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Abstract Tumor blood vessels are a key target for cancer

therapeutic management. Tumor cells secrete high levels of

pro-angiogenic factors which contribute to the creation of

an abnormal vascular network characterized by disorga-

nized, immature and permeable blood vessels, resulting in

poorly perfused tumors. The hypoxic microenvironment

created by impaired tumor perfusion can promote the

selection of more invasive and aggressive tumor cells and

can also impede the tumor-killing action of immune cells.

Furthermore, abnormal tumor perfusion also reduces the

diffusion of chemotherapeutic drugs and radiotherapy

efficiency. To fight against this defective phenotype, the

normalization of the tumor vasculature has emerged as a

new therapeutic strategy. Vascular normalization, by

restoring proper tumor perfusion and oxygenation, could

limit tumor cell invasiveness and improve the effectiveness

of anticancer treatments. In this review, we investigate the

mechanisms involved in tumor angiogenesis and describe

strategies used to achieve vascular normalization.
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Introduction

To support the high proliferative rate of cancer cells,

tumors need to rapidly develop a new vascular network.

However, tumor blood vessels are characterized by their

immaturity, which impair their functionality [1]. The

improper development of tumor blood vessels is caused in

part by the abnormal levels of growth factors secreted by

tumor and stromal cells, among which vascular endothe-

lial growth factor (VEGF) plays a key role. Several other

growth factors, including members of the angiopoietins,

platelet-derived growth factor (PDGF-B) and transform-

ing growth factor (TGF-b) families, have also been

implicated in the formation of a defective vascular net-

work in tumors [2]. The poor functionality of tumor blood

vessels has profound consequences for the tumor

microenvironment and can lead to hypoxia, decreased

immune cell infiltration and activity, and increased risks

of metastatic dissemination.

It has been suggested that anti-angiogenic therapies

could correct the structural and functional flaws of tumor

blood vessels, a process referred to as ‘‘vascular normal-

ization’’ [3, 4]. The normalization of the tumor vascula-

ture could restore proper blood vessel functions and may

help in preventing cancer cells from acquiring an

aggressive phenotype associated with a hypoxic

microenvironment [5]. Furthermore, increased tumor

perfusion would enhance the benefits of chemotherapeutic

drugs and radiotherapy [6]. In this review, we highlight

the hallmarks of tumor blood vessels and discuss potential

signaling pathways that could be targeted to achieve

vascular normalization.

& Bruno Larrivée

bruno.larrivee@umontreal.ca
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Physiological blood vessels

Anatomy

Nutrients and oxygen supply and metabolic waste removal

are ensured by an extensive vascular network. Blood ves-

sels are organized in arteries, veins and capillaries with

different morphological structures reflecting their functions

in the body. The inner wall of blood vessels is composed of

endothelial cells (ECs) forming a monolayer with a

streamlined surface, interconnected by junctional mole-

cules such as VE-cadherin and claudins. These ECs are

bound to a basal membrane and surrounded by mural cells,

which participate in maintaining the cohesion between EC

themselves and the basal membrane, and in limiting

hyperpermeability and vascular leakage. Furthermore, their

contractile potential participates in the control of vessel

diameter and blood pressure. Arteries are supported by

multiple concentric layers of vascular smooth muscle cells

to support the high-pressure system enabling transport of

blood to capillaries. Veins, which are exposed to lower

blood pressure, are surrounded by thinner smooth muscle

cells layers. Blood vessels of smaller diameter (arterioles,

venules and capillaries) are covered by specialized support

cells called pericytes, which are involved in the maturation

and stabilization of blood vessels, and play an essential role

in EC differentiation and proliferation through direct con-

tact and tight junctions.

Angiogenesis

In adults, blood vessels remain quiescent and rarely form

new branches under physiological conditions. The vascular

network develops during early embryogenesis through a

combination of vasculogenesis and angiogenesis. While

vasculogenesis refers to the de novo formation of new

blood vessels from endothelial progenitors, angiogenesis

refers to the formation of vessels from a preexisting vas-

cular network. Vascular growth during development, tissue

repair or in disease conditions involves the sprouting,

migration and proliferation of ECs, which are regulated by

multiple factors among which VEGF plays a critical role

(Fig. 1a).

Endothelial tip/stalk cell concept

ECs stimulated with VEGF adopt a pro-migratory pheno-

type. These ECs, which are at the lead of growing capil-

laries, have been referred as tip cells [7] (Figure 1b). Tip

cells are motile, invasive and extend numerous filopodia

that can respond to growth factors, extracellular matrix and

other attractive or repulsive cues. During physiological

angiogenic growth, a fraction of ECs will switch to the tip

cell phenotype and initiate sprouting, whereas following

ECs (stalk cells) will proliferate and contribute to the

maintenance of the structural and functional integrity of

nascent vessels. The Notch pathway, critical for its roles in

cell fate determination and differentiation, participates in

the regulation of tip/stalk EC conversion. Expression of the

Notch ligand Delta-like 4 (Dll4) has been shown to be

upregulated by VEGF receptor 2 (VEGFR2) and neu-

ropilin-1 (NRP1) signaling following VEGF stimulation

[8]. Dll4 binds Notch1 in neighboring ECs, leading to the

cleavage and release of the Notch1 intracellular domain

(NICD) [9]. NCID acts as a transcriptional regulator and

limits VEGF signaling through the modulation of the

expression of numerous genes involved in cellular

responses to VEGF [10]. Indeed, Notch activity has been

shown to decrease Vegfr2, Vegfr3 and Nrp1 expression and

to upregulate vegfr1 [11]. VEGFR1 has weak kinase

activity with a strong affinity for VEGF and can act as a

decoy receptor, competitively reducing VEGF binding to

VEGFR2 and therefore regulating VEGF signaling in ECs

[12]. The ability of an EC to become a tip cell appears

dependent on VEGFR2 level expression, VEGF environ-

ment and the capacity to express Dll4 promptly or with a

high level compared to their neighbors [11]. By contrast,

JAGGED1 (JAG1) is a Notch receptor ligand strongly

expressed in stalk cells. JAG1 antagonizes Dll4–Notch1

signaling and enhances differential Notch activity by

competitively interfering with the ability of Dll4 expressed

by stalk cells to activate Notch1 in tip cells. JAG1 there-

fore helps to maintain the phenotype differentiation by

preventing Notch signaling in tip cells [13].

