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Abstract: The vascular endothelial growth factor (VEGF) family includes key mediators of
vasculogenesis and angiogenesis. VEGFs are secreted by various cells of epithelial and
mesenchymal origin and by some immune cells in response to physiological and pathological
stimuli. In addition, immune cells express VEGF receptors and/or coreceptors and can respond to
VEGFs in an autocrine or paracrine manner. This immunological role of VEGFs has opened the
possibility to use the VEGF inhibitors already developed to inhibit tumor angiogenesis also in
combination approaches with different immunotherapies to enhance the action of effector T
lymphocytes against tumor cells. This review aims at analyzing the current knowledge on the
crosstalk between VEGFs and the immune system and at highlighting those aspects that still need
to be further investigated.
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1. Introduction

Blood vessel formation and organization occurs through two processes defined as
vasculogenesis and angiogenesis. Vasculogenesis is the development of a capillary network due to
differentiation of pluripotent mesenchymal cells into hemangioblasts, while angiogenesis is the
formation of new blood vessels from preexisting ones [1]. The importance of vasculogenesis and
angiogenesis is linked to their homeostatic role of suppliers of oxygen and nutrients to tissues and
organs, and of removing, at the same time, discarded metabolites. Therefore, vasculogenesis and
angiogenesis represent crucial points of physiological processes such as embryonic development,
growth, hematopoiesis, tissue remodeling and wound healing, but also of pathological conditions,
such as cancer, inflammation, atherosclerosis, or diabetic retinopathy [1,2] These processes are
coordinated both by the interplay between different cell types of endothelial and non-endothelial
origin, and by cell responses to angiogenic or anti-angiogenic factors [3].

The vascular endothelial growth factor (VEGF) family comprises key mediators in the
vasculogenesis, and angiogenesis processes as highlighted by studies with knockout mice [4]. Since
1983, with the isolation of the vascular permeability factor VPF/VEGF-A [5], the most studied
member of the family, the role of the diverse VEGFs and their receptors has been deeply characterized
either in physiological or pathological angiogenesis [6].

Due to the possibility to block tumor angiogenesis by acting on VEGF-A, pharmacological
studies have led to the approval of a monoclonal antibody against VEGF-A (Bevacizumab/Avastin)
in cancer therapy. Thereafter, tyrosine kinase inhibitors against the VEGFRs (such as Sorafenib or
Sunitinib) have been approved for the treatment of different types of cancer either as monotherapy
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or in association with chemotherapy or radiotherapy [7]. Anti-VEGF-A antibodies, specifically
formulated for the use in the eye (Ranibizumab, Aflibercept, and Brolucizumab), have been also
approved for the treatment of maculopathies [8].

Following his intuition on tumor angiogenesis, Judah Folkman was also the pioneer who
suggested that immune cells may influence angiogenesis and vice versa [9]. In fact, immune cells
produce several growth factors and cytokines that modulate both angiogenesis and
lymphangiogenesis [10]. In addition, the role of angiogenic growth factors and in particular of the
VEGF family members in the modulation of anti-tumor immunity has been investigated [11,12].
Application of immunotherapy in diverse types of cancer, such as renal cell carcinoma, previously
treated with angiogenic inhibitors targeting the VEGF family, has led to the proposal of combined
therapeutic protocols [13,14]. Therefore, understanding the functional connections among VEGFs,
VEGEF receptors (VEGFR) and co-receptors, and the immune system has become more and more
important.

This review intends to recapitulate available knowledge in this field and underline the aspects
that still need deeper investigation.

2. VEGF Family Members and Immune Cells

The mammalian VEGF family is composed of five growth factors, VEGF-A, VEGEF-B, placenta
growth factor (PIGF), VEGF-C, and VEGF-D, that recognize, with different affinity, the cellular
receptors VEGFR (VEGFR-1, VEGFR-2, and VEGFR-3) [15]. Membrane VEGFRs present three
different domains: an extracellular domain that binds to the growth factor, a transmembrane domain,
and an intracellular domain with tyrosine kinase activity. VEGF-A binds to both VEGFR-1 and
VEGEFR-2, VEGF-B and PIGF bind only to VEGFR-1, and VEGF-C and VEGEF-D bind to VEGFR-3.
Some isoforms of these growth factors, derived from alternative splicing of the same gene, recognize,
and bind to the non-tyrosine kinase receptors neuropilin-1 (NRP-1) and neuropilin-2 (NRP-2). Other
molecules can interact with the VEGFs, such as integrins, cadherins, or heparin sulfate proteoglycans,
but their specific role and effects have been less characterized. A summary of the cross talks among
VEGFs and immune cells is shown in Figure 1 and described in the text.
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Figure 1. Schematic representation of the different interactions among VEGFs and immune cells.
VEGE-A has been reported to interact with monocytes/macrophages, dendritic cells, mesenchymal-
derived suppressor cells (MDSCs), and regulatory T cells (T-reg) by acting as a chemoattractant
factor [16-18]. VEGF-A increases polarization of T cells towards the T helper (h) 1 phenotype [19],
inhibits differentiation of dendritic cells and B cells [20]. PIGF increases chemokine release by
monocytes/macrophages, induces differentiation of Natural killer cells and Th-17 lymphocytes [21-
23]. VEGF-C and, probably, also VEGF-D act as chemoattractants for monocytes/macrophages and
induce activation of CD8+ T cells [24].

