogenic approach to the treatment
of solid tumors.

Early Evidence of the Vascular Phase and its Impor-
tance in Tumor Growth

Virchow, the founder of pathological anatomy, drew attention
to the huge number of blood vessels in a tumor mass as long
ago as 1865. Tumor vascularization was first studied
systematically by Goldman [1], who described the vasopro-
liferative response of the organ in which a tumor develops as
follows: “The normal blood vessels of the organs in which the
tumor is developing are disturbed by chaotic growth, there is
a dilatation and spiralling of the affected vessels, marked
capillary budding and new vessel formation, particularly at the
advancing border.”

When Clark et al. [2] and Clark and Clark [3] perfected the
implantation of transparent chambers in a rabbit’s ear, the
morphological characteristics of blood vessels could be
studied in vivo, including the use of contrast media.

Early Evidence of Tumor Cells Releasing Specific
Growth Factor for Blood Vessels

In 1939, Ide et al. [4] were the first to suggest that tumors
release specific factors capable of stimulating the growth of
blood vessels.

In 1945, Algire and Chalkley [5] used a transparent
chamber implanted in a cat’s skin to study the vasoprolifera-
tive reaction secondary to a wound or implantation of normal
or neoplastic tissues. They showed that the vasoproliferative
response induced by tumor tissues was more substantial and
earlier than that induced by normal tissues or following a
wound. They concluded that the growth of a tumor is closely
connected to the development of an intrinsic vascular
network.

In 1956, Merwin and Algire [6] found that the vasoproli-
ferative response of normal or neoplastic tissues trans-
planted into muscle was not significantly different with
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respect to the time of onset of new blood vessels, though it
was stronger when the implantation was performed in a
resection area. In addition, while normal tissues induced a
vasoproliferative response confined to the host, tumor
tissues induced the formation of neovessels that pierced
the implant. Lastly, the intensity of the response seemed to
be influenced by the distance between the implant and the
host’'s vessels: normal tissue was unable to induce a
response if placed more than 50 ym away, whereas tumor
tissue had a longer activity range.

Greenblatt and Shubik [7] implanted Millipore chambers
(pore size 0.45 um) into a hamster’s cheek pouch and placed
some tumor fragments around them. In a few days, the
growing tumor mass engulfed the whole chamber, whose
pores were permeable to the tumor interstitial fluid, but not to
the tumor cells. New blood vessels, however, were formed in
any case very likely through the release of a diffusible factor
that could pass through the pores.

Ehrmann and Knoth [8] confirmed these data with tumor
fragments laid on Millipore filters planted on the chick embryo
chorioallantoic membrane (CAM).

Isolation of the First Angiogenic Tumor Factor

An angiogenic factor was first isolated by Folkman et al. [9] in
1971. The homogenate of a Walker 256 carcinoma—a
breast tumor of Sprague-Dawley rats—was fractionated by
gel filtration on Sephadex G-100. The fraction that exhibited
the strongest angiogenic activity had a molecular weight of
about 10,000 Da and consisted of 25% RNA, 10% proteins,
and 58% carbohydrates, plus a possible lipid residue. It was
inactivated by digestion with pancreatic ribonuclease, or by
heating at 56°C for 1 hour, and was not modified when kept
at 4°C for 3 months, nor when treated with trypsin for more
than 3 days. This active fraction was subsequently called
“tumor angiogenesis factor” (TAF) [9]. Both the cytoplasmic
and the nuclear fractions of tumor cells stimulated angiogen-
esis. In the nuclear fraction, this was found to be associated
with non-histonic proteins [10]. TAF has since been non-
destructively extracted from several tumor cell lines, and
several low-molecular weight angiogenic factors have been
isolated, again from the Walker 256 carcinoma. These
factors induced a vasoproliferative response in vivo when
tested on rabbit cornea or chick CAM, and in vitro on cultured
endothelial cells [11-13].

Purification of Other Angiogenic Factors
The 1980s saw the discovery of the first molecules that
mediate angiogenesis. Heparin-affinity chromatography was
employed to purify basic fibroblast growth factor (FGF-2)
[14,15]and vascularendothelial growth factor (VEGF)[16,17].
In 1984, Shing et al. [15], at the Children’s Hospital in
Boston, discovered that a tumor-derived factor bound with
such high affinity to heparin that it could be purified 200,000-
fold by a single passage over a heparin-affinity column. This
purified protein had a molecular weight of 14,800 and
stimulated the proliferation of capillary endothelial cells.

