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Angiogenesis can be revisited as a complex biological process with numerous compensatory pathways that can be
activated, challenging the discovery of predictive biomarkers, since the cancer microenvironment and the complex milieu
are difficult to classify and several actors are simultaneously shaping the key pro-angiogenic ecosystem. Bevacizumab
represents the archetypic example of the various mechanisms of action, which may differ between cancer types and
chemotherapy, unveiling the multifaceted functions in driving regression of existing tumor vasculature, halting new vessel
growth, shaping the anti-permeability of surviving vasculature, and priming vessel normalization and co-option.
Unfortunately, a poor correlation between response and survival exists, and the effects are mainly limited to PFS, and
from a clinical trials standpoint, cross-over events at progression make identification of response criteria and biomarkers
difficult.
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| 1. Introduction

Several anti-angiogenic drugs have been approved for cancer treatment, alone or in combination with other anti-tumoral
agents, and anti-angiogenic therapy is essentially an anti-vascular endothelial growth factor (VEGF) or anti-VEGF-
receptor (VEGFR) therapy . The first anti-angiogenic drug, bevacizumab (Avastin), a humanized anti-VEGF-A
monoclonal antibody, was approved for the treatment of previously untreated metastatic colorectal cancers in combination
with chemotherapy . Ranibizumab is a humanized antibody based on a single antigen-binding site (Fab) derived from
bevacizumab, but with a higher VEGF-A binding activity. Tyrosine kinase inhibitors are additional anti-angiogenic drugs,
which interfere with VEGFR-1, VEGFR-2, platelet derived growth factor receptor (PDGFR), fibroblast growth factor
receptors (FGFRs), and Tie2 signaling [&l. VEGF-trap protein aflibercept, obtained by fusion of VEGF binding domain of
VEGFR-1 and R-2, which acts as a ‘VEGF ligand trap’, has been approved for the treatment of metastatic colorectal

cancer 4.

Anti-angiogenic drugs lead to an increase in patient’s overall survival (OS) in the range of weeks to months and a 3-6-
month increase in progression-free survival (PFS), followed by relapse in tumor angiogenesis and growth. Discontinuation
of the therapy is the principal factor responsible for the ineffectiveness of the anti-angiogenic therapies &, In fact, when
VEGF-targeted therapies are discontinued, tumor vasculature is rapidly re-established €, whereas continuation of
bevacizumab treatment is associated with an increase in OS 4.

Angiogenesis inhibitors are responsible for metastasis formation and reduced delivery of chemotherapeutic agents, as a
consequence of decrease of tumor vasculature. Increased invasiveness is secondary to enhanced expression of
angiogenic cytokines or recruitment of endothelial progenitor cells (EPCs), favoring the formation of a pre-metastatic niche
BRI Clear cell renal carcinoma (CCRC) cells and glioblastoma multiforme cells show a high metastatic potential after
treatment with bevacizumab and VEGF inhibition [11I[12][18]

| 2. vascular Normalization and Tumor Hypoxia

VEGF inhibition normalizes tumor vasculature, decreasing vascular permeability and enhancing delivery of oxygen and
drugs to intratumoral sites 4. Vascular homeostasis is transiently restored during the first days of therapy. The
improvement in tumor oxygenation takes place in the last 2—4 days after anti-VEGF treatment 14, Hypoxia re-increases,
inducing systemic secretion of other angiogenic cytokines, selects more malignant cells, able to grow in hypoxic
conditions, and stimulates 1 integrin expression, a marker of resistance to cancer treatment 2. Hypoxia-inducible factor
(HIF) plays a critical role in resistance to anti-angiogenic therapies and is a survival factor used by cancer cells in a
condition of oxygen deprivation. Moreover, HIF triggers epithelial mesenchymal transition (EMT) and metastasis 28!,
Invasiveness is increased as a consequence of the production of pro-migratory proteins, including stromal cells derived
factor-1 alpha (SDF-1a), hepatocyte growth factor (HGF), and pro-invasive extracellular matrix proteins LJ[28l, Circulating



