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The tumor microenvironment is a highly complex and dynamic mixture of cell types, including tumor, immune and endothelial cells (ECs), soluble factors (cytokines, chemokines, and growth factors), blood vessels and extracellular matrix. Within this complex network, ECs are not only relevant for controlling blood fluidity and permeability, and orchestrating tumor angiogenesis but also for regulating the antitumor immune response. Lining the luminal side of vessels, ECs check the passage of molecules into the tumor compartment, regulate cellular transmigration, and interact with both circulating pathogens and innate and adaptive immune cells. Thus, they represent a first-line defense system that participates in immune responses. Tumor-associated ECs are involved in T cell priming, activation, and proliferation by acting as semi-professional antigen presenting cells. Thus, targeting ECs may assist in improving antitumor immune cell functions. Moreover, tumor-associated ECs contribute to the development at the tumor site of tertiary lymphoid structures, which have recently been associated with enhanced response to immune checkpoint inhibitors (ICI). When compared to normal ECs, tumor-associated ECs are abnormal in terms of phenotype, genetic expression profile, and functions. They are characterized by high proliferative potential and the ability to activate immunosuppressive mechanisms that support tumor progression and metastatic dissemination. A complete phenotypic and functional characterization of tumor-associated ECs could be helpful to clarify their complex role within the tumor microenvironment and to identify EC specific drug targets to improve cancer therapy. The emerging therapeutic strategies based on the combination of anti-angiogenic treatments with immunotherapy strategies, including ICI, CAR T cells and bispecific antibodies aim to impact both ECs and immune cells to block angiogenesis and at the same time to increase recruitment and activation of effector cells within the tumor.
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1 Introduction

The vascular endothelium is a thin heterogeneous monolayer of very specialized cells, the endothelial cells (ECs), that line the luminal side of blood and lymphatic vessels, and form a barrier regulating the passage of substances, cells and pathogens from the blood to the tissues (1).

ECs differ in various organs and along the vascular tree in functions, cellular morphology (size, thickness and position of the nucleus), gene expression profile, cell surface properties, production of extracellular matrix, and expression of intercellular junctions (2, 3). The expression of the most common EC markers, such as CD31, CD34, and von Willebrand Factor (vWF) changes for distinct vessel types and different anatomic compartments of the same organ (4).

ECs are involved in numerous processes including the regulation of vascular hemodynamics, vascular permeability, coagulation, cell extravasation, fibrinolysis, inflammation and angiogenesis, and metabolic homeostasis (1, 3). As ECs are in direct contact with the blood flow, they can sense its hemodynamic changes and respond by the secretion of vasoactive substances. Moreover, ECs are characterized by great plasticity to adjust the vascular system to hemodynamic forces regulating the vascular tone. They instantaneously respond to flow stimuli with changes in cell morphology, electrochemical activities, and gene expression (5, 6). In addition, together with smooth muscle cells of the vessel wall, ECs regulate the blood flow to tissues by adjusting the degree of vascular relaxation/constriction. Blood flow regulation is essential also for the delivery and exchange of oxygen, fluids, nutrients and hormones that occur in the capillaries. The presence or absence of gaps on the endothelial monolayer, and the formation of extensive tight junctions among ECs and pinocytotic vesicles can regulate endothelium permeability and make the endothelium ‘continuous’ (e.g. gut-vascular barrier), ‘fenestrated’ (e.g. glomeruli in the kidney) or ‘discontinuous’ (e.g. liver sinusoids) (1).

Endothelial heterogeneity can arise also in response to stress or pathological conditions. The vascular endothelium is emerging as a dynamic organ able to modulate its environment and respond to external stresses, and as an important paracrine/endocrine organ that releases a wide variety of anti-inflammatory and pro-inflammatory vasoactive molecules, such as nitric oxide (NO), prostacyclin (PGI2), reactive oxygen species, endothelin-1 and tumor necrosis factor-alpha (TNF-α), growth factors, cytokines, metabolites of arachidonic acid and many peptides like endothelin, urotensin, adenosine, purines, and others (7). An imbalance in the synthesis and/or release of such mediators can be caused by stress events, inflammation, hypoxia, and cancer resulting in EC activation and dysfunctional disease-promoting endothelial phenotype (3). Once the activated stressor is removed, activated ECs can return to quiescent status through mechanisms that have not been clarified so far, but that involve EC intrinsic autophagy (8). When compared to normal ECs, tumor-associated ECs are abnormal in terms of phenotype, genetic expression profile, and functions. Tumor blood vessels appear irregular, fragile, and leaky, and the endothelial network seems chaotic with an anomalous blood flow (9–11). Evidence suggests that this abnormal vascular architecture contributes to tumor growth and metastasis (12). Tumor-associated ECs are characterized by great plasticity and the ability to trans-differentiate into mesenchymal cells through a process termed endothelial-to-mesenchymal transition (EndMT). In the context of cancer, EndMT is an important adaptive process of the tumor microenvironment that gives rise to cells with multipotent potential and promotes tumor proliferation, spreading, and resistance to chemotherapy (13).

Tumor-associated ECs exhibit stem cell-like origin thus being crucial for tumor neo-angiogenesis (14–16). Moreover, tumor development results in a hypoxic milieu, which stimulates the expression of hypoxia-inducible factor (HIF), pro-angiogenic chemokines and factors leading to a strong angiogenesis stimulation (17).

Tumor-associated ECs act also as gatekeepers for tumor-infiltrating immune cells and actively participate in the priming, activation, or downregulation of effector immune cells, thereby directly influencing antitumor immunity by mechanisms that remain partially understood. Furthermore, tumor-associated ECs can establish a link with immune checkpoint molecules and influence the response to antitumor therapies (18). They are involved in the formation of tertiary lymphoid structures (TLS) which contribute to boosting immune responses (19).This study aims to examine the critical role of ECs within the tumor microenvironment, with a particular focus on their relationship with immune cells and their impact on immunotherapy. A better understanding of tumor-associated EC functions could help identify tumor-associated EC specific drug targets to improve cancer therapy.




2 Endothelial cells in tumor microenvironment

Compared with ECs under physiological conditions (normal ECs), ECs in tumors display a markedly altered phenotype at the structural, molecular, and functional levels (Table 1). In general, disease promotes a loss of specialized capillary function and the acquisition of specific functions to support cancer cell survival. High tumor cell proliferation, tumor development and growth require the rapid formation of a complex vascular network which ensures sufficient oxygen and energy supply, and facilitates the removal of metabolic waste and carbon dioxide. Tumor growth results in a hypoxic microenvironment that cooperates with oncogenic processes to activate angiogenesis (20, 21). During tumor angiogenesis, ECs actively communicate with other angiogenesis driver cells, including pericytes, vascular smooth muscle cells, macrophages, skeletal muscle cells, and tumor cells through multiple mechanisms, such as cell-cell adhesion, formation of junctional complexes, secretion of paracrine cytokines and metabolites. Together these intercellular communications and the related cellular pathway activation form a very complex integrative signal network that drives angiogenesis and shapes endothelial phenotype (22). The coordinated execution and integration of such complex signaling programs is essential for physiological angiogenesis, while its dysregulation is critically linked to many major human diseases, including cancer. Angiogenesis is regulated by a large number of pro- and anti-angiogenic factors, whose levels dictate whether ECs will be in a quiescent or an angiogenic/activated state. When activators and inhibitors are in balance, the vasculature is quiescent and ECs are non-proliferative. During tumor development, pro-angiogenic factors and pro-angiogenic signaling pathways become dominant. Increased levels of HIF, vascular endothelial growth factor A (VEGFA), platelet-derived growth factor (PDGF), fibroblast growth factors (FGFs) or ANGPT2, as well as pro-angiogenic chemokines and receptors, lead to the “angiogenic switch”, the perpetual activation of ECs and the formation of new vessels from pre-existing vascular beds (23, 24). Through the binding to their receptors (VEGF receptor 2 (VEGFR2), PDGFR, TIE2), greatly upregulate on activated ECs, pro-angiogenic factors increase vascular permeability and promote EC proliferation, migration and assembly (23, 25).


Table 1 | Main features of tumor endothelial cells (ECs).



Moreover, pro-angiogenic factors can activate the genetic reprogramming of tumor-associated ECs supporting a highly proliferative phenotype with a great propensity for migration (26, 27). Hypoxia and reactive oxygen species (ROS) induce genetic and chromosomal instability through an elevated mutational frequency (28, 29). Fluorescence in situ hybridization (FISH) analysis showed that tumor-associated ECs are aneuploidy and have multiple karyotypic aberrations including abnormal multiple centrosomes, deletions and translocations (30). Furthermore, tumor-associated ECs display an aberrant epigenetic profile with silencing occurring in combination with promoter hypermethylation and histone deacetylation of angiogenesis-suppressing genes, and upregulation of genes involved in the control of EC growth and sprouting through DNA hypomethylation (31).

