
Normalizing Function of Tumor Vessels: Progress, 

Opportunities, and Challenges

John D. Martin1, Giorgio Seano2, and Rakesh K. Jain3

1Department of Bioengineering, Graduate School of Engineering, The University of Tokyo, Tokyo 
113-8656, Japan

2Institut Curie Research Center, CNRS, Inserm, UMR3347, U1021, 91405 Orsay, France

3Edwin L. Steele Laboratory, Department of Radiation Oncology, Massachusetts General Hospital 
and Harvard Medical School, Boston, Massachusetts 02114, USA;

Abstract

Abnormal blood and lymphatic vessels create a hostile tumor microenvironment characterized by 

hypoxia, low pH, and elevated interstitial fluid pressure. These abnormalities fuel tumor 

progression, immunosuppression, and treatment resistance. In 2001, we proposed a novel 

hypothesis that the judicious use of antiangiogenesis agents—originally developed to starve 

tumors—could transiently normalize tumor vessels and improve the outcome of anticancer drugs 

administered during the window of normalization. In addition to providing preclinical and clinical 

evidence in support of this hypothesis, we also revealed the underlying molecular mechanisms. In 

parallel, we demonstrated that desmoplasia could also impair vascular function by compressing 

vessels, and that normalizing the extracellular matrix could improve vascular function and 

treatment outcome in both preclinical and clinical settings. Here, we summarize the progress made 

in understanding and applying the normalization concept to cancer and outline opportunities and 

challenges ahead to improve patient outcomes using various normalizing strategies.
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INTRODUCTION

Blood vessels bring oxygen and nutrients to every cell in the body while removing waste and 

allowing immune cells to survey. These vessels do the same in cancer and other diseases (1) 

(Supplemental Figure 1). In most types of tumors, new vessels produced through 
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angiogenesis have abnormal structure and function, leading to impaired perfusion that 

paradoxically supports malignancy (2). Specifically, hypoxia makes cancer cells more 

aggressive, and leaky vessels give these cells passage to distant sites to metastasize (2). 

Additionally, hypoxia prevents immune cells from acting on cancer cells and reduces the 

efficacy of radio- and chemotherapy. Through hypoxia, cancer cells promote an interlinked 

cycle of angiogenesis, desmoplasia, and immunosuppression, thereby creating an abnormal 

tumor microenvironment (TME) that results in disease progression and treatment resistance 

(1, 3, 4).

Because tumors rely on angiogenesis to grow and metastasize, antiangiogenesis therapies 

(AATs) initially were developed as a monotherapy that would starve tumors of nutrients (5, 

6). However, in the initial clinical trials, bevacizumab, an antivascular endothelial growth 

factor (VEGF) antibody, failed to improve survival as monotherapy but improved the 

outcome of chemotherapy. This seemed paradoxical: How can an agent that destroys the 

blood vessels that bring chemotherapeutic drugs to the tumor cells improve the efficacy of 

chemotherapy? To this end, in 2001 we hypothesized that using AATs with the intent to 

normalize—not destroy—vessels would improve their function, thereby enhancing treatment 

outcomes by increasing oxygen and drug delivery (Figure 1) (7). We provided preclinical 

evidence for this hypothesis in a number of models and revealed the molecular mechanisms 

of vascular normalization (8). We also demonstrated that cytotoxic therapy given during the 

window of normalization has a better outcome than the cytotoxic therapy given before or 

after the window (8). Moreover, a number of other laboratories have now provided evidence 

in support of the normalization hypothesis (6). Although it uncovers new challenges to 

translation, the clinical use of AATs in the interim supports the normalization hypothesis (1–

4, 9). The central lesson of these studies reinforces our prediction that judicious use of AATs 

is necessary to improve vessel function and thus clinical outcome. Judicious use is 

complicated by multiple levels of tumor heterogeneities, such as across tumor types, regions 

in the same lesion, and different lesions in the same patient. Other TME components, such 

as fibroblasts, reciprocally contribute to these heterogeneities. Thus, overarching questions 

remain as to how to personalize the use of AATs for patients and how to combine these 

AATs with other TME modulating therapies that reduce desmoplasia and stimulate 

antitumor immunity (4).

In this article, we attempt to answer these questions by discussing vessel normalization in 

the context of recent hypothesis-driven clinical studies and alternative normalization targets 

discovered preclinically. We first summarize recent results indicating that alleviating 

hypoxia is the central indicator of normalization of the TME, not just blood vessels. To 

alleviate hypoxia, AATs must sustain oxygen delivery throughout the entire tumor. Next, we 

illustrate how the TME changes— angiogenesis, desmoplasia, and immunosuppression—

jointly promote inefficient vessels and disease progression. In this context, we discuss 

promising therapeutic strategies that normalize the TME toward decreasing hypoxia, thereby 

breaking the vicious cycle of hypoxia-mediated tumor progression. Notably, although most 

normalization strategies prune inefficient vessels, here we underscore the strategies that 

instead increase perfusion and sustain vessel normalization without or with minimal 

pruning. Finally, we describe current challenges to clinical translation. Alleviating hypoxia 

through normalization of the TME is an emerging paradigm for improving cancer treatment 
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using conventional (e.g., chemo- and radiotherapy) and novel therapies (e.g., 

immunotherapy) (1, 2, 10).

OXYGENATION IS THE CRITICAL BIOMARKER FOR PATIENT OUTCOMES 

AND NORMALIZATION

As a tumor begins to grow from a limited number of cells, its demand for nutrients rises. 

More vessels are needed to supply these nutrients, but tumor vessels become leaky (Figure 

2a) and compressed (Figure 2b) in the early stages of tumor progression (11). As we 

describe later, cancer cells promote new vessel growth through multiple mechanisms (6, 12). 

These mechanisms promote chaotic vascular networks compared to physiological 

mechanisms of growth and repair. The result is that tumor vessels have an abnormal 

morphology, are leakier, and are less efficient than normal vessels (2). Furthermore, cancer 

cell proliferation within host tissue produces growth-induced solid stress (10, 13). As a 

result, a fraction of vessels in tumors are compressed, which strongly contributes to impaired 

perfusion (2). The leakiness and compression of tumor vessels are heterogeneous, depending 

on tumor type, stage, and location within the same lesion and between lesions of the same 

patient (3).

One would expect that cancer cells will require efficient delivery of nutrients to proliferate 

and grow. In fact, there are many mechanisms through which hypoxia and acidity in the 

TME confer a survival advantage to cancer cells. Our hypothesis is that cancer cells 

compromise vascular function through multiple mechanisms, thus evading the immune 

system and exerting a selection pressure against normal host cells and relatively benign 

cancer cells (2). This hypothesis is supported by the validation of hypoxia as an independent 

biomarker of poor prognosis and clinical data, suggesting that improved blood flow and 

tumor oxygenation are potential predictive biomarkers of response to AAT (3).

Hypoxia Promotes Tumor Progression

Tumor vessel leakiness and compression result in hypoxia and acidity in the TME (10), 

thereby promoting immune suppression (2, 4), which comprises tissue-resident and blood-

borne immune cells (Supplemental Figure 1). To promote immunity against the tumor, these 

cells must infiltrate the TME by flowing into tumor blood vessels, adhering to the vessel 

wall, and transmigrating into the interstitial space (14, 15).

Recent studies clarified the numerous mechanisms through which hypoxia promotes 

immune suppression in tumors (16). Hypoxia directly reprograms immune cells to a 

protumor phenotype (17, 18). Tissue-resident macrophages in the TME (tumor-associated 

macrophages or TAMs) have at least two phenotypes. M1-like TAMs destroy cancer cells by 

stimulating cytotoxic T lymphocyte immunity, while M2-like TAMs suppress T cell 

immunity. TAMs are known to migrate into hypoxic and necrotic tumor areas, where 

hypoxia promotes polarization to the M2-like phenotype (18). As a result, M2-like TAMs 

predominate in hypoxic regions (18). In contrast, TAMs in well-perfused tumor regions 

express lower levels of M2-like genes (19). Acidity also regulates TAM polarization (18). 

Additionally, the TME reduces the immune effector cells’ ability to fight cancer through 
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hypoxia-induced growth factors and cytokine signaling. In particular, transforming growth 

factor-β (TGF-β) and VEGF reduce T lymphocyte activity and limit the ability of dendritic 

cells to process and present tumor antigens to lymphocytes (17, 18). Furthermore, hypoxia-

induced factor 1 (HIF-1) signaling promotes higher levels of programmed death-ligand 1 

(PD-L1) expression by myeloid-derived suppressor cells, TAMs, dendritic cells, and cancer 

cells (17, 18). Finally, oxygen sensing in T cells limits antitumor CD8+ T cell effector 

function and promotes protumor CD4+-regulatory (Treg) cell induction (20). As a result, the 

cytolytic activity of T cells is inhibited, and cancer cell evasion of the immune system is 

reinforced. Besides inhibiting host immunity, tumor supportive T cells and TAMs also 

reduce the efficacy of radiation, indicating a protective effect on cancer cells (4, 16).