2.1. VEGF-A

VEGF-A was firstly characterized as a permeability factor and then for its actions on endothelial
cell proliferation, vasodilation, and inhibition of endothelial cell apoptosis [16]. It plays a crucial role
in the maintenance of physiological vascular homeostasis in different cells and tissues, and its
involvement in the pathogenesis of diseases such as tumor growth and metastases, diabetic and
hypertensive retinopathy, has been demonstrated.

The different VEGF-A structures derived from alternative splicing determine protein-protein
interactions that can modulate growth factor functions. Exons 6 and 7, which are lacked in some
isoforms, are responsible for binding to heparin and extracellular matrix heparin-sulfate
proteoglycans, and exon 7 for VEGF-A interaction with NRP-1 and NRP-2.

VEGF-A is secreted by different cell types of epithelial and mesenchymal origin, and its
expression is mainly modulated by hypoxia [25]. Several growth factors and inflammatory mediators
can also induce VEGF-A expression, including platelet-derived growth factor-BB, epidermal growth
factor, transforming growth factor (TGF)-p1, interleukin (IL)-1{3, and tumor necrosis factor (TNF)-a
[26].
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In the presence of proinflammatory molecules, such as lipopolysaccharide (LPS), TNF-a, and IL-
1B, classically activated dendritic cells (DCs) express VEGF-A together with high levels of anti-
angiogenic molecules. In contrast, alternatively activated DCs matured in the presence of anti-
inflammatory molecules, such as calcitriol or prostaglandin E2 (PGEz), secrete high levels of VEGF-A,
mediating vascular growth at the site of tissue inflammation or wound, and in the reactive lymph
nodes [20]. These findings indicate that the presence of pro- or anti-inflammatory mediators in the
tissue microenvironment is the principal responsible for production of VEGF-A by DCs.

Immune cell contact-mediated activation can lead to VEGF-A induction. CD40L expressed on T
cells engages CD40 on endothelial cells, monocytes, and fibroblast-like synoviocytes, resulting in
strong VEGF-A induction [27,28] (Figure 2).
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Figure 2. Mechanisms of regulation of VEGF-A expression in immune cells. Neutrophils and
monocytes/macrophages secrete inflammatory cytokine, such as tumor necrosis factor (TNF)a and
interleukin (IL)-1f, that induce VEGF-A secretion by endothelial and not-endothelial cells [26].
CD40-CD40L mediated cell-cell contact can induce VEGEF-A secretion by different cell types [27,28].
VEGF-A secretion by dendritic cells is induced by molecules such as tumor necrosis factor (TNF)a,
calcitriol, lipopolysaccharide (LPS), or prostaglandin (PG)E:z. Neutrophils augment VEGF-A
availability by secretion of matrix metalloproteinases (MMPs) and heparinases [29] and hypoxia can
induce T cells to secrete VEGF-A through hypoxia inducible factor (HIF)-1 [19].

VEGF-A mainly interacts with immune cells by promoting a chemotactic response that recruits
dendritic cells, myeloid-derived suppressor cells, and macrophages/monocytes to the damaged
tissue where they contribute in maintaining local inflammatory processes by increasing the release
of proinflammatory cytokines [16,17].

VEGF-A is also involved in the recruitment of precursor DCs and in their trans-differentiation
within the tissue into endothelial-like cells [20].

Besides its role as chemoattractant, VEGF-A is secreted by T cells on stimulation by IL-2 or
hypoxia. Hypoxia also induced the expression of VEGFR-2 in T cells, suggesting that T cells might
also respond to VEGF-A. Indeed, VEGF-A augmented interferon (IFN)-yand inhibited IL-10 secretion
together with enhancing T cells polarization towards a T helper (h)1 phenotype [19]. Neutrophils can
modulate VEGF-A bioavailability and bioactivity via secretion of matrix metalloproteinases and
heparinase [29].
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2.2. VEGF-B and PIGF

VEGF-B is expressed in early embryonic stages contributing to the development of
cardiovascular system and myocardium, but its role in vasculogenesis is not essential as
demonstrated by the VEGF-B/- homozygotic mice that are viable at birth and show moderate
cardiovascular system defects. Two VEGEF-B isoforms are derived from alternative splicing: VEGF-
Biez that binds to ECM and interacts with VEGFR-1 [32,33,43] and NRP-1 and VEGF-Biss which
interacts with VEGFR-1 only and, after cleavage, gains the ability to bind NRP-1. In adults, VEGF-B
is found in different tissues such as myocardium, pancreas, and skeletal muscle, but its role as
angiogenetic factors is still debated. In fact, VEGF-B is principally related with the survival of smooth
muscle cells, pericytes, neurons and cardiomyocytes.