Nascent vasculature expansion

To guide sprout formation and vascular patterning, tip cells

deploy numerous filopodia (Fig. 1c). These act as antennae

that respond to pro-angiogenic signals, promote motility,

help focal adhesions and detect the presence of other cells

[14]. CDC42 is a small GTPase of the Rho family that is

associated with Wiskott–Aldrich syndrome proteins

(WASPs) and participates in the formation and mainte-

nance of filopodia. The cellular extension depends on

lamellipodia and cytoplasmic protrusions composed of

actin polymerization and controlled by Rac-Arp2/3 com-

plexes [15–17]. Interestingly, a recent study demonstrated

that filopodia are not essential for the guided migration of

endothelial tip cells [18]. These data suggest that attractive

and repulsive cues, integrated without filopodia, are suffi-

cient to prevent EC misguidance [18].

Tip cell guidance Attractive and repulsive cues control

tip cell guidance (Fig. 1c). In recent years, several axon
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guidance molecules belonging to the Slit/Robo, netrin/

DCC/Unc5 and neuropilin/plexin/sema families have

been shown to mediate vascular patterning. Blocking

NRP1 function inhibits endothelial tip cell migration,

suggesting cooperation between VEGFR2 and NRP1 in

guided tip cell migration [19]. Guidance receptors

expressed in the tip cell include Unc5B, which triggers

tip cell filopodia repulsion on activation by netrin-1 [20].

Netrin-4 can also bind neogenin, which in turn recruits

and activates Unc5B to mediate repulsion [19]. Round-

about 4 (Robo4) induces vessel repulsion after their

activation by Slit [21]. It also counteracts the attractive

signal of VEGF by impeding VEGFR2 activation and

interacts with Unc5B to maintain vessel integrity by

modulating VEGF signaling [22].

Lumen formation During sprouting angiogenesis, new

vessel branches need to generate a lumen to initiate blood

flow (Figure 1c). ECs can use pinocytosis to internalize

multiple vesicles of the plasma membrane that coalesce

together to create an intracellular lumen. Contacts between

ECs, extracellular matrix and adjacent cells facilitate the

fusion of vacuoles and depend on signaling of integrins,

particularly integrin a2b1 in collagen matrices, and inte-

grins avb3 and a5b1 in fibrin matrices [23–25]. A recent

study in the mouse dorsal aorta suggests that ECs modify

their shape and junctions with their neighbor to create a

lumen [26]. In this model, ECs negatively charge the gly-

coproteins specifically localized on the apical surface

where the lumen will be generated. This specific polarity

confers a repulsive signal to open up the lumen, supported

by the redistribution of cell–cell adhesion to the periphery

[26].

Maturation of newly formed blood vessels

New vessels must undergo maturation to become func-

tional and stable (Fig. 1d). This implies the combined

action of signaling pathways for the recruitment of mural

cells such as pericytes and the consolidation of cell–cell

adhesion. Basement membrane deposition is driven by

tissue inhibitors of metalloproteinases (TIMPs) which

counteract matrix metalloproteinases (MMPs) activity.

Pericyte recruitment PDGF-B is a factor secreted by tip

cells which plays a critical role in pericyte recruitment.

Fig. 1 Stages of the angiogenic process. a Destabilization of blood

vessels. Angiogenic signals, such as VEGF, promote pericyte

detachment from the basement membrane and weaken the extracel-

lular matrix by proteolytic degradation. b Tip and stalk cell selection.

ECs display characteristic phenotypes after VEGF stimulation:

migratory tips cell or proliferating stalk cells. c Guidance and lumen

formation. Attractive and repulsive cues control the guidance of tip

cell and vessel lumen is generated to initiate blood flow. d Maturation

of blood vessels. PDGF-B and Ang1 signaling lead to pericyte

recruitment, while junctional molecules such as VE-cadherin act to

consolidate EC–EC adhesion
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PDGF-B is retained in close proximity to growing

endothelial vessels by heparan sulfate proteoglycans,

where it serves as an attractant for comigrating pericytes

expressing the receptor-b (PDGFRb) [27]. Angiopoietins
(Ang) have also been shown to be required for vessel

stabilization by perivascular cells. Ang1 is predominantly

released by perivascular and mural cells and activates the

Tie2 receptor present on ECs. Ang1-induced Tie2 phos-

phorylation leads to AKT activation, which promotes

survival pathways in ECs, suppresses apoptotic pathways

and deactivates the forkhead transcription factor

(FOXO1) [28, 29]. Finally, the interaction between

perivascular cells and ECs is stabilized through sphin-

gosine-1-phosphate (S1P). S1P binds to G protein-cou-

pled S1PRs (S1PR1-5) and mediates N-cadherin

trafficking in order to strengthen adhesion between ECs

and pericytes [30].

Strengthening of cell junctions VE-cadherin is a trans-

membrane-adhesive protein which stabilizes EC–EC

adhesion, thereby solidifying barrier properties and

decreasing permeability and vascular leakage. The intra-

cellular domain of VE-cadherin is attached to the

cytoskeleton through beta-catenin, whereas the extracellu-

lar domain binds to another VE-cadherin molecule on

neighboring ECs. Moreover, VE-cadherin dephosphory-

lates VEGFR2 through the recruitment of phosphatases and

thereby contributes to the maintenance of blood vessel

quiescence [31]. Multiple additional tight junction proteins,

such as claudin-5, occludin and PECAM-1, also participate

in the maintenance of cell–cell contacts by regulating the

passage of solutes and ions and transducing intracellular

signals [31, 32]. Tight junction proteins have intracellular

partners, such as the well-characterized members of the ZO

family, which are involved in signal transduction at cell–

cell junctions [33].

Tumor vasculature

Features of tumor blood vessels

Compared to tissue blood vessels, the tumor vasculature

demonstrates atypical morphological features. The tumor

vascular network is characterized by dilated, tortuous and

disorganized blood vessels. Vascular immaturity and lack

of mural cells association lead to excessive permeability,

poor perfusion and increased hypoxia. Moreover, tumors

present a high degree of vascular heterogeneity, with

hypervascular sites and other regions of low vessel density

(Fig. 2a).

