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Abstract
Hostile microenvironment produced by abnormal blood vessels, which is characterized by hypoxia, low pH value and increasing
interstitial fluid pressure, would facilitate tumor progression, metastasis, immunosuppression and anticancer treatments resis-
tance. These abnormalities are the result of the imbalance of pro-angiogenic and anti-angiogenic factors (such as VEGF and
angiopoietin 2, ANG2). Prudent use of anti-angiogenesis drugs would normalize these aberrant tumor vessels, resulting in a
transient window of vessel normalization. In addition, use of cancer immunotherapy including immune checkpoint blockers when
vessel normalization is achieved brings better outcomes. In this review, we sum up the advances in the field of understanding and
application of the concept of tumor vessels normalization window to treat cancer. Moreover, we also outline some challenges and
opportunities ahead to optimize the combination of anti-angiogenic agents and immunotherapy, leading to improve patients’
outcomes.
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Introduction

Cancer immunotherapy is emerging as a novel therapeutic

modality capable of revolutionizing cancer treatment.1,2

Recent advances in immune checkpoint blockers (ICBs) have

shifted immunotherapy from the bench to the frontline of clin-

ical oncology.3 In contrast to conventional chemotherapy,

which directly targets cancer cells, ICBs galvanizes immune

cells in the tumor microenvironment (TME) by blocking

immune checkpoint proteins to fight cancer cells.4 Infiltrating

immune cells, stromal cells and abnormal vascular and
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lymphatic vessels compose the TME, which is characterized by

a high interstitial fluid pressure, hypoxia and a low pH.5 The

abnormal TME can eclipse the potency of all anticancer treat-

ments, including immunotherapy.6-9 Therefore, normalizing

the TME or at least 1 component of it could improve the effi-

cacy and achieve better outcomes.10-12 Over the past decade, an

astonishing outpouring of research has shown that judicious use

of antiangiogenic therapy (AT) temporarily normalizes tumor

blood vessels, relieves hypoxia and increases the delivery of

drugs and antitumor immune cells, thus improving the results

of various treatments.13-18 Therefore, combining ATs and

immunotherapies should increase the effectiveness of tumor

control and produce better outcomes in patients.

In this review, we focus on the crucial role of blood vessels

in the TME and discuss how normalizing the vasculature by

judicious AT application potentiates immunotherapy. In addi-

tion, we will also discuss the concept of the window of vessel

normalization and how to widen it through judicious use of AT.

Therefore, the interplay between tumor vessel normalization

and immune activation creates a new approach to devise com-

bination therapies for cancer patients. Finally, we propose a

new paradigm of treatment that uses immunotherapy in the

window of vessel normalization, which is a new avenue to

enhance cancer immunotherapy.

Abnormal Tumor Vessels and Their Roles in
the TME

Abnormal Tumor Vessels

Angiogenesis is a hallmark of cancer.19 Rapid proliferation of

tumor cells consumes large amounts of oxygen and nutrients.