These workers later used the chick CAM to show that it
stimulated new vessel growth [18]. FGF-2 was highly purified
from bovine pituitary [19], and bovine brain [20]. lts amino acid
sequence was determined by Esch et al. [21]. It has since
been isolated from a variety of tissues and cell lines.

In 1983, Senger et al. [23] described the partial
purification of a tumor product that promotes increased
vascular permeability (vascular permeability factor, VPF) in
guinea pig skin with a potency some 50,000 times than
histamine.

In 1989, Ferrara and Henzel [16] and Plouet et al. [17]
independently reported the purification (to homogeneity) and
sequencing of an endothelial cell-specific mitogen, which
they, respectively, called VEGF and vasculotropin. The
subsequent molecular cloning of VEGF and VPF [23-25]
unexpectedly revealed that both activities are embodied in
the same molecule. VEGF has been isolated from the
conditioned media of a number of cell lines including bovine
pituitary follicular cells [16,26], guinea pig tumor [27], NB41
neuroblastoma [28] and rat glioma cells [25]. It elicits a potent
angiogenic response when tested in the chick CAM [23] or
rat cornea [27].

VEGF/VPF is expressed by numerous tumor cell lines
both in vitro and in vivo, and receptors for VEGF/VPF occur
only on peritumoral capillaries and not on distant endothelial
cells [29]. Like VPF/VEGF, FGF-2 is expressed by many
tumor lines. Synergistic angiogenesis of VPF/VEGF and
FGF-2 has been shown both in vitro and in vivo [30—-32] .

The Avascular and Vascular Phases of Solid Tumor
Growth

Solid tumor growth consists of an avascular and a
subsequent vascular phase. Assuming that it is dependent
on angiogenesis and that this depends on the release of
angiogenic factors, acquisition of angiogenic capability can
be seen as an expression of progression from neoplastic
transformation to tumor growth and metastasis.

Practically all solid tumors, including tumors of the colon,
lung, breast, cervix, bladder, prostate and pancreas, evolve
through these two phases. Brem et al. [33,34] and Maiorana
and Gullino [35] observed that experimental breast cancer in
rat and mouse gave rise to marked breast angiogenic activity
that was lacking in adult gland. Moreover, just like the
hyperplastic and dysplastic breast lesions more frequently
subject to neoplastic change, preneoplastic lesions also
induce a strong vasoproliferative response long before any
morphological sign of neoplastic transformation can be
observed.

The avascular phase appears to correspond to the
histopathological picture presented by a small colony of
neoplastic cells (500,000 to 1 ml cells/1-2 mm in diameter)
that reaches a steady state before it proliferates and
becomes rapidly invasive. Here, metabolites and catabo-
lites are transferred by simple diffusion through the
surrounding tissue. The cells at the periphery of the tumor
continue to reproduce, whereas those in the deeper portion
die away.
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The Importance of Cell Population Geometry in Tumor
Growth

When tumor growth becomes three-dimensional, the above
steady state is established. If it is two-dimensional, as at the
bottom of a Petri dish, cells will proliferate to as many as 1
billion before a steady state is attained. The specific
geometry of tumor growth is thus a most important variable.
In a spherical tumor (the “spheroid”), the cell volume grows
according to the cube of the radius, whereas its surface area
only increases in proportion to the square of the radius.
Conversely, in a two-dimensionally growing tumor, volume
and surface area both increase in parallel, so that diffusion is
not a limiting factor for cell proliferation. This has been
illustrated in in vitro experiments in which different kinds of
tumors were cultivated in agar. Spherical colonies 0.1 mm in
diameter were formed in about 6 to 7 days and continued to
grow until they reached a steady state, in which they
remained vital for 3 to 5 months, because the cells at the
periphery continued to divide, whereas those in the deeper
portion died [36].

To obtain an experimental model of avascular three-
dimensional growth in vivo, small tumor fragments were
suspended in the aqueous humor of the rabbit anterior
chamber at varying distances from the iris vessels. Their
behavior was compared with that of tumors directly
implanted into the iris or the cornea. When the tumor was
suspended at a considerable distance from the iris, it did not
undergo vascularization, nor did it grow beyond 1 mm,
though it stayed vital because it drew nourishment from
diffusible substances in the aqueous humor. The tumor
became vascularized when it was suspended less than 6 mm
from the iris vessels. When it was implanted directly into the
iris, vascularization developed and it grew rapidly to reach a
16,000-fold volume in 2 weeks [37].