Apart from protumor immunosuppression, hypoxia selects for more malignant cancer cells, 

as less malignant cancer cells and normal cells in the TME will undergo apoptosis based on 

the physiological cues of hypoxia (21, 22). Also, hypoxia represses tumor suppressor genes, 

which gives cancer cells a selective advantage (23). Separately, hypoxia promotes several 

steps of the metastatic cascade through HIF-1. For metastasis to occur, cancer cells must 

migrate through the primary tumor and exit, which is facilitated by production of 

promigratory and extracellular matrix (ECM)-degrading proteins induced by hypoxia and 

acidity (24, 25). Cancer stem cell (26) and epithelialto-mesenchymal transition (27) 

phenotypes are controlled by hypoxia. Hypoxia confers resistance to radiation, while many, 

but not all, chemotherapies are less potent in hypoxia, and weak-base chemotherapies are 

neutralized by acidity (2, 3).

Judicious Use of Antiangiogenesis Therapy Leads to Improved Survival in Patients

Microvascular density (MVD) in areas of intense vascularization (28) and hypoxia (3, 21) 

are two independent, prognostic biomarkers that have been validated broadly across various 

types of tumors (Supplemental Table 1). In 2001, we postulated that the judicious use of 

AAT could normalize vascular function and thus increase oxygenation. Since then, multiple 

clinical trials have demonstrated that vascular normalization does occur with judicious use 

of AAT in cancer (1, 2, 5, 6) and other diseases (see sidebar titled Vascular Normalization 

Beyond Cancer). More importantly, patients that respond to AAT with increased tumor 

vessel function and reduced hypoxia derive the most benefit (1–3). Taken together with the 

mechanisms through which hypoxia drives tumor progression, these clinical results support 

the notion that reduction in hypoxia post-AAT is a potential predictive biomarker of 

response.

Direct measurements of functional biomarkers such as increased perfusion and increased 

oxygen delivery in responding patients supports the normalization hypothesis (Supplemental 

Table 1). A clinical trial in recurrent glioblastoma patients confirmed the preclinical findings 

that cediranib, an oral pan-VEGFR tyrosine kinase inhibitor (TKI), normalizes tumor vessels 

and alleviates edema, which is a consequence of abnormal vessel function (29). Indeed, 

improvement in progression-free survival and overall survival correlated with the extent of 

normalization as determined by a subset of biomarkers (30). Later studies revealed that 

cediranib transiently increases perfusion and oxygenation in the subset of glioblastoma 

patients that survive longer (31–33). Similar findings of increased vessel function and 
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oxygenation associating with pathological response and outcome have been reported with 

nintedanib (34), eribulin (35), and bevacizumab (35–38) in breast cancer (BC) patients. 

While perfusion was reduced by bevacizumab in the overall patient cohort of non-small-cell 

lung cancer (NSCLC) patients, increased perfusion after bevacizumab treatment was 

associated with improved overall survival (39). A current clinical challenge is to 

prospectively verify these potential predictive physiological biomarkers of response to 

normalizing therapy. Nonetheless, the results of these clinical trials lead to some new 

hypotheses that should be tested prospectively.

First, there must be a sufficient density of vasculature before AAT treatment to avoid 

excessive pruning that could lead to hypoxia. This hypothesis initially appears paradoxical, 

because high MVD is a common, validated independent biomarker prognostic of poor 

outcome in a variety of tumor types (Supplemental Table 1). However, vascular 

normalization consists of two processes: pruning of some immature vessels and fortification 

of the remaining vessels by active recruitment of pericytes (8). Thus, a high MVD at the 

baseline ensures that an adequate number of normalized vessels will be left after pruning of 

immature vessels using AAT. The hypothesis that high pretreatment MVD is predictive of 

good response to normalizing therapy is supported by several clinical biomarker studies. The 

largest study was in 980 ovarian cancer patients. Importantly, in this study, there was a 

placebo arm for bevacizumab. In the whole population, bevacizumab increases progression-

free survival but not overall survival. However, patients with higher vessel density and 

higher tumor VEGF-A levels had increased overall survival with bevacizumab (40). 

Additionally, in BC (41), NSCLC, and colorectal cancer (CRC), there is a correlation 

between high pretreatment vascularization and response to bevacizumab combined with 

chemotherapy (3). This hypothesis is further supported by the finding that BC patients with 

hypoxic tumors at baseline (indicating an insufficient vasculature) did not benefit from 

treatment with nintedanib (34) or bevacizumab (37, 38). However, in renal cancer, analysis 

of a surrogate marker of vessel density showed no correlation with response to AAT TKIs. 

As renal cancer is highly sensitive to AAT because cancer cell mutations lead to VEGF 

upregulation, response to treatment seems less dependent on vascular normalization 

(Supplemental Table 1) (42).

Second, normalization needs to favor fortification over pruning. In glioblastoma, the 

vascular normalization index included three biomarkers, including cerebral blood volume. In 

this index, reductions in cerebral blood volume, which indicate pruning, were associated 

with reduced survival (30). In a separate retrospective study of imaging data from a phase 3 

trial comparing lomustine to lomustine with bevacizumab, post-therapy necrosis (indicating 

hypoxia caused by excessive vessel pruning) in both groups was associated with worse 

outcome. Bevacizumab reduced necrosis (43). In BC, bevacizumab-induced pericyte 

recruitment, as evidenced by an increase in the density of pericyte-covered vessels, was 

associated with better response to chemotherapy in the primary tumor (41). However, two 

studies do not support this hypothesis. A study in rectal cancer found fewer pericyte-covered 

blood vessels after bevacizumab treatment to be correlated with better response. 

Additionally, in renal cancer, antivascular effects of AAT TKIs were correlated with 

increased response (Supplemental Table 1).
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Third, the extent of normalization matters only if the above two conditions are met. In other 

words, normalization does not affect response without a sufficient vasculature at baseline 

and pericyte-recruiting AAT. In the glioblastoma vascular normalization index, structural 

normalization of vessels (basement membrane thinning as measured by increased circulating 

collagen IV) and functional normalization of vessels (Ktrans or permeability) were added to 

changes in cerebral blood volume (30). Structural normalization of vessels alone was 

insufficient to predict response, as pruning could reverse the benefit to oxygen delivery. In 

BC, even though interstitial fluid pressure was reduced on average, increases in vessel 

normalization only correlated with response in those patients with high MVD at baseline. In 

the cohort of patients with low MVD, markers of normalization post-bevacizumab did not 

associate with response (41). In NSCLC, bevacizumab decreased vessel permeability, a 

marker of functional normalization, in the entire cohort, but this did not correlate with 

response. Instead, increased perfusion was associated with improved overall survival (39).

Fourth, there must be adequate density of noncompressed vessels before AAT. NSCLC (44) 

and BC (41) patients with a higher density of noncompressed vessels had better prognosis 

and response to bevacizumab combined with chemotherapy, respectively. These data suggest 

that if vessels could be decompressed, there would be better response to bevacizumab. There 

is evidence that vessel decompression occurs in patients. A retrospective analysis in 

glioblastoma found that angiotensin system inhibitors (ASIs), which are agents shown to 

decompress vessels in preclinical models, also did so in patients. Specifically, small vessels 

were reperfused (45). This result is supported by finding in a retrospective study that patients 

who took ASIs to manage hypertension either pretreatment or after bevacizumab had 

improved overall survival (46). These clinical results are consistent with a mathematical 

model predicting that in hypoperfused tumors, decompressing vessels before AAT would 

lead to more efficient vasculature (47) and supported by a preclinical study finding that 

Sonic hedgehog (Shh) signaling pathway inhibition, which decompresses vessels (48), 

sensitizes hypoperfused pancreatic tumors to VEGF blockade (49).