Therefore, tumors rely on angiogenesis to support growth and

progression.9 Tumor vessels are different from vessels that

sustain normal rapidly growing organs or tissues.16 Specifi-

cally, tumor blood vessels are abnormal in structure and func-

tion. Unlike normal vessels, tumor blood vessels are tortuous,

saccular and chaotic in organization. Moreover, the structures

of the tumor blood vessels wall are aberrant with large gaps

between endothelial cells, detached pericytes and abnormally

basement membranes, leading to leakiness.13 In addition to

structural abnormal, their functions are also different from nor-

mal. Through abnormal expression of a range of adhesion

molecules in tumor blood vessels, certain immunosuppressive

cells can be allowed into tumor tissues and the infiltration of

certain effector cells into tumors are stymied. For examples,

Clever-1/Stabilin-1 could facilitate T regulatory cells and pro-

tumoral M2-phenotype macrophages trafficking20; Expression

of FAS antigen ligand in the tumor vasculature was associated

with scarce CD8(þ) infiltration and a predominance of

FoxP3(þ) T regulatory (Treg) cells21; Overexpression of

endothelin B receptor in ovarian cancer can block the infiltrat-

ing of T lymphocytes.22 Abnormal blood vessels serve just like

a specific barrier that can block certain immune cells and allow

certain immune cells. These abnormalities of tumor blood ves-

sels promote tumor progression and metastasis by impairing

perfusion, which results in a pro-metastatic niche characterized

by hypoxia, acidity and immunosuppression.23 Moreover,

blood perfusion in the TME is both spatially and temporally

heterogeneous, which is caused by the aberrant tumor vessel

network. This heterogeneity can impede the delivery of drugs

and immune cells from the peripheral blood circulation into

tumors, resulting in low anticancer efficacies.11

The abnormal TME can facilitate tumor progression, inva-

sion and metastasis through myriad mechanisms. For example,

hypoxia is a characteristic of the low perfusion caused by

abnormal vessels, which is recognized as a key factor in facil-

itating the progression and metastasis of tumors through altera-

tions in some aspects, such as genetic instability, angiogenesis,

immunosuppression, and inflammation.23-26 Hypoxia in the

TME induces excessive expression of proangiogenic factors,

especially VEGF.27 The imbalance between the levels of pro-

and antiangiogenic factors promotes rapid but abnormal forma-

tion of tumor vessels, which are tortuous, dilated and unevenly

distributed.16 Apart from hypoxia, acidic or low pH TME has

multiple consequences relevant to immune cells, resulting in an

immunosuppressive TME.28 It has been shown that acidic pH

profoundly induces an anergic state in tumor specific CD8þ T

lymphocytes and negatively affects maturation and function of

Th1 lymphocytes by inactivation of IFN-g and suppression of

tumor necrosis factor-a.29,30 In addition, acidic pH has been

shown to stimulate the process of activation and transformation

of the TAMs into a pro-tumoral M2-phenotype.31 Abnormal

endothelial cells and lack of structural integrity in the tumor

blood vessels wall lead to excessive leakiness.32 Vessel leaki-

ness would also increase hematocrit and blood viscosity that

reduce blood flow. In addition, leakiness reduces the intravas-

cular pressure gradient, which is the force to flow. Moreover,

vessel leakiness can cause interstitial fluid pressure up.24 In all,

vessel leakiness impairs tumor blood flow and increases

“intratumor fluid pressure,” which can hamper the distribution

of anticancer drugs, including immunotherapeutic agents.18

The aberrant leakiness of vessels can also promote the intrava-

sation and shedding of tumor cells into the peripheral circula-

tion, resulting in dissemination to distal organs and formation

of metastases.16,33,34

Effects on the Tumor Immune Microenvironment

The interplay of tumor angiogenesis and the tumor immune

microenvironment is intimate, and the development of both can

occur simultaneously. Antitumor immunity is rendered by

immune cells that reside in tissues, the blood and the TME.35,36

Thus, an inflamed microenvironment is a prerequisite for effec-

tive immunotherapeutic strategies.37-39 Sufficient immune cell

infiltration is critical for the efficacy of immunotherapy, and

insufficiency lowers the effectiveness of immunotherapy.40,41

In the TME, various angiogenic factors, such as VEGF, angio-

poietin 2 (ANG2), hypoxia inducible factors (HIFs), hepatocyte

growth factor (HGF), platelet-derived growth factor (PDGF),

fibroblast growth factor (FGF), transforming growth factor-beta

(TGF-b) and other chemokines, can impact immune cell
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infiltration and the tumor immune microenvironment.26,42-45

These molecules work with tumor cells and stromal cells together

to promote local immunosuppression, affecting immune cell

infiltration and the tumor immune microenvironment.17

VEGF has various activities in the TME and has been exten-

sively investigated in many tumor models. The prototypical

members VEGFA, VEGFB, VEGFC, VEGFD and PIGF com-

pose the VEGF family.46,47 The binding of VEGFA and

VEGFR2 initiates the dominant pathway of angiogenesis.47

Additionally, excessive amounts of VEGF also induce the

development of immunosuppression in the TME via at least

3 mechanisms. First, increases in VEGF levels directly hamper

the trafficking, proliferation and effector function of T

cells.48,49 VEGF binds to VEGFR2 on the surface of CD8þ
T cells, resulting in upregulation of PD-1, CTLA-4, T cell

immunoglobulin mucin receptor 3 (TIM3) and lymphocyte

activation gene 3 (LAG3) protein expression, contributing to

T cell exhaustion.48,50 Second, VEGF can also hinder the

maturation and antigen presentation of dendritic cells (DCs)

as a consequence of the impediment in T cell activation via

the nuclear factor-kB (NF-kB) signaling pathway.51-53 An in

vitro study demonstrated that the differentiation of monocytes

into DCs was inhibited by VEGF.54 Overexpression of PD-L1

in DCs induced by VEGF suppresses the function and expan-

sion of T cells.55 Third, a high level of VEGF can increase the

density of a variety of immunosuppressive cells in the TME,

including M2-phenotype macrophages, myeloid-derived sup-

pressor cells (MDSCs) and regulatory T cells (Tregs).15,56,57

Another critical regulator of angiogenesis is angiopoie-

tin.58,59 However, its roles in immunomodulation are still elu-

sive. ANG1 produced by pericytes promotes vessel maturation.

ANG1 overexpression stimulates pericyte coverage, resulting

in a vasculature that is more mature in appearance. While

ANG2 secreted by endothelial cells has been reported to pos-

sess antagonistic activity.60 Some studies have shown that

ANG2 promotes immunosuppression in tumors through several

mechanisms. On the one hand, ANG2 can facilitate the recruit-

ment of MDSCs and Tregs.61-63 On the other hand, ANG2 can

modulate monocytes by inhibiting the secretion of tumor

necrosis factor (TNF).64

Increasing evidence has shown that VEGF and ANG2 can

work together to enhance immunosuppression in the TME,

depending on the relative levels of these cytokines.65-68 Some

studies illustrated that optimal strategies for simultaneous

blockade of VEGF and ANG2 alleviated immunosuppression

in the TME, normalized the vessels and produced improved

outcomes.65,66,69 A study showed that blockade of both VEGF

and ANG2 induced tumor-associated macrophages (TAMs) to

repolarize into antitumor M1-phenotype cells in a GL261

mouse glioblastoma (GBM) model.67 In parallel, in a mouse

melanoma model, blockade of both VEGF and ANG2 also

tilted the balance of macrophage phenotypes toward the M1

phenotype, leading to better outcomes.66

HIF-1 is a key transcriptional mediator of the response to

hypoxic conditions in the TME. It participates in vasculature

formation with other proangiogenic factors, such as VEGF and

angiopoietin.70 Apart from its proangiogenic effects, HIF-1

also reprograms immune cells into a protumor phenotype.

HIF-1 and cytokines can reduce the ability of effector immune

cells to fight cancer. In particular, TGF-b reduces T lympho-

cyte activity and limits the ability of DCs to process

tumor-associated antigens.26,71,72 Furthermore, HIF-1 signal-

ing promotes increased levels of PD-L1 expression by MDSCs,

TAMs, DCs, and cancer cells, exerting an immunosuppressive

effect on the TME. This suggests that therapeutic strategies

targeting HIF-1 signaling in the TME will affect anticancer

therapy generally and immunotherapy specifically.26

HGF is a cognate ligand of the Met receptor tyrosine kinase.

