
Incipient Angiogenesis

Judah Folkman

The hypothesis that tumor growth is angiogenesis dependent
(1,2) was first proposed in 1971 based on observations that
expansion of a tumor mass was limited in the absence of angio-
genesis. Since then, considerable experimental supporting evi-
dence for this concept has been assembled from inhibition of
angiogenesis by the following observations: 1) mechanical sepa-
ration of tumor cells from their nearest vascular bed(3), 2)
blockade of tumor-derived angiogenic factors(4), 3) adminis-
tration of angiogenesis inhibitors(5), 4) blockade of endothelial
receptors for angiogenic factors(6), 5) endogenous production
of angiogenesis inhibitors from tumor cells(7,8), and 6) dem-
onstration of the preangiogenic phenotype in spontaneous tu-
mors (9). The size limits of experimental tumors when angio-
genesis is blocked or absent are between approximately 0.2 mm
in diameter [for lung metastases in mice(10)] and 2 mm, i.e., a
tumor population of 105–106 cells (for avascular chondrosarco-
mas in rats [Fang J, Shing Y, Wiederschain D, Yan L, Butter-
field C, Jackson G, et al.; unpublished results]). The differences
in size of avascular preangiogenic tumors may be due in part to
the capacity of tumor cells to survive under differing degrees of
hypoxia (11).

In an elegant report in this issue of the Journal, Li et al.(12)
analyzed the earliest events that take place before and during the
onset of tumor neovascularization. The authors implanted mam-
mary cancer cells with the angiogenic phenotype into a trans-
parent skin chamber in mice and rats. The cancer cells were
visible because they expressed green fluorescence protein. This
report shows that, if cancer cells are already angiogenic at the
time of implantation, they can initiate angiogenesis long before
the tumor population would have reached the limiting size of a
non-neovascularized tumor, i.e., 0.2–2 mm.

In the study by Li et al., after only 20–50 tumor cells were
injected into the chamber, the cells elongated by day 2, migrated
toward the nearest microvessels in a parallel orientation by day
4, divided unidirectionally and induced vascular dilation and
tortuosity by day 6, and stimulated new vascular sprouts with
intermittent blood flow by day 8. By that time, a microscopic
colony of up to 300–400 cells existed. Tumor cells preferentially
grew contiguous to the microvessel sprouts, and by day 20 the
tumor was filled with a newly formed vasculature.

A provocative finding of the study by Li et al. is that injection
of a truncated soluble receptor for vascular endothelial growth
factor (VEGF) led to tumor cell apoptosis, tumor regression, or
suppression of tumor growth within 5 days before the appear-
ance of neovascular sprouts. This receptor (ex-flk1), however,

had no effect on tumor cells in vitro, while it had a potent
antiproliferative effect on endothelial cells. This result provides
compelling evidence for the operation of a two-way paracrine
exchange of growth factors and survival factors between tumor
cells and neighboring vascular endothelial cells. In this model,
tumor cells secrete angiogenic proteins that activate endothelial
cells to elaborate chemoattractants for tumor cells. Simulta-
neously, the activated endothelium is preparing to send new
sprouts toward the tumor. Vascular endothelial cells can produce
at least 20 mitogens and antiapoptotic factors(13). Many of
these proteins, such as basic fibroblast growth factor and hepa-
rin-binding epithelial growth factor, are stored in the extracel-
lular matrix and could be mobilized by VEGF stimulation of
endothelial cells to secrete proteases(14).

It is also possible that VEGF elaborated from the tumor cells
increases the permeability of local microvessels so that the tu-
mor microcolony is bathed in nutrients even before neovascu-
larization begins. The diffusion of nutrients (and oxygen) into
the tumor bed would also be facilitated by loss of pericytes from
microvessels due to endothelial elaboration of angiopoietin-2
(15). Endothelial cells express angiopoietin-2 in the presence of
tumor cells by an unknown mechanism. Furthermore, plasma
and fibrin leakage from the microvessels could facilitate che-
motaxis and alignment of tumor cells(16),as well as subsequent
migration of endothelial cells(17).

The findings reported by Li et al. in this issue also provide an
explanation for why long-term antiangiogenic therapy of tumor-
bearing animals prevents the growth of some tumors and appears
to eradicate others(5,18). It remains to be seen if long-term
antiangiogenic therapy in humans will have a similar effect.

The vasodilation and tortuosity of microvessels that precede
sprout formation may result from increased synthesis of nitric
oxide, which is induced by VEGF [(19,20); reviewed in(21)].
By allowing endothelial cell elongation and spreading, vasodi-
lation of microvessels may permit mitosis and migration of en-
dothelial cells in response to mitogens (e.g., VEGF from the
tumor cells)(21). Even highly transformed neoplastic cells re-
spond more efficiently to mitogens when the cells are elongated
or spread than when they are rounded(22).
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The most important contribution of the report by Li et al. is
that it enlarges our understanding of the mechanism of antian-
giogenic therapy. Until now, the conventional wisdom among
angiogenesis researchers has been that angiogenesis inhibitors
operate only after neovascularization has occurred. The authors
clearly show that at least one angiogenesis inhibitor can function
before a tumor has become neovascularized and lead to inhibi-
tion or eradication of a nascent tumor. If this finding holds up for
other angiogenesis inhibitors, it provides a rational basis for a
new use of antiangiogenic therapy: prevention of cancer in pa-
tients at high risk for the disease(23). It also provides a novel
conceptual framework for the antiangiogenic activity of epigal-
locatechin-3-gallate in green tea(24), as well as for the antian-
giogenic activity of aspirin in the prevention of human colon
cancer(25).

The take-home message from the report by Li et al. is that
close association of tumor cells with vascular endothelial cells,
in the absence of any restraint on the paracrine chemotactic and
mitogenic interactions between these two cell populations, is
potentially dangerous to the host.
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