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Abstract: Tumor vasculature abnormality creates a microenvironment that is not suitable for anti-
tumor immune response and thereby induces resistance to immunotherapy. Remodeling of dysfunc-
tional tumor blood vessels by anti-angiogenic approaches, known as vascular normalization, reshapes
the tumor microenvironment toward an immune-favorable one and improves the effectiveness of
immunotherapy. The tumor vasculature serves as a potential pharmacological target with the capacity
of promoting an anti-tumor immune response. In this review, the molecular mechanisms involved in
tumor vascular microenvironment-modulated immune reactions are summarized. In addition, the
evidence of pre-clinical and clinical studies for the combined targeting of pro-angiogenic signaling
and immune checkpoint molecules with therapeutic potential are highlighted. The heterogeneity
of endothelial cells in tumors that regulate tissue-specific immune responses is also discussed. The
crosstalk between tumor endothelial cells and immune cells in individual tissues is postulated to
have a unique molecular signature and may be considered as a potential target for the development
of new immunotherapeutic approaches.

Keywords: endothelial heterogeneity; immune response; immunotherapy; tumor angiogenesis;
vasculature normalization

1. Introduction

Tumor vasculature is characterized by an abnormal vessel structure with impaired
perfusion and is caused by an imbalance between pro- and anti-angiogenic signaling within
tumors [1]. An abnormal vessel structure results in inefficient oxygen and nutrient supply
to tumor cells and metabolic waste removal. This leads to hypoxia and acidosis in the tumor
microenvironment (TME), which supports tumor progression, and the high permeability of
vessels allows tumor metastasis to distant organs [2]. In addition, the malfunction of tumor
vessels suppresses the recruitment, adhesion, and activity of immune cells and induces
immunotherapy resistance [3].

Vascular endothelial growth factor (VEGF) plays a significant role in tumor angiogene-
sis, and as such, there has been a focus on the development of VEGF pathway-targeted ther-
apeutics with the aim of tumor angiogenesis inhibition by tumor nutrient deprivation [4].
Patients with certain cancer types do not respond to anti-VEGF monotherapy; however,
when combined with chemotherapy, they showed improved clinical outcomes [5,6]. In
recent years, vascular-targeting strategies to normalize tumor vessel phenotypes were
shown to enhance immunotherapy efficacy, suggesting that tumor blood vessels possess
an immunomodulatory effect [3]. Using emerging single-cell analysis, it was shown that
endothelial cells (ECs) across tissues display unique molecular signatures, and the interplay
between tumor ECs and immune cells drives the tissue-specific immunomodulatory roles
of ECs [7]. This provides the molecular basis for combining tumor EC targeting and im-
mune checkpoint blockade (ICB) for cancer treatment. This review highlights the potential
therapeutic strategy of pharmacologically targeting a dysfunctional tumor vasculature for
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shaping an anti-tumor immune microenvironment. The mechanisms involved in vascular
normalization are also discussed.

2. Angiogenesis in the TME
2.1. VEGF-Dependent Angiogenesis

Tumor angiogenesis has been implicated in tumor growth and immunosuppression,
as well as treatment response [8]. Under normal physiological conditions, vasculariza-
tion is regulated by the balance between pro- and anti-angiogenic factors. However, an
imbalance between these factors promoting a pro-angiogenic state occurs in the TME.
High levels of pro-angiogenic factors, such as VEGF, basic fibroblast growth factor (bFGF),
platelet-derived growth factor (PDGF), and angiopoietin (Ang), results in abnormal vas-
cular structure formation in the tumor bed and stimulates nutrient and oxygen supply to
tumor cells, thereby promoting tumor progression [9,10]. The members of the VEGF fam-
ily, which includes VEGF-A [11], VEGF-B [12], VEGF-C [13], VEGF-D [14], and placental
growth factor (PLGF) [15], represent the most well-defined pro-angiogenic factors known
to promote tumor angiogenesis. These factors form biologically active ligands via homo-
or heterodimers and interact with their cognate receptors, including VEGFR-1, VEGFR-2,
and VEGFR-3 [16]. VEGF-A (also known as VEGF) overexpression enhances vasculature
permeability and results in disordered and dysfunctional blood vessels [17]. Signal trans-
duction is initiated by VEGF-A binding to its primary receptor, VEGFR2, on the surface of
endothelial cells. Activated VEGFR2 phosphorylates and activates phosphotidylinositol-3
kinase (PI3K)/Akt, leading to increased calcium levels and endothelial NO synthase (eNOS)
activity. Therefore, NO production is increased and promotes vessel permeability [18,19].
In murine models, it has been shown that VEGF signaling inhibitors target VEGF-mediated
pathways and suppress tumor proliferation and motility [20,21].

2.2. Anti-Angiogenesis by Thrombospondin-1 (TSP-1)

Several negative angiogenic factors have been identified, including thrombospondin-
1 (TSP-1) [22], tissue inhibitors of metalloproteinases (TIMPs) [23], endostatin [24], and
angiostatin [25]. These factors can target specific angiogenic pathways and regulate tumor
progression. For example, TSP-1 is a potent inhibitor of EC proliferation and survival [26,27].
TSP-1 inhibits vascular cell angiogenesis through the negative regulation of NO biosynthesis
and NO-mediated signaling [28]. TSP-1 overexpression has been shown to suppress tumor
growth and is associated with a decrease in vascular density [29]. These results indicate
that restoring pro- and anti-angiogenic balance may reshape tumor vasculature and delay
tumor progression.

3. Tumor Vascular Networks Regulate Anti-Tumor Activity

As a growing tumor needs nutrients to meet its demand, cancer cells promote an-
giogenesis in favor of angiogenic stimulation by the release of pro-angiogenic factors to
stimulate new vessel growth. In addition to directly supporting tumor growth, abnormal
tumor vascular networks also regulate the tumor immune microenvironment by shaping a
hypoxic, acidic, and oxidative TME to facilitate tumor progression.

3.1. Hypoxia

Decreased local blood flow to the TME leads to hypoxia and inhibits leukocyte migra-
tion. In fact, the hypoxia-inducible transcription factors (HIFs), including HIF-1α, HIF-2α,
and HIF-3α [30] mediate signaling pathways that affect several immune cell types and
create an immunosuppressive microenvironment. HIF-1α has been shown to promote
the differentiation of myeloid-derived suppressor cells at the tumor site toward tumor-
associated macrophages (TAMs) to support tumor progression [31]. In addition, in a murine
model of breast cancer, it was shown that the ablation of macrophage HIF-1α diminished
macrophage-dependent T cell suppression and led to reduced tumor growth [32]. In ad-
dition, it was shown that HIF-1α negatively regulates T cell receptor (TCR) signaling to



Int. J. Mol. Sci. 2023, 24, 4422 3 of 19

dampen the activity of effector T cells [33]. A recent report has shown that HIF-1α induction
by a hypoxic TME maintains regulatory T (Treg) cell fitness via the deubiquitination module.
Targeting the ubiquitination process can regulate Treg cell production and consequently
promote anti-tumor immunity [34]. HIF-1α upregulates the expression of CD39 and CD73,
resulting in the recruitment of plasmacytoid dendritic cells and induces cytotoxic CD8+ T
cells suppression by Treg cells [35]. Targeting the HIF-1α-CD73 axis effectively facilitates T
cell-mediated anti-tumor immune responses and improves ICB response [36]. These results
suggest that alleviating tumor hypoxia through blood vessel normalization could alter the
tumor-infiltrating immune composition and modulate the anti-tumor immune response.

3.2. Cancer Acidity

A typical characteristic associated with abnormal tumor vessels is an acidic TME.
Dysregulated energy metabolism results in the accumulation of lactate and a decrease in
glucose concentration, resulting in tumor acidification [37]. Regions of acidity and hypoxia
typically overlap [38], suggesting that tumor vasculature-induced hypoxia is involved in
acidosis in the tumor mass. The low perfusion capacity of tumor vessels restricts oxy-
gen delivery and the removal of acidic wastes, as well as increases metabolic demands
in cancer cells, leading to the production and accumulation of acidic metabolites [39].
Several studies have investigated the suppression of anti-tumor immune responses in an
acidic TME. In murine models of metastatic breast cancer, the pH was adjusted by the
administration of bicarbonate, and tumor metastasis was reduced [40]. In addition, it was
shown that the consistent neutralization of tumor acidity inhibited tumor progression and
metastasis in prostate and pancreatic cancer animal models [41]. Furthermore, it has been
reported that acidic conditions induce anergy in both human and mouse tumor-infiltrating
T cells. Restoring the low pH to a physiological value reactivates T cells with functions
against tumors [42] and enhances their infiltration to improve the therapeutic efficacy of
immunotherapy [43]. These results suggest that an acidic TME limits the effector functions
of tumor-specific T cells. In tumors, lactate is one of the major metabolites produced by aer-
obic glycolysis, and the effects of lactic acid on immune cells regulates tumor progression.
High levels of lactic acid impair the production of IL-2, IFN-γ, perforin, and granzyme by
cytotoxic T lymphocytes (CTLs) [44]. Accordingly, in patients with melanoma, an inverse
correlation between the expression of lactate dehydrogenase, an enzyme responsible for
catalyzing the reversible interconversion of pyruvate and lactate, and T cell activation
markers was observed, suggesting that lactic acid acts as a T cell inhibitor, thereby sup-
pressing the anti-tumor activity of T cells [45]. In addition, lactate supports tumor growth
through HIF-1α activation and resultant TAMs polarization toward the pro-tumoral M2
phenotype [46]. Recently, the transcription factor nuclear factor (erythroid-derived 2)-like
2 (Nrf2) was found to be induced by tumor-derived lactate, and it is also implicated in
macrophage M2 type polarization [47]. In contrast, an acidic TME is favorable for the
recruitment and development of pro-tumoral myeloid cells. Acidic conditions promote
the interaction of P- or L-selectin with its ligand P-selectin glycoprotein ligand-1 (PSGL-1)
to promote neutrophil adhesion to the vascular endothelium [48]. Additionally, acidosis
induces neutrophil activation through the PI3K/Akt and ERK pathways [49].

3.3. Reactive Oxygen Species (ROS)

Low oxygen supply due to a lack of regular tumor vasculature creates a hypoxic TME.
It has been shown that hypoxia increases ROS production mainly through tumor mitochon-
dria, and the mitochondrial ROS can also stabilize HIF and activate the HIF-VEGF axis
under hypoxia to promote angiogenesis, thereby fostering a TME with oxidative stress [50].
Emerging evidence has shown that ROS acts as a critical regulator of anti-tumor immune
functions. For example, the production of free oxygen radicals in the TME could modify
cysteine residues in proteins post-translationally, leading to an alteration of antigenicity and
alleviating the anti-tumor immunity of T cells [51,52]. Moreover, sustained ROS exposure
dampens T cell-mediated inflammation and activation [53]. Additionally, the downreg-
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ulation of ROS by the inhibition of NOX2, a NADPH oxidase responsible for producing
ROS, enhanced IFN-γ secretion by natural killer (NK) cells and suppressed lung metastasis
of melanoma [54], suggesting an immunosuppressive role of ROS in NK cell-mediated
tumor cytotoxicity. Conversely, ROS promotes macrophage differentiation toward the
pro-tumoral M2 phenotype and is critical for their pro-angiogenic and immunosuppressive
functions [55]. Indeed, the reduction of ROS by deletion of NADPH oxidases impaired
macrophage differentiation from monocytes and their M2 subtype polarization [56]. A
mitochondrial chaperon protein, Lon, has been shown to induce the production of ROS-
dependent inflammatory cytokines, including IL-6, TGF-β, IL-13, and VEGF-A, and creates
a microenvironment that promotes angiogenesis and M2 macrophage polarization [57].
Recently, ROS in the TME has been reported to induce apoptosis of Treg cells due to their
vulnerability to oxidative stress. Subsequently, CD39 and CD73 from apoptotic Tregs
converted ATP to adenosine to suppress anti-tumor immunity and induced resistance to
anti-programmed death-ligand 1 (PD-L1)-mediated immunotherapy [58]. Collectively, ROS
in the TME could promote immune suppression for tumor progression, and a reduction of
oxidative stress in the TME may reshape the tumor immune microenvironment.

4. Interactions between Tumor-Infiltrating Leukocytes and Endothelium

The chaotic tumor vasculature, which consists of vessels with abnormal morphology
and high permeability, indicates dysregulated pathways governing vessel formation. This
also compromises vascular function through an alteration of the interplay between en-
dothelium and immune cells via multiple mechanisms and leads to tumor cells evading
immune surveillance.

4.1. Endothelial Cell-Triggered Immune Response

The recruitment of immune cells from blood to inflamed tissues is dependent on
their adhesion to ECs, followed by extravasation and infiltration into tissues. This process
requires the expression of adhesion molecules, such as E-selectin, intercellular adhesion
molecule-1 (ICAM-1), vascular cell adhesion protein 1 (VCAM-1), and VE-cadherin in
ECs [59]. However, the abnormal vasculature in tumors creates a TME with hypoxia,
acidosis, and reduced blood perfusion, which limits immune cell infiltration and suppresses
the anti-tumor immune response [60–62] (Figure 1). The upregulation of epidermal growth
factor-like domain 7 (Egfl7) in tumors suppresses the expression of adhesion molecules on
ECs, thereby preventing leukocyte entry into the tumor mass [63,64]. In addition, tumor
ECs can express PD-L1 and Fas ligand to inhibit T cell activation and induce apoptosis of
immune effector cells, respectively, leading to an immunosuppressive TME [65,66]. EC-
derived angiopoietin 2 (Ang-2) supports tumor progression by inducing Tie2, the Ang-2
surface receptor, which is involved in the recruitment of tumor-associated macrophages and
monocytes [67,68]. These results confirm that Ang-2 inhibition reduces tumor-infiltrating
monocytes and angiogenesis, leading to a suppression of tumor growth [69].