HGF/Met signaling contributes to tumorigenesis, tumor angio-

genesis and metastasis.73 Some evidence from preclinical and

clinical studies has shown that HGF expression is upregulated

in situations of VEGF receptor blockade resistance, which indi-

cates that HGF-mediated angiogenesis may act as an alterna-

tive angiogenic pathway74 This suggests that targeting HGF

may be a potential strategy to circumvent resistance to VEGF

receptor tyrosine kinase inhibitors in the clinic. Apart from its

wide range of roles in angiogenesis, HGF also plays a role in

the TME.75-77 HGF is a potent immunomodulatory factor that

inhibits DC function, leading to defective antigen presenta-

tion.78 In addition, HGF can induce the differentiation of T

cells into CD25þFoxp3þ Tregs with high levels of IL-10 and

downregulation of the expression of surface markers of T cell

activation.79 Due to the immunosuppressive function of HGF,

targeting the HGF signaling pathway may be useful in combi-

nation with immunotherapy. Cabozantinib, a small-molecule

inhibitor targeting the HGF/Met signaling pathway, was shown

to increase the infiltration of CD8þ T cells into the TME

through direct normalization of the tumor vasculature in

mice.80 It was also demonstrated that cabozantinib treatment

could not only modulate the immune landscape both peripher-

ally and intratumorally but also sensitize the TME to

immunotherapy.80

The PDGF family comprises PDGF-A to PDFG-D, which

can function as either homodimers or heterodimers. Activation

of PDGF signaling has wide effects on embryonic development

and tumor vascularization.81 However, the effect of PDGF on

immune cells is not well elucidated. An in vitro study showed

that PDGF inhibited the maturation of human DCs and induced

IL-10 secretion. Culture of PDGF-DCs with T cells induced the

polarization of T cells into FoxP3-expressing Tregs that

secreted IL-10.82 This suggests that PDGF may play an immu-

nosuppressive role in the TME.

FGFs are ubiquitously expressed and have various func-

tions, including the regulation of cell growth and angiogen-

esis.83 FGFs exert their proangiogenic activity by interacting

with various endothelial cell surface receptors, including tyr-

osine kinase receptors, heparan sulfate proteoglycans, and

integrins.84 Aside from their proangiogenic effect on the TME,

FGFs also impact the tumor immune microenvironment.

Experimental and clinical evidence has indicated that FGFs

play roles in tumor-infiltrating myeloid cells, including mono-

cytes/macrophages, neutrophils, eosinophils, mast cells, and
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DCs, to facilitate the formation of an immunosuppressive

microenvironment.85

Window of Vessel Normalization

During treatment with pharmacological ATs, there is usually a

transient time window in which the tumor vessels are normal in

structure and function (Figure 1). Structural normalization is

characterized by morphological changes in the tumor vascular

network, wherein tumor vessel diameters, density, and tortuos-

ity are drastically reduced.86 This leads to improved vessel

perfusion and reduced tissue hypoxia.15 A preclinical study

showed that radiotherapy given during the window of vessel

normalization had better outcomes than radiotherapy given

outside the window.87 During the normalization window, peri-

cytes are recruited to existing tumor blood vessels, and hypoxia

and the abnormally thick basement membrane of tumor vessels

are greatly reduced.87 However, the window of vessel normal-

ization is transient and hard to capture. In both human and

mouse models, vascular normalization induced by AT occurs

very quickly, sometimes within 1 day, and lasts a short time

spanning from 1 week to a few months in humans, possibly

based on the type of tumor.16,87-89

In the vessel normalization window, the TME is repro-

grammed. In particular, the tumor immune microenvironment

shifts from an immunosuppressive state to an immunosuppor-

tive state, rendering antitumor therapy more effective.17,90 Nor-

malized tumor vessels can directly alleviate TME hypoxia and

facilitate CD4þ and CD8þ T cell infiltration.66 In addition,

hypoxia alleviation preferentially induces the polarization of

TAMs into an immunosupportive M1-like phenotype.15 More-

over, vessel normalization also decreases the recruitment of

Tregs and MDSCs into the TME.91,92 In such an immune-

active microenvironment formed during the tumor vessel nor-

malization window, immunosuppressive signals may also

emanate from activated adaptive immune cells through regula-

tory negative-feedback mechanisms, such as the induction of

immune checkpoint molecules (for example, PD-L1). In a

transgenic MMTV-PyMT model, RNA-seq analysis revealed

that PD-L1 expression was upregulated in tumor-derived

endothelial cells after antiangiogenic treatment. In addition, the

study also showed that perivascular CD8þ T cell numbers

correlated with the expression of PD-L1 in the corresponding

Figure 1. The tumor vessels normalization window relies on judicious use of anti-angiogenic agents. The dose and duration should be well

manipulated and tailored according to different types of tumor and parameters of tumor vessels. In tumor vessels normalization window, the

tumor immune microenvironment switches from immunosuppressive to immunosupportive. Vessels normalization generates a homogeneous

distribution of perfused tumor vessels, reducing hypoxia and increasing pericyte coverage. Moreover, the infiltration of immune effector cells

into tumor microenvironment increase while immune regulatory cells including Treg cells and MDSC (myeloid-derived suppressor cell)

accumulation reduce. In addition, improved vascular perfusion polarizes TAMs to an immunostimulatory M1-like phenotype. Furthermore, the

PD-L1 expression in tumor microenvironment elevated. This supports the rationale for treatment of immunotherapy in the window of tumor

vessels normalization.
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vascular segments. Furthermore, PD-1 blockade improved

tumor control in different cancer models during vessel normal-

ization.66 Another study also found that the infiltration of

CD4þ and CD8þ T cells increased in AT-treated renal cell

carcinoma primary tumors. In concordance with the aforemen-

tioned results, specimens from patients treated with AT also

showed enhanced expression of PD-L1.93 Collectively, these

pieces of evidence demonstrate that antitumor immune

responses are stimulated during vessel normalization but PD-

L1 expression is increased. This supports the rationale for treat-

ment with ICBs during the window of tumor vessel

normalization.