Morphologically tumor-associated ECs are characterized by irregular shape with ruffled margins and many cytoplasmic projections extending outward and across the vessel lumen. The intercellular connections are lost resulting in a defective endothelial monolayer or multiple layers with small and large intercellular gaps or holes, a discontinuous basement membrane, an inconsistent coverage of smooth muscle and abnormal pericytes (9, 10). This irregular and leaky architecture of tumor vessels facilitates the passage of fluid, blood, fibrin and tumor cells into the surrounding tissue promoting tumor metastasis (12). Furthermore, vessel leakiness increases the intratumoral interstitial pressure and reduces perfusion and blood flow causing tumor hypoxia and a metabolic EC switch to anaerobic glycolysis and acidosis (32).

Recent technological advances like single cell RNA sequencing (scRNAseq) were able to elucidate the wide inter- and intratumoral heterogeneity defining cellular subpopulations of tumor-associated ECs and providing functional information of the detected gene expression profiles. Tumor-associated ECs have a higher RNA content (two- to four-fold increase compared with normal EC) due to increased rates of transcription and high metabolic demands of nucleotide biosynthesis (purine and pyrimidine) or oxidative phosphorylation and glycolysis (15, 33). They exhibit elevated expression of the c-Myc transcription factor and its targets involved in tumor angiogenesis (15, 34). Compared with normal ECs, tumor-associated ECs display higher expression of the stem cell marker CD34 and the angiogenesis promoting markers CD61 (Integrin b3) and CD105 (Endoglin) (35), and lower or absent expression of von Willebrand factor (vWF) (36). Moreover, tip tumor-associated ECs express genes associated with EC migration, matrix remodeling and VEGF signaling such as CXCR4, PDGF, and ANGPT2, whereas stalk ECs upregulate genes involved in vessel maturation and integrity as well as DII4-Notch signaling (14, 37). Using scRNAseq in combination with orthogonal bulk multi-omics approaches, Goveia et al. have distinguished different subgroups of arterial, capillary and tip ECs expressing gene signatures related to basement-membrane breaching, vascular integrity, homeostasis, immune cell recruitment, and antigen presentation (14). In addition, they observed that specific EC phenotypes were differentially sensitive to anti-VEGF drugs and VEGFR tyrosine kinase inhibitors; tip and breach tumor-associated ECs were more sensitive to VEGF blockade than postcapillary vein and proliferating ECs, and capillary ECs were less sensitive to VEGFR tyrosine kinase inhibitors (14). Furthermore, the resistance to anti-VEGF therapy is due to the upregulation of alternative pro-angiogenic signals in tumor-associated ECs, such as genes involved in posttranscriptional collagen modification that could represent possible alternative angiogenic candidates (14).

However, selective targeting of different EC subpopulations in vivo is very difficult because of the limited number of truly unique surface molecules. Most of the reported EC targeting approaches are successfully restricted to organ-specific EC and not to a single EC subset (1).

Computational multi-pathway models that integrate multiple cell types and simultaneously simulate cell-cell communication have elucidated the individual molecular and cellular signaling components that function in concert to regulate angiogenesis. These models could also guide experimental studies to uncover new multilevel features of pathological angiogenesis and support the development of therapeutic strategies that target multiple pathways (22).



2.1 Stem-like origin of tumor-associated endothelial cells

The finding that tumor-associated ECs are highly proliferative and display abnormal gene expression profiles and chromosomal instability has suggested a stem cell-like origin. Stem cell-like ECs, also called endothelial progenitor cells (EPCs) with the capacity to self-renew and form blood vessels have been identified at the inner surface of preexisting blood vessels (38, 39). Recently, by scRNAseq several studies have identified ECs with a resident endothelial stem cell signature (14–16). However, the definition, cell lineage, and the specific mechanism by which EPCs differentiate into ECs are not yet known (40). A specific marker to identify EPCs is lacking given that potential typical markers such as CD34, CD31, VEGFR2 and CD133 are shared by vascular ECs and hematopoietic cells (myeloid cells and mesenchymal stem cells) (41). In glioblastoma has been found a CD133+ cancer stem-cell-like population which included a fraction of EPCs (42). Patel et al. have isolated mouse CD34+CD45- vascular endothelial (VE)-cadherin+ EPCs with different expressions of CD31 and VEGFR2 based on the differentiation status which can develop entire blood vessels in wounds, inflamed skin, and tumors (43). Along with CD34 and CD133, tumor-associated ECs exhibit other stem cell markers including CD90, Sca-1, MDR1 ALP, and Oct-4, and form stem cell-like clusters with increased proliferative and invasive capacity and aldehyde dehydrogenase (ALDH) activity involved in resistance to therapy (26, 27, 44, 45).

Moreover, tumor cells can undergo vasculogenic mimicry in which they trans-differentiate into endothelial-like cells with the ability to develop matrix-rich vessel-like networks formed by vessels that do not arise from preexisting vessels (46). Interestingly, it was found that in glioblastoma and lymphoma, tumor cells can give rise to ECs. Indeed, they share the same somatic and cytogenetic mutations (42, 47).

The tumor can also produce molecules such as pleiotrophin and macrophage colony-stimulating factor (M-CSF) which guide the differentiation of monocytes and dendritic cells into endothelial-like cells (48, 49).




2.2 Immunoregulatory properties of tumor-associated endothelial cells

Being endothelium a thin layer of cells that line the interior surface of blood vessels, ECs are in close contact with circulating innate and adaptive immune cells and mediate their interactions with tumor stroma. Tumor-associated ECs play a highly tuned role of sentinels and immune regulators by performing tissue-specific and vessel type-specific immunomodulatory functions including immune cell recruitment, activation and antigen presentation (Figure 1) (10, 50).




Figure 1 | Immunoregulatory properties of tumor endothelial cells (ECs) in the tumor microenvironment. (A) Activated ECs recruit effector immune cells guiding their infiltration into the tumor microenvironment through a multi-staged adhesion process which includes binding of the integrins lymphocyte function-associated antigen-1 (LFA-1) and very late antigen-4 (VLA-4) on T cells to the respective ligands intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion protein-1 (VCAM-1) on tumor-associated ECs. The tumor-deriving cytokines vascular endothelial growth factor (VEGF), endothelin-1 (ET1), EGF-like domain-containing protein 7 (EGFL7), and fibroblast growth factor 2 (FGF2) downregulate gene expression of adhesion molecules and chemoattractants (e.g., CCL2, IL6, CXCL10, and CXCL7) to inhibit immune cell infiltration. Also, nitric oxide (NO) in the tumor microenvironment inhibits immune cell recruitment. Tumor hypoxia results in changes in EC glycosylation which impair adhesion and cell-matrix interactions. Tumor-associated ECs represent a selective barrier that favors regulatory T (Treg) cell traffic by the common lymphatic endothelial and vascular endothelial receptor 1 (CLEVER 1), but represses effector T cells, dendritic cells, natural killer (NK) cells and neutrophil granulocytes promoting immunological tolerance. Tumor-associated ECs can cause desensitization of NK cells through the expression of NKG2D ligands that interact with the receptor NKG2D on NK cells. The intracellular cGAS-cGAMP-STING pathway can enhance adhesion molecules and promote T cell infiltration. Shb deprivation in tumor-associated ECs led to the recruitment of myeloid-derived suppressor cells (MDSCs). (B) IL-8 signaling promotes EC activation and the migration of tumor cells, ECs, and infiltrating neutrophils at the tumor site. Macrophage-derived WNT7B increases VEGFA expression on tumor-associated ECs. Macrophage-derived WNT5A stimulates EC proliferation and migration and upregulates TIE2 in macrophages (MAs) and ECs. Tumor-associated macrophages-derived exosomes suppress EC migration by the miR-146b-5p/TRAF6/NF-kB/MMP2 pathway, whereas M2 macrophage-derived exosomal miR-155-5p and miR-221-5p mediate macrophage-EC interactions. Podoplanin (PDPN) on tumor-associated MAs mediates the attachment of MAs to lymphatic ECs by interaction with Galectin-8 (Gal-8) and stimulates new lymph vessel formation and the migration of tumor cells through the lymphatic system. Tumor-associated MAs express thrombospondin-1 which interacts with CD47 receptor expressed by tumor cells and tumor-associated ECs. Downregulation of CD47 in tumor-associated ECs increases angiogenesis, vascular integrity and stability, VEGF-A and VEGFR2 expression. A bidirectional crosstalk between ECs and B cells is realized by CD40 on microvascular ECs and CD40L on tumor-associated B cells. This interaction increases the EC release of BAFF and APRIL which further enhance the expression of CD40L on B cells. Moreover, tumor-associated B cells stimulate ECs via the signal transducer and activator of transcription 3 (STAT3)-YAP/TAZ signaling. Tumor-associated ECs induce endothelial-like differentiation of immature dendritic cells (iDC) within the tumor microenvironment by the expression of serine/threonine kinase 11 (Stk11). Mast cells release tryptase which acts on the proteinase-activated receptor-2 (PAR-2) stimulating both vascular endothelial and tumor cell proliferation. (C) STING activates also T cells by inducing a strong IFN-β production. The pro-inflammatory tumor-derived cytokines IFN-γ and TNF-α increase the expression of the immune checkpoint ligands programmed death-ligand 1 (PD-L1) and programmed death-ligand 2 (PD-L2) on the tumor-associated EC surface. These ligands bind to the receptor programmed death 1 (PD-1) on T cells inhibiting T cell functions. ECs also induce tumor-infiltrating T cell exhaustion through the glycoprotein nonmetastatic melanoma protein B (GPNMB). Interferon (IFN)-γ, IFN-α and IFN-β upregulate indoleamine 2,3-dioxygenase (IDO) production by tumor-associated ECs promoting the metabolism of tryptophan (Tryp) to kynurenine (Kyn). Tryp depletion inhibits T cell proliferation, whereas Kyn accumulation promotes Treg differentiation and activation. (D) T cell apoptosis is triggered by IDO-mediated Tryp degradation and by upregulation of Fas ligand (FasL) on tumor-associated EC by tumor-derived VEGFA, interleukin (IL)-10 and prostaglandin E2 (PGE2). Tumor-associated ECs acquired the ability to kill effector CD8+ T cells but not Treg cells (due to expression of FoxP3). (E) Tumor-associated ECs can act as semi-professional antigen presenting cells. They can present processed antigens to memory T cells via class I and class II major histocompatibility complex (MHC) molecules, yet they do not express the co-stimulatory molecules CD80 and CD86 required for naïve T cell activation. They express the inducible co-stimulator ligand (ICOSL) which interacts with the receptor ICOS on Treg cells sustaining their activation and proliferation. ICOS/ICOSL interaction also increases the expression of the antiapoptotic protein Bcl-2. ICOSL can bind osteopontin (OPN) promoting EC migration.



