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Introduction

Cancer is one of the most common deadly diseases in the world. Neoplastic transformation 
of cells requires constant acquisition of mutations in the genome and subsequent transfer of these 
mutations to the progeny cells which forms a heterogenous population of cancer cells. Hanahan and 
Weinberg proposed the basic requirements of tumor cells which is required for the successful malignant 
transformation; popularly known as the hallmarks of cancer. Neoangiogenesis or formation of new 
blood vessels is one of the crucial hallmarks of cancer progression. Due to unlimited proliferation new 
cancer cells move further from nearby capillaries limiting the nutrients, growth factors and oxygen 
supply. Hence, in order to grow beyond a certain size, emerging tumor mass must develop angiogenic 
ability for limitless supply of nutrients. The formation of new blood vessels necessitates a fine balance 
of pro- and anti-angiogenic factors. One of the most important growth factors involved in this is 
vascular endothelial growth factors (VEGFs), more commonly known as VEGFA. Other important 
angiogenic factors include VEGF isoforms (VEGFB, VEGFC, and VEGFD), platelet-derived growth 
factor (PDGF), and placenta growth factor [2]. VEGF is a homodimeric glycoprotein with a molecular 
weight of 45 kDa that binds to the VEGFR (VEGF-receptor) on cellular surfaces [3,4]. Fibroblast 
growth factor (FGF), epidermal growth factor (EGF), tumor necrosis factor (TNF), transforming 
growth factor (TGF), and interleukin-1 (IL1) are all known to promote VEGF expression [5,6]. 

Another potent inducer of VEGF expression is hypoxia. VEGF mRNA expression has been 
observed to increase in a number of cells in response to decreased oxygen availability. HIF1 (hypoxia-
induced factor-1) stabilizes in an oxygen-depleted environment [7]. The factor is ubiquitinated as 
it undergoes modifications under the action of prolyl-hydroxylase when there is enough of oxygen 
present. Prolyl-hydroxylase, an oxygen sensor, becomes inactive in the absence of oxygen and so 
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cannot trigger HIF1 ubiquitination [8]. As a result, HIF1 becomes 
stable in hypoxic conditions and stimulates the production of VEGF 
and VEGFR [9,10]. Not only hypoxia, but also acidosis, which 
occurs as a result of inadequate perfusion, causes VEGF expression 
[3]. HIF-dependent signalling can boost cancer and stromal cell 
adaptability and selection to their surroundings, leading to changes 
that favour cancer growth. These circumstances, which are common 
in the tumor microenvironment, cause the expression of VEGF, 
which promotes tumor growth. 

VEGF binds to two homologous receptors, VEGF receptor-1 
and VEGF receptor-2, to exhibit its function [11]. Upon interaction 
of their ligand, VEGF receptors, like other tyrosine kinase receptors, 
dimerize, which propagates signal transduction by phosphorylation 
of the receptors and subsequent signal transduction by particular 
downstream molecules [12]. A third receptor, VEGF receptor-3, is 
also present and plays an important role in VEGFC and VEGFD-
mediated lymphangiogenesis. 

VEGF not only promotes angiogenesis but also serves as a 
powerful immunosuppressor in the vicinity of tumor cells. The newly 
formed blood vessels surround the tumor mass while bringing tumor-
infiltrating immune cells. These infiltrating immune cells function 
by reducing the activity of effector immune cells in the TME thus 
creating a tolerogenic milieu. Hence, elevated VEGF levels in breast 
cancer patients are associated to a poor prognosis (Figure 1) [3,13]. 
Thus, neoangiogenesis aids in the process of cancer proliferation by 
establishing a nutrient-rich and tolerogenic TME. As a result, tumor 
recurrence and therapy failure are frequently caused by VEGF-

induced neoangiogenesis and immunosuppression. Consequently, 
blocking neoangiogenesis is now one of the most important aspects 
of cancer therapy. The mechanisms of VEGF-mediated tumor 
development and immunosuppression were detailed in this study, as 
well as treatment methods to address VEGF-induced poor prognosis 
in cancer patients. 

Sources of VEGF

VEGF, also known as vascular permeability factor (VPF), was 
originally described as an endothelial cell-specific mitogen. VEGF is 
produced by many cell types (Figure 2) including:

Tumor cells

Tumor cells produce VEGF and activate VEGF receptors 
(VEGFR) on the cell surface, indicating that an autocrine signaling 
loop exists. VEGF/VEGFR interaction enables cancer cells to 
promote their growth, survival, and migration by phosphorylation 
and activation of VEGFR-1/2 or VEGF-induced neuropilin 
signaling. Because VEGF expression is strongly connected with 
cancer progression [13], it can be employed as a useful prognostic 
marker. The plasma concentration of VEGF in cancer patients 
rises as the disease progresses, indicating that the tumor tissue is 
the primary source of VEGF [3]. The VEGF gene was genetically 
ablated in experimental tumor models, and it was observed that 
VEGF expression and angiogenesis decreased, indicating that 
tumor cells are the primary source of VEGF. Several studies have 
highlighted that the main stimulator of VEGF production in 
tumors is the hypoxic-environment, which is caused by a lack of 

