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Simple Summary: Melanoma is the most aggressive and potentially lethal form of skin cancer. Re-
search over recent decades has highlighted the role of tumour vasculature in altering the metabolic
function of cancer cells, infiltration of immune cells, and cancer cell dissemination. However, vari-
ations in the modes of vessel formation in melanoma have made this process difficult to target. In
particular, the role of endothelial progenitor cells in melanoma vascularization-promoting vasculoge-
nesis begins to be understood. Progenitor recruitment, vessel formation, and paracrine activity are
among the steps contributing to tumour metastasis and affecting the impact of anti-angiogenic drugs,
as detailed in this review.

Abstract: The aggressiveness of solid cancers, such as melanoma, relies on their metastatic potential.
It has become evident that this key cause of mortality is largely conferred by the tumour-associated
stromal cells, especially endothelial cells. In addition to their essential role in the formation of the
tumour vasculature, endothelial cells significantly contribute to the establishment of the tumour

microenvironment, thus enabling the dissemination of cancer cells. Melanoma tumour vascularization
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occurs through diverse biological processes. Vasculogenesis is the formation of de novo blood vessels
from endothelial progenitor cells (EPCs), and recent research has shown the role of EPCs in melanoma
tumour vascularization. A more detailed understanding of the complex role of EPCs and how they
contribute to the abnormal vessel structures in tumours is of importance. Moreover, anti-angiogenic
drugs have a limited effect on melanoma tumour vascularization, and the role of these drugs on EPCs
remains to be clarified. Overall, targeting cancer vasculature remains a challenge, and the role of
anti-angiogenic drugs and combination therapies in melanoma, a focus of this review, is an area of
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published maps and institutional affil- Melanoma is one the most aggressive form of skin cancer emanating from its pigment-

producing cells, melanocytes [1]. In the past few decades, melanoma incidents have gradu-
ally risen, and around 65% of skin-related deaths are caused by cutaneous melanoma [2].
Sun exposure is one of the major risk factors and leads to a genetic signature that is
the feature of melanoma. Melanoma has the highest mutation load among all cancers.
BRAF (around 50%) and NRAS (15-30%) are the most common mutations in melanoma,
resulting in the activation of the MAPK pathway [3]. Sporadic melanomas (~90%) are
caused by the high prevalence low risk alleles, which emphasise the causative role of
environmental factors on the progression of melanoma. For instance, studies demonstrated
Attribution (CC BY) license (https://  that melanocortin-1 receptor, a highly polymorphic gene, is associated with red hair and
creativecommons.org,/ licenses/by/ increased risk of melanoma via pigmentary and non-pigmentary pathways [4]. Gene
40/). expressional profiling of patient signatures may assist in the adjuvant systemic therapy or
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targeted therapy. Early surgical excision of the primary tumour with adequate margins
is the most effective treatment, although melanoma cells can disseminate early, prior to
dissection [5]. Cancer cell dissemination is the leading cause of melanoma, related mor-
tality. In advanced disease or the adjuvant setting, targeted therapy with BRAF and MEK
inhibitors or immune checkpoint inhibitors (ICIs) have advanced patient survival and
outcomes [6]. However, the efficacy and effectiveness of these treatments are not consistent
for all patients [7], prompting the need for new approaches. Melanoma cells modulate
the tissue environment, in particular, immune cells, extra cellular matrix, and endothelial
cells. The acquisition of vascularization is commonplace for melanoma [8]. Studies using
doppler ultrasound have detected increased blood flow in melanoma tumours thicker than
0.9 mm. Patients with recurrent tumours or metastases present more vascularized primary
tumours, compared to those free of recurrence [9,10].

During development and adulthood, endothelial cells form a network of blood ves-
sels to facilitate the exchange of oxygen, deliver nutrients and immune cells, and discard
waste from organs. Blood vessel formation is crucial for regeneration and tissue growth.
Paradoxically, this network enables the growth of tumours and their spread, allowing an
escape route toward metastatic spread [11,12]. Unlike physiological situations, tumours
have various modes of acquiring vessel formation, with a broad impact on the tumour
microenvironment and progression. The mechanism of sprouting angiogenesis, whereby
vessels develop from the pre-existing vascular network, is by far the most well-studied and
targeted in cancer therapy. Many anti-angiogenic strategies, mainly VEGF blockers, have
attempted to reduce tumour vascularization in melanoma, although it seems to be ineffec-
tive, as monotherapy and only a subset of patients benefited from these treatments [13].
The limited success of anti-angiogenic approaches, as a single agent, can be justified by
the variety of vessel formation modalities, such as vascular co-option, a process where
cancer cells hijack nearby existing blood vessels. The other form of vessel formation is the
vascular mimicry, which takes place independently of angiogenesis; cancer cells obtain
an endothelial-like phenotype and form vascular networks without endothelial cells. The
EPCs recruitment and de novo blood vessel formation, a process called vasculogenesis,
also contribute to the vessel formation. Emerging evidence has pointed to the role and
potential of EPCs and their therapeutic target. However, the mechanisms and origin of the
endothelial cells that might contribute to the tumour neo-vessels are controversial. Here,
we review the various modes of tumour vascularization and role of EPCs in melanoma
vascularization. Moreover, we report the impact of some of the recent clinical trials of
anti-angiogenic drugs in melanoma treatments.

2. How Do Tumour Blood Vessels Form in Melanoma?

Tumour vascular formation in cancer has been the centre of attention since the 1970s.
Endothelial cells can be molecularly targeted to prevent tumour growth, metastasis, and
blood vessel formation, which has been of great interest for therapeutic purposes [14]. The
work by Folkman initiated our appreciation of the importance of vascularization in the tu-
mour. Folkman and colleagues demonstrated endothelial cells can be stimulated by cancer
cells and proliferate and contribute to tumour growth as the result. They observed that
highly vascularised tumours grow rapidly, compared to poorly vascularised tumours [15].
Several modes of vessel formation have been described in tumours: sprouting angiogenesis,
intussusceptive angiogenesis, vessel co-option, vasculogenic mimicry, and vasculogenesis
(Figure 1). Here, we emphasise the molecular mechanisms of each form of blood vessel
formation to better understand their role in tumour growth.
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Figure 1. Mechanisms of blood vessel formation in melanoma. (A) Sprouting angiogenesis: formation
of blood vessels from existing blood vessels. (B) Intussusceptive angiogenesis: formation of blood
vessels by splitting a blood vessel into two. (C) Vessel co-option: melanoma cells relocate along
the abluminal surface of the vessels. (D) Vasculogenic mimicry: melanoma cells remodel and form
looping patterns and channels mimicking the vasculature. (E) Vasculogenesis: formation of de novo
blood vessels from EPCs. Vasculogenesis occurs during embryonic development from angioblasts and
during adulthood and pathological conditions, such as tumour vascularization, from tissue-resident
endothelial progenitor cells. Created with BioRender.com.

2.1. Sprouting Angiogenesis

The term angiogenesis was coined by Dr John Hunter for the first time in 1787 [16,17].
At the beginning of the 20th century, Edwin E. Goldmann focused on the importance of the
vascular system in the growth of tumours and circulation of malignant cells and reported
the multiplication of blood vessels in a tumour [18]. Soon after that, other studies suggested
that factors secreted by tumour cells were responsible for the development of vessels in
the tumour. Since these early descriptions, much progress has been made in the detailed
molecular mechanisms driving angiogenesis.

The formation of new blood vessels is an essential process in tissue development,
regeneration, and repair. Angiogenesis is the process of blood vessel formation from a
pre-existing vascular network [19]. Endothelial cells, pericytes, and smooth muscle cells
share a basement membrane, which comprise extracellular matrix proteins, mainly laminin,
collagen types IV, XV, and XVIII, fibronectin, nidogen, and the heparin sulfate proteogly-
can perlecan [20]. These extracellular matrix proteins support sprouting angiogenesis,
endothelial cell adhesion, and migration [21]. Upon release of angiogenic signals, such as
VEGE, angiopoietin 2 (ANG?2), fibroblast growth factors (FGFs), chemokines released by
cancer cells, hypoxia, or injury, the basement membrane is degraded by membrane-type
matrix metalloproteases (MMPs), MMP3, MMP9, and MMP10. The combination of these
MMPs guides the invasion and migration of endothelial cells during sprouting angiogene-
sis [21,22]. Pericytes first detach from the basement membrane after stimulation by ANG2,
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and endothelial cells loosen their junctions [23]. The sprouting angiogenesis is regulated by
an interplay between the endothelial tip and stalk cells. Tip cells are the migratory leading
endothelial cell and block the neighbouring cells, stalk cells, from adopting the same fate.
The stalk cells follow the tip cells to elongate and develop sprouting vessels (Figure 1A).
The specification of tip and stalk cells is dependent on Notch signalling, which controls
vascular stabilisation, cell elongation, proliferation, and differentiation [24,25]. In stalk
cells, there is a high activity of canonical notch signalling, in contrast to a low level of notch
signalling in tip cells [26]. Delta-like ligand 4 (DLL4) is expressed by tip cells at a high
level, compared to Notch ligand Jagged1 by stalk cells. VEGF stimulates the tip cells and
formation of filopodia through VEGFR?2 activation, which results in the enhancement of
DLL4 in the tip cells [27]. The binding of DLL4 to Notch1 in the neighbouring endothelial
cells activates Notch signalling and prevents the tip cell behaviour in those cells by upregu-
lation of VEGFR1 (acting mostly as a decoy receptor for VEGF). Moreover, the activation
of Notchl by DLL4 downregulates VEGFR2, VEGFR3, and Neuropilinl, a process that is
called “lateral inhibition”. The binding of DLL4 to Notch1 involves the cleavage of Notch
receptors and release of the notch intracellular domain (NICD). Translocation of NICD
to the nucleus is accompanied by binding to recombination signal binding protein for
immunoglobulin Kappa ] (RBPJ]) and activation of SMADG6 [28]. Notch signalling is also
responsible for endothelial branching, in response to bone morphogenic protein (BMP)
signalling. BMP2 and BMP6 promote lateral vessel branching by increasing the level of
nuclear pPSMAD1/5 in the tip cells and suppression of pPSMAD1/5 in the stalk cells [29].
Mathematical frameworks demonstrated that Jagged-Delta asymmetry in Notch signalling
gives rise to a novel hybrid state, i.e., sender/receiver. The hybrid cells have both the
Notch receptor and ligand, allowing the Notch-Delta—Jagged signalling to decide their
fate [30]. Another study by Koon et al., showed the intermediate tip and stalk cells by
immunofluorescent staining of tip cell markers [31]. This hybrid of tip/stalk cells might
explain the existence of tip-like filopodia across the vessel lumen in the tumour and provide
valuable information regarding tumour stroma cross-talk [32].

Sprouting angiogenesis was studied by Warren et al., for the first time by melanoma
transplantation in the cheek pouch of the Syrian hamster. They observed capillary invasion
and development as a regular sequence [33]. Tumour-derived exosomes released by
melanoma cells are loaded by pro-angiogenic factors, such as VEGFA and MMPs. Serum
analysis of human melanoma cells demonstrated the high expression of VEGFA, which
could be utilised to monitor different melanoma stages [34]. Moreover, VEGFA expression
is correlated with the progression of cutaneous melanoma [35]. Melanoma exosomes
interact with endothelial cells by moving between them and influencing endothelial tubule
morphology [36]. In a study by Hood et al., it was revealed exosomes released from B16
melanoma cells engaged with murine 2F-2B endothelial cells and accelerated the rate
of endothelial cells’ proliferation and sprouting. Furthermore, B16 melanoma exosomes
increased proangiogenic cytokines, such as FGF, G-CSF, VEGF, TGF«, and TNF«, with
increasing exosome dosing [37]. Human melanoma cells” exosomes also demonstrated
similar results on endothelial colony-forming cells and human microvascular endothelial
cells, where urokinase-type plasminogen activator receptor (uUPAR) released by exosomes
induced proangiogenic activity [38]. uPAR is considered a potential prognostic marker,
and it is upregulated in some human melanoma cells [39]. Analyses of 255 human nodular
melanoma tumours and 78 matched loco-regional metastases demonstrated a high uPAR
expression and high vascular proliferation index. This was associated with increased
tumour thickness, tumour ulceration, and reduced overall survival of patients [40]. These
studies showed the importance of sprouting angiogenesis in melanoma. The angiogenic
factors secreted by melanoma cells are significantly correlated with tumour progression,
tumour invasion, and the overall survival rate of patients [41]. However, targeting the
VEGEF pathway alone is not sufficient, as there are compensatory pathways that melanoma
tumours choose, such as alternative modes of vessel formation.
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2.2. Intussusceptive Angiogenesis

Most of the literature has mainly focused on sprouting angiogenesis as the main
mechanism of angiogenesis. An alternative mechanism of melanoma vascularization is
intussusceptive angiogenesis. In this form of vascularization, the capillary wall expands
into the lumen of a vessel and splits it into two new vessels. This mode of angiogenesis was
first recognised in rat lungs in the late 20th century [42]. During postnatal development,
parenchymal septa of the lung contain two capillary layers. Using scanning electron
microscopy, Caduff et al., observed the fusion of the two capillary networks, which led to
the mature vascular network [43]. Intussusceptive angiogenesis initiates with the creation
of an area of contact between opposite endothelial cell walls, followed by the establishment
of intercellular endothelial junctions and formation of a transcapillary pore. As the pore
widens, myofibroblast and pericytes invade the pillar that deposits the extracellular matrix
into the capillaries. In the last step, the capillaries enlarge in size to form a mesh [44]
(Figure 1B).

The molecular mechanism of intussusceptive angiogenesis is less studied, however
VEGEF has been shown to be involved in this form of vascularization. For the first time,
Ribatti and colleagues observed a strong expression of VEGF in human primary melanoma
tumours, which correlated with increased microvascular density, vessel diameter, and
intussusceptive microvascular growth [45]. Esteban and colleagues identified membrane
type 1 (MT1)-MMP from endothelial cells cleaved the thrombospondin 1 (TSP1) and
promoted nitric oxide production, vasodilation, and intussusceptive angiogenesis in colitis.
Targeting the MT1-MMP/TSP1 pathway via the monoclonal antibody has the translational
potential to reduce intussusceptive angiogenesis [46]. In another study by Pandita et al., it
was demonstrated that intravascular pillars are present in metastatic human melanoma
tumours, and the expression of MMP9 was higher in human metastases, compared to
the patient-derived melanoma xenografts in mice. In vitro MMP blockade inhibited the
formation of pillars and MMP blockade could be utilised as an anti-angiogenic drug with
the capacity to reduce metastasis in melanoma patients, suggesting the importance of this
mode of angiogenesis [47]. Intussusceptive angiogenesis may contribute to the progression
of melanoma, although future studies are required to investigate the molecular mechanism
of intussusceptive angiogenesis further.