Blood vessels permeability

Perivascular cells, which are composed of pericytes and

vascular smooth muscle cells, participate in blood flow

regulation and contribute to limit vessel permeability. In

tumors, the connection between perivascular cells with the

basement membrane and ECs is impaired. The density of

tumor-associated pericyte is not only low on vessels

compared to normal tissue, but pericytes also display

abnormal morphology [34, 35]. The involvement of PDGF-

B in pericyte recruitment was studied in tumors trans-

planted into mice carrying a mutation in the pdgf-b gene,

leading to C-terminal truncation of the PDGF-B retention

motif in the endogenous PDGF-B protein (pdgf-bret/ret)

[36]. Immunohistochemical assessment of the tumor vas-

culature showed reduced pericyte coverage and decreased

EC/pericyte association [36]. Increased EC proliferation,

combined with defective pericyte coverage and function,

contributes to vessel wall instability, leading to tumor

hemorrhage. The high secretion level of VEGF by tumor

cells can also suppress PDGFRb signaling in vascular

smooth muscle cells through the assembly of a receptor

complex consisting of PDGFRb and VEGFR2 [37].

Barrier integrity is also disrupted following the loss of

VE-cadherin function. Tumor cells release proteolytic

enzymes as MMPs, elastase or trypsin to promote VE-

cadherin cleavage [31]. Tumor cells also secrete inflam-

matory factors that may affect blood vessel permeability

[38]. Histamine stimulation on human umbilical vein cells

(HUVECs) demonstrated that inflammatory processes

increase EC permeability in association with a durable

disruption of VE-cadherin [39]. Finally, VEGF can also

increase vascular permeability through the modulation of

the activity of several GTPases such as RhoA [40]. Thus,

these studies provide evidence for a critical role for VE-

cadherin in cancer-associated vascular permeability.

The vascular basement membrane is also a critical

component of blood vessel integrity. Despite similar basal

membrane coverage between tumor and normal blood

vessels, confocal and electron microscopy distinguished

structural alterations in RIP-Tag2 mice, MCa-IV breast

carcinomas and Lewis lung carcinomas [41]. Layers of

type IV collagen, CD31 and a-SMA appeared disjointed,

indicative of a loose association of basement membrane,

ECs and pericytes. Some broad segments extended away

from the endothelium and into the tumor stroma. Finally,

the perivascular basement membrane can also present

profound structural abnormalities with irregular thickness

and some perforations [41, 42]. All these factors can lead to

vascular permeability, blood leakage and metastasis by

facilitating entry of tumor cells into the bloodstream.
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Inadequate perfusion

Uncontrolled cell growth is one of the main characteristic

of tumors. The surrounding host tissue restricts tumor

expansion and induces mechanical forces, which in turn

compress or even collapse intratumoral vessels, suppress-

ing blood flow [43]. In addition, compressive stress inhibits

lymphatic network functionality and hinders the drainage

of excessive interstitial fluid [43]. Vessel permeability

further reduces perfusion by causing blood leakage in

upstream vessels [35] and increases fluid flux from the

vascular to the interstitial space [43]. Together, leakage of

tumor blood vessels and unfunctional lymphatic networks

elevate interstitial fluid pressure (IFP), which disorganizes

vascular pressure and limits drug delivery [43]. Blood

vessel compression by cellular growth limits perfusion,

hence decreasing oxygen and nutrient supply, resulting in

the formation of a hypoxic microenvironment that favors

the selection of clones that can resist these harsh conditions

[43]. Hypoxic tumor cells often show a more aggressive

phenotype, activating oncogenes and undergoing an ‘‘ep-

ithelial to mesenchymal transition’’ (EMT), which height-

ens their metastatic potential [44]. Moreover, in cancer-

associated fibroblasts and independently of hypoxia,

mechanical compression downregulates miR-9 expression,

which leads to VEGF expression [45]. Interestingly, the

remaining uncompressed vessels often display excessive

blood flow, which contributes to the increased IFP in

tumors [46].

Molecular mechanisms involved in tumor blood

vessel formation

Tumors cannot grow beyond 1–2 mm without a vascular

supply. Due to an insufficient supply of nutrients and

oxygen as well as poor clearance of metabolic waste,

hypoxia and/or acidosis appears.

Hypoxia is a major driver of tumor angiogenesis. Under

normoxia, prolyl hydroxylase domain protein 2 (PHD2)

uses oxygen to hydrolyze hypoxia-inducible factors (HIF)

transcription factors, which targets them for ubiquitination

by the Von Hippel–Lindau (VHL) complex and leads to

their degradation by the proteasome [47, 48]. Under

hypoxic conditions, PHD2 becomes inactive, allowing

HIF1 to escape degradation and to bind hypoxia response

elements (HREs), a DNA sequence motif present in HIF

target genes. Increased levels of HIF proteins lead to the

transcription of genes involved in cellular adaptation

against chronic or acute hypoxia such as angiogenesis,

survival, cell proliferation and glucose metabolism [49].

Fig. 2 Characteristics and consequences of immature tumor blood

vessels. a The vascular immaturity and lack of mural cells association

lead to inadequate permeability, whereas the uncontrolled prolifera-

tion of cancer cells drives poor perfusion and increases hypoxia.

b Vessel collapse, permeability and hypoperfused hypoxic areas lead

to the exclusion of large tumor areas from exposure to administrated

drugs and decrease efficiency of therapies
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Genes whose expression is regulated by HIF1 include

VEGF, TGF-b, PDGF-B, plasminogen activator-1 (PAI-1),

erythropoietin (EPO) and GLUT-1 [50]. HIF protein levels

can also be increased in cancer cells due to activation of

oncogenic pathways. Recently, it was demonstrated that

the ERK signaling cascade can result in the increased rate

of mRNA translation of HIF1 protein [51]. Furthermore,

cAMP-dependant protein kinase A (PKA) which is dereg-

ulated in cancer, phosphorylates Thr(63) and Ser(692) on

HIF1, enhancing HIF transcriptional activity and decreas-

ing its degradation by the proteasome [52].

The angiogenic process and VEGF production may also

be promoted by mutations, leading to increased expression

of activated oncogenes or loss of tumor suppressor genes.

VEGF can be upregulated by K-ras and H-ras, which will

also downregulate Ang1 [53]. Other oncogenes, such as v-

src, HER-2 and EGFR, have also been reported to increase

VEGF levels [54]. Furthermore, PI3K/Akt signaling was

demonstrated to be involved in VEGF expression, as it was

shown that inhibition of PI3K signaling leads to decreased

VEGF and MMPs expression, resulting in delayed tumor

growth [55]. In melanocytes, the introduction of constitu-

tively active MAPK leads to tumorigenesis, activation of

the angiogenic switch and increased production of VEGF

and MMPs [56]. The numerous oncogenes deregulations

highlight the complexity of pathways involved in the reg-

ulation of tumor angiogenesis. Finally, in addition to

molecular deregulations, conventional anticancer therapies

may also aggravate vascular malformations of the tumor

vascular network. For example, low-dose ionizing radia-

tions drive the phosphorylation of several signaling pro-

teins such as VEGFR2 and enhance EC migration [57].

