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Angiogenesis describes the formation of blood vessels from an existing vascular network. Anti-angiogenic drugs that target tumor blood vessels have become standard of care in many cancer entities. Though very promising results in preclinical evaluation, anti-angiogenic treatments fell short of expectations in clinical trials. Patients develop resistance over time or are primarily refractory to anti-angiogenic therapies similar to conventional chemotherapy. To further improve efficacy and outcome to these therapies, a deeper understanding of mechanisms that mediate resistance to anti-angiogenic therapies is needed. The field has done tremendous efforts to gain knowledge about how tumors engage tumor cell and microenvironmental mechanisms to do so. This review highlights the current state of knowledge with special focus on the metastatic tumor site and potential therapeutic relevance of this understanding from a translational and clinical perspective.
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Introduction

Angiogenesis is a biological process that describes the formation of new blood vessels from an existing vascular network. It is essential in many physiological processes including embryonical development or the female reproductive system (1). It is furthermore highly relevant in many diseases.

When a developing malignant lesion reaches a critical size, diffusion does not sufficiently cover the increased demand for nutrients and oxygen. The core of this lesion becomes hypoxic leading to the stabilization of HIF-1 alpha. This induces the upregulation of many target genes that foster tumor progression. Among them are several so-called pro-angiogenic genes that orchestrate the ‘angiogenic switch’ by which the tumor recruits blood vessels from the surrounding healthy tissues enabling exponential tumor growth (2, 3). Besides this ‘classical’ mode of sprouting angiogenesis tumors engage other mechanisms of vascularization such as intussusceptive angiogenesis or vasculogenic mimicry (4, 5).

Long before tumor angiogenesis was viewed ‘officially’ as one central ‘hallmark of cancer’ that is crucial for tumor progression at the primary tumor site and metastatic dissemination (6–8), Judah Folkman in the 1970s coined the hypothesis that a malignant tumor could be forced to regression by attacking its vasculature (9, 10). Propelled by this postulation many growth factors and signaling pathways that mediate (tumor-) angiogenesis have been discovered and plethora of substances were developed to inhibit or modulate angiogenic cascades in tumors in the following. Studies from Hurwitz and Kabbinavar 2003 and 2004 first demonstrated that Bevacizumab, a monoclonal antibody against vascular endothelial growth factor (VEGF) improved response rates and prolonged survival in patients with metastatic colorectal cancer (11, 12). Accordingly, anti-angiogenic therapies, mainly bevacizumab and recently ramucirumab, an anti-VEGFR2 antibody, have become an important part of many tumor therapies including in colorectal cancer, gastric cancer, renal cell cancer, ovarian cancer and non-small-cell lung cancer (13). Until now most of the clinically approved anti-angiogenic drugs target the VEGF signaling pathway.

Compared to initial prospects which based on very promising experimental basic research and preclinical data (14–16) as well as pivotal clinical trials (11, 12), anti-angiogenic therapies fell short of expectations regarding efficacy, both as a single agent and in combination with chemotherapy. Correspondingly, patients develop resistance towards anti-angiogenic therapies that clinically present in the same way as refractoriness against conventional chemotherapy which occurs during disease progression (17). In this light, one of the major challenges of (tumor)-angiogenesis research is to identify modes of resistance and develop strategies to overcome them.

In parallel to the Hurwitz Trial researchers sought to find prove and insights in how VEGF blockade with bevacizumab exactly works to inhibit tumor growth and progression. It became clear that the main mode of action of pharmacological VEGF withdrawal is the correction of functional and structural tumor blood vessel abnormalities. This has been summarized by Jain under the term ‘vascular normalization’ (18).

It became clear that not only different tumor cell derived pro-angiogenic growth factors contribute to resistance against VEGF blockade, but also tumor stromal cells crucially mediate the efficacy and response to VEGF targeted therapies.

Preclinical evaluation studies in mice exploring the efficacy of anti-angiogenic therapies have mainly been performed in disease models that only partially mimic clinical cancer situations. Many experimental findings are based on subcutaneous tumor models that involve a large primary tumor at best with metastasis at a single organ site and often without metastasis. Clinical evaluation and application of anti-angiogenic therapy, beside very few indications, take place in stage IV situations, often as second- or third-line therapy. This altogether makes preclinical and clinical findings often difficult to compare. Still cancer patients for the most part die from disseminated metastatic disease and anti-angiogenic therapy is mostly used in this disease stage. It is therefore very likely that metastatic lesions and their tumor microenvironment significantly contribute to resistance to anti-angiogenic therapies. This review will give a focused overview over the current state of knowledge of mechanisms of resistance that is mediated by the tumor microenvironment with specific respect to the metastatic tumor site and its potential clinical implications.



Alternative Pathways

The simplest concept of resistance to VEGF inhibition is the compensatory upregulation of alternative pathways. Accordingly, several dual or multi-targeting approaches that involve mainly the angiopoietin-2 (ANG-2)/TIE2 axis, platelet derived growth factor receptor beta (PDGFR-beta) signaling and fibroblast growth factor receptor (FGFR) signaling (19–25) have been developed and tested preclinically and are e.g. with drugs such as regorafenib or nintedanib clinically approved concepts. Combined VEGF/PDGF signaling blockade has also been tested in a phase I/II trial with promising efficacy and acceptable toxicities, but further clinical studies are lacking until now (26).


Targeting the Angiopoietin/TIE2 Axis

Targeting or manipulating ANG-2/TIE2 signaling has been demonstrated to show beneficial effects on tumor vascularization, vascular normalization and prolonged survival in murine models of multimodal treatment strategies (27, 28) (29). Clinical studies testing ANG-2/angiopoietin-1/TIE2 inhibition with various substances failed to mirror the promising preclinical results which is presumably due to the complex context-dependent impact of the angiopoietin/TIE2 axis on the endothelium and other tumor stromal cells such as myeloid derived cells (30).

Targeting both VEGF and ANG-2 had additive effects on tumor growth, vascularity and vascular normalization in preclinical models by various mechanisms (13, 15, 17, 23–25). The eagerly awaited McCAVE trial failed to demonstrate a relevant advantage of combined ANG-2 and VEGF blockade with vanucizumab, a dual humanized monoclonal antibody binding both, VEGF and ANG-2, compared to bevacizumab when both drugs were combined with mFOLFOX-6 in previously untreated metastatic colorectal cancer (31). These results were unexpected based on previous trials and have to be further substantiated (32).

One of the perennial questions also here remains how findings from preclinical models that focus on primary tumor growth can be translated into stage IV clinical diseases. One phenomenon highly relevant for systemic cancer disease that seems to be tightly connected to resistance to anti-VEGF therapy that can potentially overcome by ANG-2 inhibition or ANG-2/TIE2 manipulation is the recruitment of myeloid cells to primary tumors and metastatic lesions.




Tumor-Infiltrating Immune Cells

Tumor-infiltrating myeloid cells constitute the majority of the cellular tumor stroma. They can hinder or foster tumor progression depending on the disease entity, stage and treatment modality, specifically in the context of anti-angiogenic treatment (17, 24, 28–30). Accordingly, with respect to angiogenesis tumor-infiltrating macrophages and neutrophils contribute to resistance to anti-angiogenic therapy in multiple ways (33, 34).


CD11b+ GR1+ Cells

A broad spectrum of neutrophils, macrophages and myeloid-derived suppressor cells (MDSCs) characterized by positivity for CD11b and GR1 (Ly6G/C) have been found to be associated with refractoriness to anti-VEGF therapy in multiple murine tumor models (35). This was at least partially mediated by a cross-talk between granulocyte colony-stimulating factor (G-CSF) and bone-marrow derived Bombina variegate peptide 8 (Bv-8) (33). Targeting Bv-8 with a specific antibody in conjunction with metronomic gemcitabine improved outcomes in a murine model of pancreatic cancer by counteracting pro-angiogenic and pro-metastatic effects of tumor-infiltrating MDSCs (36), compare Figure 1.




Figure 1 | Graphical summary of immune microenvironmental interactions involved in resistance to antiangiogenic therapies. GR1+ cells (i) infiltrate tumors as response to AAT-induced hypoxia and secrete proangiogenic factors; (ii) Furthermore these immune cells are suspected to suppress T-cell activity mitigating anti-tumor immunity. Together with insufficient trafficking of immune cells along structurally and functionally insufficient blood vessels theses mechanisms provide a rational for complementary anti-tumor activity of vascular normalizing AAT and immunotherapy. AAT, antiangiogenic therapy; EC, endothelial cell.



Whether targeting bone-marrow derived sources of resistance to anti-angiogenic therapy can be translated into the clinic warrants further careful investigation specifically in the context of metastasis.