Figure-1: High VEGFA expression is significantly associated with lower survival in breast cancer patients. (a) Kaplan-Meier analysis 
representing statistical comparison of relapse-free survival between groups with high and low vascular endothelial growth factor-A (VEGFA) mRNA 
expression levels among patients with hormone receptor-positive (progesterone receptor-positive, human epidermal growth factor receptor-2 
(HER2)-positive, breast cancer. (b) Kaplan-Meier analysis representing statistical comparison of overall survival between groups with high and low 
vascular endothelial growth factor-A (VEGFA) mRNA expression levels among patients in breast cancer. 
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oxygen due to excessive tumor growth. In various cancers, hypoxia-
induced HIF1 regulates VEGF expression. In vivo tumor models 
with wild-type VEGF genes, however, have revealed that tumor 
growth is reduced when host fibroblasts do not synthesize VEGF. 
These findings suggested that VEGF produced by tumor cells is a 
key factor in neoangiogenesis, but not enough to maintain tumors 
growing. Recent research has revealed that tumor-associated stromal 
cells are also key VEGF generators [14,15].

Macrophages

When macrophages adapt to their surroundings and respond 
with a coordinated set of signals to promote or resolve inflammation, 
they produce VEGF, which promotes angiogenesis. Various studies 
have shown that the expression of the VEGF gene in macrophages 
is regulated by oxygen tension [16]. Though it is not clear whether 
the expression is targeted at the mRNA level or the stability of the 
mRNA is targeted. When compared to pro-inflammatory type-I 
(M1) macrophages, anti-inflammatory tumor-associated type-II 
macrophages (TAMs/M2) are potent stimulator of tumor growth 
and secrete VEGF in the TME [17]. By secreting pro-angiogenic 
and pro-lymphangiogenic molecules (VEGFA, VEGFC, VEGFD, 
bFGF, TNFα, TGFβ, IL1β, PDGFBB, and ECM remodeling 
molecules including MMPs), pro-angiogenic Tie2+/CD31+ TAMs 
play a key role in both angiogenesis and lymph-angiogenesis. 
VEGFA and VEGFC, which are secreted, stimulate mitogenic 
and chemotactic activities in macrophages, hence increasing TAM 
activity for effective tumor cell proliferation [18,19]. Multiple tumor 
types have been linked to increased micro-vessel density in patients 
with a high-number of TAMs [20]. A direct relationship exists 
between macrophages and tumor angiogenesis, which is caused by 
TAM-mediated TME regulation.

Treg cells

Treg cells, characterized by CD4, CD25, FOXP3 signature 
molecules, secret a cascade of cytokines that are indispensable for 

their immunosuppressive properties [21,22]. Along with these 
cytokines, these cells also secrete VEGFA, which is necessary for 
tumor cell survival. Tumor -site Treg cells gain the ability to express 
VEGFA and hence play a role in promoting angiogenesis at the 
tumor microenvironment [23]. Several studies have demonstrated 
that when cancer advances, the tumor size grows; creating a hypoxic 
tumor microenvironment that attracts more and more Tregs via the 
release of a group of chemokines. Due to their immunosuppressive 
and tumor-promoting properties, these Tregs contribute to the 
tumor’s growth. Tregs promote tumor growth by encouraging 
endothelial cells to neovascularize in the tumor site so that the 
quickly multiplying tumor cells may get the nutrients they need. 
The Treg lineage-specific transcription factor, FOXP3 does not 
have a binding-site at the VEGFA promoter. Rather, it binds to the 
promoter of VEGFA with the help of another transcription factor, 
STAT3, and so promotes its expression in cancer patients and aids in 
neoangiogenesis [24].

Platelets

According to new findings, platelets are one of the main sources 
of serum VEGF. Proliferating megakaryocytes secrete VEGF along 
with hematopoietic cytokines, resulting in autocrine stimulation of 
their growth, increased endothelial proliferation [25].

Keratinocytes

Recent studies have shown evidence of keratinocytes expressing 
VEGF during wound healing. The VEGF receptor, on the other 
hand, -was found to be increased in newly created blood vessels 
around wound margins. All of these studies point to a paracrine 
effect of keratinocyte-derived VEGF on angiogenesis. 