First Evidence of Existence of the Two Phases

The earliest evidence of the existence of the two phases
was obtained by Folkman et al. [38] in 1963, who perfused
the lobe of a thyroid gland with plasma and inoculated a
suspension of melanoma B16 tumor cells through the
perfusion fluid. These cells grew into small, clearly visible
black nodules. The nodules did not exceed 1 mm in
diameter and did not connect with the host’s vascular
network. Their outer third generally remained vital, while the
interior portion underwent necrosis. Reimplanted nodules,
on the other hand, equipped themselves with a vascular
network and grew very rapidly. The conclusion was thus
drawn that the absence of vascularization limits the growth
of solid tumors.

Further research by Cavallo [39,40] resulted in an
experimental system in which the tumor, or its extracts,
could be separated from the vascular bed. This system was
based on subcutaneous insufflation to lift the skin of a rat and
form a poorly vascularized region below it. When Millipore
filters containing Walker 256 cancer cells or their cytoplasmic
or nuclear extracts were implanted in this region, a
vasoproliferative reaction appeared under the filter 48 hours
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later—this reaction was demonstrated histologically, ultra-
structurally and by autoradiography.

In another series of experiments, Gimbrone et al. [41]
implanted 1 mm fragments from Brown-Pearce and V2
carcinomas into the avascular stroma of a rabbit cornea 1 to
6 mm away from the limbic vessels, and observed the tumor
growth daily with a stereomicroscope. After 1 week, new
blood vessels had invaded the cornea starting from the edge
closer to the site of implantation and developed in that
direction at 0.2 mm and then about 1 mm/day. Once the
vessels had reached the tumor, it grew very rapidly to
permeate the entire globe within 4 weeks.

How Tumor Cells Switch to the Angiogenic Phenotype
Spontaneously arising tumor cells are not usually angiogenic
at first [42]. The phenotypic switch to angiogenesis is usually
accomplished by a subset that induces new capillaries which
then converge toward the tumor. These new vessels perfuse
the tumor with blood, which transports nutrients and oxygen
to the tumor and catabolites away from it, and their
endothelial cells produce a spectrum of growth factors with
a paracrine stimulatory effect on the tumor cells [43].

The mechanism of this switch was inaccessible to
analysis until a report in 1985 by Hanahan [44], who
developed transgenic mice in which the large “T” oncogene
is hybridized to the insulin promoter. The pancreatic 5 cells
become hyperplastic and progressed to tumors via a
reproducible and predictable multistep process. One step
occurs at 6 to 7 weeks, when angiogenesis is switched on in
approximately 10% of preneoplastic islets. Vascularized
tumors arise from these islets and are fatal by 12 weeks. This
onset pattern closely resembles that of angiogenesis in
human tumors. Folkman et al. [42] subsequently showed that
the islets are chemotactic to capillary endothelial cells in vitro
when they become angiogenic.

The switch depends on increased production of one or
more of the positive regulators of angiogenesis. These can
be exported from tumor cells [45], mobilized from extra-
cellular matrix [46], or released from host cells (e.g.,
macrophages) recruited to the tumor [47]. The switch clearly
involved more than simple upregulation of angiogenic activity
and was thus thought to be the result of a net balance of
positive and negative regulators.

In 1989, Rastinejad et al. [48] reported that the switch
during the tumorigenesis of transformed hamster cells was
associated with downregulation of an inhibitor of angiogen-
esis, thrombospondin 1 (TSP1) [49,50]. They showed that
BHK 21/cl 13 cells, an immortal but non-tumorigenic line of
hamster fibroblasts, could be converted to malignancy and
anchorage independence by loss of a functioning tumor
suppressor gene. These cells were highly tumorigenic in
nude mice and neonatal hamsters, and potently angiogenic
in vivo. Normal BHK cells and suppressed hybrids generated
by fusing transformed BHK cells with either non-transformed
BHK or normal human fibroblasts were unable to induce
neovascularization when cells or their concentrated condi-
tioned media were introduced into rat corneas, whereas
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transformed BHK cells and transformed segregants from the
suppressed hybrids were angiogenic under the same
conditions. Mixing experiments showed that normal cells
elaborated an inhibitor of neovascularization whose produc-
tion was blocked coincidentally with suppressor loss. When
endothelial cell chemotaxis was used as an in vitro corollary
of angiogenesis in the rat cornea assay, the inhibitor was
purified and shown to be TSP1 [51]. This was the first
illustration of a new function for a tumor suppressor gene,
namely regulation of the production of a naturally occurring
inhibitor of angiogenesis.

