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Abstract

Tumor vascularization refers to the formation
of new blood vessels within a tumor and is
considered one of the hallmarks of cancer.
Tumor vessels supply the tumor with oxygen
and nutrients, required to sustain tumor growth
and progression, and provide a gateway for
tumor metastasis through the blood or lym-
phatic vasculature. Blood vessels display an
angiocrine capacity of supporting the survival
and proliferation of tumor cells through the
production of growth factors and cytokines.
Although tumor vasculature plays an essential
role in sustaining tumor growth, it represents
at the same time an essential way to deliver
drugs and immune cells to the tumor. However,
tumor vasculature exhibits many morphologi-
cal and functional abnormalities, thus result-
ing in the formation of hypoxic areas within
tumors, believed to represent a mechanism to
maintain tumor cells in an invasive state.
Tumors are vascularized through a variety
of modalities, mainly represented by angio-
genesis, where VEGF and other members of
the VEGF family play a key role. This has

represented the basis for the development of
anti-VEGF blocking agents and their use in
cancer therapy: however, these agents failed to
induce significant therapeutic effects.

Much less is known about the cellular ori-
gin of vessel network in tumors. Various cell
types may contribute to tumor vasculature in
different tumors or in the same tumor, such as
mature endothelial cells, endothelial progeni-
tor cells (EPCs), or the same tumor cells
through a process of transdifferentiation. Early
studies have suggested a role for bone marrow-
derived EPCs; these cells do not are true EPCs
but myeloid progenitors differentiating into
monocytic cells, exerting a proangiogenic
effect through a paracrine mechanism. More
recent studies have shown the existence of tis-
sue-resident endothelial vascular progenitors
(EVPs) present at the level of vessel endothe-
lium and their possible involvement as cells of
origin of tumor vasculature.
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7.1 Endothelial Progenitors

and Tumor Angiogenesis

The blood vasculature is a closed circulatory system
that is formed by arteries, veins, and capillaries; the
inner layer of these vessels is formed by a single
layer of endothelial cells. The physiological role of
endothelial cells is not limited to the creation of a
barrier between blood and tissues but is related also
to the control of organ growth, regeneration, and
stem cell niche. Furthermore, growing evidences
indicate that endothelial cells are specialized
according to the specific needs of the tissues that
they supply, showing distinct barrier properties,
angiogenic potential, and metabolic rate, all neces-
sary to support specific organ functions [107].

The vascular system derives from the differen-
tiation of mesodermal stem cells into angioblasts,
embryonic endothelial progenitors. The vascular
system first appears in the embryo as a highly
branched network formed by primitive vessels
composed by endothelial cells [25]. Embryonic
endothelial cells acquire then an identity as arte-
rial, venous, lymphatic, or hemogenic and then
further specialize in an organotypic-dependent
manner. The hemogenic endothelium is essential
for the generation of the primitive and definitive
hematopoietic system [17, 124].

Endothelial progenitor cells (EPCs) are pres-
ent in adult life. Two types of EPCs have been
reported: one of non-hematopoietic origin, called
endothelial colony-forming cell (ECFC) able to
generate true endothelial cells, resident in vessel
wall but present also at very low levels in the
peripheral blood and directly participating to the
regeneration of endothelium following injury or
ischemic damage [73], and another of hemato-
poietic origin, called myeloid angiogenic cells
(MAC:s), resident in the bone marrow, generating
monocytic cells supporting angiogenesis through
paracrine mechanisms [10]. Growing evidences
suggest that ECFCs may play a key role in repar-
ative processes. ECFCs display a hierarchy of
clonal proliferative potential and in experimental
models display a pronounced postnatal vascular-
ization ability in vivo (Table 7.1). Because of
these properties, ECFCs represent a promising
cell source for revascularization of damaged tis-

sue. ECFCs are detectable in peripheral blood
and were enriched in the cell fraction CD34"/
CD133-/CD146%;, however, these cells are not
generated by the bone marrow.Therefore, ECFCs
are not detected in the bone marrow, and CD34"/
CD1337/CD146*" cells present in this tissue fail to
generate ECFCs [171] (Table 7.1).

Emerging evidence supports the existence of
specific endothelial cells with stem cell proper-
ties within blood vessels in the postnatal period.
These cells exhibit the properties described for
ECFCs and are present in the endothelium of ves-
sels in a quiescent state: in response to injury,
these quiescent endothelial stem/progenitor cells
are activated and undergo a vasculogenic process
[111, 180]. There are some remarkable differ-
ences between ECFCs and mature endothelial
cells. Interestingly, a recent study showed that
ECFCs possess a high sprouting activity, a prop-
erty related to angiogenesis [164]. In fact, Sturtzel
and coworkers showed that the forkhead box
transcription factor (FOXF1) is selectively
expressed in ECFCs compared to mature endo-
thelial cells; FOXF1 expression had a strong
impact on the sprouting capabilities of endothe-
lial progenitor cells, as supported by the observa-
tion that FOXF1 overexpression in endothelial
cells induces the expression of NOTCH2 recep-
tors and induces sprouting [164]. Thus, this study
supports a key role for endothelial progenitors as
the mediators of both vasculogenic and
angiogenic processes. A second recent study fur-
ther supports the capacity of ECFCs to promote
angiogenic sprouting, related to the synthesis and
release of Cytokine-Like 1 (CYTL1): this proan-
giogenic factor is induced by hypoxia and pro-
motes in both ECFCs and mature endothelial
cells angiogenic sprouting [151]. Furthermore,
CYTLI1 promotes vessel formation in animal
models comparable to VEGF-A [151]. Thus,
these recent studies support a possible role of
endothelial progenitor cells not only as promot-
ers of vasculogenesis but also as mediators of
angiogenic processes.

Endothelial cells are heterogeneous, and sig-
nificant differences have been detected between
arteries and veins, large and small vessels, and
different microvascular beds in various organs.
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Table 7.1 Five different mechanisms of neovascularization in tumors have been identified: (1) vascular co-option, (2)
angiogenesis, (3) vasculogenesis, (4) vascular mimicry, and (5) endothelial cell transdifferentiation

Vascular co-option

Vascular co-option is a nonangiogenic process through which tumor cells utilize preexisting tissue blood vessels to
support tumor survival and proliferation.

Vessel co-option was observed in various tumors growing at the level of various tissues, including in the lungs,
brain, liver, and lymph nodes.

In many tumors, vascular co-option is an initial mechanism of development of tumor vasculature.

The identification of vascular co-option requires a detailed histopathological analysis of tumor specimens and
cannot be discriminated from angiogenesis on the basis of the simple analysis of microvessel density.

Mechanisms driving vessel co-option are largely unknown; tumor cell invasion and tumor cell adhesion seem to be
involved in vessel co-option.

It is believed that vessel co-option represents a mechanism of resistance to current antiangiogenic therapies.
Angiogenesis

Angiogenesis implies the development of new vessels from preexisting ones. There are two types of angiogenesis:
Sprouting angiogenesis, involving an enzymatic degradation of the capillary basement membrane with a weakening
of endothelial cell-cell interaction, proliferation of endothelial cells, and sprouting toward an angiogenic stimulator.

Intussesceptive angiogenesis: an existing vessel is split into two new vessels by cellular reorganization.

Tissutal hypoxia and matrix metalloproteinase are two major drivers of angiogenesis. VEGF-A is the most
important and common growth factor signal for angiogenesis.

Angiogenesis is stimulated by VEGF which activates the proliferation of endothelial cells: endothelial cells degrade
the extracellular matrix and migrate toward the VEGF gradient; a new blood vessel is then guided through
sprouting by tip cells, expressing high levels of VEGF receptors; VEGF induces the expression of the

NOTCH Delta-like ligand 4 (DLL4) on activated endothelial cells; DLL4 activates NOTCH receptors on adjacent
cells, which adopt the stalk endothvelial phenotype and form new vessel lumen.

Due to abnormal growth factor levels and to other microenvironmental influences, tumor vessels formed by
angiogenesis are abnormal and display multiple functional abnormalities.

Vasculogenesis

Vasculogenesis implies a process, very active during embryonic life, by which endothelial progenitor cells
differentiate into endothelial cells and promote new vessel formation.

Human endothelial colony-forming cells (ECFCs) are identified as endothelial progenitors that can be isolated from
umbilical cord blood, peripheral blood, and vascular endothelium; ECFCs are not of bone marrow origin and are
physiologically resident at the level of vessel wall.

ECFCs are distinguished from mature endothelial cells for their capacity of forming functional blood vessels

in vivo upon transplantation.

Endothelial cells resident at the level of vessel walls are heterogeneous and are composed by endothelial vascular
progenitors (EVPs), with self-renewing capacity, present in a quiescent state, and capable of endothelial colony
formation in vitro and of endothelial regeneration in vivo; transit-amplifying (TA) and mature (D) endothelial
cells, not having self-renewal and endothelial-regenerating capacity.

Several signaling pathways control the proliferation and differentiation of ECFCs, including NOTCH, VEGF,
WNT, SHH, and CXCR4.

Vascular mimicry

Vascular mimicry is a process through which tumor cells form functional vessel-like structures independent of
VEGEF and of typical modes of angiogenesis.

There are two types of vascular mimicry:

Type I: tubular type, composed of non-endothelial cell-lined blood tubes and cancer cells lining the surface of the
channels

Type II: patterned matrix-type, comprising a basement membrane rich in fibronectin, laminin, and collagens,
surrounded by tumor cells

High tumor vascular mimicry is associated with high tumor grade, shorter survival, invasion, metastasis, and poor
prognosis.

Initially described in aggressive human intraocular and metastatic melanoma, vascular mimicry has been observed in a
variety of cancers, including breast, lung, and ovarian cancers; osteosarcoma; gastric cancer; and bladder, colorectal,
and hepatocellular cancers.