PIGF has been originally identified in the human placental tissue and its expression correlated
with trophoblast growth and differentiation, trophoblast invasion and blastocyst implantation. In the
adult, PIGF is found in four isoforms (PIGF-1, PIGF-2, PIGF-3 and PIGF-4) with different structure
and activity. All isoforms bind and activate VEGFR-1; the PIGF-2 isoform also interacts with NRP-1,
NRP-2 and heparin.

PIGF significantly induces expression of inflammatory chemokines, such as TNF-a, IL-1f,
monocyte chemotactic protein (MCP)-1, IL-8, and VEGF-A, by monocytes, contributing in sustaining
monocyte activation [30,31]. PIGF specifically induces the production of TGF-31 by tumor-associated
macrophages [21].

Analyzing the implantation site in PIGF null mice, Tayade et al. found a role for PIGF in uterine
natural killer (NK) cell proliferation and differentiation [22]. Uterine NK cells are major responsible
for early vasculature changes in pregnant endometrium. They also express VEGF-A. However,
different studies did not succeed in demonstrating the presence of VEGFR-1 on uterine NK cells and
the mechanism of PIGF- or VEGF-A-dependent activation of uterine NK cells is not clear yet.

The analyses of splenocytes from PIGF null mice showed significantly lower levels of IL-17
compared to wild-type animals. Subsequent analyses indicated that PIGF selectively addresses T
helper (h) cell fate towards the Th17 lineage [23]. T cells express VEGFR-1 and PIGF transduces its
differentiation program through activation of this tyrosine kinase receptor.

No data specifically highlighting the role of VEGF-B in immune cells has been reported so far.

2.3. VEGF-C and VEGF-D

VEGF-C is expressed in the embryonic tissues where it regulates lymphangiogenesis by binding
and activating VEGFR-3. Upon processing, VEGF-C is also able to bind to VEGFR-2. VEGF-C activity
can be increased by binding to NRP-2 which acts as a co-receptor for VEGFR-3 [32]. VEGF-C
inactivation impairs lymphatic vessel development resulting in lethal accumulation of interstitial
fluids in the tissues. In adult life, VEGEF-C is involved in lymphangiogenesis in both physiological
and pathological situations.

VEGF-D is highly expressed in the embryonic lungs where it also participates to the
development of the lymphatic vessels. Like VEGF-C, VEGF-D binds to VEGFR-3 and NRP-2.
However, VEGF-D inactivation is not lethal, resulting into a moderate atrophy of lymphatic
circulation.

In the tumor microenvironment, the presence of VEGF-C or VEGF-D could be linked to
migration of tumor cells into lymphatic vessels, and the formation of lymph node metastasis.

Neutrophils contribute to lymphangiogenesis by secretion of VEGF-C [29]. VEGE-C is highly
induced in mesenchymal stromal cells (MSCs) by steroids and tumor necrosis factor-a and VEGF-C
in turn promotes CD8+ T cell responses. This immune promoting effect is abolished by blockade or
specific genetic ablation of VEGFR3 in CD8+ T cells [24].
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3. Receptors of the VEGF Family and Their Expression on IMMUNE cells
3.1. VEGFR-1

VEGEFR-1, previously known as Fms-like tyrosine kinase (Flt)-1 receptor, is essential for
development and differentiation of the embryonic vasculature. In fact, embryos in which VEGFR-1
has been knocked-out died in utero between day 8.5 and 9.0 [33]. The defect was later ascribed to an
increased outgrowth of endothelial cells and angioblast commitment, which inhibited a proper
organization of vascular network, probably due by the lack of the inhibitory activity exerted by
VEGEFR-1 in respect to VEGF-A [34]. In fact, VEGF-A reacts with higher affinity with VEGFR-1,
without inducing a clear tyrosine kinase activation of the receptor, but impeding VEGEF-A to properly
interact with its functional VEGFR-2 [35]. Besides the membrane-bound form, endothelial cells also
produce a soluble VEGFR-1 (sVEGFR-1) isoform that, by binding members of the vascular
endothelial growth factor (VEGF) family, reduces the amounts of VEGFs available for the interaction
with their membrane receptors, negatively regulating VEGFR-mediated signaling. sVEGFR-1 has an
additional role in angiogenesis: it is deposited in the extracellular matrix, and interacts with cell
membrane components [36]. Interaction of sVEGFR-1 with a5p1 integrin on endothelial cells
regulates vessel growth, triggering a dynamic, pro-angiogenic phenotype [37]. Therefore, the amount
of and the location of sVEGFR-1 in the tissue microenvironment regulate the activation or inhibition
of cells expressing membrane VEGFR-1 (mVEGFR-1) or a5@31 integrin.