Autocrine Signaling, VEGF, and Cancer Stem Cells

The effects of VEGF and VEGF receptor-mediated signaling 
on cancer growth are significant [13]. Many investigations have 
revealed that VEGF-signaling is essential not just for cancer cells 

Figure-2: Sources of VEGF: The cellular sources of VEGF are multiple, varying from tumor cells to immune cells like Tregs, macrophages. Fibroblasts, 
PMN cells, and monocytes (MOs) are sources of VEGF in the wound-healing process. Multiple factors, including hypoxia, nitric oxide, and inflammatory 
cytokines such as interleukin 3 are involved in controlling VEGF expression in normal tissue repair and remodeling events. (Created in Biorender.
com).
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but also for cancer stem cells [26]. There have been numerous 
debates about the presence or existence of these cells, but it is 
clear that many tumorous growths contain a small population of 
self-renewing stem-like cells that can initiate new tumor growths. 
Studies with transgenic mouse models have revealed that VEGF has 
a cell-autonomous and angiogenesis-independent function. VEGF 
was found to mediate an autocrine proliferative loop. Other research 
involving squamous carcinoma analyses has revealed that autocrine 
VEGF-signaling affects cancer stem cell functioning directly. The 
presence of a separate autocrine signaling loop facilitated by the 
phosphorylation and activation of VEGFR2 on the surface of cancer 
cells indicates the presence of VEGFA synthesis and activation 
of the receptor VEGFR2 on cancer cells. During onset of tumor 
development, cancer stem cells create a niche close to endothelial 
cells. The VEGF receptor was blocked, and this had an effect on 
the size of the cancer stem cell pool, as well as their ability to self-
renew. The absence of VEGFA expression in tumor cells was found 
to reduce cancer stem cell proliferation and renewal in studies. These 
findings, which were found in vivo and in vitro, clearly demonstrate 
the relevance of autocrine VEGFA signaling in cancer stem cell 
maintenance and function [26,27].

Neoangiogenesis and Immune-regulation are Two 
Fundamental Functions of VEGF

VEGF-induced neoangiogenesis is the determining factor of 
cancer progression

As the primary mediator of tumor-angiogenesis, VEGF plays a 
significant role in tumor growth. Oncogene expression, a number of 
growth hormones, and hypoxia all increase VEGF expression. Cancer 
cells require blood vessels for nutrition and oxygen to proliferate 
quickly and form a distinct mass. They go through an angiogenic 
switch as a result of which the cancer cells release VEGF and other 
growth factors. These help the tumor expand rapidly by forming 
new blood vessels in and around it. Endothelial cells are naturally 
attached to a laminin-rich basement membrane and a 1 to 2 cell 
thick-layer of supportive pericytes in normal conditions. The entire 
scenario changes during angiogenesis. The connections between 
nearby pericytes must be weakened, and the basement membrane 
around them must be deteriorated. Endothelial cells re-enter the 
cell cycle [28] and begin to synthesize a basement membrane, 
which aids in the restoration of their capillary-like morphology 
and cell cycle withdrawal [29]. These newly formed capillaries are 
also supported by pericytes, which are attracted to the site and aid 
in their maturation and stabilization. The tumor vasculature that 
develops under the influence of VEGF is physically and functionally 
aberrant. Chronic exposure to angiogenic factors that either support 
basement membrane proteolysis or antagonize endothelial–pericyte 
interactions in the tumor microenvironment results in the formation 
of a relatively unstable, highly-permeable network of vessels that do 
not fully mature but are capable of supplying nutrients to meet the 
tumor’s increasing metabolic demands. Indeed, greater permeability 
of these vessels is thought to enhance tumor cell extravasation and, 
eventually, metastasis. Blood vessel forms are also damaged; they 
have dead ends and are not structured into venules, arterioles, and 
capillaries, resulting in excessive interstitial pressure. All of these 
features of tumor vasculature led to hypoxia and increased VEGF 
production. Because of its important function in the formation 
of tumor vasculature, VEGF is a suitable candidate for anticancer 
therapy.

VEGF is strongly associated with tumor immunosuppression

One of the key hallmarks of cancer growth is decreased immune 
function, and tumor cells have acquired a variety of mechanisms to 
avoid immune surveillance [30]. One such mechanism is tumor cells’ 
release of the immunouppressive cytokine VEGF [31]. Cancerous 
tissue has a substantially higher amount of functional VEGF 
than normal tissue. Both vascular endothelial and hematopoietic 
progenitors are affected by VEGF and its receptors during their 
early development and differentiation [32]. VEGF is one of the 
potent tumor-secreted factors that inhibit immune cell activity, 
decreasing both effector function and early phases of hematopoiesis 
[33,34]. It also plays a role in the neovascularization of developing 
tumors. In addition, VEGF promotes the growth and maturation 
of suppressive immune cells. The combined effect of all of these 
processes eventually suppresses the immune system, allowing cancer 
cells to escape evasion. It is now widely accepted that VEGF is 
abundantly expressed not just by breast cancer cells, but also by a 
large number of cells in a variety of different cancers, and that it is 
strongly linked to a poor prognosis [34]. VEGF-driven angiogenesis 
and immunosuppression interact on multiple levels. The VEGF 
family suppresses tumor immune response in two ways: first, by 
negatively affecting antigen-presenting cells (APC) and effector T 
cells, and second, by increasing the activity of immunosuppressive 
cells such Tregs, TAMs, and myeloid-derived suppressor cells 
(MDSC) [35]. Overproduction of VEGF in the TME can suppress 
antitumor immunity either directly or indirectly via two principal 
mechanisms: (a) suppression of effector immune cell function, and 
(b) recruitment of immunosuppressive cells [36,37] (Figure 3).