Whereas during immune homeostasis ECs allow immune cells to patrol by providing immune surveillance to the surrounding tissues, during inflammation, activated ECs recruit effector immune cells guiding their infiltration into the tumor microenvironment (51). The immune cell extravasation consists of three sequential steps, rolling, adhesion and transmigration (diapedesis) which are mediated by interactions between receptors and ligands on the endothelium and leukocytes, and involve vascular adhesion molecules and chemokines (Figure 1A). Initially, leukocytes establish transient selectin-mediated interactions with ECs, roll along the vessel wall, and are activated by chemokines presented on the endothelial surface. These chemokines by binding G protein-coupled receptor (GPCR) on leukocytes trigger an intracellular signaling cascade that induces the integrin-mediated firm adhesion of leukocytes by upregulation of integrin affinity for their respective ligands on ECs. As a last step, leukocytes pass across the vascular basement membrane and migrate along a chemotactic gradient toward the site of tissue damage (52, 53). Among the interactions between adhesion molecules and adhesion receptors, the binding of the integrins leukocyte function-associated antigen-1 (LFA-1) and very late activated antigen-4 (VLA-4) on T cells to the respective ligands intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) on ECs critically regulates leukocyte adhesion and spreading (54).

During pathological processes, such as chronic inflammation and cancer, the decrease of expression of leukocyte adhesion molecules along with endothelium dysfunction and endothelial anergy (the lack of response to inflammatory activation) can strongly impair immune cell migration and tissue infiltration. Specifically, tumors secrete cytokines such as VEGF, endothelin 1, EGF-like domain-containing protein 7 (EGFL7), and fibroblast growth factor 2 (FGF2) which induce downregulation of endothelial expression of selectins, adhesion molecules, chemokines to inhibit leukocytes migration and generate a tumor immune-privileged microenvironment (10). Also, NO in the tumor microenvironment inhibits immune cell recruitment (55). Shb deprivation in tumor-associated ECs enhances the recruitment of myeloid-derived suppressor cells (MDSCs) that confer a suppressive immune response, thus promoting tumor metastasis (56) (Figure 1A).

Tumor-associated ECs can establish a selective barrier allowing specific T cell subsets to infiltrate the tumor site more effectively. They favor Treg cell traffic (57), but repress effector T cells, dendritic cells, NK cells and neutrophil granulocytes promoting immunological tolerance (52).

Upon inflammation, tumor-associated ECs can also enhance the expression of specific adhesion markers, such as the common lymphatic endothelial and vascular endothelial receptor 1 (CLEVER 1), to direct immune cells. CLEVER 1 is constitutively expressed on lymphatic EC, on sinusoidal EC in the liver and spleen, and on high endothelial venules (HEVs), and its expression can be induced on tumor-associated EC in blood vessels, where it favors selective transmigration of Treg cells and type II macrophages from the blood into the tumor (58–61).

Changes in EC glycosylation promoted by the tumor hypoxic milieu contribute to EC dysfunction impairing endothelial barrier function, adhesion, cell-matrix interactions and cell signaling (62) (Figure 1A). Moreover, tumor hypoxia induces the chronic release of pro-angiogenic factors resulting in EC anergy (63). Of note, EC anergy is a reversible process and may be used as a therapeutic strategy. Preclinical data show that blocking the aforementioned mechanisms in tumor ECs increases the antitumor immune response. For instance, anti Clever 1 antibody treatment reduces the recruitment of Treg into the tumor and decreases tumor progression in vivo (59). Anti-VEGF therapies may contribute to the reprogramming of the tumor microenvironment supporting EC activation and effector T cell recruitment (64).

Through the expression of NKG2D ligands, tumor-associated ECs can interact with NK cells causing desensitization of antitumor NK responses (65) (Figure 1A). Moreover, cytokines such as TNF-α and IL-1β activate ECs and induce the release of CCL2 and CCL7 that recruit NK cells and the expression of ICAM-1 and VCAM-1 that enable a stable contact between ECs and NK cells. These findings suggest that these molecules might be potential targets to enhance NK cell infiltration into solid tumors and to increase the antitumor efficacy of NK cell therapy (66).

Tumor-associated ECs can interact with tumor-associated macrophages (Figure 1B) enhancing the metastatic potential of tumor cells by increasing endothelial permeability which promotes circulating tumor cell adhesion and transmigration into the tissue (67). In epithelial ovarian cancer, tumor-associated macrophages stimulate EC function by IL-8 production (Figure 1B) (68). IL-8 signaling triggers angiogenic responses in ECs, promotes proliferation and survival of endothelial and tumor cells, and increases the migration of tumor cells, ECs, and infiltrating neutrophils at the tumor site. In addition, stress and drug-induced IL-8 signaling has been shown to confer chemotherapeutic resistance in cancer cells (69).

Moreover, tumor-associated macrophages express high levels of WNT family proteins, especially of WNT7B and WNT5A (Figure 1B). WNT7B promotes the angiogenic switch and vascular remodeling by increasing VEGFA expression on tumor-associated ECs (70). WNT5A stimulates EC proliferation and migration and upregulates TIE2 in macrophages and ECs (71). TIE2-expressing macrophages can mimic vascular structure through the expression of EC markers and the formation of capillary-like structures in response to VEGF, paving the way for vessel maturation with replacement by true ECs (71). TIE2 is also involved in the regulation of endothelial permeability (72). Tumor-associated macrophage-derived exosomes can suppress EC migration by the miR-146b-5p/TRAF6/NF-kB/MMP2 pathway, and epithelial ovarian cancer-derived exosomes can reverse this process (73). In addition, M2 macrophage-derived exosomal miR-155-5p and miR-221-5p are involved in macrophage-EC interactions. By suppressing E2F2 expression in ECs, they promote angiogenesis and support the development of pancreatic ductal adenocarcinoma (74, 75). In breast cancer, a tumor-associated macrophage subset expressing podoplanin (PDPN) is involved in the attachment of this macrophage subset to lymphatic ECs. PDPN interacts with Gal-8 on lymphatic ECs to promote new lymph vessel formation and the migration of tumor cells through the lymphatic system. Experimental removal of PDPN-expressing macrophages or inhibition of Gal-8 significantly reduces tumor metastasis in mouse breast cancer models (76). Tumor-associated macrophages express the signal-regulatory protein α (SIRPα) and the thrombospondin-1 which interact with the CD47 receptor, a don’t eat me signal, expressed by tumor cells and tumor-associated ECs. Interestingly, the downregulation of CD47 in tumor-associated ECs increases angiogenesis, vascular integrity and stability, VEGF-A and VEGFR2 expression and promotes tumor growth (77). Thus, although the treatment with antibodies against CD47 can induce antitumor immune responses by blocking the inhibitory CD47-SIRPα signaling in tumor cells, it may also potentially promote tumor progression by blocking CD47 signaling in ECs. Furthermore, blocking CD47 confers radioresistance to ECs in vitro and protects soft tissue, bone marrow, and tumor-associated leukocytes in irradiated mice (78).