Tactics for Normalization of Tumor Blood Vessels

Numerous molecular mechanisms lead to abnormal angiogen-

esis, the most important of which is the imbalance between pro-

and antiangiogenic factors. Thus, restoring the balance would

theoretically allow blood vessels to recover structurally and

functionally. In the TME, proangiogenic cytokines induced

by hypoxia or any other reason are pivotal culprits in vessel

abnormality development.18 Therefore, removing redundant

angiogenesis signals has become a mainstay strategy.

A number of preclinical studies illustrated that anti-VEGF

therapy normalized tumor vessels transiently and converted the

immunosuppressive TME.13,15,87 Furthermore, the dose and

duration of anti-VEGF agent therapy exerted a great influence

on efficacy. Notably, high-dosage antiangiogenic treatment

could result in excessive tumor vessel pruning, leading to

exacerbation of hypoxia in the TME, thus shortening the nor-

malization window.15 Moreover, high doses of anti-VEGF

drugs also facilitate extracellular matrix deposition, which pro-

motes the infiltration of immunosuppressive immune cells such

as MDSCs and Tregs.15 Notably, a long duration of anti-VEGF

therapy can destroy blood vessels and inevitably increase

tumor hypoxia.87 This phenomenon is known as overpruning

of tumor blood vessels. In contrast, low doses of antiangiogenic

agents prolong vessel normalization. A study showed that tar-

geting tumor vessels with a lower dose of antiangiogenic agent

rather than a higher dose made the distribution of functional

tumor blood vessels more uniform.15 In addition, compared

with high doses, lower doses perform better in transforming

TAMs from an immune inhibitory M2-like phenotype into an

immune-supporting M1-like phenotype and in facilitating

CD8þ T cell infiltration.15 These results indicate that lower

doses of antiangiogenic drugs can reprogram the TME. Two

retrospective clinical studies showed that low-dose bevacizu-

mab produced better outcomes than high-dose bevacizumab in

patients with glioblastoma.94,95 Therefore, optimal doses and

schedules of antiangiogenic agents should be personalized.

The ANG2-Tie2 axis, which confers resistance to anti-

VEGF therapy, also plays a key role in tumor angiogenesis.96

ANG2 is an important proangiogenic cytokine that transmit

signals through the ANG1 and ANG2 receptor (Tie2). Tie2 is

expressed mainly on vascular endothelial cells. ANG1 expres-

sion in pericytes primarily sustains quiescent mature vessels. In

contrast to ANG1, ANG2 functions in tumor progression and

metastasis by inducing vascular destabilization. ANG1 acts as

the stimulating, agonistic ligand of TIE2. By contrast, the

effects of ANG2 on the vasculature seem to be contextual to

enable agonistic and antagonistic effects on TIE2 signaling.60

Therefore, ANG2 may act as a context-dependent antagonist.

For instance, inhibition of ANG2 prunes tumor blood vessels

and improves vessel normalization through impairment of

endothelial and smooth muscle cell contact loss.97,98 Inhibition

of ANG1 has only a small effect on tumor blood vessels.87,98

Nevertheless, the combination of ANG1 and ANG2 blockade

trims tumor blood vessels but does not achieve normaliza-

tion.99 These results indicate that the normalization of tumor

blood vessels depends on ANG1 and the inhibition of ANG2

can enhance the interaction of ANG-1/Tie2. Accordingly, tar-

geting ANG2 would sustain the normal vascular phenotype and

hamper vessel sprouting, leading to tumor vessel normaliza-

tion. A study showed that inhibition of ANG2 by L1-7 signif-

icantly retarded tumor growth. In this experiment, more

uniformity, more pericytes, fewer endothelial sprouts and more

linear endothelial junctions were found in tumor blood vessels

after treatment with L1-7.98 Simultaneous activation of Tie2

and blockade of ANG2 in mice with some types of cancers

normalized tumor blood vessels more efficiently than activa-

tion or blockade alone. This approach favored blood perfusion

and delivery of chemotherapeutic drugs. It also markedly alle-

viated lactate acidosis in the TME and inhibited tumor growth

and metastasis.43 In addition, this study also found that simul-

taneous Tie2 activation and Ang2 inhibition could produce a

favorable TME. Another study in mice model demonstrated

that double inhibition of VEGFRs and ANG-2 inhibited tumor

proliferation more efficiently than single inhibition and

widened the normalization window.43

Another strategy is to disrupt the angiogenesis signaling

pathway via gene modification. For example, G-protein signal-

ing 5 (Rgs5) is key in the abnormal morphology of tumor

vessels,100,101 Through changes in tumor blood vessels, gene

disruption of Rgs5 could enhance the infiltration of effector

immune cells into the tumor parenchyma, resulting in pro-

foundly prolonged survival of tumor-bearing mice.102 RGS5-

deficient mice exhibited a normalized tumor vasculature,

which was characterized by the presence of mature pericytes,

reduced vessel leakiness and improved oxygenation. Moreover,

knocking out Rgs also influenced leukocyte attachment and

facilitated transmigration into the tumor parenchyma.102 How-

ever, the exact mechanism underlying the vascular normaliza-

tion induced by Rgs5 gene knockout remains elusive.

In addition to perturbation of proangiogenic signaling, treat-

ment targeting angiostatin factors can also be considered a

strategy. IFN-g and TNF-a are well-known cytokines that can

play various roles. Both cytokines act directly or indirectly on

tumor blood vessels.103,104 Intra-tumoral low-dose TNF-a
treatment stabilizes the vascular network and improves vessel

perfusion, resulting in markedly improved penetration of antic-

ancer drugs. Delivery of low-dose TNF-a also enhances the

infiltration of effector immune cells into the tumor parenchyma

Li et al 5



and polarizes TAMs into pro-tumoral M2-phenotype macro-

phages.105 In contrast to TNF-a, IFN-g maintains the tumor

in an ischemic state and prevents proliferation.105-107 LIGHT,

which is also known as TNF superfamily member 14

(TNFSF14), is a TNF superfamily member. In a study using

the peptide CGKRK (a vascular homing peptide) to deliver

LIGHT to angiogenic tumor vessels, the brain tumor vascula-

ture was normalized by restoring pericyte contractility and re-

establishing endothelial barrier integrity.108 Furthermore,

CGKRK was fused to LIGHT/TNFSF14 and injected intrave-

nously into murine orthotopic glioblastoma multiforme mod-

els.109 After treatment, the vascular system was less abnormal,

the integrity of the endothelial barrier was improved, peripheral

contractility was restored, and blood perfusion was recovered.