Additionally, pro-inflammatory signaling elicited by tumor ECs also plays a role
in the regulation of immune cell recruitment. Dysfunctional ECs with gene expression
profiles mimicking tumor ECs increased the NF-κB-p65 and pSTAT3 levels in the nu-
cleus, suggesting the induction of pro-inflammatory signaling. Indeed, GM-CSF, IL-8, and
IL-6 overexpression with reduced levels of anti-inflammatory cytokines, confirmed the
pro-inflammatory phenotype in TME. Dysfunctional EC properties, including increased
proliferation, permeability, and monocyte adhesion, have also been observed in this phe-
notype [70]. A recent study has shown that the expression of the innate receptor Toll-like
receptor 2 (TLR2), which induces the production of a panel of pro-inflammatory cytokine
in endothelial cells, promotes pro-tumorigenic immune cell recruitment via cell surface
adhesion molecule (P-selectin, E-selectin, ICAM-1, and VCAM-1) upregulation [71].
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upregulation. The red lines show suppressive effects. MCT: Monocarboxylate transporter; HIF: Hy-
poxia-inducible factor; TAM: Tumor-associated macrophage; Treg: regulatory T cell; NK: natural 
killer; Ang-2: Angiopoietin 2; PSGL1: P-selectin glycoprotein ligand-1; VEGF: Vascular endothelial 
growth factor; VCAM: vascular cell adhesion protein; ICAM: Intercellular adhesion molecule; 
STAT3: Signal transducer and activator of transcription 3; NF-κB: Nuclear factor kappa-B; TCR: T 
cell receptor; HEVs: High endothelial venules; IFN-γ: Interferon-γ.  
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Figure 1. Interactions between tumor endothelial cells (ECs) and immune populations to create the
tumor immune microenvironment. Tumor blood vessel abnormalities results from an imbalance
between pro- and anti-angiogenic signaling, which in turn results in a hypoxic and acidic TME.
The hypoxia and acidosis regulate the immune response through pro-tumoral and anti-tumoral
arms. The activation of endothelial cells can facilitate or inhibit tumor immunity through multiple
pathways, including contact-dependent and soluble factor-mediated pathways. The blue arrows
depict upregulation. The red lines show suppressive effects. MCT: Monocarboxylate transporter; HIF:
Hypoxia-inducible factor; TAM: Tumor-associated macrophage; Treg: regulatory T cell; NK: natural
killer; Ang-2: Angiopoietin 2; PSGL1: P-selectin glycoprotein ligand-1; VEGF: Vascular endothelial
growth factor; VCAM: vascular cell adhesion protein; ICAM: Intercellular adhesion molecule; STAT3:
Signal transducer and activator of transcription 3; NF-κB: Nuclear factor kappa-B; TCR: T cell receptor;
HEVs: High endothelial venules; IFN-γ: Interferon-γ.

Although abnormal tumor vasculature inhibits leukocyte recruitment, tumor EC
malfunction preferentially attracts and recruits pro-tumoral immune populations. For
example, Clever-1, a scavenger and adhesion receptor, regulates monocytes/macrophages
and Treg tumor infiltration when expressed in tumor ECs [72]. Clever-1 deletion in ECs or
the administration of an anti-Clever-1 antibody decreased immunosuppressive immune
infiltrates in the tumor mass, including monocytes/macrophages and Treg cells, but not T
lymphocytes [72]. Similarly, an intracellular molecule, apoptosis signal-regulating kinase 1
(ASK-1), activates ECs and promotes tumor infiltration of macrophages but does not affect
T lymphocyte recruitment. ASK-1 inhibition hinders macrophage entry into the tumor bed
and leads to tumor growth retardation [73]. In addition, in murine models, endothelial
deletion of SHP-2, an intracellular phosphatase responsible for ASK-1 stabilization (which
is required to maintain EC activation) reduces microvascular density and normalizes
tumor vasculature, leading to tumor growth inhibition [74]. Interestingly, ASK-1 inhibition
reduces TLR-4-mediated inflammatory responses, including IL-6, IL-8, soluble VCAM, and
G-CSF secretion from ECs [75], suggesting that EC-produced soluble immune mediators
are involved in the regulating accessibility of immune cell types to tumor regions. Indeed,
EC-derived chemotaxis also plays a crucial role in immune cell recruitment. Expression
of chemokine (C-X3-C motif) ligand 1 (CX3CL1) by ECs specifically mediates the CX3CL1
receptor (CX3CR1)-expressing monocyte recruitment into tumors [76].

In contrast to EC-mediated tumor recruitment of pro-tumoral immune cell types, the
activation of ECs also induces anti-tumor T lymphocyte entry into tumors. EC stimulation
with the agonist of innate immune sensor melanoma differentiation-associated protein
5 (MDA5) induced the production of type I interferon and T cell-recruiting chemokines,
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such as CXCL9 and CXCL10, leading to increased tumor-infiltrating CD8+ T cells and an
augmented anti-tumor immune response [77]. In addition, neutral sphingomyelinase 2
(nSMase2)-dependent EC activation has been shown to express chemokines, CX3CL1 and
CXCL10, as well as the adhesion molecule VCAM1, to promote T cell migration into the
tumor bed. Inhibition of nSMase2 decreased the expression of VCAM1, CX3CL1, and
CXCL10 by ECs and reduced T cell tumor infiltration [78]. Conversely, tumor-infiltrating
lymphocytes also contribute to the regulation of vascular normalization, as CD8+ T cell
depletion hinders tumor blood vessel remodeling [79]. These results imply that the inter-
action between ECs and lymphocytes regulates tumor vascular networks. Collectively,
these results propose that a variety of EC activation pathways, in response to various
stimuli, may shape the immune microenvironment by mediating the recruitment of specific
immune cell types into the tumor bed.

4.2. High Endothelial Venules (HEVs)

HEVs are specialized postcapillary venules that express sulfated sialomucins, which
interact with L-Selectin/CD62L-expressed naïve lymphocytes, leading to migration into
the lymph nodes [80]. HEVs are found in various types of cancer, and their enrichment in
tumor regions is associated with better prognosis [81–83]. Recently, the molecular signa-
ture of HEVs revealed that upregulated HEV genes, such as MEOX2 and TSPAN7, were
associated with improved survival rate and increased tumor-infiltrating T and B cells in
advanced breast cancer [84]. It has also been reported that tumor-associated HEVs are the
major sites for lymphocyte migration into tumors, and the HEVs density is positively corre-
lated with tumor-infiltrating stem-like CD8+ T cells. More importantly, tumor-associated
HEVs are predictive factors for a better response in patients with metastatic melanoma on
combined treatment with anti-PD-1 and anti-CTLA-4 immunotherapy [85]. Furthermore,
tumor necrosis factor-mediated R-Ras upregulation in HEVs is responsible for naïve T cell
migration to the lymph nodes. Inactivation of endothelial R-Ras reduces the development
of anti-tumor activity in antigen-specific T cells [86]. Notably, combinatorial treatment
with anti-VEGF therapy and anti-PD-L1 immunotherapy induces HEV formation and
tumor infiltration of T cells, resulting in an enhanced anti-tumor immune response [87].
Consistent with these results, induction of HEV clusters, by targeting the vascular LIGHT
protein, stimulates the migration of effector T cells into tumor beds and sensitizes refractory
tumors to immunotherapy [88,89]. Recently, a study has demonstrated that induction
and maintenance of intratumoral HEVs require sustained signaling (e.g., IFN-γ-mediated
pathways) from CD8+ T and NK cells, suggesting a mutual regulation of tumor vessels
and anti-tumor immune effector cells [90]. Thus, specialized vascular networks provide an
emerging therapeutic target with immunomodulatory effects for regulating lymphocyte
migration into tumors.

4.3. Heterogeneity of ECs

Since ECs are the interior lining of blood vessels, ECs are key components of the
vascular system. Although these cells share some common features, they do not have
homogeneous phenotypes across tissues or even within a single tissue [91]. The functional
heterogeneity of ECs has been revealed by the development of single-cell analysis technol-
ogy in recent years [92]. ECs from different tissues express gene signatures that are enriched
in distinct biological processes. For example, highly expressed EC gene set in the liver and
spleen have been implicated in scavenging and immunoregulation [92,93]. ECs from the
colon and small intestine express genes enriched for VEGF signaling, EC migration, and the
maintenance of vascular barrier integrity [92,94]. ECs also express unique organ-specific
markers. Adhesion molecules responsible for immune cell recruitment, such as VCAM-1
and scavenger proteins, are highly expressed in periportal liver sinusoidal ECs (LSECs) and
midlobular LSECs, respectively, whereas genes involved in angiogenesis, such as VEGF-A
and TSP-1, are expressed predominantly in pancreatic ECs [95]. Therefore, the functional
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heterogeneity of ECs may involve tissue-specific molecular mechanisms to react with the
surrounding environment.

ECs in tumors leverage distinct mechanisms to regulate tumor progression by modu-
lating the immune microenvironment. LSECs have been reported to suppress the naïve
CD8+ T cell differentiation into mature effector T cells with tumoricidal activity, thereby sup-
pressing anti-tumor immunity [96]. Expression of the EC-specific protein, PLVAP in LSECs,
accelerates tumor recruitment of FOLR2-expressed TAMs to create an immunosuppressive
niche in hepatocellular carcinoma [97]. In lung small cell lung cancer, the expression of
genes involved in chemotaxis, including CCL2, CCL18, IL-6, adhesion molecule ICAM-1,
and antigen presenting complex MHCI/II in tumor ECs are down-regulated [98]. In addi-
tion, ECs in lung cancer express high levels of Fas ligand to trigger the apoptotic pathway in
tumor-infiltrating cytotoxic T cells [66], but also the inhibitory molecule PD-L1 to suppress
the activation of effector T cells, indicating their immunosuppressive roles [7]. Collectively,
the gene expression profiles involved in immunomodulatory pathways in tumor ECs differ
across organs, suggesting that tumor ECs in different organs exploit diverse molecular
mechanisms to shape the tumor immune microenvironment.

5. Normalization of Tumor Vasculature Improves Response to Immunotherapy

Given that abnormal vascular networks in tumor masses play a critical role in regulat-
ing the anti-tumor immune response, targeting tumor blood vessels to establish a favorable
microenvironment for the accessibility of anti-tumor effector immune cells reveals an
approach to improve the therapeutic efficacy of immunotherapy.

5.1. Immune Checkpoint Blockade (ICB)

The development of a normal vascular structure depends on the balance between
angiogenic stimulators (e.g., VEGF) and angiogenic inhibitors such as TSP-1. The imbalance
resulting from excessive stimulators in the TME leads to the development of an abnormal
and dysfunctional vasculature structure. Therefore, restoring the balance in the angiogenic
process may restore the vessel structure in tumors. Since abnormal tumor vasculature
results in the inhibition of immune cell infiltration, which leads to immunotherapy resis-
tance, the normalization of tumor vascular networks to promote effector immune cell entry
into tumors is a potential strategy to improve the efficacy of ICB [99]. Given that VEGF-
mediated signaling pathways are the major drivers of tumor angiogenesis, anti-angiogenic
therapy targeting VEGF-dependent signaling to normalize tumor vasculature represents
an emerging therapeutic strategy [100]. High levels of VEGF increase the permeability of
tumor vessels and create disordered, leaky vasculature in tumors [17]. Inhibition of VEGF
signaling, using specific monoclonal antibodies or small molecules, restores functional
tumor vessels and reverses the hypoxic TME to promote immune cell infiltration [101,102].
More importantly, the increased recruitment of IFN-γ-producing T cells, due to tumor
vasculature remodeling, further promotes the expression of adhesion molecules on ECs
for effector immune cell infiltration. Thus, this forms a positive regulatory loop between
vascular normalization and T cell-dependent anti-tumor immune response [79]. However,
the use of VEGF inhibitors for treating cancer is often associated with adverse effects [103].
Molecules involved in VEGF-mediated pathways should be considered as potential ther-
apeutic targets. In murine models, CD93, a receptor expressed on ECs, was explored
as a therapeutic target and identified as a downstream marker linked to the efficacy of
anti-VEGF therapy. Interaction with its ligand, insulin-like growth factor binding protein 7
(IGFBP7), contributes to the formation of a dysfunctional tumor vessel structure. Targeting
the CD93-IGFBP7 axis, using monoclonal antibodies reverses the properties associated
with the abnormal tumor vasculature structure, including hypoxia, vessel leakage, and
immunosuppression, leading to an improved ICB response [104]. In addition, a recent
report showed that the endothelial expression of the innate immune sensor stimulator of
interferon gene (STING) responsible for mediating cytosolic DNA-induced inflammatory
response [105], was correlated with the accumulation of tumor-infiltrating T cells in patient
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samples, and was expected to be a valuable prognostic marker. Agonists that stimulate
STING-mediated signaling reprogrammed abnormal tumor vasculature toward a normal-
ized vascular structure and displayed synergistically therapeutic efficacy when combined
with of VEGFR2 and PD-1 blocking [106]. However, STING activation can upregulate
VEGF expression in the dysfunctional retinal pigment epithelium and result in pathological
angiogenesis in retinal vascular diseases [107], suggesting that environmental factors also
play crucial roles in VEGF-dependent pathological angiogenesis.