In chronic lymphocytic leukemia, it has been observed that the constitutive release of soluble BAFF and APRIL increased upon engagement of CD40 on microvascular ECs by CD40L aberrantly expressed on tumor cells. Endothelial BAFF and APRIL further amplified chronic lymphocytic leukemia cell survival by enhancing the expression of leukemic CD40L suggesting a bidirectional crosstalk between ECs and B cells (Figure 1B) (79). Moreover, tumor-associated B cells stimulate ECs via the signal transducer and activator of transcription 3 (STAT3)-YAP/TAZ signaling promoting tumor angiogenesis (Figure 1B) (80, 81).

In esophageal squamous cell carcinoma, the concomitant presence of tumor cells expressing high levels of high-mobility group box 1 (HMGB1) and peritumoral regions with high density of proliferating B cells is an unfavorable prognostic factor. These B cells activate pro-angiogenic phenotypes and promote the growth of both ECs and tumor cells (82)).

Altogether these findings identify (STAT3)-YAP/TAZ signaling, proliferating B cells as well as HMGB1 signals as potential therapeutic targets for anti-angiogenesis therapy.

ECs can regulate dendritic cell differentiation by the expression of serine/threonine kinase 11 (Stk11) (Figure 1B). Deletion of Stk11 in mouse ECs strongly reduces mature DC numbers and increases spontaneous tumorigenesis (83). The activation of MAPK/ERK1/2 signaling stimulates immature DCs to undergo endothelial-like differentiation within the tumor microenvironment derived from the human esophageal squamous cell carcinoma cells and represents an alternative pathway of tumor angiogenesis (84, 85).

Mast cells can also modulate angiogenesis through the release of classical pro-angiogenic factors and nonclassical pro-angiogenic granule-associated mediators. One of the latter is the tryptase which is released by mast cells after c-Kit receptor activation. Tryptase acts on the proteinase-activated receptor-2 (PAR-2) stimulating both vascular endothelial and tumor cell proliferation (Figure 1B) (86).

ECs are also the main source of spontaneous IFN-β production in growing tumors, a molecule involved in the generation of spontaneous antitumor immune responses (87). The release of IFN-β upon recognition of intracellular foreign nucleic acids is driven by the cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) pathway, which has emerged as a critical link between innate and adaptive immunity (88) (Figure 1C). It has been demonstrated that intratumoral administration of exogenous cGAMP or STING agonist (cyclic diguanylate monophosphate; c-di-GMP) increases endothelial STING expression and IFN-β release and strongly boosts antitumor immunity leading to control of tumor growth in a mouse model of melanoma, breast cancer and glioma (87, 89–92). In murine glioblastoma models, treatment with STING agonists associated with biodegradable intracranial implants has demonstrated a profound shift in the tumor immune landscape, with massive intratumoral infiltration of innate immune cells, such as NK cells, and an increase in survival (89). This finding warrants further examination of STING agonists alone or in combination with other immunotherapies. The combination of cytotoxic cationic silica nanoparticles (CSiNPs) with STING agonists can activate tumor-infiltrating antigen-presenting cells resulting in increased expansion of antigen specific CD8+ T cells, and potent tumor growth inhibition in murine melanoma (93). Despite the very encouraging preclinical results, limitations to the use of CSiNPs-STING agonists in anticancer therapy lie in their chemical features.

Endothelial STING expression is also associated with normalizing of tumor blood vessels, increased adhesion molecule expression, enhanced T cell infiltration, and prolonged survival in human colon and breast cancer (94).

In addition, STING activation synergizes with VEGFR2 blockade and/or immune checkpoint inhibitors (ICI) leading to normalization of the tumor vasculature and the tumor microenvironment, significant upregulation of adhesion molecules (ICAM-1 and VCAM-1) on ECs, and complete regression of immunotherapy-resistant tumors (90, 94). Further examination of this combination strategy of STING-based immunotherapy is ongoing in clinical trials.

The pro-inflammatory cytokines IFN-γ and TNF-α enhance the expression of the immune checkpoint ligands programmed death-ligand 1 (PD-L1) and programmed death-ligand 2 (PD-L2) on the tumor-associated EC surface. These ligands bind to the receptor programmed death 1 (PD-1) on T cells inhibiting T cell functions (Figure 1C). Recently, Sakano et al. have demonstrated that hepatocellular carcinoma-associated ECs can induce tumor-infiltrating T cell exhaustion through the expression of the glycoprotein nonmetastatic melanoma protein B (GPNMB), suggesting that GPNMB might be a novel therapeutic target in hepatocellular carcinoma (95) (Figure 1C).

Upon type I and type II IFN stimulation, tumor-associated ECs can express high levels of the immunosuppressive enzyme indoleamine 2,3‐dioxygenase (IDO) which is associated with T cell apoptosis, inhibition of T cell proliferation and activation of Treg cells (96, 97) (Figures 1C, D). IDO inhibition has been shown to enhance the efficacy of ICI and represents a promising strategy for cancer therapy. The combination of ICI with IDO inhibitors yields a synergistic effect in the activation of antitumor immune responses, and clinical trials to evaluate their efficacy are ongoing (98, 99).

Tumor-derived VEGFA, IL-10 and prostaglandin E2 cooperatively induce upregulation of the death mediator Fas ligand (FasL) in ECs which gain the ability to kill effector CD8+ T cells but not Treg cells (due to expression of FoxP3) (100) (Figure 1D). Pharmacological inhibition of these factors results in lower FasL expression on ECs and higher CD8+ T cell infiltration by preventing effector T cell apoptosis (100).

In addition, tumor-associated ECs can act as semi-professional antigen presenting cells and can activate memory T cells. They express both class I and class II MHC molecules and low levels of the co-stimulatory molecules CD40, CD80 and CD86 required for naïve T cell activation. Tumor-associated ECs express the inducible co-stimulator ligand (ICOSL) which sustains activation and proliferation of the Treg population, and increases its suppressor function (101, 102) (Figure 1E).

Moreover, the crosstalk between Treg cells and ECs via ICOS/ICOSL interaction increases the expression of the antiapoptotic protein Bcl-2 on the endothelial surface and improves the sensitivity of B-lymphoma cells towards ABT-199, a potent Bcl-2 inhibitor (103). In addition, a recent study has demonstrated that ICOSL can bind osteopontin, and their interaction induces EC and tumor cell migration (104) (Figure 1E).