Different immune cells express mVEGFR-1 and reacts to VEGFR-1-binding growth factors such
as VEGF-A, VEGF-B, and PIGF.

Human DC precursor cells express mVEGFR-1 and DC maturation is inhibited by a VEGFR-1-
dependent signaling triggered by either VEGF-A or PIGF [20]. No data about a similar action of
VEGF-B has been reported so far.

Acute lung injury is characterized by hyperinflammation and involves reduced levels of alveolar
macrophage and recruitment of monocyte-derived macrophages in a VEGFR-1-dependent manner.
The monocyte-derived macrophages that express VEGFR-1 displayed an anti-inflammatory
phenotype [38]. Conversely, VEGFR-1 expression is up-regulated in tumor-associated macrophages
and VEGFR-1 activation sustains polarization toward the M2 phenotype [39].

VEGEFR-1 is expressed not only in monocytes/macrophages but also in bone marrow-derived
hematopoietic progenitor cells, mobilized in response to VEGFs and other tumor factors [40]. These
cells are able to migrate to distant sites before the arrival of metastatic tumor cells and are essential
in the formation and maintenance of pre-metastatic niches [41].

So far, no data are available on sVEGFR-1 secretion by the different immune cells described
above and on the possible role of sVEGFR-1 in blocking VEGF-mediated signaling in these cells. In
addition, different immune cells express the a5@31 integrin [42] and could respond to the stimulation
of sVEGFR-1 in the extracellular matrix. This aspect still requires additional investigation.

3.2. VEGFR-2.

VEGEFR-2, previously known as the kinase insert domain receptor (KDR), is predominantly
expressed on endothelial cells of both blood and lymphatic vessels.

The importance of VEGFR-2 was revealed by knockout experiments in which the inactivation of
VEGEFR-2 in mice resulted into lack of vasculogenesis leading to embryonic death. In the adult,
VEGFR-2 regulates angiogenesis, through VEGF-A-mediated signal transduction, and
lymphangiogenesis, by interacting with VEGF-C and VEGF-D.

Monocyte-derived mature DCs express both VEGFR-1 and VEGFR-2, but VEGF-A inhibits the
antigen-presenting function of mature DCs through the interaction with VEGFR-2 [43,44]. Similarly,
myeloid-derived suppressor cell (MDSC) are recruited by VEGF-A in a VEGFR-2-dependent manner
[18].

So far, VEGF-A is considered the major responsible for the immunosuppressive environment in
tumors [45] even if the expression of VEGFR-2 on T cells is controversial. In vitro activated T-cells but
also tumor infiltrating T cells express VEGFR-2 [46]. VEGF-A/VEGFR-2 axis is involved in induction
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of either T cell proliferation or tumor-induced T-cell exhaustion, this latter through increased
expression of immune checkpoint molecules [47,48].

VEGF-A induces Tregs proliferation through binding and activating VEGFR-2, but only certain
Treg subclasses express VEGFR-2 [18]. It would be of interest to evaluate the prognostic role of tumor-
infiltrating VEGFR-2 positive Tregs. This selective evaluation could be more accurate for patient
prognosis than considering all Tregs.

3.3. VEGFR-3

VEGFR-3, or Fms-like tyrosine kinase (Flt)-4, plays a crucial role both in the formation of the
lymphatic vessel network during embryonic development and in the formation of adult lymphatic
vessels. A soluble sVEGFR-3 was also found and inhibited lymphatic vessel development by
interfering with the signals triggered by VEGF-C and VEGE-D [49].

In the immune system, VEGFR-3 is expressed by macrophages and promotes cell chemotaxis
and activation [24,50].

VEGFR-3 signaling modulates allergic airway inflammation. During acute inflammation,
VEGER-3 blocking decreased immune cell recruitment into the lungs. In contrast, the memory
response to allergen is significantly exacerbated by a lack of VEGFR-3. This memory response is
dependent on the absence of both VEGF-C and VEGF-D, suggesting that these two growth factors
may compensate for each other in allergic airway inflammation [51].