Suppression of effector immune cell function: Dendritic 
cells (DC) are antigen-presenting cells with VEGF-binding surface 
receptors (mostly VEGFR2). This interaction appears to suppress the 
transcription factor NF-κB, which prevents dendritic cell maturation 
and results in PDL1-induced DC function blockage [38,39]. 
VEGF also inhibits monocyte development into dendritic cells. 
Uninterrupted VEGF exposure significantly reduced dendritic cell 
growth, while increasing the generation of B cells and immature Gr1+ 
myeloid cells. VEGF also lowers T cell activities by inhibiting the 
development of progenitor cells into CD4+ and CD8+ lymphocytes 
[40]. This happens because continuous VEGF expression is linked 
to NF-κB transcription factor activity suppression in bone marrow 
progenitor cells. In a finding by Ohm group, VEGF inhibited the 
formation of T cells from early hematopoietic progenitor cells, 
suggesting that VEGF may have an immunosuppressive effect in 
malignancies [41]. VEGF significantly reduced the cytotoxic activity 
of T cells generated from peripheral blood samples and activated T 
cells displayed higher VEGFR2 [42]. According to Ziogas et al. T 
lymphocytes from ascites related to ovarian cancer produced similar 
results [43]. In addition to its direct effects on T cells, VEGF can 
decrease T-cell activity by up-regulating FasL on the endothelium in 
conjunction with cyclooxygenase [44,45].

PDL1 is expressed in cancer cells and binds to PD1 to suppress 
CD8+ T cell immunological responses [46]. PD1/PDL1 expression 
is associated to a poor prognosis in cancer patients [47]. VEGF 
induces PD1 expression on CD8+ T cells and Tregs, according to 
studies [48]. PDL1 is also increased in cancer cells after exposure to 
VEGF [49]. VEGFA released in the TME increases the expression 
of PD1 and other inhibitory checkpoints involved in CD8+ T cell 
exhaustion, which can be countered by anti-angiogenic agents 
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that target VEGFA–VEGFR. PDL1, CTLA4, TIM3, and LAG3-
mediated signaling lowers effector T cell proliferation and cytotoxic 
effects on cancer cells [50], while increasing effector T cell anergy and 
exhaustion [48]. Hypoxia and subsequent angiogenesis also promote 
PDL1 and CTLA4 overexpression on MDSCs, TAMs, DCs, and 
cancer cells directly via HIF1 [51]. HIF2 has also been linked to the 
expression of PDL1 in cancer cells [52]. Tumor-infiltrating effector 
T cells are anti-tumorigenic that recognize cancer cells and help in 
their elimination. VEGF-driven angiogenesis, on the other hand, 
prevents effector T cells from infiltrating the tumor by lowering 
the expression of endothelial intercellular adhesion molecule-1, 
lowering their number in the tumor’s vicinity and making the TME 
tolerogenic [53]. Continuous VEGF exposure reduces the number 
of T cells and lowers the T cell to B cell ratio in lymph nodes and 
spleen, implying that VEGF is to held responsible for the tumor-
associated thymic deficiency [33]. Normal immune activity in 
cancer patients gradually deteriorates as the thymus fails to replenish 
the peripheral T-cell pool after prolonged VEGF overexposure [33].

Recruitment of immunosuppressive cells: VEGF-driven 
angiogenesis promotes the generation of suppressive immune cells 
such as Tregs, TAMs, and MDSCs, as well as their infiltration into 
tumor-sites [40,54]. In ovarian and liver cancers, hypoxic tumor 
microenvironment and VEGF not only increase angiogenesis but 
also cause the production of CCL28, which promotes the infiltration 
of CCR10+ Tregs. Infiltrated CCR10+ Tregs also release VEGFA, 
which promotes neoangiogenesis and distant metastases [56]. Other 
tolerogenic leukocyte subsets including myeloid-derived suppressor 
cells and plasmacytoid dendritic cells also produce VEGFA and 
facilitate tumor angiogenesis [57]. Treg cells can also contribute 
directly to the VEGFA pool in the TME. Treg cell elimination also 
reduces VEGFA upregulation in ovarian cancers. As a result, the 
cancer immune tolerance and angiogenesis processes are intertwined 
at multiple levels and operate together to promote tumor growth. In 