2.3 High endothelial venules and tertiary lymphoid structures

If immune responses fail to eradicate the triggering stimulus, the formation of tertiary lymphoid structures (TLS) at sites with persistent inflammatory stimulation takes place. TLS are highly organized cellular aggregates resembling secondary lymphoid organs that develop in non-lymphoid tissues during chronic infectious diseases, autoimmune and inflammatory disorders, and cancers (19, 105). Like secondary lymphoid organs, their organization includes T and B cell compartmentalization, antigen presenting cells such as dendritic cells, stromal cells, conduits, and a highly organized vascular system of HEVs and lymphoid vessels (106–108). Although still partly unclear, TLS generation (Figure 2) is thought to be similar to that of secondary lymphoid organs considering the anatomical resemblance (109). Local production of CXCL13 and IL-7 by lymphocytes or stromal cells recruits lymphoid tissue inducer (LTi) cells (110) which interact with local stromal cells via lymphotoxin-α1β2 (LTα1β2) (111). Th17 cells, B cells, or M1-polarized macrophages can substitute LTi cells in the initiation of TLS genesis in various pathological conditions (112–115). Stromal cells release vascular endothelial growth factor C (VEGFC) which promotes the formation of HEVs and secrete adhesion molecules, such as VCAM1, ICAM1 and mucosal addressin cell adhesion molecule 1 (MADCAM1), and various chemokines, notably CXCL12, CXCL13, CC-chemokine ligand 19 (CCL19) and CCL21 (116). Together, these molecules work in concert to regulate the subsequent recruitment of immune cells and vascularization (117, 118). HEVs are blood vessels located in the TLS periphery and involved in immune cell recruitment and transmigration (119). Similarly to HEVs in lymph nodes, HEVs in TLS allow naïve and memory lymphocytes to pass from the bloodstream into the parenchyma of the tissue where they can interact with their cognate antigen. Moreover, HEV ECs can form pockets, a kind of “waiting areas”, in which lymphocytes reside for several minutes before entering the lymph node (120). Acting as lymphocyte portals, ECs lining HEVs express at their luminal surface high levels of ICAM-1, and depending on the organ and state of maturation, peripheral node addressin (PNAd) and/or mucosal addressin cell adhesion molecule (MAdCAM-1), ligands for the lymphocyte-homing receptor l-selectin (CD62L) that mediate the initial capture and rolling interactions of lymphocytes along the vessel wall (121, 122). Lymphocytes pass through the EC layer of the HEVs, crawl inside the perivascular channel and finally arrive at the lymph node parenchyma (123). Lymphocytes organize into T cell and B cell zones which compose the inner zone of TLS with a central B cell zone surrounded by a peripheral T cell-rich area. B cells undergo antibody class switching and somatic hypermutation becoming antibody-producing plasma cells (124). CD4+ and CD8+ T cells recognize peptide tumor antigens presented by antigen presenting cells and undergo activation, proliferation, and differentiation into CD4+ T follicular helper (TFH) cells and CD8+ effector memory cytotoxic cells which often represent the dominant subsets (124–126). CD4+ T helper 1 (TH1) cells and Treg cells can also be present (127), as well as CD68+ macrophages for clearance of apoptotic cells (128, 129). TFH cells express CXCR5 and migrate at the interface between B and T cell zones, where they support the activation of antigen specific B cells, and the generation of memory B cells and antibody-producing long-lived plasma cells (130–132). A subset of regulatory IL-10+ B cells that coexists with Treg cells has also been described in human breast and ovarian cancers (133, 134).




Figure 2 | Tertiary lymphoid structures (TLS) formation and maturation. When immune responses fail to eradicate the triggering stimulus, the formation of TLS at sites with persistent inflammatory stimulation takes place. Lymphocytes and stromal cells release CXCL13 and IL-7 involved in the recruitment of lymphoid tissue inducer (LTi) cells which interact with local stromal cells via lymphotoxin-α1β2 (LTα1β2). Many immune cells such as B cells, M1 macrophages and Th17 cells can substitute LTi cells in the initiation of TLS genesis in various pathological conditions. Stromal cells secrete vascular endothelial growth factor C (VEGFC) which promotes the formation of the high endothelial venules (HEVs) and release adhesion molecules, such as vascular cell adhesion molecule 1 (VCAM1), intercellular adhesion molecule 1 (ICAM1) and mucosal addressin cell adhesion molecule 1 (MADCAM1), and various chemokines including CXCL12, CXCL13, CCL19 and CCL21. Together, these molecules recruit lymphocytes from HEVs and form a central B cell zone and a peripheral T cell zone enriched with CD8 T cells. CD4 T cells, CD4 T follicular helper (TFH) cells and Treg cells can also be present, as well as CD68+ macrophages and antibody-producing long-lived plasma cells.



Unlike secondary lymphoid organs, TLS lack a capsule and are exposed to local antigens, danger-associated molecular patterns and cytokines. They represent a niche in which immune cells interact with each other and with the surrounding microenvironment to generate or reactivate or potentiate the immune response (135). The presence of TLS has been related to robust immune reactions to clear infections (136), or to severe tissue destruction in autoimmune diseases (137). In tumors, TLS may exert either pro- or anti-tumor activities and their presence has been associated with variable outcomes. Important parameters for the impact of TLS on tumor control are the number, composition, and location. A high number of TLS within tumor microenvironment correlates with increased infiltration of adaptive immune cells and a better prognosis in ovarian carcinoma (138), non-small-cell lung carcinoma (NSCLC) (139), breast (140), renal cell, pancreatic (141), and hepatocellular cancers (142), gastrointestinal tumors (143) and melanoma (125, 144).

The proportion of mature dendritic cells in TLS able to activate effector T cells is strongly associated with better outcome and long survival in NSCLC and rectal cancers (145, 146). High proportions of Treg cells within TLS have been linked to worse outcomes in several types of cancer, including ovarian, breast and hepatocellular cancer (138, 147, 148), and in a mouse lung adenocarcinoma model (149).

The location of TLS is also crucial. The presence of TLS close to tumor beds is associated with favorable patient prognosis. In contrast, their location at a distance from tumor beds, outside the invasive margin, correlates with poor outcome (150).

Emerging evidence associates the presence of preexisting TLS with better response to immune checkpoint-blocking therapies in melanoma (144, 151), sarcoma (152, 153), NSCLC (153–155), renal cell carcinoma (151, 153, 156) and urothelial cancer (153, 157). The mechanism remains still unclear, but it could involve B cells and their interaction with T cells (151). TLS are sites for maturation, selection, clonal amplification, isotype switching of B cells, and generation of antibody-producing plasma cells which contribute to the antitumor response. Moreover, B cells can release an array of cytokines, through which they activate and recruit other immune effector cells, and they may act as antigen presenting cells, driving tumor specific T cell activation and expansion (151). However, pro-antitumor activities have also been described for B cells due to the existence of a heterogeneous population including regulatory B cells with immunosuppressive phenotype (133, 134, 158–160). A better understanding of these specific TLS mediators could optimize treatments aimed at enhancing TLS-dependent antitumor immunity safely and effectively. Recently, antitumor drugs, chemokines, cytokines, agonistic antibodies, and engineered dendritic cells expressing the TH1 cell transcription factor T-bet or CCL21 have been used in combination with traditional antitumor treatments to promote TLS formation, with good results. These agents, in combination, can turn cold immune-suppressed tumors into hot immunogenic tumors, promoting tumor infiltration by effector T cells and increasing the recruitment of immune cells that participate in TLS development (135). In a mouse model of breast and pancreatic tumors, the combined anti-VEGFR2 and anti-PDL1 therapy overcame T cell exhaustion phenotype and increased antitumor immune response stimulating TLS neogenesis (161). In a cohort of 59 patients with pancreatic ductal adenocarcinoma, an intradermal vaccine with an irradiated allogeneic granulocyte colony-stimulating factor (GM-CSF) in combination with cyclophosphamide increased TLS development (162). Furthermore, in patients with cervical neoplasia, enhanced TLS formation and maturation could be observed in regressing lesions after human papillomavirus vaccination (163).




2.4 Tumor-associated endothelial cells and lymphatic vessels

The development of lymphatic vessels and their function are regulated by the VEGFC/VEGFR3 signaling (164). Activation of VEGFC/VEGFR3 signaling in lymphatic endothelial cells (LECs) increases the proliferation of LECs and the formation of lymphatic vessels, leading to the increase of lymphatic metastasis of tumor cells (165). Overexpression of VEGFR3 and its ligand VEGFC has been found in several tumors including colorectal cancer, endometrial, prostate cancer, ovarian carcinoma and breast cancer, and is associated with increased formation of lymphatic vessels, lymph node and distant metastases, as well as a poor prognosis (166–170).

Additionally, the VEGFC/VEGFR3 signaling may also modulate antitumor immune response promoting immune tolerance. VEGFC was found to protect tumors against preexisting antitumor immunity in a mouse melanoma model. In these mice, VEGFC activated LECs were able to cross-present tumor antigens leading to dysfunctional activation of tumor-specific CD8+ T cells (171). Moreover, in patients with acute myeloid leukemia, low-functioning NK cells exhibited great levels of VEGFR3 which promotes chemotherapy resistance (172). In lung adenocarcinoma, tumor-associated macrophages induced the expression of VEGFC and VEGFR3 in tumor cells inducing lymphangiogenesis and metastasis, and VEGFR3 inhibition enhanced lung adenocarcinoma cell chemosensitivity through upregulation of proteins p53 and PTEN (173).

Accordingly, the Food and Drug Administration (FDA) approved several drugs targeting VEGFC/VEGFR3, such as sorafenib, sunitinib, pazopanib, and axitinib, which have given good results in the treatment of renal cell carcinoma, hepatocellular carcinoma, thyroid cancer, gastrointestinal stromal tumors and soft tissue sarcoma (174–184).




2.5 Endothelial-to-mesenchymal transition

Endothelial-to-mesenchymal transition (EndMT) is the phenotypic and functional transformation of endothelial to mesenchymal cells (fibroblast-like cells). During this process, ECs progressively lose their characteristic markers such as CD31, VE-cadherin, VEGFR2, and gain mesenchymal markers including fibroblast-specific protein-1 (FSP1), alpha 2 smooth muscle actin (α-SMA), vimentin and N-cadherin (185). Changes include also loss of the ability to form functional vessels, loss of cell-cell junctions and polarity, and the acquisition of cellular motility, and invasive and contractile properties (186). It occurs during embryonic development and in many pathological conditions including inflammation and cancer. Furthermore, cells in transition show a pro-inflammatory secretory phenotype related to the synthesis of extracellular matrix proteins such as fibronectin and collagens (186).