In another set of experiments, Dameron et al. [50]
established a direct link between the p53 tumor suppressor
gene, tumor angiogenesis and TSP1. To examine the effect
of p53 on angiogenesis, they used cultured fibroblasts from
patients with the Li-Fraumeni syndrome who have inherited
one wild-type allele and one mutant allele of the p53 gene.
When the wild-type allele was lost, these cells acquired
potent angiogenic activity coincidental with loss of TSP1
production. Transfection assay revealed that p53 stimulated
the endogenous TSP1 gene and positively regulated the
TSP1 promoter sequences.

The first direct evidence that tumors are angiogenesis-
dependent also comes from this period [52—54].

Neovascularization also Facilitates Metastasis

It has been shown experimentally that the onset of
neovascularization coincides with increased shedding of
tumor cells into the circulation and metastasis [55]. Entry into
the circulation is enhanced by a growing density of immature,
highly permeable blood vessels that have little basement
membrane and fewer intercellular junctional complexes than
normal mature vessels [56]. As many as 2x10%day
mammary carcinoma cells can be shed from a 1-cm primary
tumor [57].

The number of metastases is generally proportional to the
number of tumor cells shed. Consequently, decreased
angiogenesis by a given metastatic tumor should result in
fewer metastatic colonies [58].

The list of angiogenesis inhibitors that also inhibit tumor
metastasis includes the steroids [59], thalidomide [60], the
fumagillin analogue TNP-470 (AGM-1470) [61-63], TSP
[64], angiostatin [65], endostatin [66], and platelet factor IV
[67].

Dormancy of Micrometastases may be Governed by
Angiogenesis

Endogenous inhibition of angiogenesis may be maintained in
dormant state lung metastases [65,68,69]. Folkman et al.
found that metastases were suppressed when a primary
tumor was implanted and allowed to grow in nude mice,
whereas they underwent neovascularization and became
clinically evident when primary neoplasm was removed. In
the absence of angiogenesis, micrometastases rarely
exceeded 0.2 mm diameter and contained many proliferating
tumor cells balanced by many apoptotic cells. When they

were allowed to become angiogenic, they grew rapidly.
Dormancy may be generalizable to a variety of tumors in
which blocked angiogenesis results in balanced tumor cell
proliferation and apoptosis [64,68].

Tumor Angiogenesis as a Prognostic Indicator
Angiogenesis is a prognostic indicator for a wide variety of
tumors. If the vessel density is low, the prognosis is good.
Tumor angiogenesis was initially measured by using a
histological index based on endothelial cell morphology
and vascular density [69]. The most widely used method
today is the microvessel density technique first proposed by
Weidner et al. [70] and summarized by Gasparini and Harris
[71]. Endothelial cells from a tissue biopsy are stained with
an immunoperoxidase method using an anti—factor VIII-
related antigen/von Willebrand’s factor antibody. Vessels are
counted in the region of the highest density as determined by
the pathologist.

Quantification with one of these techniques provides
prognostic information for a number of cancer types. The first
report appeared in 1988, when Srivastava et al. [72] found
that the degree of histologic staining for vessels in melanoma
patients was associated with a probability of metastasis.
Roughly a hundred investigations of this kind have been
published. In most of them, a significant correlation was
found between a high microvascular count and metastatic
disease with a poor prognosis. Weidner et al. [70] showed a
direct correlation between vascular density and metastasis in
human breast cancer. This finding has since been extended
to carcinoma of the prostate [73,74], lung [75,76], stomach
[77], cervix [78] and ovary [79], squamous cell carcinoma of
the head and neck [80], multiple myeloma [81-83] and
lymphoma [84—86].

The angiogenic capacity of a tumor can also be assessed
by means of a biochemical assay that detects angiogenic
factors in a patient’s serum, urine, or cerebrospinal fluid.
Children with brain tumors have increased levels of FGF-2 in
their cerebrospinal fluid [87], men with prostate cancer have
elevated serum FGF-2 levels [88], and increased levels of
FGF-2 have been found in the urine of patients with a variety
of cancers [89].