5.2. CAR-T Efficacy

Chimeric antigen receptor (CAR)-based immunotherapy may be critical in overcoming
the barriers derived from aberrant tumor vasculature to improve T cell tumor infiltration.
CAR contains an extracellular domain from a single-chain variable fragment (scFv) an-
tibody for antigen recognition linked to a cytoplasmic signaling domain, which consists
of a costimulatory fragment to activate T cells when engaged with specific tumor anti-
gens [108]. Thus, the accessibility of engineered CAR-T cells to the tumor mass determines
the efficacy of this type of immunotherapy. A study showed that the use of engineered
T cells with CARs, and scFv from antibodies targeting VEGFR2, showed durable and
increased T cells entry into tumors, a phenomenon correlating with the suppression of
tumor progression [109]. Another endothelial antigen targeted by CAR-T is the tumor
endothelial marker (TEM) 8. Treatment with TEM8-specific CAR-T cells, in a murine model
of triple-negative breast cancer, blocked tumor neovascularization and induced tumor
regression [110]. Additionally, CAR-T targeting another endothelial marker, C-type lectin
domain-containing 14A (CLEC14A), has been shown to reduce vascular density and dimin-
ish tumor burden [111]. To improve the efficacy of CAR-T, the simultaneous targeting of
VEGFR2 and tumor antigen by CAR-T improves anti-tumor activity by increasing antigen-
specific T cell infiltration [112]. Thus, the use of CAR-T targeting the tumor endothelium
directly not only rebalances the actions between pro- and anti-angiogenic factors for vessel
normalization, but also enhances the tumor accessibility of T cells, thereby representing a
promising strategy for cancer treatment. Selected animal studies related to the combination
treatment of vascular normalization and immunotherapy are summarized in Table 1.

Table 1. Animal studies of combined treatment of vascular targeting and immunotherapy.

Agents Target Cancer Type Immunomodulation and Response to
Combining Immunotherapy

7C10 (anti-CD93
mAb)/2C6 (anti- IGFBP7) CD93/IGFBP7 pancreatic cancer, melanoma

• Intratumoral CD3+ T, NK, NKT
cells ↑

• Foxp3+ Treg, MDSC ↓
• Tumor regression by combining

with anti-PD-1/anti-CTLA-4 mAb
• Survival ↑ [104]

cGAMP (STING
agonist)/DC101

(anti-VEGFR2 mAb)
STING, VEGFR2 LLC, colon cancer

• CD8+ T, IFN-I ↑
• Vessel normalization, anti-tumor

immunity ↑
• Tumor regression and survival ↑

[106]
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Table 1. Cont.

Agents Target Cancer Type Immunomodulation and Response to
Combining Immunotherapy

B20-4.1.1 (anti-VEGF
mAb) VEGF small cell lung cancer

• PD-1+/TIM-3+ T cells ↓ by
combining anti-VEGF with
anti-PD-L1

• Improved PFS and OS [113]

Sunitinib (VEGFR, TKI) VEGFR1, R2, and R3 colorectal cancer

• Exhaustion of CD8T ↓
• Suppression of tumor growth by

combining VEGF-A–VEGFR and
PD-1 blockade [114]

DC101 (anti-VEGFR2
mAb) VEGFR2 colorectal cancer

• Restores anti-tumor activity of T
cells by combining with anti-PD-1
mAb

• TAMs ↓
• Tumor control ↑ [115]

DC101-CAR-T (scFv from
anti-VEGFR2 mAb) VEGFR2 melanoma, colon carcinoma,

fibrosarcoma, renal cancer

• Tumor infiltration of CAR-T ↑
• Tumor growth ↓
• Mice survival ↑ [109]

DC101-CAR-T (scFv from
anti-VEGFR2 mAb +TCR
against tumor antigens)

VEGFR2/tumor
antigens melanoma

• Persistence of Ag-specific T cell
infiltration ↑

• Tumor-free survival ↑
• Tumor growth ↓ [112]

CAR-T (anti-PSMA scFv) Endothelial PSMA ovarian cancer
• Tumor vascular density ↓
• Tumor regression ↑ [116]

↑ indicates increase in cell numbers, frequency or activity; ↓ denotes decrease in cell numbers or populations;
IGFBP7: insulin-like growth factor binding protein 7; NK: natural killer; MDSC: myeloid-derived suppressor cells;
STING: Stimulator of interferon genes; LLC: Lewis lung carcinoma; IFN-I: type I interferon; PFS: progression-
free survival; OS: overall survival; scFv: single-chain variable fragment; Ag: antigen; PSMA: prostate-specific
membrane antigen (PSMA); TKI: tyrosine kinase inhibitor; TAMs: tumor-associated macrophages.

6. Resistance to Anti-VEGF Therapies

Although VEGF blockade exhibits promising anti-cancer therapeutic efficacy, by nor-
malizing tumor vasculature, the optimal time and dosage of anti-VEGF treatments have
been proposed to be the determinants for effective vessel normalization [2,117]. During
the period of normalization window, increased tumor oxygenation and drug delivery,
as well as improved efficacy of combined therapy with VEGF targeting and cytotoxic
drugs, were observed [4]. Conversely, an administration of high doses of VEGF inhibitors
resulted in toxicity in normal tissues and an increase in tumor hypoxia due to the degener-
ation of tumor blood vessels, thereby stimulating tumor progression [118]. Additionally,
immunosuppression-regulated resistance to VEGF targeting implies the contribution of
other regulators to tumor promotion via immunomodulation (Figure 2). It has been shown,
in a murine model of gliomas, that anti-VEGFR2 therapy induces Ang-2 expression, which
inhibits vessel normalization by VEGFR2 inhibition and adversely affects survival [119].
Ang-2 overexpression due to VEGFR2 blockade increases tumor-associated macrophages
(TAMs) infiltration and leads to therapeutic failure, suggesting the reshaping of the tumor
immune microenvironment toward pro-tumoral phenotypes. Indeed, dual inhibition of
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Ang-2 and VEGF in a murine glioblastoma model with highly abnormal tumor vessels
decreased vessel density and reprogrammed TAMs toward an anti-tumor phenotype and
improved the therapeutic efficacy of anti-VEGF monotherapy [120]. More recently, the com-
bination of a bispecific nanobody, targeting VEGF and Ang-2, with PD-1 blockade, showed
profound anti-tumor activity in a lung cancer murine model. This further demonstrated
increased tumor infiltration of anti-tumor immune cells, via inhibition of pro-angiogenic
signaling [121]. However, in an autochthonous lung tumor model, a PD-1 or PD-L1 block-
ade was not beneficial to the dual inhibition of VEGF and Ang-2. This was due to the
increased tumor-infiltrating PD-1+ Treg cells, which were induced by anti-angiogenic treat-
ments. Notably, the inhibition of TAMs reduced Treg cell infiltration [122], suggesting
that a blockade of angiogenic molecules recruits TAMs to alleviate anti-tumor immunity.
Other pro-angiogenic molecules have also demonstrated involvement in anti-VEGF therapy
resistance. Fibroblast growth factor 2 (FGF-2)-dependent signaling pathways are required
for resistance to anti-VEGF therapy. FGFR inactivation decreases tumor vessel density
and restores anti-VEGF therapy efficacy [123,124]. Inhibition of hepatocyte growth factor
(HGF)-mediated signaling prevents aberrant vascular morphology and ameliorates VEGFR
inhibitor resistance in non-small cell lung cancer [125]. Interestingly, the administration of
FGF-2 and HGF can induce vessel growth and recruit M2-like macrophages in tissue [126],
suggesting an immunosuppressive microenvironment created by these pro-angiogenic
factors. Therefore, the anti-angiogenic cocktail may be required for a better treatment re-
sponse. In fact, there have been developments in the targeting of multiple kinases involved
in pro-angiogenic pathways, such as VEGFR, FGFR, PDGFR, and the Tie2 angiopoietin
receptor, which blocks the spectrum of angiogenic signaling. For example, the exposure of
the multi-target tyrosine kinase inhibitor, sorafenib, which inhibits VEGFR1-3 and PDGFR,
sensitized hepatocellular carcinoma to anti-PD-1 therapy. This indicated the presence of
normalized tumor vessels and an increased proportion of tumor-infiltrating T cells [127].
In fact, the administration of sorafenib amplified vascular normalization, promoted tumor
reoxygenation, and reversed the immunosuppressive tumor microenvironment [128]. In
addition, in a murine model of breast cancer, the production of IL-6 from adipocytes and
tumor-infiltrating myeloid cells, such as macrophages, has been demonstrated to contribute,
at least partly, to refractoriness to anti-VEGF treatment. Inhibition of IL-6 normalizes the
tumor vasculature and reduces the recruitment of immunosuppressive cells, such as Treg
cells to abrogate resistance to anti-VEGF therapy [124]. Tumor-infiltrating CD11b+Gr1+

myeloid cells with high gene expression, implicated in their mobilization and recruitment,
play an important role in the anti-VEGF treatment resistance [129]. Collectively, these
results suggest that though vessel-targeting therapies reduce tumor vascular density and
normalize tumor blood vessels, immune profiling analysis in the reshaped tumor im-
mune microenvironment may provide opportunities for the development of more effective
treatment strategies when combined with vessel-targeting and immunotherapy.
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hibitor targeting VEGFR1, VEGFR2, and VEGFR3, and receptor tyrosine kinases, has been 
used in combination with the anti-PD-1 antibody pembrolizumab in patients with ad-
vanced endometrial cancer in a clinical trial. Compared to each monotherapy, an increase 
in anti-tumor activity without serious adverse events was observed [133]. Patients with 
advanced hepatocellular carcinoma (HCC) have a longer overall and progression-free sur-
vival when treated with a combination of bevacizumab and PD-L1 blocking antibody ate-
zolizumab, compared to those treated with sorafenib [137]. In accordance with the efficacy 
of dual blockade of VEGF and immune checkpoints, tissues from metastatic renal cell 

Figure 2. Immunomodulation of pro-angiogenic pathways and the approved drugs that target them.
Triggering of VEGFR (mainly VEGFR2) pathways by the cognate ligands promotes CD8+ T cell ex-
haustion and apoptosis and inhibits their anti-tumor activity. Additionally, the immunosuppressive
functions of TAMs and Foxp3+ Tregs are also induced. Tie2- and FGFR-mediated pathways activate
pro-tumoral activity by recruiting TAMs/monocytes, which can further promote Treg-dependent
tumor-supporting activity. The blue arrows depict activation. The red lines show inhibition. Be-
vacizumab and Aflibercept are VEGF inhibitory agents. Ramucirumab is the monoclonal antibody
targeting VEGFR2. Axitinib, Sorafenib, Sunitinib, Nintedanib, and Regorafenib are tyrosine kinase
inhibitors. Regorafenib and vandetanib are multi-kinase inhibitors that can inhibit Tie2-dependent
signaling. TAM: tumor-associated macrophage; Treg: regulatory T cell; Ang-2: angiopoietin 2; VEGF:
vascular endothelial growth factor; FGF: fibroblast growth factor; VEGFR: VEGF receptor; FGFR: FGF
receptor; EC: endothelial cell.

7. Clinical Implications of Targeting Tumor Vasculature

The immunosuppressive effects of tumor vascular networks provide a rationale for
combining inhibitors targeting the tumor vasculature with immune checkpoint blockade
for cancer treatment. Bevacizumab, a monoclonal antibody against VEGF as a cancer
treatment, increases the dendritic cell (DC) population, improving their T cell stimulatory
capacity [130]. A recent study revealed that cancer patients with a gene set enriched in
the DC population have an improved response to immune checkpoint inhibitors [131]. In
addition, in patients with advanced gastric cancer, targeting VEGFR2 with ramucirumab
induces CD8+ T cell infiltration and simultaneously decreases tumor-infiltrating Tregs [132].
These results suggest the reshaping of the TME as the results of tumor vasculature remod-
eling. A combination of VEGF inhibitors and anti-immune checkpoint therapy confers
improved clinical outcomes for several cancer types [133–136]. Lenvatinib, a multikinase
inhibitor targeting VEGFR1, VEGFR2, and VEGFR3, and receptor tyrosine kinases, has been
used in combination with the anti-PD-1 antibody pembrolizumab in patients with advanced
endometrial cancer in a clinical trial. Compared to each monotherapy, an increase in anti-
tumor activity without serious adverse events was observed [133]. Patients with advanced
hepatocellular carcinoma (HCC) have a longer overall and progression-free survival when
treated with a combination of bevacizumab and PD-L1 blocking antibody atezolizumab,
compared to those treated with sorafenib [137]. In accordance with the efficacy of dual



Int. J. Mol. Sci. 2023, 24, 4422 12 of 19

blockade of VEGF and immune checkpoints, tissues from metastatic renal cell carcinoma
patients treated with bevacizumab and atezolizumab show increased intratumoral CD8+ T
cells and markers related to activated immune responses, such as MHC molecules, effector
T cells, and CX3CL1 chemokine [138]. Clinical studies and ongoing trials targeting tumor
vessels and immunosuppressive pathways are summarized in Table 2.

