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Beyond starving cancer: anti‑angiogenic therapy
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Abstract
Tumor blood vessels contribute to cancer progression by supplying nutrients and oxygen to the tumor, removing waste 
products, and providing a pathway to distant organs. Current angiogenesis inhibitors primarily target molecules in the vascular 
endothelial growth factor (VEGF) signaling pathway, inhibiting cancer growth and metastasis by preventing the formation of 
blood vessels that feed cancer. They also normalize vascular structural abnormalities caused by excess VEGF and improve 
reflux, resulting in increased drug delivery to cancer tissue and immune cell mobilization. As a result, by normalizing blood 
vessels, angiogenesis inhibitors have been shown to enhance the effects of chemotherapy and immunotherapy. We present 
findings on the characteristics of tumor vascular endothelial cells that angiogenesis inhibitors target.
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Tumor angiogenesis

Dr. Folkman was the first to propose the concept of cancer 
treatment by inhibiting angiogenesis [1]. As a surgeon, 
he noticed that tumor tissues were prone to bleeding and 
wondered if cancer caused angiogenesis. He believed that 
by inhibiting angiogenesis, he could control cancer. This 
marked the start of tumor angiogenesis inhibitor therapy [1]. 
Most anticancer drugs at the time targeted cancer cells, but 
his angiogenesis inhibitor therapy concept was novel in that 
it targeted tumor blood vessels. Initially, this concept was not 
widely accepted, but he and his colleagues began to identify 
angiogenic factors, such as vascular endothelial growth 
factor (VEGF) and basic fibroblast growth factor (bFGF), 
and demonstrated that angiogenic factors are required for 
cancer growth. Their efforts resulted in bevacizumab, the 
world’s first angiogenesis inhibitor, a humanized VEGF-
neutralizing antibody [2] (described later). As a strategy to 
“feed (starve?) the army” of cancer, angiogenesis inhibitors 
have thus become one of the paradigm shifts in cancer 
therapy.

Cancers can survive at sizes as small as 1–2 mm, because 
they can obtain oxygen and nutrients through diffusion from 
their surrounding vessels. In a dormant state, such small 
tumors do not metastasize and are not life-threatening. 
Angiogenesis (angiogenic switch) occurs when cancer 
awakens from a dormant state and cancer cells begin to 
secrete angiogenic factors, such as VEGF, and cancer rapidly 
grows in size and malignancy [3] (Fig. 1).

The balance of multiple angiogenic factors and internal 
angiogenesis inhibitors regulates the angiogenic switch, and 
in cancer, an excess of angiogenic factors results in increased 
angiogenesis (Fig. 2).

The most prominent angiogenic factor is VEGF-A, whose 
gene expression is stimulated by hypoxia, cell proliferation 
signals, and tumor suppressor gene mutations. As a result, 
VEGF-A and its receptor, VEGF receptor (VEGFR), play 
critical roles in tumor angiogenesis and are important targets 
for cancer therapy. To induce angiogenesis, VEGF-A binds 
to VEGFR1 and VEGFR2 on endothelial cells and promotes 
their migration and proliferation [4]. VEGF-A also causes 
an increase in vascular permeability.

Vascular abnormalities in tumors

The majority of current angiogenesis inhibitors block VEGF, 
its receptor VEGFR, and the signaling pathway. Rapidly 
growing cancers produce large amounts of angiogenic 
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factors, and the balance of angiogenesis-promoting and 
angiogenesis-inhibiting factors tends to favor the promoting 

factors, resulting in rapid angiogenesis induction. Tumor 
blood vessels frequently have an immature structure. Normal 
blood vessels have a hierarchical structure with uniformly 
running arteries, capillaries, and veins, whereas tumor 
blood vessels lose their hierarchy due to irregular branching 
and tortuous course, uneven vessel diameter, and uneven 
vessel density (Fig.  3). Capillaries also have immature 
structures, such as reduced vascular endothelial cell-to-
cell junctions, insufficient pericyte coverage, and irregular 
basement membrane type IV collagen thickness. VEGF 
increases tumor vessel permeability by including vascular 
endothelial window structures and decreasing vascular 
endothelial cell adhesion via VE-cadherin internalization. 
As a result, blood vessel permeability is high in cancers 

Angiogenesis

Tumor 

Fig. 1   Cancer that has not invaded the basement membrane within 
a few millimeters (left). When the angiogenesis switch is turned on, 
cancer begins to grow and become invasive (right)