Additionally, high endothelial venules (HEVs) appeared, and T

cell infiltration also increased.109

Increasing studies have shown that immune cells also play

roles in tumor vessel normalization. Thus, stimulation of such

immune cells may be a new strategy to normalize the tumor

vasculature. A recent study demonstrated that profound

changes in the TME involving vessel normalization and repro-

gramming of TAMs could be found in MO4 tumor-bearing

mice that received simultaneous intravenous injection of eosi-

nophils and T cells.110 In this study, it was shown that vessel

normalization could be induced solely by eosinophils. After

intravenous infusion of eosinophils and T cells, the normaliza-

tion of tumor blood vessels was indicated by various para-

meters, including reduced hypoxia, reduced blood vessel

leakage, increased blood vessel perfusion, increased coverage

of blood vessels with mature pericytes and low expression of

Rgs5.110 The precise mechanism underlying vascular normal-

ization induced by eosinophils is not clear, but it may be that

these cells initiate TAM polarization into M1-like cells via

eosinophil-derived TNF and IFN-g, which eventually leads to

a decrease in VEGF production.110 Another study identified the

causal role of T helper 1 (TH1) cells in vascular normalization

by using patient-derived xenograft models planted from an

immunocompetent environment (original patients) into an

immunodeficient (animals) environment.111 In this study, after

TH1 cells were transferred into mouse models of breast cancer,

hypoxia and vessel leakiness decreased, large and dilated ves-

sels were pruned, and perfusion efficiency was improved.

These parameters indicated that vessels were normalized. In

addition, the vascular normalization process also depended

on IFN-g signaling.111 In mice treated with anti-PD-1 antibo-

dies, TH1 cells improved vessel normalization. Hence, vascular

normalization or regression probably occurs in a manner

dependent on the activation of tumor-specific T cells and secre-

tion of IFN-g, and this phenomenon can boost immune cell

infiltration to form a feedback cycle. Another study also

showed that the activation of CD8þ T cells mediated by

immune checkpoint therapy including anti-PD-1 or anti-

CTLA4 could facilitate tumor vessel normalization via the

IFN-g signaling pathway.112 Based on these facts, the potential

mechanism underlying normalization of tumor blood vessels is

that effector T cells are activated through cancer

immunotherapy, resulting in production and secretion of IFN-

g. Consequently, the IFN-g interacts with the receptors in the

surface of vascular cells, leading to normalization of the tumor

vessels. In summary, cancer immunotherapy can promote the

normalization of tumor blood vessels and form a virtuous circle

with anti-angiogenesis treatments.

Monitoring of Vessel Normalization Window

Determining how to evaluate the vascular normalization win-

dow and the initial and final points is critical to tailoring treat-

ment strategies. To date, tumor blood vessel perfusion,

microvessel density, vascular morphology and permeability are

still the gold standards for confirmation of the normalization of

tumor blood vessels. Detection of parameters such as CD31,

desmin, aSMA and so on mainly relies on histological staining.

However, this invasive detection method has poor reproduci-

bility and does not dynamically monitor the process of tumor

vascular normalization. Therefore, finding a convenient and

noninvasive method to monitor the time window accurately,

which is a prerequisite for guiding drug administration accu-

rately, is of great significance. Imaging and peripheral blood

biopsy may provide simple and noninvasive ways to detect the

vessel normalization window.

Computed tomography (CT) imaging is used to visualize the

perfusion, vascular density, and bifurcation of tumors. CT

includes 2 types of techniques, CT perfusion imaging and

dynamic contrast-enhanced CT (DCE-CT). CT perfusion ima-

ging is an emerging tool that provides both qualitative and

quantitative information and can obtain hemodynamic para-

meters that are calculated by software using mathematical

models.113 It has been suggested that CT perfusion parameters,

including blood volume, blood flow, peak enhancement index

and permeability surface area, can be used to evaluate tumor

vessel normalization.113-115 With the development of func-

tional imaging, DCE-CT, which is a noninvasive technique to

image the intratumoral vascular physiological status, can offer

more comprehensive information, such as perfusion (F), per-

meability surface area (PS), fractional intravascular plasma

(fp), and interstitial space (fis).
116-119 In a mouse study of

human pancreatic tumor xenografts, DCE-CT was used to

monitor the effects of AT through parametric maps of tumor

perfusion and fractional plasma volume (Fp) that were calcu-

lated before and after antiangiogenic treatment. The results

showed that a more homogeneous physiological window was

observed 1 week after receiving low-dose antiangiogenic anti-

VEGF receptor-2 antibody therapy.118 This result suggests that

DCE-CT is capable of monitoring changes in the physiological

parameters of tumor vessel perfusion in response to AT. Given

this capability, DCE-CT is well suited to measure the vascular

normalization window. More studies are needed to verify this

conclusion, especially in the context of clinical practice.