Table 2. Clinical studies and ongoing trials of the combined treatment of vascular targeting
and immunotherapy.

Drug Target Cancer Type Clinical Response

Bevacizumab VEGF
renal cell carcinoma

• Elevated Safety profile
• Prolonged PFS vs. sunitinib [139]

Atezolizumab PD-L1

Axitinib VEGFR1, R2, and R3
renal-cell carcinoma

• Prolonged PFS vs. sunitinib
• Longer OS than sunitinib
• Higher objective response rate [134]

Pembrolizumab PD-1

Bevacizumab VEGF
relapsed ovarian cancer • Enhanced activity in the platinum-sensitive

group [135]

Nivolumab PD-1

Bevacizumab VEGF
hepatocellular carcinoma • Prolonged PFS vs. sorafenib

• Longer OS than sorafenib [136]

Atezolizumab PD-L1

Bevacizumab VEGF
renal cell carcinoma

• Increase in intratumoral CD8+ T, T cell
activation markers and CX3CL1

• Increase in CX3CR1 on peripheral CD8+ T cells
• Improved antigen-specific T cell migration

[138]Atezolizumab PD-L1

Apatinib VEGFR2
hepatocellular carcinoma NCT05313282, phase III

Camrelizumab PD-1

Anlotinib VEGFR, FGFR, PDGFR, c-kit
advanced renal cancer NCT04523272, phase III

TQB2450 PD-L1

Bevacizumab VEGF
colorectal cancer NCT02997228, phase III

Atezolizumab PD-L1

HLX04 VEGF
non-small-cell lung NCT03952403, phase III

HLX10 PD-1

Bevacizumab VEGF
hepatocellular carcinoma NCT05665348, phase III

Atezolizumab/Ipilimumab PD-L1/CTLA-4
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Table 2. Cont.

Drug Target Cancer Type Clinical Response

Bevacizumab VEGF ovarian, fallopian tube, or
primary peritoneal cancer NCT02839707, phase II/III

Atezolizumab PD-L1

Bevacizumab VEGF metastatic colorectal
cancer

NCT02997228, phase III

Atezolizumab PD-L1

Cabozantinib VEGFR2, MET, AXL
renal cell carcinoma NCT03793166, phase III

Nivolumab/
Ipilimumab PD-1/CTLA-4

Bevacizumab VEGF
cutaneous melanoma NCT01950390, phase II

Ipilimumab CTLA-4

Lenvatinib VEGFR, FGFR, PDGFR, c-kit
hepatocellular carcinoma NCT04444167, phase I/II

AK104 PD-1/CTLA-4

PFS: progression-free survival; OS: overall survival.

8. Concluding Remarks

The tumor vasculature comprises abnormal and dysfunctional blood vessel networks
that results in an immunosuppressive microenvironment that supports tumor progression.
The dual blockade of angiogenic activation and immune checkpoint-mediated inhibitory
pathways has led to remarkable advances in the treatment of cancers. However, the potency
of combination therapy may be hindered due to the heterogeneity of endothelial cells across
and within tissues. Therefore, clinical manipulation of organ-specific ECs by targeting their
unique molecular features may inform the development of novel strategies to maximize
patient response to immunotherapy. In addition, long-term clinical trials are necessary for
the evaluation of the durable clinical benefits of combination therapies for cancer treatment.

Author Contributions: Conceptualization, H.-T.T.; writing—original draft preparation, H.-T.T.;
writing—review and editing, H.-T.T. and Y.-J.H.; supervision, Y.-J.H.; funding acquisition, H.-T.T. and
Y.-J.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Science and Technology Council, Taiwan (MOST
109-2320-B-182A-016-MY3 to HTT) and Chang Gung Memorial Hospital, Taiwan (CMRPG8J1243 to
HTT; CMRPG8M0381 to YJH).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Martin, J.D.; Seano, G.; Jain, R.K. Normalizing Function of Tumor Vessels: Progress, Opportunities, and Challenges. Annu. Rev.

Physiol. 2019, 81, 505–534. [CrossRef]

http://doi.org/10.1146/annurev-physiol-020518-114700


Int. J. Mol. Sci. 2023, 24, 4422 14 of 19

2. Jain, R.K. Antiangiogenesis strategies revisited: From starving tumors to alleviating hypoxia. Cancer Cell 2014, 26, 605–622.
[CrossRef]

3. Fukumura, D.; Kloepper, J.; Amoozgar, Z.; Duda, D.G.; Jain, R.K. Enhancing cancer immunotherapy using antiangiogenics:
Opportunities and challenges. Nat. Rev. Clin. Oncol. 2018, 15, 325–340. [CrossRef]

4. Carmeliet, P.; Jain, R.K. Principles and mechanisms of vessel normalization for cancer and other angiogenic diseases. Nat. Rev.
Drug Discov. 2011, 10, 417–427. [CrossRef] [PubMed]

5. Cobleigh, M.A.; Langmuir, V.K.; Sledge, G.W.; Miller, K.D.; Haney, L.; Novotny, W.F.; Reimann, J.D.; Vassel, A. A phase I/II
dose-escalation trial of bevacizumab in previously treated metastatic breast cancer. Semin. Oncol. 2003, 30 (Suppl. 16), 117–124.
[CrossRef] [PubMed]

6. Giantonio, B.J.; Catalano, P.J.; Meropol, N.J.; O’Dwyer, P.J.; Mitchell, E.P.; Alberts, S.R.; Schwartz, M.A.; Benson, A.B., 3rd; Eastern
Cooperative Oncology Group Study, E. Bevacizumab in combination with oxaliplatin, fluorouracil, and leucovorin (FOLFOX4)
for previously treated metastatic colorectal cancer: Results from the Eastern Cooperative Oncology Group Study E3200. J. Clin.
Oncol. 2007, 25, 1539–1544. [CrossRef] [PubMed]

7. Amersfoort, J.; Eelen, G.; Carmeliet, P. Immunomodulation by endothelial cells—Partnering up with the immune system? Nat.
Rev. Immunol. 2022, 22, 576–588. [CrossRef] [PubMed]

8. Guillaume, Z.; Auvray, M.; Vano, Y.; Oudard, S.; Helley, D.; Mauge, L. Renal Carcinoma and Angiogenesis: Therapeutic Target
and Biomarkers of Response in Current Therapies. Cancers 2022, 14, 6167. [CrossRef]

9. Vimalraj, S. A concise review of VEGF, PDGF, FGF, Notch, angiopoietin, and HGF signalling in tumor angiogenesis with a focus
on alternative approaches and future directions. Int. J. Biol. Macromol. 2022, 221, 1428–1438. [CrossRef]

10. Wang, R.; Yang, M.; Jiang, L.; Huang, M. Role of Angiopoietin-Tie axis in vascular and lymphatic systems and therapeutic
interventions. Pharmacol. Res. 2022, 182, 106331. [CrossRef]

11. Leung, D.W.; Cachianes, G.; Kuang, W.J.; Goeddel, D.V.; Ferrara, N. Vascular endothelial growth factor is a secreted angiogenic
mitogen. Science 1989, 246, 1306–1309. [CrossRef] [PubMed]

12. Olofsson, B.; Pajusola, K.; Kaipainen, A.; von Euler, G.; Joukov, V.; Saksela, O.; Orpana, A.; Pettersson, R.F.; Alitalo, K.; Eriksson,
U. Vascular endothelial growth factor B, a novel growth factor for endothelial cells. Proc. Natl. Acad. Sci. USA 1996, 93, 2576–2581.
[CrossRef] [PubMed]

13. Joukov, V.; Pajusola, K.; Kaipainen, A.; Chilov, D.; Lahtinen, I.; Kukk, E.; Saksela, O.; Kalkkinen, N.; Alitalo, K. A novel vascular
endothelial growth factor, VEGF-C, is a ligand for the Flt4 (VEGFR-3) and KDR (VEGFR-2) receptor tyrosine kinases. EMBO J.
1996, 15, 290–298. [CrossRef] [PubMed]

14. Yamada, Y.; Nezu, J.; Shimane, M.; Hirata, Y. Molecular cloning of a novel vascular endothelial growth factor, VEGF-D. Genomics
1997, 42, 483–488. [CrossRef]

15. Maglione, D.; Guerriero, V.; Viglietto, G.; Delli-Bovi, P.; Persico, M.G. Isolation of a human placenta cDNA coding for a protein
related to the vascular permeability factor. Proc. Natl. Acad. Sci. USA 1991, 88, 9267–9271. [CrossRef]

16. Simons, M.; Gordon, E.; Claesson-Welsh, L. Mechanisms and regulation of endothelial VEGF receptor signalling. Nat. Rev. Mol.
Cell Biol. 2016, 17, 611–625. [CrossRef]

17. Carmeliet, P.; Jain, R.K. Molecular mechanisms and clinical applications of angiogenesis. Nature 2011, 473, 298–307. [CrossRef]
18. Bouloumie, A.; Schini-Kerth, V.B.; Busse, R. Vascular endothelial growth factor up-regulates nitric oxide synthase expression in

endothelial cells. Cardiovasc. Res. 1999, 41, 773–780. [CrossRef]
19. Pandey, A.K.; Singhi, E.K.; Arroyo, J.P.; Ikizler, T.A.; Gould, E.R.; Brown, J.; Beckman, J.A.; Harrison, D.G.; Moslehi, J. Mechanisms

of VEGF (Vascular Endothelial Growth Factor) Inhibitor-Associated Hypertension and Vascular Disease. Hypertension 2018, 71,
e1–e8. [CrossRef]

20. Luo, M.; Hou, L.; Li, J.; Shao, S.; Huang, S.; Meng, D.; Liu, L.; Feng, L.; Xia, P.; Qin, T.; et al. VEGF/NRP-1axis promotes
progression of breast cancer via enhancement of epithelial-mesenchymal transition and activation of NF-kappaB and beta-catenin.
Cancer Lett. 2016, 373, 1–11. [CrossRef]

21. Kim, K.J.; Li, B.; Winer, J.; Armanini, M.; Gillett, N.; Phillips, H.S.; Ferrara, N. Inhibition of vascular endothelial growth
factor-induced angiogenesis suppresses tumour growth in vivo. Nature 1993, 362, 841–844. [CrossRef] [PubMed]

22. Good, D.J.; Polverini, P.J.; Rastinejad, F.; Le Beau, M.M.; Lemons, R.S.; Frazier, W.A.; Bouck, N.P. A tumor suppressor-dependent
inhibitor of angiogenesis is immunologically and functionally indistinguishable from a fragment of thrombospondin. Proc. Natl.
Acad. Sci. USA 1990, 87, 6624–6628. [CrossRef] [PubMed]

23. Cabral-Pacheco, G.A.; Garza-Veloz, I.; Castruita-De la Rosa, C.; Ramirez-Acuna, J.M.; Perez-Romero, B.A.; Guerrero-Rodriguez,
J.F.; Martinez-Avila, N.; Martinez-Fierro, M.L. The Roles of Matrix Metalloproteinases and Their Inhibitors in Human Diseases.
Int. J. Mol. Sci. 2020, 21, 9739. [CrossRef] [PubMed]

24. O’Reilly, M.S.; Boehm, T.; Shing, Y.; Fukai, N.; Vasios, G.; Lane, W.S.; Flynn, E.; Birkhead, J.R.; Olsen, B.R.; Folkman, J. Endostatin:
An endogenous inhibitor of angiogenesis and tumor growth. Cell 1997, 88, 277–285. [CrossRef]

25. O’Reilly, M.S.; Holmgren, L.; Shing, Y.; Chen, C.; Rosenthal, R.A.; Moses, M.; Lane, W.S.; Cao, Y.; Sage, E.H.; Folkman, J.
Angiostatin: A novel angiogenesis inhibitor that mediates the suppression of metastases by a Lewis lung carcinoma. Cell 1994, 79,
315–328. [CrossRef]

