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The current era of research in antiangiogenic therapy for 
cancer began in earnest in 1971 with the publication of Folkman’s imagina-
tive hypothesis,1 but 33 years would elapse before the first drug developed as 

an inhibitor of angiogenesis was approved by the Food and Drug Administration 
(FDA).2,3 This approval was based on the survival benefit observed in a randomized 
phase 3 trial of first-line treatment of metastatic colorectal cancer; in that trial, 
bevacizumab, a humanized monoclonal antibody directed against vascular endo-
thelial growth factor (VEGF), was combined with conventional chemotherapy.4 
Bevacizumab therapy also increased overall survival in the first-line treatment of 
advanced non–small-cell lung cancer when used in combination with standard 
chemotherapy.5 Two other antiangiogenic drugs, sorafenib and sunitinib, have also 
been approved by the FDA; these are oral small-molecule-receptor tyrosine kinase 
inhibitors (RTKIs). They target multiple receptor tyrosine kinases, including VEGF 
receptors and platelet-derived growth factor (PDGF) receptors.6 Sorafenib and suni-
tinib have been beneficial in the treatment of metastatic renal-cell cancer when 
used alone.7,8 Sorafenib monotherapy is also active in the treatment of hepatocel-
lular carcinoma9 and was recently approved by the FDA for this indication.

The survival benefits of these treatments are relatively modest (usually measured 
in months), with the possible exception of the benefits for patients with renal-cell 
carcinoma. These treatments are also costly10 and have toxic side effects.11,12 These 
concerns raise the following questions with respect to improving antiangiogenic 
therapy: How do such drugs work, and how does bevacizumab increase the efficacy 
of chemotherapy? Several theories have been postulated,13-16 including the theory 
that antiangiogenic drugs improve chemotherapy by causing “vessel normalization” 
in tumors (see Appendix 1 of the Supplementary Appendix, available with the full 
text of this article at www.nejm.org). How do tumors become resistant to antian-
giogenic drugs? Are there clinically useful markers that can predict the efficacy of 
this class of drug? Are there promising surrogate pharmacodynamic biomarkers 
that will help to determine the best dose of a particular agent? Will antiangiogenic 
RTKIs such as sunitinib or sorafenib consistently enhance the efficacy of chemo-
therapy? What accounts for the side effects of these agents?11,12

Many recent discoveries have the potential not only to answer some of these ques-
tions but also to indicate new therapeutic targets and treatment strategies. The pur-
pose of this review is to summarize a number of these discoveries, made mainly over 
the past 5 years, and to point out their potential clinical impact.

The V EGF a nd V EGF -R ecep t or Fa mily  
in T umor A ngio genesis

Much attention has been focused on the VEGF family of growth factors and the re-
ceptor tyrosine kinases that mediate their proangiogenic effects17,18 (Fig. 1). This 
family of structurally related molecules includes VEGF-A, VEGF-B, VEGF-C, VEGF-D, 
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and placental growth factor (PlGF).17,18 The ma-
jor mediator of tumor angiogenesis is VEGF-A, 
usually referred to as VEGF. VEGF signals mainly 
through VEGF receptor 2 (VEGFR-2), which is ex-
pressed at elevated levels by endothelial cells en-
gaged in angiogenesis and by circulating bone 
marrow–derived endothelial progenitor cells. The 
role of VEGF receptor 1 (VEGFR-1) is a mystery with 
respect to VEGF-mediated angiogenesis. It binds 
VEGF with approximately 10 times the affinity of 
VEGFR-2 binding, but its signal-transducing prop-
erties are extremely weak.19

Most types of human cancer cells express 
VEGF, often at elevated levels; this is a likely con-
sequence of the numerous and diverse genetic and 
epigenetic ways in which VEGF can be induced 
(Fig. 1).20 Hypoxia, a characteristic of solid tu-
mors,21 is an important inducer of VEGF. Its ef-
fect is mediated through the hypoxia-inducible 
transcription factors 1α and 2α.21