tumor microenvironment, VEGF is also critical for Treg induction 
and maintenance. Tregs are also susceptible to VEGF in some 
situations because they express VEGFR2 [58]. HIF1 has been linked 
to Treg differentiation and recruitment to the TME via upregulation 
of CCL22 and CCL28, in addition to VEGF [59]. During hypoxia, 
basal-type breast cancer cells increase CXCL12 expression, causing 
hypoxia-driven Treg recruitment via CXCL12/CXCR4-axis [60]. 
Thus, therapies that target the CXCL12/CXCR4 and HIF pathways, 
as well as Treg, may be advantageous for this subset of breast tumors 
that are less likely to respond to standard chemotherapy. According 
to reports, the immune evasion mechanism of developing tumors is 
due to the concentration of these immunosuppressive Tregs in tumor 
tissue.

By exhibiting many phenotypic characteristics, macrophages 
often behave as immunosuppressive cells in the tumor 
microenvironment [61]. M1 macrophages are inflammatory 
macrophages that aid in the phagocytosis and antigen identification 
of cancer cells. Tumor growth factors and anti-inflammatory 
cytokines are produced by M2 macrophages to suppress the host 
immune response, resulting in tumor progression [61]. TAMs 
are M2 macrophages that play a key role in immune evasion 
and are recruited into the TME by tumor-secreted VEGF [62]. 
Infiltrated TAMs release cytokines and enzymes, such as matrix 
metalloproteinase-9, that promote neoangiogenesis and degrade 
extracellular matrix for efficient tissue invasion and metastasis [63]. 
TAM’s interaction with tumor cells has been demonstrated to result 
in increased VEGFA production, consequent angiogenesis, and 
tumor aggressiveness. Similarly, hypoxic-TME and subsequent 
HIF1α and VEGF expression play a role in the polarization of M1 
to M2 macrophage phenotype and differentiation of TAMs from 
immature myeloid cells [64,65].

MDSCs are a type of myeloid cell that can differentiate into 

Figure-3: Angiogenesis and VEGF are strongly associated with tumor immunosuppression and targeting VEGF/VEGFR can enhance anti-
tumor immunity: Overproduction of VEGF in the TME can lead to suppressed antitumor immunity via  two principal mechanisms; 1. Inhibition 
of effector immune cell (CD4+ T cell, CD8+ T cell, dendritic cell, antigen-presenting cells) function and 2. Recruitment of immunosuppressive cells 
(Tregs, MDSCs, TAMs) to the TME. Targeting angiogenesis by VEGF blockers may be an effective strategy to increase the efficacy of immunotherapy 
by improving effector T-cells function whereas decreasing the number and efficacy of immunosuppressive cells in the TME. Combinatorial therapy 
which targets both VEGF and immune cells has the potential to transform the tolerogenic TME into the immunogenic TME. (Created in Biorender.
com)
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other suppressive immune cells and are important in tumor 
immunosuppression. MDSCs are activated by VEGF released by 
tumors and can increase angiogenesis directly by secreting more 
VEGF [66]. MDSC increase in the TME is significantly linked 
to tumors that secrete a lot of VEGFs. HIF1α promotes MDSC 
activity and differentiation in the hypoxic-TME, as well as MDSC 
differentiation into TAMs [67].

Therapeutics

Clinical trials targeting VEGF were initiated in the late 1990s 
based on the critical role of VEGF in cancer progression, with the first 
success in 2005 in patients with front-line metastatic breast cancer. 
This proved the advantages of combining the chemotherapeutic drug 
paclitaxel with the monoclonal anti-VEGF antibody bevacizumab. 
Based upon this success, numerous anti-VEGF agents, including 
drugs that suppress VEGFR2, are now being explored in cancer 
patients, either alone or in combination with conventional therapy 
regimens.

Targeting neovasculature

Physical compression, as well as abnormal angiogenesis, can 
result in irregular vessel formation and impaired blood circulation 
in tumor tissue [68]. Abnormal blood vessel formation also leads to 
a decrease in the infiltration of effector immune cells, which mediate 
immune escape and can reduce the efficacy of immunotherapy by 
impeding drug delivery. Furthermore, aberrant vasculature promotes 
the Warburg effect, which accumulates lactic acid within the TME, 
which is another important cause of suppressed anticancer immunity 
[36,68]. Thus, targeting VEGF/VEGFR to improve vascular 
dysfunction - a process known as vascular normalization - not only 
inhibits the sprouting of new vessels [69], but it may also normalize 
the vasculature and improve the delivery and efficacy of anticancer 
drugs, improve oxygen levels, and overcome immunosuppression 
[70]. Several investigations have established that normalization 
of tumor vasculature leads to increased effector T-cell infiltration, 
particularly CD8+ T cells [71-73]. T cell extravasation into the TME 
is influenced by the levels of expression and clustering patterns of 
intracellular adhesion molecule-1 (ICAM1) and vascular cell adhesion 
molecule-1 (VCAM1) [69]. VEGF inhibits leukocyte-endothelial 
interactions by down-regulating ICAM1 and VCAM1 expression 
and clustering [74]. A VEGF antibody or inhibitor can reverse this 
[69]. In turn, aberrant vasculature can be cured by immune cells, 
as demonstrated in a recent study in experimental breast tumor 
models in which effector CD4+ T cells were found to both restore 
tumor vasculature and decrease hypoxia [75]. Similarly, anti-PD1 
or anti-CTLA4 therapy promoted vascular perfusion in breast and 
colon tumor models by promoting CD8+ T-cell accumulation and 
IFNγ production, implying that better vasculature is dependent on 
increased T-cell mediated immunity [76]. These findings suggest 
that vascular and T-cell function in cancer are mutually controlled 
processes that can be treated by either.

