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Abstract: The vascular endothelial growth factor (VEGF) family members, VEGF-A, placenta
growth factor (PlGF), and to a lesser extent VEGF-B, play an essential role in tumor-associated
angiogenesis, tissue infiltration, and metastasis formation. Although VEGF-A can activate both
VEGFR-1 and VEGFR-2 membrane receptors, PlGF and VEGF-B exclusively interact with VEGFR-1.
Differently from VEGFR-2, which is involved both in physiological and pathological angiogenesis,
in the adult VEGFR-1 is required only for pathological angiogenesis. Besides this role in tumor
endothelium, ligand-mediated stimulation of VEGFR-1 expressed in tumor cells may directly induce
cell chemotaxis and extracellular matrix invasion. Furthermore, VEGFR-1 activation in myeloid
progenitors and tumor-associated macrophages favors cancer immune escape through the release
of immunosuppressive cytokines. These properties have prompted a number of preclinical and
clinical studies to analyze VEGFR-1 involvement in the metastatic process. The aim of the present
review is to highlight the contribution of VEGFs/VEGFR-1 signaling in the progression of different
tumor types and to provide an overview of the therapeutic approaches targeting VEGFR-1 currently
under investigation.

Keywords: angiogenesis; VEGFR-1; Flt-1; PlGF; VEGF-A; cancer; metastasis; immune
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1. Introduction

The evolution of numerous types of cancer is associated with the transition to the invasive phase,
with the so-called angiogenic switch and metastatic spreading. The process of formation and growth
of new blood vessels from pre-existing vessels implies complex communications between tumor cells,
endothelial cells and extracellular matrix (ECM) components and secretion of a variety of growth
factors. Among the proteins secreted by cancer cells or by cells of the tumor microenvironment that
stimulate blood vessel formation, the vascular endothelial growth factors (VEGFs) play a key role in
several tumors [1–3].

Members of the human VEGF family comprise VEGF-A, -B, -C, -D, and placenta growth factor
(PlGF). In particular, VEGF-A, the first angiogenic factor identified, is critical not only for pathological
angiogenesis and consequent tumor cell dissemination, but also for physiological angiogenic processes,
such as embryonic vascular development, skeletal morphogenesis and growth, post-natal angiogenesis,
as well as tissue repair and reproductive functions in the adult. Mice lacking even a single VEGF-A allele
exhibit impaired development of early vasculature and die at E11-E12 [4]. PlGF, the second discovered
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member of the VEGF family, named after its cloning from a human placental cDNA library [5,6],
is instead dispensable for normal development and physiological angiogenesis processes. Indeed,
PlGF-deficient mice do not show phenotypic abnormalities; conversely, PlGF is involved in several
diseases associated with pathological angiogenesis, including cancer [7,8]. VEGF-B has been involved
in inflammatory angiogenesis [9] since knockout mice exhibit reduced inflammation and angiogenesis
in collagen-induced models of arthritis. Differently from VEGF-A and VEGF-B [10,11], for which
several isoforms are produced through alternative mRNA splicing, the various VEGF-C and VEGF-D
forms derive from the proteolytic cleavage of their precursors [12,13]. VEGF-C is highly expressed
during the embryo development in regions where lymphatic vessels are formed and decreases with
age in most tissues, except in the lymph nodes [14]. Consistently, mice lacking both VEGF-C alleles
do not develop lymphatic vessels and embryos die for tissue edema [15,16]. VEGF-D is mainly
expressed in the lung and the skin during embryogenesis and plays a role in angiogenesis as well as in
lymphangiogenesis [16]. In tumors, VEGF-D promotes the growth of lymphatic vessels and lymphatic
metastasis [17].

The members of the VEGF family exert their functions by binding and activating membrane
receptors that exhibit tyrosine-kinase activity (RTKs), including vascular endothelial growth factor
receptor 1 (VEGFR-1/Flt-1), VEGFR-2 (KDR/Flk-1), and VEGFR-3 (Flt-4) [18,19] (Figure 1). All VEGFRs
contain seven immunoglobulin (Ig) homology domains, which comprise the ligand-binding site,
and an intracellular region endowed with tyrosine kinase (TK) activity, which transduces the signal.
In blood vascular endothelial cells, VEGF-A signaling is mainly mediated by the activation of
VEGFR-2 [20]. The VEGF-A also interacts with VEGFR-1; conversely, PlGF and VEGF-B exclusively
bind to VEGFR-1 [21,22]. Due to its relatively weak kinase activity, VEGFR-1 was initially considered an
inhibitory receptor of VEGF-A, which prevented its binding to VEGFR-2. However, PlGF/VEGFR-1 and
VEGF-A/VEGFR-1 signaling pathways were later found to be responsible for the neovessel formation
associated with a variety of pathologies, including cancer [23–25]. The VEGFR-1 is also secreted in
the ECM as a soluble isoform (sVEGFR-1), which derives from alternative splicing of the VEGFR-1
mRNA [26]. The sVEGFR-1 comprises the ligand-binding domain of the membrane protein and
acts as a decoy receptor of VEGF-A, VEGF-B, and PlGF, due to its ability to sequester these ligands.
Moreover, the sVEGFR-1 can interact with VEGFR-2, thus blocking its activity. Therefore, the sVEGFR-1
exerts antiangiogenic, anti-edema, and anti-inflammatory activities, and its dysregulation has been
associated with different pathological processes. For example, the expression of sVEGFR-1 by epithelial
cells contributes to the corneal avascularity and its transfection in lacrimal glands has been shown
to prevent the pathological corneal neovascularization [27,28]; the pathogenesis of pre-eclampsia,
typically occurring in the last trimester of pregnancy, has been related to sVEGFR-1 production by
placenta and subsequent neutralization of VEGF-A and PlGF signaling [29,30]; a low sVEGFR-1 to
VEGF-A ratio has been correlated with higher tumor malignancy/invasiveness and poor patients’
survival [31–37]. The sVEGFR-1 may also play a proangiogenic and protumoral action by activation of
β1 integrin, which results in stimulation of endothelial cell adhesion and chemotaxis [38–40].
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Figure 1. VEGF family members and their receptors. VEGF-A proangiogenic signaling is mediated 
via interaction with VEGFR-2 or VEGFR-1. The soluble VEGFR-1 form (sVEGFR-1) functions as a 
decoy receptor, preventing membrane receptor activation. VEGF-B and PlGF only bind to VEGFR-1, 
playing a key role in pathological angiogenesis and inflammation. Furthermore, VEGFR-1 activation 
contributes to the recruitment of tumor-associated macrophages (TAMs) and cancer immune escape. 
VEGFR-1 and VEGFR-2 activation in tumor cells directly stimulates migration and extracellular 
matrix (ECM) invasion. VEGF-C and VEGF-D mainly activate VEGFR-3, which is required for 
developmental and pathological lymphangiogenesis. The VEGF-E, a selective VEGFR-2 ligand, and 
VEGF-F, a VEGFR-1 and VEGFR-2 ligand, have been omitted from the drawing; VEGF-E is a VEGF 
homolog of viral origin and VEGF-F is a snake venom VEGF. 

By contrast, VEGF-C and VEGF-D activate VEGFR-3, a receptor endowed with an important role 
both in physiological and pathological lymphangiogenesis, and are involved in tumor progression 
[16,41]. In solid tumors, activation of the VEGF-C/VEGFR-3 or VEGF-D/VEGFR-3 pathways in 
lymphatic endothelial cells participates in tumor spreading, thanks to the formation of new lymphatic 
vessels around and within the tumor mass [41,42]. In hematological malignancies, the VEGF-
C/VEGFR-3 axis promotes cancer cell proliferation and resistance to chemotherapy [42]. VEGF-D can 
also induce dilation of collecting lymphatic vessels, which favors the transport of tumor cells through 
the lymphatic network, by a mechanism requiring prostaglandin synthesis [43]. Moreover, both 
VEGF-C and VEGF-D may also promote angiogenesis due to activation of VEGFR-2. 

Ligand binding induces changes in the VEGFRs transmembrane domain conformation, thereby 
stimulating receptor homodimerization, activation, and autophosphorylation [44]. Not surprisingly, 
recently developed antibodies, aimed at therapeutically modulating VEGFRs activity, block their 
homotypic interactions, and hence their activation [45,46]. 

Several co-receptors that modulate the VEGFR signaling have also been identified. The 
semaphorin receptor neuropilin-1 (NRP-1) is an example of VEGFR-1/-2 co-receptor that regulates 
VEGF-A-mediated endothelial permeability by regulating receptor phosphorylation and 
downstream signaling [47–49], whereas NRP-2 is a co-receptor for VEGFR-3, participating in the 
development and organization of the lymphatic vascular network [50] (Figure 1). Even in the absence 
of RTK family members, NRP-1 is able to respond to different signals, among which PlGF, and to 

Figure 1. VEGF family members and their receptors. VEGF-A proangiogenic signaling is mediated via
interaction with VEGFR-2 or VEGFR-1. The soluble VEGFR-1 form (sVEGFR-1) functions as a decoy
receptor, preventing membrane receptor activation. VEGF-B and PlGF only bind to VEGFR-1, playing a
key role in pathological angiogenesis and inflammation. Furthermore, VEGFR-1 activation contributes
to the recruitment of tumor-associated macrophages (TAMs) and cancer immune escape. VEGFR-1
and VEGFR-2 activation in tumor cells directly stimulates migration and extracellular matrix (ECM)
invasion. VEGF-C and VEGF-D mainly activate VEGFR-3, which is required for developmental and
pathological lymphangiogenesis. The VEGF-E, a selective VEGFR-2 ligand, and VEGF-F, a VEGFR-1
and VEGFR-2 ligand, have been omitted from the drawing; VEGF-E is a VEGF homolog of viral origin
and VEGF-F is a snake venom VEGF.

By contrast, VEGF-C and VEGF-D activate VEGFR-3, a receptor endowed with an important
role both in physiological and pathological lymphangiogenesis, and are involved in tumor
progression [16,41]. In solid tumors, activation of the VEGF-C/VEGFR-3 or VEGF-D/VEGFR-3 pathways
in lymphatic endothelial cells participates in tumor spreading, thanks to the formation of new lymphatic
vessels around and within the tumor mass [41,42]. In hematological malignancies, the VEGF-C/VEGFR-3
axis promotes cancer cell proliferation and resistance to chemotherapy [42]. VEGF-D can also induce
dilation of collecting lymphatic vessels, which favors the transport of tumor cells through the lymphatic
network, by a mechanism requiring prostaglandin synthesis [43]. Moreover, both VEGF-C and VEGF-D
may also promote angiogenesis due to activation of VEGFR-2.

Ligand binding induces changes in the VEGFRs transmembrane domain conformation, thereby
stimulating receptor homodimerization, activation, and autophosphorylation [44]. Not surprisingly,
recently developed antibodies, aimed at therapeutically modulating VEGFRs activity, block their
homotypic interactions, and hence their activation [45,46].

Several co-receptors that modulate the VEGFR signaling have also been identified. The semaphorin
receptor neuropilin-1 (NRP-1) is an example of VEGFR-1/-2 co-receptor that regulates VEGF-A-mediated
endothelial permeability by regulating receptor phosphorylation and downstream signaling [47–49],
whereas NRP-2 is a co-receptor for VEGFR-3, participating in the development and organization of
the lymphatic vascular network [50] (Figure 1). Even in the absence of RTK family members, NRP-1
is able to respond to different signals, among which PlGF, and to activate downstream signaling
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pathways which eventually promote cell survival, proliferation, motility, and angiogenesis, both in
non-malignant and malignant contexts [51–55].

2. Role of VEGFR-1 and its Ligands in Tumor Progression

The VEGF/VEGFR signaling pathway is upregulated in many types of cancers, contributing
to uncontrolled angiogenesis and metastatic spreading. As the tumor mass increases in size and
the oxygen availability decreases, the tumor itself or stromal cells of the tumor microenvironment
produce proangiogenic factors, which induce endothelial cells to proliferate and migrate. This results
in the formation of new vessels that deliver oxygen and nutrients to tumor cells. Not surprisingly,
the hypoxia-inducible factor-α (HIF-1α), a transcription factor specifically activated when oxygen
levels decrease, controls VEGF-A gene transcription. The new blood vessels also provide an excellent
route through which tumor cells can generate metastases. However, the new vasculature originated
by tumor-released VEGF-A is usually structurally and functionally abnormal [56–58]. The excessive
production of VEGF-A by hypoxic tumor cells is responsible for the generation of chaotically organized
tumor vessels, with an irregular and tortuous appearance, instead of the hierarchical structural
organization normally found in non-cancerous vascular networks [59]. Besides hypoxia, inflammation
is another condition that contributes to cancer progression via VEGFs/VEGFRs signaling. Activated
lymphocytes and other cells of the immune compartment infiltrating the tumor may release VEGF-A
and inflammatory cytokines able to increase HIF-1α and consequently VEGF-A synthesis [60–63].

As expected, VEGF-A overexpression frequently correlates not only with enhanced cancer
invasiveness, but also with a high risk of tumor recurrence and unfavorable prognosis [64]. On this basis,
inhibition of the VEGF-A/VEGFRs signaling represents a widely used approach for cancer treatment
through the use of the anti-VEGF-A and anti-VEGFR-2 monoclonal antibodies (mAbs) bevacizumab
and ramucirumab, respectively; the chimeric molecule ziv-aflibercept; or a number of multi-targeted
small-molecule TK inhibitors [65,66]. Unfortunately, agents that hamper VEGF-A/VEGFR-2 signal
transduction also inhibit physiological angiogenesis and produce severe systemic adverse effects.
Conversely, the selective targeting of VEGFR-1 signal transduction or VEGFR-1 exclusive ligands (i.e.,
PlGF or VEGF-B) might represent a suitable approach to impair tumor-associated vessel formation.
In fact, PlGF and VEGFR-1 are overexpressed in several tumor types and contribute to ECM invasion and
resistance to anti-VEGF-A therapies. Importantly, as VEGFR-1 plays a critical role in tumor-associated
angiogenesis but not in physiological angiogenesis, VEGFR-1-blocking therapies are expected to
cause less adverse effects than molecules targeting VEGFR-2 [66,67]. The levels of sVEGFR-1 also
seem to play a significant role in cancer progression: in several cancer types, the VEGF-A/sVEGFR-1
ratio detected in tumor tissue, serum or plasma samples, has been shown to correlate with disease
aggressiveness, malignancy grade, survival and response to the therapy [31–35]. In regard to VEGF-B,
ectopic expression of the growth factor in pancreatic β-cells of transgenic mice prevented the formation
of neuroendocrine tumors likely displacing VEGF-A or PlGF from VEGFR-1 [68]. More recently,
VEGF-B was found to significantly induce remodeling of the tumor microvasculature, which creates
highly permissive conditions for tumor cell invasion and metastasis, in a VEGF-A independent
manner [69]. Overall, its role on tumor progression is less well-established than that of VEGF-A or
PlGF and data on its involvement in cancer aggressiveness and metastasis have been reported only in
certain cancer types (see below).