MULTIPLE STROMAL COMPONENTS PROMOTE ABNORMAL TUMOR 

MICROENVIRONMENT

Abnormal Tumor Vessels

Tumor vessels are irregular and chaotic in structure and are focally leaky and compressed (1, 

10). Endothelial cells (ECs) that line the vessel wall are abnormal. Typically, these cells are 

polarized with flow and tightly connected. In tumors, they lose their polarity, detach from 

the vessel wall, and pile onto each other. The junctions between these cells are loosened, and 

the vessel becomes leaky. Also, the vessel wall is abnormal. Pericytes give structural support 

to vessels while filling the gaps between ECs. Pericytes support the quiescence of ECs, and 

during angiogenesis, pericytes detach from ECs. In tumors, pericytes are less contractile and 

thus unable to regulate flow and permeability. The vascular basement membrane holds ECs 

and pericytes in place. In tumors, the basement membrane has holes and heterogeneous 

thickness. Thus, irregular ECs and lack of structural integrity in the vessel wall lead to 

leakiness (50, 51). Vessel leakiness reduces blood flow by increasing hematocrit and thus 

blood viscosity, conferring resistance to flow. Also, leakiness reduces the intravascular 
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pressure gradient, which is the driving force to flow (10). Additionally, a fraction of tumor 

vessels, lacking structural integrity, succumb to the elevated solid tissue pressure in tumors 

and are compressed to the point of lacking blood flow (52). Reductions in vessel diameter 

from compression reduce blood flow rates (10). In other regions, there is no flow because a 

vessel there, or a vessel upstream, is collapsed. Together, leakiness and compression lead to 

spatial and temporal heterogeneities in perfusion (53). Here, we describe how cancer cells 

coopt endothelial, perivascular, fibroblast, and immune cells to collaborate toward producing 

abnormal vessels, which produce a hypoxic and acidic microenvironment that fuels vessel 

abnormality, thereby creating a vicious cycle (3, 54).

Tumor Angiogenesis Leads to Vessel Leakiness and Causes Immunosuppression

Cancer cells initiate tumor vascularization through mechanisms inducing stromal cells to 

form new vessels or by directly participating themselves. The former includes new vessels 

growing from existing ones (sprouting angiogenesis), new vessels forming from recruited 

bone marrow–derived endothelial progenitor cells (postnatal vasculogenesis), and two 

vessels splitting from one when the capillary wall grows into the lumen (intussusception). 

Cancer cells may also migrate and grow along existing vessels (vessel co-option), 

transdifferentiate into cells with an endothelial phenotype (vasculogenic mimicry), and 

incorporate into the vessel wall (mosaic vessel formation) (6). These forms of 

vascularization are inefficient and result in hypoxia in tumor tissue, which causes cancer 

cells to produce more proangiogenic factors (3). This vicious cycle of angiogenesis leads to 

more hypoxia and abnormal vessels (Supplemental Figure 2c,d).

Angiogenic signaling promotes immunosuppression through at least four mechanisms 

(Supplemental Figure 2h) (4). First, VEGF blocks cytotoxic T lymphocyte trafficking and 

activity by modulating the inhibitory checkpoints of T cells (17, 55, 56). Second, VEGF 

limits T cell activation by inhibiting dendritic cell maturation and antigen presentation (57). 

Third, VEGF recruits immunosuppressive cells, including Treg cells, myeloid-derived 

suppressor cells, and protumor M2-like TAMs (58). Fourth, as discussed above, VEGF-

induced vessel leakiness causes hypoxia that results in local and systemic 

immunosuppression (2, 19).

As part of this vicious cycle, protumor immune cells promote angiogenesis (Supplemental 

Figure 2i). Inhibiting VEGF expression from T cells induces vessel normalization, which 

suggests that T cells promote abnormal tumor vessel phenotypes (17). Similarly, antitumor 

CD4+ T cells modulate angiogenic gene expression in tumors, leading to vessel 

normalization (59, 60). Furthermore, the combination of the immune checkpoint blockers 

(ICBs) anticytotoxic T lymphocyte-4 and anti-PD-1 antibodies normalizes blood vessels in 

BC (59, 60). In contrast, ICBs cause edema in glioblastoma, which indicates increased 

vessel leakiness (61). Together, these data suggest that the effects of ICBs on vessel 

normalization seem to be tumor type/location dependent.

Desmoplasia Compresses Vessels and Causes Immunosuppression

In healthy organs, fibroblasts contribute to cell communication while producing and 

maintaining the ECM, which provides physical integrity. Like angiogenesis, desmoplasia (or 
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fibrosis) is uncontrolled in some tumors. Cancer cells activate fibroblasts through growth 

factors (e.g., TGF-β), transcriptional factors (e.g., nuclear factor κ-light-chain-enhancer of 

activated B cells or NF-κB), interleukins, metalloproteinases (MMPs), and reactive oxygen 

species.

Hypoxia stimulates fibroblasts through connective tissue growth factor (CTGF), TGF-β, and 

Shh (Supplemental Figure 2b) (62, 63). Once activated, fibroblasts differentiate, contract, 

proliferate, and generate excessive ECM components. Like cancer cells, fibroblasts generate 

physical forces with contraction and proliferation that are stored in and transmitted by the 

ECM, leading to elevated solid stress that compresses vessels (Figure 2b and Supplemental 

Figure 2a) (10, 48). Solid stress also compresses lymphatic vessels, further elevating 

interstitial fluid pressure and exacerbating the reduced blood flow caused by vessel leakiness 

(10, 48). Besides reducing blood flow and thereby indirectly inducing disease progression by 

the hypoxia mediated mechanisms described above, solid stress directly promotes disease 

progression by making cancer cells more invasive (64) and by propagating malignancy to 

surrounding normal tissue (Supplemental Figure 2k) (65).

Besides contributing to hypoxia through vessel compression, cancer-associated fibroblasts 

(CAFs) and ECM directly promote angiogenesis and immunosuppression (Supplemental 

Figure 2f,j). Distinct populations of CAFs are angiogenic (66) and inflammatory (67). By 

secreting factors to prevent T lymphocytes from infiltrating to cancer cells (68), reduce T 

and natural killer cell activity, as well as promote immunosuppressive cell accumulation and 

inflammation, CAFs blunt antitumor immunity (69, 70). Furthermore, dense desmoplasia is 

a physical barrier to T cell infiltration (71, 72). Nonetheless, desmoplastic melanoma is more 

responsive to ICBs than nondesmoplastic melanoma (73). Completing the cycle between 

desmoplasia and immuno-suppression, myeloid cells can mediate fibroblast differentiation 

and activity, thereby contributing to desmoplasia (Supplemental Figure 2g) (74). Besides 

increasing solid stress levels (10), matrix stiffening from increased collagen content 

promotes angiogenesis (75) and tumor progression (Supplemental Figure 2j,k) (76).

NORMALIZATION—NOT DESTRUCTION—OF THE TUMOR 

MICROENVIRONMENT TO IMPROVE PATIENT OUTCOMES

VEGF Blockade to Normalize Vessels

Several tumor types are sensitive to VEGF blockade monotherapy (4). In some cases, in 

these cancers, the mechanism of action seems to be unrelated to vessel normalization but a 

direct effect on cancer cells (Supplemental Table 1). For example, clear cell renal carcinoma 

is sensitive to VEGF blockade because cancer cell mutations in this cancer directly 

upregulate HIF-1 and thus VEGF. Ovarian cancer is sensitive to VEGF blockade because 

ovulation is regulated by VEGF. Hepatocellular carcinoma is a highly angiogenic cancer 

type, because the liver is also highly vascularized and leaky. Thyroid cancer’s growth and 

invasive potential are related to concentration of VEGF. Neuroendocrine tumors, like 

hepatocellular carcinoma, are highly vascular and leaky. In these tumor types, clinicians 

found that VEGF blockade independently of vessel pruning might lead to survival benefits 

(Supplemental Table 1).
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Strategies to normalize vessels without excessive pruning.—As discussed above, 

normalization of vessels (Figure 2c) without excessive pruning (Figure 2e) would result in a 

high enough density of fortified vessels after AAT, particularly in cancer types that are less 

sensitive or resistant to AAT alone (Supplemental Table 1). Less-sensitive tumor types 

include gastroesophageal cancer, CRC, glioma, BC, and lung cancer. Resistant cancers 

include pancreatic and prostate cancer (4). Excessive pruning leads to an insufficient 

vasculature that results in hypoxia and a shorter normalization window. Furthermore, 

depletion of pericytes makes blood vessels more immature and increases hypoxia, resulting 

in increased metastasis (2). Here, we summarize treatment strategies that interfere with 

angiogenesis pathways (Figure 3) toward fortifying vessels while minimizing pruning.

Low-dose VEGF blockade.—VEGF blockade induces vascular normalization by 

pruning immature blood vessels and inducing pericyte recruitment to fortify the remaining 

vessels (Figure 2c). The former will increase the maturity of the average remaining vessel 

but might induce hypoxia by making the vascular network insufficient to supply the tumor. 

Indeed, the normalization window closes when vessels are excessively pruned or when the 

tumor uses other angiogenesis pathways or methods of vessel recruitment. Furthermore, 

VEGF blockade may lead to increased ECM deposition via increased hypoxia. Vessel 

pruning, rebound vascularization, and fibrosis all lead to hypoxia through different 

mechanisms. These may be avoided by inhibiting other targets besides VEGF or using low 

doses of VEGF blockade (2, 19). In preclinical studies, between one-eighth and one-half of 

typical doses of VEGF blockade seem to fortify a vascular network by normalizing vessels 

without excessively depleting them (Figure 2e) (19, 51). These studies are supported by 

retrospective studies in glioblastoma indicating that low-dose bevacizumab induces a larger 

survival benefit than the high dose (46, 77, 78).