2.3. Vessel Co-Option

Tumours can hijack pre-existing blood vessels from surrounding non-malignant tissues
in order to gain survival benefit, growth, and metastasis, which is known as vessel co-
option [48]. This non-angiogenic process was explored by Pezzella and colleagues in
the primary stage I non-small cell lung carcinoma [49,50]. Cancer cells relocate along
the abluminal surface of the vessels or invade the normal tissue between the vessels to
resolve their metabolic needs [48] (Figure 1C). The morphology of vessels is preserved,
such that the overall structure and branching pattern of the vessels are generally similar
to that of the non-malignant tissue [51]. The rate of endothelial cell proliferation in the
vessel co-option is limited and reduced, compared to the rate of endothelial proliferation
in sprouting angiogenesis. A recent single-cell RNA sequencing of renal adenocarcinoma
lung metastasis demonstrated that the transcriptome of normal endothelial cells and co-
opted tumour endothelial cells are alike [52]. Furthermore, they observed macrophages
might facilitate the migration of cancer cells to co-opt vessels via matrix-remodelling and
keep the endothelial cells quiescent [52]. Preclinical data in human and murine melanoma
tumours indicate the incorporation of the peritumoural vascular network into the growing
tumour [53]. Vessel co-option is mainly observed in the metastatic models of melanoma.
Human melanoma cells, upon injection into the brain of nude mice, start to migrate along
the abluminal surface of microvascular channels and spread to other parts of the brain over
time [54]. Melanoma cells can move along the abluminal surface of the blood vessels due
to their neural crest-derived migratory origin [55].
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Lugassy and Barnhill introduced the field of extravascular migratory metastasis
(EVMM) in melanoma [56]. In EVMM, angiotropic melanoma cells are defined as cells
that are associated closely with the endothelial cells in the vasculature, such as pericytes.
In this process, tumour cells spread along the external vascular surface and metastasise
to distant organs without intravasation. Angiotropism is the phenomenon that is used to
describe microscopic pericyte-like growth [57]. Preclinical data from human and murine
samples indicate that melanoma tumours grow by incorporating the tumour-induced vas-
cular plexus in the peri-tumoural connective tissue [53]. Melanoma patients exhibit either
lymph node metastasis or macroscopic or microscopic satellites. Melanoma samples with
the microscopic satellite have been demonstrated to have more angiotropism or pericyte
mimicry [58]. Satellites are defined as nodules or tumours associated with intralymphatic
metastasis. Microscopic satellites are greater than 0.05 mm [59]. Furthermore, angiotropism
in the primary cutaneous melanoma correlates with brain [60], liver [61], and lung [62]
metastasis. Anti-angiogenic blocking antibodies against VEGFA prevent angiogenesis, but
not vessel co-option and melanoma brain metastasis [63]. Better understanding of the
molecular mechanisms of vessel co-option has translational potential.

2.4. Vasculogenic Mimicry

In 1999, Maniotis and co-workers initiated the concept of vascular mimicry in human
uveal melanoma. The highly metastatic melanoma cells remodel and form looping patterns
and channels that mimic the vasculature [64] (Figure 1D). Plastic tumour cells develop a
fluid-conducting network, without the involvement of endothelial cells. In this process,
tumour cells mimic the gene expression and phenotype of endothelial cells [65]. Two types
of vascular mimicry have been observed in tumours: the patterned matrix and tubular
types. The patterned matrix type has no resemblance to blood vessels and comprises matrix
proteins, such as collagen IV [66] and VI, laminin [67], and heparan sulfate proteoglycan [68].
The tubular type comprises cancer cells that mimic endothelial cells and develop a tube-like
network [69]. Radnot et al., detected vascular channels in the human uveal melanoma,
which were lined with both endothelial and melanoma cells. In most cases, the disruption
of the vessel wall and release of the melanoma cells into the lumen of the vasculature were
observed [70].

Melanoma cells’ plasticity is the foundation of vasculogenic mimicry. In the early
collaborative study at the National Human Genome Research Institute (NHGRI), microarray
analysis of uveal melanoma cells revealed the expression of Tiel, epithelial cell kinase,
and some other genes that facilitate the formation of blood vessels, such as connective
tissue growth factor, collagen I and VI, and fibronectin [71]. Various studies reported that
highly metastatic melanoma cells express VE-cadherin [72,73], Tiel [72], CD31 [74], and
vimentin [75]. In a recent study by Martini et al., CD36, a cell surface fatty-acid receptor
has been demonstrated to advance vascular mimicry in human melanoma tumours. Of
importance, they confirmed the expression of VE-cadherin on the endothelial cells, but
not on any of the melanoma cell lines [76]. Other studies reported the negative expression
of CD31 in the human melanoma cell lines, contradicting other studies [72,77]. These
pivotal studies prompted future investigations into the mechanism of vascular mimicry.
VEGEF controls vascular mimicry via PI3/AKT signalling pathway. VEGF knockout in the
OCM-1 choroidal melanoma cell line reduced p-AKT, and the expression of MT1-MMP,
MMP2, and MMP9, which impaired vasculogenic mimicry [78]. A recent study investigated
how VEGF/PDGEF pathway controls vascular mimicry in a Wnt5/ 3 catenin manner. Dual
knockdown of VEGF/PDGEF inhibited vascular mimicry and resulted in cell apoptosis [79].
As discussed here, there remains controversy in the gene expression and specific markers
for distinguishing the endothelial and melanoma cells that contribute to vasculogenic
mimicry.
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2.5. Vasculogenesis

Vasculogenesis is defined by the formation of de novo blood vessels in an avascu-
lar site. It is derived from mesodermal endothelial precursors, called angioblasts, in the
developing embryo (Figure 1E). During embryonic life, vasculogenesis starts with meso-
derm formation and alteration in paracrine signalling, which results in the migration of
mesodermal cells. This migration leads to the formation of blood islands, consisting of
hemopoietic cells surrounded by angioblasts. Signal transduction of FGF and other growth
factors [80] lead to the differentiation of angioblasts towards EPCs. Further differentiation
of EPCs allows endothelial cells to mature from the primary capillary plexus [81]. It was
believed that vasculogenesis occurs only during development. However, Asahara et al.,
reported equivalent observations postnatally [82]. In the next section, a deeper review of
the characteristic of EPCs and their contribution to melanoma vascularization is explored.

3. Role of Endothelial Progenitor Cells in Tumour Vascularization

The function of postnatal EPCs in tumour vascularization and metastasis has been
the focus of many studies. However, identifying the origin of these cells presents new
challenges. In 1997, putative EPCs or angioblasts were isolated from human peripheral
blood, and these cells had the potential to give rise to endothelial cells, with the capacity
to augment vascularization in ischemic models. These cells were isolated based on the
surface expression of CD34* and VEGFR2" (Flk-1). These circulating endothelial cells
displayed high levels of endothelial markers, such as platelet endothelial cell adhesion
molecule 1, Tie2, endothelial nitric oxide synthesis (eNOS), and low levels of hematopoietic
markers in culture [82,83]. In these initial descriptions, primarily EPCs derived from bone
marrow, expressed CD133 (a hematopoietic stem cell marker), CD34, and VEGFR2. After
4-7 weeks in culture, the expression of CD133 was lost; they maintained weak CD34 and
VEGFR?2 and gained the expression of CD31, VE-cadherin, and von Willebrand factor
(VWF) [84,85]. Subsequent studies established evidence that many of these circulating cells
were, in fact, hematopoietic adopting the surface markers of other cells [86] but, did not
incorporate into blood vessels in ischemic tissue [87] or tumours [88]. Particularly, myeloid
progenitor cells derived from bone marrow were more likely to adopt this endothelial
cell-like phenotype [89,90]. Here, our focus is on postnatal EPCs and their contribution to
vascularization.

In recognition of these difficulties in lineage and nomenclature, a new consensus was
recently adopted. Medina et al., characterised two distinct populations of EPCs, based
on their phenotype in humans: the early EPCs, called myeloid angiogenic cells, that have
a hematopoietic origin and late EPCs, called endothelial colony-forming cells (ECFCs),
that possess endothelial phenotype. These populations were named: hematopoietic EPCs
and non-hematopoietic EPCs [91] or ECFCs [92] (Figure 2A). ECFCs can maintain their
proliferation and contribute to blood vessel formation [93]. An array of studies demon-
strated that tissue-resident EPCs, which originate from the vascular beds of tissues and
not the circulating cells, contribute to neovascularization, and these cells do not have bone
marrow origin [94,95]. Employing functional assessment and colony-forming potential
in cells from the umbilical cord blood, Ingram et al., identified a hierarchy within the
endothelium. These cells expressed CD31, CD105, CD146, CD141, CD144, Flk-1, and vWF
and did not express CD14 and CD45. They formed capillary-like structures in the Matrigel
and could be expanded in culture. Based on single-cell and colony formation assay, they
introduced an EPC hierarchy. The high proliferative, potential-endothelial, colony-forming
cells contained the self-renewing fraction of ECFCs, as opposed to endothelial cell clusters
that had no proliferative or self-renewal ability after 14 days from a single cell. Mature
and differentiated cells lost their division potential and did not grow [96]. Aside from
cord blood, ECFCs with similar potency can be isolated from other tissues, such as the
placenta, with similar behaviour and function [97]. This work has formed the basis for EPCs
to be classified by their self-renewal and vessel-forming ability, distinguishing myeloid
angiogenic cells [98].
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Figure 2. The endovascular progenitor cells in human and mouse. (A) According to phenotypic
lineage, there are two distinct population of EPCs, the myeloid angiogenic cells and ECFCs. ECFCs
do not have hematopoietic origin, although can form de novo blood vessels and colonies, while
the myeloid angiogenic cells stimulate angiogenesis and do not contribute to vessel formation.
(B) Endovascular progenitor cells (EVPs) have been identified in the vessel wall of various organ beds
in the murine model. EVPs can give rise to transition amplifying (TA) cells and mature differentiated
(D) endothelial cells. (C) EVPs have been also characterised in the murine model of melanoma. EVPs
express stem cell, angiocrine, notch signalling, and extracellular matrix (ECM)/proteases genes.
Created with BioRender.com.

Fang et al., isolated endothelial progenitor cells from the murine model, with the
characteristic of lin”CD31"CD105" from adult digested lung tissue. These endothelial
colony-forming cells gave rise to millions of daughter cells in vitro. They demonstrated high
proliferative sorted cells expressed Sca-1 and c¢-Kit. This high proliferation of endothelial
cells was detected in the lung, liver, subcutaneous tissues, kidney, and B16 melanoma
tumours. The vascular endothelial cells were obtained from B16 melanoma vessels, with the
potential to generate functional blood vessels in vivo, suggesting these cells had progenitor
activity [99]. Although a distinct murine equivalent to ECFCs has not been identified,
several studies have proposed progenitor populations that recapitulate key functional
characteristics of ECFCs. This has provided an insight into the importance of endothelial
progenitors in tumour vascularization.

A distinct definition of endothelial progenitor cells and endothelial hierarchy in murine
tissues was proposed by Patel et al., in 2017, thus leading to the discovery of endovascular
progenitor (EVP) cells. EVPs have a monopotent capacity to form vessels in an ischemic
model similar to human EPCs. EVP cells were first identified in vivo by flow cytometry in
situations of skin wound healing as CD45~CD34*VE-cadherin*CD31!°VEGFR2~ /!°. In
RNA sequencing analysis, EVPs expressed matrix metalloprotease genes (Mmp2, Mmp3,
Mmp14, Mmp19, and Mmp23) and growth factor receptors, important for cell mobility.
Growth factor genes, such as Egfr, Pdgfra, and Pdgfrf, as well as genes that are important
for stemness, such as 1133 and Sox9, were upregulated. Using a variety of methods, such
as colony-forming assays, transplantation, and lineage tracing, it was shown that EVPs
give rise to transit-amplifying (TA) and differentiated endothelial (D) cells, in the context
of wound healing. Similar populations could be observed in the aorta, lung, placenta,
and tumour environment [100] (Figure 2B). Furthermore, EVPs were characterised via
single-cell RNA sequencing in the aorta, with similar gene expression profiles as those
identified in bulk RNA sequencing [101]. The unsupervised hierarchical clustering analysis



Cancers 2022, 14, 4216

9o0f23

revealed two main populations: a mature, differentiated endothelial cell overexpressing
Sox17, Cd36, Fabp4, and Cldn5 and second, more mesenchymal, population corresponding
to EVPs [101].

To examine the role of EVPs in melanoma tumour vascularization, with the aid of
lineage tracing, Donovan et al., reported the infiltration of EVPs in melanoma primary
tumours as early as 3 days after tumour inoculation [102]. EVPs were shown to migrate as
single cells in early tumours and, over time, constituted vessels. The EVPs expressed Sox18
and contributed mostly to both arterial and venous capillaries in pathological conditions.
In a previous study, it was shown that Sox18 was important in EVP progression to transit-
amplifying and differentiated cells during wound revascularization [100]. Sox18 regulates
the lymphatic endothelial specification during development [103]. Its expression is usually
lost in adulthood, although it is re-expressed during pathological conditions, including the
murine model of melanoma [104]. Partial loss of Sox18 has been reported to reduce the
metastatic progression of melanoma [104], and inhibitors have been successfully employed
to reduce metastases in preclinical breast cancer models, suggesting that EVP function
might be important in tumour vascularization [105].

To better understand the function of EVPs in melanoma tumours, RNA sequenc-
ing of endothelial cells in the primary B16F0 melanoma tumour was carried out by
Denovan et al. [102]. It was revealed that EVPs in the tumour share a molecular signature
with the aorta. Stem cell genes (Nfatc4, IL33 and Cdknlc, Aldhlal, and Sox9), proteases/ECM
genes (Mmp2, Mmp9, Mmp11, Mmp19, Col3al, Colla2, and Has1), angiocrine genes (Wnt, Fgf,
Hgf, Vegfd, Vegfa, Pdgfc, and TgfB3), and Notch signalling (Notch3, Notch2, Rbpj, and Heyl)
were upregulated in EVPs, compared to differentiated endothelial cells in the tumour [102]
(Figure 2C). An important characteristic of EVPs is the low level of VEGFR2 expression.
Interestingly, EVP numbers were not affected when anti-VEGFA treatment was used to
reduce melanoma vascularization. This study further showed that EVPs were important in
the metastatic process. Indeed, the loss of Notch signalling through conditional deletion
of Rbpj in the endothelium resulted in the complete depletion of EVPs and prevented
metastases in a highly aggressive murine melanoma model [102]. This was supported by
co-transplantation studies, where larger tumours developed when melanoma cells were
delivered with EVPs, compared to differentiated endothelial cells [102]. Although the exact
mechanisms by which EVPs exert their pro-metastatic effect are unclear, their angiocrine
activity may affect tumour growth and metastasis.

4. How Do Endothelial Cells Reshape the Tumour Microenvironment?

Tumours are intricate environments defined by spatiotemporal communication be-
tween multiple cell types [106]. The primary tumour microenvironment consists of multiple
cell types that communicate with each other and tumour cells via ligand-receptor inter-
actions, cancer cell-derived exosomes, microRNAs, cytokines, chemokines, and growth
factors [107]. The dynamic communication and paracrine activities of cancer cells with their
microenvironment are crucial to the growth and metastasis of the tumour [108]. In this
section, we elaborate on the role of EPCs, immune cells, and cancer-associated fibroblast
(CAFs) in the tumour microenvironment.