(continued)
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Table 7.1 (continued)

The mechanisms driving vascular mimicry are largely unknown. Some studies suggest that vascular mimicry is
initiated by tissue signals triggering peculiar differentiation pathways of cancer stem cells.

Endothelial cell transdifferentiation

This mechanism implies the transdifferentiation of tumor cells into an endothelial cell phenotype.

In some tumors, such as glioblastomas, a part of tumor vessels is composed by endothelial cells generated by the
transdifferentiation of cancer stem cells into endothelial-like cells. This transdifferentiation is related to the high
plasticity of the cancer stem cell population. AKT-mediated upregulation of WNTSA plays an important role as a
driver of endothelial transdifferentiation of glioma stem cells.

In some hematological neoplasia, such as chronic myeloid leukemia, myelofibrosis, and lymphomas, there is
evidence that a part of endothelial cells pertain to the leukemic clone. It was hypothesized that these diseases could
derive from the malignant transformation of a hemangioblastic progenitor.

However, at the moment, it is largely unknown
how each organ determines the specialization
and functional properties of its endothelium.
Intrinsic and microenvironmental mechanisms
contribute to human endothelial cell heterogene-
ity. A better understanding of the cellular and
molecular mechanisms underlying endothelial
heterogeneity is of fundamental importance.

The discovery of EPCs, their purification and
expansion in vitro opened the way to potential
clinical applications for the use of these cells in
clinical applications for the regeneration of dam-
aged or injured endothelium and for the under-
standing of angiogenic mechanisms underlying
various pathological conditions, such as tumors.

The mechanisms involved in tumor vessel
generation are heterogeneous and imply different
biological processes occurring in different tumors
or in the same tumor (Fig. 7.1 and Table 7.1). The
basic mechanisms of tumor vessel generation
involve vasculogenesis and sprouting angiogen-
esis (Fig. 7.1 and Table 7.2). Vasculogenesis is a
process that implies the de novo formation of
blood vessel as a consequence of endothelial pro-
genitor cell differentiation and represents the
process of vessel generation during initial stages
of embryonic and fetal development; sprouting
angiogenesis implies the generation of new ves-
sels  from  preexisting blood  vessels.
Vasculogenesis revquires the recruitment of
EPCs in the tumor microenvironment, orchestrat-
ing their differentiation into mature endothelial
cells and the generation of new vessels.
Angiogenesis by vessel sprouting includes the
specification of endothelial cells into tip and stalk

cells, orchestrated by a variety of physical, chem-
ical, and biological mechanisms [33], with a key
role played by VEGF [9] and NOTCH signaling
pathways; endothelial cells present at the vascu-
lar front are induced to become tip cells and may
be activated by microenvironmental stimulations
promoting vascular sprouting. In addition to
these more commonly adopted mechanisms for
new blood vessel generation by tumor cells, two
additional mechanisms were observed in tumors:
vascular mimicry and intussusception (Fig. 7.1
and Table 7.2). Vasculogenic mimicry implies the
biological process adopted by some cancer cells
with an aggressive phenotype to generate
vascular-like structures without the presence of
endothelial cells: in this process, tumor cells line
tumor vessels and thus contribute to the forma-
tion of vessel-like structures (Fig. 7.1 and
Table 7.2) [56]. Vascular intussusception or
intussusceptive  microvascular growth was
defined as a process of intravascular growth con-
sisting in the splitting of a preexisting vessel into
two new vascular structures. Intussusceptive
microvascular growth was reported in some
tumors, including mammary, colorectal, and mel-
anoma tumors [201].

In addition to the abovementioned mecha-
nisms, there is now growing evidence that tumors
can grow also through a mechanisms by which
tumor cells infiltrate normal tissue, exploiting
existing vessels to sustain their growth: this
mechanism is known as vascular co-option and
implies that in these nonangiogenic tumors, no
new vessels are seen [42]. Only a minority of
tumors grow in a purely nonangiogenic manner,
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Fig. 7.1 Schematic representation of different patterns
of tumor vasculature

Vascular co-option does not imply new vessel formation
and is the process of taking over or incorporating the
existing vasculature by developing tumor cells
Angiogenesis: new blood vessels branch out of preexisting
ones via a process called angiogenesis. The formation of
new vascular wall is a multistep process involving the
migration of tip endothelial that with their extension
creeps into the connective tissue and then the proliferation

while many tumors contain a mixture of angio-
genic and nonangiogenic areas [42]. Both angio-
genic and nonangiogenic areas have been
commonly seen in primary and secondary lung
tumors [20] and in breast cancer liver metastases
[54]. Experimental and computational analyses
of the dynamics of vessel co-option during tumor
progression and in response to antiangiogenic
treatment in gliomas and brain metastases

VASCULAR MIMICRY

and subsequent migration of cells at the base (stalk endo-
thelial cells)

Vasculogenesis: new blood vessel formation due to the
proliferation and differentiation of vessel wall-resident
endothelial ~progenitor cells (endothelial vascular
progenitors)

Vascular mimicry is a process in which tumor cells create
their own vessels without or in cooperation with endothe-
lial cells, assuming the role and the properties of endothe-
lial-like cells

provided evidence that vessel co-option is a
mechanism of antiangiogenic resistance and that
tumor progression can be efficiently blocked
only by therapies inhibiting both angiogenesis
and co-option [179].

Tumor progression from a benign to a malig-
nant condition is usually associated with an
angiogenic switch, characterized by the develop-
ment of a vascular network actively growing and
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Table 7.2 Phenotypic, functional properties and cellular
origin of MACs (monocytoid angiogenic cells) and
ECFCs (endothelial colony-forming cells)

Phenotypic or functional marker | ECFC MAC
Cellular origin Vessel Bone
wall marrow
In vitro tube formation + +
In vivo vessel formation + -
Clonal replating capacity + -
Expansion capacity in vitro + -
In vivo homing to hypoxic + +
tissues
Paracrine capacity of + +
sustaining angiogenesis
CD45 - +
CD14 - +
CD115 - +
CD31 + +
CD146 (MCAM) High Low
CD144 (VE-Cadherin) + -
CD105 + +
vWF (von Willebrand) + -
CD34 + -
CD133 - +
CD117 - +
VEGF-R1 + +
VEGF-R2 + +
TIE-2 + +
CXCR4 + +
CD157 + ?
AcLDL uptake + +
UEA-1 lectin binding + +
ALDH + +

displaying infiltrative properties [39]. The pattern
of vascularization is highly variable in various
tumors, depending on the tumor type, grade and
stage, the anatomical location, and the microen-
vironment composition and distribution of proan-
giogenic and antiangiogenic growth factors [39].

Tumor vessel formation involves the forma-
tion of highly disorganized vessel networks, mor-
phologically and functionally abnormal [26].
Tumor vasculature displays numerous abnormal-
ities, being tortuous, irregular, and nonhomoge-
neous and characterized by weak junctions
between endothelial cells, resulting in augmented
leakiness facilitating extravasation of cancer cells
[76]. Tumor neovascularization plays an essential
role in tumor biology by promoting tumor

growth, metastasis, and resistance to chemother-
apy. The proximity of cancer cells to blood ves-
sels within a tumor is a major determinant of
tumor phenotypic and metabolic diversification
[90]. Furthermore, endothelial cells adapt to the
tumor microenvironment and display a hyper-
glycolytic metabolism, shunting glycolytic inter-
mediates to nucleotide synthesis [27].
Tumor-associated endothelial cells not only
provide oxygen and nutrient supply to tumors but
regulate also tumor aggressiveness, converting
naive tumor cells to chemoresistant tumor cells
with stemlike properties [22]. The blocking of
the interactions between tumor cells and endo-
thelial cells at the level of perivascular tumor
niches may represent a strategy to bypass chemo-
resistance of these “protected” tumor cells [24].
The mechanisms driving tumor angiogenesis
are heterogeneous and involve different molecu-
lar and cellular processes. The common initial
driving force of tumor angiogenesis is repre-
sented by the tumor microenvironment, com-
posed by a variety of cell types that under the
influence of growth factors and cytokines activate
their metabolic and functional activities and pro-
mote various types of angiogenic mechanisms,
triggering an “angiogenic switch” to allow the
tumor to progress [184]. Mechanical (stress
relaxation) and chemical (hypoxia) properties are
critical factors in tumor microenvironment driv-
ing tumor angiogenesis and tumor progression
promoting tumor cell invasion and migration [93,
94]. Some of the mechanisms of tumor angiogen-
esis, involving the generation of new vessels by
vasculogenesis, imply endothelial progenitor
cells. These vasculogenic mechanisms are poorly
defined, and some additional confusion is related
also to the unprecise definition of endothelial
progenitor cells, englobing both true endothelial
progenitor cells (ECFC) generating in their dif-
ferentiation an endothelial cell progeny and
myeloid cell progenitor cells (myeloid angio-
genic cells, MACs) generating a monocytic
angiogenic cell progeny exerting an indirect pro-
angiogenic activity through paracrine mecha-
nisms. Thus, the tumor angiogenic mechanisms
may involve the recruitment in the tumor micro-
environment of either tissue-resident ECFCs or
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of circulating ECFCs or of bone-marrow-derived
MAC:s. Initial studies in experimental mouse
models have suggested that tumor angiogenesis
requires the migration of endothelial progenitor
cells from the bone marrow initially in the blood
and then in the tumor microenvironment, pro-
moting in this site tumor vascularization
(reviewed in [38]). It is now evident that these
studies describe the contribution of some bone
marrow-derived myeloid cells to tumor angio-
genesis. Subsequent studies have defined in vari-
ous mouse models the specific proangiogenic
role exerted by Tie-2* monocytes/macrophages;
Tie-2 inhibitors block the recruitment in the
tumors of Tie-2* monocytes and reduce tumor
angiogenesis [39]. However, other studies have
shown that mouse embryonic endothelial progen-
itor cells are able to home at the level of tumor,
trapped by hypoxia-originated signals, promot-
ing a process of active vasculogenesis [177]. This
mechanism of vasculogenesis in adults was also
supported by recent studies showing that tissue
hypoxia through HIF-1-dependent and HIF-1-
independent mechanisms promotes postnatal
vasculogenesis through the recruitment of EPCs,
their clusterization and integration in existing
microvasculature [18].