Tumor-Infiltrating Macrophages/Neutrophils Primary Tumor Versus Metastasis

The role of tumor-infiltrating neutrophils apparently seems to be divergent depending on the tumor stage. While their occurrence is beneficial at early stages of CRC tumorigenesis (37), increased infiltration of local lymph node or distant organ metastasis with CD177+ neutrophils predicted poor outcome to bevacizumab containing chemotherapy in patients with stage IV colorectal cancer (25). Resistance to anti-angiogenic therapy in an anti-VEGF therapy refractory murine model could be overcome by combined inhibition of anti-VEGF and ANG-2 inhibitory treatment (25). There are several potential explanations how ANG-2 blockade can render anti-VEGF treatment induced neutrophil recruitment. First, a specific subset of tumor-infiltrating immune cells express TIE2 (TIE2 expressing monocytes, TEMs) which would directly be targeted by ANG-2 blockade (38). Second, ANG-2 renders the endothelium more sensitive to immune cell binding and infiltration towards the parenchyma/tumor (39, 40).Third, combined anti-VEGF and ANG-2 inhibition enhanced anti-tumor activity of CD8+ cytotoxic T-cells and showed complementary effects with immunotherapy (41). Furthermore, blockade of VEGF enhances endothelial adhesion molecules which most likely acts synergistically with the above named mechanisms (42, 43). All mentioned mechanism can be seen as relevant for an unresected primary tumor and for metastatic lesions.

There is ample evidence that VEGF inhibition triggers the recruitment and priming of neutrophils fueling metastasis and progression. An increased neutrophil/lymphocyte ratio predicts outcome of patients with colorectal cancer independent of anti-VEGF treatment (44). VEGF blockade in an experimental model of neutrophil-driven metastasis promoted disease progression (45). Furthermore, increased systemically circulating neutrophils were associated with poor prognosis in patients receiving bevacizumab containing chemotherapy (46). A particular role of metastasis-infiltrating macrophages was recently defined in colorectal cancer metastasis. Proangiogenic VEGFR1+ macrophages in colorectal liver metastases predicted survival in patients, which was also true for circulating VEGFR1+ monocytes in these individuals (47).

The exact mechanisms how circulating and metastasis infiltrating neutrophils/macrophages promote cancer progression remain to be elucidated, but certainly more studies that discriminate between primary tumor and metastatic site (25, 47) are urgently needed.



T-Cells/Immunotherapy

Immunotherapy against cancer mostly with immune checkpoint inhibitors (IT) has been integrated into treatment regimens of many cancer entities (48). There is strong evidence that efficacy of the anti-tumor immune response is significantly hampered by specific characteristics of the tumor vasculature and the pro-angiogenic microenvironment. For example, CD8+ T-cell infiltration into tumors is disturbed in part due the structural defective and dysfunctional vascular system, T-cell effector functions are manipulated and pro-angiogenic molecules can promote CD8+ T-cell exhaustion (49–51) whereas M2-like macrophages and certain subtypes of T-cells secrete proangiogenic factors thereby directly foster tumor angiogenesis (52), see also Figure 1.

Accordingly, based on many preclinical studies, combining IT and anti-angiogenic therapy has been suggested as a promising synergistic concept (53). Which patients and to which cost regarding side effects will benefit from combining anti-angiogenics and IT will be deciphered in clinical trials that are currently running for several indications, in general these combinations have already been approved by the FDA (54) (see also Table 1). One potential factor that might influence tumor entity specific response to this combination therapy is the sheer abundance of immune cells (e.g. macrophages, T-cells) which differs rigorously between different types of cancer (55).


Table 1 | overview of some currently recruiting clinical trials investigating anti-angiogenic therapy in conjunction with cancer immunotherapy.






Vessel Co-Option

Tumors do not exclusively engage neoangiogenesis to recruit and hold a vascular system available. Tumor cells can also grow along existing vasculature of the diseased organ without inducing neoangiogenesis, a term called vessel co-option 38,39.

Accordingly, the main target for current clinically approved anti-angiogenic therapy is far less relevant as the vasculature is not dependent on VEGF.

Vessels histologically proliferate less and exert an increased pericyte coverage as indicators for a mature, non-activated vascular systems. It is very important to notice that the simplest measure of tumor vascularity, the microvessel density, does not indicate which type of vascularization, angiogenesis or vessel co-option is present in a tumor (56)


Vessel Co-Option as Challenge to Target Metastatic Vessels

Especially in metastatic lesions vessel co-option is a frequently observed characteristic of tumor progression and a long-suspected cause of resistance to anti-angiogenic therapy (57). The occurrence of vessel co-option was demonstrated for lung metastasis (58), liver metastasis (59) and brain metastasis (60) among others.

Frentzas and colleagues were able to connect histopathological growth patterns of these metastases that involve vessel co-option to poor response to bevacizumab (61). They could demonstrate that nearly half of the examined CRC liver metastases were vascularized by vessel co-option not ‘classical’ angiogenesis and that patients that suffer from metastatic disease which is driven by vessel co-option have a poor histopathological response and particularly detrimental outcome to bevacizumab containing oncologic treatment.

This work furthermore demonstrated that tumor cells require actin-related protein 2/3 complex (Arp2/3) to successfully perform vessel- co-option. Accordingly, knockdown of ARPC3 a subunit of Arp2/3 blocked cancer cell motility thereby inhibiting vessel co-option and re-sensitizing tumors to anti-angiogenic therapy containing cytostatic treatment (61).

Summarizing, vessel co-option might be a major cause why anti-angiogenic treatment is ineffective for example in a large proportion of patients with CRC liver metastases.

Future efforts should focus on two things: (i) to design clinical trials to prospectively prove that response to and outcome after bevacizumab containing chemotherapy depends on histopathological growth patterns involving vessel co-option, (ii) develop treatment strategies that inhibit both vessel co-option and neoangiogenesis, especially in the context of metastatic disease. Furthermore, it is highly relevant to further clarify the role of anti VEGF therapy with bevacizumab or other drugs in multi-modal treatment strategies. The notion that upfront surgery followed by chemotherapy plus bevacizumab improves patients overall survival compared to upfront surgery plus chemotherapy without bevacizumab in patients with metastatic colorectal cancer underscores how relevant this might be (62).

Another challenge is to develop and clinically evaluate techniques that can pre-therapeutically define the histopathological growth pattern which could guide clinical treatment decisions, e.g. in individual multimodal treatment concepts involving chemotherapy +/- targeted therapy prior surgery (e.g. resection of colorectal liver metastasis) or vice versa (63).




Metabolic Reprogramming of the Tumor Microenvironment


Endothelial Cell Metabolism

From a metabolic perspective (neo)-angiogenesis is a highly demanding cellular process. Endothelial cells (ECs) that under quiescent, steady state conditions line the inner surface of each blood vessel, maintain their cellular homeostasis under opulent conditions. They consume low amounts of energy while being exposed to the most comprehensive environment, the blood stream. When a growing malignant lesion secretes proangiogenic signaling molecules that activate endothelial cells this relation between supply and demand is completely shifted. The growing vessel, initially mainly constituted by the endothelial sprout, elongates towards a nutrient poor and hypoxic, acidic environment. To execute this challenging task, endothelial cells undergo a ‘metabolic’ switch that involves upregulation of key metabolic pathways. The knowledge of endothelial specific metabolic features is just beginning to be expanded, especially the specific role of tumor endothelial cells. From a clinical perspective endothelial cell metabolism offers many opportunities to explore novel therapeutic targets that might contribute to overcome resistance to growth factor targeted strategies.



Endothelial Cell Predilection for Glycolysis

Glycolysis is until now the best characterized metabolic pathway in endothelial cells. Specifically, tumor endothelial cells upregulate their glucose metabolism by several mechanisms. This is noteworthy as tumor cells are also considered to use mainly ‘aerobic’ glycolysis as energy resource and to fuel side pathways. Among other things the following: i) tumor ECs upregulate the glucose transporter GLUT-1 (64), ii) tumor ECs directly or indirectly upregulate the expression of rate limiting glycolytic enzymes, e.g. Phosphofructokinase-2/fructose-2,6-bisphosphatase (PFKFB), specifically its isoenzyme PFKFB3 (65) and iii) ECs express high amounts of lactate transporters (e.g. MCT1) (66).

Knockdown of endothelial cell PFKFB3 inhibited vessel sprouting in vitro and vivo. The fact that manipulation of the endothelial cell glycolytic metabolism was able to alter endothelial cell sprout differentiation showed the immense role of endothelial cell metabolism that might overrule even growth factor receptor signals (67). This suggested that endothelial cell metabolism as a growth factor independent engine of vessel sprouting and angiogenesis might contribute to resistance to anti-angiogenic therapy (68).