Studies demonstrated that EPCs that are recruited into the tumour microenvironment,
contribute to vascular network formation, and have a unique gene expressional profile [102].
The recruitment of EPCs is dependent on secreted factors by melanoma cells, immune
cells, and chemokines in the tumour microenvironment. Laurenzana et al., demonstrated
that ECFCs have translational relevance and can be used as a therapeutic agent [109]. The
uPA and its receptor (uPAR) contribute to the progression, vascularization, and metastasis
of melanoma. Furthermore, ECFCs can augment the invasiveness of melanoma cells
in vitro [109]. In this study, MMP12 exhibited a different characteristic, compared to other
MMP family members, in endothelial cells. MMP12 activation in ECFCs degraded uPAR
and abolished angiogenesis and tumour growth in melanoma [109]. Moreover, they showed
that the recruitment of ECFCs into the tumour microenvironment is dependent on the
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CXCR4/SDF1 pathway. In another study, it was revealed that MMP12-deficient mice
accumulated myeloid-derived suppressor cells, which contributed to tumour growth [110].
There is a correlation between the MMP12, monocyte-derived macrophages, and endoglin
expressed by endothelial cells in inflammation [111]. Studies demonstrate that endothelial
cells have an important role in regulating the tumour microenvironment.

In solid tumours, the expansion of blood vessels associated with HIF1x, and the upreg-
ulation of the VEGF pathway leads to malformed and malfunctioning angiogenesis. This
induces immunosuppressive characteristics such as T cell exhaustion and apoptosis [112].
Tumour endothelial cells and vasculature are the initial path to delivering immune cells to
the tumour. In recent years, single-cell sequencing has provided an overview of the hetero-
geneity and diversity of the tumour microenvironment. Single-cell sequencing analysis
of six treatment-naive syngeneic mouse tumours, including melanoma, indicated cell—cell
interactions in the tumour microenvironment [113]. The ECM-related interaction with
endothelial cells and CAFs correlated with tumour growth. The expression of collagens
by endothelial cells and CAFs facilitated the binding of these cells to CD93or integrin
receptors on tumour cells [113]. CD93 is highly expressed in tumour endothelial cells in
the B16 melanoma model [114]. The treatment of the B16 tumour with anti-CD93 antibody
normalised tumour vasculature and suppressed tumour growth [114]. During tumour
vessel normalisation, the pro- and anti-angiogenic factors, such as VEGFA and ANG2, come
to a balance—pericyte coverage and perfusion increase and hypoxia decreases. Moreover,
tumours switch from an immunosuppressive microenvironment to an immunosupportive
microenvironment [115]. IGFBP7 is a ligand for CD93, and it is upregulated in tumour
endothelial cells. Inhibition of the IGFBP7/CD93 pathway enhanced chemotherapy effec-
tiveness, reduced hypoxia, and promoted drug delivery. Moreover, CD4" T, CD8" T, and
natural killer (NK) cells were increased in tumours treated with CD93 inhibitor [114]. In
another study, a deeper analysis of single-cell sequencing of lung, colorectal, and ovarian
cancer endothelial cells revealed five subclusters of endothelial cells in these tumours [116].
Tip cells, high endothelial venules, venous endothelial cells, capillary, arterial, and lym-
phatic endothelial cells were identified. Clustering of endothelial cells after canonical
correlation analysis showed four of these clusters were derived from normal tissue. Tip
endothelial cells resided only in tumours, and high endothelial venules were more fre-
quent in tumour tissues. The tumour endothelial cells expressed PLVAP and IGFBP?7,
and oxidative phosphorylation, glycolysis, and gluconeogenesis were upregulated in the
metabolic activity analysis [116]. Tumour endothelial cells have the potential to induce an
immune response in melanoma tumours. The stimulator of interferon (IFN) genes (STING),
which binds strongly to cGAMP, is secreted by endothelial cells in the tumour microenvi-
ronment [117]. Demaria et al., showed that intratumoural injection of cGAMP into mice
engrafted with B16F10 melanoma cells promoted CD8* T cell infiltration in wild-type mice,
compared to STING deficient mice. The combination of monoclonal antibody blocking
cytotoxic T-lymphocyte-associated protein (CTLA-4) and anti-programmed cell death pro-
tein 1 (PD-1) further enhanced the ability of cGAMP to initiate immune cell infiltration.
Of importance, they demonstrated that CD31* /VEGFR2* /CD45~ endothelial cells were
the main source of type I IFN and antitumour immunity response in the murine model of
melanoma and ex vivo model of human melanoma cells [117]. Tumour endothelial cells are
one of the key players in modulating the immune cells in the tumour microenvironment.
Moreover, endothelial cells are an important aspect of the tumour microenvironment, in
terms of providing CAFs.

CAFs are a heterogeneous population of cells with different origins. Endothelial to mes-
enchymal transition (EndMT) is one of the sources of CAFs in tumour environments [118].
During EndMT, endothelial cells lose their markers, such as CD31, VE-cadherin, and
vWE, and acquire mesenchymal markers, such as fibroblast specific protein 1 (FSP1) and
alpha-smooth muscle [119]. Zeisberg et al., for the first time, showed the transition of
endothelial cells to mesenchymal cells in B16F10 tumours. This was validated in Tie2-cre;
R26Rosa-lox-Stop-lox-LacZ transgenic mice, where the Tie2-Cre positive endothelial cells
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expressed FSP1 [120]. Since the study by Zeisberg, increasing evidence has supported the
endothelial plasticity and importance of EndMT in melanoma. The TGF-3 pathway has
been identified as one of the main inducers of EndMT in melanoma. More importantly,
TGEF-f1 produced by melanoma cells enhanced the number of melanoma cells adhering to
endothelial cells and facilitated their trans-endothelial migration [121]. EndMT contributes
to the extravasation of cancer cells and metastasis by diminishing cell—cell junctions, a key
feature of the endothelial phenotype lost in EndMT. Using human melanoma-conditioned
media, Platel et al., revealed the role of NAPDH oxidases (NOX) in EndMT in human
umbilical cord blood endothelial cells. Melanoma cell-conditioned medium increased
endothelial reactive oxygen species production via NOX1 and NOX2 and augmented cell
migration [122]. More investigation on EndMT in tumour microenvironment revealed the
role of two transcription factors in EndMT in melanoma, ERG, and FLI1. The combination
knock-out of these transcription factors in endothelial cells induced EndMT. Melanoma
tumours also display reduced expression of ERG and FLI1 in tumour endothelial cells.
Moreover, lower expression of ERG in melanoma samples has been related to poor prog-
nosis and overall survival [123]. This indicates the plasticity of endothelial cells in a
pathological environment. In human melanoma patients, cellular communication network
factor 2 (CCN2) is overexpressed by CAFs and negatively correlated with disease-free
outcomes [124]. Moreover, CCN2 expression is correlated with the expression of angiogenic
genes after gene set enrichment analysis. Depletion of CCN2 in CAFs reduced the total vol-
ume of tumour, vascular volume, and tumour vasculogenesis in the B16F10 subcutaneous
tumours [124]. This provides more insights into how cell—cell interaction in the tumour
microenvironment affects tumour vascularization and is correlated with patients” outcomes.
Melanoma dataset analysis revealed that female patients have a higher burden of CAFs
and endothelial cells, compared to male patients. Moreover, overexpression of FGF1 and
FGF2 in CAFs and endothelial cells have been observed in female patients [125]. In a
recent meta-analysis of 213 uveal melanoma patient samples, it was indicated that, among
immune cells, B cell infiltration is associated with a better prognosis. Conversely, CD8*
T cells, NK cells, macrophages M1 and M2, fibroblasts, and endothelial cells were linked
with poor prognosis, and endothelial cell infiltration in the tumour microenvironment was
correlated with relapse [126]. Tumour-associated macrophages may suppress the CD8* T
cells in uveal melanoma. Moreover, some uveal melanoma tumours possess a mutation
in the BAP1 gene, which is a tumour suppressor involved in the epigenetic modulation
of chromatin [127] and may suppress immune responses. It seems that uveal melanoma
is inconsistent with the other tumours, in which the infiltration of inflammatory related
immune cells is associated with better prognosis [128].

5. Role of Vascularization in Delivery of Immune Cells and Drugs

Tumour vascularization is important for the survival of cancer cells. Moreover, stud-
ies have identified mechanisms underpinning the role that tumour endothelium plays in
tumour immunosuppression [129]. In the tumour environment, tumour endothelial cells ex-
press a lower level of adhesion molecules involved in leukocyte-endothelial cell interaction,
such as intercellular adhesion molecule 1 (ICAM1), E-selectin, CD34, and vascular cell adhe-
sion moleculel (VCAM1), compared to normal endothelial cells [130]. Tumour endothelial
cells promote the infiltration of regulatory T cells via the common lymphatic endothelial
and vascular endothelial receptor [131]. Furthermore, localisation and activation of NK
cells are mediated by the lymphocyte-associated protein LFA-1 and vascular lymphocyte
function-associated protein VLA-4, as well as the recognition of ICAM1 and VCAM1 on
tumour endothelial cells [132]. Angiogenic growth factors have various effects on the ex-
pression of these adhesion molecules. VEGF promotes, whereas bFGF inhibits, the adhesion
of leukocytes via ICAM1 and VCAMI to the tumour endothelial cells [132]. Melanoma
tumours reduce the leukocyte-vessel wall interaction by reducing endothelial adhesion
molecules [133]. In the absence of TNF-«, bFGF reduces the expression of ICAM1 in the
tumour-associated endothelial cells and adhesion of leukocytes to endothelial cells [133].
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High endothelial venules (HEVs), usually restricted to secondary lymphoid organs, have
been reported in solid tumours, such as melanoma. Endothelial cells lining HEVs have a
cuboidal morphology and express specific sets of genes that facilitate their interaction with
the bloodstream, which make them distinguishable from the endothelial cells lining normal
blood vessels [134]. The density of HEVs is correlated with the amount of CD3* T, CD8*
cytotoxic T, and CD20" B cells that infiltrate the tumour. This indicates the importance of
HEVs in the infiltration of leukocytes into human melanoma tumours [135]. In a recent
study by Asrir et al., it was demonstrated that tumours that escape the immune system had
fewer tumour-associated HEVs. Immunotherapy with CTLA-4 increased the frequency
(around 2%) of HEVs raising CD4* and CD8* T cell infiltration. Moreover, a higher number
of tumour-associated HEVs in melanoma lesions that were treated with a combination of
CTLA-4 and anti-PD-1 is predictive of better clinical responses and survival [136].

A key barrier to the success of drug therapy is whether it can reach the desired target
tumour cells. Previously, it was mentioned that one of the hallmarks of tumour vasculature
is its leaky structure, due to weak cell-cell junctions and poor pericyte coverage, as a result
of the tumour microenvironment. Tumour vascular permeability augments interstitial fluid
pressure (IFP) in tumours. Studies have identified IFP as one of the important factors that
hinders drug and oxygen delivery [137,138]. IFP in solid tumours establishes a pressure
gradient from the centre of the tumour to the periphery. This causes the discharge of
fluid at the periphery, which leads to oedema, a pressure barrier that enhances the efflux
of fluids from the tumour [139]. Abnormal blood vessels, high IFP, and ECM stiffness
augmentation lead to enhanced permeability and retention in solid tumours. In normal
tissues, molecules larger than 40 KDa cannot cross normal blood vessels; however, leaky
vessels and enhanced permeability and retention allow the passage of molecules ranging
from 40 to 70 KDa [140]. Many studies focus on the normalisation of tumour blood vessels
for improved drug delivery [141,142]. It is believed that the normalisation of tumour
vasculature repairs pericytes coverage and perfusion, reduces hypoxia and metastasis,
and enhances drug delivery. In a study by Park et al., it was demonstrated, that Tie2
activation and Ang?2 depletion induced tumour vessel normalisation and drug delivery in
various tumours. Furthermore, tumour normalisation altered the tumour microenviron-
ment and augmented immune cell infiltration [143]. A recent study investigated the role
of matrix metalloproteinase in tumour endothelial cells. MMP14 depletion in endothelial
cells reduced vessel permeability and metastasis by increasing pericyte coverage [144].
Stabilising the VE-cadherin and endothelial junctions enhanced normalisation and changed
leukocyte trafficking. RNA sequencing data demonstrated overexpression of VE-cadherin
in endothelial cells regulates chemokines, such as CCL2 and CXCL10, which are involved
in CD8* T cells infiltration [145]. Imbalanced pro- and anti-angiogenic factors lead to leaky
and abnormal vessels. However, it remains unclear if vessel normalisation is enough to
improve patient outcomes. Studies suggest dose-dependent anti-angiogenic treatment
can balance the pro- and anti-angiogenic factors and have beneficial effects through this
mechanism [146].

6. Targeting the Tumour Vascularization with Antiangiogenic Drugs

The concept of antiangiogenic therapy was initiated in the 1970s to hinder tumour
vascularization and growth [15]. Folkman proposed that anti-angiogenic drugs inhibit
the secretion of angiogenic factors by cancer cells [147]. During the early stages of treat-
ment with anti-angiogenic drugs, vascular normalisation, reduction in hypoxia, and better
oxygen perfusion have been observed [148]. With anti-angiogenic therapy, the phenotype
of tumour endothelial cells can be reversed, and the expression of adhesion molecules in
tumour vasculature upregulated. This augments the leukocyte-endothelial cell interaction
and immune cell infiltration in melanoma tumours [149]. One of the first anti-angiogenic
drugs was IFN«/ 3, derived from human leukocytes and human fibroblasts [150]. One of
the major pathways that has been targeted by anti-angiogenic drugs is the VEGF pathway.
In 1993, the anti-VEGF monoclonal antibody inhibited the growth of rhabdomyosarcoma,
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glioblastoma, and leiomyosarcoma tumours in vivo [151]. In the 1990s, Folkman and
his colleagues discovered a diverse range of anti-angiogenic factors. An analogue of
Fumagillin was found to inhibit the proliferation of endothelial cells, without cell apopto-
sis [152]. Bevacizumab (Avastin), a VEGFA inhibitory monoclonal antibody, initiated the
era of anti-angiogenic therapy in 2004 for metastatic colorectal cancer [153]. Bevacizumab
prevents the activation of the VEGF pathway by binding to VEGFA and preventing the
activation of VEGFR1 and VEGFR2 [154]. Other anti-angiogenic drugs are tyrosine kinase
inhibitors, sunitinib, sorafenib, and pazopanib, which inhibit VEGFRs, PDGFR, ¢-Kit, and
RET (Figure 3). Some anti-angiogenic drugs in clinical trials for melanoma have been listed
in Table 1.
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Figure 3. Mode of action of FDA-approved anti-angiogenic drugs used in melanoma clinical trials.
Bevacizumab is the monoclonal antibody against VEGFA, and it inhibits the interaction of VEGFA
with VEGFR1 and VEGFR2. Ranibizumab is a recombinant monoclonal antibody against VEGFA
with similar action as Bevacizumab. Sorafenib inhibits kinases that target VEGFR1-3, PDGFRf{3, RET,
c-Kit, RAF-1, and BRAF. Lenvatinib is a multiple kinase inhibitor of VEGFR1-3, PDGFR, FGFR, RET,
and c-Kit. Axitinib inhibits the VEGFR1-3, PDGFR, and c-Kit, and Pazopanib blocks the VEGFR1-3,
c-Kit, PDGFR, and FGFR. Created with BioRender.com.