Alternative neovascularization processes in tumors

Intussusceptive angiogenesis

Even though sprouting angiogenesis is the principal mean

of new vessel formation, tumors exploit alternative mech-

anisms to acquire a vascular network (Fig. 3) [58]. Intus-

susceptive angiogenesis presents significant benefits over

angiogenic sprouting. New vessels are generated faster and

require fewer metabolic needs, as they do not depend on

EC proliferation, membrane degradation and tissue inva-

sion. Tumors use this strategy for rapid adaptations to a

changing environment [59]. The intussusceptive process,

also known as splitting angiogenesis, is characterized by

the insertion of interstitial tissue pillars into the lumen of

preexisting vessels that split them into two new functional

vessels. The mechanisms of pillar formation [60] describe a

four-step model in which (1) ECs form bridges inside the

lumen and adhere to each other using collagen bundles, (2)

proteolytic activity locally disrupts the basement

membrane and the collagen bundle migrates into the lumen

through the bridges of ECs, (3) the collagen bundle reaches

the other side and connects the tissue, forming a nascent

pillar, and (4) the new pillar becomes more mature and

enlarges through the recruitment of fibroblasts, myofi-

broblasts and pericytes and the extracellular matrix depo-

sition secreted by these cells. A large variety of tumors use

intussusception to grow including human melanoma [61] or

colon carcinoma [60].

Vasculogenic mimicry

The term ‘‘vasculogenic mimicry’’ (VM) refers to tumor

cells which behave as ECs. In 1999, this phenomenon was

described for the first time by reporting patterned vessel-

like channel structures in human melanomas in which red

blood cells were detected [62]. Since then, VM has been

reported in numerous malignant tumors types including

carcinomas of the breast, ovaries, prostate, bladder and

lungs, and in sarcomas and gliomas [63]. VM is charac-

terized by tumor cells co-expressing endothelial and tumor

markers and forming perfused channel structures. Indeed,

in the context of VM, tumor cells express vascular markers

such as VE-cadherin, which plays an important role in

mimicry tube formation to maintain channel integrity by

establishing cell–cell connection [63]. Moreover, tumor

cells can be integrated in the walls of tumor-associated

blood vessels, forming so-called mosaic vessels [64]. A

physiological perfusion of blood in endothelial-lined

mouse vessels interconnected with VM networks in human

tumor xenografts was demonstrated using Doppler imaging

[65]. The tumor cells lining the inner surface of the

channels are directly exposed to blood flow. Thus, this can

lead to the detachment of tumor cells lining these channel

structures into the bloodstream. A recent clinical meta-

analysis demonstrates that patients with VM in their tumor

have poor clinical outcomes [66].

Vessel co-option

In well-vascularized tissues, cancer cells can grow without

induction of newly formed vessel by hijacking the preex-

isting vessels in the surrounding normal tissues. In clear

cell renal cell carcinoma, mature and well-differentiated

vessels, commonly present in healthy tissues, are observed

in the tumor margin, suggesting that blood vessels were

recruited by the tumor for its benefit [67]. Cancer cells

grow along existing vessels and integrate them during

tumor expansion. Moreover, the adjacent tissue often

exhibits an abnormal high density of large vessels which

could be partly due to the increasing blood supply demands

of the growing tumor. This process has been referred as

‘‘extratumoral angiogenesis’’ [67].
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Endothelial precursors

Multiple studies have been published in the last fifteen

years describing the involvement of endothelial precursor

cells (EPC) in tumor angiogenesis [68, 69]. According to

this model, EPCs from the bone marrow can differentiate

in situ and incorporate into growing vessels. EPCs can

contribute to rapid neovascularization and provide a sig-

nificant reservoir of cells that participate to the angiogenic

process [70]. MMTV-PyMT transgenic mice, which

develop mammary tumors that metastasize to the lung,

were used to demonstrate EPC contribution to the

dynamics of vessel assembly that turns micrometastases

into lethal macrometastases [71]. Recent clinical investi-

gation of the vasculature of human tumors suggests that

2–12% of ECs infiltrating the tumors were derived from the

bone marrow [72]. However, their involvement and direct

role as precursor cells remains a controversial topic [73].

Other studies have demonstrated that even though adult

angioblasts can differentiate into EPC, their incorporation

in the tumor vasculature is a rare or negligible event

[74, 75]. Moreover, stimulation by VEGF does not seem to

enhance this process [76]. Similar results were observed in

other studies focusing on gliomas [77, 78]. Another source

of progenitor cells can come from the tumor itself through

cancer stem cells (CSCs). CSCs are cells that possess the

capacity to self-renew and that produce all the cells that

compound a heterogeneous tumor. Thereby, CSCs with

their high degree of plasticity can express endothelial

markers and participate in vasculogenic mimicry. In

glioblastomas, a study showed that stem-like cells are able

to form tumor vascular networks through endothelial

Fig. 3 Alternative means of tumor neovascularization. Sprouting

angiogenesis: the growth of new capillary vessels is achieved through

the sprouting of neovessels from existing ones. Intussusceptive

angiogenesis: intussusceptive angiogenesis is driven by the insertion

of interstitial tissue pillars into the lumen of preexisting vessels that

split them in two new functional vessels. Vasculogenic mimicry and

mosaic vessels: tumor cells can form vascular channel structures

connected with normal blood vessels or can be part of the vessel wall,

forming mosaic vessels. Vascular co-option: tumors grow by

hijacking preexisting vessels in the peritumoral tissues. Endothelial

precursors: circulating endothelial precursor cells are recruited by

tumor vessels, integrate in the vessel wall and differentiate into ECs.

Cancer stem cells can also play a similar role and integrate into the

tumor vasculature
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differentiation [79]. Furthermore, other studies have

reported that CSC can also differentiate into vascular

smooth muscle cells and incorporate into vessels [80].