The study of the involvement of EPCs in
tumor angiogenesis is further complicated by the
presence of numerous altered phenotypes of
tumor endothelial cells. An example is given by
the observation that tumor endothelial cells
exhibit an increased aldehyde dehydrogenase
(ALDH) expression: these ALDH"" tumor endo-
thelial cells have proangiogenic properties,
express stem/progenitor cell genes (CD90, Oct-4,
MDR-1), and show drug resistance [67]. High
ALDH expression in some endothelial cells is
induced by tumor-conditioned medium [67].
Furthermore, the heterogeneity of tumor endo-
thelial cells between low- and high-metastatic
tumors suggests in the latter ones the involve-
ment of EPCs in the mechanisms sustaining
tumor angiogenesis [122].

The study of endothelial progenitor cells in
adult life remained closed within these last years
within a scientific dilemma, with some studies
supporting the presence and the functional con-

tribution to reparative vascular processes of
bone-marrow-derived EPCs and other studies
showing that true EPCs are present in the vessel
wall, do not derive from the bone marrow, and are
capable of regenerating damaged vessels. A
recent study was of fundamental importance to
offer a reasonable explanation for this intriguing
dilemma. Thus, Singhal et al. have used
irradiation-based myeloablative and non-
myeloablative mouse models to explore the cells
responsible for vascular regeneration. The results
of this study unequivocally showed that the pre-
existing endothelium is the source of cells capa-
ble of promoting vascular regeneration [156].
However, if endothelial cell proliferation is
impaired by irradiation, myeloid cells were
recruited from the bone marrow by the damaged
endothelium and actively contribute to vessel
wall reconstitution [156]. These findings support
a model of vascularization in adults implying the
cooperation between endothelial-derived and
bone marrow-derived progenitors. This model
must be carefully considered for its important
implications for our understanding of tumor neo-
vascularization processes.

The present paper reviews the study of tumors
in which some evidences support a role for EPCs

in the mechanisms underlying tumor
vascularization.
7.2  Endothelial Progenitors

in Melanoma

In melanoma, angiogenesis is implicated in
tumor progression and metastasis, and microves-
sel density is an adverse prognostic factor [80]. A
recent meta-analysis of all current studies on this
topic shows that increased MVD in melanoma is
associated with reduced DFS, but not with
reduced OS [132]. More recent studies suggest
that vascular proliferation index (VPI) could rep-
resent a more sensitive prognostic index to cap-
ture and to measure the expanding vasculature
than the standard microvessel density evaluation
[68]. The rate of intratumoral blood vessel prolif-
eration at the level of metastatic sentinel lymph
nodes was inversely associated with overall sur-
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vival of melanoma patients [129]. In a recent
study, Hugdahl and coworkers analyzed a large
set of melanomas for MVD and VPI at the level
of primary tumor sites and at the level of locore-
gional metastatic sites [62]. A significant impact
of VPI on melanoma survival was observed; fur-
thermore, VPI strongly correlated with high-
grade characteristics of the primary tumor in
terms of tumor thickness, tumor ulceration,
mitotic count, and presence of necrotic areas.
Interestingly, VPI was lower in locoregional
metastases than in corresponding primary tumors,
suggesting that activated angiogenesis is more
critical for primary tumors than for metastatic
tumors; in contrast, MVD was higher in meta-
static sites than in primary ones [62]. A tentative
explanation at least for lymph node metastases
could be related to the presence in these tissues of
a highly vascularized network, not requiring
active neoangiogenesis to sustain tumor growth
but predominantly co-option mechanisms [62].
The ensemble of these observations supports
neoangiogenesis as an aggressive component of
melanoma microenvironment, required to sustain
tumor development and progression.

Few studies support a direct role of endothe-
lial progenitors in tumor vascularization.

In this context, particularly relevant was a
recent study by Donovan and coworkers in a
model of orthoptic melanoma. Fate-mapping
analysis of endothelial cell populations showed a
consistent heterogeneity of endothelial cells pres-
ent in the growing melanomas, characterized by
the very early infiltration of endovascular progen-
itors in growing tumors [43]. Importantly, deliv-
ery of melanoma cells with EVP resulted in the
formation of larger tumors, whereas tumor cells
delivered with D (mature) endothelial cells
resulted in smaller tumors [43]. In the tumoral
microenvironment, EVPs reactivated the expres-
sion of SOX18 transcription factor and initiated a
vasculogenic process, progressing through vari-
ous stages of endothelial differentiation, includ-
ing TA cells and D cells, generating mature
endothelial cells with arterial, venous, and lym-
phatic subtypes [43]. Molecular profiling by RNA
sequencing of purified endothelial cell popula-
tions supported that EVPs are quiescent progeni-

tors: EVPs present in the tumors or in the wall of
the aorta share common molecular signature [43].
Importantly, anti-VEGF-A therapy was unable to
target EVP cells; in contrast, conditional ablation
of NOTCH signaling alters EVP. Endothelial-
specific ablation of Rbpj, a direct protein interac-
tor of SOX18B, depleted the EVP population and
strongly inhibited metastasis. These important
observations support the view that EVPs are
major drivers of tumor vascularization and cannot
be significantly inhibited by commonly used anti-
VEGF antiangiogenic agents.

This interesting study was in part based on a
previous study showing that, on the basis of flow
cytometry detection of common endothelial
markers, three subpopulations of endothelial
cells can be identified among cells characterized
by expression of an endothelial marker
(VE-Cadherin) and absence of a pan-
hematopoietic marker (CD45) [53, 130, 131].
Lineage tracing experiments have shown that the
CD31-/VEGF-R2* cell population is heteroge-
neous and composed by three different subpopu-
lations: Endothelial Vascular Progenitors (EVPs),
displaying a self-renewing capacity, present in a
quiescent state and capable of endothelial colony
forming capacity in vitro and endothelial-
regenerating capacity in vivo; Transit-Amplifying
(TA) and Mature (D) endothelial cells not pos-
sessing self-renewal capacity [130, 131]. Gene
expression studies show a remarkable difference
between EVP and TA/D cells; SOX18 is essential
for differentiation of EVP cells [130, 131].
Single-cell transcriptomic studies showed the
existence of crucial regulatory gene expression
networks specific for EVPs, including significant
metabolic gene networks, and higher mitochon-
drial content and activity [104].

Studies in experimental models further sup-
port a role for SOX18 in promoting tumor angio-
genesis in murine melanoma models. In fact, in
these murine models, SOX18 induction repre-
sents a key step in mediating melanoma lym-
phangiogenesis and metastasis, as supported
through experiments of genetic ablation of
SOX18 in these tumors [46, 47].

These observations have strongly supported
the development of small molecules acting as
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SOX18 inhibitors and exerting a potent antian-
giogenic activity on tumor vasculature [52, 125].
These observations support the clinical study of
SOXI18 inhibitors, although the still limited
understanding of the biological effects of SOX
transcription factors on endothelial cell biology
suggests a great prudency in the clinical transla-
tion of SOX18 inhibition [84]. A small mechanis-
tic trial in which SOX18 inhibition will be
initiated following diagnosis of melanoma and
sentinel lymph nodes collected few weeks later
the start of therapy will be performed with the
aim of studying changes in vascularization [69].

Other studies have shown that elevated num-
bers of tumor-associated macrophages (TAM) in
the tumor microenvironment are often associated
with poor prognosis in melanoma and these cells
activated by amoeboid melanoma cells play an
essential role in tumor progression through a
secretory cross talk with tumor microenviron-
ment, promoting abnormal vascularization [57].
Adrenomedullin, clearly expressed by infiltrating
TAMs in human melanomas, is a key mediator of
angiogenesis in these tumors [32]. Previous stud-
ies have shown that (i) adrenomedullin/cyclic
AMP pathways induce NOTCH activation and
differentiation of arterial endothelial cells from
vascular progenitor cells [193]; (ii) adrenomedul-
lin augments the angiogenic potential of ECFCs
[66]; and (iii) adrenomedullin augments prolif-
eration and migration of endothelial progenitor
cells [186].

7.3  Endothelial Progenitors

in Lung Cancer

The lung is unique for having two different
sources of blood: the systemic bronchial vascula-
ture from the aorta and the pulmonary circulation
of deoxygenated blood from pulmonary artery.
The pulmonary circulation has a limited angio-
genic capacity and is not able alone to sustain
lung tumor growth, while the bronchial circula-
tion possesses angiogenic properties and is
exploited by lung tumors. In fact, studies in
murine lung cancer models have shown that
although the existing pulmonary circulation can

supply the nutritional and metabolic needs for
initial tumor development, further growth of the
tumor requires angiogenesis from the highly pro-
liferative bronchial circulation [48]. The circula-
tion of human lung tumors was explored by
contrast-enhanced computed tomography scan-
ning. Yuan and coworkers reached the conclusion
that the bronchial circulation is dominant, and the
tumor circulation was related to the tumor size
[192]. Nguyen-Kim and colleagues, using a com-
parable methodology, confirmed that tumor per-
fusion was related to tumor size and to the
histological subtype [119].

The essential role of angiogenesis for lung
cancer growth is supported by observations in
naturally occurring tumors and in experimental
models of lung cancerogenesis. A recent experi-
mental model of lung cancer tumorigenesis is ini-
tiated by lung cancer stem cell (LCSC) expansion
[96]. In this model, the expansion of LCSC pool
promotes angiogenesis through secretion on
angiogenic growth factors, such as placental
growth factor (PIGF) by LCSCs [96]. This obser-
vation supports the view that the tumor cells
responsible for tumor development trigger the
angiogenic switch required to sustain tumor
growth.