Fig. 2   Angiogenesis is 
controlled by the balance of 
anti-angiogenic factors and 
pro-angiogenic factors. When 
pro-angiogenic factors become 
excessive, the angiogenic 
switch is turned on. In cancer 
tissue, the angiogenesis switch 
continues to be turned on, and 
angiogenesis is activated
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Fig. 3   Tumor blood vessel 
abnormality. Tumor blood 
vessels (right) have an immature 
structure compared to normal 
blood vessels (left). As a result, 
the permeability of blood 
vessels increases, and blood 
flow is insufficient
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with active angiogenesis. Furthermore, blood easily leaks 
out of the vessels, causing increased interstitial pressure. 
Tumor vessels with immature vessel walls are compressed 
in this environment, and blood circulation is poor. As a 
result, despite a dense vascular network, cancer tissues are 
frequently hypoxic [5]. Hypoxia promotes further immature 
angiogenesis in cancer tissues by inducing VEGF production 
via HIF-1, activation of cancer stem cells, malignant 
transformation of cancer via epithelial–mesenchymal 
transition (EMT) [5], and further enhancement of immature 
angiogenesis [6].

Inhibitors of angiogenesis

The basic concept of starving primary tumors, as described 
above, gave rise to angiogenesis inhibitors, making vascular 
endothelial cells the second most important therapeutic 
target after cancer cells. Initially, it was assumed that, in 
contrast to cancer cells with genetic instability such as 
mutations, vascular endothelial cells, which are genetically 
stable, would be less susceptible to drug resistance [7]. 
Furthermore, tumor endothelial cells (TECs) are thought to 
support 50–100 cancer cells, implying that TEC-targeted 
drugs should have a high therapeutic efficacy. The benefits 
of these drugs include the fact that they are expected 
to have a high therapeutic effect with a low drug dosage 
and be much less toxic than traditional anticancer drugs. 
These are important critical context for the development of 
angiogenesis inhibitors.

Bevacizumab (Avastin), the first FDA-approved 
angiogenesis inhibitor, is a monoclonal antibody against 
human VEGF that was approved in 2004. Bevacizumab, 
which inhibits angiogenesis by inhibiting VEGF function, 
has improved the prognosis of many patients. Table 1 lists 
other angiogenesis inhibitors currently approved by the 
FDA.

(1) Monoclonal anti-VEGF antibodies (bevacizumab); 
(2) small molecule tyrosine-kinase inhibitors (TKIs) 
(sorafenib, sunitinib, pazopanib, vandetanib, axitinib, and 

cabozantinib); (3) mammalian target of rapamycin (mTOR) 
inhibitors (sirolimus, everolimus, and temsirolimus).

As previously stated, bevacizumab, a monoclonal 
antibody against VEGF, is the most well-known VEGF 
antibody drug. Colorectal cancer, non-small cell lung cancer, 
ovarian cancer, cervical cancer, recurrent breast cancer, and 
malignant glioma are all treated with bevacizumab in Japan.

The number of VEGFR inhibitors (TKIs) is increasing 
as new drugs are developed. Sunitinib inhibits VEGFR 
and is approved in Japan for the treatment of renal cell 
carcinoma, imatinib-resistant gastrointestinal stromal tumor, 
and pancreatic neuroendocrine tumor. Sorafenib inhibits 
VEGFR1, VEGFR2, VEGFR3, PDGFR, c-KIT, FLT-3, 
RET, and RAF kinases, and is known to induce tumor cell 
apoptosis via MAPK signaling as well as angiogenesis. It 
is approved to treat advanced renal cancer, hepatocellular 
carcinoma, and thyroid cancer. Aflibercept is another 
angiogenesis inhibitor. A new angiogenesis inhibitor 
approved in Japan in 2017; it is a recombinant fusion protein 
of the VEGF-binding regions of VEGFR1 and VEGFR2 
with the Fc portion of IgG antibodies [8]. It has a higher 
affinity for VEGF than anti-VEGF monoclonal antibodies.

Because the mTOR pathway is important in the PI3K/
Akt signaling pathway and is required for angiogenesis, cell 
proliferation, and metabolism [9], mTOR inhibitors were 
developed. mTOR kinase inhibition inhibits downstream 
Akt signaling, inhibiting protein translation and cell 
proliferation. Because it regulates the expression of HIF-1, 
which is up-regulated in patients with von Hippel–Lindau 
gene deletion, mTOR inhibitors are approved for renal cell 
carcinoma [10, 11].