Several preclinical and clinical studies have investigated the effect of anti-angiogenic
drugs as a single agent for patients with different types and stages of melanoma [164,165].
Bevacizumab is well-tolerated and reduces metastasis in a subset of patients [166]. In one
study, adjuvant bevacizumab after melanoma tumour resection improved disease-free
survival interval but did not affect the overall survival. The better overall survival was
positively correlated with BRAF mutation [167]. Targeting VEGF signalling and tyrosine
kinase receptors alone is not sufficient to block vessel formation or induce vessel regression.
In melanoma tumours, pericytes have been shown to protect the vascular network against
anti-angiogenic drugs. Analysis of human melanoma metastases samples from patients
with adjuvant treatment with bevacizumab and murine melanoma tumours treated with
anti-VEGF demonstrated vascular network maturation [168]. This observation in both
tumour models was accompanied by augmented vessel diameter and normalisation of
vessels, vessel maturation, and, ultimately, resistance to anti-VEGF therapy [168]. So-
rafenib blocks the phosphorylation of tyrosine kinase receptors and inhibits the MAPK
signalling pathway, as well as the downstream Raf kinase isoforms [169]. Sorafenib has
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been used for the treatment of advanced renal cell carcinoma, hepatocellular carcinoma, and
thyroid cancer [170]; however, as a single agent [171,172] or in combination with chemother-
apy drugs [163], it has little or no anti-tumour activity in advanced melanoma patients.
Overall, most clinical trials of FDA-approved anti-angiogenic drugs have had a limited
impact on disease-free intervals and no statistically significant effect on the overall survival

of patients.

Table 1. List of anti-angiogenic drugs for melanoma.

Anti-

Angiogenic Mode of Ac- Type of Clinical Reference
8108 tion/TARGET Melanoma Indications
Agent
Tyrosine kinase =~ Human mucosal Combination
Axitinib inhibitor of melanoma; with toripalimab;
(In ta®) VEGEFR], -2,-3, advanced BRAF combination [156,157]
y c-Kit, and wild-type with pacli-
PDGEFR [155] melanoma taxel/carboplatin
Bevacizumab Monoclonal Hurrnn:lr;;rglri::;)sal Combination
) antibody to ! with carboplatin [158]
(Avastin®) metastatic .
VEGFA plus paclitaxel
melanoma
Lenvatinib Km.ase inhibitor Combination
against VEGFR1, .
mesylate > -3 PDGER Melanoma with [159]
. ® 4L, Ty 7 .
(Lenvima™) RET, FGFR, c-Kit pembrolizumab
Tyrosine kinase
. inhibitor of . L.
Pazopanib EGERI -2 -3 Metastatic Combination 1
(Votrient®) v i melanoma with paclitaxel [160]
PDGEFR, FGFR,
and c-Kit
Ranibizumab Monoclonal
(Lucentis®) antibody to Uveal melanoma  As a single agent [161]
VEGFA
Kinase inhibitor Asa 22(§lienagent
Sorafenib against VEGFR, Metastatic combination
® PDGFR, BRAF, . . [162,163]
(Nexavar®™) . melanoma with bortezomib,
RAF-1, c-Kit, arboplatin, and
and RET carbop atin,

paclitaxel

Metastatic melanoma patients benefited more from the combination of anti-angiogenic
drugs with chemotherapy drugs, such as carboplatin or paclitaxel [158], or in combination
with ICIs [173]. The combination of anti-angiogenic drugs with ICIs could potentially
represent a promising strategy and increase the activity of ICIs [174]. Preclinical and clini-
cal studies suggest that immune suppression driven by tumour vascularization can lead
to resistance to ICIs. Analysis of somatic mutations and transcriptomes of pre-treatment
melanoma patients’” biopsies with PD-1 blockade (pembrolizumab and nivolumab) identi-
fied pro-angiogenic factors associated with resistance to ICIs in the non-responding patients,
compared to responding pre-treatment tumours [175]. A recent phase I clinical trial by
Hodi and colleagues investigated the effect of combining a monoclonal antibody against
angiopoietin 2 (MEDI3617) with CTLA-4 in patients that had histologically confirmed unre-
sectable or metastatic melanoma. They observed an alteration in the circulating CD8* T
cells, inducible T cell costimulator, and human leukocyte antigen DR* CD4" [176]. Patients
with advanced mucosal melanoma respond poorly to anti-PD-1 monotherapy, especially
in Asian and Caucasian populations [177]. At 3 years, the survival update demonstrated
that the combination of toripalimab, an anti-PD-1, with axitinib, a tyrosine kinase inhibitor,
improved the overall survival [177]. RNA sequencing and expression profiling of patients’
samples from the dual therapy trial showed a combination of angiogenesis and immune-
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related genes. Patients with these changes in gene expression had a better progression-free
survival [177]. These studies highlight that combinations of anti-angiogenic drugs and
ICIs improve the overall survival rates in advanced melanoma patients, where ICIs alone
may fail.

7. Conclusions

Tumour vascular formation has been shown to play an important role in tumour
growth, extravasation, and, subsequently, metastatic spread. Various modes of vascular-
ization have been observed in melanoma tumours, and most studies have focused on the
role of endothelial cells and their contribution to angiogenesis. EPCs are a population of
cells with the capacity to proliferate, transdifferentiate, and migrate to the tumours, in
response to cancer cell signals. Thus, vasculogenesis facilitated by EPCs represents a novel
therapeutic target, as it potentially drives mesenchymal transition and, vessel immaturity.
Various preclinical studies have reported EPCs selectively migrating into melanoma tu-
mours [102,178], and recent preclinical studies have uncovered that anti-angiogenic drugs
may miss tissue-resident EPCs and, in turn, the neovascular formation characteristics they
exert [102]. It is imperative that researchers consider this mode of vascular network forma-
tion and how these cells may contribute to abnormal vessel formation across many tumour
subtypes. Future studies from here will require investigation of molecular underpinnings
and how tissue-resident EPCs contribute to melanoma vascularization at different stages of
disease progression, leading the way for drug intervention.
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Abbreviations

ANG2 Angiopoietin 2

BMP Bone morphogenic protein

CAFs Cancer-associated Fibroblast

CCN2 Cellular communication network factor 2
CTLA-4 Cytotoxic T-lymphocyte-associated 4
DLL4 Delta-like ligand 4

ECFCs Endothelial colony-forming cells

ECM Extra cellular matrix

EndMT Endothelial to mesenchymal transition
EPCs Endothelial progenitor cells

eNOS Endothelial nitric oxide synthesis
EVMM Extravascular migratory metastasis
EVP Endovascular progenitor cells

FGFs Fibroblast growth factors

FSP1 Fibroblast specific protein 1

HEVs High endothelial venules

HMVECs Human microvascular endothelial cells
ICAM1 Intercellular adhesion molecule 1

ICIs Immune checkpoint inhibitors
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IFI Interstitial fluid pressure
IEN Interferon
MMPs Matrix metalloproteinases
MMPs Matrix metalloproteases
NK cells Natural killer cells
NICD Notch intracellular domain
PD-1 Programmed cell death protein 1
RBPJ Recombination signal-binding protein for immunoglobulin kappa ]
TSP1 Thrombospondin 1
uPAR Urokinase-type plasminogen activator receptor
VCAM1 Vascular cell adhesion molecule 1
VE-cadherin  Vascular endothelial cadherin
VEGF Vascular endothelial growth factor
VEGFR Vascular endothelial growth factor receptor
vWF von Willebrand factor
References
1. Lo, ].A,; Fisher, D.E. The melanoma revolution: From UV carcinogenesis to a new era in therapeutics. Science 2014, 346, 945-949.
[CrossRef] [PubMed]
2. Naik, PP. Cutaneous Malignant Melanoma: A Review of Early Diagnosis and Management. World J. Oncol. 2021, 12, 7-19.
[CrossRef] [PubMed]
3. Garrisi, V.M,; Strippoli, S.; De Summa, S.; Pinto, R.; Perrone, A.; Guida, G.; Azzariti, A.; Guida, M.; Tommasi, S. Proteomic profile
and in silico analysis in metastatic melanoma with and without BRAF mutation. PLoS ONE 2014, 9, e112025. [CrossRef]
4. Manganelli, M.; Guida, S.; Ferretta, A.; Pellacani, G.; Porcelli, L.; Azzariti, A.; Guida, G. Behind the Scene: Exploiting MC1R in
Skin Cancer Risk and Prevention. Genes 2021, 12, 1093. [CrossRef] [PubMed]
5. Ross, M.L; Gershenwald, J.E. Evidence-based treatment of early-stage melanoma. J. Surg. Oncol. 2011, 104, 341-353. [CrossRef]
6.  Subbiah, V.; Baik, C.; Kirkwood, ].M. Clinical Development of BRAF plus MEK Inhibitor Combinations. Trends Cancer 2020, 6,
797-810. [CrossRef]
7. Leonardi, G.C.; Falzone, L.; Salemi, R.; Zanghi, A.; Spandidos, D.A.; McCubrey, J.A.; Candido, S.; Libra, M. Cutaneous melanoma:
From pathogenesis to therapy (Review). Int. |. Oncol. 2018, 52, 1071-1080. [CrossRef]
8. Mahabeleshwar, G.H.; Byzova, T.V. Angiogenesis in melanoma. Semin. Oncol. 2007, 34, 555-565. [CrossRef]
9. Srivastava, A.; Laidler, P.; Hughes, L.E.; Woodcock, J.; Shedden, E.J. Neovascularization in human cutaneous melanoma: A
quantitative morphological and Doppler ultrasound study. Eur. J. Cancer Clin. Oncol. 1986, 22, 1205-1209. [CrossRef]
10. Srivastava, A.; Laidler, P.; Davies, R.P.; Horgan, K.; Hughes, L.E. The prognostic significance of tumor vascularity in intermediate-
thickness (0.76—4.0 mm thick) skin melanoma. A quantitative histologic study. Am. J. Pathol. 1988, 133, 419-423.
11. Carmeliet, P. Angiogenesis in health and disease. Nat. Med. 2003, 9, 653-660. [CrossRef]
12.  Folkman, J. Angiogenesis: An organizing principle for drug discovery? Nat. Rev. Drug Discov. 2007, 6, 273-286. [CrossRef]
13.  Kuczynski, E.A.; Reynolds, A.R. Vessel co-option and resistance to anti-angiogenic therapy. Angiogenesis 2020, 23, 55-74.
[CrossRef]
14. Folkman, ]J. What is the evidence that tumors are angiogenesis dependent? J. Natl. Cancer Inst. 1990, 82, 4-6. [CrossRef]
15.  Folkman, J. Tumor angiogenesis: Therapeutic implications. N. Engl. J. Med. 1971, 285, 1182-1186. [CrossRef]
16. Lenzi, P; Bocci, G.; Natale, G. John Hunter and the origin of the term “angiogenesis”. Angiogenesis 2016, 19, 255-256. [CrossRef]
17.  Hall, A.P. Review of the pericyte during angiogenesis and its role in cancer and diabetic retinopathy. Toxicol. Pathol. 2006, 34,
763-775. [CrossRef]
18.  Goldmann, E. The Growth of Malignant Disease in Man and the Lower Animals, with special reference to the Vascular System.
Proc. R. Soc. Med. 1908, 1, 1-13. [CrossRef]
19. Chung, A.S,; Ferrara, N. Developmental and pathological angiogenesis. Anniu. Rev. Cell Dev. Biol. 2011, 27, 563-584. [CrossRef]
20. Xu,J.Y.; Shi, G.P. Vascular wall extracellular matrix proteins and vascular diseases. Bba-Mol. Basis Dis. 2014, 1842, 2106-2119.
[CrossRef]
21. Davis, G.E; Senger, D.R. Endothelial extracellular matrix—Biosynthesis, remodeling, and functions during vascular morphogene-
sis and neovessel stabilization. Circ. Res. 2005, 97, 1093-1107. [CrossRef]
22. Heissig, B.; Hattori, K.; Friedrich, M.; Rafii, S.; Werb, Z. Angiogenesis: Vascular remodeling of the extracellular matrix involves
metalloproteinases. Curr. Opin. Hematol. 2003, 10, 136-141. [CrossRef]
23.  Augustin, H.G.; Koh, G.Y;; Thurston, G.; Alitalo, K. Control of vascular morphogenesis and homeostasis through the angiopoietin-
Tie system. Nat. Rev. Mol. Cell Biol. 2009, 10, 165-177. [CrossRef]
24. Mack, ].].; Mosqueiro, T.S.; Archer, B.J.; Jones, W.M.; Sunshine, H.; Faas, G.C.; Briot, A.; Aragon, R.L.; Su, T.; Romay, M.C; et al.
NOTCHI1 is a mechanosensor in adult arteries. Nat. Commun. 2017, 8, 1620. [CrossRef]
25. Tetzlaff, F.; Adam, M.G,; Feldner, A.; Moll, I.; Menuchin, A.; Rodriguez-Vita, J.; Sprinzak, D.; Fischer, A. MPDZ promotes

DLL4-induced Notch signaling during angiogenesis. Elife 2018, 7, €32860. [CrossRef]


http://doi.org/10.1126/science.1253735
http://www.ncbi.nlm.nih.gov/pubmed/25414302
http://doi.org/10.14740/wjon1349
http://www.ncbi.nlm.nih.gov/pubmed/33738001
http://doi.org/10.1371/journal.pone.0112025
http://doi.org/10.3390/genes12071093
http://www.ncbi.nlm.nih.gov/pubmed/34356109
http://doi.org/10.1002/jso.21962
http://doi.org/10.1016/j.trecan.2020.05.009
http://doi.org/10.3892/ijo.2018.4287
http://doi.org/10.1053/j.seminoncol.2007.09.009
http://doi.org/10.1016/0277-5379(86)90322-6
http://doi.org/10.1038/nm0603-653
http://doi.org/10.1038/nrd2115
http://doi.org/10.1007/s10456-019-09698-6
http://doi.org/10.1093/jnci/82.1.4
http://doi.org/10.1056/NEJM197111182852108
http://doi.org/10.1007/s10456-016-9496-7
http://doi.org/10.1080/01926230600936290
http://doi.org/10.1177/003591570800101201
http://doi.org/10.1146/annurev-cellbio-092910-154002
http://doi.org/10.1016/j.bbadis.2014.07.008
http://doi.org/10.1161/01.RES.0000191547.64391.e3
http://doi.org/10.1097/00062752-200303000-00007
http://doi.org/10.1038/nrm2639
http://doi.org/10.1038/s41467-017-01741-8
http://doi.org/10.7554/eLife.32860

