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Abstract

The current wisdom is that tumours are endowed with an angiogenic capability and that their growth, invasion and metastasis
are angiogenesis-dependent. This article summarises the literature concerning recent histomorphological studies that indicate that
some tumours may be vascularised without significant angiogenesis, probably by using existing vessels, a process later described as
vascular co-option, or even by forming vascular channels on their own through a non-endothelial cell process called ‘‘vascular

mimicry’’. Moreover, the possibility that bone marrow-derived stem cells may also be a source of endothelial precursor cells
recruited for tumour-induced neovascularisation, is reviewed. In fact, it has been assumed that the additional endothelial cells
required to construct new tumour vessels come from the division and proliferation of local endothelial cells and that endothelial

cells incorporated into sites of neovascularisation, including tumour-induced new blood vessels, may be derived from these pre-
cursor cells. Finally, lymphoangiogenesis as a mechanism of de novo formation of lymphatics, favouring the metastatic dissemina-
tion of tumour cells, is summarised. Potential therapeutic applications are also discussed.
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1. Current thinking

The current wisdom is that tumours are endowed with
an angiogenic capability and that their growth, invasion
and metastasis are angiogenesis-dependent [1]. In 1984
Judah Folkman, a highly respected pioneer and
researcher in this field wrote: ‘‘Once tumor take has
occurred, early increase in tumor cell population must
be preceded by an increase in new capillaries that con-
verge upon the tumor’’ [2].
This implies that neoplastic cell populations can only

form a clinically observable tumour if the host produces
a vascular network sufficient to sustain their growth and
provide them with a gateway through which they enter
the circulation and metastasise to distant sites. Tumour
angiogenesis is essentially mediated by angiogenic
molecules produced by tumour cells [3].
This view enjoys the support of extensive experi-

mental and genetic evidence. Moreover, angiogenesis is
initiated by a switch that is tripped when the balance
shifts in favour of the angiogenic inducers [4]. The
mechanism of this switch was classified in 1985 by
Hanahan [5], who developed transgenic mice in which
the large ‘‘T’’ oncogene is hybridised to the insulin pro-
moter. In this model for [-islet cell tumorigenesis (RIP-
Tag model), all islet cells in a transgenic mouse line
express the large T antigen at birth. By 12 weeks, 75%
of islets progress to small foci of proliferating cells, but
only 4% are angiogenic and their number is closely
correlated with the incidence of tumour formation [6].
Angiogenic islets are detected both morphologically by
their red colour and evident blood islands consequent to
microhaemorrhaging, and functionally by their ability
to elicit endothelial cell migration, proliferation and
tube formation in an in vitro collagen bioassay involving
coculture of dispersed capillary endothelial cells and
isolated pancreatic islets [6].
The switch depends on increased production of one or

more of the positive regulators of angiogenesis, such as
the vascular endothelial growth factor (VEGF), fibro-
blast growth factor-2 (FGF-2), interleukin-8 (IL-8),
placental growth factor (PlGF), transforming growth
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factor-b (TGF-b), platelet-derived endothelial growth
factor (PDEGF), pleiotrophins and others. These can
be exported from tumour cells, mobilised from the
extracellullar matrix, or released from host cells recrui-
ted to the tumour. The switch clearly involves more
than simple upregulation of angiogenic activity and has
thus been regarded as the result of a net balance of
positive and negative regulators.
Among the positive regulators, VEGF plays a critical

role in the angiogenic switch. In fact, the amount of
VEGF (measured in different studies by immunohis-
tochemistry, in situ hybridisation, quantitative immu-
noassay, Western blotting, or reverse-transcriptase
polymerase chain reaction) expressed by cancer cells has
been found to correlate with tumour sise, metastases
and poor prognosis in many types of solid and haema-
tological tumours [7].
Among the host cells recruited to the tumour, macro-

phages respond to microenvironmental factors in
tumours, such as hypoxia, by producing angiogenic
cytokines, including VEGF, FGF-2, IL-8 and tumour
necrosis factor-a (TNF-a), and extracellular matrix-
degrading enzymes, that, in turn, stimulate tumour
angiogenesis [8].
2. Increases in microvessel density do not necessarily

coincide with the onset of angiogenesis

The majority of reports published in the past 30 years
have confirmed that microvascular density is a power-
ful, and often an independent, prognostic indicator of
tumour progression and of the risk of future metastases
for many different types of human cancer [3]. In fact,
newly formed blood vessels convey oxygen and metabo-
lites, whereas endothelial cells secrete growth factors for
tumour cells and a variety of proteinases which facilitate
invasion and increase opportunities for tumour cells to
enter the circulation [3]. By contrast, low or no angio-
genesis led to a dormant phase of the tumour, in which
very few cells proliferate overlapping those entering
apoptosis, and no chance of metastases occurred [3].
However, the amount of angiogenesis in human