Tie-2/angiopoietins and VE-PTP.—Tie-2 is an EC and pericyte receptor that regulates 

vascular maturity. Angiopoietin 1 (Ang-1) is a ligand agonist of Tie-2. Activation of Tie-2 

fortifies tumor blood vessels, whereas angiopoietin 2 (Ang-2) deactivates Tie-2 and 

destabilizes tumor vessels (Figure 3). Vascular endothelial protein tyrosine phosphatase 

(VE-PTP) inactivates Tie-2, which makes blocking VE-PTP a target to normalize vessels. 

Indeed, blocking this receptor tyrosine phosphatase pharmacologically fortifies vessels while 

increasing their density, leading to reduced metastasis and enhanced response to therapy 

(79). As Ang-2 promotes vessel abnormalities and mediates resistance to VEGF blockade in 

glioblastoma, blocking Ang-2 and VEGF together results in increased normalization and 

better treatment efficacy by reprogramming TAMs (80, 81). In glioblastoma, Ang-2 

inhibition alone does not significantly prune vessels, and dual blockade reduces the pruning 

induced by VEGF blockade alone (80). In other tumors, dual inhibition promotes T cell 

effector function and increases efficacy of ICBs (82), in some cases despite inducing vessel 

regression (83).

Endothelial cell metabolism and oxygen sensors.—Prolyl-hydroxylase domain 

(PHD1–3) proteins sense oxygen and then target HIFs for degradation. If HIFs accumulate, 

angiogenesis occurs. PHD proteins function in ECs in tumors as well. Endothelial PHD2 

inhibition leads to vessel maturation without pruning or affecting lumen size (Figure 3). The 
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resulting fortification leads to increased perfusion and oxygenation and reduced metastasis 

(84). A pan-PHD inhibitor, molidustat, has entered clinical trials for kidney diseases, but for 

cancer, this drug should be targeted to ECs and CAFs. PHD1–3 proteins are also active in T 

cells. In lung metastases, PHD protein expression in T cells is required to permit metastasis. 

The hypoxia in tumors and resulting PHD protein activity promote protumor Treg cells 

while restricting antitumor T cell effector function (20). Pharmacological pan-inhibition of 

PHD proteins with dimethyloxalylglycine reduces lung metastasis and increases the efficacy 

of immunotherapy. PHD proteins restrain glycolysis in T cells, reducing their antitumor 

effect (20). This reduction is driven by mTOR, so the efficacy of mTOR inhibitors could be 

reduced by the restraint of T cell glycolysis.

Tumor angiogenesis depends on the metabolism of intratumor ECs, which can be more 

dependent on glycolysis than ECs in healthy organs and certain cancer cells. Nonetheless, 

cancer cell hyper-glycolysis produces excessive lactate, which is consumed by ECs and 

induces HIF-1α activation, thereby promoting angiogenesis. Alternatively, blocking EC 

metabolism reduces angiogenesis independently of proangiogenesis signaling from the 

TME. 6-Phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3) regulates 

glycolysis in ECs (85). PFKFB3 can be inhibited pharmacologically using a low dose of the 

small molecule 3PO [3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one)], which blocks 

pathological angiogenesis without affecting cancer cell proliferation or causing excessive 

vascular pruning (Figure 3) (86, 87). Blocking PFKFB3 reduces EC glycolysis levels to that 

of quiescent ECs (86). While extensive inhibition of glycolysis could induce systemic 

toxicity, a low dose of 3PO is sufficient to normalize tumor vessels without pruning them or 

reducing vascular area. Instead, vessel normalization occurs through pericyte activation and 

increased stability of the EC barrier through reduced VE-cadherin endocytosis by ECs. 

Thus, vessel lumen area is increased, which leads to increased drug delivery and reduced 

metastasis through reduced NF-κB signaling and hypoxia (87).

Beyond targeting PFKFB3, there are likely other targets of tumor EC metabolism for vessel 

normalization (88). Unlike other cells, ECs use fatty acid oxidation for nucleotide synthesis. 

Thus, blocking regulators of fatty acid oxidation could be antiangiogenic in tumors. ECs use 

the amino acid glutamine as a nutrient and blocking glutamine metabolism in ECs reduces 

angio-genesis. Thus, pharmacological inhibition of enzymes that block fatty acid oxidation 

or glutamine metabolism could normalize tumor vessels. Single cell profiling of EC 

metabolism could yield additional targets.

Other drugs might be used to inhibit PHD proteins towards vessel normalization. Inositol 

trispyrophosphate (ITPP) is an allosteric effector of hemoglobin and overcomes low oxygen 

tension. Treatment with ITPP in melanoma and BC preclinical models stably increases 

oxygen tension and vessel perfusion. Mechanistically, ITPP reduces HIF1–2 and PHD1–3 

and activates endothelial PTEN, thus inhibiting PI3K. This treatment strongly reduces 

vascular leakage and tumor growth and improves drug delivery with no vessel pruning (89).

Tumor-associated macrophage metabolism.—As we discussed, protumor TAMs are 

angiogenic and immunosuppressive (90). Furthermore, blocking glycolysis in ECs results in 

vessel normalization, but glycolysis in TAMs is low (87). Glycolysis in hypoxic protumor 
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TAMs is compromised by the upregulation of a negative regulator of mTOR. Blocking the 

negative regulator of mTOR enables TAMs to outcompete ECs for glucose, which results in 

well-organized, fortified vessels that increase oxygen delivery and reduce metastasis (91). 

Thus, the antitumor effect of mTOR inhibition is compromised through this inhibition of 

TAM metabolism.

Regulator of G protein signaling 5.—Regulator of G protein signaling 5 (Rgs5) is 

expressed by platelet-derived growth factor (PDGF)Rβ+ progenitor perivascular cells. 

Deficiency in this protein changes the phenotype of perivascular cells, which makes tumor 

vessels more normal in morphology, distribution, and function without reducing the density 

of tumor vessels. Besides reducing hypoxia, the vessel fortification can increase antitumor 

immunity (92).

Endothelial glycoprotein L1.—Endothelial glycoprotein L1 (L1CAM) is a neural 

adhesion protein expressed in many cancers. It promotes cell motility and is associated with 

metastasis, treatment resistance, and poor prognosis. L1CAM is expressed in tumor ECs and 

promotes angiogenesis. Blockade of L1CAM induces some pruning, yet dramatically 

increases vessel fortification and reduces vessel leakiness, with a consequent reduction of 

tumor growth and metastases (93).

Nitric oxide gradients.—Endothelial cells express nitric oxide (NO) synthase (eNOS), 

which produces NO. The NO gradient caused by high endothelial concentration and low 

interstitial concentration contributes to angiogenesis and vessel stabilization (6). However, 

tumor cells produce neuronal NO synthase (nNOS) or inducible NO synthase (iNOS), 

thereby increasing interstitial NO levels (Figure 3). Thus, the perivascular NO gradients are 

reduced. Inhibition of nNOS production of cancer cells restores the NO gradient, resulting in 

increased density of fortified vessels and therefore increased oxygen and drug delivery (6). 

This same principle could hold for lymphatic vessels. Modulating NO gradients toward 

restoring tumor-associated lymphatic vessel function could slow tumor progression, 

decrease lymphatic metastasis, and normalize the TME by reducing interstitial fluid pressure 

levels (1).

Semaphorin-3A.—Semaphorin-3A (SEMA3A), which signals via neuropilin-1 (NRP1)-

type plexin holoreceptors, is an endogenous inhibitor of angiogenesis that is lost during 

progression of several cancer types (94, 95). Once SEMA3A is reintroduced, an initial 

pruning of the immature vessels in the tumor vasculature occurs (94), yet long-term delivery 

of SEMA3A dramatically and stably increases vessel maturation with an extended window 

of normalization where intratumor hypoxia is reduced (94). Importantly, SEMA3A markedly 

reduces the local invasion and metastasis induced by antiangiogenics in pancreatic 

neuroendocrine tumors and cervical carcinomas (95). Recently, a NRP1-independent high-

affinity plexin A4-superagonist SEMA3A mutant has been shown to be an intriguing 

potential therapeutic strategy to normalize tumor vasculature, thus inhibiting tumor growth, 

improving drug delivery, and reducing metastases (96).