The analysis of the pattern of vascularization
of a large set of primary non-small cell lung can-
cers through immunostaining of endothelial cells
showed four distinct patterns of tumor vascular-
ization — basal, papillary, and diffuse — implying
destruction of normal lung tissue and generation
of new vessels; a fourth pattern, called alveolar,
was observed in 16% of cases and is character-
ized by the lack of parenchymal destruction and
the absence of new vessel formation and, there-
fore, can be considered as a nonangiogenic sub-
type [134]. There is consistent variation in the
differentiation of tumor vasculature in lung carci-
noma, as evidenced through labeling of endothe-
lial cells for CD31 and LH39 antigens. Highly
angiogenic lung carcinoma exhibits an immature
endothelial phenotype, while low angiogenic
lung cancers have a mature endothelial pheno-
type [79]. These findings were confirmed and
extended by Passalidou and coworkers showing
that in non-oncogenic lung cancer, endothelial
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cells were characterized by positivity for the late
endothelial marker LH39, while in the more fre-
quent angiogenic tumors, only a minority of ves-
sels express LH39 [128]. The angiogenic or
nonangiogenic phenotype of primary lung can-
cers is in large part dictated by the properties of
tumor cells. Thus, nonangiogenic tumors have
higher levels of genes involved in mitochondrial
metabolism, mRNA transcription, protein syn-
thesis, and the cell cycle; angiogenic tumors have
higher levels of genes coding for membrane ves-
icles, integrins, remodeling, angiogenesis, and
apoptosis [71]. A recent study on a large set of
lung cancer specimens confirmed these initial
observations and led to conclude that both angio-
genic and nonangiogenic lung cancers are char-
acterized by a comparable hypoxia/HIF and
VEGF expression, but angiogenesis does not
ensue in nonangiogenic tumors in which hypoxia
triggers a metabolic mitochondrial response
which allows tumor growth without triggering
angiogenesis; in angiogenic tumor in which the
expression of genes involved in mitochondrial
metabolism is more limited, hypoxia together
with tissue remodeling and inflammation triggers
an angiogenic response [1].

The functional integrity and homeostasis of
lung tissue is maintained by lineage-restricted
stem cells [70]. Alvarez and coworkers were
among the first investigators to provide evidence
about the existence of vascular resident progeni-
tor cells, able to differentiate into ECs and capa-
ble of extensive proliferative activity [6]. These
endothelial progenitor cells are involved in tissue
endothelial repair mechanisms: in fact, in models
of lung injury induced by chronic hypoxia [120]
or LPS administration [82], tissue-resident endo-
thelial progenitors increase, became highly pro-
liferative, and substantially contribute to
pulmonary vascular repair in vivo. The analysis
of LPS-treated mice showed a transient decrease
of the number of pulmonary vascular endothelial
cells, associated with an increase of pulmonary
vascular endothelial cells undergoing a process
of  endothelial-to-mesenchymal  transition
(EndMT) [166]. Interestingly, EndMT endothe-
lial cells expressed c-kit and CD133 and had
increased vasculogenic capacity, aldehyde dehy-

drogenase (ALDH) activity, and expression of
drug-resistant genes, all properties typically
observed in progenitor cells [166].

Sekine and coworkers identified
CD31"CD45-CD133* as a rare population of
vascular-resident endothelial cells exhibiting
properties of endothelial progenitor cells, with
consistent in vitro and in vivo angiogenic capaci-
ties; these cells are locally resident endothelial
progenitor cells expressing other progenitor cell
markers, such as ALDH positivity, and do not
derive from the bone marrow [155].
Immunofluorescence studies indicate that this
population of CD133* endothelial progenitors is
preferentially resident in the arterial vasculature
at the level of large vessels [155]. CD133* endo-
thelial progenitors have been reported also in
human pulmonary arteries [50].

C-kit* lung endothelial cells act as endothelial
progenitors under homeostatic or repair condi-
tions, but do not contribute to lung epithelium
[100]. Xu and coworkers described two types of
vascular endothelial progenitors in the adult
mouse lung: CD457/CD31*/VEGFR27/LSP
(lung side population) cells corresponding to
bipotent progenitors of endothelial and smooth
muscle and CD457/CD31*/VEGFR2*/LSP acting
as late endothelial progenitors [188]. Lineage
tracking experiments have shown that mainte-
nance and repair of the lung endothelium does
not involve contributions from bone-marrow-
derived endothelial progenitor/precursor cells
[123].

Alphonse and coworkers have reported that
human fetal and neonatal rat lung contain
ECFCs with robust proliferative capacity, sec-
ondary colony formation on replating, and de
novo blood vessel formation in vivo when trans-
planted into immunodeficient mice [4]. These
lung-resident EPCs can be isolated by enzy-
matic dispersion of human lung samples by
enzymatic tissue digestion and selection of
CD31-positive cells by magnetic-activated cell
sorting and plating in vitro in endothelial-spe-
cific conditions [5].

Vessel wall endothelial progenitor cells were
identified on the basis of their capacity to efflux
Hoechst 33342 dye, a property displayed by
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many stem cell populations [116]. Because of
this property, these cells have been termed side
population (SP) cells for their typical appear-
ance in flow cytometry, being identified as a cell
subpopulation at the side of main population
(MP) cells [116]. These cells, called EC-SP,
have the capacity to form in vitro colonies of
endothelial cells and display in vivo potent
angiogenic activity when assayed by transplan-
tation in an ischemic limb [116]. These EC-SP
cells were clearly detected in the lung vascula-
ture and give a major contribution to new blood
vessels in lung tumors [117]. These cells, whose
origin is not at the level of the hematopoietic
system, proliferate in lung tumors, and the fre-
quency of this population clearly increases in
the tumoral tissue, compared to normal lung tis-
sue [117], survived to angiogenic drugs, and
remained in the tumor tissue [117]. Other evi-
dences in favor of a possible role of endothelial
progenitor cells in mediating angiogenic mech-
anisms derive from the study of a KRAS-driven
mouse model of lung cancer in which endothe-
lial expression of the microRNAs (miRNAs)
miR-143/145 promoted angiogenesis-induced
tumor growth [41]. miR-143/145 were expressed
at the level of a minor subpopulation of lung
endothelial cells, seemingly endothelial progen-
itors [41]. miR-143/145-deficient mice dis-
played a reduced endothelial proliferation and
reduced endothelial tip cells [41]. Lung tumor
development was more limited in miR-143/145-
deficient mice, where the tumors exploit co-
option mechanisms of the normal lung
vasculature, compared to WT mice exploiting
neoangiogenic mechanisms to sustain lung
tumor growth [41]. Another study showed that
the NAD-dependent protein deacetylase Sirtuin
1, a master regulator of angiogenesis, increases
vessel density and stimulates the growth of
Lewis lung carcinoma xenografts through a
mechanism involving downregulation of delta
ligand 4 (DLL4)-NOTCH signaling and deacet-
ylation of the NOTCHI1 intracellular domain in
lung cancer-derived endothelial cells [187].
These effects of SIRT1 on lung tumor angiogen-
esis are seemingly mediated by a stimulatory

effect on the angiogenic properties of endothe-
lial progenitor cells [182].

Although these experimental models sup-
ported a key role of neoangiogenic mechanisms
operating in lung cancer, studies on primary
human lung cancers have provided evidence that
angiogenic mechanisms are heterogeneous in
these patients and a subset of patients with non-
small cell lung cancer exhibit nonangiogenic
growth patterns [105].

Targeting angiogenesis was a therapeutic
strategy intensively explored in NSCLC, but the
utility of this approach remains limited. The
addition of bevacizumab (mAb anti-VEGF) to
platinum-based chemotherapy in first-line setting
induces a modest benefit. Some antiangiogenic
therapies have been approved in the second line
by the FDA (bevacizumab or ramucirumab (anti-
VEGF-R2)) or by the European Union (ninte-
danib anti-VEGF-R1, anti-VEGF-R2,
anti-VEGF-R3, PDGFRA, FGF-R1), but the
extent of the improvements at the level of PFS
and OS were modest and must be balanced
against the expected toxicities and the cost asso-
ciated with these agents. These limited clinical
benefits are related to therapy-induced blood ves-
sel alterations, with consequent increased
hypoxia which can worsen the tumor microenvi-
ronment and induce treatment resistance.
However, in spite of all these limitations and the
existence of intrinsic mechanisms of resistance to
current antiangiogenesis inhibitors of NSCLCs,
combination therapies targeting multiple mecha-
nisms fueling neovascularization could bypass
resistance to standard antiangiogenic therapy. In
this context, a recent study provided evidence
that targeting of the proangiogenic peptide Apelin
(APLN), an endogenous ligand of the G-protein-
coupled cell surface receptor APLN receptor,
together with a standard antiangiogenic drug,
such as sunitinib, in lung adenocarcinoma mod-
els, diminished tumor growth, blood vessel den-
sity, and vessel abnormality within the tumor
microenvironment and consequently hypoxia and
tumor resistance [173]. Apelin levels are elevated
in lung adenocarcinomas and were associated
with elevated microvessel densities [16]; apelin
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elevation in these tumors seems to be related to
the downmodulation of miR-195, directly target-
ing Apelin [200]. Apelin levels are heterogeneous
in lung adenocarcinomas, and Apelin-high
tumors have a poorer prognosis than Apelin-low
tumors [200].

7.4  Endothelial Progenitor Cells

in Multiple Myeloma (MM)

MM is the second most common hematologic
cancer after non-Hodgkin’s lymphoma, with a
higher incidence over 60 years. Bone marrow
angiogenesis is a constant hallmark of MM pro-
gression and has prognostic potential. Microvessel
density in the bone marrow clearly increases with
disease progression from monoclonal gammopa-
thy to smoldering gammopathy and to primary
and relapsing MM [139]. The pathophysiology of
MM-induced angiogenesis implies production of
angiogenic cytokines both by cells of the marrow
microenvironment and by tumor plasma cells
[89, 174].