tumours is considerably lower than that in a physi-
ological condition such as the granulation tissue of the
reproductive organs; in fact, the endothelial cell pro-
liferation index value is 0.15% for the human prostate
or breast cancer compared with 6.7% in granulation
tissue and 36% in the corpus luteum [9]. Moreover, the
microvessel densities for human lung, mammary, renal
cell and colon carcinomas, glioblastoma and pituitary
adenomas are lower than those for their normal coun-
terparts [10,11]. This apparent paradox is partially
explained by the lower oxygen consumption rate of
tumour cells [12], which are also known to tolerate
oxygen deprivation [13]. As a result, the intercapillary
distance in tumours is greater than in their normal tissue
counterparts.
Nevertheless, the mechanisms responsible for vascu-

larisation of in situ tumours and their remodelling are
still poorly understood. Recent histomorphological
studies indicate that some tumours may be vascularised
without significant angiogenesis, probably by using
existing vessels [14], a process later described as vascular
co-option [15,16], or even by forming vascular channels
on their own through a non-endothelial cell process
called ‘‘vascular mimicry’’ [17].
3. A tumour can obtain an efficient blood supply from

a pre-existing vascular bed: the vascular co-option

Pezzella and colleagues [14] were the first to describe a
non-small-lung carcinoma growing with no morpholo-
gical evidence of neoangiogenesis by exploiting normal
tissue vessels. They reported that lung carcinomas with-
out angiogenesis are characterised by lack of par-
enchymal destruction and absence of new vessels and
tumour-associated stroma. They also questioned whe-
ther the neoplastic cells were truly non-angiogenic, as
suggested by the apparent lack of new vessel formation.
Clinical–pathological study has shown that patients with
a putative non-angiogenic carcinoma have more aggres-
sive disease [18]. A pattern of non-angiogenic growth has
also been described in glioblastoma multiforme [19].
It has also been suggested, looking at the microvessel

density in the primary tumour and in synchronous
nodal metastases, that the lymph node is another site in
which tumours grow independently of their angiogenic
ability [20–22]. Naresh and colleagues reported that the
percentage of endothelial cells in the cell cycle is higher
in primary tumours than in metastases and suggested
that while in the primary tumours a high vascular pro-
liferating fraction is due to angiogenesis, in the nodal
metastases, a low proliferating fraction in the endothe-
lium indicates a reduced angiogenesis.
Holash and colleagues [15] reported that tumour cells

migrate towards existing host organ blood vessels in
sites of metastases, or in vascularised organs such as the
brain, to initiate blood vessel-dependent tumour growth
as opposed to classic angiogenesis. These vessels then
regress owing to apoptosis of the constituent endothelial
cells, apparently mediated by angiopoietin-2 (Ang-2).
Ang-2, a ligand for the endothelial tyrosine kinase-
receptor Tie-2, antagonises the activity of the other Tie-
2 ligand, Ang-1, that keeps the vessel in a quiescent state
by maintaining high pericyte coverage [15]. Finally, at
the periphery of the growing tumour mass, angiogenesis
occurs by co-operative interaction of VEGF and Ang-2.
Tumour cells often appear to have immediate access

to blood vessels, such as when they metastasise to or are
implanted within a vascularised tissue [15,23]. They
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immediately co-opt and often grow as cuffs around
adjacent existing vessels. A robust host defence
mechanism is activated, in which the co-opted vessels
initiate an apoptotic cascade, probably by autocrine
induction of Ang-2, followed by vessel regression. This
is of the co-opted vessels that carries off much of the
dependent tumour and results in massive tumour death.
However, successful tumours overcome this vessel
regression by initiating neoangiogenesis.
Shortly after regression, a tumour upregulates its

expression of VEGF, presumably because it is becoming
hypoxic due to the loss of vascular support. As in nor-
mal vascular remodelling, the destabilising signal pro-
vided by Ang-2, which leads to vessel regression in the
absence of VEGF, potentiates the angiogenic response
in combination with VEGF. Many solid tumours may
fail to form a well-differentiated and stable vasculature
because their newly formed tumour vessels continue to
overexpress Ang-2. Ang-2 induction in host vessels in
the periphery of experimental C6 glioma precedes
VEGF upregulation on tumour cells, and causes
regression of co-opted vessels [15,16,24].
Vajkoczy and colleagues [25] have demonstrated par-