R-Ras.—R-Ras is a small GTPase highly expressed in quiescent vascular smooth muscle 

cells and ECs of normal adult vasculature. Activation or overexpression of R-Ras strongly 
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promotes vascular normalization via maturation of tumor vessels. This in turn increases 

vascular perfusion and drug delivery by improving chemotherapy efficacy. Importantly, 

endothelial R-Ras does not induce EC death, as happens with classical antiangiogenic 

compounds, but it stimulates EC survival and vessel maturation (97).

Lysophosphatidic acid.—Lipid mediators also play a role in angiogenesis; one example 

is lysophosphatidic acid (LPA). Administration of LPA or an analog, specifically when 

leading to activation of the receptor LPA4, normalizes tumor vessels (98). Activation of 

LPA4 promotes the localization of VE-cadherin to the EC membrane, which results in 

increased adherent junction integrity between ECs (Figure 3). LPA4 activation does not 

increase pericyte coverage, but rather reduces interendothelial gaps to reduce vessel 

leakiness. Furthermore, rather than prune vessels, LPA4 activation promotes a normalized 

vessel network featuring larger, longer vessels aligned in parallel. Together, these changes 

lead to a higher fraction of perfused vessels, especially deep within the tumor, that results in 

increased oxygen and drug delivery (98).

Chloroquine.—The antimalarial drug chloroquine, independently of blocking autophagy 

in cancer cells or endothelial cells, normalizes vessels (99). The sustained vessel 

normalization results in a larger fraction vessels invested with pericytes, which leads to less 

hypoxia, necrosis, and increased drug delivery. Mechanistically, chloroquine induces vessel 

normalization through endosomal Notch1 trafficking and signaling in ECs (Figure 3).

The mechanosensitive ion channel transient receptor potential vanilloid-4.—

Tumor-derived ECs (TECs), present in abnormal tumor vessels, are phenotypically different 

from normal ECs. One of their recently discovered alterations is reduced TEC 

mechanosensitivity. Specifically, transient receptor potential vanilloid-4 (TRPV4) regulates 

tumor angiogenesis in TECs through the modulation of mechanotransduction and Rho 

activity. Genetic overexpression or pharmacological activation of TRPV4 restored normal 

mechanosensitivity in TECs, thus normalizing vasculature and increasing drug delivery in a 

preclinical model of carcinoma (100).

Avoiding vascular basement membrane degradation: targeting 

metalloproteinases and endothelial podosome rosettes.—The angiogenic process 

is heavily characterized by adhesion, migration, and degradation of ECM. Almost all 

proangiogenic factors present in tumors induce a strong upregulation of MMPs in ECs. 

Indeed, in tumors the overactivation of the endothelial degradative pathways deteriorates the 

microanatomy of the vessels themselves, thus making them dysfunctional. The abnormal 

vasculature in tumors is characterized by the presence of functional podosome rosettes—

ECM-degrading subcellular structures. They are precursors of de novo vessel branching 

points and represent a key event in the formation of new blood vessels in tumors (100). More 

importantly, the excessive formation of endothelial rosettes damages vascular basement 

membrane. The integrity of vascular basement membrane is one of the determinants of 

vascular normalization. A functional vascular basement membrane is crucial in controlling 

vessel permeability, intratumor edema, resistance to compression, bleeding, intravasation of 

tumor cells, and vessel perfusion. Endothelial podosome rosettes can be inhibited by 
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targeting integrin α6 (101) that in turn reduces the engagement of MMPs devoted to 

degrading the vascular basement membrane.

Another strategy to avoid vascular basement membrane damage is to directly inhibit 

MMP14, the transmembrane MMP responsible for the endothelial podosome rosette–

mediated degradation of the vascular basement membrane. Treatment with DX-2400, an 

anti-MMP14 inhibitory antibody, normalizes tumor vasculature with vessel perfusion 

increase and no vessel pruning; this reduces tumor growth and radiosensitizes BC. 

Mechanistically, DX-2400 treatment reduces TGF-β and increases iNOS, with a consequent 

increase of antitumor M1-like TAMs (102).

Thrombospondin-1.—Thrombospondin-1 (TSP-1) was recognized as the first 

endogenous antiangiogenic growth factor and has been studied in the treatment of multiple 

cancers (103). The level of TSP-1 in tumors is usually downregulated, and an increase of 

TSP-1 in the proximity of vessels is a marker of vascular normalization and maturation. 

TSP-1 mimetics have been developed for pharmacological interventions. Specifically, 

ABT-510 is a potent vascular normalizing compound and was tested in clinical trials in 

patients. The ABT-510–induced vessel normalization does not involve vessel pruning but 

vessel maturation and normalized function. Importantly, ABT-510 treatment improves drug 

delivery, thus enhancing the effect of cisplatin treatments (104). As we discuss below, 

trastuzumab—an oncogenic inhibitor—and metronomic chemotherapy normalize vessels by 

upregulating TSP-1 (105, 106).

Metronomic chemotherapy.—Metronomic chemotherapy, or the frequent administration 

of conventional chemotherapeutic agents at very low doses, increases TSP-1 levels (107), 

which are antiangiogenic (Figure 3), and leads to vascular normalization. Chemotherapy 

also induces cancer cell killing, and this decompresses vessels (10). Through these two 

mechanisms, drug and oxygen delivery is improved, leading to a positive feedback loop for 

the chemotherapy. The increased oxygen delivery also increases immune response, which 

leads to more cancer cell killing, and thus more oxygen delivery. A mathematical model 

describes this feedback loop (106).

Oncogenic inhibition.—Hormone withdrawal as well as inhibition of oncogenic 

signaling induces vascular normalization indirectly (reviewed in 6). One example of this is 

castration in androgen-dependent carcinoma, because hormone depletion reduces cancer cell 

expression of VEGF (108) (Figure 3). As mentioned above, trastuzumab in HER2+ BC 

upregulates expression of antiangiogenic molecules (105). CDK4/6 inhibition might induce 

similar effects (4). Vascular normalization through these indirect mechanisms is often more 

durable than direct AAT. Besides normalizing vessels through fortification, these therapies 

theoretically decompress vessels by depleting cancer cells and thereby reduce solid stress 

(48). Thus, oncogenic inhibition can reduce hypoxia through three mechanisms: vessel 

fortification, vessel decompression, and reduction of oxygen consumption by dying cancer 

cells.

Eribulin.—Eribulin is a chemotherapy that has antiangiogenic effects. In preclinical BC 

models, eribulin modulates expression of angiogenesis molecules related to EC-pericyte 
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interactions (109). Similar to Tie-2 activation through VE-PTP inhibition, the result is a 

higher density of smaller, fortified vessels. As a result, perfusion, oxygenation, and post-

eribulin chemotherapy efficacy increased (109). Moreover, in a clinical study in BC, 

presumably through vessel fortification and possibly decompression, eribulin treatment led 

to increased tumor oxygenation, whereas bevacizumab did not (35). Eribulin-induced cancer 

cell killing might reduce solid stress and decompresses vessels, but this has not been 

confirmed.

Physical aerobic exercise.—Intriguingly, vessel normalization may be also induced by 

lifestyle and more specifically by physical exercise (110). Indeed, emerging results show 

that aerobic exercise induces an enhancement of vessel perfusion, thus reducing hypoxia in 

preclinical models of BC, melanoma, and prostate cancer (111–113). The effects of the 

exercise-induced vessel normalization are (a) reduction of tumor growth, (b) improvement of 

drug delivery, and (c) a strong decrease of the hypoxia-mediated immunosuppressive factors 

in the TME. Importantly, the exercise-induced vessel normalization does not involve vessel 

pruning and induces significant vascular maturation (111–113). One of the possible 

mechanistic explanations for this is the shear stress-mediated activation of endothelial TSP-1 

and calcineurin (111). Although much is still unknown about the mechanisms of action of 

the exercise-induced vessel normalization, incorporating physical exercise in the clinical 

practice appears to be a very promising therapeutic strategy for vessel normalization (110).

Strategies for Cancer-Associated Fibroblast and Extracellular Matrix Normalization

In the previous sections, we described why vascular normalization through fortification 

rather than pruning is important (Figure 2e). We outlined several emerging strategies to 

achieve this. However, these strategies cannot increase perfusion in regions that have 

collapsed vessels. Proangiogenesis strategies might accomplish this by making more vessels, 

but these strategies should be avoided, as angiogenesis is a validated, independent biomarker 

of worse prognosis in several tumor types. Instead, alleviating solid stress by CAF/ECM 

normalization decompresses vessels (Figure 2d) and reperfuses hypovascular tumor regions 

(Figure 2f) (10). Here, we review CAF/ECM normalization strategies (Figure 4 and 

Supplemental Table 2).