Several studies suggest that an increased angio-
genic activity mediated by EPCs could contribute
in a relevant way to the increased angiogenesis
observed in MM. Thus, Vacca and coworkers pro-
vided evidence that EPCs isolated from MM
patients exhibit increased angiogenic activity
in vitro showing rapid capacity to form capillary
networks and in vivo inducing the generation of
numerous new vessels [175]. Zhang et al. reported
an increased number of EPCs among peripheral
endothelial cells isolated from MM patients; their
number was significantly decreased following tha-
lidomide treatments [196].

The increased number/activity of EPCs in
multiple myeloma suggests that vasculogenesis
may contribute to new vessel formation in this
disease. A study by Moschetta and coworkers
investigated the role of vasculogenesis in a mouse
model of MM [115]. This study showed an early
mobilization of EPCs from BM to PB, followed
by recruitment at the level of MM-colonized
niches; the use of EPC-defective ID1*~, ID3~/~
mice showed that MM progression is strictly
dependent upon EPC trafficking, due to the sup-

portive role of endothelial cells for the growth of
MM cells [115]. Importantly, angiogenic depen-
dency of MM occurs at early and not at late stages
of MM development; in line with this finding,
early targeting of EPCs with anti-VEGF-R2 anti-
body at early stages, but not at all late stages of
disease progression, inhibited MM development
[115]. This study supports the idea of inhibiting
vasculogenesis at an early stage of disease (smol-
dering MM) in future clinical trials. Vasculogenic
activity in myeloma may be supported by some
growth factors present in the tumor microenvi-
ronment: (a) pleiotrophin, a developmental cyto-
kine highly expressed in MM [30, 191], promotes
transdifferentiation of monocytes into vascular
endothelial-like cells and through this mecha-
nism promotes tumor-induced vasculogenesis
[31]; (b) ephrin receptor A3 (EphA3) is markedly
overexpressed in MM endothelial cells and acts
as a proangiogenic factor [21]; (c) NOTCH sig-
naling, a crucial pathway for embryonic vasculo-
genesis [2], is increased in MM microenvironment
and sustains the increased vasculogenic/angio-
genic activities observed in this tumor, and its
targeting resulted in a marked inhibitory effect on
tumor angiogenesis [148]. Importantly, recent
studies have shown that NOTCH signaling in the
bone marrow microenvironment promotes EPC
expansion and in vivo vasculogenic activity of
EPCs [74, 85].

The treatment of multiple myeloma is a com-
plex medical problem, related to the difficulty to
completely eradicate malignant plasmocytes and
their precursors. Recent developments have pro-
vided significant improvements in the treatment
of these patients based on autologous bone mar-
row transplantation when possible or drug com-
binations  involving the association of
corticosteroids with immunomodulating agents
(thalidomide, lenalidomide, pomalidomide) and
either proteasome inhibitors (bortezomib, carfil-
zomib, or ixazomib) or monoclonal antibodies
(daratumumab, anti-CD38) or histone deacety-
lase inhibitors (panobinostat). Interestingly,
immunomodulatory agents, such as lenalidomide
or thalidomide, exert many biological effects,
including an antiangiogenic effect on MM and,
when administered with other drugs, contribute
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to a significant antitumor effect [141]. One exam-
ple of the clinical utility of this triplet drug com-
bination is given by a recent study: lenalidomide
plus dexamethasone and daratumumab (anti-
CD38 mAb) significantly improved both PFS
and OS of newly diagnosed MM patients ineligi-
ble for autologous stem cell transplantation [49].

The value of inhibiting angiogenesis in MM
as a therapeutic tool is supported also by two
recent studies. A phase I/Il study explored evo-
fosfamide, a hypoxia-activated prodrug without
or with bortezomib in patients with relapsed/
refractory MM: although the number of patients
exhibiting CR and PR was not high, disease sta-
bilization was observed in >80% of patients,
resulting in a prolonged overall survival of
11.2 months [91].

Recent studies have explored the antitumor
effects of melphalan-flufenamide (mel-flufen), a
dipeptide prodrug of melphalan: the intracellular
conversion of mel-flufen to melphalan is medi-
ated by the enzyme aminopeptidase N [29]. Mel-
flufen was more active than melphalan in
inducing apoptosis of myeloma cell and in vitro
and in vivo exerted a potent inhibitory effect on
angiogenesis [162]. A phase I/II study (OP-104
Anchor study) is evaluating safety and efficacy of
mel-flufen and dexamethasone in combination
with either bortezomib or daratumumab in
patients with relapsed/refractory MM, and an
early analysis showed preliminary encouraging
data about the antitumor efficacy, particularly in
patients treated with mel-flufen and daratu-
mumab [138]. The phase I/Il study OP-106
Horizon showed that mel-flufen has promising
activity in heavily pretreated refractory-stage
RRMM patients, in whom the majority of avail-
able therapies have failed [144].

7.5 Endothelial Progenitor Cells
in Myeloproliferative

Disorders

The study of EPCs and of angiogenesis in myelo-
proliferative disorders is particularly important
because in these tumors, the endothelial lineage
could be directly involved in the neoplastic trans-

formation and pathological endothelial cells
could be directly involved in the neoplastic trans-
formation and could contribute to tumor develop-
ment promoting the formation of a pathological
marrow niche. Myeloproliferative neoplasms
(MPNGs) are clonal hematopoietic cancers charac-
terized, in their chronic phase, by overproduction
of differentiated hematopoietic cells pertaining to
one or more lineages The Philadelphia
chromosome-negative are the most frequent dis-
eases among the myeloproliferative disorders
and include three different main diseases: poly-
cythemia vera (PV), essential thrombocytopenia
(RT), and myelofibrosis (MF) [118, 176]. All
MPNs arise from the malignant transformation of
hematopoietic stem cells (HSCs) that acquire a
growth advantage over normal HSCs, leading to
their expansion and generation of all myeloid-
related lineages [112]. These disorders have fre-
quent disease-related complications, mainly
represented by venous and arterial thromboses,
hemorrhages, and transformation to acute
myeloid leukemia [176]. In MPNs, in >95% of
cases, mutations that affect and drive tumor
development occur in a mutually exclusive man-
ner in one of three different genes: JAK (Janus
Activating Kinase 2), CALR (calreticulin), or
MPL (myeloproliferative leukemia virus, corre-
sponding to the thrombopoietin receptor); while
the JAK2V617F mutation activates three different
membrane receptors (erythropoietin receptor,
granulocyte colony-stimulating factor receptor,
and thrombopoietin receptor), CALR or MPL
mutants affect only thrombopoietin receptor acti-
vation [176]. The different consequences of these
three different mutations help to understand the
reasons of their different disease association:
JAK2V617F is associated with PV, ET, and PMF,
while CALR and MPL mutations are exclusively
associated with ET and PMF.

Studies performed in the last years have sup-
ported a possible direct implication of the endo-
thelial lineage in the pathological processes
involving the development of JAK2V617F-
mutated MPNs [169].

Initial studies have provided conflicting
results: thus, an initial study based on the in vitro
assay of endothelial progenitor cells showed that
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JAK2V617F mutation was detected in CFU-ECs
(colonies of monocytoid proangiogenic cells),
but not in E-CFCs (colonies formed by true
endothelial cells) [135]. However, Sozer and
coworkers reached a different conclusion
through the analysis of the liver endothelial cells
of patients with Budd-Chiari syndrome and
JAK2V617F-positive hematopoiesis showing a
positivity of the endothelial lineage for
JAK2V617F mutations [160, 161]. According to
these findings, it was hypothesized that
JAK2V617F neoplasia may derive from a com-
mon cell of origin for both hematopoietic and
endothelial cells.

Teofili and coworkers have subsequently
explored this issue and have analyzed the molec-
ular features of EC-CFCs generated from 22
MPN JAK2V617F-positive patients and showed
that in 45% of cases, endothelial cells present in
these colonies are positive for this disease-
specific marker [168]. These findings were cor-
roborated by two additional important
observations: all patients displaying molecular
abnormalities at the level of the endothelial lin-
eage experienced thrombotic complications;
endothelial cells bearing JAK2V617F mutations
showed a pronounced Stat3/StatS activation
[168]. In line with these observations, CD34*
cells isolated from JAK2V617F-positive MPN
patients generate in vivo in immunodeficient
mice both mutation-positive and mutation-
negative  endothelial  cells [160, 161].
Furthermore, endothelial cells displaying
JAK2V617F mutation were observed in >60% of
myelofibrosis patients at the level of splenic cap-
illaries and splenic vein [147].

Other recent studies have developed animal
models to directly assess the consequences of
JAK2V617F expression at the level of endothelial
cells. Thus, Guadall et al. have developed an
induced pluripotent stem cell strategy to compare
JAK?2 mutant to JAK2 wild-type endothelial cells
[60]. The results of this study showed that
JAK2V617F-mutant endothelial cells exhibit a
pro-inflammatory and pro-thrombotic phenotype
and display pro-adherent features [60]. Guy et al.
have explored the role of endothelial cells that
express JAK2V617F mutant through an in vitro

model of endothelial cells expressing JAK2V617F
and in vivo model of mice with endothelial-
specific JAK2V617F expression [61]. Endothelial
cells expressing JAK2V617F have a pro-adhesive
phenotype associated with increased P-selectin
expression and increased propensity to throm-
botic events [61].

Another set of studies provided evidence that
the development of myeloproliferative syn-
dromes requires JAK2V617F expression in both
HSCs and endothelial cells. Two lines of evi-
dence support this conclusion: (a) no difference
was noted between WT and JAK2V617F Lin™/
Kit" progenitor cell proliferation when cocul-
tured on WT endothelial cells while a relative
growth advantage over the corresponding WT
progenitor cells when cocultured on JAK2V617F-
bearing endothelial cells [97]; and (b) competi-
tive marrow transplantation experiments provided
evidence that the JAK2V617F-bearing vascular
niche promotes clonal expansion of JAK2V617F
HSCs but not normal HSCs [195]. Another study
showed that JAK2V617F expression in the niche
leads to HSC radioresistance, which could be
responsible for the high frequency of disease
relapse in patients undergoing allogeneic stem
cell transplantation for MPNs [98].