Hypoxic Regulation of Tumor Angiogenesis

There is a complex interrelationship between tumor hypoxia
and tumor angiogenesis. Hypoxia in tumors develops as
chronic hypoxia, resulting from long diffusion distances
between tumor vessels, and/or acute hypoxia, resulting from
a transient collapse of tumor vessels. Many tumors contain
hypoxic microenvironment, a condition that is associated
with poor prognosis and resistance to treatment. Production
of several angiogenic cytokines, such as FGF-2, VEGF,
TGF-38, TNF-a and IL-8, is regulated by hypoxia. VEGF-
mRNA expression is rapidly and reversibly induced by
exposure of cultured endothelial cells to low pO, [90]. Many
tumor cell lines were reported to show hypoxic induced
expression of VEGF [91-95]. In a rat glioma model, VEGF
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gene expression is activated in a distinct tumor cell
subpopulation by two distinct hypoxia-driven mechanisms
[96].

Hypoxia-inducible factor (HIF)-1 helps restore oxygen
homeostasis by inducing glycolysis, erythropoiesis and
angiogenesis [97]. Tumor vascularization is largely con-
trolled by HIF-1, in part, as a result of upregulation of VEGF
[98].

The Role of Inflammatory Cells in Tumor Angiogenesis
The peritumoral inflammatory infiltrate surrounding the newly
formed blood vessels consists of fibroblasts, macrophages,
mast cells and other leukocytes that may contribute to the
induction of angiogenic response by secreting angiogenic
cytokines and proteolytic enzymes, which, in turn, mobilize
angiogenic factors stored in the extracellular matrix [99].

In tumors, macrophages are recruited and activated via
several factors secreted by tumor cells, such as chemokines
[100], FGF-2 and VEGF [101]. Activated macrophages
secrete several angiogenic factors, such as FGF-2, VEGF,
TNF-q«, IL-8, tissue factor, hepatocyte growth factor/scatter
factor and insulin-like growth factor-1 [102,103].

Experimentally induced tumors display mast cell accu-
mulation close to the tumor cells before the onset of
angiogenesis [104], and those induced in mast-cell-deficient
mice display both reduced angiogenesis and ability to
metastasize [105]. Mast cells are strikingly associated with
angiogenesis in hemangioma, carcinomas, B-cell non-
Hodgkin lymphomas and multiple myeloma [83,85,106,107].
Mast cells are recruited and activated by several factors
secreted by tumor cells: the c-kit receptor, or stem cell
factor [106], FGF-2, VEGF and PD-ECGF [108]. In turn,
mast cells synthesize a variety of angiogenic cytokines,
such as FGF-2, VEGF, TNF-a, IL-8 [107,109-111], impli-
cated in tumor-associated angiogenesis.

Lymphocytes synthesize and secrete FGF-2 and VEGF
[112,113]. T lymphocytes infiltrating human cancers express
VEGF [113].

Table 1. Major factors acting as agonists and antagonists of the vascular phase.

Angiopoietins and the Role of Mural Cells (Pericytes
and Muscle Cells) in Vascular Remodeling and Tumor
Angiogenesis

Recently, a novel family of angiogenic factors, designated as
angiopoietins (Ang), has been identified by Davis et al. [114]
and Maisonpierre et al. [115]. Ang-1 was discovered
originally as a ligand for Tie-2, a member, with the originally
cloned isoform Tie-1, of the tyrosine kinase with immunoglo-
bulin and epidermal growth factor homology receptor (Tie)
family [114,116—-118]. Ang-2 also binds Tie-2 [115]. Although
both Ang-1 and Ang-2 bind Tie-2, no ligand for Tie-1 has
been identified. Ang plays a role in vascular stabilization
[119]. Ang-1 is associated with developing vessels and its
absence leads to defect in vessel remodeling. Ang-2, which
antagonizes the action of Ang-1, plays a role in the
destabilization of existing vessels (it is found in tissues like
the ovary, uterus and placenta that undergo transient or
periodic growth and vascularization, followed by regression).
In the absence of Ang-1, angiogenic factors like VEGF may
produce immature vessels that are hemorrhagic and display
poor contact with underlying matrix material. Tie-2 [120] or
Ang-1 [121] knock-out mice show immature vascularization
pattern as well as lack of periendothelial mesenchymal cells,
such as pericytes and immature smooth muscle cells
(SMCs), leading to death around 11.0 to 12.5 days of
gestation. Targeted disruption of the Tie-1 gene indicates
that it is required for the maintenance of vascular integrity
[120]. Transgenic mice overexpressing Ang-2 also died
during embryogenesis with similar vascular defects as mice
lacking Ang-1 or Tie-2 [115].