Similar to vessel pruning, extensive depletion of desmoplasia, including killing CAFs, 

decompresses vessels (48) but likely promotes treatment resistance and disease progression 

(49, 114, 115). Nonetheless, like VEGF blockade, these strategies could benefit certain 

patients. Depletion or degradation of CAFs by Shh inhibition, collagen I by relaxin, collagen 

cross-linking by inhibition of lysyl oxidase-like 2, and hyaluronan by hyaluronidase has 

been shown to potentiate chemotherapy in preclinical studies (48, 116–118). Our hypothesis 

is strategies that deplete CAFs and/or ECM will have a narrow time and dose window where 

they will increase response to chemo-, radio-, and immunotherapies. Alternatively, 

reprogramming CAFs to normalize ECM could alleviate hypoxia for a longer period and 

break the vicious cycle of the TME (Supplemental Figure 2). Thus, we summarize such 

reprogramming strategies below (2, 3, 114).
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TGF-β inhibition.—The potential of TGF-β inhibition in reprogramming CAFs toward 

normalizing ECM and decompressing vessels was realized during the repurposing of 

antihypertensive drugs that target the renin-angiotensin pathway for cancer treatment (52, 

70). The dysregulation of this pathway is involved in a range of cardiovascular diseases, and 

various drugs targeting this pathway have been used safely for decades. In tumors, the main 

effector of the renin-angiotensin system is angiotensin II (Ang II). Although Ang II’s effects 

are pleiotropic, it promotes desmoplasia through the Ang II type 1 receptor (AT1R) by 

activating TGF-β and promoting expression of CTGF in CAFs (52). These pathways are 

involved in the production and maintenance of ECM. By inhibiting CAF activation and 

ECM production, repurposed ASIs reduce solid stress, decompress vessels, and potentiate 

therapy (Figure 2f) (52).

Retrospective and prospective clinical studies suggest there is a benefit in outcome with 

ASIs, particularly in slow-growing tumors like prostate and highly aggressive tumors like 

glioblastoma and pancreatic cancer (46, 70, 119, 120), with the potential to reduce side 

effects (121). A prospective phase 2 trial in locally advanced pancreatic ductal 

adenocarcinoma treated with chemoradiation combined with losartan resulted in a 

remarkably high fraction (61%) of patients having their primary tumor removed without 

microscopic disease in the margin of the surgical specimen, which suggests increased 

efficacy and longer survival (122). This finding needs to be confirmed in a phase 3 trial. 

Besides improving outcomes of chemoradiation, ASIs and direct TGF-β inhibition in some 

cases block angiogenesis and frequently promote antitumor immunity (70, 120). 

Retrospective analysis of patient samples demonstrated that ASIs reduced gene expression 

of ECM remodeling, increased those of T cell activity, and independently predicted 

prognosis (120). This study and others highlight the therapeutic potential of TGF-β 
inhibition through ASI use.

Supporting these clinical studies of ASI use is increasing evidence from patients of the role 

of TGF-β in immune suppression. Indeed, in CRC, TGF-β in the TME promotes immune 

evasion, while blocking TGF-β produces a potent T cell response (123). TGF-β expression 

and fibrosis exclude T cells from tumor parenchyma in patient samples and thus are usually 

associated with poor response to PD-L1 inhibition (72). In contrast, desmoplastic melanoma

—more so than the nondesmoplastic form—is sensitive to ICBs. However, this sensitivity 

seems to be related to increased PD-L1 expression in tumor parenchyma of this phenotype, 

as T cells were confined by the fibrosis to the invasive margin, similar to other tumor types 

(73).

There are other potential strategies to reduce TGF-β signaling besides ASIs. As we describe 

below, obesity promotes desmoplasia and inflammation in tumors. The diabetes drug 

metformin can reprogram pancreatic stellate cells (PSCs), which are a large subpopulation 

of fibroblasts in the pancreas, by reducing TGF-β signaling, thereby reducing desmoplasia. 

Additionally, metformin promotes an antitumor immune TME by limiting the expression of 

inflammatory cytokines and infiltration and polarization of protumor M2 TAMs (124).

Another TGF-β inhibition strategy involves vitamin D receptor (VDR) agonism. Cancer-

associated PSCs express high levels of VDR. Because VDR is a master regulator of fibrosis 
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in the liver and controls some inflammatory actions, agonizing VDR was investigated in 

tumors. Indeed, VDR agonism blocks desmoplasia by reprogramming PSCs to a quiescent 

state in part by inhibiting the TGF-β pathway (115). This form of CAF normalization also 

attenuates inflammation. Clinical support for this strategy includes the finding that VDR 

expression in CAFs of CRC also is associated with better prognosis (125).

Sonic Hedgehog inhibition.—Hypoxia promotes desmoplasia in part through Shh 

pathway signaling in certain tumor types (63, 69). Blocking Shh signaling reduces solid 

stress and decompresses vessels (48). Thus, pharmacological inhibition of this pathway 

leads to increased delivery of chemotherapy. Furthermore, Shh inhibition increases the 

responsiveness of pancreatic tumors, which are AAT-resistant tumors, to VEGF blockade 

(49). Nonetheless, blocking Shh has not been effective clinically (118).

Nab-paclitaxel.—Nab-paclitaxel is a chemotherapy that is part of the standard care 

therapy in pancreatic cancer, as it increases the activity of another chemotherapy, 

gemcitabine (126). In addition, nab-paclitaxel has CAF/ECM-normalizing effects, as it 

decreases the amount CAFs in tumors (127). Nonetheless, nab-paclitaxel also depletes 

nonactivated fibroblasts by a similar amount (127). Therefore, whether nab-paclitaxel’s 

success clinically is attenuated by depleting stroma and promoting tumor progression 

remains unclear (49, 128).

Combination of Antiangiogenesis Therapies with Cancer-Associated Fibroblast/

Extracellular Matrix Normalizing Therapies

Hypoxia drives angiogenesis and desmoplasia, thus generating leaky and compressed vessels 

(2). More hypoxia drives disease progression by promoting aggressive cancer cell 

phenotypes and immunosuppression (2). Here, we argue that by reprogramming the stromal 

cells that are involved in angiogenesis and desmoplasia, vessels are normalized, and the 

vicious cycle of hypoxia is broken (3). Still, how to best combine AATs with CAF/ECM 

normalizing therapies remains unclear. Based on early results, we propose two guidelines. 

First, the pretreatment characteristics of tumor vessels matter. Specifically, the two strategies 

will be best combined in tumors with hyperpermeable, hypoperfused vessels (47). Second, 

in most cases, CAF/ECM normalization should precede AAT, because a high density of 

perfused vessels pre-AAT could increase benefit. As discussed, high pretreatment 

decompressed (i.e., patent) MVD is a potential predictive biomarker of response to VEGF 

blockade (41). Furthermore, excessive vascular pruning leads to hypoxia and resistance to 

VEGF blockade (1, 2). Thus, we hypothesize that maximizing decompressed MVD before 

AAT will improve outcomes. In glioblastoma patients, ASIs increased the amount of 

perfused vessels by reperfusing small vessels (45). Indeed, retrospective studies of 

glioblastoma patients indicate that ASIs alone and in combination with bevacizumab and/or 

chemotherapy increase survival of patients (46). Nonetheless, sometimes the opposite order 

could prove optimal. Resistance to AAT can be mediated by CAF activation and ECM 

deposition post-therapy, so administering CAF reprogramming therapies after AAT could 

improve treatment outcome (74, 129, 130). Below, we describe these cases where 

CAF/ECM normalization strategies post-AAT are beneficial.
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CHALLENGES TO CLINICAL TRANSLATION

Resistance Mechanisms and Circulating Biomarkers

Besides sprouting angiogenesis, tumors use multiple mechanisms for recruiting vessels. 

Thus, the inconsistent results of VEGF blockade on tumor vessels could be expected. For 

example, cancer cells can migrate and grow along existing vessels to exploit their blood 

supply. This process, termed vessel co-option, is predominant in some metastases (as 

described below) or occurs in response to VEGF blockade, as in glioblastoma. Alternative 

mechanisms such as co-option might result from increased hypoxia after excessive vessel 

pruning during VEGF blockade. For example, the intrinsic tumor cell plasticity of some 

tumor types like glioblastoma convey intrinsic and acquired resistance to AAT by inducing 

the onset of Wnt7/Olig2-driven vessel co-option (131). Alternatively, tumor vessels might be 

quiescent or tumor cells might express endogenous antiangiogenic molecules, and thus, be 

resistant to VEGF blockade (132). Immune cells and fibroblasts also promote resistance to 

AAT (4, 69).

The ability to identify responsive patients would increase the benefit of AAT while reducing 

medical costs and toxicity. Unfortunately, there are no validated predictive biomarkers for 

VEGF blockade (2, 4). Still, there are several candidate pathways that might contribute to 

resistance.