7.6  Tumor Angiogenesis

in Lymphoma

Several studies have shown an association
between increased angiogenesis and more
aggressive tumor behavior in different lymphoid
neoplasms, including large B-cell lymphoma
[23], mantle cell lymphoma [178], and follicular
lymphoma [172].

Intriguingly, a study by Streubel and cowork-
ers suggested that 15 to 85% of the microvascular
endothelial cells in the B-cell lymphomas bear
lymphoma-specific chromosomal translocations
[163]. This observation may be explained either
assuming the existence of a common lymphoid-
endothelial malignant progenitor cell or of a lym-
phoid progenitor with a peculiar differentiation
plasticity or by cell fusion or gene transfer events
[163].
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Among the various lymphomas, particularly
interesting is the SOX1I-positive mantle cell
lymphoma (MCL), characterized by increased
angiogenesis that could be ascribed to neoangio-
genic mechanisms. MCL is an aggressive B-cell
lymphoma, genetically characterized by the pres-
ence of the translocation t(11;14)(ql3;q32)
inducing overexpression of cyclin D1. MCLs can
be subdivided according to SOX11 expression
into SOX11-negative characterized by more fre-
quent leukemic non-nodal disease, classic mor-
phology, more frequent CD23 expression, and
lower Ki67 proliferation index and SOZI11-
positive, characterized by conventional nodal dis-
ease and aggressive phenotype. SOX11 is not
expressed in normal B-lymphocytes, and its
expression characterizes a part of MCLs, where it
acts as a key transcription factor interfering with
B-cell differentiation program and promoting
tumor cell-microenvironment interactions that
favor tumor growth [15]. Experimental studies
have shown that SOX11 expression is associated
with the induction of an angiogenic switch, char-
acterized by increased expression of angiogenic-
related gene expression signatures and induction
of tumor vasculature [127]. Petrakis and cowork-
ers directly analyzed primary tumors and showed
that MVD was much higher in SOX1 1-positive
MCLs than in SOXI11-negative MCLs [133].
Studies in zebrafish support a key role of SOX11
as a key regulator of vascular development, par-
ticularly involved in sprouting angiogenesis dur-
ing development [150].

7.7  Angiogenesis in Malignant

Gliomas

Glioblastomas are the most common and aggres-
sive brain tumors. These tumors are characterized
by their resistance to chemotherapy and radio-
therapy and by the abundant and abnormal vascu-
lature. High-grade gliomas have been classified
as one of the solid tumors’ most vascular, and
vessel proliferation is a typical feature of glio-
blastomas [19]. One pathological feature that dis-
tinguishes  glioblastoma multiforme from

lower-grade glial tumors is represented by the
presence of microvascular proliferation.
Glioblastoma is characterized by abundant and
abnormal neovascularization giving rise to func-
tionally and structurally abnormal vessels, with
the generation of hypoxic, necrotic tumor regions.
The mechanisms generating the neovasculariza-
tion of glioblastomas are complex and multiple
and certainly heterogeneous in their individual
contribution from one tumor to another: (i) vascu-
lar co-option which is a mechanism operating
during the early phases of glioblastoma develop-
ment and implies the migration of tumor cells,
forming cuffs around preexisting normal vessels,
and must be considered as a strategy to increase
blood flow before the development of mecha-
nisms of adaptation of the tumor vasculature [42];
(i) sprouting angiogenesis, consisting in the gen-
eration of capillaries from preexisting blood ves-
sels, through a mechanism implying endothelial
cell proliferation triggered by tumor hypoxia,
inducing VEGF production and resulting in the
development of an abnormal vascular network
with dilated blood vessels, abnormal branching,
arteriovenous shunts, and vascular leakiness [95];
(iii) release of angiogenic growth factors from
tumor cells, particularly from glioma stem cells,
with consequent stimulation of new vessel forma-
tion [13]; (iv) vasculogenesis, induced by the
migration (triggered by hypoxia and VEGF) and
differentiation of bone marrow endothelial pro-
genitors (MACs) acting at the tumor sites as cata-
lyzers of vasculogenic processes, seemingly
involving local endothelial progenitors cells (Du
et al. [44, 51]); the vasculogenic mechanisms are
particularly active in glioblastoma recurrence
after radiotherapy, where the vasculogenic
response is not promoted by VEGF but by the
cytokine stromal-derived factor-1 (SDF-1) [87,
167]; (v) vasculogenic mimicry, a process in
which the same tumor cells form functional ves-
sel-like networks, providing an alternate mecha-
nism to support tumor growth, a phenomenon
correlated with tumor grade, poor outcome, and
aggressive phenotype [99] and triggered by
growth factors released in the tumor microenvi-
ronment [101, 102]; and (vi) transdifferentiation
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of glioma stem cells into endothelial cells or peri-
cytes [63].

The mechanism of glioma stem cell transdif-
ferentiation seems to represent a peculiar mecha-
nism of tumor oncogenesis observed in
glioblastomas. Using tumor biopsies, Wang and
coworkers [181] and Ricci-Vitiani and coworkers
[143] identified a subset of endothelial cells lin-
ing tumor vessels, carrying the same genetic
alterations, as well as malignant glioma cells.
Furthermore, the CDI133* tumor population
includes a subset of vascular endothelial-cadherin
(CD144)-positive population showing features of
endothelial progenitor cells and capable of gener-
ating mature endothelial cells [143, 181]. These
tumor-derived endothelial cells comprise from 20
to 90% of the tumor vasculature, have tumor-
specific genetic abnormalities, and do not respond
to inhibitors of VEGF or bFGF; furthermore,
these cells are preferentially localized at the level
of deep hypoxic tumoral areas, thus suggesting
that hypoxia is a major driver in their genesis.
Mei and coworkers have reported the occurrence
of tumor-derived endothelial cells in 47% of a
group of 64 glioblastoma patients [113]. In the
cases displaying the endothelial transdifferentia-
tion, tumor-derived endothelial cells accounted
for 14-18% of total vessels [113].

Importantly, cancer stem cells isolated from
primary glioblastomas are able to transdifferenti-
ate to endothelial cells in vitro [143, 181]. Soda
et al. identified a subpopulation of endothelial
cells within glioblastomas, expressing both
endothelial-specific and tumor-specific markers
[157]. In a more recent study, De Pascalis and
coworkers showed that the fraction tumor-derived
endothelial cells increased in glioblastomas
recurring after radiotherapy [40]. These findings
were further extended by a study of Cheng and
coworkers providing evidence that glioma stem
cells are able to generate also the vascular peri-
cytes, cells normally of mesenchymal origin,
which surround blood vessels; however, these
authors provided strong evidence that glioma
cancer stem cells do not differentiate to form
endothelial cells [34]. Thus, the data of these
studies are contradictory, suggesting the origin

from tumor cells of either endothelial cells or of
pericytes.

Golebiewska et al. have confirmed the exis-
tence within glioblastomas of an endothelial sub-
population of side cells, CD133*/CD31* cells
[58]. However, at variance with the previous
studies, this CD133*/CD31* cell population is
non-tumorigenic [58].

Subsequent studies have explored the cellular
and molecular mechanisms responsible for the
differentiation of glioma stem cells into endothe-
lial progenitor cells. In this context, particularly
relevant was a study by Hu et al. based on a
model of glioma stem cells obtained through the
transformation of neural stem cells with mutant
TP53 and constitutively expressing active AKT:
these transformed cells exhibited an increased
EC cell signaling and the augmentation of a sub-
population of CDI133*/CD144* cells [72].
Particularly, using these cells, it was shown that
AKT activation upregulates WNT 5A to drive
glioma-like EC differentiation of GSCs [72],
resulting in the development of tumor invasive
growth properties. Interestingly, clinical data
showed higher glioma-specific endothelial and
WNTS5A expression in peritumoral and recurrent
glioblastomas than in matched intratumoral and
primary glioblastomas, respectively [72].

Other studies have shown that the adenosine
A3 receptor is a regulator of the differentiation of
glioma stem cells to endothelial cells under
hypoxic conditions [146]. B1,4-
Galactosyltransferase (B1,4GalTV) 1is highly
expressed in glioma cells and contributes to the
increased expression of highly branched
N-glycans observed in these tumor cells;
B1,4GalTV stimulates transdifferentiation of gli-
oma stemlike cells into endothelial cells by acti-
vation of NOTCHI signaling [37]. Finally,
ETSA-variant 2 (ETV2), a master regulator of
endothelial cell development, induces in glioma
stem cells, in a VEGFA-independent manner, the
repression of proneural genes and the activation
of vascular genes; in primary glioblastomas, high
ETV2 expression was associated with a particu-
larly negative prognosis [198]. Interestingly,
bone morphogenetic protein 9 (BMP9) counter-
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acts the process of glioblastoma cell transdiffer-
entiation into tumor-derived endothelial cells, in
both in vitro and in vivo xenotransplantation
models [137].

Other experimental studies support a major
role of glioma stem cells in monitoring and regu-
lating the angiogenic response of glioblastoma.
Oligodendrocyte precursors (OPCs) expressing
OLIG2, present at the level of the subventricular
zone, can serve as the tumor progenitors of high-
grade gliomas, including glioblastoma [92].
Using an experimental model of EGFRVIII-
driven, TP53-negative murine glioma that can
grow as OLIG2* or OLIG2-, Griveau et al. have
shown that (i) OLIG2* gliomas grow by invasion
of the parenchyma by single-cell vessel co-option
and (ii) OLIG2" gliomas grow as perivascular
clusters, leading to disruption of the blood-brain
barrier and innate immune cell activation [59].
Importantly, WNT7 expression in OLIG2* cells
is required for vessel co-option, and WNT inhibi-
tion enhances the response to temozolomide ther-
apy [59].