Numerous studies have demonstrated that TGF-β is the main inducer of EndMT (187–191). Other modulators of EndMT are hypoxia, EC metabolic alterations such as endothelial fatty acid oxidation and epigenetic regulators including microRNAs and long non-coding RNAs (13, 192).

EndMT has now been discovered in several pathologies, and especially in many tumors including colorectal carcinoma (193), pancreatic ductal adenocarcinoma (194), lung cancer (195), or glioblastoma (GBM) (196, 197), esophageal cancer (198), oral squamous carcinoma (199) and breast cancer (200).

During tumor development, ECs predominantly differentiate via EndMT into cancer-associated fibroblasts (CAFs) which contribute to the tumor microenvironmental plasticity and profoundly affect tumor growth and metastases (201). Moreover, EndMT participates in angiogenesis sprouting and vascular remodeling to support tumor cell dissemination, and it is involved in resistance to cancer therapy, such as chemotherapy, anti-angiogenic therapy, and radiation therapy (202). CAFs are known to produce soluble factors (IL-6 and IL-8) associated with chemoresistance and to regulate chemotherapy uptake by capturing active drugs and decreasing the expression of drug transporters. In addition, CAFs protect tumor cells from the oxidative stress induced by chemotherapy (203). Tumor vasculature EndMT-related phenotypic alterations due to fibrotic changes and specific gene loss may result in tumor resistance to and relapse after anti-VEGF therapy. Vascular damage after radiation therapy induces EndMT that reactivates dormant cancer stem cells and supports the shift of tumor associated macrophages toward an M2 phenotype, conferring tumor radioresistance (195).





3 Endothelial cells and tumor progression and metastasis

Among the different cell types involved in tumor progression and metastasis, tumor-associated ECs stand out for their remarkable contribution at different steps of the metastatic process including cell-cell and cell-extracellular matrix adhesions, cell invasion and/or migration and angiogenesis. Tumor-associated ECs participate in blood vessel formation which supports tumor cell growth and dissemination by providing the exit routes for metastasis in distant organs. The abnormal and leaky architecture of tumor blood vessels along with the weakened EC junctions facilitate the detachment of tumor cells from the surrounding matrix, the migration into tumor vessels via binding to the chemokine receptor CXCR7, and the metastatic spread. This metastatic process is also supported by tumor microenvironment deriving pro-inflammatory cytokines (IL-3, IL-6, and IL-8) and growth factors (bFGF, G/GM-CSF, IGF1, PDGF, and TGF-β), as well as other factors like Notch, calcineurin, biglycan, Jag1, and Slit2 (204).

TGF-β induces upregulation of the T cell inhibitory receptor T cell immunoglobulin and mucin domain-3 (TIM-3) on the EC surface and favors tumor cell proliferation, survival and migration by activating NF-κB in melanoma cells in a galectin-9-independent manner (205, 206). TIM-3 expression on lymphoma-derived ECs sustains tumor onset, growth, and dissemination by inhibiting activation of CD4+ T cells and Th1 polarization, and correlates with poor patient outcome (74). Moreover, TIM-3 promotes tube formation and decreases tight junction formation in vascular ECs indicating that TIM-3 expression favors tumor invasion and metastasis by inducing angiogenesis and increasing capillary permeability (207, 208).

Sustained activation of Notch1 signaling in tumor-associated ECs induces VCAM1 expression, neutrophil recruitment and a senescent, pro-inflammatory endothelium which promotes tumor cell adhesion, intravasation and metastasis. In a mouse model of ovarian carcinoma, treatment with VCAM1 and Notch 1 receptor blocking antibodies blocked Notch-driven metastasis (209). Downregulation of the tumor suppressive angiocrine factor Slit2 and upregulation of its inhibitor receptor EphA2 on tumor-associated ECs promote tumor proliferation and motility (210).

PGI2 in the tumor microenvironment can bind to and activate the peroxisome proliferator-activated receptor β/δ (PPAR β/δ) on ECs inducing EC proliferation and angiogenesis (211, 212). PPAR β/δ acts as a critical “hub node” transcription factor that shifts the angiogenic balance towards the pro-angiogenic phenotype favoring tumor development, progression, and metastasis (213–216).

Circulating tumor-associated ECs can also attach to metastasizing tumor cells protecting them from anoikis-mediated apoptosis (apoptosis in cells upon loss of attachment to the extracellular matrix) (217).

Tumor-associated ECs display high expression of B7-H3 (CD276), a critical regulator of the adaptive immune response that can distinguish between physiological and pathological angiogenesis (218, 219). B7-H3 upregulates VEGFA expression and angiogenesis by activating the NF-κB pathway in colorectal cancer and it may be a promising target for colorectal cancer treatment (220). Moreover, tumor-associated endothelial expression of B7-H3 predicts survival in ovarian carcinomas (221) and renal cell carcinomas (222). B7-H3 expression in Merkel cell carcinoma-associated ECs correlates with locally aggressive primary tumor features and increasing vascular density (223).

Tumor-associated ECs can also express CD137 (4-1BB), a member of the TNF receptor superfamily acting as a costimulatory immune receptor. Treatment of tumor-bearing immunocompromised Rag(-/-) mice with agonist CD137 monoclonal antibody not only enhances T cell activation but also stimulates tumor-associated ECs augmenting cell surface expression of ICAM-1, VCAM-1, and E-selectin with consequent promotion of CD8+ T cell recruitment into the malignant tissue (224).

In addition, tumor creates a local milieu favorable for tumor growth and metastasis. In high metastatic tumors, the tumor microenvironment influences EC epigenome promising upregulation of biglycan expression by DNA demethylation and enabling tumor intravasation and metastasis (225).

The tumor-associated EC altered glycosylation of surface adhesion molecules including ICAM-1, VCAM-1, and PECAM, and glycan-binding proteins (lectins) also promote tumor progression and metastasis by modifying the adhesive properties of ECs (62).

Many in vitro and in vivo studies using animal models have demonstrated the pivotal roles of galectins, a family of glycan-binding proteins, in tumor invasiveness, metastasis and angiogenesis (Reviewed in (226):. The blockade of galactin (Gal)-3 with an anti-gal-3 antibody has been shown to inhibit liver metastases of human adenocarcinoma xenotransplants in SCID mice (227). In a metastatic model, breast tumor cells expressing high levels of Gal-3 were more resistant to apoptosis induced by reactive nitrogen and oxygen species, suggesting that Gal-3 can also sustain the survival of metastasizing tumor cells (228).

Gal-1, Gal-3, and Gal-8 have been demonstrated to engage integrins or other cell surface proteins to mediate adhesion of tumor cells to extracellular matrix proteins and homotypic cell adhesion, or to inhibit adhesion favoring tumor cell detachment, dissemination through blood or lymph vessels and the attachment to ECs or basement membrane proteins at distal sites. Gal-3 produced by ECs can also foster angiogenesis by promoting EC migration and vessel formation (229–234), and by enhancing the VEGF- and basic fibroblast growth factor (bFGF)-mediated angiogenic response (235). Moreover, Gal-3 and Gal-1 directly interact with VEGFR2 increasing its pro-angiogenic function (236) and HIF1a favoring tumor progression and metastasis (237, 238).

Accordingly, it has been observed that altered galectin expression in human tumors correlates with the aggressiveness of the tumor, greater extent of vascularization and poor disease outcome (226, 239). Vaccination against Gal-1 promotes cytotoxic T cell infiltration in melanoma and reduces tumor burden in the immunized mice compared to the control group (240).

Gal-8 is markedly upregulated in inflamed human and mouse corneas and promotes VEGF-C-mediated lymphatic EC migration and sprouting. Treatment with Gal-8 inhibitors strongly reduces inflammatory lymphangiogenesis in vivo, suggesting Gal-8 as a promising therapeutic target for pathological lymphangiogenesis (241).