PFKFB3 as Novel Anti-Angiogenic Target

Indeed, PFKFB3 has then been proven to represent a promising target to reduce pathological angiogenesis in tumors and other diseases (58, 62, 63). Partial genetic or pharmacological inhibition of PFKFB3 was shown to normalize the tumor vasculature and reduce invasiveness in several tumor mouse models. This was accompanied not by reduced tumor growth at the primary tumor site, the conventional read out for efficacy of anti-angiogenic drugs, but by better control of tumor metastasis indication improved vascular normalization. Especially the small molecule compound 3-(3-pyri- dinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO), an inhibitor of PFKFB3 was shown to control metastasis at an intermediate well tolerable dose in preclinical studies (65).

Inhibition of PFKFB3 with 3PO was shown to exert complementary effects with VEGF blockade by bevacizumab in an orthotopic PDX mouse model of glioblastoma (69). This was mediated by a prolonged vascular normalization window and improved delivery of chemotherapy indicating that inhibition of EC glycolysis might contribute to resistance towards antiangiogenic therapy in glioblastoma.



Role of Endothelial Oxidative Phosphorylation in Tumor Angiogenesis

Based on early pioneer work endothelial cells have long been viewed as similar to cancer cells to exert a ‘warburg-like’ metabolic phenotype (58, 59). This included the presumption that ECs have very few and dysfunctional mitochondria (70).

This has recently been amended as mitochondrial metabolism and oxidative phosphorylation (oxphos) indeed play an important role in activated endothelial cells and are indeed functionate (71, 72).

Manipulating endothelial cell mitochondrial metabolism has broad effects on endothelial cell integrity and function (71, 73–75). Pharmacological targeting of the mitochondrial respiratory chain and genetic ablation of mitochondrial oxidative phosphorylation reduced tumor growth and vascularity in mice. Surprisingly, metastatic dissemination was increased in mice were endothelial cells lacked functional oxphos (71). The genetic approach included a maximum achievable Cre recombination mediated gene deletion. These results are probably comparable to maximum blockade of EC glycolysis from others (76). Dose escalation to higher doses of 3PO showed a higher efficacy regarding tumor growth reduction (in comparison to lower doses) of primary tumors in mice but failed to control metastasis (76). It remains to be elucidated whether this effect is specific for the manipulation of tumor vessel metabolism or a general phenomenon (compare section ‘dosing of anti-angiogenic therapies). It is also possible that manipulation of endothelial cell metabolism whether it is cytosolic glucose metabolism or mitochondrial metabolism induces cellular signaling processes that directly facilitate metastatic dissemination.



Lactate as Alternative Substrate and Signaling Molecule

Potential metabolism related pathways that could contribute to resistance to anti-angiogenic therapy are lactate induced signaling pathways. Endothelial cells were shown to be highly activated by tumor cell derived lactate which induces a NF-κb/Interleukin-8 driven proangiogenic stimulus (77). Beside this lactate induced signaling cues it is possible that ECs take up lactate to metabolize it to pyruvate which is then catabolized via the respiratory chain to generate ATP by oxidative phosphorylation (71) a form of metabolic symbiosis similar to processes in the brain (78, 79). Beside the fact that lactate might serve as an alternative substrate in conditions where glucose is scarce, e.g. in the tumor microenvironment, elimination of lactate by endothelial cells might alleviate lactate induced acidity and might limit proangiogenic lactate induced signaling, compare Figure 2.




Figure 2 | Model of the potential dual role of tumor-derived lactate. (i) as a signaling molecule that triggers a NF-κB dependent autocrine proangiogenic program via IL-8 and (ii) as an alternative substrate that ECs metabolize via the respiratory chain to produce ATP. MCT1, monocarboxylate transporter 1; EC, endothelial cell; OxPhos, oxidative phosphorylation; ATP, adenosintriphosphate; NF-κB, nuclear factor kappa B.





Endothelial NF-κB and Metastasis

Activated NF-κB signaling in ECs was shown to be associated with poor pericyte coverage. Targeting EC glycolysis reduced NF-κB signaling, tightened EC intercellular junctions and increased pericyte coverage which might in part explain favourable results on metastasis (65).

Interestingly, endothelial specific transgenic mice, that express a ‘superinhibitory’ mutant of iκBα, leading to impaired NF-κB downstream signaling in endothelial cells, showed an impaired endothelial barrier. This resulted in increased metastasis indicating that dysfunctional endothelial NF-κB signaling increases the risk or dynamic of tumor cell dissemination (80). This is not implicitly in contrast to each other, but rather highlights a highly prominent role of endothelial cell NF-κB signaling in cancer progression and metastasis that warrants further investigation. Accordingly, therapeutic approaches that might interfere with EC NF-κB signaling should be carefully designed to modulate overactivation of this pathway without totally inhibit NF-κB related control of endothelial homeostasis. Whether and how direct or indirect targeting of NF-κB signaling in ECs that has been designed to treat inflammatory diseases (81) can be exploited as anti-angiogenic therapies has to be further evaluated.



Modulation of TAM Metabolism as Therapeutic Opportunity

Another aspect that could contribute to novel pharmacological opportunities to inhibit tumor and stromal metabolism to overcome resistance of the metastatic tumor microenvironment is to gain a deeper understanding of how stromal cells interact with each other on a metabolic level and how tumor cells and stroma cells co-operate to foster tumor progression (compare section above). E.g. tumor associated macrophages (TAMs) can be manipulated towards a hyper-glycolytic metabolic phenotype thereby ‘steeling’ glucose from endothelial cells which results in vascular normalization, lowers hypoxia and decreases metastasis (82). Tumor derived lactate acted as a signaling molecule that polarizes TAMs toward an M2-like differentiation thereby contributing to tumor progression (82, 83). Studies that characterize the metabolic phenotype of TAMs are urgently needed to find out whether and how TAM metabolism contributes to tumor progression, metastasis and resistance to anti-angiogenic therapy.



Tumor Cell Metabolism and Anti-Angiogenic Treatment

Another aspect is how targeting tumor and stromal metabolism can influence efficacy of anti-angiogenic compounds. Navarro et al. could demonstrate that vascular normalization by anti-angiogenic therapy modulates tumor cell metabolism away from glycolysis towards OxPhos. This sensitized tumor cells to the mitochondrial inhibitor ME344. ME344 acted synergistically with several anti-angiogenic compounds among them regorafenib which showed resistance as a single-agent (84). A phase 0/I trial demonstrated an increased efficacy of ME344 plus bevacizumab compared to bevacizumab as monotherapy in treatment naïve breast cancer (85). Besides the fact that this concept is innovative it is one of the very few trials that demonstrates efficacy of anti-angiogenic/targeted therapies without conventional chemotherapy and beyond in the neoadjuvant setting. Whether and how this concept is effective in metastatic diseases has to be further pursued.




Dosing of Anti-Angiogenic Therapies

Accumulating evidence suggests that dosing of anti-angiogenic therapy is more complex than previously thought, especially compared to intense multi-substance chemotherapy regimens. Dose escalation of bevacizumab from 5 mg/kg to 10 mg/kg in combination with fluorouracil and leucovorin failed to further improve survival and response to treatment compared to fluorouracil and leucovorin alone in patients with metastatic colorectal cancer. Furthermore, only the lower dose of bevacizumab showed a significant improvement in response rates not the high dose (11).

Reasons for this clinical finding can be multifaceted. Besides biases from the study design and patient recruitment of this study a potential mechanism behind this is related to the window of normalization, in which structural and functional abnormalities of insufficient tumor vessels become corrected improving delivery of chemotherapy. This is dose and time-dependent and varies from tumor entity to entity and potentially from patient to patient making clinical application and patient selection even more complicated (86, 87). Preclinical data strongly support the context that a maximum reduction of both tumor and stromal cell derived VEGF can cause detrimental effects rather than improving cancer outcome (88, 89). Additionally, dose reductions of VEGF inhibition alone or in combination with the inhibition of other pro-angiogenic pathways demonstrated to be superior to higher doses, e.g. in terms of hypoxia (22, 23).

Prior to the introduction of novel anti-angiogenic treatments to clinical application, lessons learned regarding the importance of dosing of anti-angiogenic therapies should be considered.



ECM Components of the Tumor Stroma


Empty Basement Membrane Sleeves

Another important question with high clinical relevance is how the (metastatic) tumor reacts on a therapy pause due to drug intolerance, scheduled drug holiday or prior surgery. In several murine tumor models, both murine orthotopic and subcutaneous models, intense VEGF withdrawal eliminates the endothelial compartment of a tumor blood vessel but spares vascular support structures, e.g. the basement membrane and pericytes (14, 82, 83). Following interruption of VEGF blockade endothelial cells rapidly regrow into these scaffolds (90).

Besides of tumor cells and stromal cells solid tumors are composed of extracellular matrix (ECM).