Magnetic resonance imaging (MRI) is another promising

noninvasive imaging technique to assess the response of the

tumor vasculature to ATs and detect the normalization win-

dow.120-122 Dynamic contrast-enhanced MRI (DCE-MRI) can
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quantitatively measure tumor perfusion and vascular perme-

ability through parameters including the volume transfer coef-

ficient (Ktrans), volume fraction of extravascular extracellular

space (Ve), and rate constant of backflux (Kep).121-123 Blood

oxygen level-dependent magnetic resonance imaging (BOLD-

MRI) is another advanced imaging sequence that can detect

aerobic metabolism in the tumor microenvironment and is suit-

able to measure tumor hypoxia during AT.124 A study showed

that Ktrans, a parameter related to microcirculation perfusion

and microvascular permeability, gradually increased within 6

days of bevacizumab treatment and maintained elevated values

during 3-12 days after bevacizumab administration.122 This

indicates that DCE-MRI is capable of detecting the tumor ves-

sel normalization window. Moreover, the value of R2*, a para-

meter of BOLD-MRI that reflects tumor hypoxia, gradually

decreased from 0 to 9 days and then increased. Overall,

DCE-MRI is superior for detecting vessel maturity and normal-

ization, while BOLD-MRI may perform better in assessing

hypoxia after AT administration. Intravoxel incoherent motion

diffusion-weighted magnetic resonance imaging (IVIM DW-

MRI) has emerged as a promising approach that can be used to

predict the efficacy of ATs without the need for exogenous

contrast agents.125 The blood pseudodiffusion coefficient

(D*) and perfusion fraction (f), parameters of IVIM

DW-MRI, can satisfactorily reflect tumor angiogenesis and

microvessel density.126-128 In a study of CT26 colon

carcinoma-bearing mice, IVIM DW-MRI was used to detect the

process of tumor vascular normalization at different times after

Endostar (recombinant human endostatin) treatment.129 The D*

and f values were well correlated with pericyte coverage and

relative perfusion. Furthermore, they were significantly higher

on days 6 and 8 after treatment with Endostar than without

treatment, indicating the vascular normalization window.129

These results suggest that IVIM DW-MRI has the potential to

become a noninvasive imaging protocol for monitoring tumor

vascular normalization after antiangiogenic treatment. Overall,

MRI provides a very comprehensive and versatile platform to

assess the function and morphology of tumor vessels. In the

future, designing more functional MRI experimental paradigms

and integrating different MRI paradigms to evaluate tumor ves-

sels will warrant further investigation.

Aside from CT and MRI, Doppler ultrasound is another

helpful noninvasive imaging technique to analyze tumor blood

vessels. Dynamic contrast-enhanced ultrasonography (DCE-

US) is a functional technique using Doppler ultrasound with

contrast agents to evaluate microvessels and quantitatively

assess solid tumor perfusion through mathematical models and

calculations. Parameters derived from a global time-intensity

curve describing contrast agent flow are surrogates for charac-

terizing tumor perfusion and neovascular morphology and

include the peak intensity, time-to-peak intensity, area under

the curve, wash-in rate, and wash-out rateb.130 A clinical trial

with 539 enrolled patients was conducted to assess the value of

DCE-US in the evaluation of the tumor response to antiangio-

genic treatments. DCE-US was carried out at the baseline time

point and 7 days after treatment with bevacizumab. The results

showed that DCE-US, as a functional imaging technique, pro-

vided a criterion at day 7, the mean transit time (MTT), that

could be used as a biomarker for vascular normalization.131 A

recent study provided evidence that the possible timing of the

normalization window was 20-24 hours after the administration

of bevacizumab in patients with breast cancer through

3-dimensional power Doppler ultrasonography.132 Overall,

monitoring tumor vascular normalization by Doppler ultra-

sound is feasible. However, Doppler ultrasound has some lim-

itations. First, it cannot be used for metastases in the lungs or

brain. Second, it requires the selection of a single target tumor.

Emission CT is a computer imaging method. It includes

positron emission tomography (PET) and single-photon emis-

sion computed tomography (SPECT). In mouse xenograft mod-

els, dynamic PET was used to detect changes in tumor

perfusion following AT. The results showed that the

perfusion-related rate parameter was significantly decreased

at 24 hours and then increased at 72 hours after treatment. It

was concluded that longitudinal dynamic PET is an imaging

method that can be used to identify the time frame of potential

tumor vasculature normalization.133 In another study, 99mTc-

(CO)3 His-Annexin A5 Micro-SPECT was used to monitor the

time window during which tumor vessels became normal-

ized.134 Overall, MRI, CT, ultrasonography and PET have been

used to evaluate the vessel normalization time window, but no

consensus has yet been reached. To date, no single method has

been proven to detect the sophisticated process of tumor vessel

normalization.135

In addition, as a method for noninvasively monitoring the

process of tumor normalization, liquid biopsy has already been

implemented in clinical settings. ANG2 is a potential biomar-

ker for prediction and prognosis. High levels of ANG2 in the

circulation correlate with a poor prognosis across myriad types

of cancer.136-139 For instance, high levels of circulating ANG2

are associated with poor outcomes in colorectal carcinoma

patients treated with anti-VEGF therapy.140 In patients with

ovarian carcinoma, a decrease in circulating ANG2 levels in

response to anti-VEGF treatment.136 In addition, in patient with

glioblastoma that treated with anti-VEGF drugs the levels of

plasma ANG2 transiently decreased and subsequently elevated

in line with treatment response.89 These results suggest that low

plasma ANG2 level indicates a vessel normalization window.

Convenient accessibility and sensitivity to alterations in tumor

vessels render liquid biopsy a promising tool for monitoring

tumor vessel normalization. However, there are still no vali-

dated predictive biomarkers that have been confirmed to accu-

rately reflect the response to AT. In the future, combining

imaging methods and liquid biopsy to establish a much more

precise and effective evaluation system for delineating the

landscape of tumor vascular normalization during AT deserves

more attention.

Vessel Normalization Improves Cancer Immunotherapy

The window of tumor vessel normalization is a very special

period during which the vessels in the TME are transiently
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normal in structure and function. Vasculature-normalizing

therapies can reprogram the TME, especially reprogramming

the immunosuppressive TME into an immunosupportive

microenvironment.90 As discussed previously, judicious use

of antiangiogenic agents can facilitate vessel normalization and

thus improve the effect of immunotherapy. Therefore, emer-

ging evidence suggests that the combination of antiangiogenic

agents with immune checkpoint blockade can strengthen treat-

ment by establishing positive feedback to improve the treat-

ment effect.