Ang-2 seems to be the earliest marker of blood vessels
that has perturbed by invading tumor cells [122]. Ang-2 is
overexpressed in tumor microvasculature of human glio-
blastoma and hepatocellular carcinoma [123,124].

Periendothelial cells, e.g., pericytes around capillaries
and SMCs around larger vessels, provide structural strength
and participate in the maturation of the vasculature by
controlling several endothelial cell functions. Pericytes
restrict the proliferation of endothelial cells in coculture,

Agonist Year of discovery Authors Reference number
Tumor angiogenic factor (TAF) 1971 Folkman et al. [9]
Vascular permeability factor (VPF)’ 1983 Senger et al. [23]
Basic fibroblast growth factor (FGF-2) 1984 Maciag et al. [14]
Vascular endothelial growth factor (VEGF)" 1989 Shing et al. [15]
Ferrara and Henzel [16]
Plouet et al. [17]
Antagonist Year of discovery Authors Reference number
Angiostatic steroids 1985 Crum et al. [59]
Thrombospondin 1 1989 Rastinejad et al. [48]
TNP-470 (AGM1470) 1990 Ingber et al. [61]
Antibodies to FGF-2 1991 Hori et al. [52]
Antibodies to VEGF 1993 Kim et al. [53]
Angiostatin 1994 O'Reilly et al. [65]
Endostatin 1997 O'Reilly et al. [66]

"The molecular cloning of VEGF and VPF has revealed that both activities are embodied in the same molecule.
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where a single pericyte could contact and inhibit the growth
up to the endothelial cells [125]. This inhibition, requiring
contacts between endothelial cells and pericytes, has been
attributed to activation of TGF-3 [126]. Platelet-derived
growth factor-BB (PDGF-BB) is involved in endothelial cell
to pericyte signaling, stimulating pericyte migration and
proliferation [127]. A current hypothesis suggests that
loosening of endothelial cell/pericyte contact may be
necessary for the initiation of angiogenesis in mature adult
vessels [128]. In a hypoxic condition (see above), VEGF can
also act as a pericyte mitogen [129]. Moreover, hypoxia
promotes the in vitro growth of pericytes through the
autocrine action of VEGF induced in this cell type.

Pericytes may differentiate into SMCs. A study of
mesenteric capillary growth in rats [130] suggests that
fibroblasts transform into pericytes which, in turn, become
SMC. Targeted disruption of the PDGF-BB gene resulted in
a defective development of the SMCs [131].

Tumor
and inflammatory cells

Migration
AGM1470

IFN-o.
Thalidomide
Thrombospondin

Proliferation

AGM1470

IFN-o.
Angiostatin
Endostatin

PF-4
Thrombospondin
Thalidomide

Pericytes or SMC may contribute to tumor neovascular-
ization, as demonstrated in the microvasculature of glio-
blastoma multiforme, where many a-SMC actin-positive
cells, reacting also with an antibody against activated
pericytes, are detectable [132]. Examination of TGF-g3
positive cells in Kaposi’s sarcoma reveals the precursors in
both SMC and pericytes as well as in the spindle-shaped
Kaposi’s sarcoma cells [133].

Inhibition of Angiogenesis
The existence of specific angiogenesis inhibitors was first
postulated by Folkman [134] in an editorial. The term “anti-
angiogenesis” was introduced to describe treatment de-
signed to prevent the induction of new blood vessels and
perhaps reduce the number of those already present.
Anti-angiogenic activity was first described in cartilage.
Eisenstein et al. [135] observed the formation of avascular

Ab to FGF-2

- Ab to VEGF

Basement
membrane

AGM1470
Angiostatic
steroids

Figure 1. Relationships between angiogenic cascade and angiogenic inhibitory agents in the tumor vascular phase. Tumor angiogenesis is a multistep process
involving secretion of angiogenic growth factors by the tumor and inflammatory cells, invasion, migration and proliferation of endothelial cells (EC) through the
basement membrane and growth of the new-formed vessels into the tumor stroma. Inhibition on angiogenesis is given by several molecules acting on distinct targets:
AGM1470 inhibits EC proliferation and migration and destroys the basement membrane; angiostatic steroids destroy the basement membrane; angiostatin and
endostatin inhibit EC proliferation; antibodies (Ab) against FGF-2 and VEGF inhibit angiogenic cytokines; platelet factor-4 (PF-4) inhibits EC proliferation and
capillary formation; IFN-«, thalidomide and thrombospondin inhibit EC migration and proliferation.