An elevated level of sVEGFR1 is a potential predictive biomarker of resistance to VEGF 

blockade. Pretreatment levels are associated with poor outcome and less toxicity in several 

tumor types (2, 4). NRP1 is also associated with a poor outcome (2). These two circulating 

molecules bind VEGF. Thus, they could be acting as a VEGF trap so that adding exogenous 

VEGF blockade might not have any effect (1, 84). Indeed, in BC patients, sVEGFR1 levels 

are associated with pericyte coverage, indicating less VEGF signaling in these patients, with 

sVEGFR1 acting as an endogenous VEGF blocker (41).

The SDF1α/CXCR4 pathway is an example of evasive resistance. Circulating levels of 

stromal-derived factor 1α (SDF1α) increase in patients evading VEGF therapies, including 

CRC patients treated with bevacizumab (133). This pathway contributes to vessel co-option, 

fibrosis, immune cell trafficking, and cancer cell invasion, among other processes (130). 

Thus, it is not surprising that SDF1α mediates evasive resistance in different tumor types 

through varying mechanisms. In preclinical studies in CRC, experiments indicate that 

CXCR4 is expressed in immunosuppressive innate immune cells after VEGF blockade. 

Depletion of Ly6Clow monocytes through pharmacological blockade of CXCR4 using 

AMD3100 enhances treatment efficacy (134). CX3CL1 and CX3CR1+Ly6Clow monocytes 

play a similar role (135). In contrast, in hepatocellular carcinoma, the AAT sorafenib 

increases tumor desmoplasia by inducing SDF1α expression. The SDF1α/CXCR4 pathway 

promotes hepatic stellate cell differentiation and activation, thereby promoting CAF activity. 

Combination with the AMD3100 can help reduce this mechanism of resistance from 

sorafenib in hepatocellular carcinoma (74). This is an example of a treatment strategy 

involving CAF reprogramming after AAT. AMD3100 also increases the efficacy of ICBs 

(130). Finally, in glioblastoma, SDF1α stimulates vessel co-option so that the tumor may 

evade VEGF blockade.
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Circulating Ang-2 is another potential biomarker of resistance (2, 4, 80, 81). Ang-2 regulates 

cell invasion and vascular structure and function (136). The effect of VEGF blockade on 

Ang-2 levels is tumor type dependent, as Ang-2 levels increase in some tumor types while 

remaining stable or decreasing in others (4). Nonetheless, Ang-2 is associated with worse 

outcomes in a number of tumor types, including with bevacizumab in CRC and with ICBs in 

melanoma (4). These associations should be tested prospectively.

Obesity

Many patients with cancer are obese, which is a condition associated with worse prognosis 

and treatment response (137). Obesity promotes disease progression by stimulating 

desmoplasia and inflammation (137) while promoting resistance to VEGF blockade (138). 

Obesity induces immune cells and CAFs to collaborate to stimulate desmoplasia and 

inflammation (137). Tumor-associated neutrophils (TANs) activate PSCs through 

interleukin-1β (IL-1β) secreted by adipocytes, which promotes a cycle of inflammation by 

inducing IL-1β secretion by PSCs and additional TAN recruitment (137). In promoting 

inflammation, PSCs are activated and induce desmoplasia. Fortunately, fibrosis and 

inflammation can be reversed by inhibiting AT1R using ASIs (137). Besides its effects on 

TANs, obesity also increases TAM infiltration through VEGFR-1 signaling by increasing 

systemic placental growth factor but not VEGF (138). These effects did not affect 

angiogenesis. Despite not affecting angiogenesis, adipose tissue is hypoxic and thus 

produces proinflammatory factors, including factors that could provide alternative 

angiogenic signaling during VEGF blockade. Indeed, BC patients with obesity have 

increased systemic IL-6 and fibroblast growth factor 2 (FGF-2) (139). Blocking these factors 

directly or FGF-2 pharmacologically with metformin restores sensitivity to VEGF blockade 

(139). Thus, obesity intensifies the abnormal TME and induces mechanisms of resistance to 

AAT. This resistance may be overcome through repurposing of metformin and/or ASIs such 

as losartan.

Metastasis

Cancer is often treated by first removing the primary tumor through surgery, if possible, and 

then administering systemic therapy to reduce the chance of metastasis. This is called the 

adjuvant treatment setting. Cancer cells metastasize through various mechanisms, including 

through local lymph nodes. Lymphatic cancer cells invade local blood vessels and 

metastasize to distant organs (140). Roughly one-third of distant metastasis in CRC patients 

originates from lymphatic metastases, while the remaining two-thirds come from different 

origins within the primary tumor (141). Nonetheless, there is no sprouting angiogenesis 

during the early growth of metastasis in the lymph node (142). Thus, even though these 

lesions are important for disease progression, they are resistant to AAT.

Vessel co-option may also confer resistance in distant metastasis to AAT. Lung (143) and 

liver (144) metastasis from breast, colorectal, and renal primary tumors are similar to those 

in the lymph node. Vascularization occurs through sprouting angiogenesis only in limited 

pathological sub-types of these metastases. Vessel co-option comprises the main mode of 

vascularization (143, 144). Nonetheless, there is evidence that vessel leakiness occurs in the 

earliest stages of tumor growth (11) and in clinical metastasis (145), so strategies that target 
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both co-option and sprouting angio-genesis are warranted (131, 146). Furthermore, 

understanding how metastatic TME compromises oxygen delivery would help researchers 

design better systemic strategies to alleviate hypoxia.

Solid stress and desmoplasia also likely play a role in the resistance of metastases to 

treatment. Some types of liver metastases feature desmoplasia and vessel compression (144, 

146). Indeed, we measured elevated solid stress in metastases (147). Additional evidence 

includes our observation that CAFs cotravel with metastatic cancer cells and help them grow 

in distant metastatic sites (148). Clinical observation of metastases of pancreatic tumors 

reveals desmoplasia similar to that of the primary tumors (149). In preclinical studies, we 

found that lesions even at the earliest stages of malignant progression feature compressed 

vessels (11). Although not initially desmoplastic, CRC liver metastases feature enhanced 

ECM deposition and vessel compression after VEGF blockade. In this case, hyaluronic acid 

(HA) deposition, not collagen, is increased after VEGF blockade. HA increases stiffness, 

and enzymatic degradation of HA increases the efficacy of combined VEGF blockade and 

chemotherapy (129).

Brain metastases feature a different form of resistance. These metastases are common in 

HER2+ BC patients, because trastuzumab is effective at treating local disease and 

prolonging survival. Unfortunately, HER2+ brain metastases are resistant to HER2 inhibition 

and their indirect vascular normalization. Combination with VEGF blockade overcomes this 

resistance through an enhanced antiangiogenic effect that also increases necrosis (150). 

Additionally, the brain microenvironment promotes resistance to HER2 and PI3K inhibition 

by increasing HER3 expression and phosphorylation. Thus, HER3 blockade is effective in 

overcoming resistance to HER2 and PI3K inhibitors in HER2+ BC brain metastases (151).

Nanomedicine

Antibodies and larger nanomedicines are used as targeted therapies and to reduce side 

effects (10). Anti-VEGF therapy reduces the size of pores in tumor vessel walls during 

normalization. Thus, the extravasation of drugs on the order of tens of nanometers is reduced 

(51). As a result, only the efficacy of smaller nanomedicines like 10 nm nab-paclitaxel is 

increased during VEGF blockade (51). In contrast, CAF/ECM normalization increases 

extravasation of all sizes up to 120 nm (52), because desmoplasia diminishes the transport of 

these nanomedicines diffusing through the interstitial space (10). How combining vessel and 

CAF/ECM normalizing therapies will affect extravasation of nanomedicines in a size-

dependent manner is unclear.

PERSPECTIVES AND QUESTIONS

The original rationale for AAT was to starve tumors. To explain the clinical observation that 

AAT can improve the outcome of chemotherapy, in 2001 we proposed that, when used 

judiciously, AAT can improve tumor perfusion, decrease hypoxia, and enhance chemo-, 

radio-, and immunotherapies. Since then, small, hypothesis-driven, mechanistic, and large 

pivotal clinical trials have supported both the role of monotherapy AAT in VEGF-dependent 

tumors and the value of vascular normalization combined with cytotoxic therapies in AAT-

resistant tumor types. To researchers and clinicians interested in improving outcomes with 
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AATs, these trials raised many questions that have been addressed in additional clinical trials 

supported by preclinical studies. In this article, we have summarized the answers to these 

important questions.