In a preclinical study of mouse models of cancer, blocking

VEGFA and ANGPT2 with the bispecific antibody A2 V

simultaneously strengthened the antitumor treatment effect and

the effects of each individual strategy.66 A2 V impaired tumor

angiogenesis, increased tumor necrosis and normalized the

residual blood vessels. Moreover, it also activated tumor-

infiltrating CD8þ T cells, increased tumor antigen presentation

and promoted perivascular T cell accumulation.66 Based on

these results, it is rational to combine anti-PD-1/PD-L1 anti-

bodies with A2 V, and study results illustrated the potential

benefits of the addition of PD-1 blockade to dual ANGPT2 and

VEGFA neutralization. However, the magnitude of the benefit

achieved with the combination approach varied with the tumor

model. A preclinical study showed that the combination of anti-

VEGFR2 and anti-PD-L1 antibodies successfully induced

polyoma middle T oncoprotein (PyMT) breast cancer and

Rip1-Tag2 pancreatic neuroendocrine tumors (RT2-PNET) but

not glioblastoma to form high endothelial venules. The induc-

tion activated lymphotoxin b receptor signaling (LTbR), result-

ing in the promotion of lymphocyte infiltration and activity.141

Further activation of LTbR could enhance cytotoxic T cell

activity and sensitize tumors to anti-PD-L1 treatment. Over-

all, anti-PD-L1 therapy sensitized and prolonged the antiangio-

genic effect, whereas AT improved the response to anti-PD-L1

therapy.141 The feedback between an ICB and AT strengthens

itself and eventually drives immune-mediated eradication of

tumor cells.

Recently, a growing number of clinical trials have tested the

combination of antiangiogenic agents and ICBs in various

types of solid tumors (Table 1). For example, in patients with

metastatic melanoma receiving treatment with a combination

of ipilimumab and bevacizumab, safety and good responses,

including 8 partial responses, 22 stable disease responses and a

disease-control rate of 67.4%, were observed.142 In this clinical

trial, on-treatment biopsies revealed that the vessel endothe-

lium was activated, and massive CD8þ T cell and macrophage

infiltration occurred.142 Another study confirmed that the com-

bination of ipilimumab and bevacizumab enhanced lympho-

cyte infiltration and antibody responses in patients with

metastatic melanoma, leading to augmentation of immunolo-

gical recognition.143 Impower150 (NCT02366143) proved that

adding atezolizumab to bevacizumab-based chemotherapy pro-

foundly improved progression-free survival and overall sur-

vival in patients with metastatic nonsquamous non-small cell

lung cancer (NSCLC), which ranks as the leading cause of

cancer mortality worldwide.144 Pembrolizumab or Avelumab

plus Axitinib were characterized by an improved progression-

free-survival and a high response rate with a low rate of

intrinsic resistance in patients with metastatic renal cell carci-

noma.145 The combinations now have been approved as stan-

dard first-line therapies for advanced renal carcinoma.145 The

combination of SHR-1210 (an anti-PD-1 antibody) and apati-

nib (a VEGFR2 inhibitor) was assessed in patients with

advanced hepatocellular carcinoma, esophagogastric junction

cancer or gastric carcinoma and showed encouraging clinical

activity and manageable toxicity.146 In addition, a clinical trial

assessed the safety and preliminary antitumor activity of a

combination of ramucirumab (an IgG1 VEGFR-2 antagonist)

and pembrolizumab (an IgG4 PD-1 antagonist) in patients with

advanced gastric or gastroesophageal junction adenocarci-

noma, NSCLC or urothelial carcinoma who had already

received multiple lines of therapy.147 In addition to anti-

tumor activity, combination treatments may increase the risk

of side effects over either treatment alone. Based on previous

clinical trials, the most common adverse reactions from the

combination treatment include hematological, diarrhea and

liver function compromising.145 In general, an increasing num-

ber of clinical trials are being performed to investigate the

safety and efficacy of combinations of immune checkpoint

inhibitors and VEGF pathway inhibitors. We believe that this

combinatorial approach will change our clinical guidance and

improve patient prognosis.

Perspectives and Concluding Remarks

Abnormal tumor vessels have long been known to be a major

feature of the TME, which is characterized by immunosuppres-

sion, hypoxia, a low pH and a high interstitial pressure. A large

amount of data has shown that a reasonable dosage of AT can

reduce vascular permeability and interstitial fluid pressure as

well as improve blood flow perfusion, leading to normalization

of tumor blood vessels. In turn, tumor blood vessel normal-

ization can reduce tissue hypoxia and facilitate the delivery

of antitumor drugs, including ICBs. An increasing number of

studies, including the aforementioned preclinical and clinical

studies, support the combination of AT and immunotherapy to

produce improved patient outcomes. However, we still face

many problems in the process to optimize the combination of

AT and immunotherapy. Here, we outline several challenges

and opportunities and identify some research priorities for the

future.

First, the dosage and duration of AT are critical. Both pre-

clinical and clinical data show that the dose of antiangiogenic

drugs targeting the VEGF pathway is a pivotal consider-

ation.13,17 Amassed data demonstrate that low doses but not

high doses can facilitate the tumor vessel normalization.15,87

Moreover, the duration of anti-VEGF treatment is proportional

to the levels of tumor blood vessel perfusion and hypoxia in the

TME.87 Thus, determining how to optimally adjust the dosage

and duration of AT based on the type of tumor and parameters

of the tumor vasculature, such as tumor perfusion, microvessel

density, vascular morphology and permeability, is critical to
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Table 1. Some Ongoing Clinical Trials Evaluating Immune-Checkpoint Blockers in Combination With Anti-Angiogenic Agents (Data from

https://clinicaltrials.gov up to July 5, 2020).