allel induction of Ang-2 and VEGFR-2 in quiescent host
endothelial cells, suggesting that their simultaneous
activity is critical for the induction of tumour angiogen-
esis during vascular initiation of microtumours. Conse-
quently, the simultaneous expression of VEGFR-2 and
Ang-2, rather than the expression of Ang-2 alone, may
indicate the angiogenic phenotype of endothelial cells and
thus provide an early marker of activated host vascu-
lature. The VEGF/Ang-2 balance may determine whe-
ther the new tumour vessels continue to expand when the
ratio of VEGF to Ang-2 is high, or regress when it is low
during remodelling of the tumour microvasculature.
4. Vasculogenic mimicry

Maniotis and colleagues [17] described a new model
of formation of vascular channels by human melanoma
cells and called it ‘‘vasculogenic mimicry’’ to emphasise
the de novo generation of blood vessels without the
participation of endothelial cells and independent of
angiogenesis. The word ‘‘vasculogenic’’ was selected to
indicate the generation of the pathway de novo and
‘‘mimicry’’ was used because the tumour uses cell path-
ways for transporting fluid in tissues that were clearly
not blood vessels.
Maniotis and colleagues showed that highly invasive

uveal and cutaneous melanoma cells formed looping
patterns that stained positive with the periodic acid-
Schiff (PAS) stain in three-dimensional cultures on type
I collagen and Matrigel, independently of endothelial
cells and fibroblasts. These PAS-positive patterns were
thus throught to contribute to a microcirculation in
human melanoma and that pattern-generating aggres-
sive melanoma cells may contribute to a limited local
extravascular circulation.
Microarray gene chip analysis of a highly aggressive

compared with a poorly aggressive human cutaneous
melanoma cell line revealed a significant increase in the
expression of laminin 5 and matrix metalloproteinases
(MMP)-1,-2, and -9 and Membrane Type 1 (MT1)-
MMP in the highly aggressive cells [26], suggesting that
they interact with and alter their extracellular environ-
ment differently than the poorly aggressive cells, and
that increased expression of MMP-2 and MT1-MMP
along with matrix deposition of laminin 5 are required
for their ‘‘vasculogenic mimicry’’.
These data have been vigorously disputed by Mc

Donald and colleagues [27], who consider the evidence
presented neither persuasive nor novel. In their opinion,
the data are not convincing because three key questions
were not addressed: (a) if erythrocytes are used as mar-
kers, are they located inside or outside blood vessels?;
(b) where is the interface between endothelial cells and
tumour cells in the blood vessel wall?; (c) how extensive
is the presumptive contribution of tumour cells to the
lining of blood vessels?
Moreover, the possibility that cancer cells participate

in the formation of blood vessels in tumours has been
recognised for many years. Tumour cells in some uveal
melanomas line cavernous spaces or cyst-like blood lakes
that communicate with the microvasculature [28–30].
Warren [31], Prause and Jensen [32] and Hammersen and
colleagues [33] subsequently added ultrastructural evi-
dence of the contribution of cancer cells to the wall of
tumour vessels. Tubes lined by tumour cells have been
demonstrated histologically in melanomas [34], ovarian
carcinomas [35] and inflammatory breast cancers [36].
Another possibility is that the endothelial cell lining is

replaced by tumour cells, resulting in the so-called
‘‘mosaic vessels’’, where both endothelial and tumour
cells contribute to the formation of the vascular tube
[37]. These authors used CD31 and CD105 to identify
endothelial cells and endogenous green fluorescent pro-
tein [GFP] labelling of tumour cells, and showed that
approximately 15% of perfused vessels of a colon car-
cinoma xenografted at two sites in mice were mosaic
with focal regions where no CD31/CD105 immuno-
reactivity was detected and tumour cells were in contact
with the vessel lumen. This formation of mosaic vessels
is distinct from vasculogenic mimicry, as described by
Maniotis and colleagues [17].
5. The role of bone marrow-derived stem cells in tumour

angiogenesis

Emerging data suggest that adult bone marrow is a
major reservoir for organ-specific stem cells, including
D. Ribatti et al. / European Journal of Cancer 39 (2003) 1835–1841 1837



haematopoietic stem cells, endothelial progenitors, neu-
ronal and muscle stem cells.
Endothelial precursor cells (EPC) in the peripheral

blood may derive from the bone marrow may not yet
and have been incorporated into the vessel wall. Several
lines of evidence suggest that EPC constitute the pre-
ponderance of circulating bone marrow-derived endo-
thelial lineage cells.
Bone marrow-derived stem cells may be a source of