Inhibition of angiogenesis and metastasis formation is not the only effect deriving from the
blockade of VEGF-A or PlGF signaling. Actually, several reports have demonstrated that, in addition
to the promotion of angiogenesis and tumor invasive behavior, VEGF-A and PlGF are endowed
with immunosuppressive properties, as they affect the function of immune cells [70,71]. Therefore,
by inhibiting VEGF-A or PlGF signaling, it is possible to reduce the risk of tumor immune escape.
High plasma levels of VEGF-A in cancer patients were found to correlate with a reduced maturation of
dendritic cells (DCs), causing impaired differentiation of effector T and natural killer (NK) cells [72].
In particular, VEGF-A, via the VEGFR-1 signaling, prevented the activation of the transcription
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factor nuclear factor-κB (NF-κB) and the normal DCs differentiation. Through the activation of
VEGFR-1, VEGF-A and PlGF are also able to recruit monocytes/macrophages and to promote the
development of tumor-associated macrophages (TAMs), an immune cell population which contributes
to tumor-induced inflammation, growth, invasion, and metastases [73–78].

In the following sections, we summarize the experimental evidence supporting a role for VEGFR-1
and its ligands on the progression and metastatic potential of different tumor types.

2.1. Lung Cancer

Lung cancer is the most frequent cancer and the leading cause of cancer-related deaths.
Eighty-five percent of total lung malignancies are represented by non-small-cell lung cancer (NSCLC),
a difficult-to-treat disease, due to the high frequency of metastasis formation. By lymphatic as well as
blood vessels, NSCLC mainly metastasizes in the bone. The brain, liver, and adrenal glands represent
other preferential metastatic sites [79,80]. Tumor-associated angiogenesis has been implicated in NSCLC
progression and the role of VEGF-A in this context has been extensively reviewed elsewhere [81].
The anti-VEGF-A bevacizumab is the standard regimen for advanced/metastatic non-squamous NSCLC
in the first-line setting, in combination with platinum-based chemotherapy [82]. Interestingly, patients
with higher expression levels of VEGF-A, VEGFR-1, and VEGFR-2 in the tumor showed a markedly
shorter survival time, compared with patients exhibiting low VEGF-A levels or only expressing one
receptor type. Therefore, these three factors were proposed as prognostic markers for NSCLC cancer
patients [83].

NSCLC is often associated with a hypoxic environment leading to HIF-1α overexpression [84],
and HIF-1α knockdown in the NCI-H157 lung carcinoma cell line has been shown to reduce VEGF-A
expression and cell invasiveness [85]. Several microRNAs (miRNAs) were also reported to modulate
VEGF-A expression and to be downregulated in lung cancer cell lines. In particular, miR-126, miR-497,
MiR-206, miR-29c, miR-135a, and miR-195 expression inversely correlated with VEGF-A production
in different lung cancer cell lines or in patients’ tumor samples [86–91]. Moreover, interleukin-17
(IL-17) was found to stimulate NSCLC-associated angiogenesis by augmenting the secretion of various
angiogenic factors. In particular, IL-17 seemed to induce VEGF-A gene transcription by activating the
signal transducer and activator of transcription 3 (STAT3)/Gα-Interacting Vesicle-associated protein
(GIV) signaling pathway [92]. Furthermore, an autocrine loop has been identified in NSCLC, in which
tumor-derived VEGF-A induces the secretion of VEGF-A itself and other proangiogenic factors, an
effect mediated by the phosphatidylinositol-3-kinase (PI3K)/Protein Kinase B (AKT), RAS/extracellular
signal-regulated kinase (ERK), and STAT3 signaling pathways [81]. The VEGF-A165 was found to
regulate the expression of the sVEGFR1-i13 splice variant of sVEGFR-1 in squamous lung carcinoma
cells through (sex-determining region Y (SRY)-Box2) (SOX2) and serine-arginine-rich splicing factor 2
(SRSF2) proteins [93]. The sVEGFR-1-i13 splice variant was reported to increase during treatment with
antiangiogenic therapies and to contribute to the progression of squamous lung carcinoma [93]. In fact,
besides acting as inhibitor of angiogenesis, this sVEGFR-1 variant is a component of the ECM that
binds to the α5β1 integrin and stimulates the adhesion and migration of endothelial cells [38,94].

Besides VEGF-A, also PlGF resulted to be overexpressed in NSCLC specimens when compared
with paired non-cancer tissues. In particular, higher PlGF expression was detected in tumor samples
collected from patients with distal metastases compared to patients lacking metastases and was
associated with poor survival. Moreover, overexpression of PlGF was found to correlate with increased
cell invasiveness and enhanced expression of matrix metalloproteinase 9 (MMP9), which induces ECM
degradation. Consistently, inhibition of PlGF by a small short hairpin interfering RNA decreased
the levels of MMP9 and tumor invasiveness. Suppression of mitogen-activated protein kinases
(MAPK)-p38 levels abolished the effect of PlGF on MMP9 expression, thus identifying the signaling
pathway involved in such effect [95]. High PlGF levels were also associated with induction of the
splicing regulatory factor SRp40 and with an increased ratio between the proangiogenic (VEGF-A165)
and the antiangiogenic (VEGF-A165b) isoforms of VEGF-A. These data suggest that PlGF might increase
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NSCLC metastases through SRp40-mediated splicing of the VEGF-A mRNA [96]. In a transwell-based
co-culture model, PlGF secreted by NSCLC cells also induced macrophage polarization to TAM,
by stimulating the membrane VEGFR-1 expressed by these cells, which in turn favors the growth
and invasive potential of the tumor. Therefore, the cross-talk between TAMs and NSCLC cells via
PlGF/VEGFR-1 interaction is another mechanism responsible for disease progression [78]. Furthermore,
the VEGFR-1 relevance to NSCLC aggressiveness was confirmed by the observation that patients with
squamous cell carcinoma and high VEGF-B expression showed poorer survival compared to those
with low VEGF-B expression [69].

Small-cell lung cancer (SCLC) accounts for approximately 15% of all lung cancer cases and mainly
metastasizes to the liver [80,97]. Like NSCLC, SCLC is also characterized by the overexpression of several
VEGF family members and poor outcomes. In particular, VEGF-A levels have been demonstrated to
directly correlate with the microvessel density. Consistently, the combination of angiogenesis inhibitors,
like bevacizumab or ziv-aflibercept, with traditional chemotherapy, significantly improved the overall
response rate (ORR) and progression-free survival (PFS) of patients with SCLC [98].

Malignant pleural mesothelioma is an extremely aggressive tumor, which easily spreads locally to
the nearby structures as well to distant sites [99]. A semiquantitative analysis of PlGF, VEGFR-1, NRP-1,
and NRP-2 levels in this tumor, performed by immunohistochemistry on tumor specimens from patients
undergoing extrapleural pneumonectomy, showed that the four factors were specifically overexpressed
in mesothelioma [100]. Similar results were obtained by western blot and immunohistochemistry
analyses of malignant mesothelioma cell lines and tissue samples, respectively. Cell treatment with an
anti-human PlGF antibody decreased mesothelioma cell survival [101]. Furthermore, PlGF expression
inversely correlated with patient survival, but it did not correlate with the tumor stage [100].

Finally, the lung is often the site of spreading of several other metastatic cancers. Bone
marrow-derived cells (BMDCs), which are known to express VEGFR-1, are mobilized in response to
cytokines produced by the primary tumor and form “pre-metastatic niches” in the lung, even before
the arrival of cancer cells [102]. Blockade of VEGFR-1 activity in tumor-bearing mice (subcutaneously
injected with murine Lewis lung carcinoma or B16 melanoma cells) by intraperitoneal treatment with
the anti-murine VEGFR-1 mAb MF-1, did not affect the number of BMDCs in the pre-metastatic
lung. The same result was obtained in mice exhibiting a genetic deletion of the VEGFR-1 TK domain.
Nevertheless, after metastatic nodule formation, VEGFR-1 blockade led to a decrease of BMDCs
infiltration inside and around the metastatic nodules. Thus, VEGFR-1 activity is dispensable for the
formation of metastatic tumor nodules in the pre-metastatic lungs but is required for the subsequent
BMDCs infiltration that is essential for the growth of metastatic nodules [103].

2.2. Liver Cancer

Primary liver cancer includes hepatocellualar carcinoma and cholangiocarcinoma, which derive
from hepatocytes and the intrahepatic bile duct epithelium, respectively. These tumors represent a
leading cause of cancer-related deaths worldwide.

Hepatocellular carcinoma represents 80% of primary liver cancer, which is the sixth most frequent
type of cancer. Among extrahepatic metastatic sites, the lung is commonly involved, followed by
lymph nodes, bone, and adrenal glands [104]. Hepatocellular carcinoma is a hypervascularized
cancer type, and dysregulation of several angiogenic pathways, including those activated by the
VEGF family members, has been involved in the development and progression of this tumor [105].
In fact, in patients with hepatocellular carcinoma high circulating VEGF-A levels have been reported
that correlated with tumor angiogenesis and reduced survival and were considered independent
predictors of survival [106–109]. Moreover, the VEGF-B186 isoform resulted to be more frequently
upregulated compared to the VEGF-B167 one and its expression correlated with tumor growth and
invasiveness [110]. Low expression of the miR-199a-3p reported in hepatocellular carcinoma and
other tumor types has been suggested to contribute to angiogenesis and disease progression. In fact,
miR-199a-3p was found to reduce the VEGF-A secretion by cancer cells and the expression of VEGFR-1
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and VEGFR-2 on endothelial cells [111]. Restoration of miR-199a-3p in human hepatocellular carcinoma
cells reduced their in vivo tumorigenic and metastatic potential [111].

The involvement of PlGF in liver tumorigenesis has been demonstrated in chemically-induced and
transgenic mouse models of hepatocellular carcinoma by PlGF silencing or pharmacological inhibition
using the murine anti-PlGF 5D11D4 mAb [112,113]. PlGF blockade resulted in normalization of
tumor-associated vessels, reduced tumor nodule formation in the liver, and increased animal survival.
Similar findings were obtained in chemically-induced hepatocellular and cholangiocarcinoma in vivo
models, where treatment with the 5D11D4 mAb decreased tumor burden and infiltration by protumoral
M2 cells [114].

Furthermore, VEGFR-1 activation by VEGF-B caused the typical molecular and morphological
alterations of the epithelial/mesenchymal transition (EMT), which facilitated cell migration and ECM
invasion. Blockade of the receptor by the neutralizing anti-VEGFR-1 IMC-18F1 mAb counteracted EMT
induction [115]. A dual mechanism has been identified through which VEGF-B-induced activation
of VEGFR-1 enhances cell migration and invasion: stimulation of MMP9 signaling and increased
expression of the EMT zinc-finger regulator Snail. Furthermore, as patients with the worst clinical
outcome showed higher expression of VEGFR-1 or coexpression of VEGFR-1 and MMP9 in the tumor
than in peritumoral tissues, VEGFR-1 has been proposed as a prognostic marker for hepatocellular
carcinoma [116–118].

In human cholangiocarcinoma, VEGF-A expression was associated with angiogenesis, metastasis
and tumor recurrence [119]. High VEGF-A levels in human cholangiocarcinoma tissues have been
correlated to a marked decrease of miR-101, a miRNA that directly targets VEGF-A mRNA and
represses VEGF-A gene transcription by inhibiting cyclooxygenase-2 (COX-2) and prostaglandin E [120].
The antiangiogenic/tumor suppressive activity of miR-101 was confirmed by in vivo experiments in
xenograft models of cholangiocarcinoma showing that overexpression of this miRNA in CCLP1 and
HuCCT1 cell lines markedly inhibited tumor growth and progression [120].

High VEGF-A expression was also detected in gallbladder carcinoma, the most common
malignancy of the biliary tract, where it correlated with histological tumor grade and TNM (tumor,
node, metastasis) staging [121,122]. In this tumor type, PlGF was also overexpressed and stimulated
EMT through c-MYC upregulation and consequent induction of miR-19a, a miRNA which plays
an important role in gallbladder metastasis and stemness. Consistently, patients with high PlGF
and miR-19a levels in the tumor showed a shorter overall survival (OS) than patients with low
expression [123].

Liver is also the most frequent site of metastases from solid tumors. VEGFR-1 has been reported
to be required for the vascularization of liver metastases from renal cell carcinoma (RCC), whereas it
was dispensable for lung metastases [124]. In fact, blockade of VEGFR-1 by the MF-1 mAb in syngeneic
murine RCC models induced 31% reduction in the growth of liver metastases, whereas blockade of
VEGFR-2 had minimal effects. In the case of metastases from colon carcinoma, only the neutralization
of both VEGFR-1 and VEGFR-2 was able to decrease the size of liver metastasis [124]. A possible
mechanism responsible for the more prominent role of VEGFR-1 in liver metastasis formation compared
to VEGFR-2 could be the different receptor ability to stimulate STAT3 signaling. Indeed, VEGR-1
activation by PlGF stimulated this pathway more in liver endothelial than in lung endothelial cells,
whereas selective VEGFR-2 activation had the opposite effect [124]. In this regard, note that STAT3
signaling has been identified as one of the molecular mechanisms involved in the establishment of
pro-metastatic niches in the liver [125]. Furthermore, it has been hypothesized that the recruitment of
VEGFR-1 positive BMDCs might differ between lung and liver metastases.