3.4. NRP-1 and NRP-2

NRP-1 and NRP-2 were initially identified as receptors for semaphorins (SEMA) involved in
neuron system development [52]. NRP-1 promotes the interaction of SEMA3 with plexins, mediating
axon guidance during embryonic development. Subsequently, additional growth factors have been
shown to bind NRP-1 and NRP-2, such as transforming growth factor (TGF)-, hepatocyte growth
factor, or platelet-derived growth factor, as well as integrins and small molecules such as synectin
[53], but the respective roles in angiogenesis have not been fully characterized yet.

NRPs are non-tyrosine kinase transmembrane receptors and act as co-receptors for different
isoforms of VEGFs [54]. Both NRP-1 and NRP-2 exist as either membrane bound or soluble forms,
that display decoy functions to membrane NRPs [55]. Endothelial cells of arteries express primarily
NRP-1, which possess a selective binding site for VEGF-Aies, PIGF-2, and VEGF-Bie;. The co-
expression of NRP-1 and VEGFR-2 enhances the binding of VEGF-Aies to VEGFR-2 and increases the
efficacy of its signaling. Endothelial cells veins and lymphatic vessels express predominantly NRP-2,
with binding sites for VEGF-C and VEGEF-D, thus enhancing the signaling through VEGFR-3. More
recently, NRP-1 has been involved in the interaction between integrin a531 on endothelial cells and
the sVEGFR-1 present in the extracellular matrix leading to angiogenesis [56]. VEGF-A can also
directly act on neuron-expressing NRP-1, but the NRP-1 signaling co-receptors have not been
identified in these cases [52].

NRP-1 contributes to immunity in different ways [57]. NRP-1 has been involved in immune
system development and thymocyte differentiation, mainly through binding to SEMA [58,59]. It has
also been involved in mediating antigen presentation to T cells by antigen-presenting cells [60]. NRP-
1 promoted cell—cell adhesion via homophilic interactions and colocalized with CD3 at the contact
zone, indicating a potential role for NRP-1 in the initiation of primary immune responses. However,
only a few effector T cells and plasmacytoid DCs express NRP-1. NRP-1 action in immune cells is
reported to be mediated by SEMA/plexin binding and it is mainly inhibitory [61]. In fact, SEMA3A
secreted from activated DC and T cell can also bind to NRP1 on T cells and inhibit T cell proliferation
by blocking actin cytoskeleton reorganization. NRP-1 can exert immunoinhibitory activity also
through binding to TGF-f, a well-known immunosuppressive cytokine, also secreted by regulatory
T cells (Tregs) [62]. NRP-1 on Tregs can bind the latent form of TGF-f3 from the surrounding tissue
fluid or plasma and induce further immunosuppression.

NRP-1 is expressed by Tregs but not naive T helper (Th) cells [63] and plays a key role in
promoting long interactions between Treg cells and DCs [64]. Nrp-1 expression on Treg cells gives
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them an advantage over naive Th cells in the absence of proinflammatory stimuli. Even if VEGFR-1
is present on DCs, neither VEGFR-1 nor VEGFR-2 is expressed on Tregs, excluding the direct
involvement of VEGF-A, VEGE-B, and PIGF in immune synapse maintenance.

NRP-1 is expressed by a subpopulation of T follicular helper (Tth) cells in the secondary
lymphoid organs in humans and its expression can be induced in vitro by interaction with autologous
memory B cells and correlated with the plasma B cell precursors. This indicated a role for NRP-1 on
Tth cells in B cell differentiation [65].

NRP-1 is expressed on plasmacytoid DCs. Blocking of NRP-1 reduces the production of IFN-a
by plasmacytoid DCs, although the exact underlying mechanism is unclear [66].

NRP1 expressed on myeloid DCs can be transferred to T cells by trogocytosis [67]. VEGF-A
secreted by human DCs can bind to NRP1 captured by T lymphocytes. Therefore, NRP-1 transfer to
T cells during the immune synapse can convert T lymphocytes into VEGF-A-carrying cells. Together
with the enhanced signaling of VEGFR-2 on endothelial cells in the presence, in trans, of the NRP-1-
VEGF-A complex, intercellular transfer of NRP-1 might participate in the remodeling of endothelial
vessels in secondary lymphoid organs during inflammation [67].

Myeloid DCs are susceptible to infection by the human T-cell lymphotropic virus type 1 (HTLV-
1) and NRP-1 has been demonstrated to be essential for viral infection [68]. Interestingly, VEGEF-A
acts as a selective competitor of HTLV-1 entry into the cells by binding to the same binding site on
NRP-1. In fact, HTLV-1 contains in its envelop protein a structural motif homologous to VEGF-Aues.