Finally, besides the impact of tumor-associated ECs on tumor growth and the metastatic process, they may affect tumor therapy resistance. The heterogeneity of tumor-associated ECs plays a central role in resistance to anti-angiogenic drugs. Treatment with anti-VEGFA antibodies and tyrosine-kinase inhibitors of VEGF receptors stimulates the production of different growth factors as alternative pro-angiogenic molecules, including angiopoietins (ANGs), epidermal growth factor (EGFs), FGFs, hepatocyte growth factor (HGF), TGFs, stromal cell-derived factor 1 (SDF1) and simultaneously, the upregulation of the respective receptors on ECs (242). EC-expressed Jag1 contributes to the development of a malignant vascular niche that is associated with an aggressive course and chemotherapy resistance (243). In addition, tumor-associated ECs produce non-conventional growth factors such as biglycan, lysyl oxidase (LOX) and pentraxin, sustaining angiogenesis processes (204). Tumor-associated ECs display cytogenetic and epigenetic abnormalities, expression of stemness genes, metabolic adaptation and sequestration of drugs in autophagic lysosomes leading to drug resistance (30, 204). Anti-VEGFA treatment and hypoxia induce glycosylation mediated resistance increasing Gal-1 production. Gal-1 binds to VEGFR2 leading to unresponsiveness to anti-VEGF therapy, and disruption of the Gal-1-VEGFR2 axis promotes vessel normalization, immune cell recruitment, tumor growth inhibition and restores sensitivity to anti-angiogenic therapy (229).




4 Tumor-associated endothelial cells and response to antitumor therapies

The efficacy of cancer therapy depends mainly on the ability of T cells to infiltrate tumors. The endothelium works as a barrier between the blood and the tumor. As such, it directly interacts with immune cells and plays a crucial role in recruiting and activating T cells (18).

Targeting ECs is thereby a potential strategy to optimize T cell-mediated antitumor immune responses. One strategy involves using anti-angiogenic agents to inhibit angiogenesis, overcome EC anergy, and enhance tumor T cell infiltration (244). Moreover, it has been observed that anti-angiogenic therapeutics can also normalize the dysfunctional tumor vasculature resulting in increased tumor blood perfusion and reduced tumor hypoxia, which in turn enhances drug accessibility and decreases hypoxia-mediated treatment resistance (245, 246). A single infusion of the VEGF specific antibody bevacizumab is sufficient to promote vessel normalization in rectal carcinoma patients (247). Similarly, in glioblastoma patients, treatment with cediranib, a pan-VEGF receptor tyrosine kinase inhibitor, normalizes the structure and function of the tumor vasculature increasing tumor perfusion and improving patient survival (248–251).

Preclinical studies have demonstrated that vascular normalizing doses of anti-angiogenic treatments reprogram tumor microenvironment from immunosuppressive to immunosupportive and enhance immunotherapy efficacy. For instance, low doses of an anti-VEGFR2 antibody could normalize breast tumor vasculature, redirect tumor-associated macrophages to an immune stimulatory M1-like phenotype and increase T cell tumor infiltration (252).

Immunologic approaches targeting tumor vasculature such as a model based on T cells engineered to express a chimeric antigen receptor (CAR) targeted VEGFR2 also increase tumor T cell infiltration (253). Likewise, ICI efficacy may be achieved through Th1-mediated vessel normalization indicating a mutual regulatory loop in which ICI activate IFN-γ+ Th1 cells that induce vessel normalization which, in turn, promotes T cell recruitment (254).

Based on these findings, combined therapeutic strategies could synergistically potentiate antitumor treatments. Combination of anti-angiogenic drugs with ICI may revert both immune and EC anergy promoting the access of cytotoxic T cells to tumors and enhancing their antitumor effects.

A dose-dependent synergism exists between anti-angiogenic therapy and ICI blockade. Low-dose anti-VEGFR2 antibody treatments can sensitize breast cancer to PD-1 blockade via upregulation of PD-1 on immune cells by stimulating the secretion of osteopontin and TGF-β (255). Treatment with a combination of anti-VEGFR2 and anti-PD-L1 antibodies induces HEV formation in pancreatic and breast tumor mouse models promoting simultaneously T cell infiltration and activation (161).

The concurrent neutralization of VEGFA and ANGPT2 by a bispecific antibody promotes vascular regression, tumor necrosis, blood vessel normalization, and increases cytotoxic T cell infiltration in both genetically engineered and transplant tumor models, including metastatic breast cancer, pancreatic neuroendocrine tumor, and melanoma. Moreover, the anti-angiogenic therapy enhances the sensitivity of mouse tumors to PD-1 blockade via upregulation of the PD-L1 expression in tumor-associated EC (256). In patients with metastatic melanoma, the combination of bevacizumab with the anti-CTLA-4 monoclonal antibody ipilimumab reverses tumor-associated EC anergy increasing the expression of the adhesion molecules E-selectin, ICAM1, and VCAM1 which enhances the recruitment of T cells in the tumor bed and improves the clinical outcome (257). The anti-PD-L1 monoclonal antibody atezolizumab in combination with bevacizumab is found to have antitumor activity with good tolerability in patients with metastatic renal cell carcinoma (258, 259), hepatocellular carcinoma (260), metastatic NSCLC without targetable mutations in association with chemotherapy (261) and metastatic NSCLC which fails to respond to atezolizumab monotherapy (262).

A novel bispecific antibody, HB0025, which concurrently blocks both the PD-L1 and VEGF pathways, has demonstrated anti-cancer activities both in vitro and in vivo and is currently under clinical trial (NCT04678908) (263, 264). An active clinical trial (NCT05116007) is ongoing to evaluate the efficacy and safety of the anti-PD-1 and -VEGF bispecific antibody AK112 combined with chemotherapy in patients with extensive stage small cell lung cancer. Furthermore, there is a multitude of ongoing clinical trials that are investigating the synergistic effect achieved through the combination of anti-angiogenic treatments with immunotherapy (Table 2). Encouraging preliminary results are described in various cancer types with a meager response to therapy. For instance, the combination of the anti-PD-1 monoclonal antibody pembrolizumab with the tyrosine kinase inhibitor cabozantinib improves progression free survival and overall survival compared with single-agent pembrolizumab in patients with recurrent metastatic head and neck squamous cell carcinoma. The overall response rate correlates positively with baseline CD8+ T cell infiltration (265).


Table 2 | Combination of anti-angiogenic treatments with immunotherapy in ongoing clinical trials.



The phase II BREAKPOINT trial (NCT03463681) met its primary endpoint showing prospective activity and safety of cabozantinib after an adjuvant or first-line ICI-based immunotherapy in patients with metastatic renal cell carcinoma (266).

Like all treatments, the combination of anti-angiogenic drugs with ICI has limitations and faces important challenges. Firstly, it is necessary to establish the appropriate drug dosage, and optimize the schedule of tumor immunotherapy and anti-angiogenesis therapy given that the dose of each drug, the sequence (simultaneous or sequential treatment), and the time of the combination can significantly impact the efficacy of the combination therapy.

Secondly, the combination of anti-angiogenic drugs with ICI has adverse effects, some of them are dose-dependent. High doses of anti-angiogenic drugs can damage tumor blood vessels resulting in hypoxia, immunosuppression and tumor treatment resistance (246). Other side effects include high-grade hypertension, decreased platelet count, proteinuria, the nonspecific activation of the immune system and hepatic toxicity (267).

Thirdly, combination therapy may not always be the best option for all patients, and there is no method to identify patients that can benefit from it. It is necessary to consider specific patient characteristics, such as the presence of autoimmune diseases or a previous organ transplantation history to avoid the nonspecific activation of the immune system that ICI treatment can cause. Specific attention should also be paid to elderly patients, patients at risk of hemorrhages, and patients suffering from severe cardiovascular diseases, hepatopathies or gastrointestinal problems as they may be exposed to a higher risk of exacerbations (268).

Furthermore, there is a lack of validated predictive biomarkers that can allow patient selection and stratification, and guide treatment decisions before and during therapy. Recent studies have suggested PD-L1 expression as a potential biomarker; they have reported that ICI combined with angiogenesis inhibitors improved the outcome in patients with positive PD-L1 expression affected by renal cell carcinoma, NSCLC, advanced HER2-positive breast cancer and untreated, unresectable hepatocellular carcinoma (260, 269–273). Moreover, pre-existing immunity (high expression of CD274, T cell effector signature and intratumoral CD8+ T cell density), high expression of Treg, MDSC and VEGFR2 in tumor tissue could also be potential candidate biomarkers for prediction of response and resistance to ICI and anti-angiogenic combination therapy (274). In addition to biomarkers derived from analysis of tumor tissue, circulating biomarkers, such as levels of VEGFA, soluble VEGFR2 and circulating ECs could be considered to monitor treatment responses. Moreover, non-invasive imaging biomarkers, including computed tomography (CT)-based perfusion scan, dynamic contrast-enhanced ultrasonography, dynamic contrast-enhanced magnetic resonance imaging and magnetic resonance imaging-based diffusion-weighted imaging and perfusion could be helpful to examine tumor vessel perfusion and vascularity during treatment (275). Increasing evidence suggests a role of the composition and function of the gut microbiome as a predictive biomarker (276). Based on these findings, a new approach in cancer management should aim to discover a composite biomarker of response to therapy that uses data from imaging, tumor tissue-derived, circulating and gut microbiome-derived biomarkers. The identification of a composite biomarker, that can be easily and continuously monitored, may support the assessment of treatment efficacy and the development of a personalized treatment based on patient-customized adjustment of therapeutic regimens.