Consequences of immature tumor vessels

Immature blood vessels have a direct impact on tumor

cells, but also impair anticancer treatment efficacy

(Fig. 2b). Radiotherapy exposes cancer cells to ionizing

radiation of high energy, leading to the generation of

reactive oxygen species (ROS) in an aerobic microenvi-

ronment, which in turn induces lethal DNA damage leading

to tumor cell death [81]. Radiation sensitivity of cancer

cells is correlated with oxygen levels, and treatment effi-

cacy is lowered in hypoxic conditions [82]. Chemotherapy

will also be affected by tumor vessel immaturity, as vessel

collapse, interruption of blood flow and hypoperfused

hypoxic areas lead to the exclusion of large tumor areas

from exposure to systemically administrated drugs. Che-

motherapeutic drugs may not be able to reach some por-

tions of the tumor in sufficient quantities, and their

effectiveness is significantly reduced [43]. Furthermore,

hypoxic cells tend to be quiescent, making chemotherapy

drugs that target proliferating cells ineffective [83]. Several

drugs routinely used for cancer treatment, such as dox-

orubicin or methotrexate, require oxygen for their tumor

cell-killing activities [84–86]. As such, the activity of these

agents will be significantly reduced in poorly perfused,

hypoxic areas of tumors. Finally, in the tumor periphery,

upstream vessel permeability and elevated interstitial fluid

pressure can influence the delivery of therapeutics [46].

The blood fluid containing drugs leaks in the tumor

periphery and does not reach the center of the tumor, which

inhibits homogeneous distribution inside the tumor. This

oozing fluid is involved in the transport of growth factors,

fueling tumor progression, and reduces the retention time

of small drugs [46].

One type of treatments that is particularly impaired by

poor tumor perfusion is internal radiotherapy, which is a

strategy used to target and specifically irradiate tumor cells

through a specifically labeled vector [87] or antibody [88].

Injected intravenously, these agents require both a good

distribution into the tumor and a supply of oxygen to

mediate their activities. Their efficiency is dramatically

decreased due to inappropriate perfusion of the tumor

vasculature network resulting from (i) poor distribution of

the agent and (ii) lack of oxygen required to potentiate the

effects of ionizing radiation.

Immunotherapies, in which cells of the host immune

system are primed to target and kill tumor cells, also show

decreased therapeutic efficiency as a consequence of poor

vessel perfusion [89]. Nonfunctional tumor blood vessels

prevent immune cells from reaching the tumor. Although

all immune cell types can infiltrate into the tumor par-

enchyma through functional tumor vessels, it has been

shown that suppressive immune cell populations prefer-

entially accumulate in tumors. This may be a consequence

of the fact that tissue-resident macrophages are known to

migrate to hypoxic and necrotic tumor areas where they

switch to a tumor-associated macrophage (TAM) pheno-

type. Furthermore, regulatory T cells (Treg), which are

immune-suppressive lymphoid cells, are also preferentially

recruited into tumors via the expression of chemotactic

factors, such as CCL-22 and CCL-28 in hypoxic areas of

the tumor [90]. Finally, hypoxia and immunosuppressive

factors in the tumor microenvironment can cause TAMs to

switch to an immune-suppressive phenotype, impeding the

recruitment and activation of effector lymphocytes

[91, 92]. Thus, impaired tumor vessel functionality con-

tributes to create an abnormal tumor microenvironment

that leads to the preferential accumulation of immune

suppressor cells and impairs immune cell functions in

tumors, which constitute a major hurdle to successful

immunotherapy treatments.

VEGF inhibitors and vascular normalization

VEGF signaling inhibitors

Since VEGF was discovered to be a critical regulator of

blood vessel growth in the 1980s [93, 94], it has been

suggested that this factor could be an important target to

control tumor neovascularization. Bevacizumab is a

humanized anti-VEGF-A monoclonal antibody approved

by the US Food and Drug Administration (FDA) [95].

Additive or synergistic effects of bevacizumab with con-

ventional chemotherapies or radiotherapies have been

evaluated in a variety of tumor models and lines of thera-

pies. In patients bearing gastric cancer, the combination of

bevacizumab with chemotherapy has significantly

improved the progression-free survival and overall

response [96]. Similar results were observed in non-small

cell lung cancer with the combination cisplatin/gemc-

itabine and bevacizumab [97] or in women bearing meta-

static breast cancer with bevacizumab combined with

paclitaxel [98]. In parallel to bevacizumab, inhibitors tar-

geting VEGFRs, such as sunitinib or sorafenib, have been

developed and are approved by the FDA for the treatment

of metastatic renal cell carcinoma [99]. The successes and

failures of VEGF blockade are thought to be highly

dependent on tumor type [100]. Prostate and pancreatic

cancers have been shown to be refractory to angiogenesis

modulators, whereas some tumors such as renal cell car-

cinoma are more sensitive to VEGF inhibitors, in which

anti-angiogenic drugs are often the first-line treatments to

prevent metastatic spread [100]. Furthermore, recent
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studies show that chronic exposure of tumor cells to VEGF

inhibitors increased expression of VEGF-A, VEGF-B,

VEGF-C, PlGF, VEGFR-1 and VEGFR-1 phosphorylation,

increased tumor cell migration and invasion, and metastatic

potential in vivo [101]. Although anti-VEGF therapies

were generally well tolerated, some serious toxicities exist.

Venous thromboembolic complications as hypertension

were among the most frequent adverse effects [102].

Vascular normalization theory

The concept of vascular normalization suggests that the

improvements of chemotherapy and radiotherapy treat-

ments in combination with VEGF signaling inhibitors are

likely due to a maturation effect on blood vessels [3].

Tumor cells secrete abundant VEGF, which leads to the

formation of immature vessels characterized by inadequate

pericyte coverage [37]. Careful dosage of VEGF inhibitors

can restore levels of angiogenic signals in tumors, leading

to decreased permeability by tightening cell–cell junctions

and by actively recruiting pericytes, resulting in increased

tumor perfusion [103]. Indeed, VEGFR2 blockade leads to

the recruitment of pericytes to blood vessels in part by

activating Ang-1/Tie2 signaling [104]. Furthermore, inhi-

bition of VEGF has been shown to increase PDGFRb
signaling and promote pericyte recruitment and maturation

[37].

Another challenge in the use of VEGF inhibitors to

obtain vascular normalization is achieving what has been

referred to as a ‘‘window of opportunity,’’ which is the time

frame and dosage of VEGF inhibitor administration

required to observe normalization of tumor blood vessels

[5]. The dosage of VEGF inhibitors required to obtain a

normalization window is relatively narrow and depends on

tumor type, schedule and VEGF signaling inhibitor used.