NRP-1 has been reported on tissue-resident macrophages. NRP-1 is also expressed on tumor-
associated macrophages (TAMs) and is crucial for their migration to the hypoxic niche of the tumor
in response to SEMA3A. TAMs express VEGFR-1 and a role for VEGFs in recruiting macrophages
has been already underlined. However, no data are available so far to sustain a collaboration of
VEGEFR-1 and NRP-1 in transducing this chemotactic signal. Carrer et al. identified a novel subset of
bone marrow-derived monocytes, which were NRP-1 positive. When injected into tumors, these
NRP-1-expressing monocytes promoted tumor vasculature normalization [69]. Similarly, NRP1
expressed in glioma TAMs has been associated with tumor promotion. Indeed, mice with a TAM-
specific deletion of NRP1 resulted in slower tumor growth, reduced tumor vascularity and increased
survival [70].

Differently from NRP-1, NRP-2 seems to be more broadly expressed in macrophages, during the
differentiation from monocytes towards DCs, and in T cell subsets [71]. However, The NRP-2 role in
immune cells has not been completely defined.

Altogether, current literature data indicate a role for NRPs in the homeostasis and pathological
states of immune cells, but information are still fragmentary and not all the aspects have been
considered, especially the involvement of the VEGFs in activation or repression of immune responses
and the possible crosstalk between NRPs and VEGFRs.
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Figure 3. NRP-1 roles in immune cells. NRP-1 is expressed in different cells of the immune system.
When expressed in T follicular helper (Tfh) cells, NRP-1 mediates B cell differentiation [65], whereas
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in plasmacytoid DCs, it induces the secretion of interferon (IFN)a [66]. Human T-cell lymphotropic
virus type 1 (HTLV-1) enters myeloid DCs through NRP-1 and VEGF-A can block this infection [68].
Myeloid DCs can transfer NRP-1 and VEGF-A to T cells by trogocytosis [67]. DCs directly activate T
cells through NRP-1 but also block T cell activation by secretion of SEMA3 [62]. Regulatory T cells
(Tregs) are also directly activated by DCs but also indirectly by secretion of TGF-f that also blocks T
cell activation [64]. SEMA-3A/NRP-1 interaction leads to increased migration of monocytes [57]. .

4. Clinical Advancements and Challenges in Combining VEGF-Targeted Anti-Angiogenic
Therapy with Checkpoint Inhibitor Immunotherapy

Due to the amount of data that connect tumor angiogenesis, expression of VEGFs and VEGFRs
in the tumor microenvironment, and their role in modulating tumor immune responses, the
possibility of combining anti-VEGFs together with anti-checkpoint inhibitors (ICIs) in tumor therapy
has been evaluated. Indeed, anti-VEGFs have a broad range of effects on the immune system and
effectively contribute to reverting the immunosuppressive environment of the tumor [72].
Nevertheless, anti-VEGFs as a single therapeutic approach are likely insufficient to generate a
complete or robust immune response against cancer, especially in patients with advanced-stage
disease. Therefore, anti-VEGFs have been proposed in combination with various immunotherapeutic
strategies that boost adaptive immune responses, such as ICIs. An accumulating number of clinical
trials have been conducted to explore the efficacy of the combination (Table 1).

The presence of high levels of VEGF-A in the serum of patients with melanoma before treatment
with the anti-CTLA-4 antibody ipilimumab was found to correlate with decreased overall survival
compared with that of patients with low VEGF-A expression, providing an additional rationale for
targeting VEGF-A in these patients. Therefore, a clinical trial has tested the combination of
Ipilimumab and Bevacizumab in melanoma patients. This treatment led to an increased infiltration
of lymphocytes in the tumor tissue [73]. The same combination later showed to have clinical benefits.
Results from the phase I and II clinical trial (NCT00790010) showed that Ipilimumab plus
Bevacizumab in patients with metastatic melanoma had favorable clinical outcomes (disease control
rate 67.4%), increasing tumor vascular expression of ICAM-1 and VCAM-1 and lymphocyte
infiltration in the tumors [74].

The most successful results of combination therapies have been reported in renal cell carcinoma
(RCC) and hepatocellular carcinoma (HCC). To explore the efficacy of anti-PD-L1 combined with
anti-VEGF-A, the phase I study NCT01633970 was proposed and aimed at investigating the safety of
Atezolizumab plus Bevacizumab or chemotherapy in metastatic RCC [75]. Compared with tumor
samples from patients at baseline or post Bevacizumab monotherapy, expression of CD8, PD-L1, and
major histocompatibility complex-I (MHC-I) markedly increased after combination therapy. The
transformation to hot tumor was associated with increased expression of CX3CL1 which participated
in the recruitment of peripheral CD8+ T cells [75]. Subsequently, the results of a randomized phase II
clinical trial evaluating the efficacy of Atezolizumab plus Bevacizumab versus Sunitinib as a first line
of treatment in RCC were reported (NTC01984242). The combination had a marked benefit over
Sunitinib alone in patients with tumors showing high numbers of MDSCs and in patients with tumors
harboring high numbers of effector T cells and high levels PD-L1 expression (= 5%), whereas Sunitinib
had greater efficacy than the combination in patients with tumors with high levels of angiogenesis
[13]. A pivotal phase III trial (NCT02420821) is currently underway to confirm the results of this phase
II study [76]. Furthermore, a phase III trial comparing Avelumab and Axitinib combination therapy
against Sunitinib monotherapy in patients with metastatic RCC in a first line setting (NCT02684006)
revealed that Avelumab/Axitinib combination significantly prolonged progression-free survival
(PFS) compared to Sunitinib [77]. Additional clinical trials are ongoing in patients with advanced
RCC that showed promising results with PD-1/PD-L1 inhibitors and anti-angiogenic agent
combination treatments (Table 1).