Alternative strategies target tumor-derived extracellular vesicles (EVs) carrying pro-angiogenic factors such as VEGF, IL-6, microRNAs which stimulate EC functions or mediate drug resistance (277, 278). Recent studies have tried to improve the efficacy of anti‐angiogenic therapies by blocking tumor-derived EVs. For instance, patients with elevated EV‐VEGF levels can be treated with VEGF‐binding protein inhibitors or VEGFR2‐neutralizing antibodies to block EV-VEGF which are resistant to bevacizumab treatment (278).

Finally, a study has investigated the use of nanotechnology-based approaches to target ECs. The nanoformulated STING activator ZnCDA activates ECs resulting in disruption of tumor vasculature, increase of tumor-targeted drug accumulation and improvement of tumor-associated macrophage functions (279).




5 Conclusions

ECs play a critical role in tumor development which has gone beyond angiogenesis. During tumor progression, multiple cellular pathways can interact and regulate each other through signal competition, redundancy, shared downstream signaling network, and many crosstalk and cross-regulation mechanisms. Understanding the effects of ECs on tumor progression and their interactions with the other components of the tumor microenvironment requires computational models that integrate multiple cell types.

ECs are now considered active participants in the tumor microenvironment, secreting angiogenic factors such as cytokines, growth factors, and chemokines, and interacting with immune cells. Crosstalk between tumor endothelium and immune cells strongly impacts the immune response to tumors and contributes to immunosuppression by downregulation of antigen presentation and recruitment of immune effector cells. Moreover, tumor-associated ECs support the expansion of immunosuppressive cell populations, such as Treg cells, contributing to tumor immune escape. In addition, tumor-associated ECs of blood and lymphatic vessels are directly involved in the formation of distant metastasis. Emerging therapeutic strategies aim at modulating both ECs and immune cells, not only to block angiogenesis but also to enhance the recruitment and activation of effector cells within the tumor. A combination of anti-angiogenic treatments with immunotherapy strategies, including ICI, CAR T cells, and bispecific antibodies has emerged. Many pivotal clinical trials have proven the validity of these combinations which are now successfully used in patients with metastatic melanoma, renal cell carcinoma, hepatocellular carcinoma and metastatic NSCLC. Moreover, a multitude of clinical trials focusing on these combined therapeutic strategies are currently ongoing and new studies aimed at evaluating the use of nanotechnology-based approaches to target ECs have emerged.

Understanding the interplay between ECs, immune cells and tumor cells can provide important insights into the mechanisms of tumor progression and help overcome the limitations of current therapeutic interventions, including the emergence of treatment resistance and the mechanisms of immune escape.
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Advanced/metastatic
solid cancer

Ovarian, fallopian tube, or
primary peritoneal cancer

Recurrent/metastatic head
and neck cancers

Melanoma

Recurrent/metastatic head
and neck cancers

Peritoneal
malignant mesothelioma

Smoldering
multiple myeloma

Astrocytoma IDH-mutant,
glioblastoma IDH-wildtype
or brain metastasis

Tyrosine kinase inhibitors (TKI) and immune checkpoint inhibitors (ICI)

Bevacizumab (anti VEGF) + Atezolizumab (anti PD-L1) + Erlotinib
(EGFR inhibitor)

Camrelizumab (anti-PD-1) + Apatinib (VEGFR2 inhibitor)

Pembrolizumab (anti PD-1) + Ramucirumab (anti VEGFR2)+Paclitaxel
(chemotherapeutic agent)

Camrelizumab + Apatinib

Disitamab Vedotin (anti-HER2) + Fruquintinib (anti VEGFR) +
Tislelizumab (anti PD-1)

Surufatinib (TKI) + immunotherapy

Bevacizumab + Atezolizumab + mFOLFOX6 (5-Fluorouracil, modified
folic acid, and oxaliplatin)

RP2 + RP3 + bevacizumab + atezolizumab

Camrelizumab + Apatinib

Hepatic Arterial Infusion + Apatinib + Camrelizumab

Atezolizumab + Bevacizumab + Sofosbuvir (inhibitor of hepatitis C virus
NS5B polymerase)

Atezolizumab + Bevacizumab

Durvalumab (anti PD-L1) + Bevacizumab, Tremelimumab (anti CTLA-4)
+ Transarterial Chemoembolization (TACE)

AK104 (anti PD-1/CTLA-4 bispecific antibody) + Lenvatinib (TKI)

Camrelizumab + Lenvatinib

Atezolizumab + Bevacizumab + mFOLFOX6

Toripalimab (anti PD-1)+ Lenvatinib

Sintilimab (anti PD-1) + Anlotinib (VEGER inhibitor)

Bevacizumab + sintilimab + chemotherapy (carboplatin and pemetrexed)

Pembrolizumab + Lenvatinib

PM8002 (Anti-PD-L1/VEGF bispecific antibody)/Placebo + Carboplatin
+ Pemetrexed

Camrelizumab + Apatinib

SBRT/LDRT + Camrelizumab + Apatinib

AK112 (Anti-PD-1/VEGF bispecific antibody) + chemotherapy (Etoposide
+ Carboplatin)

Sintilimab + Anlotinib + Paclitaxel

Camrelizumab + Apatinib + Chemotherapy (gemcitabine/
capecitabine/docetaxel)

Pembrolizumab + Nintedanib (TKI)

Bevacizumab + Pembrolizumab + Pegcetacoplan (C3 inhibitor)

Bevacizumab + Atezolizumab + Chemotherapy (carboplatin,
cisplatin, docetaxel)

Atezolizumab + Bevacizumab
Pembrolizumab + Cabozantinib (TKI)

Atezolizumab + Bevacizumab + chemotherapy (carboplatin
and pemetrexed)

Daratumumab (anti CD38) + lenalidomide (anti angiogenic)
+ dexamethasone

NEO212 + Ipilimumab (anti CTLA-4) + Pembrolizumab + Nivolumab
(anti PD-1) + Bevacizumab + Regorafenib (anti angiogenic) +
chemotherapy (carboplatin, paclitaxel, FOLFIRI Protocol)

Data were acquired from the U.S. National Library of Medicine (http://clinicaltrials.gov, accessed on December 29, 2023).
NA, Not applicable; BCLC, Barcelona clinic liver cancer; SBRT, Stereotactic body radiotherapy; LDRT, Low-dose radiotherapy.
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Morphology

Phenotype

Function

Irregular shape (ruffled margins and cytoplasmic projections
extending outward and across the vessel lumen)
Defective endothelial monolayer or multiple layers
Intercellular gaps
A discontinuous basement membrane
An inconsistent coverage of smooth muscle and
abnormal pericytes

High inter- and intratumoral heterogeneity
Tip tumor ECs express CXCR4, PDGF, and ANGPT2 genes
associated with EC migration, matrix remodeling and VEGF
signaling
Stalk ECs upregulate genes involved in vessel maturation and
integrity as well as DII4-Notch signaling
High expression of the c-Myc transcription factor
High expression of CD34 (stem cell marker) and CD61
(angiogenesis), ALDH (drug resistance)
High expression of ICAM-1 and VCAM-1 (immune cell
homing), CXCL10 (chemotaxis)
High expression of PD-L1, PD-L2 and IDO (T cell inhibition)
Low expression of CD105, von Willebrand factor (vWF)
Low expression of MHC-II, CD80 and CD86 (antigen
presentation)
Higher RNA content compared with normal ECs
Highly proliferative phenotype
Genomic and chromosomal instability
Aneuploidy
Abnormal multiple centrosomes
Deletions
Translocations
Aberrant epigenetic profile
Promoter hypermethylation and histone deacetylation of
angiogenesis-suppressing genes
DNA hypomethylation of genes involved in the control of EC
growth and sprouting

Line the interior surface of blood and lymphatic vessels
Control vascular tone, blood fluidity, growth and homeostasis of
the adjacent layer of smooth muscle cells

Regulate coagulation, fibrinolysis, inflammation and
angiogenesis

Promote tumor proliferation, spreading, and resistance to
chemotherapy

Role of Gatekeeper for tumor infiltrating immune cells

Role of Immuneregulator

Form tertiary lymphoid structures (TLSs)

Can transdifferentiate into mesenchymal cells (endothelial-to-
mesenchymal transition, EndMT)