Immune-checkpoint blockers

and anti-angiogenic agents Clinical trial ID Study phase Cancer types

PembrolizumbaþBevacizumab NCT02681549 Phase 2 Melanoma|Non-small Cell Lung Cancer|Brain Metastasis

Pembrolizumab plus Axitinib NCT04197219 Phase 2 Recurrent Endometrial Cancer

NCT02636725 Phase 2 Alveolar Soft Part Sarcoma|Soft Tissue Sarcomas

NCT02853331 Phase 3 Renal Cell Carcinoma

Anti-PD-1 Combinations of

D-CIK Immunotherapy

and Axitinib

NCT03736330 Phase 2 Renal Cancer Metastatic

Pembrolizumab plus

Lenvatinib

NCT03895970 Phase 2 Liver Neoplasm Malignant Primary|Cholangiocarcinoma

NCT03797326 Phase 2 Advanced Solid Tumors|Triple Negative Breast Cancer|Ovarian

Cancer|Gastric Cancer|Colorectal Cancer|Glioblastoma|Biliary Tract

Cancers

NCT03898180 Phase 3 Urothelial Carcinoma

NCT03820986 Phase 3 Malignant Melanoma

NCT03829332 Phase 3 Non-small Cell Lung Cancer

NCT02973997 Phase 2 Thyroid Carcinoma

NCT03713593 Phase 3 Hepatocellular carcinoma

NCT03517449 Phase 3 Endometrial Neoplasms

NCT03321630 Phase 2 GastroEsophageal Cancer

NCT03609359 Phase 2 Advanced Gastric Cancer

Pembrolizumab plus

Apatinib

NCT03407976 Phase 1|Phase 2 Advanced Malignancies|Urothelial Carcinoma|MSI-H or dMMR Solid

Tumors|Gastric or Gastroesophageal Junction (GEJ)

Adenocarcinoma

Pembrolizumab plus

Sorafenib

NCT03211416 Phase 1|Phase 2 Advanced or Metastatic Liver Cancer

Atezolizumab plus

Bevacizumab

NCT03836066 Phase2 Non Small Cell Lung Cancer

NCT03818061 Phase2 Head and Neck Neoplasms

NCT02982694 Phase2 ColoRectal Cancer

NCT03272217 Phase2 Urothelial Carcinoma

NCT03175432 Phase2 Melanoma

NCT04102098 Phase3 hepatocellular carcinoma

NCT03526432 Phase2 Endometrial Cancer

Atezolizumab plus

Cabozantinib

NCT03170960 Phase 1|Phase 2 Urothelial Carcinoma|Renal Cell Carcinoma|Non-Small Cell Lung

Cancer|Castration-resistant Prostate Cancer|Triple Negative Breast

Cancer|Ovarian Cancer|Endometrial Cancer|Hepatocellular

Carcinoma|Gastric Cancer|Gastroesophageal Junction

Adenocarcinoma|Colorectal Cancer|Head and Neck

Cancer|Differentiated Thyroid Cancer|Lower Esophageal Cancer

Atezolizumab plus

Cabozantinib

NCT03755791 Phase 3 Hepatocellular Carcinoma

Atezolizumab plus

Ramucirumab

NCT03689855 Phase2 Non-small Cell Lung Cancer

Durvalumab plus Bevacizumab NCT03847428 Phase 3 Hepatocellular Carcinoma

NCT03778957 Phase 3 Hepatocellular Carcinoma

Nivolumab plus Bevacizumab NCT03452579 Phase 2 Glioblastoma

NCT03890952 Phase2 Recurrent Adult Brain Tumor

Nivolumab plus Bevacizumab

plus Rucaparib

NCT02873962 Phase 2 Peritoneal Cancer|Ovarian Cancer|Fallopian Tube Cancer

Nivolumab plus Sorafenib NCT03439891 Phase 2 Hepatocellular Carcinoma

Nivolumab plus Axitinib NCT03595124 Phase 2 Metastatic Renal Cell Carcinoma|Renal Cell Carcinoma Associated

With Xp11.2 Translocations/TFE3 Gene Fusions|Stage III Renal Cell

Cancer

NCT03172754 Phase 1|Phase 2 Renal Cell Carcinoma

Nivolumab plus Lenvatinib NCT04044651 Phase 2|Phase 3 Hepatocellular Carcinoma

NCT03418922 Phase 1 Hepatocellular Carcinoma

NCT03841201 Phase 2 Hepatocellular Carcinoma

Nivolumab and Ramucirumab NCT03502746 Phase 2 Malignant mesothelioma

Ipilimumab plus Bevacizumab NCT01950390 Phase 2 Melanoma
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normalizing tumor vessels and extending the window of vessel

normalization.

Second, determining how to detect the time window of vas-

cular normalization and delineate this sophisticated process

precisely and noninvasively is a substantial obstacle. Although

CT, MRI, ultrasonography and PET perfusion imaging systems

have been developed to monitor the therapeutic efficacy of AT

and detect the time window of tumor vessel normalization, no

consensus has yet been reached. More trials and data are

needed to validate these imaging techniques. In the future, a

platform comprising different imaging techniques and liquid

biopsy information could be used to guide precision medicine.

Third, tumor vessel normalization offers a promising oppor-

tunity to identify new and more effective combinations of ATs

and ICBs. However, the interplay between these approaches is

extremely complicated and far from fully elucidated. As pre-

viously mentioned, AT can reprogram the TME from an immu-

nosuppressive state into an immunosupportive state. In

contrast, ICBs can also engage with the process of tumor vessel

normalization.111,112,148 Therefore, bridging the gaps in our

understanding of the molecular and cellular mechanisms

underlying the interplay between vessel normalization and

immunotherapy is a challenge that needs to be addressed.

With the help of rapid advances in genomic, proteomic,

bioinformatic and medical imaging technologies, much more

efficient treatment strategies tailored to every patient with dif-

ferent types of cancer will become feasible (Figure 2).
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