Cancer immunity and angiogenesis inhibitors

The majority of current angiogenesis inhibitors target VEGF 
and its signaling pathway. As previously stated, VEGF 
signaling increases tumor blood vessel permeability, and 
blocking this signaling not only inhibits the proliferation 
but also improves blood flow by returning immature and 
permeable tumor blood vessels to their normal pericyte-
surrounding stable structure (tumor vascular normalization). 
This is expected to improve the therapeutic effect of 
anticancer drugs taken concurrently [12]. Because cancer 
tissue is reoxygenated, vascular normalization is beneficial 
for radiation therapy.

Furthermore, tumor blood vessels are important in cancer 
immunity. CD8-positive cytotoxic lymphocytes (CTLs) 
that recognize cancer antigens must infiltrate into cancer 
tissues during the immune response induction process [13]. 
Moreover, CTLs must attack cancer cells via blood vessel 
transport to cancer tissues and migration between TECs to 
complete the cancer immune cycle. The tumor vasculature 
is crucial in cancer immunology. As a result, the role of 

Table 1   Characteristics of tumor vascular endothelial cells

Upregulation of angiocrine factor gene expression
Enhanced proliferation and migration
Decreased intracellular adhesion
High sensitivity to cytokines and growth factors
Stem-like phenotype
Chromosomal abnormality
Resistance (drug, nutrition depletion, and ROS)
Abnormal metabolism (enhanced glycolysis, and acid resistance)
High collagen synthesis ability
Heterogeneity
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tumor blood vessels in cancer immunity is also thought to be 
important. Angiogenesis inhibitors have recently been shown 
to increase the number of cells in cancer tissues and activate 
tumor immunity [14]. Furthermore, it has been demonstrated 
that VEGF inhibition activates tumor immunity. 
VEGF, for example, suppresses immunity by activating 
regulatory T cells (Treg), increasing the recruitment of 
immunosuppressive M2-type tumor-associated macrophages 
and bone marrow-derived suppressor cells, and inhibiting 
dendritic cell (DC) maturation. It has also been reported 
that VEGF/VEGFR signaling downregulates the expression 
of vascular endothelial cell adhesion factors VCAM and 
ICAM, inhibits CTL adhesion to vascular endothelium 
infiltrating cancer tissues, and induces CTL apoptosis via 
induction of FasL expression in vascular endothelial cells 
[15]. As a result, angiogenesis inhibitors are expected to 
inhibit the various immunosuppressive effects of VEGF 
while also promoting CTL mobilization by normalizing 
blood vessels. Combination therapy with anti-VEGF agents 
and immune checkpoint inhibitors is currently approved 
[16], and clinical trials for other types of cancer are ongoing, 
with the expectation that these combination therapies will 
improve efficacy.

Tumor vascular endothelial cell characteristics

The mainstay of angiogenesis inhibitors, as described above, 
VEGF/VEGFR signaling inhibitors have improved the 
prognosis of many patients. However, as with many drugs, 
some obstacles have been identified that must be overcome.

Because VEGF is required for normal vascular endothelial 
cell survival, blocking VEGF signaling can damage normal 
blood vessels, and side effects (hypertension, proteinuria, 
bleeding, thrombosis, and gastrointestinal perforation) 
have been reported [17]. This is one of the reasons why the 
dosage of this medication should be kept to a minimum. 
Furthermore, the therapeutic effect is limited in some 
carcinomas. This is due to the fact that some cancers are 
less dependent on VEGF for angiogenesis, while others are 
not [18]. Drug resistance, which was not anticipated when 
angiogenesis inhibitors were being developed, has also been 
reported [19, 20]. This is thought to be due to the fact that 
cancer angiogenesis shifts to rely on angiogenesis-promoting 
factors other than VEGF during treatment.

Recent research has focused on the complex regulatory 
mechanisms of tumor angiogenesis and the diversity 
of tumor vascular endothelial cells. TECs differ from 
normal endothelial cells (NECs) in gene expression [21, 
22], and TECs have also been found to have functional 
abnormalities. TECs have higher angiogenic activity than 
NECs [23]. Some TECs have stem cell characteristics 
[20], and vascular endothelial cells from prostate cancer 
cells differentiate into bone and cartilage, indicating their 

multilineage differentiation potential [24]. Furthermore, 
some populations express markers that are similar to cancer 
stem cells, such as ABCB1 and ALDH, which have been 
linked to drug resistance [19, 25, 26]. Moreover, TEC 
chromosomal aberrations have been reported [27, 28]. 
Chemotherapy has been shown to target drug-resistant 
vessels, and targeting drug-resistant vessels has been shown 
to improve the therapeutic effect [27, 28]. Tumor vascular 
endothelial cell characteristics should be considered in the 
treatment of angiogenesis inhibitor resistance.