2.3. Kidney Cancer

Kidney cancer accounts for 4% of all cancer types occurring in the adults and is the 7th and 10th
most common cancer in men and women, respectively [126]. Approximately ninety percent of cases
are represented by RCC, one of the most common metastatic tumors. RCC usually metastasizes to the
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lung, bone, lymph nodes, liver, adrenal gland, and brain [127]. Clear-cell renal cell carcinoma (ccRCC)
is the most common histological type and the most aggressive and death-inducing form of RCC, with
metastasis occurring in one third of newly diagnosed cases [127].

Angiogenesis plays a pivotal role in the development and progression of kidney cancer. The ccRCC
is characterized by mutations or epigenetic inactivation of the von Hippel–Lindau (VHL) tumor suppressor
gene, which are considered to play a key role in VEGF-A overexpression. The VHL gene encodes
for the E3 ubiquitin ligase that interacts with HIF-1α under oxygenated conditions, targeting it for
polyubiquitination and proteasomal degradation (seminal discovery of the 2019 Nobel laureates in
Physiology or Medicine William G. Kaelin Jr. and Peter J. Ratcliffe) [128,129]. In hypoxic conditions,
HIF-1α does not bind to VHL protein and is not degraded. Thus, in the presence of low expression
or dysfunctional VHL, the HIF-1α accumulates and activates a number of hypoxia-driven genes,
including VEGF-A.

Several single nucleotide polymorphisms identified in the VEGF gene have been reported to be
associated with RCC risk, tumor growth, and metastases [130–132]. In particular, two meta-analysis
studies indicated that the VEGF -2578C/A, +936C/T, and +405G/C polymorphisms correlated with
elevated risk of RCC, especially in the Asian populations [133,134].

Among the molecular mechanisms that regulate VEGF-A levels, the endoribonuclease Dicer,
which cleaves pre-miRNAs into mature miRNAs, was recently reported to inhibit the expression of
this angiogenic factor. In ccRCC, Dicer was significantly decreased compared to normal tissues and its
downregulation has been associated to poor prognosis and metastasis formation [135]. This effect has
been attributed to the ability of Dicer to significantly suppress the expression of VEGF-A and MMP2,
as demonstrated by in vitro and in vivo preclinical studies [135].

Compared to healthy renal tissues, RCC was found to express higher levels not only of VEGF-A but
also of VEGFR-1. Conversely, no difference in VEGFR-2 expression was detected between epithelial or
stromal compartments of tumoral and non-tumoral kidney sites. VEGF-A protein levels were associated
with tumor size, tumor grade, and metastasis at diagnosis [136]. Another study demonstrated a
concomitant higher expression of VEGF-B and VEGFR-1 mRNA in RCC tissues compared with normal
kidney tissues, whereas no variation was detected in VEGF-C and VEGFR-3 [137].

Tumor infiltration by BMDC expressing VEGFR-1 may contribute to the neovessel formation and
immune escape in RCC [138]. In fact, orthotopic inoculation of the human RCC Caki-1 cell line into
nude mice induced an increase of VEGFR-1+/CD11b+ myeloid cells in the peripheral blood, which
was abrogated by the administration of the anti-VEGF-A mAb bevacizumab. VEGFR-1 positive cells
were also detected in the peripheral blood and tumor tissues of patients with metastatic RCC [138].
The induction of VEGFR-1 expression in myeloid cells was also observed in vitro by exposing bone
marrow cells or myeloid cells to tumor-conditioned medium or oxidative stress, respectively. Induction
of oxidative stress in myeloid cells resulted in the acquisition of an immunosuppressive phenotype,
as demonstrated by the ability of these cells to inhibit T lymphocyte proliferation [138]. Therefore,
it can be hypothesized that the increased VEGF-A levels in the serum of patients with metastatic RCC
favors the recruitment at the tumor site of VEGFR-1 positive immunosuppressive myeloid cells which
contribute to immune escape and neoangiogenesis.

In regard to PlGF, the plasma concentrations of this VEGFR-1 ligand have been reported to increase
in patients with RCC after treatment with the multi-targeted RTK inhibitor sunitinib, suggesting a
correlation with angiogenic rescue and resistance to antiangiogenic therapies [139]. However, PlGF
neutralization by the TB403 mAb did not inhibit the growth of sunitinib-resistant ccRCC xenografts,
which did not express VEGFR-1 [140].

2.4. Glioblastoma

Glioblastoma is the most aggressive primary malignant brain tumor, with a median survival
of approximately 10 months [141]. It can be classified as primary (de novo) or secondary when
glioblastoma derives from low-grade tumors [142]. Given the short survival of patients, there is not
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enough time to develop metastases. Although extracranial metastases are rare, most documented cases
involve leptomeningeal spreading to the spinal cord; but metastases to the liver, skin, spleen, lung,
peritoneum, and lymph nodes may also occur [143].

Studies performed in patients indicate that VEGFR-1 is more expressed in high-grade gliomas than
in low-grade gliomas [144]. Consistently, glioblastoma specimens and primary cultures of tumor stem
cells were found to express VEGFR-1 [145,146]. Jiang et al. demonstrated that VEGFR-1 overexpression
increases in vitro and in vivo glioma growth via modulation of the Sonic Hedgehog Homolog (SHH)
signaling pathway [147]. VEGFR-1 activation also influences glioblastoma cell migration and ECM
invasion. In particular, in U87, LN18, and A172 human glioblastoma cell lines, VEGFR-1 stimulation
by both PlGF and VEGF-A resulted in VEGFR-1 phosphorylation at Tyr 1213, followed by downstream
phosphorylation of ERK1/2, increased chemotaxis and invasiveness [145]. In vitro treatment with the
anti-VEGFR-1 D16F7 mAb markedly inhibited receptor autophosphorylation and ERK1/2 activation
and reduced glioblastoma cell invasive behavior [145]. In vivo studies in glioblastoma murine
models indicated that D16F7 was well-tolerated and confirmed its promising therapeutic potential,
as the mAb induced a decrease in glioma growth and angiogenesis, as well as an increase in mice
survival. In particular, the efficacy of D16F7 mAb was tested in heterotopic (intramuscular) and
orthotopic (intracranial) models using rat C6 glioma sublines, transfected to overexpress VEGFR-1.
In the heterotopic intramuscular model, treatment with D16F7 reduced tumor growth and in the
orthotopic intracranial model the mAb increased animal survival by 40% and 65% at 10 and 20 mg/kg,
respectively, with a remarkable percentage (46%) of long-term survivors at the higher dose. Additionally,
immunohistochemical analysis of tumor sections from D16F7-treated animals showed a higher number
of apoptotic cells and fewer blood vessels compared to untreated mice [148].

Of interest, glioblastoma was reported to express higher sVEGFR-1 and VEGF-A levels, compared
to low-grade gliomas, and a low sVEGFR-1/VEGF-A ratio has been correlated with higher tumor
aggressiveness [31]. Although VEGF-A is important in the switch from low-grade glioma to highly
vascularized glioma, the upregulation of sVEGFR-1 in glioblastoma seems a contradiction, given
its inhibitory role in angiogenesis. However, the sVEGFR-1/VEGF-A ratio detected in glioblastoma
was 2.6-fold lower than in diffuse astrocytoma and thus likely sufficient to induce a shift towards
angiogenesis [31].

Glioblastoma-associated microglia/macrophages (GAMs) represent the largest amount of
tumor-infiltrating cells and are known to exert protumoral and proangiogenic effects and contribute to
bevacizumab resistance [149]. Actually, high VEGF-A levels were reported to down-modulate VEGFR-2
in GAMs and to reduce the infiltration of microglia/macrophages in the tumor mass by approximately
50% [150]. In patients who experienced tumor progression during bevacizumab therapy, an increase
of GAMs was observed, which correlated with poor survival [151–153]. Therefore, bevacizumab
should be combined with therapies targeting GAMs to prevent their expansion. In this regard, by
analyzing surgical specimens collected from glioblastoma patients, we recently demonstrated that
GAMs expressed VEGFR-1 and the percentage of VEGFR-1 positive GAMs was higher in the tumor
tissue than in the surrounding parenchyma [154]. Thus, VEGFR-1 targeting might synergize with
anti-VEGF-A therapies counteracting the rebound-proangiogenic effects mediated by GAMs and
delaying resistance development.

2.5. Melanoma

Melanoma is the most severe type of skin cancer whose incidence is increasing worldwide.
Although at an early stage melanoma can be cured by surgical resection, the prognosis of the
advanced/metastatic disease is extremely poor [155]. The most common sites of distant metastases are
the skin, lung, brain, liver, bone, and intestine. Brain metastases are diagnosed in up to 50% of patients
and are associated with a dismal outcome [156].

Melanoma cells have been found to expresses VEGFR-1 together with its ligands PlGF and
VEGF-A, and the resulting signaling is able to enhance tumor cell proliferation, chemotaxis, and
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ECM invasion [157,158]. In particular, VEGF-A and PlGF release was more frequently detected in
cell lines derived from metastatic melanomas than in those derived from primary tumors. Besides
VEGFR-1, also VEGFR-2, NRP-1, and NRP-2 were expressed in the majority of the melanoma cell
lines tested [157]. Cell lines secreting high VEGF-A levels and expressing VEGFR-1 and/or VEGFR-2
showed a spontaneous ECM invasion and inhibition of VEGFR-TK activity abrogated this property.
Interestingly, a difference was observed in ECM invasion between two melanoma cell clones which
differed in the expression of VEGFR-2, while having comparable levels of VEGFR-1: cells with higher
expression of VEGFR-2 were 8-fold more invasive, suggesting that VEGFR-2 plays a relevant role in
ECM invasion triggered by VEGF-A in melanoma cells [159].

Most melanoma cell lines derived from primary tumors or lymph node metastases presented
higher levels of sVEGFR-1 mRNA, in comparison to melanocytes or cell lines generated from cutaneous
metastases. The sVEGFR-1⁄VEGFR-1 transcripts ratio resulted decreased in cutaneous metastases
compared to primary melanomas, due to the reduced sVEGFR-1 expression. Therefore, it has been
suggested that sVEGFR-1 plays a dual role in the initial phases of melanoma progression: as a
soluble isoform regulating tumor cell invasiveness and as an ECM component, directly stimulating the
mobilization of endothelial and tumor cells [36].

Treatment of human (CR-Mel) and murine (B16F10) melanoma cells with the anti-VEGFR-1
D16F7 mAb strongly down-modulated the migration triggered by PlGF. Moreover, D16F7 inhibited
vasculogenic mimicry (i.e., the formation of tube-like structures, resembling blood vessels) by melanoma
cells in response to VEGF-A. In vivo studies performed in a syngeneic murine melanoma model (B16F10
cells injected in B6D2F1 mice) confirmed the efficacy of VEGFR-1 blockade by D16F7 and the good
tolerability of the treatment. After 16 days of treatment, mice showed a tumor volume inhibition
of 48.6% and 74.4% with 10 mg/kg and 20 mg/kg, respectively. Furthermore, immunohistochemical
analysis of melanoma sections from D16F7-treated animals showed a reduction of tumor infiltration by
monocytes/macrophages and a marked decrease of bone invasion by melanoma cells [160].

The upregulation of VEGFR-1 in melanoma also contributes to the development of resistance
to BRAF inhibitors (BRAFi). In fact, the expression of VEGFR-1 in melanoma cells resistant to the
BRAFi vemurafenib was higher than in their BRAFi-sensitive counterparts, whereas the transient
silencing of VEGFR-1 in resistant cells increased BRAFi sensitivity and in susceptible cells delayed
resistance development. Furthermore, vemurafenib-resistant melanoma cells expressing VEGFR-1
showed a higher invasive behavior, compared to melanoma cells susceptible to the BRAFi. Accordingly,
treatment with D16F7 markedly reduced ECM invasion by resistant cells in response to VEGF-A and
PlGF, suggesting that VEGFR-1 blockade in combination with the BRAFi might delay the acquisition
of a resistance phenotype [161].

Overexpression of PlGF in the B16-BL6 melanoma cell line intradermally injected in the skin of
transgenic mice stimulated tumor growth, vascularization, and metastatic spreading [162]. Moreover,
PlGF secretion by melanoma cells favored resistance to temozolomide through a mechanism involving
NF-κB. Indeed, PlGF silencing or inhibition of NF-κB restored melanoma cell sensitivity to the
chemotherapeutic agent [163] Finally, VEGF-B transcript levels in the tumor measured in a large cohort
of melanoma patients inversely correlated with survival [69].

2.6. Bone Cancer

Primary bone cancers are rare (0.2% of all cancer cases) and include osteosarcoma, chondrosarcoma,
and Ewing’s sarcoma [164]. Osteosarcoma is the most common primary bone tumor in childhood
and adolescence. Although it is a rare tumor, it accounts for ~6% of all cancer cases among patients
with less than 20 years of age and is the third most common malignancy in adolescence. In adults,
it represents < 1% of all newly diagnosed cancer types. Conversely, chondrosarcoma mainly affects
patients aged 40 to 70 years. Ewing sarcoma is the second most common tumor in children and
adolescents. Approximately 15–20% of osteosarcomas are metastatic at the time of diagnosis and
the metastatic or recurrent disease is associated with a very poor prognosis. The most common
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metastatic sites are the lungs (~90% of all cases), other bones, and lymph nodes [165,166]. In the case of
chondrosarcoma, skeletal and lung metastases are detected at diagnosis or within 12–18 months in the
case of dedifferentiated chondrosarcoma (10% of cases), whereas Ewing sarcoma has a high propensity
to metastasize to the lungs, bone and bone marrow [167–169].

In osteosarcoma patients, VEGF-A serum levels are increased and associate with enhanced vessel
density in the tumor and a decreased survival [170–172]. Moreover, a meta-analysis study performed
in a Chinese population reported a link between VEGF-A gene polymorphisms (VEGF +936C/T and
–634 G/C) and the risk of developing osteosarcoma [173].

In hypoxic conditions, VEGF-A expression is promoted by HIF-1α in U2-OS osteosarcoma cells,
and VEGF-A is able to stimulate tumor cell invasiveness. Indeed, HIF-1α and VEGF-A knockdown
decreased the invasive potential of Saos-2 and U2-OS osteosarcoma cell lines [174].