Targeting VEGF/VEGFR to enhance anti-tumor immunity

Immunologically, cold tumors conceal their tumor antigens, 
making them poor targets for immune checkpoint inhibitors. Anti-
angiogenic therapy that targets VEGF signaling can convert cold 
tumors into hot tumors with a favorable microenvironment for cell 
targeting [77]. As a result, the most effective therapeutic strategy 
is a combination of an immune checkpoint inhibitor and VEGF-
targeted therapy.

Targeting VEGF/VEGFR to enhance effector T-cell function 
by antiangiogenic agents: VEGF is a crucial link between tumor 
growth and the immune response directed at that tumor since it 
promotes both neoangiogenesis and immunosuppression [78]. As a 
result, targeting VEGF may be an effective strategy for improving 
immunotherapy efficacy. Some clinical and experimental studies 
support the hypothesis that treating cancer patients with VEGF 
blockers improves anti-tumor immunity (Figure 3). For example, 
in patients with metastatic breast cancer, bevacizumab (Avastin), a 
humanized anti-VEGF monoclonal antibody, has been found to 
regulate the vasculature, restore DC maturation, and diminish Tregs 
[75,78]. Both B cell and T cell counts increase in patients receiving 
bevacizumab-based first-line therapy for metastatic colorectal cancer 
[79,80]. Sunitinib is a tyrosine kinase inhibitor with many targets 
that can inhibit VEGFR1, VEGFR2, and VEGFR3. In 2006, the 
FDA approved sunitinib for the treatment of renal cell carcinoma 
(RCC) and imatinib-resistant gastrointestinal stromal cancer 
(GIST) [48,81]. Sunitinib was reported to lower the expression 
of IL10, FOXP3, PD1, CTLA4, and BRAF in isolated tumor-
infiltrating lymphocytes (TILs) but raise Th1 cytokine (IFNγ) 
in an MCA26 (colon cancer cells) harboring animal model. TILs 
from sunitinib-treated animals had an enhanced proportion and 
cytotoxic function of CD4+ and CD8+ T cells, whereas expressions 
of the checkpoint molecules PD1 and CTLA4 were reduced. 
These findings suggest that sunitinib can affect the TME, altering 
cytokine and co-stimulatory molecule expression profiles that 
may promote T-cell activation and Th1 response [82]. Similarly, 
Schmittnaegel et al. found that inhibiting both angiopoietin-2 and 
VEGFA might induce an anticancer immune response by raising 
the proportion of cytotoxic CD8+ T cells in both transgenic and 
transplanted mammary tumor models [83]. Except for the spleen, 
all lymphoid organs have high-endothelial venules (HEVs) [84] 
and specialized post-capillary venules with portals via which blood-
borne lymphocytes reach secondary lymphoid organs [85,86]. 
Recent research has suggested that HEVs can form in tumors and 
that their existence is related with a smaller tumor size and a better 
patient outcome. Allen et al. recently revealed that combining 
anti-VEGFR2 and anti-PDL1 antibodies could produce HEVs in 
animal models. These HEVs increase effector T cell infiltration and 
activity by activating lymphotoxin receptor (LTR) signaling, thereby 
improving therapeutic efficacy [85]. Thus, by targeting VEGFR2, 
HEVs can serve as a powerful mediator to increase T cell infiltration.