Cancers 2022, 14, 4216 17 of 23

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Mack, J.J.; Iruela-Arispe, M.L. NOTCH regulation of the endothelial cell phenotype. Curr. Opin. Hematol. 2018, 25, 212-218.
[CrossRef]

Phng, L.K,; Gerhardt, H. Angiogenesis: A Team Effort Coordinated by Notch. Dev. Cell 2009, 16, 196-208. [CrossRef]
Guruharsha, K.G.; Kankel, M.W.; Artavanis-Tsakonas, S. The Notch signalling system: Recent insights into the complexity of a
conserved pathway. Nat. Rev. Genet. 2012, 13, 654-666. [CrossRef]

Mouillesseaux, K.P.; Wiley, D.S.; Saunders, L.M.; Wylie, L.A.; Kushner, E.J.; Chong, D.C; Citrin, KM.; Barber, A.T.; Park, Y.; Kim,
J.D.; et al. Notch regulates BMP responsiveness and lateral branching in vessel networks via SMAD6. Nat. Commun. 2016, 7,
13247. [CrossRef]

Boareto, M.; Jolly, M.K; Lu, M.Y.; Onuchic, ].N.; Clementi, C.; Ben-Jacob, E. Jagged-Delta asymmetry in Notch signaling can give
rise to a Sender/Receiver hybrid phenotype. Proc. Natl. Acad. Sci. USA 2015, 112, E402-E409. [CrossRef]

Koon, Y.L.; Zhang, S.J.; Rahmat, M.B.; Koh, C.G.; Chiam, K.H. Enhanced Delta-Notch Lateral Inhibition Model Incorporating
Intracellular Notch Heterogeneity and Tension-Dependent Rate of Delta-Notch Binding that Reproduces Sprouting Angiogenesis
Patterns. Sci. Rep. 2018, 8, 9519. [CrossRef] [PubMed]

Dudley, A.C. Tumor Endothelial Cells. Csh. Perspect. Med. 2012, 2, a006536. [CrossRef] [PubMed]

Warren, B.A.; Shubik, P. The growth of the blood supply to melanoma transplants in the hamster cheek pouch. Lab. Investig. 1966,
15, 464-478. [CrossRef]

Montoyo-Pujol, Y.G.; Wang, X.; Bermudez-Sanchez, S.; Martin, A.; Almazan, F.; Lopez-Nevot, M.A. Measurement of 45 cytokine,
chemokine and growth factors in established cell culture supernatants and autologous serum from advanced melanoma patients.
Carcinogenesis 2021, 42, 714-723. [CrossRef] [PubMed]

Rajabi, P.; Neshat, A.; Mokhtari, M.; Rajabi, M. A ; Eftekhari, M.; Tavakoli, P. The role of VEGF in melanoma progression. J. Res.
Med. Sci. 2012, 17, 534-539.

Gowda, R.; Robertson, B.M,; Iyer, S.; Barry, J.; Dinavahi, S.S.; Robertson, G.P. The role of exosomes in metastasis and progression
of melanoma. Cancer Treat. Rev. 2020, 85, 101975. [CrossRef]

Hood, J.L.; Pan, H.; Lanza, G.M.; Wickline, S.A.; Consortium for Translational Research in Advanced Imaging and Nanomedicine.
Paracrine induction of endothelium by tumor exosomes. Lab. Investig. 2009, 89, 1317-1328. [CrossRef]

Biagioni, A.; Laurenzana, A.; Menicacci, B.; Peppicelli, S.; Andreucci, E.; Bianchini, F; Guasti, D.; Paoli, P; Serrati, S.; Mocali, A.;
et al. uPAR-expressing melanoma exosomes promote angiogenesis by VE-Cadherin, EGFR and uPAR overexpression and rise of
ERK1,2 signaling in endothelial cells. Cell. Mol. Life Sci. 2021, 78, 3057-3072. [CrossRef]

Laurenzana, A.; Biagioni, A.; Bianchini, F; Peppicelli, S.; Chilla, A.; Margheri, F.; Luciani, C.; Pimpinelli, N.; Del Rosso, M.;
Calorini, L.; et al. Inhibition of uPAR-TGFbeta crosstalk blocks MSC-dependent EMT in melanoma cells. J. Mol. Med. 2015, 93,
783-794. [CrossRef]

Hugdahl, E.; Bachmann, L.M.; Schuster, C.; Ladstein, R.G.; Akslen, L.A. Prognostic value of uPAR expression and angiogenesis in
primary and metastatic melanoma. PLoS ONE 2019, 14, €0210399. [CrossRef]

Cho, W.C; Jour, G.; Aung, P.P. Role of angiogenesis in melanoma progression: Update on key angiogenic mechanisms and other
associated components. Semin. Cancer Biol. 2019, 59, 175-186. [CrossRef]

De Spiegelaere, W.; Casteleyn, C.; Van den Broeck, W.; Plend], J.; Bahramsoltani, M.; Simoens, P.; Djonov, V.; Cornillie, P.
Intussusceptive angiogenesis: A biologically relevant form of angiogenesis. J. Vasc. Res. 2012, 49, 390—404. [CrossRef]

Caduff, J.H.; Fischer, L.C.; Burri, PH. Scanning electron microscope study of the developing microvasculature in the postnatal rat
lung. Anat. Rec. 1986, 216, 154-164. [CrossRef]

Burri, PH.; Tarek, M.R. A novel mechanism of capillary growth in the rat pulmonary microcirculation. Anat. Rec. 1990, 228, 35-45.
[CrossRef]

Ribatti, D.; Nico, B.; Floris, C.; Mangieri, D.; Piras, F; Ennas, M.G.; Vacca, A.; Sirigu, P. Microvascular density, vascular endothelial
growth factor immunoreactivity in tumor cells, vessel diameter and intussusceptive microvascular growth in primary melanoma.
Oncol. Rep. 2005, 14, 81-84.

Esteban, S.; Clemente, C.; Koziol, A.; Gonzalo, P; Rius, C.; Martinez, F; Linares, PM.; Chaparro, M.; Urzainqui, A.; Andres, V,;
et al. Endothelial MT1-MMP targeting limits intussusceptive angiogenesis and colitis via TSP1/nitric oxide axis. EMBO Mol. Med.
2020, 12, €10862. [CrossRef]

Pandita, A.; Ekstrand, M.; Bjursten, S.; Zhao, Z.; Fogelstrand, P.; Le Gal, K.; Ny, L.; Bergo, M.O.; Karlsson, J.; Nilsson, ].A.; et al.
Intussusceptive Angiogenesis in Human Metastatic Malignant Melanoma. Am. J. Pathol. 2021, 191, 2023-2038. [CrossRef]
Kuczynski, E.A.; Vermeulen, P.B.; Pezzella, F.; Kerbel, R.S.; Reynolds, A.R. Vessel co-option in cancer. Nat. Rev. Clin. Oncol. 2019,
16, 469-493. [CrossRef]

Pezzella, F,; Di Bacco, A.; Andreola, S.; Nicholson, A.G.; Pastorino, U.; Harris, A.L. Angiogenesis in primary lung cancer and lung
secondaries. Eur. J. Cancer 1996, 32A, 2494-2500. [CrossRef]

.Pezzella, E; Pastorino, U.; Tagliabue, E.; Andreola, S.; Sozzi, G.; Gasparini, G.; Menard, S.; Gatter, K.C.; Harris, A.L.; Fox, S.; et al.
Non-small-cell lung carcinoma tumor growth without morphological evidence of neo-angiogenesis. Am. J. Pathol. 1997, 151,
1417-1423.

Bridgeman, V.L.; Vermeulen, P.B.; Foo, S.; Bilecz, A.; Daley, F.; Kostaras, E.; Nathan, M.R.; Wan, E.; Frentzas, S.; Schweiger, T; et al.
Vessel co-option is common in human lung metastases and mediates resistance to anti-angiogenic therapy in preclinical lung
metastasis models. J. Pathol. 2017, 241, 362-374. [CrossRef] [PubMed]


http://doi.org/10.1097/MOH.0000000000000425
http://doi.org/10.1016/j.devcel.2009.01.015
http://doi.org/10.1038/nrg3272
http://doi.org/10.1038/ncomms13247
http://doi.org/10.1073/pnas.1416287112
http://doi.org/10.1038/s41598-018-27645-1
http://www.ncbi.nlm.nih.gov/pubmed/29934586
http://doi.org/10.1101/cshperspect.a006536
http://www.ncbi.nlm.nih.gov/pubmed/22393533
http://doi.org/10.1097/00007890-196609000-00032
http://doi.org/10.1093/carcin/bgab004
http://www.ncbi.nlm.nih.gov/pubmed/33421057
http://doi.org/10.1016/j.ctrv.2020.101975
http://doi.org/10.1038/labinvest.2009.94
http://doi.org/10.1007/s00018-020-03707-4
http://doi.org/10.1007/s00109-015-1266-2
http://doi.org/10.1371/journal.pone.0210399
http://doi.org/10.1016/j.semcancer.2019.06.015
http://doi.org/10.1159/000338278
http://doi.org/10.1002/ar.1092160207
http://doi.org/10.1002/ar.1092280107
http://doi.org/10.15252/emmm.201910862
http://doi.org/10.1016/j.ajpath.2021.07.009
http://doi.org/10.1038/s41571-019-0181-9
http://doi.org/10.1016/S0959-8049(96)00377-2
http://doi.org/10.1002/path.4845
http://www.ncbi.nlm.nih.gov/pubmed/27859259

Cancers 2022, 14, 4216 18 of 23

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Teuwen, L.A.; De Rooij, L.; Cuypers, A.; Rohlenova, K.; Dumas, S.J.; Garcia-Caballero, M.; Meta, E.; Amersfoort, J.; Taverna, E;
Becker, L.M.; et al. Tumor vessel co-option probed by single-cell analysis. Cell Rep. 2021, 35, 109253. [CrossRef] [PubMed]
Dome, B.; Paku, S.; Somlai, B.; Timar, J. Vascularization of cutaneous melanoma involves vessel co-option and has clinical
significance. J. Pathol. 2002, 197, 355-362. [CrossRef] [PubMed]

Bentolila, L.A.; Prakash, R.; Mihic-Probst, D.; Wadehra, M.; Kleinman, H.K.; Carmichael, T.S.; Peault, B.; Barnhill, R.L.; Lugassy, C.
Imaging of Angiotropism/Vascular Co-Option in a Murine Model of Brain Melanoma: Implications for Melanoma Progression
along Extravascular Pathways. Sci. Rep. 2016, 6, 23834. [CrossRef] [PubMed]

Jin, EJ.; Erickson, C.A.; Takada, S.; Burrus, L.W. Wnt and BMP signaling govern lineage segregation of melanocytes in the avian
embryo. Dev. Biol. 2001, 233, 22-37. [CrossRef] [PubMed]

Lugassy, C.; Eyden, B.P; Christensen, L.; Escande, J.P. Angio-tumoral complex in human malignant melanoma characterised by
free laminin: Ultrastructural and immunohistochemical observations. J. Submicrosc. Cytol. Pathol. 1997, 29, 19-28. [PubMed]
Lugassy, C.; Barnhill, R.L. Angiotropic melanoma and extravascular migratory metastasis: A review. Adv. Anat. Pathol. 2007, 14,
195-201. [CrossRef]

Barnhill, R.L.; Lemaitre, S.; Levy-Gabrielle, C.; Rodrigues, M.; Desjardins, L.; Dendale, R.; Vincent-Salomon, A.; Roman-Roman,
S.; Lugassy, C.; Cassoux, N. Satellite in transit metastase in rapidly fatal conjunctival melanoma: Implications for angiotropism
and extravascular migratory metastasis (description of a murine model for conjuctival melanoma). Pathology 2016, 48, 166-176.
[CrossRef]

Crowson, A.N.; Magro, C.M.; Mihm, M.C. Prognosticators of melanoma, the melanoma report, and the sentinel lymph node.
Mod. Pathol. 2006, 19 (Suppl. 2), S71-587. [CrossRef]

Hung, T.; Morin, ].; Munday, W.R.; Mackenzie, LR.; Lugassy, C.; Barnhill, R.L. Angiotropism in primary cutaneous melanoma
with brain metastasis: A study of 20 cases. Am. ]. Dermatopathol. 2013, 35, 650-654. [CrossRef]

Barnhill, R.; van Dam, PJ.; Vermeulen, P.; Champenois, G.; Nicolas, A.; Rawson, R.V.; Wilmott, ].S.; Thompson, J.E; Long, G.V,;
Cassoux, N.; et al. Replacement and desmoplastic histopathological growth patterns in cutaneous melanoma liver metastases:
Frequency, characteristics, and robust prognostic value. J. Pathol. Clin. Res. 2020, 6, 195-206. [CrossRef]

Bald, T.; Quast, T.; Landsberg, J.; Rogava, M.; Glodde, N.; Lopez-Ramos, D.; Kohlmeyer, J.; Riesenberg, S.; van den Boorn-
Konijnenberg, D.; Homig-Holzel, C.; et al. Ultraviolet-radiation-induced inflammation promotes angiotropism and metastasis in
melanoma. Nature 2014, 507, 109-113. [CrossRef]

Leenders, W.P,; Kusters, B.; Verrijp, K.; Maass, C.; Wesseling, P.; Heerschap, A.; Ruiter, D.; Ryan, A.; de Waal, R. Antiangiogenic
therapy of cerebral melanoma metastases results in sustained tumor progression via vessel co-option. Clin. Cancer Res. 2004, 10,
6222-6230. [CrossRef]

Maniotis, A.J.; Folberg, R.; Hess, A.; Seftor, E.A.; Gardner, L.M.; Pe’er, ].; Trent, ] M.; Meltzer, P.S.; Hendrix, M.]. Vascular channel
formation by human melanoma cells in vivo and in vitro: Vasculogenic mimicry. Am. J. Pathol. 1999, 155, 739-752. [CrossRef]
Folberg, R.; Maniotis, A.J. Vasculogenic mimicry. APMIS 2004, 112, 508-525. [CrossRef]

Velez, D.O.; Tsui, B.; Goshia, T.; Chute, C.L.; Han, A.; Carter, H.; Fraley, S.I. 3D collagen architecture induces a conserved
migratory and transcriptional response linked to vasculogenic mimicry. Nat. Commun. 2017, 8, 1651. [CrossRef]

Clarijs, R.; Otte-Holler, I.; Ruiter, D.J.; de Waal, R.M. Presence of a fluid-conducting meshwork in xenografted cutaneous and
primary human uveal melanoma. Investig. Ophthalmol. Vis. Sci. 2002, 43, 912-918.