In patients with advanced HCC, a first randomized phase III clinical trial, IMBRAVE 150
(NCT03434379), showed a remarkable improvements in co-primary endpoints, PES and overall
survival (OS), using the combination of Atezolizumab and Bevacizumab compared to Sorafenib. It
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exhibited, in terms of patient-reported outcomes, a delayed deterioration of quality of life, with
tolerated and controllable toxicity, in the combination group compared to the monotherapy group
[77]. The safety and efficacy of the combination of Pembrolizumab and Lenvatinib were evaluated in
patients with unresectable HCC in a phase Ib KEYNOTE-524 study, which led to the design of
another study, LEPP-002 (NCT03713593), a phase III trial to evaluate Pembrolizumab in combination
with Lenvatinib as a potential first-line treatment for patients with advanced HCC [78].

In non-squamous non-small cell lung cancer (NSCLC), a phase III clinical trial (IMpower150,
NCT02366143) comparing Atezolizumab, Bevacizumab and Carboplatin/Paclitaxel combination
therapy (ABCP group) against Bevacizumab and Carboplatin/Paclitaxel combination therapy
showed significant improvement in PFS and OS in the ABCP group compared to the control group
[79]. Based on these results, Atezolizumab was approved by FDA for use in combination with
Bevacizumab, Paclitaxel, and Carboplatin as first-line treatment for patients with metastatic NSCLC.

In these different combination therapeutic approaches, the rationale for using a selective VEGEF-
A inhibitor such as Bevacizumab or the tyrosine kinase inhibitors Sunitinib or Sorafenib, which block
different VEGFRs along with other receptors, is not clear. In addition to the clinical aspects, the results
of the clinical trials should also be analyzed from a molecular point of view to better understand
which anti-angiogenic drug would be more beneficial.

Table 1. Clinical trials investigating anti-angiogenic therapy in combination with immune
checkpoint inhibitors.

Anti- Anti-tumor

Clinical trial ‘Study Agent(s) Angiogenic immunity Cancer Ref.
ID phase types
target target
B -
NCT00790010 I evacizumab + VEGF-A CTLA-4 Melanoma  [80]
Ipilimumab
NCT01950390  1I Bevacizumab + VEGF-A CTLA-4 Melanoma  [80]
Ipilimumab
Bevacizumab +
NCT01633970 1 . VEGF-A PD-L1 RCC [75]
Atezolizumab
Bevacizumab +
NCT01984242 1T Atezolizumab vs VEGE-4, PD-L1 RCC [13,76]
i VEGFR
Sunitinib
Bevac.lzumab + VEGF-A,
NCT02420821 1III Atezolizumab vs PD-L1 RCC [81,82]
e VEGFR
Sunitinib
Nivolumab +
VEGFR PD-1, CTLA-
NCT02231749  1II Ipilimumab vs GIR, C RCC [83,84]
i PDGFR 4
Sunitinib
NCT02493751 I  Axitinib + Avelumab VEGFR PD-L1 RCC [85,86]
Axitinib + Avelumab VEGER,
NCT02684006 III vs Sunitinib PDGER PD-L1 RCC [77,78]
Bevacizumab +
NCT02724878 11 VEGF-A PD-L1 RCC [87]

Atezolizumab

Pembrolizumab + VEGEFR,
NCT02853331 11l Axitinib vs Sunitinib PDGFR PDh-1 RCC [81,88]
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Pembrolizumab + VEGER,

NCT02811861 III Lenvaftl’ru?b Vs PDGEFR PD-1 RCC [79]
Sunitinib

Bevacizumab +

NCT03721653 1I Atezolizumab + VEGF-A PD-L1 CRC [89,90]
FOLFOXIRI
NCT03434379 11 Bevacizumab + VEGF-A PD-L1 HCC [91,92]
Atezolizumab
Lenvatinib + VEGEFR,
NCT03006926 1 Pembrolizumab PDGFR PD-1 HCC [93,94]
Lenvatinib +
NCT03713593 Il Pembrolizumab vs VEGER, PD-1 HCC [95]
.. PDGFR
Lenvatinib
Bevacizumab +
NCT02873962 1I ) VEGF-A PD-1 ocC [96]
Nivolumab
Bevacizumab +
NCT03038100 III Atezolizumab and VEGEF-A PD-L1 oC [97]
Chemiotherapy
Cabozantinib + UG, RCC,
NCT03170960 I . VEGFR PD-L1 NSCLC, [98,99]
Atezolizumab HCC