Targeting VEGF/VEGFR to decrease the number and 
function of immunosuppressive cells: Overexpression of VEGF in 
the TME is associated with intratumoral Tregs, which is associated 
with a poor prognosis [59]. According to Suzuki et al., FOXP3hi 

Tregs mostly express VEGFR2, whereas FOXP3lo Tregs do not [87]. 
Neuropilin, an immunosuppressive surface protein expressed by 
Tregs that act as VEGF co-receptors, enhances VEGF binding affinity 
for VEGFRs [88]. The combination of these two signaling pathways 
may increase Treg activation and result in a tolerogenic TME [78]. 
In several neoplasias, rationally targeting VEGFA/VEGFR can 
modify anti-tumor immunity by inhibiting the activity of inhibitory 
Tregs. Sunitinib has also been shown in tumor-bearing mice and 
patients with metastatic renal carcinoma to lower the number and 
efficacy of Tregs [89]. It has also been demonstrated that the number 
of Tregs reduced in patients receiving bevacizumab for metastatic 
colorectal cancer. Similar to the findings of Suzuki et al. [58], these 
experiments suggest that VEGF could enhance Treg proliferation, 
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and that this proliferation could be prevented by VEGF/VEGFR2 
inhibition. Furthermore, the anti-VEGFR2 antibody DC101 and 
a VEGFR1/R2 chimeric receptor could diminish the amount of 
Tregs in cancers [90]. In murine tumor models, VEGF-signaling 
inhibition can improve the efficacy of GMCSF-secreting tumor cell 
immunotherapies [91]. The improved anticancer activity is linked to 
an increase in activated CD4+ and CD8+ tumor-infiltrating effector 
T cells and a significant decrease in suppressive CD4+CD25hi and 
CD4+FOXP3+ Treg cells in the cancer. Overexpression of VEGF, 
on the other hand, increases the amount of Tregs within the TME. 
All of these findings supported the concept that inhibiting VEGF-
signaling in conjunction with immunotherapy increases the ratio of 
effector T cells to Tregs in the TME, highlighting a viable approach 
for improving anti-tumor immunity.

Natural inhibitors of angiogenesis

Toxic effects of commonly used tyrosine kinase inhibitors 
used to counteract angiogenesis include fatigue, asthenia, 
diarrhea, stomatitis, skin toxicities, and numerous cardiovascular 
diseases [15,92]. Our goal should always be to create a non-toxic 
therapeutic method that has a high affinity for VEGFR2 and a good 
bioavailability. A phytochemical was one of the first natural anti-
angiogenic agents discovered. Ingber et al. [93] reported a study on 
the anti-angiogenic activities of fumagillin, a secreted antibiotic from 
the fungus Aspergillus fumigatus, in 1990. The refined Fumagillin 
was very poisonous, and analogs of these have subsequently been 
created. However, this research sparked an interest in discovering 
new natural health products that can affect tumor angiogenesis 
[94,95]. The following are some of the natural anti-angiogenic 
compounds derived from various herbs (Figure 4):

•	 Andrographis paniculata: One such resource comes 
from the herb Andrographis paniculata, the origin being the Indian 
subcontinent. It is the source of a well-known andrographolide, 
that specifically binds to the ATP-binding pocket of VEGFR2 and 
inhibits its kinase activity [96].

•	 Artemisia annua: The Chinese Wormwood gives the 
active compound named, Artemisinin [97]. It efficiently lowers 
the expression of VEGF from tumor cells as well as it inhibits the 
activation of the nuclear factor kappa-B (NF-κB), an important 
activator protein in cancer development and progression.

•	 Viscum album: Viscum album is also known as European 
Mistletoe. Various studies have shown that it has anti-cancer and 
anti-angiogenic properties as it can downregulate the expression of 
VEGF as well as induce cancer cell death [98].

•	 Curcuma longa: Curcumin, the most active curcuminoid 
in turmeric, has been demonstrated in numerous studies to inhibit 
the growth of cancer cells [99]. It suppresses the transcription of 
two main angiogenesis factors, VEGFA and bFGF, in addition 
to downregulating the expression of matrix metalloproteinase-2 
(MMP2) and upregulating the tissue inhibitor of metalloproteinase-1 
(TIMP1) [100,101].

Other natural compounds obtained from various natural sources 
can likewise have a powerful effect on angiogenesis [102]. Grape seed 
extract, for example, includes the phytoalexin Resveratrol [103,104]. 
Resveratrol has the ability to prevent VEGF-induced angiogenesis via 
disrupting reactive oxygen species-dependent src kinase activation 
and subsequent VE-cadherin tyrosine phosphorylation [105]. 
Green tea [106,107] is another popular daily product that is gaining 

Figure 4: Natural health products inhibiting VEGF: Targeting angiogenesis by VEGF blockers may be an effective strategy to increase the efficacy 
of immunotherapy by improving effector T-cells function whereas decreasing the number and efficacy of immunosuppressive cells in the TME. 
Natural health products obtained from various herbs are proven to perform these functions. (Created in Biorender.com)
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popularity. Tea is high in polyphenols and catechins. These have anti-
angiogenic effects [108] because they inhibit VEGF transcription, 
and this benefit may make them useful in cancer treatment. Many 
in vitro and in vivo studies are being conducted to explore anti-
angiogenic properties in various natural health products. One 
significant advantage of phytochemicals is that they affect not only 
on angiogenesis but also on many cell-signaling pathways. However, 
whether these compounds alone or in combination are required for 
clinical studies must be established.