Smetsers, T.F.; van de Westerlo, E.M.; ten Dam, G.B.; Clarijs, R.; Versteeg, E.M.; van Geloof, W.L.; Veerkamp, ].H.; van Muijen,
G.N.; van Kuppevelt, T.H. Localization and characterization of melanoma-associated glycosaminoglycans: Differential expression
of chondroitin and heparan sulfate epitopes in melanoma. Cancer Res. 2003, 63, 2965-2970.

El Hallani, S.; Boisselier, B.; Peglion, E; Rousseau, A.; Colin, C.; Idbaih, A.; Marie, Y.; Mokhtari, K.; Thomas, J.L.; Eichmann, A.;
et al. A new alternative mechanism in glioblastoma vascularization: Tubular vasculogenic mimicry. Brain 2010, 133, 973-982.
[CrossRef]

Radnot, M.; Antal, M. Vessels of intraocular malignant melanomas. Am. J. Ophthalmol. 1979, 88, 472-478. [CrossRef]

Bissell, M.]. Tumor plasticity allows vasculogenic mimicry, a novel form of angiogenic switch. A rose by any other name? Am. J.
Pathol. 1999, 155, 675-679. [CrossRef]

Hendrix, M.].; Seftor, E.A.; Meltzer, P.S.; Gardner, L.M.; Hess, A.R.; Kirschmann, D.A.; Schatteman, G.C.; Seftor, R.E. Expression
and functional significance of VE-cadherin in aggressive human melanoma cells: Role in vasculogenic mimicry. Proc. Natl. Acad.
Sci. USA 2001, 98, 8018-8023. [CrossRef]

Bartolome, R.A.; Torres, S.; Isern de Val, S.; Escudero-Paniagua, B.; Calvino, E.; Teixido, J.; Casal, ].I. VE-cadherin RGD motifs
promote metastasis and constitute a potential therapeutic target in melanoma and breast cancers. Oncotarget 2017, 8, 215-227.
[CrossRef] [PubMed]

Mihic-Probst, D.; Ikenberg, K.; Tinguely, M.; Schraml, P.; Behnke, S.; Seifert, B.; Civenni, G.; Sommer, L.; Moch, H.; Dummer, R.
Tumor cell plasticity and angiogenesis in human melanomas. PLoS ONE 2012, 7, e33571. [CrossRef]

Zhang, W.; Zhou, P; Meng, A.; Zhang, R.; Zhou, Y. Down-regulating Myoferlin inhibits the vasculogenic mimicry of melanoma
via decreasing MMP-2 and inducing mesenchymal-to-epithelial transition. J. Cell. Mol. Med. 2018, 22, 1743-1754. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.celrep.2021.109253
http://www.ncbi.nlm.nih.gov/pubmed/34133923
http://doi.org/10.1002/path.1124
http://www.ncbi.nlm.nih.gov/pubmed/12115882
http://doi.org/10.1038/srep23834
http://www.ncbi.nlm.nih.gov/pubmed/27048955
http://doi.org/10.1006/dbio.2001.0222
http://www.ncbi.nlm.nih.gov/pubmed/11319855
http://www.ncbi.nlm.nih.gov/pubmed/9066138
http://doi.org/10.1097/PAP.0b013e31805048d9
http://doi.org/10.1016/j.pathol.2015.12.005
http://doi.org/10.1038/modpathol.3800517
http://doi.org/10.1097/DAD.0b013e31827e8315AD
http://doi.org/10.1002/cjp2.161
http://doi.org/10.1038/nature13111
http://doi.org/10.1158/1078-0432.CCR-04-0823
http://doi.org/10.1016/S0002-9440(10)65173-5
http://doi.org/10.1111/j.1600-0463.2004.apm11207-0810.x
http://doi.org/10.1038/s41467-017-01556-7
http://doi.org/10.1093/brain/awq044
http://doi.org/10.1016/0002-9394(79)90649-4
http://doi.org/10.1016/S0002-9440(10)65164-4
http://doi.org/10.1073/pnas.131209798
http://doi.org/10.18632/oncotarget.13832
http://www.ncbi.nlm.nih.gov/pubmed/27966446
http://doi.org/10.1371/journal.pone.0033571
http://doi.org/10.1111/jcmm.13455
http://www.ncbi.nlm.nih.gov/pubmed/29164766

Cancers 2022, 14, 4216 19 of 23

76.

77.

78.

79.

80.
81.
82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Martini, C.; DeNichilo, M.; King, D.P.; Cockshell, M.P,; Ebert, B.; Dale, B.; Ebert, L.M.; Woods, A.; Bonder, C.S. CD36 promotes
vasculogenic mimicry in melanoma by mediating adhesion to the extracellular matrix. BMC Cancer 2021, 21, 765. [CrossRef]
[PubMed]

Frank, N.Y.; Schatton, T.; Kim, S.; Zhan, Q.; Wilson, B.J.; Ma, J.; Saab, K.R.; Osherov, V.; Widlund, H.R.; Gasser, M.; et al. VEGFR-1
expressed by malignant melanoma-initiating cells is required for tumor growth. Cancer Res. 2011, 71, 1474-1485. [CrossRef]
[PubMed]

Xu, X.; Zong, Y.; Gao, Y.; Sun, X.; Zhao, H.; Luo, W,; Jia, S. VEGF Induce Vasculogenic Mimicry of Choroidal Melanoma through
the PI3k Signal Pathway. Biomed. Res. Int. 2019, 2019, 3909102. [CrossRef]

Yuan, Y.; Geng, B.; Xu, X.; Zhao, H.; Bai, ].; Dou, Z,; Jia, S.; Yu, X.; Luo, W. Dual VEGF/PDGF knockdown suppresses vasculogenic
mimicry formation in choroidal melanoma cells via the Wntba/beta-catenin/AKT signaling pathway. Acta Histochem. 2022, 124,
151842. [CrossRef]

Flamme, I.; Risau, W. Induction of vasculogenesis and hematopoiesis in vitro. Development 1992, 116, 435-439. [CrossRef]
Risau, W.; Flamme, I. Vasculogenesis. Annu. Rev. Cell Dev. Biol. 1995, 11, 73-91. [CrossRef]

Asahara, T.; Murohara, T.; Sullivan, A.; Silver, M.; van der Zee, R.; Li, T.; Witzenbichler, B.; Schatteman, G.; Isner, ].M. Isolation of
putative progenitor endothelial cells for angiogenesis. Science 1997, 275, 964-967. [CrossRef]

Asahara, T.; Takahashi, T.; Masuda, H.; Kalka, C.; Chen, D.; Iwaguro, H.; Inai, Y.; Silver, M.; Isner, ].M. VEGF contributes to
postnatal neovascularization by mobilizing bone marrow-derived endothelial progenitor cells. EMBO J. 1999, 18, 3964-3972.
[CrossRef]

Kaushal, S.; Amiel, G.E.; Guleserian, K.J.; Shapira, O.M.; Perry, T.; Sutherland, EW.; Rabkin, E.; Moran, A.M.; Schoen, E]J.; Atala,
A_; et al. Functional small-diameter neovessels created using endothelial progenitor cells expanded ex vivo. Nat. Med. 2001, 7,
1035-1040. [CrossRef]

Quirici, N.; Soligo, D.; Caneva, L.; Servida, E; Bossolasco, P; Deliliers, G.L. Differentiation and expansion of endothelial cells from
human bone marrow CD133(+) cells. Br. ]. Haematol. 2001, 115, 186-194. [CrossRef]

Terada, N.; Hamazaki, T.; Oka, M.; Hoki, M.; Mastalerz, D.M.; Nakano, Y.; Meyer, EM.; Morel, L.; Petersen, B.E.; Scott, E.W. Bone
marrow cells adopt the phenotype of other cells by spontaneous cell fusion. Nature 2002, 416, 542-545. [CrossRef]
Ziegelhoeffer, T.; Fernandez, B.; Kostin, S.; Heil, M.; Voswinckel, R.; Helisch, A.; Schaper, W. Bone marrow-derived cells do not
incorporate into the adult growing vasculature. Circ. Res. 2004, 94, 230-238. [CrossRef]

Purhonen, S.; Palm, J.; Rossi, D.; Kaskenpaa, N.; Rajantie, I.; Yla-Herttuala, S.; Alitalo, K.; Weissman, I.L.; Salven, P. Bone
marrow-derived circulating endothelial precursors do not contribute to vascular endothelium and are not needed for tumor
growth. Proc. Natl. Acad. Sci. USA 2008, 105, 6620-6625. [CrossRef]

Bailey, A.S.; Willenbring, H.; Jiang, S.; Anderson, D.A.; Schroeder, D.A.; Wong, M.H.; Grompe, M.; Fleming, W.H. Myeloid lineage
progenitors give rise to vascular endothelium. Proc. Natl. Acad. Sci. USA 2006, 103, 13156-13161. [CrossRef]

Romagnani, P.; Annunziato, F.; Liotta, F.; Lazzeri, E.; Mazzinghi, B.; Frosali, F.; Cosmi, L.; Maggi, L.; Lasagni, L.; Scheffold, A.;
et al. CD14+CD34low cells with stem cell phenotypic and functional features are the major source of circulating endothelial
progenitors. Circ. Res. 2005, 97, 314-322. [CrossRef]

Medina, R.J.; Barber, C.L.; Sabatier, F; Dignat-George, F.; Melero-Martin, ].M.; Khosrotehrani, K.; Ohneda, O.; Randi, A.M.; Chan,
J.K.Y.; Yamaguchi, T.; et al. Endothelial Progenitors: A Consensus Statement on Nomenclature. Stem Cells Transl. Med. 2017, 6,
1316-1320. [CrossRef] [PubMed]

Yoder, M.C.; Mead, L.E.; Prater, D.; Krier, T.R.; Mroueh, K.N,; Li, F; Krasich, R.; Temm, C.J.; Prchal, ].T.; Ingram, D.A. Redefining
endothelial progenitor cells via clonal analysis and hematopoietic stem/progenitor cell principals. Blood 2007, 109, 1801-1809.
[CrossRef] [PubMed]

Tasev, D.; Koolwijk, P.; van Hinsbergh, V.W. Therapeutic Potential of Human-Derived Endothelial Colony-Forming Cells in
Animal Models. Tissue Eng. Part B Rev. 2016, 22, 371-382. [CrossRef] [PubMed]

Fujisawa, T.; Tura-Ceide, O.; Hunter, A.; Mitchell, A.; Vesey, A.; Medine, C.; Gallogly, S.; Hadoke, PW.E; Keith, C.; Sproul, A ; et al.
Endothelial Progenitor Cells Do Not Originate From the Bone Marrow. Circulation 2019, 140, 1524-1526. [CrossRef] [PubMed]
Li, Z.; Solomonidis, E.G.; Meloni, M.; Taylor, R.S.; Duffin, R.; Dobie, R.; Magalhaes, M.S.; Henderson, B.E.P.; Louwe, P.A.; D’Amico,
G.; et al. Single-cell transcriptome analyses reveal novel targets modulating cardiac neovascularization by resident endothelial
cells following myocardial infarction. Eur. Heart J. 2019, 40, 2507-2520. [CrossRef]

Ingram, D.A.; Mead, L.E.; Tanaka, H.; Meade, V.; Fenoglio, A.; Mortell, K.; Pollok, K.; Ferkowicz, M.].; Gilley, D.; Yoder, M.C.
Identification of a novel hierarchy of endothelial progenitor cells using human peripheral and umbilical cord blood. Blood 2004,
104, 2752-2760. [CrossRef]

Patel, ].; Seppanen, E.; Chong, M.S.; Yeo, ].S.; Teo, E.Y.; Chan, ] K; Fisk, N.M.; Khosrotehrani, K. Prospective surface marker-based
isolation and expansion of fetal endothelial colony-forming cells from human term placenta. Stem Cells Transl. Med. 2013, 2,
839-847. [CrossRef]

Dight, J.; Zhao, J.; Styke, C.; Khosrotehrani, K.; Patel, J. Resident vascular endothelial progenitor definition and function: The age
of reckoning. Angiogenesis 2022, 25, 15-33. [CrossRef]

Fang, S.; Wei, J.; Pentinmikko, N.; Leinonen, H.; Salven, P. Generation of functional blood vessels from a single c-kit+ adult
vascular endothelial stem cell. PLoS Biol. 2012, 10, €1001407. [CrossRef]


http://doi.org/10.1186/s12885-021-08482-4
http://www.ncbi.nlm.nih.gov/pubmed/34215227
http://doi.org/10.1158/0008-5472.CAN-10-1660
http://www.ncbi.nlm.nih.gov/pubmed/21212411
http://doi.org/10.1155/2019/3909102
http://doi.org/10.1016/j.acthis.2021.151842
http://doi.org/10.1242/dev.116.2.435
http://doi.org/10.1146/annurev.cb.11.110195.000445
http://doi.org/10.1126/science.275.5302.964
http://doi.org/10.1093/emboj/18.14.3964
http://doi.org/10.1038/nm0901-1035
http://doi.org/10.1046/j.1365-2141.2001.03077.x
http://doi.org/10.1038/nature730
http://doi.org/10.1161/01.RES.0000110419.50982.1C
http://doi.org/10.1073/pnas.0710516105
http://doi.org/10.1073/pnas.0604203103
http://doi.org/10.1161/01.RES.0000177670.72216.9b
http://doi.org/10.1002/sctm.16-0360
http://www.ncbi.nlm.nih.gov/pubmed/28296182
http://doi.org/10.1182/blood-2006-08-043471
http://www.ncbi.nlm.nih.gov/pubmed/17053059
http://doi.org/10.1089/ten.teb.2016.0050
http://www.ncbi.nlm.nih.gov/pubmed/27032435
http://doi.org/10.1161/CIRCULATIONAHA.119.042351
http://www.ncbi.nlm.nih.gov/pubmed/31657952
http://doi.org/10.1093/eurheartj/ehz305
http://doi.org/10.1182/blood-2004-04-1396
http://doi.org/10.5966/sctm.2013-0092
http://doi.org/10.1007/s10456-021-09817-2
http://doi.org/10.1371/journal.pbio.1001407

Cancers 2022, 14, 4216 20 of 23

100.

101.

102.

103.

104.

105.