In regard to the involvement of VEGFR-1 in the VEGF-A-mediated effects on osteosarcoma
malignant behavior, a constitutive activation of an autocrine VEGF-A/VEGFR-1 signaling pathway was
reported in highly aggressive osteosarcoma [175]. The malignant potential was measured in terms of
growth rate and formation of spontaneous lung metastases in in vivo murine models. These findings
were obtained comparing aggressive murine and human osteosarcoma cell lines (K7M3 and 143B,
respectively) with their parental cell lines (K12 and TE85, respectively). In particular, the expression
of both VEGF-A and VEGFR-1 was more abundant in K7M3 and 143B cells than in K12 and TE85
cells. Conversely, VEGFR-2 expression was not detected in these osteosarcoma cell lines. To assess
the effect of VEGFR-1 expression on osteosarcoma growth in vivo, separated K7M3 subpopulations,
expressing high or low receptor levels, were injected into the mouse tibias. High VEGFR-1 expressing
K7M3 cells originated significantly larger tumors than low VEGFR-1 expressing cells. Consistently
with the in vitro data, tumors originated from high-VEGFR-1 K7M3 cells produced more VEGF-A than
low-VEGFR-1 cells [175].

The miR-134, whose expression is down-modulated in osteosarcoma tissues [176], was found to
attenuate the growth and neovessel formation in osteosarcoma by targeting the VEGF-A/VEGFR-1
signaling [177]. In human osteosarcoma, MG-63, U2-OS, and Saos-2 cells miR-134 levels were
significantly lower than in osteoblasts; on the other hand, miR-134 overexpression inhibited the
proliferation of tumor cells and significantly increased apoptosis. In addition, human umbilical vein
endothelial cells (HUVECs) cultured in conditioned medium from miR-134 overexpressing Saos-2
cells showed a significant inhibition of tube formation potential. When injected in BALB/c nude mice,
miR-134 stably expressing Saos-2 cells formed smaller and less vascularized tumors. Western blot
analysis indicated that VEGF-A and VEGFR-1 expression in the Saos-2/miR-134 tumors were lower
than those in the Saos-2/control tumors and a bioinformatic analysis validated these in vitro and in vivo
data, by indicating that the 3′-UTR regions of VEGF-A and VEGFR-1 transcripts contain the motif for
miR-134 binding [177].

MiR-1 is another miRNA significantly down-modulated in osteosarcoma tissues as well as in Saos-2
and U2-OS cell lines. U2-OS cells overexpressing miR-1 showed a significant suppression of tumor
growth and migration/invasion potential, in comparison to control cells. Also in this case, a luciferase
assay demonstrated that miR-1 directly inhibited VEGF-A expression at the post-transcriptional level,
by binding to its mRNA 3′-UTR region [178].

High VEGF-A levels, and, in particular, the VEGF-A165 isoform, were also reported in Ewing
sarcoma and appeared to contribute to stimulate the osteolytic process [179,180]. The mechanism
underlying this VEGF-A effect, consisted in the upregulation of the receptor activator of nuclear factor
kappa-B ligand (RANKL), whose interaction with RANK represents a well-known signaling pathway
stimulating osteoclastogenesis and bone resorption. Moreover, VEGF-A increased the recruitment in
the tumor of TAMs, which are capable of differentiating into osteoclasts and contribute to inflammation
and angiogenesis [181]. In fact, TAM infiltration is further enhanced by other cytokines released by
TAMs themselves and stimulate the release of VEGF-A by tumor cells. Consistently, in human Ewing
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sarcoma samples, TAM infiltration was associated with enhanced tumor vascularization and poor
OS [181].

In chondrosarcoma, VEGF-A expression was found to correlate with adiponectin expression and
tumor stage [182]. In this tumor type, the high expression of WNT1-inducible signaling pathway
protein-3 (WISP-3) stimulated angiogenesis by downregulating miR-452 that in turn is able to inhibit
the expression of VEGF-A [183].

2.7. Pancreatic Cancer

Pancreatic cancer is the fourth leading cause of cancer death, with 1-year and 5-year survival rates
of 25% and 5%, respectively. Ninety-five percent of cases occur within the exocrine portion of pancreas
and ductal adenocarcinoma accounts for ∼80% of all pancreatic cancers [184]. Approximately 50%
of patients are diagnosed with metastatic disease, and the liver is the most common metastatic site
followed by the lung and peritoneum, although metastases to the bone, adrenal gland, and distant
lymph nodes have also been detected [185,186].

VEGF-A is endowed with a primary role in human pancreatic cancer angiogenesis and
metastasis [187]. By immunohistochemistry and in situ hybridization analysis VEGF-A was found to
be expressed in ductal epithelial tumor cells, but not in ductal cells of non-transformed pancreas or
chronic pancreatitis [187,188]. VEGF-A role in pancreatic cancer progression also influences tumor
cells glucose metabolism: it enhances glycolysis via HIF-1α upregulation and NRP-1 co-receptor
involvement. Indeed, pancreatic cancer cells stimulated with VEGF-A165 showed a metabolic transition
from mitochondrial oxidative phosphorylation to glycolysis. HIF-1α and NRP-1 protein levels were
both increased after VEGF-A165 stimulation and NRP-1 silencing by shRNA reduced glycolysis in
pancreatic cancer cells [189]. Increased levels of PlGF were reported in obesity-associated pancreatic
cancer patients and ablation of the VEGFR-1 signaling in pancreatic ductal adenocarcinoma murine
models prevented obesity-induced tumor progression [77].

Immunostaining with antibodies directed against VEGFR-1 and VEGFR-2 showed expression of
these receptors in 29% and 43% of pancreatic carcinoma tissues, respectively. VEGF-A mRNA and
protein were also detected by RT-PCR and ELISA, respectively, in AsPc-1, Capan-1, Capan-2, Dan-G,
and Panc-1 human ductal pancreatic carcinoma cell lines, whereas VEGFR-1 expression was observed
only in three of these cell lines (AsPc-1, Dan-G, and Panc-1) [188]. In another study, VEGFR-1 and
VEGFR-2 were detected in 90% and 65% of cancer cases, respectively, and their coexpression was
recognized as a poor prognostic factor [190]. Furthermore, the analysis of tissue samples from another
cohort of pancreatic patients revealed that VEGFR-1 and VEGFR-3 expression was significantly higher
in tumor cells and tumor-associated endothelial cells, while VEGFR-2 was detected only in tumor
cells. Of interest, the triple combination of VEGFRs artificial miRNAs, able to concurrently inactivate
the three VEGFR isoforms, in pancreatic cancer cell lines (BXPC-3, MIAPACA2, Panc-1, and SW1990)
and in mouse pancreatic cancer xenograft models (SW1990 cells), reduced proliferation, migration
and invasion, and increased apoptosis. Moreover, triple VEGFRs downregulation synergized with
standard chemotherapy (5-fluorouracil and cisplatin combination) in vivo [191].

Table 1 summarizes data described in Sections 2.1–2.7.
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Table 1. Experimental evidence of the role of VEGFR-1 and its ligands in metastasis formation or tumor invasiveness of lung, liver, kidney, bone and pancreatic
cancers, glioblastoma, and melanoma.

Tumor Type Metastatic Sites VEGFR-1 Ligands VEGFR-1

Lung cancer
NSCLC Bone, brain, liver, and adrenal glands - High VEGF-A expression in tumor specimens is

associated with shorter survival time [83]
- High VEGFR-1 and VEGFR-2 expression in tumor

specimens have been regarded as prognostic
markers [83]

- VEGF-A downregulation, through HIF-1α
knockdown, reduces the invasiveness of a human

lung carcinoma cell line [85]

- PlGF-mediated activation of VEGFR-1 is involved
in macrophages polarization to TAMs [78]

- VEGF-A expression is modulated by several
miRNAs whose expression is decreased in tumor

cell lines and tissue samples [86–91]

- VEGFR-1 is required for the infiltration by BMDCs
that stimulate the growth of metastatic nodules [103]

- IL-17 stimulates VEGF-A expression and
angiogenesis by activating the STAT3/GIV signaling

pathway [92]

- Tumor-derived VEGF-A promotes its own
secretion, through PI3K/AKT, STAT3, RAS/ERK

signaling pathways [81]

- VEGF-A165 regulates the expression of
sVEGFR1-i13 splice variant of sVEGFR-1 through

SOX2 and SRSF2 proteins [93]

- High PlGF levels in NSCLC specimens from
patients with distal metastases are associated with
poor survival, increased tumor invasiveness and

enhanced MMP9 expression [95]
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Table 1. Cont.

Tumor Type Metastatic Sites VEGFR-1 Ligands VEGFR-1

- High PlGF levels correlate with an increased ratio
between the proangiogenic isoform VEGF-A165 and
the antiangiogenic isoform VEGF-A165b, through

induction of the splicing regulatory factor SRp40 [96]

- PlGF secreted by tumor cells induces macrophages
polarization to TAMs [78]

- High VEGF-B expression is associated with poor
survival in patients with squamous cell

carcinoma [69]

SCLC Liver - VEGF-A levels correlate with microvessel
density [98]

-

Mesothelioma Bone and other contiguous organs
(spinal cord, pericardium, and

contralateral lung)

- PlGF is overexpressed in malignant mesothelioma
specimens and cell lines [100,101]

- VEGFR-1 is overexpressed in patients and in
malignant mesothelioma cell lines [100,101]

Liver
Hepatocellular carcinoma Lung, bone, lymph nodes, and adrenal

glands
- High circulating VEGF-A correlates with tumor

angiogenesis and reduced survival [106–109]
- VEGFR-1 activation by VEGF-B induces tumor cell

migration and invasion by activating MMP9 and
increasing the expression of the EMT regulator Snail;

high coexpression of VEGFR-1 and MMP9 act as
prognostic marker [115,116]

- The VEGF-B186 is frequently upregulated
compared to the VEGF-B167 and its expression

correlates with cancer growth and invasiveness [110]

- VEGF-A secretion is reduced by miR-199a-3p [111]

- PlGF in vivo blockade results in normalization of
tumor-associated vessels, reduced tumor nodule

formation and increased survival [112,113]

- VEGF-B favors molecular and morphological
alterations of EMT [115]

- VEGFR-1 and VEGFR-2 expression on endothelial
cells is reduced by miR-199a-3p [111]

- VEGFR-1 is required for the vascularization of liver
metastases from renal cell carcinoma [124]
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Table 1. Cont.

Tumor Type Metastatic Sites VEGFR-1 Ligands VEGFR-1

Cholangiocarcinoma Lymph nodes, liver, and peritoneum - PlGF inhibition, by treatment with the 5D11D4
mAb decreases tumor burden and infiltration by

protumoral M2 cells in chemically-induced
hepatocellular and cholangiocarcinoma in vivo

models [114]

- VEGF-A expression is associated with angiogenesis,
metastasis and tumor recurrence [119]

- High VEGF-A levels in tumor tissues correlate with
a marked decrease of miR-101, a miRNA capable of

downregulating VEGF-A transcript [120]

Gallbladder Lymph nodes, liver, and peritoneum - High VEGF-A levels in patients with gallbladder
cancer promote angiogenesis and tumor cell

proliferation/invasion [121]

- VEGF-A expression correlates with poor prognosis
[122]

- PlGF is overexpressed and stimulates EMT through
c-MYC upregulation and consequent induction of

miR-19a [123]

- Patients with high PlGF and miR-19a levels in the
tumor show a shorter overall survival (OS) than

patients with low expression [123]

-

Renal cell carcinoma Lung, bone, lymph nodes, liver, adrenal
gland, and brain

- In clear-cell renal cell carcinoma VEGF-A
overexpression is due to mutations or epigenetic

inactivation of the VHL gene, in turn responsible for
HIF-1α accumulation [128,129].

- VEGFR-1 and VEGF-B expression is higher in
tumor tissues compared to normal renal tissues [137]
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Table 1. Cont.

Tumor Type Metastatic Sites VEGFR-1 Ligands VEGFR-1

- 2578C/A, +936C/T and +405G/C single nucleotide
polymorphisms in the VEGF gene correlate with

elevated risk of developing renal cell
carcinoma [133,134]

- VEGF-A expression is suppressed by Dicer, an
endoribonuclease downregulated in clear cell renal

cell carcinoma [135]

- VEGF-A protein levels are associated with tumor
size, tumor grade, and metastasis at diagnosis [136]

- PlGF plasma concentrations increase after treatment
with the multi-targeted RTK inhibitor sunitinib [139]

- Tumor infiltration by bone-marrow derived
myeloid cells expressing VEGFR-1 contributes to

neovessel formation and immune escape [138]

Glioblastoma Only in 0.4–0.5% of all cases
extra-cranial metastases in the spinal

cord, vertebrae, lung, liver, and lymph
nodes

- VEGF-A and PlGF binding to VEGFR-1 enhances
migration, and ECM invasion in glioblastoma cell

lines through VEGFR-1 phosphorylation at Tyr 1213
and ERK1/2 phosphorylation [145]

- In high-grade glioma specimens, VEGFR-1 is
expressed at significantly higher levels than in

low-grade glioma [146]

- VEGF-A- and PlGF-mediated activation of
VEGFR-1 stimulates tumor growth and angiogenesis

in an in vivo preclinical glioma model [148]

- Glioblastoma cells (cell lines and tumor specimens
from patients) and primary cultures of glioblastoma

stem cells express VEGFR-1 [145]

- VEGF-A expression is higher in glioblastoma than
in low-grade gliomas and plays a role in the switch

to a highly vascularized tumor [31]

- GAMs contribute to tumor progression and
resistance to anti-VEGF-A therapy [149–153]

- High expression of VEGFR-1 confers metastatic
traits via modulation of SHH signaling pathway

[147]

- Low sVEGFR-1/VEGF-A ratio correlates with high
tumor aggressiveness [31]

- In surgical specimens from glioblastoma patients,
VEGFR-1 is expressed in GAMs [154]

Melanoma Skin, lung, brain, liver, bone, and
intestine

- Expression of PlGF and VEGF-A is associated with
enhanced tumor cell proliferation, migration and

ECM invasion [157,158]

- Expression of VEGFR-1 correlates with tumor cell
proliferation, migration and ECM invasion [157]
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Table 1. Cont.