Atezolizumab +
NCT02366143 1II Bevacizumab + VEGF-A PD-L1 NSCLC [100]
Paclitaxel/Carboplatin

R . b+ G/GE],
NCT02443324 1 Pamsa?ma . VEGFR PD-1 NSCLC, [101]
emprolizuma UC, BTC
Ramucirumab + NSCLC,
NCT02572687 1 VEGFR PD-L1 G/GE], [102]
Durvalumab
HCC
Advanced
Nintedanib + PDGEFR, .
NCT02856425 1 Pembrolizumab VEGEFR PD-1 solid [103]
tumors
Nintedanib +
PDGEFR, PD-1, CTLA-
NCT03377023 I/II Nivolumab + NSCLC [104]
. VEGFR 4
Ipilimumab

Abbreviations: CRC, colorectal cancer, G/GE], gastric or gastroesophageal junction
adenocarcinoma, HCC, hepatocellular carcinoma, NSCLC, non-small cell lung cancer,
OC, ovarian cancer, RCC, renal cell cancer, UC, urothelial carcinoma, BTC, biliary tract
cancer.

5. Innovative Approaches Targeting VEGFs and Tumor-Mediated Immune Suppression

Besides approved clinical trials, additional promising molecules targeting the VEGFs have been
developed and are now in the preclinical phase. Among these, the monoclonal antibody (mAb) D16F7
has been developed against VEGFR-1 that selectively blocks VEGFR-1 dimerization and signal
transduction upon binding with VEGFs. This antibody showed efficacy in improving anti-PD-1
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responses in melanoma [105]. D16F7 mAb decreases in vitro and in vivo chemotaxis of activated M2
macrophages, thus contributing in the reduction of the immunosuppressive microenvironment of the
tumor.

For VEGF-A ligands, and to a limited extent also for PIGF, a transition is now observed towards
the developing of smaller ligands like nanobodies, single-chain monoclonal antibodies and peptides
[106]. These also include addition of unnatural amino acids and chemical modifications for designed
and improvement of the properties, such as serum stability and greater affinity, of previously
identified molecules [107].

Additional strategies such as vaccine combination with anti-angiogenic agents have also been
followed. The combination of a vaccine composed of peptides of the tumor antigen suvivin (SVX
vaccine) with sunitinib in a colorectal carcinoma model has been proposed [108]. The therapeutic
synergy between SVX vaccine and sunitinib have been highlighted when the vaccine was
administered at the end of anti-angiogenic treatment. The initial sunitinib treatment resulted into the
promotion of an immune-favorable tumor microenvironment, with pericyte coverage of tumor
vessels, rich in NK cells and tumor-infiltrating effector T cells, but poor in myeloid-derived
suppressor cells. This new immune environment can reinforce the activity of the vaccine. With the
aim of investigating whether a positive synergy between lymphangiogenesis and cancer
immunotherapy could be exploited in a cancer vaccine, lethally irradiated tumor cells overexpressing
VEGF-C and topical adjuvants were used. The “VEGF-C vax” induced extensive local
lymphangiogenesis and promoted stronger T cell activation in the murine model, both at the
intradermal vaccine site and in the draining lymph nodes, resulting in higher frequencies of antigen-
specific T cells. In fact, the lethally irradiated tumor cells undergo radiation-induced cell death and
provide a source of tumor-associated antigens, whereas VEGF-C overexpression activates local
lymphatics to proliferate and increase antigen transport to the distal lymph nodes [109].

Preclinical applications of small interfering RNAs (siRNAs) indicate that the next-generation
anti-angiogenic compounds could be represented by this class of molecules [110]. However, siRNAs
are unstable, and delivery systems should be developed for they usage in clinical applications.

6. Conclusions

Different immune cells secrete VEGFs and present the VEGFRs or the coreceptor NRPs.
However, literature data are still fragmentary and do not consider the co-expression of diverse
receptors and co-receptors on the same cell type or the presence of different VEGFs in the cell milieu,
which could lead to opposite results depending on the relative abundance of one VEGF compared to
the others. In addition, the investigation of other VEGFs besides VEGF-A should be encouraged for
the development of novel anti-angiogenic and anti-inflammatory agents. These new therapeutics
may be more useful in the treatment of specific pathologies, alone or in combination with
immunotherapies.
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