EPC recruited for tumour-induced neovascularisation.
It has been assumed that the additional endothelial cells
required to construct new tumour vessels come from the
division and proliferation of local endothelial cells.
Endothelial cells incorporated into sites of neovascular-
isation, including tumour-induced new blood vessels,
may be derived from these precursor cells.
High levels of VEGF produced by tumours may result

in the mobilisation of bone marrow-derived stem cells in
the peripheral circulation and enhance their recruitment
into the tumour vasculature [38,39]. Moreover, Hattori
and colleagues [39] showed that combined elevation of
VEGF and Ang-1 resulted in remodelling of the bone
architecture, with depletion of the sinusoidal spaces of
haematopoietic cells and a parallel increase in bone
marrow vascularisation and splenomegaly.
Hypoxia can also mobilise endothelial precursor cells

from the bone marrow in the same way, as haemato-
poietic cytokines, such as granulocyte–macrophage col-
ony stimulating factor (GM–CSF) [40]. Malignant
tumour growth results in neoplastic tissue hypoxia, and
may mobilise bone marrow-derived endothelial cells in a
paracrine fashion and thus contribute to the sprouting
of new tumour vessels.
Lyden and colleagues [41] demonstrated that trans-

plantation and engraftment of b-galactosidase-positive
wild-type bone marrow or VEGF-mobilised stem cells
into lethally irradiated Id-mutant mice is sufficient to
reconstitute tumour angiogenesis. In contrast to wild-
type mice, Id-mutants fail to support the growth of
tumours because of impaired angiogenesis. Tumour
analysis demonstrates uptake of bone marrow-derived
VEGFR-2-positive endothelial precursor cells into ves-
sels surrounded by VEGFR1-positive myeloid cells.
Defective angiogenesis in Id-mutant mice is associated
with impaired VEGF-induced mobilisation and pro-
liferation of the bone marrow precursor cells. Inhibition
of both VEGFR-1 aand VEGFR-2 signalling is needed
to block tumour angiogenesis and induce necrosis.
Reyes and colleagues [42] found that in vitro-gener-

ated multipotent adult progenitor cells (MAPC)
respond to angiogenic stimuli by migrating to tumour
sites and contributing to tumour vascularisation. They
also found that in vivo angiogenic stimuli in a tumour
microenvironment are sufficient to recruit MAPC to the
tumour bed and induce their differentiation into endo-
thelial cells that contribute to the tumour vasculature.
6. Tumour lymphoangiogenesis

Cancer cells escape a tumour by two primary routes,
blood and lymphatic vessels, to establish distant metas-
tases. Although the metastatic dissemination of tumour
cells to regional lymph nodes is a common feature of
many human cancers, it is not clear the exact mechan-
ism whereby tumour cells enter the lymphatic system
and whether tumours utilise existing lymphatic channels
or tumour dissemination requires the de novo formation
of lymphatics (lymphangiogenesis) [43,44].
VEGF-C and VEGF-D have been identified as spe-

cific lymphangiogenic factors, which bind to and induce
tyrosine phosphorylation of VEGFR-3 [45]. A corre-
lation between VEGF-C and VEGF-D expression,
tumour lymphangiogenesis and the formation of metas-
tases in regional lymph nodes has been described in a
range of human tumours, including malignant mela-
noma and lung, breast, colorectal and gastric carcinomas
[46]. Although these findings provide no information on
the mechanism of tumour cell dissemination, they raise
the possibility that VEGF-C and VEGF-D may increase
metastasis by increasing the number and size of lympha-
tic vessels, or, alternatively, by altering the functional
properties of existing lymphatics.
7. Therapeutic implications