The effect is typically short-lived (7–10 days) but could

last from one to four months, depending on the drug used

and the tumor type [105]. In the case of excessive neu-

tralization of VEGF activity, seen with high doses or pro-

longed exposition, vascular normalization can soon be

replaced by marked vascular regression leading to

increased tumor hypoxia and favor the selection of invasive

tumor cells, enhancing the risks of metastatic spread

[106, 107]. As prolonged maintenance of vascular nor-

malization would be required to enhance the therapeutic

index of chemotherapy, radiotherapy and particularly

immunotherapies, it becomes essential to develop strate-

gies leading to efficient and long-term stabilization of

tumor blood vessels [108].

Imaging and gene expression studies support the idea

that restoration of proper vascular normalization is critical

to alleviate hypoxia and increase the benefits of anticancer

treatments [109]. Imaging of hypoxia, with specific

radiotracer 18F-MISO developed for positron emission

tomography (PET) or dynamic contrast-enhanced magnetic

resonance imaging (DCE-MRI), is a noninvasive technique

that could determine the functionality of tumor blood

vessels after anti-angiogenic treatments and could help

determine the ideal regimen required to achieve normal-

ization [110, 111]. Moreover, tracers can also be used to

monitor vascular normalization following treatments with

VEGF inhibitors. A specific radioactive tracer (99 m)Tc-

RGD, which binds the integrin avb3 expressed during

active angiogenesis, has been shown to be helpful in

monitoring vessel normalization after bevacizumab treat-

ment and could help determine the ideal regimen required

to improve radiotherapy efficiency [112].

Alternative targets for vascular normalization

In spite of the encouraging results of anti-VEGF therapies,

some serious side effects can appear. First, risks of hem-

orrhage or venous thromboembolism are increased with

conventional anti-angiogenic treatments [113, 114]. Sec-

ondly, severe vascular regression is associated with

increased incidence of tumor metastasis [106]. Finally, the

benefits of anti-VEGF are transitory and are followed by a

resumption of tumor growth due to adaptive resistance or

preexisting non-responsiveness [115]. For all these reasons,

alternative targets to normalize tumor blood vessels would

present great therapeutic benefits. Enhanced blood vessels

maturation through improved pericyte coverage and

restoration of cell junctions leading to increased tumor

perfusion would limit tumor hypoxia and prevent the

selection of tumor cells with a more invasive phenotype

and improve the distribution and efficiency of anticancer

treatments (Fig. 4).

Pericyte recruitment

Pericytes are an integral component of mature blood ves-

sels, where they contribute to vascular quiescence and

integrity [116], and tumor blood vessels frequently lack

adequate pericyte coverage [117]. Increasing pericyte

coverage has been proposed as a therapeutic option to

achieve vascular normalization. Several signaling path-

ways could be exploited to modulate pericyte coverage.

Angiopoietins

The angiopoietins and their receptor Tie2 (TEK) play a

critical role in the formation and remodeling of blood

vessels. Angiopoietin signaling has been shown to be

involved in the control of microvascular permeability,

vasodilation and vasoconstriction. Four angiopoietins have
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been identified so far: Ang1, Ang2, Ang3 and Ang4.

Angiopoietins act by binding to Tie2, a tyrosine kinase

receptor typically expressed on vascular endothelial cells

and specific macrophage subsets [118], leading to receptor

auto-phosphorylation and the activation of several intra-

cellular signaling pathways leading to endothelial cell

migration [119, 120], tube formation [121, 122], sprouting

[120] and survival [123]. Ang1, which is produced by

perivascular cells, promotes vessel maturation, while

Ang2, which is produced by ECs and has been reported to

possess antagonistic activity for the Tie2 receptor, is

involved in the destabilization of EC/pericyte association

[28]. However, other studies have also shown that Ang2

binding to Tie2 at high concentration can result in receptor

activation with similar biological outcomes to Ang1

[122, 124]. Therefore, Ang2 may act as a context-depen-

dent antagonist. Ang2 activity also appears to be dependent

on VEGF levels; Ang2 will lead to pericyte detachment

and vascular regression in the presence of low levels of

VEGF, while it will enhance EC migration and angiogen-

esis in the presence of high levels of VEGF by weakening

EC/pericyte interactions [125]. In the context of tumor

angiogenesis, Ang2 inhibition has shown potential thera-

peutic benefits. The role of Ang2 on tumor angiogenesis

has been demonstrated by grafting melanoma or Lewis

lung carcinoma cancer cells into Ang2 knockout mice. In

Fig. 4 Targets and treatments to normalize tumor blood vessels. Enhanced pericyte coverage and restoration of cell junctions leading to

increased tumor perfusion would limit tumor hypoxia and improve the distribution and efficiency of anticancer treatments
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these models, absence of Ang2 led to decreased

microvessel diameters and a more mature perivascular

profile [126]. Several inhibitors targeting the angiopoietin/

Tie signaling pathways have been developed and are being

investigated in preclinical and clinical studies. The Ang2-

blocking antibody MEDI3617 results in tumor angiogene-

sis reduction and an improvement of chemotherapy [127]

as well as decreased lung metastasis and lymphangiogen-

esis in several preclinical models including colorectal,

renal, hepatocellular, lung or ovarian carcinoma. Ang2

inhibition, using an antibody that promotes the internal-

ization of Ang2-Tie2 receptor complexes without affecting

Ang1-Tie2, was shown to reduce vascular leakage by

enhancing the integrity of cell–cell junctions [128]. High

Ang2 level compromised the benefit of VEGF signaling

inhibition by altering vessel normalization [129]. Recent

studies demonstrated that combined inhibition of VEGFR

and Ang2 significantly improves survival in murine

glioblastoma models by increasing normalization and

reprogramming macrophages [129, 130]. AMG-386 (tre-

bananib) is a peptide-Fc fusion protein (peptibody) that

inhibits angiogenesis by interfering with the binding of

Ang1 and Ang2 to the Tie2 receptor. In preclinical studies,

trebananib exhibited anti-tumor activity against human

epidermoid and colorectal tumor mice xenografts [131].

Trebananib combination with chemotherapy agents in

adults with various solid tumors showed promising anti-

tumor activity [132]. In a phase 3 study, trebananib has

been tested on patients bearing recurrent epithelial ovarian

cancer and significantly improved progression-free survival

[133].