It was observed that VEGF blockade induces the deposition of extracellular matrix (ECM) consisting of collagen I and IV, hyaluronic acid and glycosaminoglycans. This is the case in both murine primary tumors, murine and human metastasis (22, 91). Constant deposition of these ECM components over time contributes to an increased stiffness within tumors. This contributes to therapy resistance by several proposed mechanisms. The increased intratumoral mechanical force compresses tumor blood vessels which hinders delivery of cytostatic therapy (92–94).



ECM Deposition in Response to VEGF Inhibition in Mice and Humans

Desmoplastic stromal compositions are known to be associated with poor patient outcome e.g. in pancreatic cancer independent of anti-angiogenic therapy (95), it is therefore particular detrimental that VEGF inhibition might even exacerbate this situation and potentially contributes to primary resistance of anti-angiogenic drugs in several cancer entities. A potential strategy to neutralize deposition of extracellular matrix as a response to VEGF inhibition in colorectal cancer liver metastases has been proposed in murine tumor models. Additional therapy with polyethylene glycol conjugated (PEG) hyaluronidase in combination with VEGF inhibition led to a significant reduction of hyaluronic acid in murine colorectal liver metastases compared VEGF blockade as monotherapy (91). Combination treatment of B20.4-1.1, a monoclonal VEGF neutralizing antibody, and PEG- hyaluronidase significantly improved tumor tissue perfusion with Hoechst 33342, a surrogate marker for delivery of cytostatic therapy compared to B20 alone. Furthermore, the combination therapy in conjunction with 5-FU significantly prolonged mice survival compared to B20 alone.

To summarize, deposition of excessive amounts of extracellular matrix components as response to anti-VEGF therapy might represent a targetable mechanism of acquired resistance of the metastatic microenvironment which warrants further investigation.




Stiffness/Metastasis-Associated Fibroblasts

Primary tumors and metastasis are composed of tumor cells and stromal cells and a considerable amount of extracellular matrix (ECM). Structurally and functionally this tumor ECM composes basement membranes of mainly tumor blood vessels and the ECM of the interstitium (96). The latter besides mechanical and secretory functions that are comparable to healthy organs, significantly contributes to cancer disease progression (97) by several mechanisms. Besides storing growth factors (97) and serving as migration scaffold for several cell types, the ECM contributes to a mechanical phenomenon called tumor stiffness. Stiffness is defined as the capacity of a tissue to resist mechanical force and is composed in tumors mainly by the ECM. Increased tumor stiffness has been identified as a prognostic factor correlated with poor prognosis in several cancer entities (98). A significant determinant of stiffness in tumors is the activation state of cancer associated fibroblasts (CAFs). Activated CAFs induce a constant production of extracellular matrix components such as collagen I and fibronectin, growth factors and employ contractile forces that transforms tissue composition to increase stiffness (92, 93). Increased tissue stiffness has long been considered as resistance factor for anti-angiogenic therapy. Specifically, a role as resistance factor for efficacy of anti-angiogenic therapy in metastasis has recently confined by Shen et al. They could demonstrate that colorectal cancer liver metastases (CRCLM) show a significantly higher rate of stiffness than primary colorectal tumors. Increased stiffness was mainly driven by activation of metastasis associated fibroblasts (MAFs). These MAFs together with the non-cellular tumor stroma composed a proangiogenic microenvironment. MAF activation and stiffness could be targeted by inhibitors of the renin-angiotensin-system (RAS). In CRCLM pharmacological targeting of metastasis stiffness with RAAS inhibitors produced favorable outcomes in conjunction with bevacizumab and chemotherapy compared to chemotherapy and bevacizumab alone (99), compare Figure 3. These findings elaborate a mode of resistance against anti-angiogenic therapy specifically for the metastatic environment and suggest a potent and already clinically approved strategy to overcome this mode (100).




Figure 3 | Complex interactions between endothelium and cellular and non-cellular components of the extracellular tumor matrix. Increased tumor stiffness which is in part provoked by AAT itself leads to poor response to AAT and chemotherapy. Tumor stiffness can be targeted by inhibitors of the RAAS, sensitizing patients to therapy. EC, Endothelium; ECM, extracellular matrix; CAF, cancer-associated fibroblast; AAT, anti-angiogenic therapy; RAAS, renin-angiotensin-aldosteron-system.




YAP/TAZ as Multi-Faceted Approach to Overcome Resistance

Another very interesting aspect is the role of endothelial YAP (Yes-associated protein) and TAZ (transcriptional coactivator with PDZ-binding motif) which are important regulators of vascular development (101, 102) and are controlled by VEGF and also by mechanical signals (103). Accordingly, YAP/TAZ is involved in both, signaling of the therapeutic target and a potent resistance mechanism of anti-angiogenic therapy in metastatic disease (99). It was recently shown that genetic and pharmacological targeting of endothelial YAP/TAZ inhibits primary colorectal cancer tumor growth in mice. YAP/TAZ nuclear localization was induced by VEGF and TNF and could be inhibited by Verteporfin, a YAP/TAZ inhibitor, in a STAT3 dependent manner (104). Whether pharmacological YAP/TAZ manipulation (105) with verteporfin can be exploited to render (also metastatic) resistance to anti-angiogenic therapy has to be further explored.




Discussion

Anti-angiogenic therapies have become part of many mostly palliative treatment regimens. After very successful preclinical work and promising first clinical trials 20 years ago, anti-angiogenic therapies failed to revolutionize anti-cancer therapies. Resistance appears after time similar to conventional cytostatic drugs. Tremendous efforts have been performed to uncover potential mechanisms of resistance to anti-angiogenic therapies. Though still nearly two decades after clinical approval of bevacizumab, targeting VEGF is the only broadly clinically applied antiangiogenic concept, not only in colorectal cancer.

One major burden in the development of first-generation anti-angiogenic therapy was to disregard several initially already evident facts: (i) subcutaneous murine tumor models are very different to polytopic metastasized human cancers (ii) vessel co-option is insufficiently targetable with VEGF inhibition (iii) though VEGF is a very potent proangiogenic factor many other cytokines can drive angiogenesis instead (iv) the complex microenvironment(s) of polytopic metastasized cancer diseases exploits a plethora of mechanisms to foster tumor progression independent of VEGF.

Accordingly, future studies should engage models that involve metastasis and test their hypothesis in (ideally) large human cohorts. The field has to balance a difficult bargain between two challenges: first, to bring novel strategies that apparently are more effective than ‘just’ inhibiting VEGF quickly to clinical application, among them combined VEGF and ANG-2 blockade or novel metabolism targeted strategies such as PFKFB3 inhibition; and second, to exclude as best as possible that these interventions produce detrimental unwanted modulations of the tumor and its microenvironment that exhaust the beneficial effects that were pronounced in preclinical studies. This has the potential to further improve patients’ outcome in colorectal cancer, brain cancer, ovarian cancer, esophagogastric cancer and many other entities (106).

Additionally, serum biomarkers and radiologic tools, e.g. image guided determination of the vascular normalization windows (107) are urgently needed to be able to pre-select patients. This would spare unnecessary or even harmful treatments for individuals and uncountable costs for health care systems.



Author Contributions

All three authors conceptualized and wrote the paper. All authors
contributed to the article and approved the submitted version.



References

1. Carmeliet, P. Angiogenesis in Health and Disease. Nat Med (2003) 9:653–60. doi: 10.1038/nm0603-653

2. Bergers, G, and Benjamin, LE. Angiogenesis: Tumorigenesis and the Angiogenic Switch. Nat Rev Cancer (2003) 3:401–10. doi: 10.1038/nrc1093

3. Hanahan, D, and Folkman, J. Patterns and Emerging Mechanisms of the Angiogenic Switch During Tumorigenesis. Cell (1996) 86:353–64. doi: 10.1016/S0092-8674(00)80108-7

4. De Spiegelaere, W, Casteleyn, C, Van den Broeck, W, Plendl, J, Bahramsoltani, M, Simoens, P, et al. Intussusceptive Angiogenesis: A Biologically Relevant Form of Angiogenesis. J Vasc Res (2012) 49:390–404. doi: 10.1159/000338278

5. Fernández-Cortés, M, Delgado-Bellido, D, and Oliver, FJ. Vasculogenic Mimicry: Become an Endothelial Cell "But Not So Much". Front Oncol (2019) 9:803. doi: 10.3389/fonc.2019.00803

6. Hanahan, D, and Weinberg, RA. Hallmarks of Cancer: The Next Generation. Cell (2011) 144:646–74. doi: 10.1016/j.cell.2011.02.013

7. Hanahan, D, and Weinberg, RA. The Hallmarks of Cancer. Cell (2000) 100:57–70. doi: 10.1016/S0092-8674(00)81683-9

8. Hanahan, D. Hallmarks of Cancer: New Dimensions. Cancer Discov (2022) 12:31–46. doi: 10.1158/2159-8290.CD-21-1059

9. Folkman, J. Angiogenesis: An Organizing Principle for Drug Discovery? Nat Rev Drug Discov (2007) 6:273–86. doi: 10.1038/nrd2115