EPCs move to hypoxic sites and contribute to the generation of new blood vessels, and the inhibition of VEGF prevents
the mobilization of EPCs to the tumor site 220, Hypoxia triggers the differentiation of tumor-infiltrating myeloid cells to
M2-pro-angiogenic tumor-associated macrophages (TAMs), the recruitment of EPCs, genetic instability in tumor

endothelial cells, and the selection of more invasive metastatic tumor cell clones, resistant to anti-angiogenic agents [21122]
[23]

| 3. Role of Inflammatory Cells, Endothelial Cells, and Tumor Cells

TAMs and tumor associated fibroblasts (TAFs) are both involved in resistance to anti-VEGF agents. Blocking TAM
recruitment is the winning strategy to overcome resistance to anti-angiogenic therapy. Both TAMs and TAFs promote
tumor growth and angiogenesis through the release of growth factors and proteases. Tumors refractory to anti-VEGF
therapy display an increased number of myeloid-derived suppressor cells (MDSCs) 24l In addition to tumor cells, tumor
endothelial cells also undergo epigenetic modifications involved in resistance to anti-angiogenic therapies [22,
Furthermore, the effect that the anti-VEGF treatment has on the cancer cell itself has been largely ignored and only
recently has been receiving the attention it deserves. Studies like the one from Luo and co-workers 28 demonstrate a
direct effect of VEGF on the actual cancer cell rather than the vasculature, although this is something not taken into
account so far in clinical trials. The importance of VEGF is further supported by the findings that, in some cases, tumors
cells can become more aggressive after treatment with bevacizumab. This is, for example, the case with human glioma
cells in which bevacizumab treatment induces invasion through the activation of the beta catenin pathway 2%, Moreover,
bevacizumab-treated glioblastoma patients have an increased relapse in comparison to bevacizumab-untreated patients,
linked to an upregulation of c-MET and phospho-c-MET [28],

| 4. Pleiotropic Role of VEGF in Angiogenesis, Inflammation, and Immunity

Tumor cells, the secreted soluble factors the interstitial stroma and extracellular matrix, pericytes, and endothelial cells
represent a complex neighborhood in which a vicious cycle develops, acting as a pro-angiogenic reservoir. The
endothelial cells are main actors on the angiogenic field, expressing a plethora of tyrosine kinase receptors that trigger
proliferation, migration, and differentiation signals [22. Costa et al. uncovered Int-2 oncogene as an angiogenesis inductor
(80 and prompted further studies on additional mechanism, including VEGF B, VEGF family comprises VEGF-A, VEGF-
B, VEGF-C, VEGF-D, VEGF-E, and VEGF-F. VEGFR-2, also known as placental growth factor (PGF), is the main signal
transducer and activates the main mechanism of PI3K, MAPK, IP3, and eNOS, which imprint one of the main features of
malignant angiogenesis: the vasodilatation with endothelial detachment paralleling the cellular dynamics alteration 22,
The eNOS activation and NO production explain one of the major adverse events of anti-angiogenic treatment, namely
the arterial hypertension, due to the decreased NO production. Conversely, VEGF production is related to vasodilation;
VEGFR-2 is also related to cell survival and migration, and VEGFR-1 is additionally related to vascular stabilization,
whereas VEGFR-3 is much more related to lymphangiogenesis 2. By looking into the cellular system and
compartmentalization for cell motility, it is important to highlight that an anaerobic metabolism is developed, and the
proliferating endothelial cells (tip cell) trigger the sprouting angiogenesis via motile filopodia anchored to an extracellular
matrix, attracting the cells through a VEGF gradient. Bystander cells suffice for an integrated system (stalk cell) while the
cancer cell enhances the glycolytic activity supporting its migratory activity B2l Thus, the actors on the scene are the
neoplastic cells, the tip cells, rapidly migrating, the stalk cells, with supporting function, and the quiescent phalanx cells
from which this structure is sprouting B3], tip and stalk cells being the most responsive to VEGF and its receptor VEGFR-
2. The tumor vascular pattern largely differs from the normal vascular one in terms of morphology due to an abnormal
vascular pattern of growth in which the blood and nutrient flow is absolutely aberrant, driving ischemia and abnormal
solute and drugs delivery as demonstrated by VEGF expression tumor imaging performed with 341 Zr-Bevacizumab, with
a decay in the drug concentration in 168 h. Contrariwise, as a proof of concept, VEGF within the tumor site is high.
Imaging of VEGFR-2 expression addressed with 23 CU-DOTA-VEGF121 paralleled VEGF expression behavior in vivo
models B8, Remarkably, the role of hypoxia and VEGF in cancer is multifaced; nonetheless, in a hypoxic tumor, an
overproduction of VEGF exerts an inhibitory effect on the dendritic cell and a stimulatory effect on the tumor-associated
macrophages and on MDSCs, boosting Treg lymphocytes. Therefore, the result is an aberrant vasculogenesis within an
immune-permissive niche (37 (Figure 1).
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Figure 1. Cancer angiogenesis as a multi-faced, multistep process, recruiting divergent cell types and cell proliferation,
migration, invasion, and differentiation, depending on the cancer-associated milieu.