Glioblastoma tumor cells, including the stem-
like cell population, invade into the brain paren-
chyma, engaging a migration along blood vessels.
The interaction between glioma cancer stem cells
and endothelial cells at the level of tumor peri-
vascular niches is of fundamental importance for
the promotion of tumor invasion and for new ves-
sel formation, two properties that strictly inter-
twined [77, 194].

Therapy with currently used antiangiogenic
agents blocking VEGF-A is used in the treatment
of high-grade gliomas but is of limited benefit. A
meta-analysis of randomized controlled trials
showed that bevacizumab when combined with
chemotherapy improved PFS, but not OS; fur-
thermore, patients treated with bevacizumab-
containing therapy reported increased objective
response rate, but more treatment-related adverse
events [190]. The same conclusions were reached
by a recent Cochrane Database of Systematic
Review showing that the use of antiangiogenic
therapy does not significantly improve overall
survival in newly diagnosed people with glio-
blastoma [7]. Similarly, there is lack of evidence
of a survival advantage for antiangiogenic ther-

apy over chemotherapy in recurrent glioma [7].
The limited benefits of antiangiogenic therapy in
glioblastomas are related to two different tumor-
related mechanisms: resistance and indifference.
The resistance mechanism implies that the tumor,
after an initial response, rapidly relapses acquir-
ing an enhanced tumor invasion capacity [28,
126] or producing alternative angiogenic growth
factors [152].

Large-scale clinical trials have shown the
incapacity of bevacizumab, an anti-VEGFA
monoclonal antibody, to significantly improve
overall survival of high-grade glioma patients.
However, in spite of the absence of benefit related
to anti- VEGFA blocking therapy, glioma patients
can be subdivided into a nonresponder and a
responder group, the responders being character-
ized by a transient clinical benefit. This differen-
tial response to anti-VEGFA blocking therapy
implies the existence of a heterogeneity of the
mechanisms underlying tumor angiogenesis in
glioblastomas. A recent study suggested that this
heterogeneity could be related to the heterogene-
ity of the expression of SOX17 at the level of
high-grade glioma tumor vessels: high Sox17
expression correlated with poor survival, early
recurrence, and abnormal tumor vessels (Kim
et al. [86]).

Currently, there are only two drugs approved
for systemic treatment of glioblastoma: temo-
zolomide, approved for the treatment of newly
diagnosed glioblastoma, and bevacizumab,
approved for the treatment of recurrent glioblas-
toma. Few studies have explored the effect of
these two drugs on the aberrant neovasculariza-
tion pattern of glioblastoma. In this context, par-
ticularly interesting was a study carried out by
Xue et al. showing in an orthoptic mouse model
transplanted with human glioblastoma cells that
an increase in vascular mimicry was observed
after bevacizumab administration, while an
increased microvessel density was observed after
temozolomide administration [189]. Similar con-
clusions were reached by Obad and coworkers
exploring the morphology and the function of
tumor vessels in two human glioblastoma xeno-
grafts treated with bevacizumab, as investigated
by emission tomography; the results of this study
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provided evidence that bevacizumab normalized
vascular morphology in the period time
investigated but failed to improve vascular func-
tion [121].

These studies clearly indicate the limitations
of drugs, such as bevacizumab, as therapeutically
efficacious agents for glioblastoma treatment.
Even the exploration of new antiangiogenic treat-
ments was at the moment unsuccessful. Thus,
angiopoietin 1 and angiopoietin 2 inhibition with
blocking peptidobody Trebananib was ineffective
as monotherapy and failed to enhance the ability
of VEGF blockade to improve the outcomes of
patients with recurrent glioblastoma [140].
Recent data from a phase II trial involving
patients with relapsed glioblastoma following
chemoradiotherapy showed a slight but signifi-
cant superiority of the antiangiogenic tyrosine-
multikinase inhibitor regorafenib over lomustine
chemotherapy, with an improvement of median
overall survival from 5.6 months with lomustine
to 7.6 months with regorafenib (Lombardi et al.
[103]). These findings, if confirmed in future
clinical trials, support the identification of a new
antiangiogenic drug active in relapsing glioblas-
toma patients.

Apelin (APLN) is an endogenous peptide
ligand for the G protein-coupled receptor APJ/
AGTRLI/APLNR and is widely expressed
throughout the human body. ELABELA was
identified as a second endogenous APLNR
ligand. APLN and ELABELA represent a double
spatiotemporal system to control APLNR signal-
ing. APLN acts as a proangiogenic peptide dur-
ing embryonic development playing an essential
role in promoting the migration of embryonic
angioblasts, expressing APLNR, to midline
under the stimulation of ELABELA and, through
this mechanism, exerts an essential role in the
control of vasculogenesis [65]. APLN was iden-
tified by mass spectrometry as one molecule
present in endothelial secretome and found
expressed in glioblastoma specimens in close
proximity to blood vessels [64]. APLN was
shown to be essential for the survival and expan-
sion of glioma stem cells, as supported by exper-
iments with specific inhibitors of APLNR
signaling [64]. Mastrella and coworkers showed

that APLN is selectively expressed in glioblas-
toma, compared to normal brain tissue; further-
more, APLN expression was decreased by
anti-VEGF therapy, but tumor invasion was
increased [109]. In glioblastoma xenotransplan-
tation models, APLN and APLNR upregulation
occurred in association with angiogenic switch
[109]. Using a mutant form of the natural APLN
peptide (APELIN-F13A), a reduction in both
angiogenesis and tumor invasiveness and a
potentiation of the efficacy on anti-VEGF ther-
apy were shown [109]. These observations sup-
port a potential role of targeting of APLNR as a
strategy to overcome resistance to VEGF block-
ade in glioblastoma. Finally, a recent study
showed the abundant expression in high-grade
gliomas of the poorly characterized APELIN
early ligand A (APELA): high APELA expres-
sion was associated with poor patient survival
and correlates with glioma grade [55]. APLN
targeting could represent, used alone or in com-
bination with anti-VEGF therapy, as a poten-
tially new interesting approach in glioblastoma
treatment. However, many questions remain to
be carefully explored, as pointed out by
Amoozgar et al. [8]. First, it remains to be
explored the efficacy of APLN targeting on vas-
cular function and vasogenic edema in glioblas-
toma patients. Second, it remains completely to
be explored the possible effect of APLN target-
ing on the immunosuppressive microenviron-
ment of glioblastoma. This point is justified by
previous studies showing that in experimental
tumor models the normalization of tumor vascu-
lature induced by APLN targeting improves the
efficiency of antitumor immune therapy [83]. On
the other hand, studies on the mechanisms of
resistance of cancer patients to anti-PD-1
immune check inhibitors showed the presence of
APLNR mutations with consequent loss of func-
tion: restoration of APLNR function through
JAK/STAT1 signaling is essential for IFNy-
mediated antitumor responses, including T-cell
trafficking through tumor vasculature [130, 131].

The possible improvements of response of
glioblastoma tumors to immunotherapy with
immune check inhibitors are particularly impor-
tant because the clinical efficacy of PD-1/PD-L1
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blockers in glioblastoma is not significant and the
combination of anti-PD-1 agents with bevaci-
zumab did not show better efficacy over
bevacizumab alone [183]. The recent demonstra-
tion in recurrent glioblastoma patients that neo-
adjuvant anti-PD-L1 treatment with continued
therapy after surgery improved patient survival
compared to patients receiving adjuvant, post-
surgical PD-1 blockade alone [35], supports
future studies aiming to improve immunotherapy
response through a vascular normalization and a
consequent better trafficking of immune
effectors.

The large majority of studies on glioblasto-
mas, as well as in other tumors, were based on the
idea to target endothelial cells as a tool to inhibit
or normalize tumor-associated vasculature; an
alternative cell target could be represented by
pericytes. Pericytes are multipotent perivascular
cells playing a key role within the glioblastoma
microenvironment to support tumors during all
their stages of development [149]. The biological
role of pericytes in the regulation of blood-brain
barrier permeability and in promoting angiogen-
esis and tumor growth represents a strong support
for their therapeutic targeting. Furthermore, a
recent study showed that a glioblastoma subtype,
characterized by the presence of isocitrate dehy-
drogenase 1 mutations, is associated with a
reduced pericyte coverage, seemingly related to
the downmodulation of several angiogenic
growth factors [165]. The blood-tumor barrier is
major obstacle for drug delivery to malignant
brain tumors; eliminating the blood-tumor barrier
by targeting of glioma stem cell-derived peri-
cytes though inhibition of the BMX kinase with
Ibrutinib consistently enhanced the chemothera-
peutic efficacy of drugs with poor blood-tumor
barrier penetration [199].

7.8 (CD276: A Target of Both
Tumor Cells and Tumor

Vasculature

In 2007, Seaman and coworkers have made a fun-
damental observation in the context of a study
aiming to identify genes whose pattern of expres-

sion allows to distinguish physiological and path-
ological angiogenesis: CD276 (also known as
B7-H3) was the most differentially expressed cell
surface tumor-specific endothelial marker identi-
fied in this study [153]. CD276 is a member of
the B7 family of immunoregulatory molecules
whose expression can be induced on T, B, and
dendritic cells activated by different types of
inflammatory cytokines. This first study showed
CD276 expression on the tumor vasculature in
colon, lung, breast, esophageal, and bladder can-
cers; CD276 expression was observed also on
tumor cells [153].