Normalizing AAT benefits many patients, but it is susceptible to resistance and fails to help 

other patients. Potential biomarkers predictive of response or resistance such as sVEGFR1, 

SDF1α, and Ang-2 have not been verified prospectively. Here, as in 2001, we proposed 

hypoxia as the central indicator of vascular normalization. In the nearly two decades since 

we put forth the normalization hypothesis, the role of hypoxia in promoting a hostile TME 

that suppresses the immune system, promotes malignancy, and leads to treatment resistance 

is better understood. Mechanistic clinical studies indicate that decreased hypoxia resulting 

from AAT could lead to better outcomes for patients. Oxygenation as a predictive biomarker 

now needs to be tested prospectively.

Recently, researchers have focused on other processes in the TME, such as desmoplasia and 

immunosuppression, in part because of the enormous potential of immune therapies. 

Increasingly, the vicious cycle of hypoxia promoting angiogenesis, desmoplasia, and 

immunosuppression, and these three processes inducing hypoxia, is being elucidated. Here, 

we summarized this cycle and propose that normalizing—not destroying—the TME should 

be pursued. In particular, AAT should fortify rather than prune vessels to sustain 

normalization. Questions remain regarding how to best combine AAT with other stromal 

reprogramming agents. Here, we propose that reduction in hypoxia should guide the 

combination. Evidence thus far suggests that alleviating solid stress by reprogramming 

CAFs to normalize ECM should precede AAT. However, there are cases where the opposite 

order is beneficial, and mathematical models as well as retrospective trials indicate a benefit 

to simultaneous use. More importantly, no agent developed with intention to alleviate solid 

stress has been approved to date. Similarly, AAT combined with immune therapies are 

currently undergoing clinical evaluation. This review has described the studies 

demonstrating the mechanisms through which AAT could benefit immune therapies.

Finally, challenges identified in the clinic remain to be solved. The mechanisms of resistance 

and potential biomarkers vary by tumor type. The number of obese cancer patients is 

increasing, and this presents new challenges, as obesity promotes desmoplasia and 

inflammation. Fortunately, repurposing drugs used for other diseases that inhibit TGF-β and 

FGF-2 have potential to alleviate this problem. How to proceed in treating metastases is less 

clear. Metastases feature alternative mechanisms of resistance and their phenotypes are 

heterogeneous, even in the same patient. Targeting both vessel co-option and angiogenesis 

holds promise, but how either affects hypoxia in metastases is unknown. In brain metastases, 

the same pathways that eliminate primary tumors can have limited effect (151). AAT-

induced vascular normalization affects nanomedicines, which enable targeted and safer 

therapies, in a size-dependent manner. Only smaller nanomedicines benefit from AAT 

combination, while larger nanomedicines need to be combined with CAF reprogramming 

strategies that normalize the ECM.
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Glossary

Desmoplasia
abnormal growth of fibrous tissue characterized by activation of fibroblasts and excessive 

extracellular matrix components

Immunosuppression
the processes that limit the innate anticancer immunity of both tissue-resident and blood-

borne, tumor-infiltrating cells

TME
tumor microenvironment comprises components of the tumor that are not cancer cells called 

the stroma

AAT
antiangiogenesis therapies that block proangiogenic or promote antiangiogenic signaling; in 

cancer patients, AATs are used to prune and/or fortify vessels

VEGF
vascular endothelial growth factor is a critical proangiogenic growth factor overexpressed in 

tumors and the most common target of clinically used AATs

Solid stress
the force generated by cells and stored in the resulting deformations of the other cells and 

matrix components

Predictive biomarker
observable data that can be used to predict whether a particular patient is likely to benefit 

from a particular therapy

ECM
extracellular matrix is a noncellular, non-necrotic tissue supporting the organ’s structure that 

includes collagen and hyaluronic acid

Prognostic biomarker
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observable data that can be used to predict the outcome of a patient regardless of the therapy 

used

Pericyte
a perivascular cell that lies within the basement membrane, structurally stabilizes the 

endothelium, and interacts with ECs

Permeability
also known as leakiness, it reflects how readily solutes may cross the vessel wall

Interstitial fluid pressure
(hydrostatic pressure) in tumor tissue indicates abnormal vessel function and is not directly 

related to solid stress

EC
endothelial cells line the inside of the vessel wall; they are organized in normal tissues but 

disorganized and poorly connected in tumors

CAF
cancer-associated fibroblasts are nonmalignant mesenchymal cells conscripted by cancer 

cells to contribute to the abnormal physiology of tumors

Stiffness
a material property of the tissue that measures how much it deforms when under a given 

force
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VASCULAR NORMALIZATION BEYOND CANCER

The normalization hypothesis, originally proposed to improve the treatment of solid 

tumors, is successful when applied to treating various nonmalignant diseases 

characterized by abnormal vasculature. There are approximately 70 diseases that together 

afflict more 500 million people worldwide that might benefit from this strategy (1). 

Among these are tuberculosis (152) and neurofibromatosis-2 (NF2) (153). Based on our 

work, bevacizumab was approved for NF2-associated schwannomas in the United 

Kingdom in 2014. Additional diseases where the vascular normalization concept has 

been applied include age-related wet macular degeneration and atherosclerosis (154). 

Indeed, studies from retinal diseases revealed that leucine-rich alpha-2-glycoprotein-1 

(LRG-1) promotes pathological angiogenesis in the presence of TGF-β (155) and thus is 

a potential target to normalize tumor vessels without excessive pruning. Other diseases 

that are characterized by abnormal vessels include skin psoriasis, rheumatoid arthritis, 

and neurodegenerative diseases (6).
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Figure 1. 
Chronology of vascular normalization in preclinical and clinical studies. This time line 

shows the key concepts and findings related to vascular and cancer-associated fibroblast/

extracellular matrix normalization from the senior author’s laboratory. References for the 

bottom panels can be found in Reference 4. Abbreviations: AAT, antiangiogenesis therapies; 

ASI, angiotensin system inhibitor; CRC, colorectal cancer; FDA, Food and Drug 

Administration; GBM, glioblastoma; HCC, hepatocellular carcinoma; ICB, immune 

checkpoint blocker; NSCLC, non-small-cell lung cancer; PDAC, pancreatic ductal 

adenocarcinoma; TME, tumor microenvironment.
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Figure 2. 
(a,b) Angiogenesis, desmoplasia, and inflammation promote a cycle characterized by leaky 

and compressed tumor vessels. (a) Intravital microscopy image of murine tumor vessels 

(black; negative contrast). At 24 h postinjection, 90-nm liposomes (red) are extravasated 

from and accumulated around leaky tumor vessels. The liposomes’ extravasation is 

heterogeneous. Panel adapted from Reference 156. (b) Histological image of murine tumor 

vessels. Most vessels are nonperfused (red) in this collagen-rich (blue) tumor, and there is a 

lack of blood flow (yellow). Panel adapted from Reference 52. (c,d) Schematics of perfusion 

before and after normalization. (c) In the top images, the schematics depict untreated tumor 

vessels, with one vessel having limited flow (few red blood cells), and the other vessel is 

well perfused (many red blood cells). The tissue around the perfused vessel is normoxic 

(pink), whereas the tissue farther from the vessels is hypoxic (purple). The region of 

normoxia surrounding each vessel is denoted by a black dashed line. Vessel fortification 

occurs when pericytes are recruited and basement membrane is repaired to produce an intact 

perivascular layer (green), which leads to increased blood flow that produces normoxia in 

the surrounding tissue. (d) Vessel decompression occurs after solid stress is alleviated. The 

decompressed blood vessel is reperfused, and normoxia around the vessel is restored. (e,f) 

Normalization results in homogeneous perfusion throughout tumors. (e) In untreated tumors 

(green, top), perfused vessels are heterogeneous and of limited density (orange). Fortifying, 
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not pruning, vascular normalization produces a homogeneous distribution of perfused 

vessels (bottom). Panel adapted from Reference 19. (f) In untreated tumors (top), collagen 

(blue) and other components of desmoplasia promote vessel compression, such that large 

regions lack perfused vessels (green). Cancer-associated fibroblast/extracellular matrix 

(CAF/ECM) normalization (bottom) reduces collagen and reperfuses compressed vessels. 

Panel adapted from Reference 52.
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Figure 3. 
Pathways that facilitate or hinder vascular normalization. Several pathways in multiple cell 

types can facilitate (green) or hinder (red) vessel normalization. The cancer cell is depicted 

near endothelial cells to save space. Figure adapted from Reference 2.
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Figure 4. 
Pathways that facilitate or hinder cancer-associated fibroblast/extracellular matrix (CAF/

ECM) normalization. Several pathways promote activated, protumor CAFs (pink), but these 

cells can be reprogrammed to a quiescent phenotype (green). Abbreviations: COL1, collagen 

1; CTGF, connective tissue growth factor; HA, hyaluronic acid; HAS, hyaluronan synthase; 

PDGF, platelet-derived growth factor; Shh, Sonic hedgehog; TGF-β, transforming growth 

factor-β.
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