Tumor Type Metastatic Sites VEGFR-1 Ligands VEGFR-1

- VEGF-A and PlGF release is more frequent among
cell lines derived from metastatic melanoma than

from primary tumor [157]

- Cell lines secreting VEGF-A and expressing
VEGFR-1 spontaneously migrate through

matrigel-coated filters [159]

- PlGF induces tumor growth, vascularization, and
metastases in a preclinical in vivo model [162]

- PlGF induces resistance to temozolomide through
NF-κB activation [163]

- The sVEGFR-1/VEGFR-1 transcript ratio decreases
in cutaneous metastases compared to primary

tumors, due to decrease of sVEGFR-1 mRNA levels
[36]

- Upregulation of VEGFR-1 contributes to resistance
toward BRAFi [161]

Bone
Osteosarcoma Lungs, other bones, and lymph nodes - Increased VEGF-A serum levels are associated with

enhanced vessel density in the tumor and decreased
survival [170–172]

- VEGF-A gene polymorphisms +936C/T and –634
G/C are associated with the risk of developing

osteosarcoma [173]

- VEGF-A expression is promoted by HIF-1α in
hypoxic conditions in osteosarcoma cells; HIF-1 and

VEGF-A knockdown decreases the invasive
potential of osteosarcoma cells [174]

- miR-134 binds to VEGF-A transcript and attenuates
tumor growth and neovessel formation [177]

- miR-1 inhibits VEGF-A expression at the
post-transcriptional level, by binding to its mRNA

3′-UTR [178]

- A constitutive activation of an autocrine
VEGF-A/VEGFR-1 signaling pathway is reported in

highly aggressive osteosarcoma [175]

- VEGF-A/VEGFR-1 signaling is a target of miR-134,
which binds to VEGFR-1 transcript and attenuates

tumor growth and neovessel formation [177].
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Table 1. Cont.

Tumor Type Metastatic Sites VEGFR-1 Ligands VEGFR-1

Ewing sarcoma Lungs, bone, and bone marrow - High levels of the VEGF-A165 isoform contribute
to stimulate the osteolytic process [179,180]

- VEGF-A upregulates RANKL and increases the
recruitment of TAMs in the tumor [181]

-

Chondrosarcoma Lung and skeleton - VEGF-A expression correlates with adiponectin
expression and tumor stage [182]

- VEGF-A expression is inhibited by miR-452, which
in turn is downregulated by the high expression of

WISP-3, stimulating angiogenesis [183]

-

Pancreas Liver, lung, and peritoneum; rarely
bone, adrenal gland, and distant lymph

nodes

- VEGF-A is expressed in ductal epithelial tumor
cells, but not in ductal cells of non-transformed

pancreas or chronic pancreatitis [187,188]

- VEGF-A influences pancreatic tumor cells glucose
metabolism: it enhances glycolysis via HIF-1α

upregulation and NRP-1 involvement [189]

- Increased levels of PlGF are reported in
obesity-associated pancreatic cancer patients [77]

- VEGF-A mRNA and protein are detected in human
ductal pancreatic carcinoma cell lines [188]

- Ablation of the VEGFR-1 signaling in pancreatic
ductal adenocarcinoma murine models prevents

obesity-induced tumor progression [77]

- VEGFR-1 and VEGFR-2 are expressed in 29% and
43% of pancreatic carcinoma tissues, respectively

[188]

- VEGFR-1 expression is observed in human ductal
pancreatic carcinoma cell lines [188]

- VEGFR-1 and VEGFR-2 coexpression has been
recognized as a poor prognostic factor [190]

- VEGFR-1 and VEGFR-3 expression is significantly
higher in tumor cells and tumor-associated

endothelial cells, while VEGFR-2 is detected only in
tumor cells [191]
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2.8. Cancers of the Gastrointestinal Tract

2.8.1. Oral Cancer

Oral squamous cell carcinoma (OSCC) (~90% of all oral tumors) mainly affects the buccal mucosa
or the tongue (32% and 22% of total cases, respectively), and only in 3% of total reported cases, the
gingiva. Distant metastases strongly influence the prognosis of OSCC and the most common primary
sites are hypopharynx, followed by the tongue and lymph nodes [192,193].

A meta-analysis study has shown that VEGF-A overexpression in patients with OSCC, adenoid
cystic carcinoma, and mucoepidermoid carcinoma of the salivary glands, correlated with a poor
prognosis [194]. These data were confirmed by the results of The Cancer Genome Atlas (TCGA) dataset
search and by immunohistochemistry analysis in surgical sections from oral cancer patients [195].
Moreover, tumor recurrence and lymph node metastases in gingival cancer positively correlated with
an increased expression of VEGF-A [196].

The VEGFR-1 signaling pathway triggered by VEGF-A seems to be important for bone invasion
by OSCC cells [197]. Activation of the VEGFR-1 signaling pathway in pre-osteoclasts, after binding
of OSCC-derived VEGF-A, would lead to their differentiation and migration to bone-resorbing
areas. Alternatively, in OSCC cells the VEGF-A/VEGFR-1 signaling would upregulate RANKL, with
consequent stimulation of the osteolytic process [197].

2.8.2. Esophageal Cancer

Esophageal cancer, which comprises esophageal squamous cell carcinoma and adenocarcinoma,
is the eighth most common cancer type. Esophageal cancer standard therapy is surgical or endoscopic
resection and chemoradiotherapy, but within 5 years about 50% of patients develop disease recurrence,
due to hematogenous distribution of circulating tumor cells to distant sites (i.e., liver, lymph nodes,
lung, bone, and brain) [198–200].

Patients with VEGF-A overexpression have a significantly increased risk (2-fold) of disease
progression, with the development of distant metastases and shorter OS [196]. Consistently, a study in
patients up to 10 years following radiochemotherapy, showed a trend towards worse survival when
tumor cells expressed VEGF-A and VEGFR-1 [201]. Furthermore, a clinical study enrolling 334 patients
with advanced esophageal squamous cell carcinoma revealed that the genetic polymorphism rs2010963
in VEGF-A gene independently correlated with worse OS, although this genotype was not associated
with high pretreatment VEGF-A levels in the serum [202].

2.8.3. Gastric Cancer

Malignant tumors affecting the stomach represent the fifth most common type of cancer and
one of the leading causes of cancer-related death. The liver and peritoneum are the most frequent
metastatic sites of gastric cancer, followed by the lung and bone [203,204].

VEGFR-1 expression within the bone marrow at tumor-specific pre-metastatic sites and in
peripheral blood samples of patients with gastric cancer was found to be important for the formation
of hematogenous metastases. Indeed, Mimori et al. reported a high probability of tumor recurrence
and development of hematogenous metastases in stages II and III patients, if both high expression of
VEGFR-1 and isolated tumor cells were present [205]. A recent meta-analysis has suggested that also
VEGFR-2 expression levels are associated with poor prognosis [206].

The evidence of VEGF-A involvement in gastric cancer metastases derives from the demonstration
that increased VEGF-A levels in cancer tissues correlate with higher expression of collapsin response
mediator protein family 4 (CRMP4), a protein involved in the metastatic process [207]. Moreover,
VEGF-A levels resulted significantly high in both serum and plasma of patients with gastric cancer,
and decreased after tumor excision, suggesting that the angiogenic factor was mainly secreted by the
tumor mass [208].
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Regarding the selective VEGFR-1 ligand PlGF, a direct correlation between the expression of this
growth factor and tumor cell viability, proliferation, and migration ability has been reported in the
human gastric adenocarcinoma AGS cell line [209]. The same study demonstrated, by gene silencing
experiments, that PlGF exerts its roles through PI3K/AKT and p38 MAPK signaling pathways [209].

2.8.4. Colorectal Cancer

Colorectal cancer is the third most common cancer, with metastases being the major cause of
death. Up to 60% of patients develop distant metastases within 5 years and the common metastatic
sites are the liver and the peritoneum, followed by the lung and bone [210,211].

VEGFR-1 was detected in colorectal cancer, and the interaction with its ligands enhanced the
migration/invasion ability of tumor cells. In particular, VEGFR-1 activation in response to VEGF-A or
VEGF-B binding promoted phenotypic changes associated with tumor progression and metastases [212].
Activation of the ERK-1/2 and JNK MAPK downstream signaling pathways was identified as the
mechanism leading to cell migration, invasion, and colony formation. These effects were only mediated
by activation of VEGFR-1 and not by other receptors, as they were specifically inhibited by treatment
with the anti-VEGFR-1 neutralizing IMC-18F1 mAb [212]. Consistently, Lesslie et al. observed a
marked increase in cellular migration and tyrosine phosphorylation of focal adhesion kinase (FAK),
paxillin, and p130cas, following stimulation of VEGFR-1 by VEGF-A [213]. Moreover, colorectal cancer
cells expressing PlGF and VEGFR-1 had higher invasive/chemotactic ability, due to phosphorylation of
p38 MAPK and upregulation of MMP9 expression [214]. The relevant role of VEGFR-1 in colon cancer
was further confirmed by the results of a recent study showing that selective blockade of VEGFR-1 by a
receptor specific peptide (iVR1) in syngeneic and xenograft colorectal cancer models markedly inhibited
tumor growth and recruitment of monocyte/macrophages at the tumor site [215]. The important
role of PlGF in colon cancer progression has been also demonstrated in a study on patients who
underwent surgery for primary colorectal cancer resection. Immunohistochemistry analysis of resected
tumor tissue samples showed that PlGF expression was more commonly observed in the presence
of lymph node metastases than in the absence of lymphatic involvement, and correlated with a poor
prognosis [216]. Immunohistochemical analysis of cancer tissues revealed VEGF-B expression mostly
in intratumoral vessels but also in tumor cells which correlated with hematogenous metastases [217].

An intracrine VEGF-A/VEGFR-1 signaling was found to mediate the survival of colorectal cancer
cells, as indicated by the decrease of cell survival (reduced proliferation/increased apoptosis) and
the increase of sensitivity to chemotherapy shown by the human colorectal cancer HCT116, SW480,
and HT29 cell lines, after VEGF-A or VEGFR-1 silencing through RNA interference [218]. Indeed,
in colorectal cancer cells, the targeting of extracellular VEGF-A with high doses of bevacizumab did
not affect cell migration, whereas intracellular VEGF-A depletion significantly impaired migration
and ECM invasion. The reduced tumor cell viability was attributed to a disrupted AKT and ERK1/2
signaling. On the other hand, inhibition of paracrine or autocrine VEGF-A signaling did not affect
the levels of phosphorylated-AKT and -ERK1/2. The intracrine VEGF-A/VEGFR-1 signaling pathway
seemed to regulate cell migration, probably through modulation of FAK activity [219].

Noteworthy, a recent study on metastasis-associated macrophages (MAMs) suggested that
circulating VEGFR-1 expressing monocytes might act as a biomarker to predict colorectal cancer
recurrence in the liver. Indeed, in patients with metastatic colorectal cancer, a correlation was found
between macrophage infiltration and vessel density in the hepatic metastasis but not in the primary
tumor. Moreover, MAMs expressed an M2-like phenotype (i.e., anti-inflammatory/proangiogenic) and
overexpressed VEGFR-1, as demonstrated by qPCR, flow cytometry, and immunofluorescence analysis.
Consistently, high VEGFR-1 expressing MAMs induced a marked angiogenic response in an in vitro
sprouting assay, compared to low VEGFR-1 expressing MAMs. The implication of VEGFR-1-positive
myeloid cells in colon cancer metastatic growth and angiogenesis in the liver was confirmed in an
in vivo murine model where VEGFR-1 was selectively knocked down in hematopoietic stem cells [220].

Table 2 summarizes data described in Section 2.8.
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Table 2. Experimental evidence of the involvement of VEGFR-1 and its ligands in the metastatic spreading of cancers affecting the gastrointestinal tract.

Tumor Type Metastatic Sites VEGFR-1 Ligands VEGFR-1

Oral Hypopharynx, tongue, and lymph nodes - VEGF-A overexpression correlates with poor
prognosis [194,195]

- Increased expression of VEGF-A positively
correlates with disease recurrence and lymph node

metastases in gingival cancer [196]

- VEGFR-1 signaling stimulates bone invasion, by
promoting differentiation and activation of

preosteoclasts [197]

Esophageal Liver, lymph nodes, lung, bone, and
brain

- VEGF-A overexpression increases the risk of
distant metastases and shorter OS [196]

- The rs2010963 genetic polymorphism in VEGF-A
correlates with worse OS [202]

- VEGFR-1 expression inversely correlates with
patients’ survival [201]

Gastric Liver, peritoneum, lung, and bone - High VEGF-A levels are associated with increased
CRMP4 expression [207]

- High VEGF-A levels are detected in both serum
and plasma of gastric cancer patients [208]

- PlGF promotes cell proliferation and chemotaxis
through activation of PI3K/AKT and p38 MAPK

signaling pathways [209]

- VEGFR-1 is associated with the formation of
hematogenous metastases if co-detected with

isolated tumor cells [205]
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Table 2. Cont.

Tumor Type Metastatic Sites VEGFR-1 Ligands VEGFR-1

Colorectal Liver, peritoneum, lung, bone, and brain - VEGF-A and VEGF-B, by stimulating VEGFR-1,
induce downstream ERK-1/2 and JNK MAPK
signaling pathways, increasing cell migration,

invasion and proliferation [212]

- PlGF expression is associated with higher cell
invasion/migration [214]

- PlGF is more expressed in patients with lymph
node metastases, than in patients without

metastases, and correlates with poor prognosis [216]

- An intracrine VEGF-A/VEGFR-1 signaling
mediates cancer cell survival [218]

- VEGFR-1 expression and activation promote
phenotypic changes associated with tumor

progression and metastases [212]

- Stimulation of VEGFR-1 by VEGF-A increases cell
migration and tyrosine phosphorylation of FAK,

paxillin, and p130cas [213]

- VEGFR-1 activation by PlGF induces invasion and
migration, due to phosphorylation of p38 MAPK

and upregulation of MMP9 expression [214]

- VEGFR-1 blockade by the iVR1 peptide markedly
inhibits tumor growth and recruitment of

monocyte/macrophages at the tumor site in
syngeneic and xenograft colorectal cancer models

[215]

- VEGFR-1 signaling, activated by intracrine
VEGF-A, regulates cell migration through

modulation of FAK activity [219]

- VEGFR-1 expressing myeloid cells are crucial for
tumor metastatic growth and angiogenesis in the

liver [220]
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2.9. Sex-Specific Cancers

2.9.1. Breast Cancer

Breast cancer is the most frequent malignant tumor in women worldwide, associated with a
high frequency of recurrence and metastases, which represent the major cause of mortality. Breast
cancer preferentially metastasizes to the bone and lung via the lymphatic system [221,222]. It has
been reported that breast cancer cells are able to modify the microenvironment of the lung in a
pre-metastatic phase, inducing tight junction disruptions and pulmonary vascular hyperpermeability,
thus efficiently promoting extravasation, which is the first key step in metastasis formation [223,224].
The VEGF-A-protein kinase C (PKC) pathway seemed to be required for this pre-metastatic
destabilization of pulmonary tight junctions [225]. Approximately 15% of breast cancer cases develop
liver metastases [226]. A study based on bioinformatics and microarray gene expression analysis,
comparing data from liver aggressive specimens and primary tumor specimens, revealed the differential
expression of 48 genes. In particular, VEGF-A as well as the MAPK and NF-κB signaling pathways
were identified as the key players in breast cancer liver metastases [227].