26. Bagavandoss, P.; Wilks, J.W. Specific inhibition of endothelial cell proliferation by thrombospondin. Biochem. Biophys. Res.
Commun. 1990, 170, 867–872. [CrossRef]

http://doi.org/10.1016/j.ccell.2014.10.006
http://doi.org/10.1038/nrclinonc.2018.29
http://doi.org/10.1038/nrd3455
http://www.ncbi.nlm.nih.gov/pubmed/21629292
http://doi.org/10.1053/j.seminoncol.2003.08.013
http://www.ncbi.nlm.nih.gov/pubmed/14613032
http://doi.org/10.1200/JCO.2006.09.6305
http://www.ncbi.nlm.nih.gov/pubmed/17442997
http://doi.org/10.1038/s41577-022-00694-4
http://www.ncbi.nlm.nih.gov/pubmed/35288707
http://doi.org/10.3390/cancers14246167
http://doi.org/10.1016/j.ijbiomac.2022.09.129
http://doi.org/10.1016/j.phrs.2022.106331
http://doi.org/10.1126/science.2479986
http://www.ncbi.nlm.nih.gov/pubmed/2479986
http://doi.org/10.1073/pnas.93.6.2576
http://www.ncbi.nlm.nih.gov/pubmed/8637916
http://doi.org/10.1002/j.1460-2075.1996.tb00359.x
http://www.ncbi.nlm.nih.gov/pubmed/8617204
http://doi.org/10.1006/geno.1997.4774
http://doi.org/10.1073/pnas.88.20.9267
http://doi.org/10.1038/nrm.2016.87
http://doi.org/10.1038/nature10144
http://doi.org/10.1016/S0008-6363(98)00228-4
http://doi.org/10.1161/HYPERTENSIONAHA.117.10271
http://doi.org/10.1016/j.canlet.2016.01.010
http://doi.org/10.1038/362841a0
http://www.ncbi.nlm.nih.gov/pubmed/7683111
http://doi.org/10.1073/pnas.87.17.6624
http://www.ncbi.nlm.nih.gov/pubmed/1697685
http://doi.org/10.3390/ijms21249739
http://www.ncbi.nlm.nih.gov/pubmed/33419373
http://doi.org/10.1016/S0092-8674(00)81848-6
http://doi.org/10.1016/0092-8674(94)90200-3
http://doi.org/10.1016/0006-291X(90)92171-U


Int. J. Mol. Sci. 2023, 24, 4422 15 of 19

27. Jimenez, B.; Volpert, O.V.; Crawford, S.E.; Febbraio, M.; Silverstein, R.L.; Bouck, N. Signals leading to apoptosis-dependent
inhibition of neovascularization by thrombospondin-1. Nat. Med. 2000, 6, 41–48. [CrossRef]

28. Kaur, S.; Bronson, S.M.; Pal-Nath, D.; Miller, T.W.; Soto-Pantoja, D.R.; Roberts, D.D. Functions of Thrombospondin-1 in the Tumor
Microenvironment. Int. J. Mol. Sci. 2021, 22, 4570. [CrossRef]

29. Kazerounian, S.; Yee, K.O.; Lawler, J. Thrombospondins in cancer. Cell. Mol. Life Sci. 2008, 65, 700–712. [CrossRef]
30. Semenza, G.L. Hypoxia-inducible factors in physiology and medicine. Cell 2012, 148, 399–408. [CrossRef]
31. Corzo, C.A.; Condamine, T.; Lu, L.; Cotter, M.J.; Youn, J.I.; Cheng, P.; Cho, H.I.; Celis, E.; Quiceno, D.G.; Padhya, T.; et al.

HIF-1alpha regulates function and differentiation of myeloid-derived suppressor cells in the tumor microenvironment. J. Exp.
Med. 2010, 207, 2439–2453. [CrossRef] [PubMed]

32. Doedens, A.L.; Stockmann, C.; Rubinstein, M.P.; Liao, D.; Zhang, N.; DeNardo, D.G.; Coussens, L.M.; Karin, M.; Goldrath,
A.W.; Johnson, R.S. Macrophage expression of hypoxia-inducible factor-1 alpha suppresses T-cell function and promotes tumor
progression. Cancer Res. 2010, 70, 7465–7475. [CrossRef]

33. Neumann, A.K.; Yang, J.; Biju, M.P.; Joseph, S.K.; Johnson, R.S.; Haase, V.H.; Freedman, B.D.; Turka, L.A. Hypoxia inducible factor
1 alpha regulates T cell receptor signal transduction. Proc. Natl. Acad. Sci. USA 2005, 102, 17071–17076. [CrossRef] [PubMed]

34. Montauti, E.; Weinberg, S.E.; Chu, P.; Chaudhuri, S.; Mani, N.L.; Iyer, R.; Zhou, Y.; Zhang, Y.; Liu, C.; Xin, C.; et al. A
deubiquitination module essential for T(reg) fitness in the tumor microenvironment. Sci. Adv. 2022, 8, eabo4116. [CrossRef]
[PubMed]

35. Pang, L.; Ng, K.T.; Liu, J.; Yeung, W.O.; Zhu, J.; Chiu, T.S.; Liu, H.; Chen, Z.; Lo, C.M.; Man, K. Plasmacytoid dendritic cells
recruited by HIF-1alpha/eADO/ADORA1 signaling induce immunosuppression in hepatocellular carcinoma. Cancer Lett.
2021, 522, 80–92. [CrossRef]

36. Yuan, C.S.; Teng, Z.; Yang, S.; He, Z.; Meng, L.Y.; Chen, X.G.; Liu, Y. Reshaping hypoxia and silencing CD73 via biomimetic
gelatin nanotherapeutics to boost immunotherapy. J. Control. Release 2022, 351, 255–271. [CrossRef]

37. Huber, V.; Camisaschi, C.; Berzi, A.; Ferro, S.; Lugini, L.; Triulzi, T.; Tuccitto, A.; Tagliabue, E.; Castelli, C.; Rivoltini, L. Cancer
acidity: An ultimate frontier of tumor immune escape and a novel target of immunomodulation. Semin. Cancer Biol. 2017, 43,
74–89. [CrossRef]

38. Chiche, J.; Brahimi-Horn, M.C.; Pouyssegur, J. Tumour hypoxia induces a metabolic shift causing acidosis: A common feature in
cancer. J. Cell. Mol. Med. 2010, 14, 771–794. [CrossRef]

39. Gillies, R.J.; Brown, J.S.; Anderson, A.R.A.; Gatenby, R.A. Eco-evolutionary causes and consequences of temporal changes in
intratumoural blood flow. Nat. Rev. Cancer 2018, 18, 576–585. [CrossRef]

40. Robey, I.F.; Baggett, B.K.; Kirkpatrick, N.D.; Roe, D.J.; Dosescu, J.; Sloane, B.F.; Hashim, A.I.; Morse, D.L.; Raghunand, N.; Gatenby,
R.A.; et al. Bicarbonate increases tumor pH and inhibits spontaneous metastases. Cancer Res. 2009, 69, 2260–2268. [CrossRef]

41. Ibrahim-Hashim, A.; Abrahams, D.; Enriquez-Navas, P.M.; Luddy, K.; Gatenby, R.A.; Gillies, R.J. Tris-base buffer: A promising
new inhibitor for cancer progression and metastasis. Cancer Med. 2017, 6, 1720–1729. [CrossRef] [PubMed]

42. Calcinotto, A.; Filipazzi, P.; Grioni, M.; Iero, M.; De Milito, A.; Ricupito, A.; Cova, A.; Canese, R.; Jachetti, E.; Rossetti, M.; et al.
Modulation of microenvironment acidity reverses anergy in human and murine tumor-infiltrating T lymphocytes. Cancer Res.
2012, 72, 2746–2756. [CrossRef] [PubMed]

43. Pilon-Thomas, S.; Kodumudi, K.N.; El-Kenawi, A.E.; Russell, S.; Weber, A.M.; Luddy, K.; Damaghi, M.; Wojtkowiak, J.W.; Mule,
J.J.; Ibrahim-Hashim, A.; et al. Neutralization of Tumor Acidity Improves Antitumor Responses to Immunotherapy. Cancer Res.
2016, 76, 1381–1390. [CrossRef] [PubMed]

44. Fischer, K.; Hoffmann, P.; Voelkl, S.; Meidenbauer, N.; Ammer, J.; Edinger, M.; Gottfried, E.; Schwarz, S.; Rothe, G.; Hoves, S.; et al.
Inhibitory effect of tumor cell-derived lactic acid on human T cells. Blood 2007, 109, 3812–3819. [CrossRef]

45. Brand, A.; Singer, K.; Koehl, G.E.; Kolitzus, M.; Schoenhammer, G.; Thiel, A.; Matos, C.; Bruss, C.; Klobuch, S.; Peter, K.; et al.
LDHA-Associated Lactic Acid Production Blunts Tumor Immunosurveillance by T and NK Cells. Cell Metab. 2016, 24, 657–671.
[CrossRef] [PubMed]

46. Colegio, O.R.; Chu, N.Q.; Szabo, A.L.; Chu, T.; Rhebergen, A.M.; Jairam, V.; Cyrus, N.; Brokowski, C.E.; Eisenbarth, S.C.; Phillips,
G.M.; et al. Functional polarization of tumour-associated macrophages by tumour-derived lactic acid. Nature 2014, 513, 559–563.
[CrossRef] [PubMed]

47. Feng, R.; Morine, Y.; Ikemoto, T.; Imura, S.; Iwahashi, S.; Saito, Y.; Shimada, M. Nrf2 activation drive macrophages polarization
and cancer cell epithelial-mesenchymal transition during interaction. Cell Commun. Signal. 2018, 16, 54. [CrossRef] [PubMed]

48. Cao, T.M.; Takatani, T.; King, M.R. Effect of extracellular pH on selectin adhesion: Theory and experiment. Biophys. J. 2013, 104,
292–299. [CrossRef]

49. Martinez, D.; Vermeulen, M.; Trevani, A.; Ceballos, A.; Sabatte, J.; Gamberale, R.; Alvarez, M.E.; Salamone, G.; Tanos, T.; Coso,
O.A.; et al. Extracellular acidosis induces neutrophil activation by a mechanism dependent on activation of phosphatidylinositol
3-kinase/Akt and ERK pathways. J. Immunol. 2006, 176, 1163–1171. [CrossRef]

50. Weinberg, F.; Ramnath, N.; Nagrath, D. Reactive Oxygen Species in the Tumor Microenvironment: An Overview. Cancers 2019, 11,
1191. [CrossRef]

51. Trujillo, J.A.; Croft, N.P.; Dudek, N.L.; Channappanavar, R.; Theodossis, A.; Webb, A.I.; Dunstone, M.A.; Illing, P.T.; Butler, N.S.;
Fett, C.; et al. The cellular redox environment alters antigen presentation. J. Biol. Chem. 2014, 289, 27979–27991. [CrossRef]
[PubMed]

http://doi.org/10.1038/71517
http://doi.org/10.3390/ijms22094570
http://doi.org/10.1007/s00018-007-7486-z
http://doi.org/10.1016/j.cell.2012.01.021
http://doi.org/10.1084/jem.20100587
http://www.ncbi.nlm.nih.gov/pubmed/20876310
http://doi.org/10.1158/0008-5472.CAN-10-1439
http://doi.org/10.1073/pnas.0506070102
http://www.ncbi.nlm.nih.gov/pubmed/16286658
http://doi.org/10.1126/sciadv.abo4116
http://www.ncbi.nlm.nih.gov/pubmed/36427305
http://doi.org/10.1016/j.canlet.2021.09.022
http://doi.org/10.1016/j.jconrel.2022.09.029
http://doi.org/10.1016/j.semcancer.2017.03.001
http://doi.org/10.1111/j.1582-4934.2009.00994.x
http://doi.org/10.1038/s41568-018-0030-7
http://doi.org/10.1158/0008-5472.CAN-07-5575
http://doi.org/10.1002/cam4.1032
http://www.ncbi.nlm.nih.gov/pubmed/28556628
http://doi.org/10.1158/0008-5472.CAN-11-1272
http://www.ncbi.nlm.nih.gov/pubmed/22593198
http://doi.org/10.1158/0008-5472.CAN-15-1743
http://www.ncbi.nlm.nih.gov/pubmed/26719539
http://doi.org/10.1182/blood-2006-07-035972
http://doi.org/10.1016/j.cmet.2016.08.011
http://www.ncbi.nlm.nih.gov/pubmed/27641098
http://doi.org/10.1038/nature13490
http://www.ncbi.nlm.nih.gov/pubmed/25043024
http://doi.org/10.1186/s12964-018-0262-x
http://www.ncbi.nlm.nih.gov/pubmed/30180849
http://doi.org/10.1016/j.bpj.2012.12.005
http://doi.org/10.4049/jimmunol.176.2.1163
http://doi.org/10.3390/cancers11081191
http://doi.org/10.1074/jbc.M114.573402
http://www.ncbi.nlm.nih.gov/pubmed/25135637


Int. J. Mol. Sci. 2023, 24, 4422 16 of 19

52. Weiskopf, D.; Schwanninger, A.; Weinberger, B.; Almanzar, G.; Parson, W.; Buus, S.; Lindner, H.; Grubeck-Loebenstein, B.
Oxidative stress can alter the antigenicity of immunodominant peptides. J. Leukoc. Biol. 2010, 87, 165–172. [CrossRef] [PubMed]

53. Lee, D.H.; Son, D.J.; Park, M.H.; Yoon, D.Y.; Han, S.B.; Hong, J.T. Glutathione peroxidase 1 deficiency attenuates concanavalin
A-induced hepatic injury by modulation of T-cell activation. Cell Death Dis. 2016, 7, e2208. [CrossRef] [PubMed]

54. Aydin, E.; Johansson, J.; Nazir, F.H.; Hellstrand, K.; Martner, A. Role of NOX2-Derived Reactive Oxygen Species in NK Cell-
Mediated Control of Murine Melanoma Metastasis. Cancer Immunol. Res. 2017, 5, 804–811. [CrossRef] [PubMed]

55. Zhang, Y.; Choksi, S.; Chen, K.; Pobezinskaya, Y.; Linnoila, I.; Liu, Z.G. ROS play a critical role in the differentiation of alternatively
activated macrophages and the occurrence of tumor-associated macrophages. Cell Res. 2013, 23, 898–914. [CrossRef]