The key role of VEGF in tumour angiogenesis has
identified it as a prominent target in the therapeutic
control of angiogenesis. Two approaches have been
adopted: first, the use of antibodies to either VEGF or
VEGFR; and, second, the development of specific inhi-
bitors of VEGFR kinase.
Inflammatory breast cancer (IBC) xenografts exhibit

invasive ductal carcinoma with a hypervascular struc-
ture in the tumour margin and vasculogenic mimicry
without endothelial cells, central necrosis, or fibrosis in
the tumour centre [47]. To explore the therapeutic
potential of blocking VEGF and Ang pathways in IBC,
established adenovirus vector encoding soluble
VEGFR-1/Flt-1 (sFlt-1) and soluble Tie-2 (sTie-2) have
been injected directly into IBC xenografts [36]. Both
vectors produced growth inhibition ratios of the injected
tumours that were significantly higher that those of
non-IBC xenografts. Moreover, both vectors suppressed
lung metastases into IBC xenografts.
Some MMP, such as MMP-2, may have effects on the

early stages of angiogenesis when the breakdown of the
basement membrane is required. Numerous MMP inhi-
bitors (MMPI) are being evaluated as anti-angiogenic
agents in a variety of cancers and at various stages of
clinical development [48]. Seftor and colleagues [26]
demonstrated that a highly aggressive human cutaneous
melanoma characterised by the formation of vascular
1838 D. Ribatti et al. / European Journal of Cancer 39 (2003) 1835–1841



channels through ‘‘vasculogenic mimicry’’ is inhibited
by antibodies to MMP-2 or MT1-MMP.
One of the most compelling theoretical advantages of

the use of conventional chemotherapeutic drugs as anti-
angiogenic agents for the treatment of cancer is the
possibility that they may not readily be susceptible to
mechanisms of acquired drug resistance [49]. Xenografts
of neuroblastoma cell lines were subjected to a con-
tinuous treatment with the chemotherapeutic drug, vin-
blastine, in combination with a monoclonal neutralising
anti-VEGFR-2 antibody [50]. The combination therapy
resulted in full and sustained regression of large estab-
lished tumours, without an ensuing increase in host
toxicity or acquired drug resistance, while both anti-
VEGR-2 and vinblastine treatment individually resulted
in significant, but transient, xenograft regression [50].
Chang and colleagues [37] emphasise that ‘‘antivascular
effects of some conventional anticancer therapies could
be explained by mosaic vessels, because killing exposed
cancer cells could impair blood flow in 14% of the ves-
sels causing significant antivascular effects’’.
The finding that circulating bone marrow-derived

EPC are recruited to the tumour neovasculature pro-
vides an additional rationale for using bone marrow
stem cells as the target in an anti-angiogenic gene ther-
apy-mediated anticancer strategy. Because these gene-
modified EPC are recruited factors produced by the
tumours, a higher local milieu of angiogenesis inhibitors
is probably established at the target sites.
Davidoff and colleagues [51] modified murine bone

marrow-derived cells with a gene encoding an angio-
genesis inhibitor, a soluble, truncated form of the
VEGFR-2 (Flk-1) (tsFlk-1) together with GFP or GFP
alone. Tumour growth in mice challenged 3 months
after transplantation with tsFlk-1 expressing bone mar-
row cells was significantly inhibited compared with
transplanted controls. Immunohistochemical analysis of
tumours in each group demonstrated co-localisation of
GFP expression in cells stained with endothelial cell
markers, suggesting that endothelial cells of the tumour-
induced neovasculature were derived, at least in part,
from bone marrow precursors.
These data suggest that chemotherapeutical destruc-

tion of the bone marrow may partially slow tumour
development by inhibiting angiogenesis. We thus need
to know whether bone marrow replacement in cancer
patients, redelivers cells that can support the tumour
vasculature.
With regard to tumour lymphangiogenesis, it seems

reasonable to hypothesise that blocking the growth of
new lymphatic vessels will inhibit lymphogenic metas-
tases. It has recently been demonstrated that inhibition
of VEGFR-3 signalling with a soluble fusion protein,
VEGFR-3-Ig, can suppress tumour lymphoangiogen-
esis and lymphatic metastases, but not lung metastases
[52].
8. Concluding remarks

The conventional angiogenic model predicts that
tumours progress from a low microvessel density to
more aggressive stages, which are related to increases in
angiogenic activity. Angiogenesis inhibitors may gen-
erally be most effective in preventing the growth of the
neovasculature or in causing regression of the neo-
vasculature, but have little or no effect on the mature
microvasculature.
The ability of the tumour to support continued

growth through non angiogenesis-dependent pathways,
such as vascular co-option, vasculogenic mimicry,
recruitment of bone marrow-derived stem cells and
lymphoangiogenesis, represents an important mechan-
ism of tumour resistance to conventional anti-angio-
genic treatments and requires adjustment of these
therapies to counter such new pathways.
Moreover, further studies on the mechanisms under-

lying the initiation of tumour cell dissemination and of
the interactions of tumour cells with blood and lym-
phatic endothelial cells should advance our current
understanding of tumour progression and its invasive
potential.
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