Among oncogenic miRNAs regulating tumor growth and metastasis formation, MiR-126 reduced
cell proliferation and VEGF-A levels when overexpressed in the human breast cancer MCF-7 cell
line [228]. On the other hand, overexpression in MCF-7 cells of COX-2-induced miRNAs, miR526b and
miR655, resulted in the upregulation of VEGF-A, VEGF-C, and VEGF-D, and of their VEGFR-1 and
VEGFR-2 receptors. Furthermore, exposure of HUVECs to conditioned media from these miRNAs
overexpressing cells stimulated chemotaxis and capillary-like formation. Accordingly, an in situ
analysis of tumor specimens confirmed the correlation between miR526b/miR655 expression and
significantly higher levels of VEGF-A and VEGF-D compared to non-adjacent control tissues [229].

VEGF-A signaling pathway has been also involved in hydrogen sulfide (H2S)-induced
angiogenesis [230]. Cystathionine-γ-lyase (CSE), a key enzyme involved in the endogenous H2S
production [231], was found upregulated in samples from breast cancer patients with lymph node
metastases and in metastatic breast cancer cell lines. In breast cancer metastases, CSE behaved
as a positive regulator of VEGF-A expression and induced the PI3K/AKT, FAK-paxillin, and
RAS-MAPK-ERK1/2 pathways. Overexpression of CSE also increased the levels of MMP2 and
MMP9 in early metastatic breast cancer cells, allowing the degradation of the ECM and consequently
the entering of tumor cells into the blood circulation [232].

PlGF is expressed by 30–50% of primary human breast cancers [233] and stimulates tumor cell
motility in vitro, through activation of intracellular signaling cascades, including ERK1/2 function
and cytoskeletal remodeling. As expected, the PlGF-mediated chemotaxis was abrogated by a
VEGFR-1-antagonist peptide, BP-1, and by an anti-PlGF antibody [233,234]. PlGF from breast cancer
cell lines also appeared as a critical factor in the promotion of CD34+ hematopoietic progenitor
differentiation into tumor-mobilized CD11b+ myeloid cells, endowed with proangiogenic effects
(i.e., formation of capillary-like tube structures in vitro and neovessels in vivo). In particular,
human CD34+ progenitors, cultured in conditioned medium from the human metastatic breast
MDA-MB-231 cancer cell line, generated CD11b+ cells that were able to induce HUVECs sprouting
in vitro. This effect was not observed when CD34+ progenitors were exposed to conditioned medium
collected from the human normal breast epithelium-derived MCF10A cell line. The addition of the
anti–VEGFR-1 KM1732 mAb and a VEGFR-1 trap (sFlt-1-Fc) to CD34+ cultures, pretreated with
the MDA-MB-231-conditioned medium or PlGF, prevented the generation of CD11b+ cells with
sprouting-inducing ability [235]. Furthermore, CD11b+ cells induced a significant angiogenic response
in the murine corneal angiogenesis in vivo assay and PlGF silencing reduced the proangiogenic activity
of circulating CD11b+ myelomonocytic cells in a breast cancer murine model. Consistently with
these results, high levels of PlGF and proangiogenic CD11b+ myelomonocytes were detected in the
peripheral blood of breast cancer patients, but not in samples from healthy controls [235].
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Obesity has been associated with unfavorable survival in breast cancer patients [236] and the
PlGF/VEGFR-1 signaling has been also involved in obesity-induced breast cancer progression [77].
In particular, in diet-induced obese VEGFR-1 TK-null mice orthotopically implanted with syngeneic
E0771 breast cancer cells, a decrease in tumor progression and lung metastases was observed, compared
to lean animals. Furthermore, while obesity promoted IL-6 and MMP9 expression in tumors, deletion of
VEGFR-1 TK domain decreased the expression of these pro-M2 markers only in obese mice. PlGF was
identified as the VEGFR-1 ligand responsible for such effects since its plasma levels were elevated in
diet-induced obese mice, and its deletion induced similar effects to those observed in VEGFR-1-TK-null
obese mice. Consistently with these data obtained in the murine model, the plasma levels of PlGF
were found to correlate with the body-mass-index in obesity-associated breast cancer patients [77].

2.9.2. Ovarian Cancer

Ovarian cancer represents ~3% of all cancers affecting women, but it is often more aggressive
than other malignancies of the female reproductive tract [237,238]. Tumor spreading mainly occurs
by the intraperitoneal, lymphatic, and hematogenous routes and the most common metastatic sites
are peritoneum, lymph nodes, and liver, and sometimes the bone and brain. Compared with benign
ovarian tumor tissues, malignant cancer tissues show a significantly higher expression of VEGF-A,
which is considered as an unfavorable prognostic factor [239]. Genotoxic agents like mitomycin C
have been found to induce an antiangiogenic splice isoform of VEGF-A, i.e., VEGF111b, in human
ovarian cancer cell lines, thus inhibiting angiogenesis [240] and tumor growth, both in vitro and
in vivo [241]. Also, VEGF-A expression in ovarian cancer cells has been considered a poor prognostic
factor in light of its influence on tumor immune evasion, via the recruitment and activation of
myeloid-derived suppressor cells [242]. Ovarian cancer specimens also showed increased levels of
both PlGF and MMP7, compared to normal ovarian tissues. The MMP7 increase was attributed to the
PlGF-induced downregulation of miR-543, a miRNA that interacts with the 3′-UTR region of MMP7
mRNA and inhibits its translation [243]. Also ZEB2 expression, a transcription factor with a crucial
role in EMT [244], strongly correlated with PlGF levels in ovarian cancer tissues: PlGF overexpression
significantly increased ZEB2 levels and cell invasiveness, conversely PlGF depletion was associated
with a decline of ZEB2 levels and cell invasiveness. This effect resulted to be p38 MAPK-dependent,
since it was abolished by a specific p38 MAPK inhibitor, SB203580 [245].

Of interest, ovarian cancer cells transfected with a plasmid encoding sVEGFR-1 (pLV-sFLT-1)
showed the typical features of necrotic cells, i.e., cell swelling, plasma membrane rupture, and release
of cell content. Mice transplanted with human ovarian adenocarcinoma SKOV3 cells transfected with
pLV-sFLT1 or exogenously (intraperitoneally) treated with recombinant sVEGFR-1, confirmed the
antitumor effect of sVEGFR-1 also in vivo, in terms of reduced tumor size compared to control animals.
Moreover, none of these approaches induced significant adverse effects [246].

2.9.3. Cervical Cancer

Cervical cancer is the fourth cancer in women with a significant metastatic spreading, involving
hematogenous as well as lymphatic dissemination. The lung, followed by the bone, liver, and brain are
the main target organs of hematogenous spreading [247].

VEGFR-1 as well VEGFR-2 expression levels in biopsy specimens have been recognized as
prognostic factors for patients with cervical cancer: high VEGFR-1 expression was linked to distant
metastases, together with poor OS and PFS, whereas high VEGFR-2 expression correlated with
increased tumor size and reduced OS [248].

VEGF-A and VEGF-B expression in the cytoplasm of cervical cancer cells was not associated
with the expression of their receptors and patients’ survival [248]. On the other hand, a recent study
reported that patients with high serum levels of both VEGF-A and VEGFR-2 presented bulky tumors,
pelvic lymph node involvement, parametrial infiltration, and significantly lower OS than patients
with low VEGF-A and VEGFR-2 expression [249]. High expression of VEGF-A and VEGFR-1 was
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also identified in tumor specimens obtained from patients with post-radiotherapy relapsed/persistent
cervical cancer. These data suggest that subpopulations of cervical cancer cells with higher VEGF-A
levels survive, and once selected by chemoradiation, give rise to tumor recurrence. Moreover, ionizing
radiations can themselves induce HIF-1α and, consequently, VEGF-A expression [250].

Deregulation of cellular energetic metabolism has been recognized as another feature of cancer,
aimed at increasing the production of lactate, whose efflux in the ECM induces angiogenesis. In a
recent analysis of 232 cervical adenocarcinoma samples, VEGF-A was reported to be coexpressed
with metabolism-related proteins (monocarboxylate transporters (MCT)), in particular, with the
MCT4 isoform, allowing the conclusion that the angiogenic switch and the metabolic remodeling
synergistically act to affect cervical adenocarcinomas aggressiveness [251].

Similarly to what observed in other cancers, PlGF was shown to induce the molecular modifications
of EMT also in cervical cancer, as demonstrated in the human SiHa cell line, where the growth factor
promoted migration and metastases through activation of the ERK/MAPK signaling pathway [252].
Moreover, cervical cancer specimens typically presented a dense infiltrate of TAMs, which in turn was
associated with a poor prognosis [253]. Culture supernatants obtained from cervical cancer cell lines
(HeLa, SiHa, and C-33A) were found to contain VEGF-A, and when its effect was assessed on THP-1
macrophages, these cells developed the M2-like phenotype. Furthermore, M2 macrophages continued
to produce VEGF-A 48 h after removal of the supernatant, confirming their role in controlling cervical
cancer growth, angiogenesis and metastasis [254].

2.9.4. Prostate Cancer

Prostate cancer is the second most common malignancy occurring in men, after lung cancer.
Radical prostatectomy and radiotherapy represent the currently recommended treatments for localized
tumors, but up to 30% of patients experience local recurrence or develop a still incurable metastatic
disease [255]. Bone metastases are the main cause of mortality in patients with prostate cancer
in an advanced stage and an acidic extracellular microenvironment has been shown to favor their
development. In fact, PC-3 prostate cancer cells, grown in an acidic medium (pH 6.5), showed increased
viability, spheroid formation, and expression of stem cell-related markers, compared to cells grown in
a neutral medium (pH 7.4). Moreover, the acidic medium stimulated VEGF-A and MMP9 secretion
and promoted cell invasiveness. The same acidic conditioned medium obtained from PC-3 cell culture
triggered the ability of bone marrow-derived endothelial progenitor cells to generate blood vessels,
by increasing their survival, migration, and tube formation potential. The underlying molecular
mechanism was identified in the autophosphorylation of VEGFR-2, followed by the phosphorylation
of its downstream AKT and p38 target proteins [256]. Treatment with cabozantinib, a multi-targeted
kinase inhibitor of VEGFR-1, VEGFR-2, and VEGFR-3 and several other kinases (i.e., AXL, MET, RET,
KIT, FLT3, ROS1, MER, TYRO3, TRKB, and TIE-2), was shown to reduce prostate cancer growth in the
bone, by suppressing the osteoblastic activity, a prerequisite for bone invasion, in an in vivo preclinical
model. Mice injected in tibiae with cabozantinib-resistant prostate cancer PC-3 and C4–2b cells showed
a decrease of tumor-associated osteoclasts and a reduction of osteolysis, after 3 weeks of treatment
with cabozantinib. As the culture of cancer cells isolated from tumor-bearing mice showed no changes
in IC50 values after the in vivo growth, cabozantinib effects were attributed to alterations in the tumor
microenvironment [257].

Another study demonstrated that the promotion of angiogenesis and prostate cancer metastases
may occur not only through the raise of VEGF-A levels but also through the reduction of class 3
semaphorins. In particular, although VEGF-A expression was increased only in metastatic tumors,
class 3 semaphorin expression was formerly reduced in primary tumors, thus anticipating a favorable
condition for the subsequent metastatic phase [258]. Consistently, immunohistochemical analysis of
patient specimens showed that prostate cancer samples express higher levels of VEGF-A, VEGFR-1, and
VEGFR-2 than benign prostatic hyperplasia (BPH) and high-grade prostate intraepithelial neoplasia
(HGPIN) samples. Microvascular density was also higher in prostate cancer, compared to BPH and
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HGPIN, whereas no differences were detected between BPH and HGPIN. In detail, when the analysis
was restricted to prostate cancer samples, VEGF-A expression and microvascular density were higher
in poorly differentiated tumors and in the presence of perineural invasion [259].

Concerning the potential regulatory role exerted by miRNAs in tumor invasion and metastases,
human prostate cancer specimens and cell lines showed a significant downregulation of miR-130b [260].
When ectopically expressed, miR-130b blocked prostate cancer angiogenesis, both in vitro and in vivo,
and stimulated the proliferation, invasion and capillary-like formation of HUVECs, by attenuating
NF-κB signaling and VEGF-A transcription. Consistently, ectopic VEGF-A expression decreased
miR-130b level and abrogated its antiangiogenic effect, thus promoting the angiogenic response [261].

In addition to lowered oxygen, elevated androgens have also been found to play a crucial role in
upregulating VEGF-A levels [262]. Mechanistically, it seems that the activated androgen receptor binds
to Sp1 (a zinc-finger transcription factor that specifically interacts with GC-rich promoter regions)
and the resulting complex then binds to the core promoter region of the VEGF-A gene, inducing its
transcription [263].

VEGF-A has also been found to inhibit the maturation and activity of DCs, and this inhibition
consistently increased with tumor grade. In particular, the infiltration of VEGF-A positive cells
inversely correlated with the maturation and activity of DCs. In fact, both S100, a protein present in all
DCs, and CD208, expressed by mature and functional DCs, were found to be lower in prostate cancer
than in BPH and prostatic intraepithelial neoplasia [264].