It is commonly held that VEGF action is attrib-
utable to a paracrine mechanism by tumor cells 
— that is, tumor cells produce VEGF but cannot 
respond to it directly since they do not have cell-
surface VEGF receptors. In contrast, endothelial 
cells engaged in angiogenesis express numerous 
VEGF receptors, but they produce very little or no 
detectable VEGF. It is now clear, however, that 
VEGF in amounts sufficient to drive tumor an-
giogenesis originates from various host cells in 
the body such as platelets and muscle cells22; 
such cells also include tumor-associated stromal 
cells.23,24 These findings explain, at least in part, 
why elevated VEGF levels in blood or even tumor 
tissue do not predict a benefit in patients receiv-
ing drugs that target the VEGF–VEGFR-2 path-
way.25 The observation that tumor cells of many 
types,26-28 including those of hematologic tu-
mors,26,27 express VEGF receptors (especially 
VEGFR-1) and also produce VEGF indicates that 
VEGF may sometimes act as a direct (cell-autono-
mous) autocrine growth factor for tumor cells. 
Furthermore, in some cases the VEGF receptors 
may be expressed not on the surface of the tumor 
cell but rather within the cell, where they promote 
cell survival by an “intracrine” mechanism; this 
has been shown for VEGFR-1 in breast-cancer 
cells.29 Hematopoietic stem cells also express both 
intracellular VEGFR-1 and VEGF, which can in 
some instances promote the growth and survival 
of these cells.30

Results in mice bearing a mutant VEGF gene 

only in vascular endothelial cells suggest that very 
low levels of autocrine-acting VEGF mediate en-
dothelial-cell survival and vascular homeostasis by 
signaling through intracellular VEGFR-2.31 Such 
mice have severe cardiac defects and are subject 
to gastrointestinal perforations and thrombotic 

Figure 1 (facing page). The Family of VEGF Molecules 
and Receptors.

The major mediator of tumor angiogenesis is vascular 
endothelial growth factor A (VEGF-A, also called VEGF), 
specifically the circulating isoforms of VEGF — VEGF121 
and VEGF165. These isoforms signal through VEGF re-
ceptor 2 (VEGFR-2), the major VEGF signaling receptor 
that mediates sprouting angiogenesis (called kinase-in-
sert domain–containing receptor [KDR] in humans and 
fetal liver kinase 1 [flk-1] in mice). The role of VEGFR-1 
in sprouting angiogenesis is much less clear. VEGF is 
expressed in most types of human cancer, and in-
creased expression in tumors is often associated with a 
less favorable prognosis. Induction of or an increase in 
VEGF expression in tumors can be caused by numer-
ous environmental (epigenetic) factors such as hypox-
ia, low pH, inflammatory cytokines (e.g., interleukin-6), 
growth factors (e.g., basic fibroblast growth factor), 
sex hormones (both androgens and estrogens), and 
chemokines (e.g., stromal-cell–derived factor 1). Other 
causes include genetic inductive changes such as acti-
vation of numerous different oncogenes or loss or mu-
tational inactivation of a variety of tumor-suppressor 
genes. The binding of VEGF to VEGFR-2 leads to a cas-
cade of different signaling pathways,19 two examples of 
which are shown, resulting in the up-regulation of 
genes involved in mediating the proliferation and mi-
gration of endothelial cells and promoting their surviv-
al and vascular permeability. For example, the binding 
of VEGF to VEGFR-2 leads to dimerization of the recep-
tor, followed by intracellular activation of the PLCγ–
PKC–Raf kinase–MEK–mitogen-activated protein ki-
nase (MAPK) pathway and subsequent initiation of 
DNA synthesis and cell growth, whereas activation of 
the phosphatidylinositol 3′–kinase (PI3K)–Akt pathway 
leads to increased endothelial-cell survival. Activation 
of src can lead to actin cytoskeleton changes and in-
duction of cell migration. VEGF receptors are located 
on the endothelial-cell surface; however, intracellular 
(“intracrine”)–signaling VEGF receptors (VEGFR-2) 
may be present as well, and they are involved in pro-
moting the survival of endothelial cells. The detailed 
structure of the intracellular VEGFR-2 in endothelial 
cells is not yet known, but it is shown as the full-length 
receptor that is normally bound to the cell surface. 
Binding of VEGF-C to VEGFR-3 mediates lymphangio-
genesis. VEGF165 can bind to neuropilin (NRP) recep-
tors, which can act as coreceptors with VEGFR-2 (hori-
zontal arrow) to regulate angiogenesis. EGFR denotes 
epidermal growth factor receptor, flt-1 fms-like tyrosine 
kinase 1, PlGF placental growth factor, PTEN phospha-
tase and tensin homologue, S–S disulfide bond, and 
VHL von Hippel–Lindau.
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