106.
107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Patel, J.; Seppanen, E.J.; Rodero, M.P.; Wong, H.Y.; Donovan, P.; Neufeld, Z.; Fisk, N.M.; Francois, M.; Khosrotehrani, K. Functional
Definition of Progenitors Versus Mature Endothelial Cells Reveals Key SoxF-Dependent Differentiation Process. Circulation 2017,
135, 786-805. [CrossRef]

Lukowski, S.W.; Patel, J.; Andersen, S.B.; Sim, S.L.; Wong, H.Y.; Tay, J.; Winkler, I.; Powell, ].E.; Khosrotehrani, K. Single-Cell
Transcriptional Profiling of Aortic Endothelium Identifies a Hierarchy from Endovascular Progenitors to Differentiated Cells. Cell
Rep. 2019, 27, 2748-2758.€3. [CrossRef]

Donovan, P; Patel, J.; Dight, J.; Wong, H.Y.; Sim, S.L.; Murigneux, V.; Francois, M.; Khosrotehrani, K. Endovascular progenitors
infiltrate melanomas and differentiate towards a variety of vascular beds promoting tumor metastasis. Nat. Commun. 2019, 10, 18.
[CrossRef]

Francois, M.; Caprini, A.; Hosking, B.; Orsenigo, F.; Wilhelm, D.; Browne, C.; Paavonen, K.; Karnezis, T.; Shayan, R.; Downes, M.;
et al. Sox18 induces development of the lymphatic vasculature in mice. Nature 2008, 456, 643—647. [CrossRef]

Duong, T.; Proulx, S.T.; Luciani, P.; Leroux, J.C.; Detmar, M.; Koopman, P.; Francois, M. Genetic ablation of SOX18 function
suppresses tumor lymphangiogenesis and metastasis of melanoma in mice. Cancer Res. 2012, 72, 3105-3114. [CrossRef]
Overman, J.; Fontaine, F.; Moustaqil, M.; Mittal, D.; Sierecki, E.; Sacilotto, N.; Zuegg, J.; Robertson, A.A.; Holmes, K.; Salim, A.A;
et al. Pharmacological targeting of the transcription factor SOX18 delays breast cancer in mice. Elife 2017, 6, €21221. [CrossRef]
Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646-674. [CrossRef]

Dominiak, A.; Chelstowska, B.; Olejarz, W.; Nowicka, G. Communication in the Cancer Microenvironment as a Target for
Therapeutic Interventions. Cancers 2020, 12, 1232. [CrossRef]

Meacham, C.E.; Morrison, S.J. Tumour heterogeneity and cancer cell plasticity. Nature 2013, 501, 328-337. [CrossRef]
Laurenzana, A.; Biagioni, A.; D’Alessio, S.; Bianchini, F; Chilla, A.; Margheri, E; Luciani, C.; Mazzanti, B.; Pimpinelli, N.; Torre,
E.; et al. Melanoma cell therapy: Endothelial progenitor cells as shuttle of the MMP12 uPAR-degrading enzyme. Oncotarget 2014,
5,3711-3727. [CrossRef]

Li, J.; Zhang, X.; Liu, Q.; Yang, M.; Zhou, Z; Ye, Y.; Zhou, Z.; He, X.; Wang, L. Myeloid-derived suppressor cells accumulate
among myeloid cells contributing to tumor growth in matrix metalloproteinase 12 knockout mice. Cell. Immunol. 2018, 327, 1-12.
[CrossRef]

Aristorena, M.; Gallardo-Vara, E.; Vicen, M.; de Las Casas-Engel, M.; Ojeda-Fernandez, L.; Nieto, C.; Blanco, E]J.; Valbuena-Diez,
A.C,; Botella, L.M.; Nachtigal, P.; et al. MMP-12, Secreted by Pro-Inflammatory Macrophages, Targets Endoglin in Human
Macrophages and Endothelial Cells. Int. . Mol. Sci. 2019, 20, 3107. [CrossRef] [PubMed]

Lee, W.S,; Yang, H.; Chon, H.J.; Kim, C. Combination of anti-angiogenic therapy and immune checkpoint blockade normalizes
vascular-immune crosstalk to potentiate cancer immunity. Exp. Mol. Med. 2020, 52, 1475-1485. [CrossRef] [PubMed]

Kumar, M.P; Du, J.; Lagoudas, G.; Jiao, Y.; Sawyer, A.; Drummond, D.C.; Lauffenburger, D.A.; Raue, A. Analysis of Single-Cell
RNA-Seq Identifies Cell-Cell Communication Associated with Tumor Characteristics. Cell Rep. 2018, 25, 1458-1468.e4. [CrossRef]
[PubMed]

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]

Li, S.; Zhang, Q.; Hong, Y. Tumor Vessel Normalization: A Window to Enhancing Cancer Immunotherapy. Technol. Cancer Res.
Treat. 2020, 19, 1533033820980116. [CrossRef]

Qian, J.; Olbrecht, S.; Boeckx, B.; Vos, H.; Laoui, D.; Etlioglu, E.; Wauters, E.; Pomella, V.; Verbandt, S.; Busschaert, P.; et al. A
pan-cancer blueprint of the heterogeneous tumor microenvironment revealed by single-cell profiling. Cell Res. 2020, 30, 745-762.
[CrossRef]

Demaria, O.; De Gassart, A.; Coso, S.; Gestermann, N.; Di Domizio, J.; Flatz, L.; Gaide, O.; Michielin, O.; Hwu, P,; Petrova, T.V.;
et al. STING activation of tumor endothelial cells initiates spontaneous and therapeutic antitumor immunity. Proc. Natl. Acad. Sci.
USA 2015, 112, 15408-15413. [CrossRef]

Clere, N.; Renault, S.; Corre, I. Endothelial-to-Mesenchymal Transition in Cancer. Front. Cell Dev. Biol. 2020, 8, 747. [CrossRef]
Medici, D.; Kalluri, R. Endothelial-mesenchymal transition and its contribution to the emergence of stem cell phenotype. Semin.
Cancer Biol. 2012, 22, 379-384. [CrossRef]

Zeisberg, E.M.; Potenta, S.; Xie, L.; Zeisberg, M.; Kalluri, R. Discovery of endothelial to mesenchymal transition as a source for
carcinoma-associated fibroblasts. Cancer Res. 2007, 67, 10123-10128. [CrossRef]

Krizbai, I.A.; Gasparics, A.; Nagyoszi, P.; Fazakas, C.; Molnar, J.; Wilhelm, I.; Bencs, R.; Rosivall, L.; Sebe, A. Endothelial-
mesenchymal transition of brain endothelial cells: Possible role during metastatic extravasation. PLoS ONE 2015, 10, e0123845.
[CrossRef]

Platel, V.; Lechevalier, D.; Bourreau, C.; Renault, S.; Soborova, I.; Jeanniere, C.; Martin, L.; Herault, O.; Corre, I.; Clere, N.
NOX1 and NOX2: Two enzymes that promote endothelial-to-mesenchymal transition induced by melanoma conditioned media.
Pharmacol. Res. 2022, 177, 106097. [CrossRef]

Nagai, N.; Ohguchi, H.; Nakaki, R.; Matsumura, Y.; Kanki, Y.; Sakai, J.; Aburatani, H.; Minami, T. Downregulation of ERG and
FLI1 expression in endothelial cells triggers endothelial-to-mesenchymal transition. PLoS Genet. 2018, 14, e1007826. [CrossRef]


http://doi.org/10.1161/CIRCULATIONAHA.116.024754
http://doi.org/10.1016/j.celrep.2019.04.102
http://doi.org/10.1038/s41467-018-07961-w
http://doi.org/10.1038/nature07391
http://doi.org/10.1158/0008-5472.CAN-11-4026
http://doi.org/10.7554/eLife.21221
http://doi.org/10.1016/j.cell.2011.02.013
http://doi.org/10.3390/cancers12051232
http://doi.org/10.1038/nature12624
http://doi.org/10.18632/oncotarget.1987
http://doi.org/10.1016/j.cellimm.2017.12.006
http://doi.org/10.3390/ijms20123107
http://www.ncbi.nlm.nih.gov/pubmed/31242676
http://doi.org/10.1038/s12276-020-00500-y
http://www.ncbi.nlm.nih.gov/pubmed/32913278
http://doi.org/10.1016/j.celrep.2018.10.047
http://www.ncbi.nlm.nih.gov/pubmed/30404002
http://doi.org/10.1126/scitranslmed.abc8922
http://doi.org/10.1177/1533033820980116
http://doi.org/10.1038/s41422-020-0355-0
http://doi.org/10.1073/pnas.1512832112
http://doi.org/10.3389/fcell.2020.00747
http://doi.org/10.1016/j.semcancer.2012.04.004
http://doi.org/10.1158/0008-5472.CAN-07-3127
http://doi.org/10.1371/journal.pone.0123845
http://doi.org/10.1016/j.phrs.2022.106097
http://doi.org/10.1371/journal.pgen.1007826

Cancers 2022, 14, 4216 21 of 23

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.
148.

Hutchenreuther, J.; Vincent, K.; Norley, C.; Racanelli, M.; Gruber, S.B.; Johnson, T.M.; Fullen, D.R.; Raskin, L.; Perbal, B.;
Holdsworth, D.W,; et al. Activation of cancer-associated fibroblasts is required for tumor neovascularization in a murine model
of melanoma. Matrix Biol. 2018, 74, 52-61. [CrossRef]

Cai, G.; Yu, X.; Youn, C.; Zhou, J.; Xiao, F. SCANNER: A web platform for annotation, visualization and sharing of single cell
RNA-seq data. Database 2022, 2022, baab086. [CrossRef]

Garcia-Mulero, S.; Alonso, M.H.; Del Carpio, L.P,; Sanz-Pamplona, R.; Piulats, ].M. Additive Role of Immune System Infiltration
and Angiogenesis in Uveal Melanoma Progression. Int. J. Mol. Sci. 2021, 22, 2669. [CrossRef]

Szalai, E.; Wells, ].R.; Ward, L.; Grossniklaus, H.E. Uveal Melanoma Nuclear BRCA1-Associated Protein-1 Immunoreactivity Is an
Indicator of Metastasis. Ophthalmology 2018, 125, 203-209. [CrossRef]

Bronkhorst, LH.; Vu, TH.; Jordanova, E.S.; Luyten, G.P.; Burg, S.H.; Jager, M.]. Different subsets of tumor-infiltrating lymphocytes
correlate with macrophage influx and monosomy 3 in uveal melanoma. Investig. Ophthalmol. Vis. Sci. 2012, 53, 5370-5378.
[CrossRef]

Nagl, L.; Horvath, L.; Pircher, A.; Wolf, D. Tumor Endothelial Cells (TECs) as Potential Inmune Directors of the Tumor
Microenvironment—New Findings and Future Perspectives. Front. Cell Dev. Biol. 2020, 8, 766. [CrossRef]

Griffioen, A.W. Anti-angiogenesis: Making the tumor vulnerable to the immune system. Cancer Immunol. Immunother. 2008, 57,
1553-1558. [CrossRef] [PubMed]

Shetty, S.; Weston, C.J.; Oo, Y.H.; Westerlund, N.; Stamataki, Z.; Youster, J.; Hubscher, S.G.; Salmi, M.; Jalkanen, S.; Lalor, P.F,; et al.
Common lymphatic endothelial and vascular endothelial receptor-1 mediates the transmigration of regulatory T cells across
human hepatic sinusoidal. endothelium. J. Immunol. 2011, 186, 4147-4155. [CrossRef] [PubMed]

Melder, R.J.; Koenig, G.C.; Witwer, B.P; Safabakhsh, N.; Munn, L.L.; Jain, R.K. During angiogenesis, vascular endothelial growth
factor and basic fibroblast growth factor regulate natural killer cell adhesion to tumor endothelium. Nat. Med. 1996, 2, 992-997.
[CrossRef] [PubMed]

Dirkx, A.E.; Oude Egbrink, M.G.; Kuijpers, M.].; van der Niet, S.T.; Heijnen, V.V.; Bouma-ter Steege, ].C.; Wagstaff, J.; Griffioen,
A.W. Tumor angiogenesis modulates leukocyte-vessel wall interactions in vivo by reducing endothelial adhesion molecule
expression. Cancer Res. 2003, 63, 2322-2329. [PubMed]

Ager, A.; May, M.]. Understanding high endothelial venules: Lessons for cancer immunology. Oncoimmunology 2015, 4, e1008791.
[CrossRef]

Martinet, L.; Le Guellec, S.; Filleron, T.; Lamant, L.; Meyer, N.; Rochaix, P.; Garrido, I.; Girard, J.P. High endothelial venules (HEVs)
in human melanoma lesions: Major gateways for tumor-infiltrating lymphocytes. Oncoimmunology 2012, 1, 829-839. [CrossRef]
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.€9. [CrossRef]

Heldin, C.H.; Rubin, K,; Pietras, K.; Ostman, A. High interstitial fluid pressure—An obstacle in cancer therapy. Nat. Rev. Cancer
2004, 4, 806-813. [CrossRef]

Simonsen, T.G.; Gaustad, J.V,; Leinaas, M.N.; Rofstad, E.K. High interstitial fluid pressure is associated with tumor-line specific
vascular abnormalities in human melanoma xenografts. PLoS ONE 2012, 7, e40006. [CrossRef]

Navalitloha, Y.; Schwartz, E.S.; Groothuis, E.N.; Allen, C.V.; Levy, RM.; Groothuis, D.R. Therapeutic implications of tumor
interstitial fluid pressure in subcutaneous RG-2 tumors. Neuro Oncol. 2006, 8, 227-233. [CrossRef]

Azzi, S.; Hebda, ] K.; Gavard, J. Vascular permeability and drug delivery in cancers. Front. Oncol. 2013, 3, 211. [CrossRef]
Chauhan, V.P; Stylianopoulos, T.; Martin, ].D.; Popovic, Z.; Chen, O.; Kamoun, W.S.; Bawendi, M.G.; Fukumura, D.; Jain, RK.
Normalization of tumour blood vessels improves the delivery of nanomedicines in a size-dependent manner. Nat. Nanotechnol.
2012, 7, 383-388. [CrossRef] [PubMed]

Sung, Y.C.; Jin, PR.; Chu, L.A ; Hsu, EF,; Wang, M.R.; Chang, C.C.; Chiou, S.J.; Qiu, J.T.; Gao, D.Y.; Lin, C.C,; et al. Delivery of
nitric oxide with a nanocarrier promotes tumour vessel normalization and potentiates anti-cancer therapies. Nat. Nanotechnol.
2019, 14, 1160-1169. [CrossRef] [PubMed]

Park, ].S.; Kim, LK; Han, S.; Park, I.; Kim, C.; Bae, J.; Oh, S.J.; Lee, S.; Kim, J.H.; Woo, D.C.; et al. Normalization of Tumor Vessels
by Tie2 Activation and Ang?2 Inhibition Enhances Drug Delivery and Produces a Favorable Tumor Microenvironment. Cancer Cell
2016, 30, 953-967. [CrossRef] [PubMed]

Kumper, M.; Hessenthaler, S.; Zamek, J.; Niland, S.; Pach, E.; Mauch, C.; Zigrino, P. Loss of Endothelial Cell Matrix Metallo-
proteinase 14 Reduces Melanoma Growth and Metastasis by Increasing Tumor Vessel Stability. J. Investig. Dermatol. 2021, 142,
1923-1933.e5. [CrossRef]

Zhao, Y,; Li, J.; Ting, KK.; Chen, J.; Coleman, P; Liu, K.; Wan, L.; Moller, T.; Vadas, M.A.; Gamble, ].R. The VE-Cadherin/beta-
catenin signalling axis regulates immune cell infiltration into tumours. Cancer Lett. 2021, 496, 1-15. [CrossRef]

Magnussen, A.L.; Mills, I.G. Vascular normalisation as the stepping stone into tumour microenvironment transformation. Br. J.
Cancer 2021, 125, 324-336. [CrossRef]

Folkman, J.; Ingber, D. Inhibition of angiogenesis. Semin. Cancer Biol. 1992, 3, 89-96.