10. Folkman, J. Tumor Angiogenesis: Therapeutic Implications. N Engl J Med (1971) 285:1182–6. doi: 10.1056/NEJM197111182852108

11. Kabbinavar, F, Hurwitz, HI, Fehrenbacher, L, Meropol, NJ, Novotny, WF, Lieberman, G, et al. Phase II, Randomized Trial Comparing Bevacizumab Plus Fluorouracil (FU)/Leucovorin (LV) With FU/LV Alone in Patients With Metastatic Colorectal Cancer. JCO (2003) 21:60–5. doi: 10.1200/JCO.2003.10.066

12. Hurwitz, H, Fehrenbacher, L, Novotny, W, Cartwright, T, Hainsworth, J, Heim, W, et al. Bevacizumab Plus Irinotecan, Fluorouracil, and Leucovorin for Metastatic Colorectal Cancer. N Engl J Med (2004) 350:2335–42. doi: 10.1056/NEJMoa032691

13. Jayson, GC, Kerbel, R, Ellis, LM, and Harris, AL. Antiangiogenic Therapy in Oncology: Current Status and Future Directions. Lancet (2016) 388:518–29. doi: 10.1016/S0140-6736(15)01088-0

14. Ferrara, N, Carver-Moore, K, Chen, H, Dowd, M, Lu, L, O'Shea, KS, et al. Heterozygous Embryonic Lethality Induced by Targeted Inactivation of the VEGF Gene. Nature (1996) 380:439–42. doi: 10.1038/380439a0

15. Ferrara, N. Role of Vascular Endothelial Growth Factor in Physiologic and Pathologic Angiogenesis: Therapeutic Implications. Semin Oncol (2002) 29:10–4. doi: 10.1053/sonc.2002.37264

16. Ferrara, N, Hillan, KJ, Gerber, H-P, and Novotny, W. Discovery and Development of Bevacizumab, an Anti-VEGF Antibody for Treating Cancer. Nat Rev Drug Discov (2004) 3:391–400. doi: 10.1038/nrd1381

17. Bergers, G, and Hanahan, D. Modes of Resistance to Anti-Angiogenic Therapy. Nat Rev Cancer (2008) 8:592–603. doi: 10.1038/nrc2442

18. Jain, RK. Normalization of Tumor Vasculature: An Emerging Concept in Antiangiogenic Therapy. Science (2005) 307:58–62. doi: 10.1126/science.1104819

19. Sennino, B, Kuhnert, F, Tabruyn, SP, Mancuso, MR, Hu-Lowe, DD, Kuo, CJ, et al. Cellular Source and Amount of Vascular Endothelial Growth Factor and Platelet-Derived Growth Factor in Tumors Determine Response to Angiogenesis Inhibitors. Cancer Res (2009) 69:4527–36. doi: 10.1158/0008-5472.CAN-08-3779

20. Falcón, BL, Hashizume, H, Koumoutsakos, P, Chou, J, Bready, JV, Coxon, A, et al. Contrasting Actions of Selective Inhibitors of Angiopoietin-1 and Angiopoietin-2 on the Normalization of Tumor Blood Vessels. Am J Pathol (2010) 175:2159–70. doi: 10.2353/ajpath.2009.090391

21. Hashizume, H, Falcón, BL, Kuroda, T, Baluk, P, Coxon, A, Yu, D, et al. Complementary Actions of Inhibitors of Angiopoietin-2 and VEGF on Tumor Angiogenesis and Growth. Cancer Res (2010) 70:2213–23. doi: 10.1158/0008-5472.CAN-09-1977

22. Schiffmann, LM, Brunold, M, Liwschitz, M, Goede, V, Loges, S, Wroblewski, M, et al. A Combination of Low-Dose Bevacizumab and Imatinib Enhances Vascular Normalisation Without Inducing Extracellular Matrix Deposition. Br J Cancer (2017) 116:600–8. doi: 10.1038/bjc.2017.13

23. Coutelle, O, Schiffmann, LM, Liwschitz, M, Brunold, M, Goede, V, Hallek, M, et al. Dual Targeting of Angiopoetin-2 and VEGF Potentiates Effective Vascular Normalisation Without Inducing Empty Basement Membrane Sleeves in Xenograft Tumours. Br J Cancer (2015) 112:495–503. doi: 10.1038/bjc.2014.629

24. Hilberg, F, Roth, GJ, Krssak, M, Kautschitsch, S, Sommergruber, W, Tontsch-Grunt, U, et al. BIBF 1120: Triple Angiokinase Inhibitor With Sustained Receptor Blockade and Good Antitumor Efficacy. Cancer Res (2008) 68:4774–82. doi: 10.1158/0008-5472.CAN-07-6307

25. Schiffmann, LM, Fritsch, M, Gebauer, F, Günther, SD, Stair, NR, Seeger, JM, et al. Tumour-Infiltrating Neutrophils Counteract Anti-VEGF Therapy in Metastatic Colorectal Cancer. Br J Cancer (2019) 120:69–78. doi: 10.1038/s41416-018-0198-3

26. Hoehler, T, Wichert von, G, Schimanski, C, Kanzler, S, Moehler, MH, Hinke, A, et al. Phase I/II Trial of Capecitabine and Oxaliplatin in Combination With Bevacizumab and Imatinib in Patients With Metastatic Colorectal Cancer: AIO KRK 0205. Br J Cancer (2013) 109:1408–13. doi: 10.1038/bjc.2013.409

27. Srivastava, K, Hu, J, Korn, C, Savant, S, Teichert, M, Kapel, SS, et al. Postsurgical Adjuvant Tumor Therapy by Combining Anti-Angiopoietin-2 and Metronomic Chemotherapy Limits Metastatic Growth. Cancer Cell (2014) 26:880–95. doi: 10.1016/j.ccell.2014.11.005

28. Park, J-S, Kim, I-K, Han, S, Park, I, Kim, C, Bae, J, et al. Normalization of Tumor Vessels by Tie2 Activation and Ang2 Inhibition Enhances Drug Delivery and Produces a Favorable Tumor Microenvironment. Cancer Cell (2016) 30:953–67. doi: 10.1016/j.ccell.2016.10.018

29. Mazzieri, R, Pucci, F, Moi, D, Zonari, E, Ranghetti, A, Berti, A, et al. Targeting the ANG2/TIE2 Axis Inhibits Tumor Growth and Metastasis by Impairing Angiogenesis and Disabling Rebounds of Proangiogenic Myeloid Cells. Cancer Cell (2011) 19:512–26. doi: 10.1016/j.ccr.2011.02.005

30. Sheridan, C. Amgen's Angiopoietin Blocker Fails in Ovarian Cancer. Nat Biotechnol (2015) 33:5–6. doi: 10.1038/nbt0115-5

31. Bendell, JC, Sauri, T, Gracián, AC, Alvarez, R, López-López, C, García-Alfonso, P, et al. The McCAVE Trial: Vanucizumab Plus mFOLFOX-6 Versus Bevacizumab Plus mFOLFOX-6 in Patients With Previously Untreated Metastatic Colorectal Carcinoma (mCRC). Oncologist (2020) 25:e451–9. doi: 10.1634/theoncologist.2019-0291

32. Hidalgo, M, Martinez-Garcia, M, Le Tourneau, C, Massard, C, Garralda, E, Boni, V, et al. First-In-Human Phase I Study of Single-Agent Vanucizumab, A First-In-Class Bispecific Anti-Angiopoietin-2/Anti-VEGF-A Antibody, in Adult Patients With Advanced Solid Tumors. Clin Cancer Res (2018) 24:1536–45. doi: 10.1158/1078-0432.CCR-17-1588

33. Shojaei, F, and Ferrara, N. Refractoriness to Antivascular Endothelial Growth Factor Treatment: Role of Myeloid Cells. Cancer Res (2008) 68:5501–4. doi: 10.1158/0008-5472.CAN-08-0925

34. Huijbers, EJM, van Beijnum, JR, Thijssen, VL, Sabrkhany, S, Nowak-Sliwinska, P, and Griffioen, AW. Role of the Tumor Stroma in Resistance to Anti-Angiogenic Therapy. Drug Resist Updates (2016) 25:26–37. doi: 10.1016/j.drup.2016.02.002

35. van Beijnum, JR, Nowak-Sliwinska, P, Huijbers, EJM, Thijssen, VL, and Griffioen, AW. The Great Escape; the Hallmarks of Resistance to Antiangiogenic Therapy. Pharmacol Rev (2015) 67:441–61. doi: 10.1124/pr.114.010215