Tie2 is dephosphorylated and consequently inactivated

by a specific EC-phosphatase: the vascular endothelial

protein tyrosine phosphatase (VE-PTP). AKB-9778 is a

selective VE-PTP inhibitor which induces Tie2 activation

in ECs. AKB-9778 treatment delayed the early phase of

breast cancer growth and decreased the size, number and

progression of metastasis. In tumor vasculature, Tie2

activation increased pericyte coverage, vessel diameter,

vasculature density, tumor perfusion and reduced blood

vessel permeability [134]. Similarly, a recent study

demonstrated that ABTAA, a specific antibody which

simultaneously activates Tie2 and inhibits Ang2, normal-

ized tumor blood vessels, reduced hypoxia and induced

immune cell infiltration. ABTAA enhanced the delivery of

cisplatin into Lewis lung carcinoma tumors and conse-

quently the overall survival of mice [135].

Similarly, Ang1-upregulation was shown to lead to

blood vessel stabilization [136]. Interestingly, dopamine

has been shown to have an effect on tumor blood vessels by

inducing Ang1 overexpression directly in pericytes and

promoting the mobilization and recruitment of these cells

[136]. Dopamine injections regulate the morphology and

leakiness of tumor blood vessels, as well as decreasing

hypoxia and increasing blood flow [136]. Simvastatin

treatment, which induces Ang1/Tie2 expression, inhibited

transendothelial migration of highly invasive prostate

cancer cells, enhanced endothelial cell-barrier integrity via

b-catenin stabilization, decreased VEGF expression and

increased Ang1 expression [137].

PDGF-B

During angiogenesis, the PDGF-B/PDGFR axis closely

mediates pericyte coverage in new blood vessels and sev-

eral studies have evaluated the potential of this signaling

pathway to modulate tumor angiogenesis. ECs, particularly

tip cells, secrete high levels of PDGF-B, which exerts its

cellular effects by binding to tyrosine kinase receptors

(PDGFRa and PDGFRb) expressed on perivascular cells,

promoting pericyte recruitment [138]. A study demon-

strated that anti-angiogenic resistance is due to active

proliferation of mural cells and high PDGF-B expression

[139]. These results initiated the idea that VEGF inhibition

may be more efficient in combination with agents blocking

PDGFRb activity. SU6668 is a PDGFRb kinase inhibitor

that disrupts tumor vascularity by promoting pericyte

detachment. Its combination with the VEGFR inhibitor

SU5416 showed a synergistic effect on tumor size reduc-

tion [140, 141]. Moreover, SU5416 and SU6668 combi-

nation with radiotherapy enhanced local anti-tumor effects

of irradiation [142]. PDGF-B inhibitors also include sev-

eral antibodies, such as CR002 and IMC-2C5 or CDP860

which is a an engineered Fab’ fragment–polyethylene

glycol conjugate that targets PDGFRb and inhibits its

activation [143–145]. The DNA aptamer AX102 sensitized

tumor cells to chemotherapy by increasing the number of

perfused tumor vessels [146, 147]. However, tumor cell

death was not increased in primary tumors [148] and a

recent study demonstrated that depleting the vessel of

pericytes is no more efficient than monotherapy with anti-

VEGF alone [149]. Moreover, loss of perivascular cover-

age induced increased vessel immaturity and enhanced

metastases [6, 150]. An alternative strategy to achieve

vascular normalization has been to promote PDGF/

PDGFRb signaling. PDGF-B contributes to the IFP regu-

lation and participates in the regulation of vessel leakiness.

PDGF-B overexpression in mouse models of colorectal and

pancreatic cancer led to tumor growth inhibition by

enhancing pericyte recruitment and decreasing EC prolif-

eration [151]. In glioma models, PDGF-B expression

increased after Wnt/b-catenin signaling activation, con-

tributing to vascular quiescence and decreased vessel per-

meability [152]. PDGF-B overexpression also appears to

be able to promote tumor growth and lymph node metas-

tasis; however, used in association with chemotherapy, it
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can enhance drug delivery and hence improve the efficacy

of administered therapeutics [153].

BMP signaling

Alk1 (activin receptor-like kinase 1) is a type I receptor

expressed on ECs, which binds TGF-b (transforming

growth factor-b) family members with a specific affinity

for BMP9 (bone morphogenetic protein 9) and BMP10.

During development, Alk1 is involved in the maturation

and stabilization of the vascular network in part by stim-

ulating pericyte recruitment [154]. BMP9 induces ID1

expression, which increases EC proliferation and migration

[155, 156], but also promotes the expression of HEY1 and

2 which are ID1 antagonists and suppress its effects on

angiogenesis [157]. BMP9 stimulation inhibits sprouting

angiogenesis by cooperating with the notch pathway

[158, 159], acts as an anti-angiogenic factor [160] and

plays a role in vascular quiescence [161]. Alk1 inhibitors

have been recently developed to modulate angiogenesis

during tumor growth. Alk1-Fc is a recombinant protein

composed of the extracellular domain of Alk1 receptor

bound to the Fc part of a human antibody. It binds BMP9

with a high affinity and acts as a ligand trap to inhibit the

activation of Alk1 signaling [162]. Alk1-Fc caused a

reduction of ID1 expression in ECs, inhibited HUVEC cord

formation and decreased angiogenesis in a chicken

chorioallantoic membrane assay [163]. Moreover, in MCF7

breast cancer and B16 melanoma, the treatment with Alk1-

Fc reduced tumor growth in both models. Dalantercept

(Alk1-Fc) monotherapy was tested in a phase II study in

patients bearing recurrent endometrial carcinoma [164].

However, no tumor response was observed, suggesting that

the activity of Dalantercept is insufficient as a single agent

and should be used as an adjuvant to a conventional ther-

apy. Recently, dalantercept was combined with VEGFR

tyrosine kinase inhibitors (sunitinib) in human RCC

xenograft models [165]. This therapy association prevents

tumor relapse and the resumption of tumor blood flow seen

usually with monotherapy by sunitinib. The treatment

combination leads to a downregulation of Notch signaling

which affects Hey1/2 genes expression. Alk1 blocking

antibodies have also been used for cancer treatment. PF-

03446962 specifically binds Alk1 and neutralizes BMP9-

induced signaling in HUVECs [166]. Smad1 phosphory-

lation and sprouting of ECs were inhibited without

affecting VEGF signaling. Nonetheless, in phase 2 trial

with patient bearing urothelial cancer, PF-03446962

showed no anti-tumor activity [167]. Interestingly, in most

patients, VEGF levels increased after 2 months of treat-

ment. In this study, the authors concluded that PF-

03446962 will be not used without the association of anti-

VEGF therapies. Given its role in vascular maturation and

remodeling, agonists of Alk1 signaling may also be of

future therapeutic interest to promote vascular normaliza-

tion in cancer.