56. Xu, Q.; Choksi, S.; Qu, J.; Jang, J.; Choe, M.; Banfi, B.; Engelhardt, J.F.; Liu, Z.G. NADPH Oxidases Are Essential for Macrophage
Differentiation. J. Biol. Chem. 2016, 291, 20030–20041. [CrossRef]

57. Kuo, C.L.; Chou, H.Y.; Chiu, Y.C.; Cheng, A.N.; Fan, C.C.; Chang, Y.N.; Chen, C.H.; Jiang, S.S.; Chen, N.J.; Lee, A.Y. Mitochondrial
oxidative stress by Lon-PYCR1 maintains an immunosuppressive tumor microenvironment that promotes cancer progression
and metastasis. Cancer Lett. 2020, 474, 138–150. [CrossRef]

58. Maj, T.; Wang, W.; Crespo, J.; Zhang, H.; Wang, W.; Wei, S.; Zhao, L.; Vatan, L.; Shao, I.; Szeliga, W.; et al. Oxidative stress controls
regulatory T cell apoptosis and suppressor activity and PD-L1-blockade resistance in tumor. Nat. Immunol. 2017, 18, 1332–1341.
[CrossRef]

59. Carreau, A.; Kieda, C.; Grillon, C. Nitric oxide modulates the expression of endothelial cell adhesion molecules involved in
angiogenesis and leukocyte recruitment. Exp. Cell Res. 2011, 317, 29–41. [CrossRef]

60. De Palma, M.; Biziato, D.; Petrova, T.V. Microenvironmental regulation of tumour angiogenesis. Nat. Rev. Cancer 2017, 17, 457–474.
[CrossRef]

61. Lanitis, E.; Irving, M.; Coukos, G. Targeting the tumor vasculature to enhance T cell activity. Curr. Opin. Immunol. 2015, 33, 55–63.
[CrossRef] [PubMed]

62. Beckermann, K.E.; Dudzinski, S.O.; Rathmell, J.C. Dysfunctional T cell metabolism in the tumor microenvironment. Cytokine
Growth Factor Rev. 2017, 35, 7–14. [CrossRef] [PubMed]

63. Pinte, S.; Caetano, B.; Le Bras, A.; Havet, C.; Villain, G.; Dernayka, R.; Duez, C.; Mattot, V.; Soncin, F. Endothelial Cell Activation
Is Regulated by Epidermal Growth Factor-like Domain 7 (Egfl7) during Inflammation. J. Biol. Chem. 2016, 291, 24017–24028.
[CrossRef] [PubMed]

64. Delfortrie, S.; Pinte, S.; Mattot, V.; Samson, C.; Villain, G.; Caetano, B.; Lauridant-Philippin, G.; Baranzelli, M.C.; Bonneterre, J.;
Trottein, F.; et al. Egfl7 promotes tumor escape from immunity by repressing endothelial cell activation. Cancer Res. 2011, 71,
7176–7186. [CrossRef]

65. Rodig, N.; Ryan, T.; Allen, J.A.; Pang, H.; Grabie, N.; Chernova, T.; Greenfield, E.A.; Liang, S.C.; Sharpe, A.H.; Lichtman,
A.H.; et al. Endothelial expression of PD-L1 and PD-L2 down-regulates CD8+ T cell activation and cytolysis. Eur. J. Immunol.
2003, 33, 3117–3126. [CrossRef]

66. Motz, G.T.; Santoro, S.P.; Wang, L.P.; Garrabrant, T.; Lastra, R.R.; Hagemann, I.S.; Lal, P.; Feldman, M.D.; Benencia, F.; Coukos, G.
Tumor endothelium FasL establishes a selective immune barrier promoting tolerance in tumors. Nat. Med. 2014, 20, 607–615.
[CrossRef]

67. Scholz, A.; Harter, P.N.; Cremer, S.; Yalcin, B.H.; Gurnik, S.; Yamaji, M.; Di Tacchio, M.; Sommer, K.; Baumgarten, P.; Bahr, O.; et al.
Endothelial cell-derived angiopoietin-2 is a therapeutic target in treatment-naive and bevacizumab-resistant glioblastoma. EMBO
Mol. Med. 2016, 8, 39–57. [CrossRef]

68. Coffelt, S.B.; Tal, A.O.; Scholz, A.; De Palma, M.; Patel, S.; Urbich, C.; Biswas, S.K.; Murdoch, C.; Plate, K.H.; Reiss, Y.; et al.
Angiopoietin-2 regulates gene expression in TIE2-expressing monocytes and augments their inherent proangiogenic functions.
Cancer Res. 2010, 70, 5270–5280. [CrossRef]

69. Huang, H.; Lai, J.Y.; Do, J.; Liu, D.; Li, L.; Del Rosario, J.; Doppalapudi, V.R.; Pirie-Shepherd, S.; Levin, N.; Bradshaw, C.; et al.
Specifically targeting angiopoietin-2 inhibits angiogenesis, Tie2-expressing monocyte infiltration, and tumor growth. Clin. Cancer
Res. 2011, 17, 1001–1011. [CrossRef]

70. Franses, J.W.; Drosu, N.C.; Gibson, W.J.; Chitalia, V.C.; Edelman, E.R. Dysfunctional endothelial cells directly stimulate cancer
inflammation and metastasis. Int. J. Cancer 2013, 133, 1334–1344. [CrossRef]

71. McCoy, M.G.; Nascimento, D.W.; Veleeparambil, M.; Murtazina, R.; Gao, D.; Tkachenko, S.; Podrez, E.; Byzova, T.V. Endothelial
TLR2 promotes proangiogenic immune cell recruitment and tumor angiogenesis. Sci. Signal. 2021, 14, eabc5371. [CrossRef]
[PubMed]

72. Karikoski, M.; Marttila-Ichihara, F.; Elima, K.; Rantakari, P.; Hollmen, M.; Kelkka, T.; Gerke, H.; Huovinen, V.; Irjala, H.; Holmdahl,
R.; et al. Clever-1/stabilin-1 controls cancer growth and metastasis. Clin. Cancer Res. 2014, 20, 6452–6464. [CrossRef] [PubMed]

73. Yin, M.; Zhou, H.J.; Zhang, J.; Lin, C.; Li, H.; Li, X.; Li, Y.; Zhang, H.; Breckenridge, D.G.; Ji, W.; et al. ASK1-dependent endothelial
cell activation is critical in ovarian cancer growth and metastasis. JCI Insight 2017, 2, e91828. [CrossRef]

74. Xu, Z.; Guo, C.; Ye, Q.; Shi, Y.; Sun, Y.; Zhang, J.; Huang, J.; Huang, Y.; Zeng, C.; Zhang, X.; et al. Endothelial deletion of SHP2
suppresses tumor angiogenesis and promotes vascular normalization. Nat. Commun. 2021, 12, 6310. [CrossRef] [PubMed]

75. Miller, M.R.; Koch, S.R.; Choi, H.; Lamb, F.S.; Stark, R.J. Apoptosis signal-regulating kinase 1 (ASK1) inhibition reduces endothelial
cytokine production without improving permeability after toll-like receptor 4 (TLR4) challenge. Transl. Res. 2021, 235, 115–128.
[CrossRef]

http://doi.org/10.1189/jlb.0209065
http://www.ncbi.nlm.nih.gov/pubmed/19801502
http://doi.org/10.1038/cddis.2016.95
http://www.ncbi.nlm.nih.gov/pubmed/27124582
http://doi.org/10.1158/2326-6066.CIR-16-0382
http://www.ncbi.nlm.nih.gov/pubmed/28760732
http://doi.org/10.1038/cr.2013.75
http://doi.org/10.1074/jbc.M116.731216
http://doi.org/10.1016/j.canlet.2020.01.019
http://doi.org/10.1038/ni.3868
http://doi.org/10.1016/j.yexcr.2010.08.011
http://doi.org/10.1038/nrc.2017.51
http://doi.org/10.1016/j.coi.2015.01.011
http://www.ncbi.nlm.nih.gov/pubmed/25665467
http://doi.org/10.1016/j.cytogfr.2017.04.003
http://www.ncbi.nlm.nih.gov/pubmed/28456467
http://doi.org/10.1074/jbc.M116.731331
http://www.ncbi.nlm.nih.gov/pubmed/27650497
http://doi.org/10.1158/0008-5472.CAN-11-1301
http://doi.org/10.1002/eji.200324270
http://doi.org/10.1038/nm.3541
http://doi.org/10.15252/emmm.201505505
http://doi.org/10.1158/0008-5472.CAN-10-0012
http://doi.org/10.1158/1078-0432.CCR-10-2317
http://doi.org/10.1002/ijc.28146
http://doi.org/10.1126/scisignal.abc5371
http://www.ncbi.nlm.nih.gov/pubmed/33986920
http://doi.org/10.1158/1078-0432.CCR-14-1236
http://www.ncbi.nlm.nih.gov/pubmed/25320356
http://doi.org/10.1172/jci.insight.91828
http://doi.org/10.1038/s41467-021-26697-8
http://www.ncbi.nlm.nih.gov/pubmed/34728626
http://doi.org/10.1016/j.trsl.2021.04.001


Int. J. Mol. Sci. 2023, 24, 4422 17 of 19

76. Matsubara, T.; Kanto, T.; Kuroda, S.; Yoshio, S.; Higashitani, K.; Kakita, N.; Miyazaki, M.; Sakakibara, M.; Hiramatsu, N.; Kasahara,
A.; et al. TIE2-expressing monocytes as a diagnostic marker for hepatocellular carcinoma correlates with angiogenesis. Hepatology
2013, 57, 1416–1425. [CrossRef]

77. Sultan, H.; Wu, J.; Fesenkova, V.I.; Fan, A.E.; Addis, D.; Salazar, A.M.; Celis, E. Poly-IC enhances the effectiveness of cancer
immunotherapy by promoting T cell tumor infiltration. J. Immunother. Cancer 2020, 8, e001224. [CrossRef]

78. Akeus, P.; Szeponik, L.; Langenes, V.; Karlsson, V.; Sundstrom, P.; Bexe-Lindskog, E.; Tallon, C.; Slusher, B.S.; Quiding-Jarbrink,
M. Regulatory T cells reduce endothelial neutral sphingomyelinase 2 to prevent T-cell migration into tumors. Eur. J. Immunol.
2021, 51, 2317–2329. [CrossRef]

79. Tian, L.; Goldstein, A.; Wang, H.; Ching Lo, H.; Sun Kim, I.; Welte, T.; Sheng, K.; Dobrolecki, L.E.; Zhang, X.; Putluri, N.; et al.
Mutual regulation of tumour vessel normalization and immunostimulatory reprogramming. Nature 2017, 544, 250–254. [CrossRef]

80. Vella, G.; Guelfi, S.; Bergers, G. High Endothelial Venules: A Vascular Perspective on Tertiary Lymphoid Structures in Cancer.
Front. Immunol. 2021, 12, 736670. [CrossRef]

81. Martinet, L.; Garrido, I.; Filleron, T.; Le Guellec, S.; Bellard, E.; Fournie, J.J.; Rochaix, P.; Girard, J.P. Human solid tumors contain
high endothelial venules: Association with T- and B-lymphocyte infiltration and favorable prognosis in breast cancer. Cancer Res.
2011, 71, 5678–5687. [CrossRef] [PubMed]

82. Hiraoka, N.; Ino, Y.; Yamazaki-Itoh, R.; Kanai, Y.; Kosuge, T.; Shimada, K. Intratumoral tertiary lymphoid organ is a favourable
prognosticator in patients with pancreatic cancer. Br. J. Cancer 2015, 112, 1782–1790. [CrossRef]

83. Avram, G.; Sanchez-Sendra, B.; Martin, J.M.; Terradez, L.; Ramos, D.; Monteagudo, C. The density and type of MECA-79-
positive high endothelial venules correlate with lymphocytic infiltration and tumour regression in primary cutaneous melanoma.
Histopathology 2013, 63, 852–861. [CrossRef] [PubMed]

84. Sawada, J.; Hiraoka, N.; Qi, R.; Jiang, L.; Fournier-Goss, A.E.; Yoshida, M.; Kawashima, H.; Komatsu, M. Molecular Signature of
Tumor-Associated High Endothelial Venules That Can Predict Breast Cancer Survival. Cancer Immunol. Res. 2022, 10, 468–481.
[CrossRef] [PubMed]

85. Asrir, A.; Tardiveau, C.; Coudert, J.; Laffont, R.; Blanchard, L.; Bellard, E.; Veerman, K.; Bettini, S.; Lafouresse, F.; Vina, E.; et al.
Tumor-associated high endothelial venules mediate lymphocyte entry into tumors and predict response to PD-1 plus CTLA-4
combination immunotherapy. Cancer Cell 2022, 40, 318–334.e9. [CrossRef]

86. Sawada, J.; Perrot, C.Y.; Chen, L.; Fournier-Goss, A.E.; Oyer, J.; Copik, A.; Komatsu, M. High Endothelial Venules Accelerate
Naive T Cell Recruitment by Tumor Necrosis Factor-Mediated R-Ras Upregulation. Am. J. Pathol. 2021, 191, 396–414. [CrossRef]
[PubMed]