Neoplasia e Vol. 1, No. 4, October 1999



A Historical Review on Angiogenesis in Solid Tumors Ribatti et al. 299 M

areas around cartilage fragments placed on the surface of
the chick CAM.

Angiogenesis inhibitors act by: i) inhibiting the production
and/or expression of angiogenic factors. Short-term admin-
istration of antibodies against specific angiogenic peptides,
such as FGF-2 [52] or VEGF [53], has inhibited tumor growth
in animals; ii) preventing the proliferation and migration of
endothelial cells in response to angiogenic factors, e.g., the
fungal derivative TNP-470 (AGM-1470) [61]; iii) combination
of therapies directed against both endothelial and tumor
cells.

Anti-angiogenesis was proposed as a cancer therapy
over 20 years ago. Clinical trials of potential inhibitors,
however, are very recent. Several phases |-l studies on
TNP-470 in North America have so far shown some
antitumoral effects with no significant systemic toxic side-
effects [136]. Interferon-alpha has effectively accelerated the
regression of hemangiomas in infants and children [137].

Marimastat, a tissue metalloproteinase inhibitor, is an
orally active drug which inhibits tumor cell invasiveness and
metastasis as well as angiogenesis. A preliminary multi-
centric study of its effects in different types of solid or
advanced solid tumors suggested that it decreases the levels
of some serum markers of malignancy [138].

Brooks et al. [139] and Friedlander et al. [140] have shown
that the integrins o3 and «, s are essential for angiogen-
esis and that the former and the latter are involved in the
specific angiogenic pathways stimulated by FGF-2 and
VEGF, respectively. Humanised monoclonal antibodies
against VEGF and integrin o, (3 are being investigated in
phase | trials in North America [141].

O’Reilly et al. [65] have isolated two new angiogenesis
inhibitors, namely angiostatin and endostatin. Angiostatin, a
specific inhibitor of endothelial cell proliferation, is an internal
fragment of plasminogen containing at least three of its
kringles. It was isolated from a subclone of Lewis lung
carcinoma in which the primary tumor inhibited the growth of
its metastases. It was generated by the primary tumor and
potently inhibited angiogenesis. Systemic therapy with
angiostatin, in fact, led to the maintenance of metastases
in a microscopic dormant state defined by a balance of
apoptosis and proliferation of the tumor cells [65,68]. It has
since been shown that this treatment also inhibits the growth
of three types of murine primary tumors, even if it is not
begun until they correspond to 2% of body weight [142].

Endostatin is a terminal fragment of collagen XVIII. It
specifically inhibits endothelial proliferation and is a potent
inhibitor of angiogenesis and tumor growth [66]. Primary
tumors regressed to dormant microscopic lesions and
immunohistochemistry revealed blocked angiogenesis ac-
companied by high tumor cell proliferation balanced by
apoptosis. Further experiments have shown that drug
resistance does not develop in three tumor types treated
with endostatin and that repeated courses are followed by
prolonged tumor dormancy without further therapy.

These findings form the background to a new approach to
the treatment of human tumors since the biological differ-
ence between human and murine endothelial cells is only
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marginal. A further advance may be achieved by combining
anti-angiogenic treatment and chemotherapy so as to reduce
the doses of chemotherapeutic drugs and hence their
adverse side-effects.

Conclusions

This historical review has illustrated the importance of the
vascular phase in the growth of solid tumors and has
described the major factors acting as agonists or antagonists
of this process (Table 1). It also shows that this scientific
paradigm, to use the term imparted to this concept by Kuhn,
the philosopher of science, has been repeatedly confirmed.
The strength of this paradigm has now been increased by the
mounting of clinical and not just experimental evidence of the
prognostic value of the vascular component in both tumor
growth and metastasis [70,143]. The complex relationships
between angiogenic cascade and anti-angiogenic agents in
the tumor vascular phase (Figure 1, Table 1), as well as
further identification and characterization of angiogenesis
inhibitors, have indicated that anti-angiogenesis can be
seriously considered as a strategy for the adjuvant therapy of
solid tumors.
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