Junction enhancement

ECs are strongly connected through adherent junctions, of

which VE-cadherin is a major component. VE-cadherin

inhibition by specific antibodies increases vascular per-

meability and demonstrates their key role to control vas-

cular barrier function [168].

Sac-1004 is a recent molecule developed to restore

proper interstitial fluid pressure, prevent vascular leakage

and improve perfusion. This compound strengthens the

endothelial barrier through the cAMP/Rac/Cortactin path-

way to form a cortical actin ring, which upregulates

adherens junction such as VE-cadherin [169]. In a pre-

clinical study using lung carcinoma or melanoma models,

Sac-1004 reduced vascular leakage by increasing junc-

tional integrity and perfusion in the tumor vasculature.

Lung and node metastasis were decreased, as were H1F-1a
tumor levels. Used in combination with cisplatin,

chemotherapy efficiency was improved after vascular

normalization by Sac-1004 [170]. Treatment of B16F0

melanoma tumors with Sac-1004 and sunitinib, an anti-

angiogenic agent, significantly decreased tumor growth and

increased tumor-bearing mice survival [171].

HIF-2a has a similar structure to HIF-1a but is only

expressed in specific cells such as ECs and fibroblasts

[172]. Mice with HIF-2a-deficient ECs developed high

vessel permeability with aberrant EC structure. Tumor

growth in such animals exhibited defective angiogenesis

and increased hypoxic stress [173]. A study also indicates

that HIF-2a is involved in VE-cadherin promoter activa-

tion in tumor cells independently of hypoxia [174].

Therefore, targeting HIF-2a could also strengthen cell–cell

junctions [174].

Modulation of perfusion and hypoxia responses

Several studies have shown that radiation treatments or

chemotherapeutic drugs can affect the tumor vasculature

and may improve vascular perfusion. Recently, it has been

demonstrated that fractionated radiation therapy substan-

tially enhanced tumor perfusion after two weeks of treat-

ment. It was associated with better tissue viability and

decreased hypoxia, but with increased VEGF expression

that was counteracted by sunitinib treatment [175]. Ima-

tinib mesylate is a clinical drug approved for the treatment

of gastrointestinal stromal tumors that can modify the

tumor microenvironment such as tumor vessel density,

normalization and perfusion [176]. Delivery of

nanomedicines relies on the size of particles and blood
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vessels diameter, and after imatinib mesylate treatment,

micelles around 23 nm had a significantly more effective

penetration and homogeneous distribution in tumor tissues

[176]. Chloroquine (CQ) is traditionally used as an

autophagy blocker in anticancer treatment, but it can also

affect tumor blood vessels [177]. CQ modifies the tumor

microenvironment by improving perfusion and oxygena-

tion, reducing hypoxia area, cancer cell dissemination and

intravasation. CQ normalized vessels in part by increasing

Notch1 signaling in ECs with nuclear accumulation and

transcriptional activity of NICD [177].

Hypoxia leads to increased levels of PHD family

activity, which in turn produces upregulation of HIF1-a
and VEGF production. In preclinical studies, the direct

injection of antisense HIF1-a vectors enhanced doxoru-

bicin efficiency by suppressing hepatocellular carcinoma

(HCC) angiogenesis [178]. Furthermore, the inactivation of

HIF1-a by RNAi or Cre/loxP-mediated recombination

modulated the chemosensitivity of carcinoma cells [179].

The combined knockdown of HIF-1a and IL-8 inhibits

angiogenesis, tumor growth and increased survival rates of

mice bearing HCC [180, 181]. Tumors implanted in

Phd2?/- heterozygous mice, expressing PHD2 at half

normal levels, were more mature with tight EC junctions,

reduced hypoxia and less leaky compared to tumors grafted

in wild-type mice. These results suggest that PDH2 acti-

vation (and hence decreased hypoxia) drives tumor blood

vessel normalization and immunostaining conjugated to

RT-PCR confirmed that VE-cadherin was upregulated in

tumors ECs in Phd2?/- mice [48]. Interestingly, after

VEGF stimulation in Phd2?/- model, ECs showed reduced

proliferation and displayed decreased motility and forma-

tion of lamellipodia compared to ECs in the wild-type

model [48].

Conclusion and perspectives

Taken together, these observations highlight the complex-

ity of pathways involved in tumor angiogenesis. Although

initial preclinical studies showed that VEGF inhibition is

able to prune tumor vessels and leads to tumor shrinkage,

the results of bevacizumab monotherapy in patients with

solid tumors were overwhelmingly disappointing. Fur-

thermore, the increased incidence of metastasis in some

patients led to the concept that vascular normalization,

combined with chemotherapy or radiotherapy, might be a

more efficient way to treat cancer patients. Indeed, anti-

VEGF treatments have been able to improve the efficacy of

systemic chemotherapy, suggesting that they augment the

therapeutic index of chemotherapy. In addition, numerous

pathways other than VEGF involved in vascular formation

and maturation are currently being investigated. By

modulating vascular responses in the tumor microenvi-

ronment, these therapies could restore a more normal tumor

vasculature, capable of delivering cytotoxic drugs more

efficiently into tumors and enhancing the effects of radio-

therapy. Given the great heterogeneity in tumor vessels in

tumor tissues, further studies of the mechanisms underlying

the normalization process will be required before they can

be effectively exploited in the clinic. In parallel with the

development of strategies targeting different pathways of

angiogenesis, future research directions would involve the

identification of predictive biomarkers to identify patient

group responders of non-responders. Personalized anti-an-

giogenic therapies could be offered to patients based on

their potential response. Future challenges will involve the

determination of the optimal duration and scheduling of

vascular normalization agents, including how to develop

effective therapies for metastatic, adjuvant and neoadju-

vant cases and how to effectively combine different agents

without significant developing toxicity. Close collabora-

tions between basic researchers and clinicians in multiple

disciplines will be of utmost importance to achieve this.
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