Various clinical studies have shown the impact
of CD276 expression on tumor vasculature for
many cancers. Thus, tumor cell and tumor vascu-
lature expression of CD276, observed in 46% of
tumor specimens, predicts survival in clear cell
renal cell carcinoma [36]. These findings were
confirmed by a study on metastatic clear cell
renal cell carcinoma patients undergoing cytore-
ductive nephrectomy and interferon (IFN) treat-
ment, showing that patients with B7-H3
expression levels <16% were associated with an
improved OS, while those with high B7-H3
expression had a poor survival [114]. The large
majority of ovarian cancers express CD276 at the
level of tumor cells; CD276 was also expressed
in the endothelium of tumor vasculature in 44%
of patients, largely pertaining to late-stage high-
grade serous tumors (Zhang et al. [197]). Tumors
with CD276-positive tumor vasculature display a
reduced OS and a higher incidence of recurrence
(Zhang et al. [197]). In Merkel cell carcinoma, an
aggressive cutaneous malignancy whose patho-
genesis and prognosis are related to the integrity
of the host immune system, CD276 expression is
colocalized with CD31, indicating a localization
at the level of tumor vasculature: positivity for
CD276 correlates with aggressive clinicopatho-
logical parameters and predicts a poor prognosis
[11].

Given the pattern of expression of CD276 in
many tumors, CD276 is also a promising ultra-
sound molecular imaging target. In this context,
studies carried out in breast tumors showed that
antibodies anti-CD276 conjugated with indocya-
nine green (ICG) allowed the imaging of prostate
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cancers, with labeling of both tumor neovascula-
ture and tumor tissue, sparing the normal
mammary tissue or benign neoplastic lesions
[12, 185].

The expression of CD276 at the level of both
tumor cells and tumor vasculature offers the
unique opportunity through the targeting of this
molecule to destroy both tumor cells and their
associated vasculature. Thus, Seaman and
coworkers have shown that a monoclonal anti-
body reacting with both human and mouse
CD276 conjugated with pyrrolobenzodiazepine
injected in mouse transplanted with human
tumors destroys both tumor cells and tumor vas-
culature, resulting in tumor eradication [154].
The type of drug conjugated with anti-CD276 is
important because some drugs are unable to kill
tumor-associated endothelial cells because these
cells express high levels of the drug transporter
P-glycoprotein (MDR-1). In fact, tumor endothe-
lial cells resulted to be resistant to drugs such as
monomethyl auristatin E [154]. Interestingly and
importantly, CD276 was found to be expressed at
the level of ECFCs, but not of MACs [158].
siRNA expression silencing experiments indi-
cated a role for CD276 in ECFCs, showing that
this protein promotes cell proliferation and
migration (by targeting the extracellular matrix)
but inhibits tube formation and exerts antiapop-
totic, antioxidant, and antisenescence function in
endothelial progenitor cells [158]. Additional
experiments supported the view that CD276
stimulates endothelial progenitor cell prolifera-
tion and inhibits their angiogenic activity.

CD276 is a potentially interesting target for
human cancer immunotherapy. Monoclonal anti-
bodies anti-CD276, conjugated or not with cyto-
toxic drugs, are under clinical evaluation [136].
In preclinical models, CD276-specific monoclo-
nal antibodies and antibody-drug conjugates dis-
played antitumor activity against CD276* tumor
cells in xenograft mouse models. Phase I clinical
studies showed a good safety profile
(NCT01099644, NCT02381314 and
NCT02982941). A recent dose I study showed an
interesting application of radiolabeled anti-
CD276 mAb by convection-enhanced delivery in
diffuse intrinsic pontine glioma [159].

Recent preclinical studies have shown the
consistent antitumor potential of chimeric anti-
gen receptor T cells (CAR-Ts) for targeting
CD276 in solid tumors. Thus, Du and coworkers
developed CAR-Ts for targeting CD276, which
effectively controlled tumor cell growth in vitro
and in orthoptic, metastatic, and patient-derived
xenograft models of pancreatic cancer, ovarian
cancer, and neuroblastoma [45]. Appropriate
4-1BB co-stimulation promotes lower PD-1
expression in B7-H3.CAR-Ts and superior anti-
tumor activity when targeting tumor cells, such
as pancreatic cancer, which constitutively express
PD-L1 [45]. Importantly, using mAbs that cross-
react with murine CD276, it was shown that B7-
H3.CAR-Ts control tumor growth in syngeneic
tumor model without any evident toxicity; this
lack of toxicity could be related to the observa-
tion that CD276 is expressed also in many nor-
mal tissues, but at a level significantly lower than
that observed in tumor cells and in tumor vascu-
lature [45]. Another recent study provided evi-
dence that B7-H3.CAR-Ts mediate significant
antitumor activity in vivo against various pediat-
ric tumors, including osteosarcoma, medullo-
blastoma, and Ewing sarcoma; the strong efficacy
of CAR-Ts in these tumor models is largely
related to the high surface target antigen density
on tumor tissues, including tumor vasculature,
with an activity diminished against target cells
that express low levels of CD276 [106].

CD276 targeting offers also the opportunity to
overcome the immunosuppressive effects of
tumor microenvironment and to enhance anti-
PD-1/PD-L1 immune checkpoint inhibitors in
cancer therapy in a model of metastatic lung can-
cer [14].

7.9  Conclusion

An increased understanding of the mechanisms
of vessel formation and their regulation in
tumors is strictly necessary to the development
of novel agents targeting tumor vasculature. The
investigation of neovascular processes observed
in various tumors indicates that the pathways to
neovascularization are complex and imply vari-



7 Endothelial Progenitors in the Tumor Microenvironment

105

ous cellular and molecular mechanisms. It is still
unclear which cells are at the source of newly
formed vessels in tumors. Growing evidences
indicate that the adult endothelium is heteroge-
neous and is composed by mature, transition,
and progenitor endothelial cells. Evidences lim-
ited to few tumors support the view that these
vascular-resident endothelial progenitors could
represent the cells of origin of tumor vascula-
ture. However, the understanding of the hetero-
geneity of endothelial cells is of recent
acquisition, and its application to the study of
tumor vasculature is very limited. Future studies
are strictly required to define the implications of
endothelial cell heterogeneity to the understand-
ing of the cellular origin of vessel network in
tumors.

Tumor neovascularization is a complex pro-
cess involving five different, in part interlinked,
pathways: vascular co-option, angiogenesis, vas-
culogenesis, vascular mimicry, and endothelial
cell transdifferentiation. This heterogeneity is
further amplified by phenomena of spatiotempo-
ral heterogeneity, implying that tumors may uti-
lize different mechanisms of vasculature
formation in a spatially variable and temporally
dynamic fashion. Angiogenesis was considered
the predominant pathway and is triggered by
hypoxia and by the release of hypoxia-regulated
growth factors pertaining to the VEGF family.
Thus, various agents targeting VEGF signaling
entered clinical use, such as antibodies targeting
VEGF (bevacizumab) or VEGF-R2 (ramuci-
rumab), a VEGF trap (aflibercept), and various
VEGF receptor tyrosine-kinase inhibitors (ninte-
danib, pazopanib, regorafenib, sorafenib, suni-
tinib, and vatalanib). The big hopes for the
therapeutic antitumor efficacy of antiangiogenic
drugs have been not fully met; these agents have
shown to improve the progression-free survival
and overall survival only in certain cancers,
including renal cell carcinoma, colorectal carci-
noma, and hepatocarcinoma; however, no
improvements in overall survival have been doc-
umented in patients with brain tumors, pancreatic
adenocarcinoma, prostate cancer, breast cancer,
and melanoma. Furthermore, biomarkers linked

to the evaluation of antiangiogenic effects, such
as MVD and VEGF levels, did not adequately
predict a response to antiangiogenic agents [81,
88, 142]. The reasons of tumor resistance to anti-
angiogenic growth factors are multiple and
involve stroma-driven mechanisms of drug resis-
tance and the production of angiogenic growth
factors different from VEGF [81, 88, 142].
However, growing evidences indicate that some
tumors are resistant because their tumor vascula-
ture is not dependent upon angiogenesis, but
upon nonangiogenic mechanisms such as vascu-
logenesis, vascular mimicry, or vascular co-
option [81, 88, 142].

No clinically validated predictive biomarkers
allow the identification of cancer patients who
have elevated probability to respond to antiangio-
genic therapies. Histopathology is probably the
best approach to distinguish between the various
pathways of tumor neovascularization and may
represent a precious tool in future studies for
stratification of patients for different types of
antiangiogenic therapy.

Recent studies suggest the existence of a pos-
sible therapeutic interaction between antiangio-
genic agents and cancer immunotherapy. This
approach was based on the observation that the
functionally aberrant tumor vasculature contrib-
utes to the immunosuppressive tumor microenvi-
ronment generating a physical barrier to T cells’
infiltration. This conclusion is supported by
experimental studies showing that anti-PD-1 ther-
apy sensitized and prolonged the efficacy of anti-
angiogenesis inhibitors and increased vessel
normalization [3, 78, 170]. The clinical rationale
of this approach is supported by recent results
obtained in clear cell renal cell carcinoma (RCC).
RCC is characterized by a hyperangiogenic state
related to the overproduction of VEGF, as a con-
sequence of the von Hippel-Lindau gene inactiva-
tion. VEGEF signaling targeting with bevacizumab
or sunitinib was effective in the majority of RCC
patients; however, the development of resistance
limits the impact of this therapy. A phase Il and a
phase III trials showed improved progression-free
survival for metastatic RCC patients treated with
atezolizumab (anti-PD-L1) plus bevacizumab
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compared to those treated with subutinib
(11.2 months versus 7.7 months) [110, 145].

Although at the moment the clinical impact of
antiangiogenic agents for cancer therapy is
limited, there is a reasonable hope that a better
understanding of the mechanisms leading to
tumor vascularization; the development of drugs
targeting vasculogenesis, vascular mimicry, and
vascular co-option; and a better stratification of
patients could consistently improve the antitumor
efficacy of this therapeutic approach in the future.
The development of these new antiangiogenic
treatments will meet the general philosophy pro-
posed by Jain in 2001 [75] that alleviating
hypoxia at the level of the tumor through a nor-
malization of tumor microenvironment may rep-
resent a general paradigm for improving cancer
treatment using conventional (chemotherapy or
radiotherapy) and novel therapy (targeted therapy
or immunotherapy) [108].
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