87. Allen, E.; Jabouille, A.; Rivera, L.B.; Lodewijckx, I.; Missiaen, R.; Steri, V.; Feyen, K.; Tawney, J.; Hanahan, D.; Michael, I.P.; et al.
Combined antiangiogenic and anti-PD-L1 therapy stimulates tumor immunity through HEV formation. Sci. Transl. Med. 2017, 9,
eaak9679. [CrossRef]

88. Johansson-Percival, A.; He, B.; Li, Z.J.; Kjellen, A.; Russell, K.; Li, J.; Larma, I.; Ganss, R. De novo induction of intratumoral
lymphoid structures and vessel normalization enhances immunotherapy in resistant tumors. Nat. Immunol. 2017, 18, 1207–1217.
[CrossRef]

89. He, B.; Johansson-Percival, A.; Backhouse, J.; Li, J.; Lee, G.Y.F.; Hamzah, J.; Ganss, R. Remodeling of Metastatic Vasculature
Reduces Lung Colonization and Sensitizes Overt Metastases to Immunotherapy. Cell Rep. 2020, 30, 714–724.e5. [CrossRef]

90. Hua, Y.; Vella, G.; Rambow, F.; Allen, E.; Antoranz Martinez, A.; Duhamel, M.; Takeda, A.; Jalkanen, S.; Junius, S.; Smeets,
A.; et al. Cancer immunotherapies transition endothelial cells into HEVs that generate TCF1(+) T lymphocyte niches through a
feed-forward loop. Cancer Cell 2022, 40, 1600–1618.e10. [CrossRef]

91. Potente, M.; Makinen, T. Vascular heterogeneity and specialization in development and disease. Nat. Rev. Mol. Cell Biol. 2017, 18,
477–494. [CrossRef] [PubMed]

92. Kalucka, J.; de Rooij, L.; Goveia, J.; Rohlenova, K.; Dumas, S.J.; Meta, E.; Conchinha, N.V.; Taverna, F.; Teuwen, L.A.; Veys, K.; et al.
Single-Cell Transcriptome Atlas of Murine Endothelial Cells. Cell 2020, 180, 764–779.e20. [CrossRef] [PubMed]

93. Bronte, V.; Pittet, M.J. The spleen in local and systemic regulation of immunity. Immunity 2013, 39, 806–818. [CrossRef] [PubMed]
94. Spadoni, I.; Zagato, E.; Bertocchi, A.; Paolinelli, R.; Hot, E.; Di Sabatino, A.; Caprioli, F.; Bottiglieri, L.; Oldani, A.; Viale, G.; et al.

A gut-vascular barrier controls the systemic dissemination of bacteria. Science 2015, 350, 830–834. [CrossRef] [PubMed]
95. Urbanczyk, M.; Zbinden, A.; Schenke-Layland, K. Organ-specific endothelial cell heterogenicity and its impact on regenerative

medicine and biomedical engineering applications. Adv. Drug Deliv. Rev. 2022, 186, 114323. [CrossRef] [PubMed]
96. Jackson, D.G. Leucocyte Trafficking via the Lymphatic Vasculature- Mechanisms and Consequences. Front. Immunol. 2019, 10,

471. [CrossRef]
97. Sharma, A.; Seow, J.J.W.; Dutertre, C.A.; Pai, R.; Bleriot, C.; Mishra, A.; Wong, R.M.M.; Singh, G.S.N.; Sudhagar, S.; Khalilnezhad,

S.; et al. Onco-fetal Reprogramming of Endothelial Cells Drives Immunosuppressive Macrophages in Hepatocellular Carcinoma.
Cell 2020, 183, 377–394.e21. [CrossRef]

98. Lambrechts, D.; Wauters, E.; Boeckx, B.; Aibar, S.; Nittner, D.; Burton, O.; Bassez, A.; Decaluwe, H.; Pircher, A.; Van den Eynde, K.;
et al. Phenotype molding of stromal cells in the lung tumor microenvironment. Nat. Med. 2018, 24, 1277–1289. [CrossRef]

99. Shi, Y.; Li, Y.; Wu, B.; Zhong, C.; Lang, Q.; Liang, Z.; Zhang, Y.; Lv, C.; Han, S.; Yu, Y.; et al. Normalization of tumor vasculature: A
potential strategy to increase the efficiency of immune checkpoint blockades in cancers. Int. Immunopharmacol. 2022, 110, 108968.
[CrossRef]

http://doi.org/10.1002/hep.25965
http://doi.org/10.1136/jitc-2020-001224
http://doi.org/10.1002/eji.202149208
http://doi.org/10.1038/nature21724
http://doi.org/10.3389/fimmu.2021.736670
http://doi.org/10.1158/0008-5472.CAN-11-0431
http://www.ncbi.nlm.nih.gov/pubmed/21846823
http://doi.org/10.1038/bjc.2015.145
http://doi.org/10.1111/his.12235
http://www.ncbi.nlm.nih.gov/pubmed/24102908
http://doi.org/10.1158/2326-6066.CIR-21-0369
http://www.ncbi.nlm.nih.gov/pubmed/35201289
http://doi.org/10.1016/j.ccell.2022.01.002
http://doi.org/10.1016/j.ajpath.2020.10.009
http://www.ncbi.nlm.nih.gov/pubmed/33159887
http://doi.org/10.1126/scitranslmed.aak9679
http://doi.org/10.1038/ni.3836
http://doi.org/10.1016/j.celrep.2019.12.013
http://doi.org/10.1016/j.ccell.2022.11.002
http://doi.org/10.1038/nrm.2017.36
http://www.ncbi.nlm.nih.gov/pubmed/28537573
http://doi.org/10.1016/j.cell.2020.01.015
http://www.ncbi.nlm.nih.gov/pubmed/32059779
http://doi.org/10.1016/j.immuni.2013.10.010
http://www.ncbi.nlm.nih.gov/pubmed/24238338
http://doi.org/10.1126/science.aad0135
http://www.ncbi.nlm.nih.gov/pubmed/26564856
http://doi.org/10.1016/j.addr.2022.114323
http://www.ncbi.nlm.nih.gov/pubmed/35568103
http://doi.org/10.3389/fimmu.2019.00471
http://doi.org/10.1016/j.cell.2020.08.040
http://doi.org/10.1038/s41591-018-0096-5
http://doi.org/10.1016/j.intimp.2022.108968


Int. J. Mol. Sci. 2023, 24, 4422 18 of 19

100. Jain, R.K. Normalization of tumor vasculature: An emerging concept in antiangiogenic therapy. Science 2005, 307, 58–62.
[CrossRef]

101. Huang, Y.; Goel, S.; Duda, D.G.; Fukumura, D.; Jain, R.K. Vascular normalization as an emerging strategy to enhance cancer
immunotherapy. Cancer Res. 2013, 73, 2943–2948. [CrossRef] [PubMed]

102. Nowak-Sliwinska, P.; van Beijnum, J.R.; Griffioen, C.J.; Huinen, Z.R.; Sopesens, N.G.; Schulz, R.; Jenkins, S.V.; Dings, R.P.M.;
Groenendijk, F.H.; Huijbers, E.J.M.; et al. Proinflammatory activity of VEGF-targeted treatment through reversal of tumor
endothelial cell anergy. Angiogenesis 2022, 2022, 1–15. [CrossRef] [PubMed]

103. Hurwitz, H.; Fehrenbacher, L.; Novotny, W.; Cartwright, T.; Hainsworth, J.; Heim, W.; Berlin, J.; Baron, A.; Griffing, S.; Holmgren,
E.; et al. Bevacizumab plus irinotecan, fluorouracil, and leucovorin for metastatic colorectal cancer. N. Engl. J. Med. 2004, 350,
2335–2342. [CrossRef] [PubMed]

104. Sun, Y.; Chen, W.; Torphy, R.J.; Yao, S.; Zhu, G.; Lin, R.; Lugano, R.; Miller, E.N.; Fujiwara, Y.; Bian, L.; et al. Blockade of the
CD93 pathway normalizes tumor vasculature to facilitate drug delivery and immunotherapy. Sci. Transl. Med. 2021, 13, eabc8922.
[CrossRef]

105. Wu, J.; Sun, L.; Chen, X.; Du, F.; Shi, H.; Chen, C.; Chen, Z.J. Cyclic GMP-AMP is an endogenous second messenger in innate
immune signaling by cytosolic DNA. Science 2013, 339, 826–830. [CrossRef]

106. Yang, H.; Lee, W.S.; Kong, S.J.; Kim, C.G.; Kim, J.H.; Chang, S.K.; Kim, S.; Kim, G.; Chon, H.J.; Kim, C. STING activation
reprograms tumor vasculatures and synergizes with VEGFR2 blockade. J. Clin. Investig. 2019, 129, 4350–4364. [CrossRef]

107. Chen, Q.; Tang, L.; Zhang, Y.; Wan, C.; Yu, X.; Dong, Y.; Chen, X.; Wang, X.; Li, N.; Xin, G.; et al. STING up-regulates VEGF
expression in oxidative stress-induced senescence of retinal pigment epithelium via NF-kappaB/HIF-1alpha pathway. Life Sci.
2022, 293, 120089. [CrossRef]

108. Dai, H.; Wang, Y.; Lu, X.; Han, W. Chimeric Antigen Receptors Modified T-Cells for Cancer Therapy. J. Natl. Cancer Inst. 2016, 108,
djv439. [CrossRef]

109. Chinnasamy, D.; Yu, Z.; Theoret, M.R.; Zhao, Y.; Shrimali, R.K.; Morgan, R.A.; Feldman, S.A.; Restifo, N.P.; Rosenberg, S.A. Gene
therapy using genetically modified lymphocytes targeting VEGFR-2 inhibits the growth of vascularized syngenic tumors in mice.
J. Clin. Investig. 2010, 120, 3953–3968. [CrossRef]

110. Byrd, T.T.; Fousek, K.; Pignata, A.; Szot, C.; Samaha, H.; Seaman, S.; Dobrolecki, L.; Salsman, V.S.; Oo, H.Z.; Bielamowicz, K.; et al.
TEM8/ANTXR1-Specific CAR T Cells as a Targeted Therapy for Triple-Negative Breast Cancer. Cancer Res. 2018, 78, 489–500.
[CrossRef]

111. Zhuang, X.; Maione, F.; Robinson, J.; Bentley, M.; Kaul, B.; Whitworth, K.; Jumbu, N.; Jinks, E.; Bystrom, J.; Gabriele, P.; et al. CAR
T cells targeting tumor endothelial marker CLEC14A inhibit tumor growth. JCI Insight 2020, 5, e138808. [CrossRef]

112. Chinnasamy, D.; Tran, E.; Yu, Z.; Morgan, R.A.; Restifo, N.P.; Rosenberg, S.A. Simultaneous targeting of tumor antigens and the
tumor vasculature using T lymphocyte transfer synergize to induce regression of established tumors in mice. Cancer Res. 2013, 73,
3371–3380. [CrossRef] [PubMed]

113. Meder, L.; Schuldt, P.; Thelen, M.; Schmitt, A.; Dietlein, F.; Klein, S.; Borchmann, S.; Wennhold, K.; Vlasic, I.; Oberbeck, S.; et al.
Combined VEGF and PD-L1 Blockade Displays Synergistic Treatment Effects in an Autochthonous Mouse Model of Small Cell
Lung Cancer. Cancer Res. 2018, 78, 4270–4281. [CrossRef] [PubMed]

114. Voron, T.; Colussi, O.; Marcheteau, E.; Pernot, S.; Nizard, M.; Pointet, A.L.; Latreche, S.; Bergaya, S.; Benhamouda, N.; Tanchot,
C.; et al. VEGF-A modulates expression of inhibitory checkpoints on CD8+ T cells in tumors. J. Exp. Med. 2015, 212, 139–148.
[CrossRef] [PubMed]

115. Kim, C.G.; Jang, M.; Kim, Y.; Leem, G.; Kim, K.H.; Lee, H.; Kim, T.S.; Choi, S.J.; Kim, H.D.; Han, J.W.; et al. VEGF-A drives
TOX-dependent T cell exhaustion in anti-PD-1-resistant microsatellite stable colorectal cancers. Sci. Immunol. 2019, 4, eaay0555.
[CrossRef] [PubMed]

116. Santoro, S.P.; Kim, S.; Motz, G.T.; Alatzoglou, D.; Li, C.; Irving, M.; Powell, D.J., Jr.; Coukos, G. T cells bearing a chimeric antigen
receptor against prostate-specific membrane antigen mediate vascular disruption and result in tumor regression. Cancer Immunol.
Res. 2015, 3, 68–84. [CrossRef] [PubMed]

117. Jain, R.K. Normalizing tumor microenvironment to treat cancer: Bench to bedside to biomarkers. J. Clin. Oncol. 2013, 31,
2205–2218. [CrossRef]

118. De Bock, K.; Mazzone, M.; Carmeliet, P. Antiangiogenic therapy, hypoxia, and metastasis: Risky liaisons, or not? Nat. Rev. Clin.
Oncol. 2011, 8, 393–404. [CrossRef]