36. Hasnis, E, Alishekevitz, D, Gingis-Veltski, S, Bril, R, Fremder, E, Voloshin, T, et al. Anti-Bv8 Antibody and Metronomic Gemcitabine Improve Pancreatic Adenocarcinoma Treatment Outcome Following Weekly Gemcitabine Therapy. Neoplasia (2014) 16:501–10. doi: 10.1016/j.neo.2014.05.011

37. Zhou, G, Peng, K, Song, Y, Yang, W, Shu, W, Yu, T, et al. CD177+ Neutrophils Suppress Epithelial Cell Tumourigenesis in Colitis-Associated Cancer and Predict Good Prognosis in Colorectal Cancer. Carcinogenesis (2018) 39:272–82. doi: 10.1093/carcin/bgx142

38. De Palma, M, Venneri, MA, Galli, R, Sergi Sergi, L, Politi, LS, Sampaolesi, M, et al. Tie2 Identifies a Hematopoietic Lineage of Proangiogenic Monocytes Required for Tumor Vessel Formation and a Mesenchymal Population of Pericyte Progenitors. Cancer Cell (2005) 8:211–26. doi: 10.1016/j.ccr.2005.08.002

39. De Palma, M, and Naldini, L. Angiopoietin-2 TIEs Up Macrophages in Tumor Angiogenesis. Clin Cancer Res (2011) 17:5226–32. doi: 10.1158/1078-0432.CCR-10-0171

40. Fiedler, U, Reiss, Y, Scharpfenecker, M, Grunow, V, Koidl, S, Thurston, G, et al. Angiopoietin-2 Sensitizes Endothelial Cells to TNF-α and has a Crucial Role in the Induction of Inflammation. Nat Med (2006) 12:235–9. doi: 10.1038/nm1351

41. Schmittnaegel, M, Rigamonti, N, Kadioglu, E, Cassará, A, Wyser Rmili, C, Kiialainen, A, et al. Dual Angiopoietin-2 and VEGFA Inhibition Elicits Antitumor Immunity That is Enhanced by PD-1 Checkpoint Blockade. Sci Trans Med (2017) 9:eaak9670. doi: 10.1126/scitranslmed.aak9670

42. Griffioen, AW, Damen, CA, Blijham, GH, and Groenewegen, G. Tumor Angiogenesis Is Accompanied by a Decreased Inflammatory Response of Tumor-Associated Endothelium. Blood (1996) 88:667–73. doi: 10.1182/blood.V88.2.667.bloodjournal882667

43. Griffioen, AW, Damen, CA, Martinotti, S, Blijham, GH, and Groenewegen, G. Endothelial Intercellular Adhesion Molecule-1 Expression is Suppressed in Human Malignancies: The Role of Angiogenic Factors. Cancer Res (1996) 56:1111–7.

44. Chua, W, Charles, KA, Baracos, VE, and Clarke, SJ. Neutrophil/lymphocyte Ratio Predicts Chemotherapy Outcomes in Patients With Advanced Colorectal Cancer. Br J Cancer (2011) 104:1288–95. doi: 10.1038/bjc.2011.100

45. He, S, Lamers, GE, Beenakker, J-WM, Cui, C, Ghotra, VP, Danen, EH, et al. Neutrophil-Mediated Experimental Metastasis Is Enhanced by VEGFR Inhibition in a Zebrafish Xenograft Model. J Pathol (2012) 227:431–45. doi: 10.1002/path.4013

46. Passardi, A, Scarpi, E, Cavanna, L, Dall’Agata, M, Tassinari, D, Leo, S, et al. Inflammatory Indexes as Predictors of Prognosis and Bevacizumab Efficacy in Patients With Metastatic Colorectal Cancer. Oncotarget (2016) 7:33210–9. doi: 10.18632/oncotarget.8901

47. Freire Valls, A, Knipper, K, Giannakouri, E, Sarachaga, V, Hinterkopf, S, Wuehrl, M, et al. VEGFR1+ Metastasis-Associated Macrophages Contribute to Metastatic Angiogenesis and Influence Colorectal Cancer Patient Outcome. Clin Cancer Res (2019) 25:5674–85. doi: 10.1158/1078-0432.CCR-18-2123

48. Ribas, A, and Wolchok, JD. Cancer Immunotherapy Using Checkpoint Blockade. Science (2018) 359:1350–5. doi: 10.1126/science.aar4060

49. Xia, A, Zhang, Y, Xu, J, and Yin, T. Lu X-J. T Cell Dysfunction in Cancer Immunity and Immunotherapy. Front Immunol (2019) 10:1719. doi: 10.3389/fimmu.2019.01719

50. Fukumura, D, Kloepper, J, Amoozgar, Z, Duda, DG, and Jain, RK. Enhancing Cancer Immunotherapy Using Antiangiogenics: Opportunities and Challenges. Nat Rev Clin Oncol (2018) 15:325–40. doi: 10.1038/nrclinonc.2018.29

51. Lee, WS, Yang, H, Chon, HJ, and Kim, C. Combination of Anti-Angiogenic Therapy and Immune Checkpoint Blockade Normalizes Vascular-Immune Crosstalk to Potentiate Cancer Immunity. Exp Mol Med (2020) 52:1475–85. doi: 10.1038/s12276-020-00500-y

52. Stockmann, C, Schadendorf, D, Klose, R, and Helfrich, I. The Impact of the Immune System on Tumor: Angiogenesis and Vascular Remodeling. Front Oncol (2014) 4:69. doi: 10.3389/fonc.2014.00069

53. Khan, KA, and Kerbel, RS. Improving Immunotherapy Outcomes With Anti-Angiogenic Treatments and Vice Versa. Nat Rev Clin Oncol (2018) 15:310–24. doi: 10.1038/nrclinonc.2018.9

54. Huinen, ZR, Huijbers, EJM, van Beijnum, JR, Nowak-Sliwinska, P, and Griffioen, AW. Anti-Angiogenic Agents - Overcoming Tumour Endothelial Cell Anergy and Improving Immunotherapy Outcomes. Nat Rev Clin Oncol (2021) 18:527–40. doi: 10.1038/s41571-021-00496-y

55. Kather, JN, Suarez-Carmona, M, Charoentong, P, Weis, C-A, Hirsch, D, Bankhead, P, et al. Topography of Cancer-Associated Immune Cells in Human Solid Tumors. Elife (2018) 7:e36967. doi: 10.7554/eLife.36967

56. Kuczynski, EA, Vermeulen, PB, Pezzella, F, Kerbel, RS, and Reynolds, AR. Vessel Co-Option in Cancer. Nat Rev Clin Oncol (2019) 16:469–93. doi: 10.1038/s41571-019-0181-9

57. Donnem, T, Hu, J, Ferguson, M, Adighibe, O, Snell, C, Harris, AL, et al. Vessel Co-Option in Primary Human Tumors and Metastases: An Obstacle to Effective Anti-Angiogenic Treatment? Cancer Med (2013) 2:427–36. doi: 10.1002/cam4.105

58. Bridgeman, VL, Vermeulen, PB, Foo, S, Bilecz, A, Daley, F, Kostaras, E, et al. Vessel Co-Option is Common in Human Lung Metastases and Mediates Resistance to Anti-Angiogenic Therapy in Preclinical Lung Metastasis Models. J Pathol (2017) 241:362–74. doi: 10.1002/path.4845

59. Stessels, F, Van den Eynden, G, van der Auwera, I, Salgado, R, Van den Heuvel, E, Harris, AL, et al. Breast Adenocarcinoma Liver Metastases, in Contrast to Colorectal Cancer Liver Metastases, Display a Non-Angiogenic Growth Pattern That Preserves the Stroma and Lacks Hypoxia. Br J Cancer (2004) 90:1429–36. doi: 10.1038/sj.bjc.6601727

60. Valiente, M, Obenauf, AC, Jin, X, Chen, Q, Zhang, XHF, Lee, DJ, et al. Serpins Promote Cancer Cell Survival and Vascular Co-Option in Brain Metastasis. Cell (2014) 156:1002–16. doi: 10.1016/j.cell.2014.01.040

61. Frentzas, S, Simoneau, E, Bridgeman, VL, Vermeulen, PB, Foo, S, Kostaras, E, et al. Vessel Co-Option Mediates Resistance to Anti-Angiogenic Therapy in Liver Metastases. Nat Med (2016) 22:1294–302. doi: 10.1038/nm.4197

62. Cabart, M, Frénel, J-S, Campion, L, Ramée, J-F, Dupuis, O, Senellart, H, et al. Bevacizumab Efficacy Is Influenced by Primary Tumor Resection in First-Line Treatment of Metastatic Colorectal Cancer in a Retrospective Multicenter Study. Clin Colorectal Cancer (2016) 15:e165–74. doi: 10.1016/j.clcc.2016.04.009