What is the current anti-angiogenic situation?

Overall, the advantages of anti-angiogenics on survival have 
been underwhelming, underscoring the need for more effective 
therapeutic regimens to be developed. Immune checkpoint 
inhibition, in particular, has been clinically validated as an effective 
treatment for a variety of cancers with promising results, and there 
is significant promise in combining immunotherapy drugs with 
traditional anti-angiogenics.

Antibodies against T-cell immunological negative regulators 
(PD1, PDL1, and CTLA4) directly boost the immune system, 
resulting in extraordinary clinical success in a range of malignancies 
and FDA approval of the following immune checkpoint targeted 
immunotherapies [109]. Antiangiogenic therapy enhanced anti-
PDL1 treatment by promoting vascular changes such as high 
endothelial venule development and vessel normalcy, which allow 
for increased cytotoxic T-cell infiltration and subsequent tumor cell 
death. Recent research further claimed that immune checkpoint 
inhibition promoted CD4+ T cell activation, as evidenced by 
increased pericyte coverage, improved tumor vessel perfusion, and 
lower vascular permeability, all of which resulted in altered tumor 
progression.  Furthermore, bevacizumab-induced VEGF inhibition 
improved the antigen-presenting capacity of circulating dendritic 
cells in CRC patients, indicating a new mechanism for bevacizumab’s 
immunological actions in the context of checkpoint blocking. 
Combining angiopoietin-2 (Ang-2) suppression with VEGF 
pathway blockage can boost the beneficial effect on immune response 
[110,111]. Ang-2, like VEGF, is a crucial factor in angiogenesis. A 
bispecific antibody that binds both VEGF-A and Ang-2 had a larger 
impact than single inhibition in various preclinical animals and 
synergized with PD-1 blocking [83,111].

Multiple trials combining VEGF-targeted treatment with 
checkpoint inhibitors are currently underway, and the synergy 
between anti-angiogenics and immunotherapy is clear based on both 
preclinical and translational data. Melanoma, breast cancer, CRC, 
RCC, and other malignancies are undergoing clinical studies. A 
clinical trial in patients with metastatic breast cancer that combined 
the anti-CTLA4 antibody ipilimumab with the anti-VEGF 
antibody bevacizumab recently revealed encouraging efficacy, with 
a median overall survival of more than 2 years [112]. High-grade 
toxicity was more common than expected for either drug alone, 
but it was manageable. Surprisingly, the combination increased the 
number of CD8+ T cells and dendritic cells in the TME, signifying 
immunotherapeutic effector mechanism synergism and warranting 
further research. Furthermore, nanotechnology-based strategies may 
increase anti-angiogenic therapy, pharmacokinetic properties, and 
tumor accumulation [113]. The humanized tri-specific nanobody 
BI 836880 was just released, and it contains two single-variable 
domains that inhibit VEGF and Ang2, as well as an albumin module 
for half-life extension.

Future Perspective

VEGF is critical for embryonic angiogenesis, although its 
activity in adults is mostly limited to the angiogenic processes of the 
female reproductive cycle and wound healing. VEGF, on the other 
hand, plays a critical role in the pathogenesis of a wide spectrum 
of human malignancies [114]. During cancer progression, rapidly 
proliferating cancer cells depend on neoangiogenesis for survival and 
proliferation [101]. Other tumor-associated cells, such as Tregs, M2-
macrophages, and cancer stem cells, contribute to angiogenesis by 
secreting VEGF in addition to cancer cells [25]. VEGF, in addition 
to acting as a mitogenic signal for vascular endothelial cells, protects 
tumor vasculature from apoptosis by inducing anti-apoptotic 
factors, mediates the activation of extracellular matrix degrading 
enzymes, and promotes tumor-immune evasion by recruiting 
immunosuppressive cells such as Tregs, TAMs, and MDSCs. The 
combination action of VEGF as a pro-angiogenic factor and an 
immunosuppressor renders the TME tolerogenic, allowing tumor 
growth and spread. As a result, inhibiting VEGF and neoangiogenesis 
has been the primary focus of researchers today in order to halt the 
spread of metastatic cancer. VEGF-targeted therapy has the potential 
to operate as immunomodulators, enhancing immune system 
functioning [14]. Combinatorial therapy that targets both VEGF-
signaling and the immune system is becoming more successful. In 
in vivo tumor models, natural inhibitors show a strong therapeutic 
potential against VEGF-induced neoangiogenesis [95]. However, 
whether or if blocking VEGF-signaling is a viable method to prevent 
cancer progression remains unknown [115]. New research is being 
conducted in order to develop successful combinatorial therapies 
that target both neoangiogenesis and the immune system. This 
review attempts to summarize the present state of knowledge about 
new treatment advances to mitigate the effects of VEGF-induced 
neoangiogenesis and immunosuppression.
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