119. Chae, S.S.; Kamoun, W.S.; Farrar, C.T.; Kirkpatrick, N.D.; Niemeyer, E.; de Graaf, A.M.; Sorensen, A.G.; Munn, L.L.; Jain, R.K.;
Fukumura, D. Angiopoietin-2 interferes with anti-VEGFR2-induced vessel normalization and survival benefit in mice bearing
gliomas. Clin. Cancer Res. 2010, 16, 3618–3627. [CrossRef]

120. Kloepper, J.; Riedemann, L.; Amoozgar, Z.; Seano, G.; Susek, K.; Yu, V.; Dalvie, N.; Amelung, R.L.; Datta, M.; Song, J.W.; et al. Ang-
2/VEGF bispecific antibody reprograms macrophages and resident microglia to anti-tumor phenotype and prolongs glioblastoma
survival. Proc. Natl. Acad. Sci. USA 2016, 113, 4476–4481. [CrossRef]

121. Hofmann, I.; Baum, A.; Hofmann, M.H.; Trapani, F.; Reichel-Voda, C.; Ehrensperger, D.; Aichinger, M.; Ebner, F.; Budano,
N.; Schweifer, N.; et al. Pharmacodynamic and Antitumor Activity of BI 836880, a Dual VEGF and Angiopoietin 2 Inhibitor,
Alone and Combined with Programmed Cell Death Protein-1 Inhibition. J. Pharmacol. Exp. Ther. 2022. Fast Forward. [CrossRef]
[PubMed]

http://doi.org/10.1126/science.1104819
http://doi.org/10.1158/0008-5472.CAN-12-4354
http://www.ncbi.nlm.nih.gov/pubmed/23440426
http://doi.org/10.1007/s10456-022-09863-4
http://www.ncbi.nlm.nih.gov/pubmed/36459240
http://doi.org/10.1056/NEJMoa032691
http://www.ncbi.nlm.nih.gov/pubmed/15175435
http://doi.org/10.1126/scitranslmed.abc8922
http://doi.org/10.1126/science.1229963
http://doi.org/10.1172/JCI125413
http://doi.org/10.1016/j.lfs.2021.120089
http://doi.org/10.1093/jnci/djv439
http://doi.org/10.1172/JCI43490
http://doi.org/10.1158/0008-5472.CAN-16-1911
http://doi.org/10.1172/jci.insight.138808
http://doi.org/10.1158/0008-5472.CAN-12-3913
http://www.ncbi.nlm.nih.gov/pubmed/23633494
http://doi.org/10.1158/0008-5472.CAN-17-2176
http://www.ncbi.nlm.nih.gov/pubmed/29776963
http://doi.org/10.1084/jem.20140559
http://www.ncbi.nlm.nih.gov/pubmed/25601652
http://doi.org/10.1126/sciimmunol.aay0555
http://www.ncbi.nlm.nih.gov/pubmed/31704735
http://doi.org/10.1158/2326-6066.CIR-14-0192
http://www.ncbi.nlm.nih.gov/pubmed/25358763
http://doi.org/10.1200/JCO.2012.46.3653
http://doi.org/10.1038/nrclinonc.2011.83
http://doi.org/10.1158/1078-0432.CCR-09-3073
http://doi.org/10.1073/pnas.1525360113
http://doi.org/10.1124/jpet.122.001255
http://www.ncbi.nlm.nih.gov/pubmed/36241203


Int. J. Mol. Sci. 2023, 24, 4422 19 of 19

122. Martinez-Usatorre, A.; Kadioglu, E.; Boivin, G.; Cianciaruso, C.; Guichard, A.; Torchia, B.; Zangger, N.; Nassiri, S.; Keklikoglou, I.;
Schmittnaegel, M.; et al. Overcoming microenvironmental resistance to PD-1 blockade in genetically engineered lung cancer
models. Sci. Transl. Med. 2021, 13, eabd1616. [CrossRef] [PubMed]

123. Ichikawa, K.; Watanabe Miyano, S.; Minoshima, Y.; Matsui, J.; Funahashi, Y. Activated FGF2 signaling pathway in tumor
vasculature is essential for acquired resistance to anti-VEGF therapy. Sci. Rep. 2020, 10, 2939. [CrossRef] [PubMed]

124. Incio, J.; Ligibel, J.A.; McManus, D.T.; Suboj, P.; Jung, K.; Kawaguchi, K.; Pinter, M.; Babykutty, S.; Chin, S.M.; Vardam, T.D.; et al.
Obesity promotes resistance to anti-VEGF therapy in breast cancer by up-regulating IL-6 and potentially FGF-2. Sci. Transl. Med.
2018, 10, eaag0945. [CrossRef] [PubMed]

125. Cascone, T.; Xu, L.; Lin, H.Y.; Liu, W.; Tran, H.T.; Liu, Y.; Howells, K.; Haddad, V.; Hanrahan, E.; Nilsson, M.B.; et al. The
HGF/c-MET Pathway Is a Driver and Biomarker of VEGFR-inhibitor Resistance and Vascular Remodeling in Non-Small Cell
Lung Cancer. Clin. Cancer Res. 2017, 23, 5489–5501. [CrossRef] [PubMed]

126. Barbay, V.; Houssari, M.; Mekki, M.; Banquet, S.; Edwards-Levy, F.; Henry, J.P.; Dumesnil, A.; Adriouch, S.; Thuillez, C.; Richard,
V.; et al. Role of M2-like macrophage recruitment during angiogenic growth factor therapy. Angiogenesis 2015, 18, 191–200.
[CrossRef]

127. Yuen, V.W.; Chiu, D.K.; Law, C.T.; Cheu, J.W.; Chan, C.Y.; Wong, B.P.; Goh, C.C.; Zhang, M.S.; Xue, H.D.; Tse, A.P.; et al. Using
mouse liver cancer models based on somatic genome editing to predict immune checkpoint inhibitor responses. J. Hepatol.
2023, 78, 376–389. [CrossRef]

128. Zhou, Z.; Chen, J.; Liu, Y.; Zheng, C.; Luo, W.; Chen, L.; Zhou, S.; Li, Z.; Shen, J. Cascade two-stage tumor re-oxygenation and im-
mune re-sensitization mediated by self-assembled albumin-sorafenib nanoparticles for enhanced photodynamic immunotherapy.
Acta Pharm. Sin. B 2022, 12, 4204–4223. [CrossRef]

129. Shojaei, F.; Wu, X.; Malik, A.K.; Zhong, C.; Baldwin, M.E.; Schanz, S.; Fuh, G.; Gerber, H.P.; Ferrara, N. Tumor refractoriness to
anti-VEGF treatment is mediated by CD11b+Gr1+ myeloid cells. Nat. Biotechnol. 2007, 25, 911–920. [CrossRef]

130. Osada, T.; Chong, G.; Tansik, R.; Hong, T.; Spector, N.; Kumar, R.; Hurwitz, H.I.; Dev, I.; Nixon, A.B.; Lyerly, H.K.; et al. The effect
of anti-VEGF therapy on immature myeloid cell and dendritic cells in cancer patients. Cancer Immunol. Immunother. 2008, 57,
1115–1124. [CrossRef]

131. Mayoux, M.; Roller, A.; Pulko, V.; Sammicheli, S.; Chen, S.; Sum, E.; Jost, C.; Fransen, M.F.; Buser, R.B.; Kowanetz, M.; et al.
Dendritic cells dictate responses to PD-L1 blockade cancer immunotherapy. Sci. Transl. Med. 2020, 12, eaav7431. [CrossRef]
[PubMed]

132. Tada, Y.; Togashi, Y.; Kotani, D.; Kuwata, T.; Sato, E.; Kawazoe, A.; Doi, T.; Wada, H.; Nishikawa, H.; Shitara, K. Targeting VEGFR2
with Ramucirumab strongly impacts effector/ activated regulatory T cells and CD8(+) T cells in the tumor microenvironment.
J. Immunother. Cancer 2018, 6, 106. [CrossRef] [PubMed]

133. Makker, V.; Rasco, D.; Vogelzang, N.J.; Brose, M.S.; Cohn, A.L.; Mier, J.; Di Simone, C.; Hyman, D.M.; Stepan, D.E.; Dutcus,
C.E.; et al. Lenvatinib plus pembrolizumab in patients with advanced endometrial cancer: An interim analysis of a multicentre,
open-label, single-arm, phase 2 trial. Lancet Oncol. 2019, 20, 711–718. [CrossRef] [PubMed]

134. Rini, B.I.; Plimack, E.R.; Stus, V.; Gafanov, R.; Hawkins, R.; Nosov, D.; Pouliot, F.; Alekseev, B.; Soulieres, D.; Melichar, B.; et al.
Pembrolizumab plus Axitinib versus Sunitinib for Advanced Renal-Cell Carcinoma. N. Engl. J. Med. 2019, 380, 1116–1127.
[CrossRef] [PubMed]

135. Liu, J.F.; Herold, C.; Gray, K.P.; Penson, R.T.; Horowitz, N.; Konstantinopoulos, P.A.; Castro, C.M.; Hill, S.J.; Curtis, J.; Luo, W.; et al.
Assessment of Combined Nivolumab and Bevacizumab in Relapsed Ovarian Cancer: A Phase 2 Clinical Trial. JAMA Oncol. 2019,
5, 1731–1738. [CrossRef] [PubMed]

136. Finn, R.S.; Qin, S.; Ikeda, M.; Galle, P.R.; Ducreux, M.; Kim, T.Y.; Kudo, M.; Breder, V.; Merle, P.; Kaseb, A.O.; et al. Atezolizumab
plus Bevacizumab in Unresectable Hepatocellular Carcinoma. N. Engl. J. Med. 2020, 382, 1894–1905. [CrossRef]

137. Li, D.; Toh, H.C.; Merle, P.; Tsuchiya, K.; Hernandez, S.; Verret, W.; Nicholas, A.; Kudo, M. Atezolizumab plus Bevacizumab
versus Sorafenib for Unresectable Hepatocellular Carcinoma: Results from Older Adults Enrolled in the IMbrave150 Randomized
Clinical Trial. Liver Cancer 2022, 11, 558–571. [CrossRef]

138. Wallin, J.J.; Bendell, J.C.; Funke, R.; Sznol, M.; Korski, K.; Jones, S.; Hernandez, G.; Mier, J.; He, X.; Hodi, F.S.; et al. Atezolizumab
in combination with bevacizumab enhances antigen-specific T-cell migration in metastatic renal cell carcinoma. Nat. Commun.
2016, 7, 12624. [CrossRef]

139. Rini, B.I.; Powles, T.; Atkins, M.B.; Escudier, B.; McDermott, D.F.; Suarez, C.; Bracarda, S.; Stadler, W.M.; Donskov, F.; Lee,
J.L.; et al. Atezolizumab plus bevacizumab versus sunitinib in patients with previously untreated metastatic renal cell carcinoma
(IMmotion151): A multicentre, open-label, phase 3, randomised controlled trial. Lancet 2019, 393, 2404–2415. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1126/scitranslmed.abd1616
http://www.ncbi.nlm.nih.gov/pubmed/34380768
http://doi.org/10.1038/s41598-020-59853-z
http://www.ncbi.nlm.nih.gov/pubmed/32076044
http://doi.org/10.1126/scitranslmed.aag0945
http://www.ncbi.nlm.nih.gov/pubmed/29540614
http://doi.org/10.1158/1078-0432.CCR-16-3216
http://www.ncbi.nlm.nih.gov/pubmed/28559461
http://doi.org/10.1007/s10456-014-9456-z
http://doi.org/10.1016/j.jhep.2022.10.037
http://doi.org/10.1016/j.apsb.2022.07.023
http://doi.org/10.1038/nbt1323
http://doi.org/10.1007/s00262-007-0441-x
http://doi.org/10.1126/scitranslmed.aav7431
http://www.ncbi.nlm.nih.gov/pubmed/32161104
http://doi.org/10.1186/s40425-018-0403-1
http://www.ncbi.nlm.nih.gov/pubmed/30314524
http://doi.org/10.1016/S1470-2045(19)30020-8
http://www.ncbi.nlm.nih.gov/pubmed/30922731
http://doi.org/10.1056/NEJMoa1816714
http://www.ncbi.nlm.nih.gov/pubmed/30779529
http://doi.org/10.1001/jamaoncol.2019.3343
http://www.ncbi.nlm.nih.gov/pubmed/31600397
http://doi.org/10.1056/NEJMoa1915745
http://doi.org/10.1159/000525671
http://doi.org/10.1038/ncomms12624
http://doi.org/10.1016/S0140-6736(19)30723-8

	Introduction 
	Angiogenesis in the TME 
	VEGF-Dependent Angiogenesis 
	Anti-Angiogenesis by Thrombospondin-1 (TSP-1) 

	Tumor Vascular Networks Regulate Anti-Tumor Activity 
	Hypoxia 
	Cancer Acidity 
	Reactive Oxygen Species (ROS) 

	Interactions between Tumor-Infiltrating Leukocytes and Endothelium 
	Endothelial Cell-Triggered Immune Response 
	High Endothelial Venules (HEVs) 
	Heterogeneity of ECs 

	Normalization of Tumor Vasculature Improves Response to Immunotherapy 
	Immune Checkpoint Blockade (ICB) 
	CAR-T Efficacy 

	Resistance to Anti-VEGF Therapies 
	Clinical Implications of Targeting Tumor Vasculature 
	Concluding Remarks 
	References