63. Haas, G, Fan, S, Ghadimi, M, De Oliveira, T, and Conradi, L-C. Different Forms of Tumor Vascularization and Their Clinical Implications Focusing on Vessel Co-Option in Colorectal Cancer Liver Metastases. Front Cell Dev Biol (2021) 9:612774. doi: 10.3389/fcell.2021.612774

64. Seaman, S, Stevens, J, Yang, MY, Logsdon, D, Graff-Cherry, C, and St Croix, B. Genes That Distinguish Physiological and Pathological Angiogenesis. Cancer Cell (2007) 11:539–54. doi: 10.1016/j.ccr.2007.04.017

65. Cantelmo, AR, Conradi, L-C, Brajic, A, Goveia, J, Kalucka, J, Pircher, A, et al. Inhibition of the Glycolytic Activator PFKFB3 in Endothelium Induces Tumor Vessel Normalization, Impairs Metastasis, and Improves Chemotherapy. Cancer Cell (2016) 30:968–85. doi: 10.1016/j.ccell.2016.10.006

66. Koukourakis, MI, Giatromanolaki, A, Harris, AL, and Sivridis, E. Comparison of Metabolic Pathways Between Cancer Cells and Stromal Cells in Colorectal Carcinomas: A Metabolic Survival Role for Tumor-Associated Stroma. Cancer Res (2006) 66:632–7. doi: 10.1158/0008-5472.CAN-05-3260

67. De Bock, K, Georgiadou, M, and Carmeliet, P. Role of Endothelial Cell Metabolism in Vessel Sprouting. Cell Metab (2013) 18:634–47. doi: 10.1016/j.cmet.2013.08.001

68. Li, X, Sun, X, and Carmeliet, P. Hallmarks of Endothelial Cell Metabolism in Health and Disease. Cell Metab (2019) 30:414–33. doi: 10.1016/j.cmet.2019.08.011

69. Zhang, J, Xue, W, Xu, K, Yi, L, Guo, Y, Xie, T, et al. Dual Inhibition of PFKFB3 and VEGF Normalizes Tumor Vasculature, Reduces Lactate Production, and Improves Chemotherapy in Glioblastoma: Insights From Protein Expression Profiling and MRI. Theranostics (2020) 10:7245–59. doi: 10.7150/thno.44427

70. Rohlenova, K, Veys, K, Miranda-Santos, I, De Bock, K, and Carmeliet, P. Endothelial Cell Metabolism in Health and Disease. Trends Cell Biol (2018) 28(3). doi: 10.1016/j.tcb.2017.10.010

71. Schiffmann, LM, Werthenbach, JP, Heintges-Kleinhofer, F, Seeger, JM, Fritsch, M, Günther, SD, et al. Mitochondrial Respiration Controls Neoangiogenesis During Wound Healing and Tumour Growth. Nat Commun (2020) 11:1231. doi: 10.1038/s41467-020-17472-2

72. Rohlenova, K, Goveia, J, García-Caballero, M, Subramanian, A, Kalucka, J, Treps, L, et al. Single-Cell RNA Sequencing Maps Endothelial Metabolic Plasticity in Pathological Angiogenesis. Cell Metab (2020) 31:862–77.e14. doi: 10.1016/j.cmet.2020.03.009

73. Herkenne, S, Ek, O, Zamberlan, M, Pellattiero, A, Chergova, M, Chivite, I, et al. Developmental and Tumor Angiogenesis Requires the Mitochondria-Shaping Protein Opa1. Cell Metab (2020) 31:987–1003.e8. doi: 10.1016/j.cmet.2020.04.007

74. Coutelle, O, Hornig-Do, H-T, Witt, A, Andree, M, Schiffmann, LM, Piekarek, M, et al. Embelin Inhibits Endothelial Mitochondrial Respiration and Impairs Neoangiogenesis During Tumor Growth and Wound Healing. EMBO Mol Med (2014) 6:624–39. doi: 10.1002/emmm.201303016

75. Diebold, LP, Gil, HJ, Gao, P, Martinez, CA, Weinberg, SE, and Chandel, NS. Mitochondrial Complex III is Necessary for Endothelial Cell Proliferation During Angiogenesis. Nat Metab (2019) 1:158–71. doi: 10.1038/s42255-018-0011-x

76. Conradi, L-C, Brajic, A, Cantelmo, AR, Bouché, A, Kalucka, J, Pircher, A, et al. Tumor Vessel Disintegration by Maximum Tolerable PFKFB3 Blockade. Angiogenesis (2017) 20:599–613. doi: 10.1007/s10456-017-9573-6

77. Vegran, F, Boidot, R, Michiels, C, Sonveaux, P, and Feron, O. Lactate Influx Through the Endothelial Cell Monocarboxylate Transporter MCT1 Supports an NF- B/IL-8 Pathway That Drives Tumor Angiogenesis. Cancer Res (2011) 71:2550–60. doi: 10.1158/0008-5472.CAN-10-2828

78. Fünfschilling, U, Supplie, LM, Mahad, D, Boretius, S, Saab, AS, Edgar, J, et al. Glycolytic Oligodendrocytes Maintain Myelin and Long-Term Axonal Integrity. Nature (2012) 485:517–21. doi: 10.1038/nature11007

79. Allaman, I, Bélanger, M, and Magistretti, PJ. Astrocyte-Neuron Metabolic Relationships: For Better and for Worse. Trends Neurosci (2011) 34:76–87. doi: 10.1016/j.tins.2010.12.001

80. Kisseleva, T, Song, L, Vorontchikhina, M, Feirt, N, Kitajewski, J, and Schindler, C. NF-kappaB Regulation of Endothelial Cell Function During LPS-Induced Toxemia and Cancer. J Clin Invest (2006) 116:2955–63. doi: 10.1172/JCI27392

81. Sehnert, B, Burkhardt, H, Wessels, JT, Schröder, A, May, MJ, Vestweber, D, et al. NF-κb Inhibitor Targeted to Activated Endothelium Demonstrates a Critical Role of Endothelial NF-κb in Immune-Mediated Diseases. Proc Natl Acad Sci USA (2013) 110:16556–61. doi: 10.1073/pnas.1218219110

82. Wenes, M, Shang, M, Di Matteo, M, Goveia, J, Martín-Pérez, R, Serneels, J, et al. Macrophage Metabolism Controls Tumor Blood Vessel Morphogenesis and Metastasis. Cell Metab (2016) 24:701–15. doi: 10.1016/j.cmet.2016.09.008

83. Kes, MMG, Van den Bossche, J, Griffioen, AW, and Huijbers, EJM. Oncometabolites Lactate and Succinate Drive Pro-Angiogenic Macrophage Response in Tumors. Biochim Biophys Acta Rev Cancer (2020) 1874:188427. doi: 10.1016/j.bbcan.2020.188427

84. Navarro, P, Bueno, MJ, Zagorac, I, Mondejar, T, Sanchez, J, Mouron, S, et al. Targeting Tumor Mitochondrial Metabolism Overcomes Resistance to Antiangiogenics. Cell Rep (2016) 15:2705–18. doi: 10.1016/j.celrep.2016.05.052

85. Quintela-Fandino, M, Morales, S, Cortés-Salgado, A, Manso, L, Apala, JV, Muñoz, M, et al. Randomized Phase 0/I Trial of the Mitochondrial Inhibitor ME-344 or Placebo Added to Bevacizumab in Early HER2-Negative Breast Cancer. Clin Cancer Res (2020) 26:35–45. doi: 10.1158/1078-0432.CCR-19-2023

86. Sorensen, AG, Batchelor, TT, Zhang, WT, Chen, PJ, Yeo, P, Wang, M, et al. A “Vascular Normalization Index” as Potential Mechanistic Biomarker to Predict Survival After a Single Dose of Cediranib in Recurrent Glioblastoma Patients. Cancer Res (2009) 69:5296–300. doi: 10.1158/0008-5472.CAN-09-0814

87. Welti, J, Loges, S, Dimmeler, S, and Carmeliet, P. Recent Molecular Discoveries in Angiogenesis and Antiangiogenic Therapies in Cancer. J Clin Invest (2013) 123:3190–200. doi: 10.1172/JCI70212

88. Stockmann, C, Doedens, A, Weidemann, A, Zhang, N, Takeda, N, Greenberg, JI, et al. Deletion of Vascular Endothelial Growth Factor in Myeloid Cells Accelerates Tumorigenesis. Nature (2008) 456:814–8. doi: 10.1038/nature07445

89. Ebos, JML, Lee, CR, Cruz-Munoz, W, Bjarnason, GA, Christensen, JG, and Kerbel, RS. Accelerated Metastasis After Short-Term Treatment With a Potent Inhibitor of Tumor Angiogenesis. Cancer Cell (2009) 15:232–9. doi: 10.1016/j.ccr.2009.01.021