Jain, R.K. Normalizing tumor vasculature with anti-angiogenic therapy: A new paradigm for combination therapy. Nat. Med.
2001, 7, 987-989. [CrossRef]


http://doi.org/10.1016/j.matbio.2018.06.003
http://doi.org/10.1093/database/baab086
http://doi.org/10.3390/ijms22052669
http://doi.org/10.1016/j.ophtha.2017.07.018
http://doi.org/10.1167/iovs.11-9280
http://doi.org/10.3389/fcell.2020.00766
http://doi.org/10.1007/s00262-008-0524-3
http://www.ncbi.nlm.nih.gov/pubmed/18438662
http://doi.org/10.4049/jimmunol.1002961
http://www.ncbi.nlm.nih.gov/pubmed/21368224
http://doi.org/10.1038/nm0996-992
http://www.ncbi.nlm.nih.gov/pubmed/8782456
http://www.ncbi.nlm.nih.gov/pubmed/12727857
http://doi.org/10.1080/2162402X.2015.1008791
http://doi.org/10.4161/onci.20492
http://doi.org/10.1016/j.ccell.2022.01.002
http://doi.org/10.1038/nrc1456
http://doi.org/10.1371/journal.pone.0040006
http://doi.org/10.1215/15228517-2006-007
http://doi.org/10.3389/fonc.2013.00211
http://doi.org/10.1038/nnano.2012.45
http://www.ncbi.nlm.nih.gov/pubmed/22484912
http://doi.org/10.1038/s41565-019-0570-3
http://www.ncbi.nlm.nih.gov/pubmed/31740794
http://doi.org/10.1016/j.ccell.2016.10.018
http://www.ncbi.nlm.nih.gov/pubmed/27960088
http://doi.org/10.1016/j.jid.2021.12.016
http://doi.org/10.1016/j.canlet.2020.09.026
http://doi.org/10.1038/s41416-021-01330-z
http://doi.org/10.1038/nm0901-987

Cancers 2022, 14, 4216 22 of 23

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Dirkx, A.E.; oude Egbrink, M.G.; Castermans, K.; van der Schaft, D.W.; Thijssen, V.L.; Dings, R.P.; Kwee, L.; Mayo, KH,;
Wagstaff, ].; Bouma-ter Steege, ].C.; et al. Anti-angiogenesis therapy can overcome endothelial cell anergy and promote leukocyte-
endothelium interactions and infiltration in tumors. Faseb J. 2006, 20, 621-630. [CrossRef]

Brouty-Boye, D.; Zetter, B.R. Inhibition of cell motility by interferon. Science 1980, 208, 516-518. [CrossRef]

Kim, KJ.; 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]

Ingber, D.; Fujita, T.; Kishimoto, S.; Sudo, K.; Kanamaru, T.; Brem, H.; Folkman, J. Synthetic analogues of fumagillin that inhibit
angiogenesis and suppress tumour growth. Nature 1990, 348, 555-557. [CrossRef]

Ferrara, N.; Hillan, K.J.; Gerber, H.P.; Novotny, W. Discovery and development of bevacizumab, an anti-VEGF antibody for
treating cancer. Nat. Rev. Drug Discov. 2004, 3, 391—400. [CrossRef]

Mubhsin, M.; Graham, J.; Kirkpatrick, P. Bevacizumab. Nat. Rev. Drug Discov. 2004, 3, 995-996. [CrossRef]

Gross-Goupil, M.; Francois, L.; Quivy, A.; Ravaud, A. Axitinib: A review of its safety and efficacy in the treatment of adults with
advanced renal cell carcinoma. Clin. Med. Insights Oncol. 2013, 7, 269-277. [CrossRef]

Sheng, X.; Yan, X.; Chi, Z,; Si, L.; Cui, C,; Tang, B.; Li, S.; Mao, L.; Lian, B.; Wang, X,; et al. Axitinib in Combination With
Toripalimab, a Humanized Immunoglobulin G4 Monoclonal Antibody Against Programmed Cell Death-1, in Patients With
Metastatic Mucosal Melanoma: An Open-Label Phase IB Trial. J. Clin. Oncol. 2019, 37, 2987-2999. [CrossRef]

Algazi, A.P; Cha, E.; Ortiz-Urda, S.M.; McCalmont, T.; Bastian, B.C.; Hwang, J.; Pampaloni, M.H.; Behr, S.; Chong, K.; Cortez,
B.; et al. The combination of axitinib followed by paclitaxel/carboplatin yields extended survival in advanced BRAF wild-type
melanoma: Results of a clinical/correlative prospective phase II clinical trial. Br. . Cancer 2015, 112, 1326-1331. [CrossRef]

Yan, X.; Sheng, X.; Chi, Z; Si, L.; Cui, C.; Kong, Y.; Tang, B.; Mao, L.; Wang, X,; Lian, B.; et al. Randomized Phase II Study
of Bevacizumab in Combination With Carboplatin Plus Paclitaxel in Patients With Previously Untreated Advanced Mucosal
Melanoma. J. Clin. Oncol. 2021, 39, 881-889. [CrossRef]

Taylor, M.H.; Lee, C.H.; Makker, V.; Rasco, D.; Dutcus, C.E.; Wu, J.; Stepan, D.E.; Shumaker, R.C.; Motzer, R.J. Phase IB/II Trial
of Lenvatinib Plus Pembrolizumab in Patients With Advanced Renal Cell Carcinoma, Endometrial Cancer, and Other Selected
Advanced Solid Tumors. J. Clin. Oncol. 2020, 38, 1154-1163. [CrossRef]

Fruehauf, ].P; El-Masry, M.; Osann, K.; Parmakhtiar, B.; Yamamoto, M.; Jakowatz, ].G. Phase II study of pazopanib in combination
with paclitaxel in patients with metastatic melanoma. Cancer Chemother. Pharmacol. 2018, 82, 353-360. [CrossRef]

Hussain, R.N.; Heimann, H.; Damato, B. Neoadjuvant intravitreal ranibizumab treatment in high-risk ocular melanoma patients:
A two-stage single-centre phase II single-arm study. Melanoma Res. 2020, 30, 102-106. [CrossRef] [PubMed]

Sullivan, R.J.; Ibrahim, N.; Lawrence, D.P.; Aldridge, J.; Giobbie-Hurder, A.; Hodi, ES.; Flaherty, K.T.; Conley, C.; Mier, J.W,;
Atkins, M.B.; et al. A Phase I Trial of Bortezomib and Sorafenib in Advanced Malignant Melanoma. Oncologist 2015, 20, 617-618.
[CrossRef] [PubMed]

Flaherty, K.T; Lee, S.J.; Zhao, F.; Schuchter, L.M.; Flaherty, L.; Kefford, R.; Atkins, M.B.; Leming, P.; Kirkwood, ].M. Phase III trial
of carboplatin and paclitaxel with or without sorafenib in metastatic melanoma. J. Clin. Oncol. 2013, 31, 373-379. [CrossRef]
Comunanza, V.; Bussolino, F. Therapy for Cancer: Strategy of Combining Anti-Angiogenic and Target Therapies. Front. Cell Dev.
Biol. 2017, 5, 101. [CrossRef] [PubMed]

Capozzi, M.; De Divitiis, C.; Ottaiano, A.; von Arx, C.; Scala, S.; Tatangelo, E.; Delrio, P,; Tafuto, S. Lenvatinib, a molecule with
versatile application: From preclinical evidence to future development in anti-cancer treatment. Cancer Manag. Res. 2019, 11,
3847-3860. [CrossRef] [PubMed]

Varker, K.A ; Biber, J.E.; Kefauver, C.; Jensen, R.; Lehman, A.; Young, D.; Wu, H.; Lesinski, G.B.; Kendra, K.; Chen, H.X,; etal. A
randomized phase 2 trial of bevacizumab with or without daily low-dose interferon alfa-2b in metastatic malignant melanoma.
Ann. Surg. Oncol. 2007, 14, 2367-2376. [CrossRef]

Corrie, P.G.; Marshall, A.; Nathan, P.D.; Lorigan, P.; Gore, M.; Tahir, S.; Faust, G.; Kelly, C.G.; Marples, M.; Danson, S.J.; et al.
Adjuvant bevacizumab for melanoma patients at high risk of recurrence: Survival analysis of the AVAST-M trial. Ann. Oncol.
2018, 29, 1843-1852. [CrossRef]

Helfrich, I.; Scheffrahn, I.; Bartling, S.; Weis, J.; von Felbert, V.; Middleton, M.; Kato, M.; Ergun, S.; Augustin, H.G.; Schadendorf,
D. Resistance to antiangiogenic therapy is directed by vascular phenotype, vessel stabilization, and maturation in malignant
melanoma. J. Exp. Med. 2010, 207, 491-503. [CrossRef]

Wilhelm, S.; Carter, C.; Lynch, M.; Lowinger, T.; Dumas, J.; Smith, R.A.; Schwartz, B.; Simantov, R.; Kelley, S. Discovery and
development of sorafenib: A multikinase inhibitor for treating cancer. Nat. Rev. Drug Discov. 2006, 5, 835-844. [CrossRef]
Jayson, G.C.; Kerbel, R.; Ellis, L.M.; Harris, A.L. Antiangiogenic therapy in oncology: Current status and future directions. Lancet
2016, 388, 518-529. [CrossRef]

Eisen, T.; Ahmad, T.; Flaherty, K.T.; Gore, M.; Kaye, S.; Marais, R.; Gibbens, I.; Hackett, S.; James, M.; Schuchter, L.M.; et al.
Sorafenib in advanced melanoma: A Phase II randomised discontinuation trial analysis. Br. J. Cancer 2006, 95, 581-586. [CrossRef]
Mouriaux, F; Servois, V.; Parienti, ].J.; Lesimple, T.; Thyss, A.; Dutriaux, C.; Neidhart-Berard, E.M.; Penel, N.; Delcambre, C.;
Peyro Saint Paul, L.; et al. Sorafenib in metastatic uveal melanoma: Efficacy, toxicity and health-related quality of life in a
multicentre phase II study. Br. J. Cancer 2016, 115, 20-24. [CrossRef]

Song, Y,; Fu, Y; Xie, Q.; Zhu, B.; Wang, J.; Zhang, B. Anti-angiogenic Agents in Combination With Immune Checkpoint Inhibitors:
A Promising Strategy for Cancer Treatment. Front. Immunol. 2020, 11, 1956. [CrossRef]


http://doi.org/10.1096/fj.05-4493com
http://doi.org/10.1126/science.6154315
http://doi.org/10.1038/362841a0
http://doi.org/10.1038/348555a0
http://doi.org/10.1038/nrd1381
http://doi.org/10.1038/nrd1601
http://doi.org/10.4137/CMO.S10594
http://doi.org/10.1200/JCO.19.00210
http://doi.org/10.1038/bjc.2014.541
http://doi.org/10.1200/JCO.20.00902
http://doi.org/10.1200/JCO.19.01598
http://doi.org/10.1007/s00280-018-3624-6
http://doi.org/10.1097/CMR.0000000000000635
http://www.ncbi.nlm.nih.gov/pubmed/31425478
http://doi.org/10.1634/theoncologist.2015-0105
http://www.ncbi.nlm.nih.gov/pubmed/25986244
http://doi.org/10.1200/JCO.2012.42.1529
http://doi.org/10.3389/fcell.2017.00101
http://www.ncbi.nlm.nih.gov/pubmed/29270405
http://doi.org/10.2147/CMAR.S188316
http://www.ncbi.nlm.nih.gov/pubmed/31118801
http://doi.org/10.1245/s10434-007-9389-5
http://doi.org/10.1093/annonc/mdy229
http://doi.org/10.1084/jem.20091846
http://doi.org/10.1038/nrd2130
http://doi.org/10.1016/S0140-6736(15)01088-0
http://doi.org/10.1038/sj.bjc.6603291
http://doi.org/10.1038/bjc.2016.119
http://doi.org/10.3389/fimmu.2020.01956

Cancers 2022, 14, 4216 23 of 23

174.

175.

176.

177.

178.

Ott, PA.; Hodi, ES.; Buchbinder, E.I. Inhibition of Immune Checkpoints and Vascular Endothelial Growth Factor as Combination
Therapy for Metastatic Melanoma: An Overview of Rationale, Preclinical Evidence, and Initial Clinical Data. Front. Oncol. 2015, 5,
202. [CrossRef]

Hugo, W.; Zaretsky, ].M.; Sun, L.; Song, C.; Moreno, B.H.; Hu-Lieskovan, S.; Berent-Maoz, B.; Pang, ].; Chmielowski, B.; Cherry,
G.; et al. Genomic and Transcriptomic Features of Response to Anti-PD-1 Therapy in Metastatic Melanoma. Cell 2016, 165, 35-44.
[CrossRef]

Ott, PA.; Nazzaro, M.,; Pfaff, K.L.; Gjini, E.; Felt, K.D.; Wolff, ].O.; Buchbinder, E.I,; Haq, R.; Sullivan, R.J.; Lawrence, D.P,; et al.
Combining CTLA-4 and angiopoietin-2 blockade in patients with advanced melanoma: A phase I trial. J. Immunother. Cancer
2021, 9, e003318. [CrossRef]

Li, S.; Wu, X,; Yan, X.; Zhou, L.; Chi, Z,; Si, L.; Cui, C; Tang, B.; Mao, L.; Lian, B.; et al. Toripalimab plus axitinib in patients with
metastatic mucosal melanoma: 3-year survival update and biomarker analysis. J. Immunother. Cancer 2022, 10, €004036. [CrossRef]
Collet, G.; Szade, K.; Nowak, W.; Klimkiewicz, K.; El Hafny-Rahbi, B.; Szczepanek, K.; Sugiyama, D.; Weglarczyk, K.; Foucault-
Collet, A.; Guichard, A.; et al. Endothelial precursor cell-based therapy to target the pathologic angiogenesis and compensate
tumor hypoxia. Cancer Lett. 2016, 370, 345-357. [CrossRef]


http://doi.org/10.3389/fonc.2015.00202
http://doi.org/10.1016/j.cell.2016.02.065
http://doi.org/10.1136/jitc-2021-003318
http://doi.org/10.1136/jitc-2021-004036
http://doi.org/10.1016/j.canlet.2015.11.008

	Introduction 
	How Do Tumour Blood Vessels Form in Melanoma? 
	Sprouting Angiogenesis 
	Intussusceptive Angiogenesis 
	Vessel Co-Option 
	Vasculogenic Mimicry 
	Vasculogenesis 

	Role of Endothelial Progenitor Cells in Tumour Vascularization 
	How Do Endothelial Cells Reshape the Tumour Microenvironment? 
	Role of Vascularization in Delivery of Immune Cells and Drugs 
	Targeting the Tumour Vascularization with Antiangiogenic Drugs 
	Conclusions 
	References