Tumor vascular endothelial cells have also been proposed 
as a mechanism for their abnormality. In fact, it has been 
proposed that the presence of tissue stem cells in tissues 
serves as a source of endothelial cells during angiogenesis. 
The presence of vascular endothelial cells derived from 
cancer cells or cancer stem cells has been suggested in 
glioblastoma [29]. Although these findings are debatable, 
they do point to the diversity of tumor vascular endothelial 
cells.

The cancer microenvironment also influences tumor 
vascular endothelial cell diversity. Hypoxia, cytokine levels 
in cancer tissues, hypoxic environment, exosomes secreted 
by cancer cells, or miRNAs contained in them, for example, 
have been proposed to be responsible for various changes 
in TEC characteristics (e.g., gene expression, stemness, 
chromosomal aberrations, and drug resistance) [19, 30, 31].

The metabolic pathways of tumor vascular endothelial 
cells are also becoming clearer.

The Warburg effect demonstrates that cancer tissue 
metabolism is abnormal, but tumor vascular endothelial cells 
have different metabolic pathways than normal cells. Tumor 
vascular endothelial cells, like cancer cells, are dependent 
on the glycolytic regulator phosphofrucokinase-2/fructose-2, 
6-bisphophatase 3 (PFKFB3) [32], and tumor vascular 
endothelial cells are resistant to the acidic environment 
of cancer tissue due to increased expression of carbonic 
anhydrase II (CAII) [33, 34].

It has also been reported that tumor vascular endothelial 
cells have unique mechanisms for the regulation of radical 
oxygen species produced in cancer tissues [34]. Furthermore, 
extracellular vesicle secreted from cancer, including VEGF, 
has been suggested as a novel mechanism for anti-VEGF 
antibody therapy [35].

Furthermore, single-cell RNA sequencing studies have 
revealed not only the diversity of vascular endothelial 
cells in normal tissues [36] but also the diversity of tumor 
vascular endothelial cells. Some tumor vascular endothelial 
cells in human lung cancer have also been shown to promote 
basement membrane degradation, immune cell migration, 
and collagen cross-linkage binding [37].

As a result, it is clear that different factors in the cancer 
microenvironment confer complex and diverse properties 
on vascular endothelial cells. It has been reported that 
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tumor vascular endothelial cells secrete various factors that 
act on cells and stroma in the microenvironment to induce 
distant metastasis of cancer cells [38] and promote cancer 
fibrosis [39]. The development of a tumor vascular-selective 
therapeutic agent that targets tumor vascular endothelial cell 
characteristics may reduce the side effects of angiogenesis 
inhibitors (Table 1). Furthermore, ultrasound contrast agents 
that specifically bind to TEC ligands may be an appealing 
tool for cancer diagnosis.

Future prospects of angiogenesis inhibitor therapy

Normalization of tumor blood vessels using angiogenesis 
inhibitors is critical, because it also leads to normalization 
of the microenvironment; however, hypoxia of tissues due to 
continued angiogenesis inhibition has been reported in some 
cancers [40, 41]. Because hypoxia can cause EMT and even 
malignant transformation of cancer, it has been proposed 
that angiogenesis inhibitors have a normalization window 
to prevent cancer tissue from becoming hypoxic again [42].

The significance of companion diagnosis in angiogenesis 
inhibitor therapy is also recognized to select the appropriate 
timing and duration of administration of the agent or 
the indicated patients. Apelin induced by hypoxia, for 
example, has been reported to be a marker of tumor 
vascular normalization and may be an indicator of vascular 
normalization [42].

Dr. Folkman proposed the utility of regulating 
angiogenesis in cancer therapy nearly 50 years ago, and 
research on angiogenesis has progressed dramatically since 
then, becoming now not only a basic medical research topic 
but also an important therapeutic target in clinical practice. 
Tumor angiogenesis is now known to be linked not only 
to the malignant transformation of cancer cells but also 
to tumor immunity and drug resistance. Understanding 
the various molecular characteristics of tumor vascular 
endothelial cells may lead to the development of new 
anti-angiogenic therapies in conjunction with companion 
diagnostics.
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