90. Mancuso, MR, Davis, R, Norberg, SM, O'Brien, S, Sennino, B, Nakahara, T, et al. Rapid Vascular Regrowth in Tumors After Reversal of VEGF Inhibition. J Clin Invest (2006) 116:2610–21. doi: 10.1172/JCI24612

91. Rahbari, NN, Kedrin, D, Incio, J, Liu, H, Ho, WW, Nia, HT, et al. Anti-VEGF Therapy Induces ECM Remodeling and Mechanical Barriers to Therapy in Colorectal Cancer Liver Metastases. Sci Trans Med (2016) 8:360ra135–360ra135. doi: 10.1126/scitranslmed.aaf5219

92. Stylianopoulos, T, Martin, JD, Chauhan, VP, Jain, SR, Diop-Frimpong, B, Bardeesy, N, et al. Causes, Consequences, and Remedies for Growth-Induced Solid Stress in Murine and Human Tumors. Proc Natl Acad Sci (2012) 109:15101–8. doi: 10.1073/pnas.1213353109

93. Stylianopoulos, T, Martin, JD, Snuderl, M, Mpekris, F, Jain, SR, and Jain, RK. Coevolution of Solid Stress and Interstitial Fluid Pressure in Tumors During Progression: Implications for Vascular Collapse. Cancer Res (2013) 73:3833–41. doi: 10.1158/0008-5472.CAN-12-4521

94. Chauhan, VP, Boucher, Y, Ferrone, CR, Roberge, S, Martin, JD, Stylianopoulos, T, et al. Compression of Pancreatic Tumor Blood Vessels by Hyaluronan Is Caused by Solid Stress and Not Interstitial Fluid Pressure. Cancer Cell (2014) 26:14–5. doi: 10.1016/j.ccr.2014.06.003

95. Whatcott, CJ, Diep, CH, Jiang, P, Watanabe, A, LoBello, J, Sima, C, et al. Desmoplasia in Primary Tumors and Metastatic Lesions of Pancreatic Cancer. Clin Cancer Res (2015) 21:3561–8. doi: 10.1158/1078-0432.CCR-14-1051

96. Kalluri, R. Angiogenesis: Basement Membranes: Structure, Assembly and Role in Tumour Angiogenesis. Nat Rev Cancer (2003) 3:422–33. doi: 10.1038/nrc1094

97. Malik, R, Lelkes, PI, and Cukierman, E. Biomechanical and Biochemical Remodeling of Stromal Extracellular Matrix in Cancer. Trends Biotechnol (2015) 33:230–6. doi: 10.1016/j.tibtech.2015.01.004

98. Laklai, H, Miroshnikova, YA, Pickup, MW, Collisson, EA, Kim, GE, Barrett, AS, et al. Genotype Tunes Pancreatic Ductal Adenocarcinoma Tissue Tension to Induce Matricellular Fibrosis and Tumor Progression. Nat Med (2016) 22:497–505. doi: 10.1038/nm.4082

99. Shen, Y, Wang, X, Lu, J, Salfenmoser, M, Wirsik, NM, Schleussner, N, et al. Reduction of Liver Metastasis Stiffness Improves Response to Bevacizumab in Metastatic Colorectal Cancer. Cancer Cell (2020) 37:800–17.e7. doi: 10.1016/j.ccell.2020.05.005

100. Zhang, J, and Reinhart-King, CA. Targeting Tissue Stiffness in Metastasis: Mechanomedicine Improves Cancer Therapy. Cancer Cell (2020) 37:754–5. doi: 10.1016/j.ccell.2020.05.011

101. Kim, J, Kim, YH, Kim, J, Park, DY, Bae, H, Lee, D-H, et al. YAP/TAZ Regulates Sprouting Angiogenesis and Vascular Barrier Maturation. J Clin Invest (2017) 127:3441–61. doi: 10.1172/JCI93825

102. Wang, X, Freire Valls, A, Schermann, G, Shen, Y, Moya, IM, Castro, L, et al. YAP/TAZ Orchestrate VEGF Signaling During Developmental Angiogenesis. Dev Cell (2017) 42:462–78.e7. doi: 10.1016/j.devcel.2017.08.002

103. Dupont, S, Morsut, L, Aragona, M, Enzo, E, Giulitti, S, Cordenonsi, M, et al. Role of YAP/TAZ in Mechanotransduction. Nature (2011) 474:179–83. doi: 10.1038/nature10137

104. Shen, Y, Wang, X, Liu, Y, Singhal, M, Gürkaşlar, C, Valls, AF, et al. STAT3-YAP/TAZ Signaling in Endothelial Cells Promotes Tumor Angiogenesis. Sci Signal (2021) 14:eabj8393. doi: 10.1126/scisignal.abj8393

105. Al-Moujahed, A, Brodowska, K, Stryjewski, TP, Efstathiou, NE, Vasilikos, I, Cichy, J, et al. Verteporfin Inhibits Growth of Human Glioma In Vitro Without Light Activation. Sci Rep (2017) 7:7602–8. doi: 10.1038/s41598-017-07632-8

106. Zirlik, K, and Duyster, J. Anti-Angiogenics: Current Situation and Future Perspectives. Oncol Res Treat (2018) 41:166–71. doi: 10.1159/000488087

107. Yang, T, Xiao, H, Liu, X, Wang, Z, Zhang, Q, Wei, N, et al. Vascular Normalization: A New Window Opened for Cancer Therapies. Front Oncol (2021) 11:719836. doi: 10.3389/fonc.2021.719836




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Schiffmann, Bruns and Schmidt. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-12-897927-g001.jpg
AAT
CDUBGRI+  hypoxia 1
‘ ¥

.
proangiogenic signals

%,

insufficient

trafficking
- ‘
ES—

T-cell antitumor immunity |






OEBPS/Images/fonc-12-897927-g003.jpg
CAF

ECM deposition
CAF activation
T oM | Stffesst

! ‘\ AAT |
T Ay

RAAS-
Tahalaaiea






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Resistance Mechanisms of the Metastatic Tumor Microenvironment to Anti-Angiogenic Therapy

      

        		

          Introduction

        



        		

          Alternative Pathways

        

          		

            Targeting the Angiopoietin/TIE2 Axis

          



        



        



        		

          Tumor-Infiltrating Immune Cells

        

          		

            CD11b+ GR1+ Cells

          



          		

            Tumor-Infiltrating Macrophages/Neutrophils Primary Tumor Versus Metastasis

          



          		

            T-Cells/Immunotherapy

          



        



        



        		

          Vessel Co-Option

        

          		

            Vessel Co-Option as Challenge to Target Metastatic Vessels

          



        



        



        		

          Metabolic Reprogramming of the Tumor Microenvironment

        

          		

            Endothelial Cell Metabolism

          



          		

            Endothelial Cell Predilection for Glycolysis

          



          		

            PFKFB3 as Novel Anti-Angiogenic Target

          



          		

            Role of Endothelial Oxidative Phosphorylation in Tumor Angiogenesis

          



          		

            Lactate as Alternative Substrate and Signaling Molecule

          



          		

            Endothelial NF-κB and Metastasis

          



          		

            Modulation of TAM Metabolism as Therapeutic Opportunity

          



          		

            Tumor Cell Metabolism and Anti-Angiogenic Treatment

          



        



        



        		

          Dosing of Anti-Angiogenic Therapies

        



        		

          ECM Components of the Tumor Stroma

        

          		

            Empty Basement Membrane Sleeves

          



          		

            ECM Deposition in Response to VEGF Inhibition in Mice and Humans

          



        



        



        		

          Stiffness/Metastasis-Associated Fibroblasts

        

          		

            YAP/TAZ as Multi-Faceted Approach to Overcome Resistance

          



        



        



        		

          Discussion

        



        		

          Author Contributions

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc.2022.897927_cover.jpg
, frontiers ‘ Frontiers in Oncology

Resistance Mechanisms of the
Metastatic Tumor Microenvironment
to Anti-Angiogenic Therapy





OEBPS/Images/fonc-12-897927-g002.jpg
Tumor
K Lactate Lactate ﬁ
MeT1

O ——
T Ty T B






OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/table1.jpg
Entity Interventional arm NCT number year of registration
Hepatocellular carcinoma Ablative therapy* + Bevacizumab + Atezolizumab NCT04727307 2021
Breast cancer Paclitaxel + Bevacizumab + Atezolizumab NCT04732598 2021
Melanoma Nivolumab+ Axitinb NCT04493203 2020
Breast Cancer Paclitaxel + Bevacizumab + Atezolizumab NCT04408118 2020
Rectal cancer atezolizumab + bevacizumab NCT04017455 2019
NSCLC sintiimab + bevacizumab NCT04213170 2019

NSCLC, non-small cell lung cancer. * radiofrequency ablation.