Table 3 summarizes data described in Section 2.9.
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Table 3. Experimental evidence of VEGFR-1 and its ligands in the metastatic evolution of sex-specific cancers.

Tumor Type Metastatic Sites VEGFR-1 Ligands VEGFR-1

Breast Bone, lung, liver, and brain - The VEGF-A-stimulated-PKC pathway induces a
pre-metastatic destabilization of pulmonary tight

junctions, promoting vessel permeability and
extravasation [225]

- VEGF-A is involved in breast cancer liver
metastases [227]

- MiR-126 overexpression in human breast cancer
inhibits cell proliferation by reducing VEGF-A

levels [228]

- Overexpression of COX-2-induced miR526b and
miR655 in tumor cells upregulates VEGF-A [229]

- VEGF-A signaling pathway and MMPs expression
are positively regulated by cystathionine -γ-lyase, a
key enzyme in the biosynthesis of the proangiogenic

H2S [232]

- PlGF stimulates cancer cell motility through
activation of intracellular signaling cascades,

including ERK1/2, and cytoskeletal remodeling [233]

- PlGF favors CD34+ differentiation into
tumor-mobilized bone marrow-derived CD11b+

myeloid cells [235]

- In breast cancer cells overexpression of
COX-2-induced miR526b and miR655 results in

upregulation of VEGFR-1 [229]

- VEGFR-1 signaling, due to PlGF interaction, is
associated with obesity-induced breast cancer

progression [77]

Ovary Peritoneum, liver, lymph nodes, bone,
and brain

- High expression of VEGF-A is considered a
prognostic factor [239]

- VEGF-A contributes to the recruitment and
activation of myeloid-derived suppressor cells [242]

- PlGF is overexpressed and increases MMP7
expression via downregulation of miR-543 [243]

- PlGF overexpression increases ZEB2 expression in
a p38 MAPK-dependent manner [245]

- sVEGFR-1 induces cell death in a murine model of
ovarian cancer [246]
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Table 3. Cont.

Tumor Type Metastatic Sites VEGFR-1 Ligands VEGFR-1

Cervix Lung, bone, liver, and brain - Serum VEGF-A is a promising prognostic
biomarker [249]

- VEGF-A is highly expressed in specimens from
patients with post-radiotherapy relapsed/persistent

cancer [250]

- VEGF-A is coexpressed with a metabolism-related
protein (MCT4 isoform) [251]

- PlGF induces EMT, promoting migration and
metastases, through activation of the ERK/MAPK

signaling pathway [252]

- VEGF-A in culture supernatants from cervical
cancer cell lines induces an M2-like phenotype [254]

- High VEGFR-1 expression is associated with
distant metastases, poor OS and PFS [248]

- VEGFR-1 is highly expressed in specimens from
patients with post-radiotherapy relapsed/persistent

cancer [250]

Prostate Bone, lymph nodes, lung, liver, brain - VEGF-A expression and tumor invasiveness are
favored by an acidic environment, through

increased MMP9 secretion [256]

- VEGF-A expression is higher in prostate cancer
samples than in BPH and HGPIN samples [259]

- VEGF-A decreases the expression of miR-130b and
abrogates its antiangiogenic effect [261]

- VEGF-A is upregulated by androgens [262]

- VEGF-A inhibits the maturation and activity of
DCs [264]

- VEGFR-1 expression is higher in prostate cancer
samples than in BPH and HGPIN samples [259]
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2.10. Leukemia

In addition to solid tumors, VEGF-A and PlGF play a relevant role in angiogenesis occurring
within the bone marrow microenvironment and in acute leukemia spreading at the central nervous
system (CNS) site [265–269]. Acute myeloid leukemia (AML) is the most common acute form diagnosed
in adults and is characterized by an increased number of immature myeloid cells in the bone marrow,
whereas acute lymphocytic leukemia (ALL) is a malignancy of immature lymphocytes that represents
60–74% of all leukemia cases in patients under the age of 20 [270].

High VEGF-A levels in the cerebrospinal fluid of leukemia patients have been implicated in
CNS metastasis [271]. In ALL xenograft and syngeneic mouse leukemia in vivo models, VEGF-A
produced by leukemia cells was required for their trans-endothelial migration and penetration into the
CNS [272,273].

Conflicting data have been reported regarding the VEGFR-1 and VEGFR-2 expression in these
two subtypes of leukemia. According to previous studies, the VEGFR-1 was found to be preferentially
expressed in bone marrow samples and cell lines from ALL, whereas the VEGFR-2 was expressed
mainly in AML cells [274–276]. Nevertheless, in myeloid cell lines (i.e., HL-60 and HEL) and in
primary leukemia samples of non-specified origin both VEGFR-1 and VEGFR-2 were reported and
were functionally activated upon cell exposure to VEGF-A. Moreover, VEGFR-2 was involved both
in cell proliferation and migration, whereas VEGFR-1 only in cell migration, as demonstrated by
in vitro blockade of VEGFR-2 by the IMC-1C11 mAb and of VEGFR-1 by the clone 6.12 mAb [277].
In agreement with these findings, PlGF or VEGF-A activation of VEGFR-1 in AML HL-60 and HEL cells
was implicated in cell migration and only marginally in cell proliferation; furthermore, PlGF was more
potent than VEGF-A in promoting this effect [278]. Selective VEGFR-1 stimulation by PlGF of AML
cell lines and AML bone marrow samples was associated with the formation of membrane protrusions,
induction of p38 and ERK1/2 phosphorylation, activation of the actin-binding protein cofilin, and
formation of caveolae-like structures [278]. On the other hand, a different study in myeloid HL60 and
KG cells showed that activation of VEGFR-1 by PlGF or by an agonist Ab was able to induce tumor cell
proliferation [279]. Treatment with an anti-VEGFR-2 mAb of immunodeficient mice transplanted with
HL-60 cells inhibited leukemia growth; however, the in vivo activity of the anti-VEGFR-1 mAb was not
tested [277]. Other studies have shown that plasma VEGF-A levels and VEGFR-1 and VEGFR-2 proteins
were higher in AML than in ALL and that VEGFR-1, although expressed also in ALL, was the receptor
subtype most abundantly expressed in chronic and acute leukemia of myeloid origin [280,281]. Of note,
VEGF-A and VEGFRs expression were markedly increased in relapsed/refractory patients compared
to remission patients or healthy volunteers. PlGF plasma levels were also higher in samples from
patients with blast crisis of chronic myeloid leukemia (CML) compared to the chronic phase. Moreover,
in in vivo murine models, PlGF produced by bone marrow stromal cells stimulated angiogenesis in
the bone marrow as well as CML cell growth, and treatment with the anti-murine PlGF mAb 5D11D4
prolonged the survival of CML bearing mice [282].

In ALL, VEGFR-1 activation in vitro had scarce effect in cell proliferation but mediated migration
and, in an in vivo model, favored the exit of leukemia cells into the bloodstream and the infiltration
of extra-medullary sites such as the spleen or other organs [281]. Thus, the authors suggested that
blockade of VEGFR-1 by a selective therapeutic agent might counteract leukemia cell movement within
the bone marrow, delaying the extra-medullary tumor growth [281]. Furthermore, PlGF stimulated the
growth of Philadelphia chromosome positive ALL cells by both autocrine and paracrine pathways [283].

3. Currently Approved Antiangiogenic Therapies and Experimental Agents Targeting VEGFR-1
or PlGF

The clinically approved antiangiogenic agents used for the treatment of different types of recurrent,
unresectable, or advanced/metastatic solid tumors include:

(i) the humanized mAb bevacizumab, which targets all isoforms of VEGF-A, thereby preventing
the activation of both VEGFR-1 and VEGFR-2. This mAb is used in combination with chemotherapy for
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unresectable/locally advanced, recurrent, or metastatic NSCLC, metastatic colorectal cancer, persistent,
recurrent, or metastatic cervical cancer; recurrent ovarian, fallopian tube, and peritoneal cancer;
metastatic breast cancer (the latter indication is approved only by EMA), or with interferon alfa for
metastatic RCC; and as monotherapy for recurrent glioblastoma (only FDA-approved);

(ii) the fully human mAb ramucirumab, which recognizes the VEGFR-2 preventing its interaction
with VEGF-A. Ramucirumab is used in combination with chemotherapy for advanced gastric or
gastro-esophageal junction adenocarcinoma, metastatic colorectal cancer, metastatic NSCLC, and as a
single agent for advanced or unresectable hepatocellular carcinoma;

(iii) the chimeric protein ziv-aflibercept, in which the second Ig-like domain of VEGFR-1 and the
third Ig-like domain of VEGFR-2 are fused to the Fc portion of a human IgG1. Ziv-aflibercept acts by
sequestering PlGF, VEGF-B, and all isoforms of VEGF-A; it is approved for metastatic colorectal cancer
combined with irinotecan, 5-fluorouracil, and folinic acid;

(iv) small molecules acting as RTK inhibitors, which interact with the catalytic domain of
VEGFRs and other growth factor TK receptors. Approved small-molecule kinase inhibitors targeting
VEGFRs include axitinib (advanced RCC); cabozantinib (advanced RCC and hepatocellular carcinoma
previously treated with sorafenib); erdafitinib (only FDA-approved for metastatic urothelial carcinoma);
lenvatinib (locally recurrent or metastatic, progressive, radioactive iodine-refractory differentiated
thyroid cancer, advanced RCC, unresectable hepatocellular carcinoma and advanced endometrial
carcinoma (the latter indication is only FDA-approved)); pazopanib (renal cell carcinoma and soft tissue
sarcoma); regorafenib (metastatic colorectal cancer, unresectable or metastatic gastrointestinal stromal
tumors, and hepatocellular carcinoma previously treated with sorafenib); sorafenib (unresectable
hepatocellular carcinoma, advanced RCC and progressive, locally advanced or metastatic differentiated
thyroid carcinoma refractory to radioactive iodine treatment); sunitinib (unresectable and/or metastatic
malignant gastrointestinal stromal tumor after disease progression or intolerance to imatinib mesylate,
advanced RCC, progressive, unresectable, or metastatic well-differentiated pancreatic neuroendocrine
tumors); tivozanib (advanced RCC); and vandetanib (unresectable locally advanced or metastatic
medullary thyroid cancer).

Other approved agents that are endowed with antiangiogenic effects but do not directly target
the VEGFRs or their ligands include (i) the mammalian target of rapamycin (mTOR) inhibitors
temsirolimus (approved for RCC and mantle cell lymphoma) and everolimus (approved for advanced
kidney and breast cancers, subependymal giant cell astrocytoma, pancreatic neuroendocrine tumors,
neuroendocrine tumors of gastrointestinal or lung origin), and the (ii) the immunomodulatory drugs
(IMiDs) thalidomide, lenalidomide and pomalidomide, approved for the treatment of multiple myeloma
(lenalidomide also for relapsed or refractory mantle cell lymphoma and myelodysplastic syndromes
with deletion of the long arm of chromosome 5). The mTOR inhibitors and IMiDs mainly act through
inhibition of the secretion of VEGF-A and other angiogenic factors such as basic fibroblast growth
factor (FGF) or the platelet derived growth factor-A (PDGF-A) [284–286].

Overall, the antiangiogenic agents approved so far for cancer treatment inhibit the VEGF-A
signaling through both VEGFR-2 and VEGFR-1 (i.e., bevacizumab, ziv-aflibercept, and multi-targeted
TK inhibitors), or solely through VEGFR-2 (i.e., ramucirumab). The antibodies targeting exclusively
VEGFR-1 are still in a preclinical stage of development, and only one of them has reached Phase I/II
clinical trials, so far. Most of these mAbs prevent the interaction of VEGFR-1 ligands with the receptor
(competitive inhibitors), whereas only D16F7 blocks receptor signal transduction without inhibiting
ligand binding (non-competitive inhibitor) [67]. In particular, anti-human VEGFR-1 mAbs include
the following.

(i) The fully human IMC-18F1/icrucumab neutralizing mAb, which blocks the interaction of
VEGFR-1 with VEGF-A, VEGF-B, and PlGF. This mAb has shown antitumor activity in human breast
carcinoma xenograft models (i.e., DU4475, MDA-MB-231, and MDA-MB-435). Treatment of mice with
IMC-18F1 significantly suppressed tumor growth. Moreover, immunohistochemical analysis of tumor
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xenografts collected from treated mice showed an increase of tumor cell apoptosis and a decrease in
MAPK and AKT activation and cell proliferation [287];

(ii) The murine anti-human VEGFR-1 D16F7 mAb (mouse IgG1), which has a novel mechanism of
action, as it interacts with a receptor site distinct from that involved in VEGF-A or PlGF binding and
downregulates the signaling through the membrane receptor without affecting ligand binding [67].
Therefore, differently from other mAbs, which compete with the ligand for receptor binding, D16F7 does
not increase the levels of free VEGF-A available for the activation of membrane VEGFR-2. Moreover,
D16F7 leaves unaffected the sVEGFR-1 decoy function, as it neither affects sVEGFR-1 interaction with
its ligands nor hampers the sVEGFR-1/VEGFR-2 inhibitory heterodimer formation [67,148,160]. D16F7
has shown antitumor efficacy in preclinical in vivo models against highly aggressive tumor types, such
as glioblastoma and melanoma (see also Sections 2.4 and 2.5) [145,148,160]. Its ability to recognize not
only the human form of the VEGFR-1 but also the murine receptor has allowed the analysis of the
effects of VEGFR-1 inhibition on tumor-associated microenvironment [148];

(iii) The anti-human VEGFR-1 KM1730 and KM1732 mAbs (mouse IgG1), which recognize
different epitopes of the second Ig-like domain. Both mAbs prevented the binding of VEGF-A to
VEGFR-1 and markedly inhibited monocyte migration after stimulation with the growth factor [288].
Moreover, treatment with KM1732 mAb of primary cell cultures derived from bone marrow samples
collected from patients with AML resulted in significant inhibition of cell growth. This effect was more
evident in cells with chromosomal abnormalities as compared to cells with a normal karyotype [289].