The expression of angiogenic factors in gastrointestinal cell lines behaves as an archetype of the spectrum of a new
vessel-sustaining phenotype. Across the plethora of pro-angiogenic molecules, VEGF largely predominates over PIGF,
interleukin-8 (IL-8), and fibroblast growth factor-2 (FGF-2) 28], Remarkably, one of the paramount features of the tumor
angiogenesis is the presence of precursors progenitors within the newly formed vessels expressing VEGFR-2. EPCs
promote angiogenesis in hepatocellular carcinoma 3. Ligand neutralization, antibody targeting extracellular domain of
VEGFR, and small molecules’ tyrosine kinase inhibitors are valuable strategies 29, However, the parameters involved in
the dynamics of blood flow are crucial in order to modulate and normalize the pathological vicious cycle of angiogenesis.
Amid the cancerous vascularization, shunts are predominant over perfusion, due to a high interstitial pressure halting the
soluble factors diffusion within the tumor. Therefore, allowing a normalized perfusion and restoring the angiogenic
homeostasis are optimal activity markers 1. Moreover, a markedly elevated interstitial fluid pressure in human tumors
and normal tissues decreases the drug effect 2. Among the tumor diseases, the stronger rationale behind the use of an
antiangiogenic therapy in case of kidney tumors is due to VHL gene mutation 243l honetheless, in gastric cancer, HIF-1
overproduction boosts pro-angiogenic factor production 24, Indeed, gastric cancer represents an ideal model to discuss
anti-angiogenic approaches’ challenges in oncology. VEGF and VEGFR are significant molecular targets in gastric cancer
(45114611471 Fyrthermore, VEGF and PDGF production in gastric cancer is expressed in the different subtypes 28, holding
biological implications since the Kaplan—Meier OS curve significantly differs in relation to preoperative serum VEGF levels
(491 \Wang et al. corroborated these findings by stratifying patients according to type A vs. type C VEGF BY. A synergic
action between chemotherapy and angiogenesis inhibition is plausible due to the experimental model's results showing
that bevacizumab improves the penetration of paclitaxel and the antitumor effect on a MX-1 breast cancer xenograft &1,
Moreover, VEGF and HIF-1alpha are dose-dependently decreased by SN-38 in experimental models 22, These results
prompted an intensive investigation in order to better sketch the proper patient for the proper treatment. However, the
adaptive—evasive responses by tumors to anti-angiogenic therapies represent an unmet need ¥% due to the lack of
validated soluble biomarkers, despite the intensive investigation also in the field of liquid biopsy B354l A paradigm shift
has been opened by the discovery of the glycosylation-dependent galectin-VEGFR-2 binding, which preserves
angiogenesis in anti-VEGF refractory tumors 58l This study initiated an intense investigation regarding efforts aiming to
overcome resistance to angiogenesis inhibitors.
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