Regarding mAbs against the selective VEGFR-1 ligand PlGF, the humanized recombinant TB-403
(RO5323441) mAb, recognizes the receptor-binding site of the human and murine growth factor [290].
Significant tumor growth inhibition has been observed with TB-403 in medulloblastoma [53],
hepatocellular carcinoma and renal cancer [291] xenograft models. In particular, three times
weekly treatment with TB-403 of mice transplanted with the human medulloblastoma D283-MED
or D341-MED cell lines resulted in a marked inhibition of the primary tumor growth and spinal
metastasis formation [53]. Rizzo et al. instead reported growth inhibition ranging from 43 to 97%
with twice-weekly dosing of TB-403 in mice transplanted with the renal carcinoma ACHN and Caki-1
cell lines and hepatocellular carcinoma Huh-7 cell line [291]. Another anti-human PlGF mAb (16D3)
inhibited the growth and vascularization of colorectal or pancreatic cancer in xenograft models [112,215].
The anti-PlGF mAb 5D11D4 is directed against the murine PlGF of which inhibits the interaction
with VEGFR-1 and with NRP-1 [292]. The 5D11D4 mAb inhibited tumor growth and metastasis
formation in melanoma, cholangiocarcinoma, pancreatic, hepatocellular, and colon cancer in vivo
models [112–114,215,292]. This effect was associated with reduced tumor infiltration by proangiogenic
macrophages [215,292].

Experimental mAbs capable of specifically inhibiting human VEGFR-1 activation, for which
preclinical evidence on their antitumor activity is available, are reported in Table 4.
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Table 4. Experimental mAbs designed to inhibit human VEGFR-1 signaling.

Name Target Mechanism of Action In Vivo Antitumor Activity Ref.

IMC-18F1/
Icrucumab

Human VEGFR-1 Competitive:
prevention of VEGF-A, VEGF-B and

PlGF binding to VEGFR-1

Suppression of tumor growth, by increasing apoptosis
and decreasing cell proliferation in human breast

cancer xenografts

[287]

D16F7 Human VEGFR-1 Non-competitive: down-modulation
of VEGFR-1 signaling without

inhibition of VEGF-A or PlGF binding

Decrease of tumor growth and tumor-associated
angiogenesis and increase of animal survival in

heterotopic and orthotopic glioblastoma
murine models

[148]

Inhibition of tumor growth, tumor infiltration by
monocytes/macrophages and bone invasion by cancer

cells in a syngeneic murine melanoma model

[160]

KM1730/ KM1732 Human VEGFR-1 Competitive:
blockade of VEGFR-1 interaction with

VEGF-A

- [288,289]

TB-403 (RO5323441) Human PlGF Interaction with the receptor-binding
site of PlGF

Inhibition of primary tumor growth and spinal
metastases in medulloblastoma murine models

[53]

Tumor growth inhibition in hepatocarcinoma and
renal cancer murine models

[291]

16D3 Human PlGF Interaction with the receptor-binding
site of PlGF

Tumor growth inhibition in colorectal and pancreatic
cancer xenograft models

[112,215]
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The anticancer activity of IMC-18F1/icrucumab has been also evaluated in phase I and II clinical
trials, the latter often investigating its potential in combination with other anticancer agents. In particular,
the mAb combination with capecitabine has been tested in patients with unresectable, locally advanced,
or metastatic breast cancer. However, this combined treatment failed to increase PFS, when compared
to capecitabine alone or ramucirumab plus capecitabine [293]. The adverse events were similar in the
combined treatment arms but higher compared to those observed when capecitabine was administered
alone [293]. Similarly, no improvement in PFS was detected in patients with urothelial cancer carcinoma
treated with the combination of IMC-18F1/icrucumab plus docetaxel, as second-line treatment of
advanced/metastatic cancer, compared to the treatment with docetaxel alone or docetaxel plus
ramucirumab [294]. In this study, adverse effects leading to drug discontinuation were more frequent
in the ramucirumab containing arm than in the arm containing IMC-18F1/icrucumab [294]. Finally, the
predetermined improvement in PFS was not observed in patients with metastatic colorectal cancer who
received the combination of IMC-18F1/icrucumab with the modified FOLFOX-6 regimen (mFOLFOX),
including folinic acid, 5-fluorouracil, and oxaliplatin, after progression during first-line therapy, in
comparison with mFOLFOX-6 alone or mFOLFOX-6 plus the anti-VEGFR-2 mAb ramucirumab [295].
Discontinuation of study drugs due to treatment-emergent adverse effects occurred more frequently
when chemotherapy was combined with ramucirumab (Table 5).

Concerning mAbs against VEGFR-1 ligands, a phase I/II clinical trial on the anti-PlGF mAb TB-403
with the purpose to assess the safety profile of graded doses of the mAb in pediatric subjects affected
by relapsed or refractory medulloblastoma has been recently suspended. In previous phase I studies
no serious adverse effects were reported [296–298].

Concerning new orally administered small-molecule RTK inhibitors, which target VEGFRs or
a variety of RTKs including VEGFRs but lack selectivity toward VEGFR-1, several clinical trials are
ongoing or have been recently completed with the aim of evaluating the safety, pharmacokinetics,
pharmacodynamics, and clinical activity. Among investigational multi-targeted inhibitors with higher
selectivity against VEGFRs, cediranib is active against the three VEGFRs with IC50 values in the
range of low nanomolar concentrations but is more effective against VEGFR-2 [299]. Cediranib is
currently evaluated in a large number of clinical trials against advanced/metastatic solid tumors as
single agent or in combination therapies (e.g., NSCLC, mesothelioma, glioblastoma, RCC, ovarian,
prostate, breast, endometrial, colorectal, pancreatic cancers, gastrointestinal stromal tumors, and AML).
Fruquintinib has been found to have weak activity against RET, FGF receptors, and KIT kinases,
whereas it inhibited more efficiently VEGFRs (VEGFR-3 >> VEGFR-2 > VEGFR-1) [300]. Fruquintinib
has been mostly evaluated for gastro-intestinal tumors and NSCLC and was recently approved in
China for the treatment of metastatic colorectal cancer. AEE788 is instead a dual inhibitor of epidermal
growth factor and VEGF receptors and is currently under investigation in patients with recurrent
glioblastoma, as single agent or in combination with everolimus. Another dual inhibitor is lucitanib,
which targets FGF and VEGF receptors with higher inhibitory effect on VEGFR-2 than on VEGFR-1
kinase activity [301]. A total of thirty-two trials can be found in ClinicalTrials.gov where lucitanib is
tested for solid tumors, breast cancer, NSCLC, SCLC, gastroesophageal reflux disease, and functional
dyspepsia, with two of them including tumors with genetic alterations of the FGF receptor.

ClinicalTrials.gov
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Table 5. Clinical trials involving selective VEGFR-1 signaling inhibitors.

ClinicalTrials.gov
Identifier Code Phase and Status Agent Combined Drugs and

Comparators Tumor Type Ref.

NCT01234402 II,
Completed

IMC-18F1/
Icrucumab

Icrucumab + capecitabine
Vs

Ramucirumab + capecitabine
or capecitabine

Breast cancer (previously
treated, stage III/IV)

[293]

NCT01282463 II,
Completed

IMC-18F1/
Icrucumab

Icrucumab + docetaxel
Vs

Docetaxel + ramucirumab
or docetaxel

Locally advanced or metastatic
carcinoma of the urinary tract

[294]

NCT01111604 II,
Completed

IMC-18F1/
Icrucumab

Icrucumab + mFOLFOX-6
Vs

mFOLFOX-6 + ramucirumab
or mFOLFOX-6

Metastatic colorectal cancer
after progression during
first-line chemotherapy

[295]

NCT00782002 I,
Completed

IMC-18F1/
Icrucumab

- Advanced/
refractory solid tumors

www.ClinicalTrials.gov

ClinicalTrials.gov
www.ClinicalTrials.gov
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Among agents inhibiting a variety of receptor kinases comprising VEGFRs, sitravatinib
(MGCD516) is tested in phase I/II studies as monotherapy for advanced solid tumors, locally
advanced/unresectable soft tissue sarcomas in neo-adjuvant setting, and triple-negative metastatic
breast cancer. Moreover, sitravatinib is evaluated in combination with immune checkpoint inhibitors
(i.e., the anti-PD1 mAbs nivolumab or tislelizumab) for resectable squamous cell carcinoma of the oral
cavity, advanced/metastatic urothelial, kidney, gastric, or hepatocellular carcinomas, based on its ability
to modulate innate and adaptive immunity by targeting the tumor microenvironment [302]. A phase
III trial is also comparing sitravatinib plus nivolumab with docetaxel chemotherapy for advanced
non-squamous NSCLC. Dovitinib is a multi-kinase inhibitor with the ability to target FGF and PDGF
receptors, KIT and RET kinases as well as VEGFRs, with higher inhibitory effects toward VEGFR-3
and VEGFR-1 than toward VEGFR-2 (IC50 values 2.5 nm, 3.2 nM and 20 nM, respectively) [301].
This inhibitor is investigated, as single agent or as combined treatment, in 48 clinical trials against
multiple myeloma and a large variety of solid tumors.

4. Conclusions

A recurrent feature of highly aggressive metastatic solid tumors is represented by an augmented
expression and activation of VEGFR-1, in association with increased levels of its ligands VEGF-A,
VEGF-B, and PlGF.

Based on the crucial role of blood vessel formation in cancer progression, a number of
antiangiogenic agents have been developed and approved. Inhibition of VEGF-A and its signaling
through VEGFR-2, a receptor also involved in physiological angiogenesis, causes important adverse
effects such as hypertension, proteinuria, bleeding, thromboembolism, delay in wound healing, and
gastrointestinal perforation. Besides, a controversy has arisen concerning the application of therapies
exclusively targeting blood vessels: the disruption of endothelial cell barrier caused by these agents
might facilitate tumor cell extravasation. Moreover, the hypoxic condition induced by antiangiogenic
treatments directly contributes to tumor cells EMT; metabolism shift; ECM invasion; and, paradoxically,
may favor metastasis [303]. Conversely, the neutralization of VEGFR-1 specific ligands, i.e., VEGF-B and
PlGF, and the selective blockade of VEGFR-1 activation, represents a promising strategy to specifically
counteract tumor-associated angiogenesis as well as malignant processes not directly related to new
blood vessels formation. Indeed, inhibition of VEGFR-1 signaling also reduces tumor cell survival and
invasiveness, counteracts the mobilization of myeloid progenitors and prevents tumor infiltration by
M2 protumoral macrophages.

In this context, the D16F7 mAb is a promising tool to specifically and non-competitively interfere
with VEGFR-1 signaling in the tumor. The ligand-binding site is not occupied by the mAb and,
therefore, the VEGF-A, VEGF-B or PlGF binding is not inhibited. Based on this property, the overall
quantity of VEGF-A available to stimulate VEGFR-2 does not change and the antiangiogenic activity
of the soluble receptor isoform sVEGFR-1 remains unaffected [67]. Conversely, other experimental
mAbs designed to inhibit human VEGFR-1 signaling, like IMC-18F1/icrucumab, KM1730, or KM1732,
possess a competitive mechanism of action, by inhibiting VEGF-A, VEGF-B, or PlGF binding to
VEGFR-1. Competitive VEGFR-1 inhibitors, by antagonizing ligand binding, may increase in the ECM
the free VEGF-A available for VEGFR-2 activation and this may reduce the overall efficacy of the
treatment. Moreover, competitive mAbs, through their binding to sVEGFR-1, may also counteract its
antiangiogenic effects. All these factors might have contributed to the reported failure of clinical trials
observed with the competitive inhibitor IMC-18F1/icrucumab (see Table 5).

D16F7 mAb efficacy in monotherapy has already been demonstrated in in vivo preclinical
models of highly aggressive tumors, showing significant inhibition of glioblastoma and melanoma
growth, invasiveness and migration, impairment of endothelial cells chemotaxis and tumor-associated
angiogenesis, as well as reduced myeloid progenitor mobilization and tumor infiltration by
monocytes/macrophages [145,148,160]. These data encourage further studies aimed at testing D16F7
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effectiveness in metastatic tumor models as a single agent or in combination with antiangiogenic agents
targeting VEGF-A/VEGFR-2 signaling or immune checkpoint inhibitors.
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Abbreviations

AKT Protein Kinase B
BMDCs Bone marrow-derived cells
BPH Benign prostatic hyperplasia
BRAFi BRAF inhibitors
ccRCC Clear-cell renal cell carcinoma
CNS Central nervous system
COX Cyclooxygenase
CRMP4 Collapsin response mediator protein family 4
CSE Cystathionine-γ-lyase
DCs Dendritic cells
ECM Extracellular matrix
EMT Epithelial/mesenchimal transition
ERK Extracellular signal-regulated kinase
FAK Focal adhesion kinase
FGF Fibroblast growth factor
GAMs Glioblastoma-associated microglia/macrophages
GIV Gα–Interacting Vesicle-associated protein
H2S Hydrogen sulfide
HGPIN High-grade prostate intraepithelial neoplasia
HIF Hypoxia-inducible factor
HUVECs Human umbilical vein endothelial cells
Ig Immunoglobulin
IL Interleukin
mAb Monoclonal antibody
MAMs Metastasis associated macrophages
MAPK Mitogen-activated protein kinases
MCT Monocarboxylate transporters
miRNA MicroRNA
MMP Matrix metalloproteinase
NFkB Nuclear factor -kB
NK Natural killer
NRP Neuropilin
NSCLS Non small-cell lung cancer
ORR Overall response rate
OS Overall survival
OSCC Oral squamous cell carcinomas
PDGF Platelet derived growth factor
PFS Progression-free survival
PI3K Phosphatidylinositol-3-kinase
PKC Protein kinase C
PlGF Placenta growth factor
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RANK Receptor activator of nuclear factor kappa-B
RANKL Receptor activator of nuclear factor kappa-B ligand
RCC Renal cell carcinoma
RTKs Receptor tyrosine kinases
SCLS Small-cell lung cancer
SHH Sonic Hedgehog Homolog
shRNA Short hairpin RNA
STAT3 Signal transducer and activator of transcription 3
sVEGFR Soluble vascular endothelial growth factor receptor
TAMs Tumor associated macrophages
TCGA The Cancer Genome Atlas
TK Tyrosine kinase
Tregs Regulatory T cells
VEGF Vascular endothelial growth factor
VEGFR Vascular endothelial growth factor receptor
VHL von Hippel–Lindau
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