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ABSTRACT

Angiogenesis plays an important role in tumor growth. Established vasculature provides a supply of
nutrients and other necessary survival factors for tumor cell maintenance. In addition, immune factors with
capacity to both decrease immune activity leading to cancer suppression and to increase anticancer response
are provided via VEGF stimulated angiogenesis. However, VEGF provides more than angiogenesis
stimulation; it is itself a growth factor with activity to also decrease the stimulation of dendritic cells (DCs)
and T cells involved in anti-cancer mechanisms. As such inhibition of VEGF provides immune therapeutic
advantage. This was well demonstrated by IFN-y ELISPOT assay in which T lymphocytes antitumor
response was measured against multiple myeloma cells following exposure to myeloma lysate-loaded
dendric cells. Block of VEGF lead to enhanced T lymphocyte anticancer immune response. Through
stimulation of the immune system angiogenesis inhibitors can work in conjunction with immunotherapy,
chemotherapy and/or radiation therapy. Recent clinical trials in advanced renal cell carcinoma, non-small
cell lung cancer (NSCLC), and hepatocellular carcinoma have evidenced improved outcomes due to an
immune enhancing effect with angiogenesis inhibition and in particular immune checkpoint blockade

treatment.

© 2021 John Nemunaitis. Hosting by Science Repository.

Introduction

Angiogenesis is defined as the growth of blood vessels from a system of
existing vasculature, and it is a process that occurs both physiologically
and pathologically [1]. In physiology, angiogenesis is important for the
function and formation of capillaries, which allow for the exchange of
necessary metabolites and nutrients throughout the body. In this way,
angiogenesis allows normal tissue as well as regenerating tissues access
to a continuous supply of nutrients [2]. Being able to manipulate
angiogenesis could have some therapeutic value, as stimulation of
angiogenesis could be beneficial in ischaemic heart disease, peripheral
arterial disease, and wound healing [1]. Any alterations in metabolic
activity, as well as oxygen levels, can change the rate of angiogenesis.

Important differences exist between tumor vasculature and normal blood
vessels. Tumor vessels in the tumor microenvironment (TME) are
irregular shaped, disorganized, branched and leaky [3]. The basement

membrane underlying endothelial cells is discontinuous [4]. Pericytes
are specialized mesenchymal cells that coat and stabilize the
endothelium of tiny blood vessels [5]. In the tumor microenvironment
(TME), pericytes are loosely adhered to endothelium and their
cytoplasmic projections invade parenchyma. Angiogenesis factors such
as platelet derived growth factor (PDGF), fibroblast growth factor
(FGF), and vascular endothelial growth factor (VEGF) also play
important roles which contribute to tumor growth and metastasis [6]. In
a hypoxic tumor microenvironment (TME), VEGF is secreted in a
paracrine fashion from pericytes which leads to increased endothelial
cell proliferation [7]. VEGF reduces pericyte coverage on nascent
vascular sprouts through inhibition of PDGFR signaling which leads to
vessel destabilization [8]. Furthermore, pericytes participate in
angiogenesis by increasing expression of membrane type 1
metalloproteinase (MT1-MMP) at the migrating tip of newly formed
endothelial vessels leading to extracellular matrix degradation which
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facilitate the growth of new blood vessels, tumor invasion and
metastasis.

Furthermore, growing tumors have a high need for nutrients related to
constantly proliferating cells which are competing with each other for
continued nutrient source, resulting in higher interstitial pressures and
interfering with the diffusion of nutrients and metabolites to normal cells
[2]. Angiogenesis factors in tumor cells give these cells the ability to
survive and proliferate in this otherwise inhospitable environment [9]. In

normal tissues, there is no pathological neovascularization as excessive
angiogenesis is turned off, but due to the hostile environment in many
tumors, angiogenesis becomes stimulated through tumor cell production
of growth factors [10]. A variety of growth factors coordinate with
VEGF to optimize angiogenesis and immune modulatory activity. Table
1 summarizes current interactive growth factors important in
angiogenesis, angiogenesis related functions, and involvement in cancer
with listed anticancer targeted treatment.

Table 1: Summary of important growth factors, function in angiogenesis, and current use in cancer therapy.

Growth Factors Known Function(s)

Current Use(s)

Agrin
[11, 12] receptors; synaptic development, signaling in the

brain, and plasticity [13]

Induces the aggregation of nicotinic acetylcholine

Sorafenib

FAK-PyK2 inhibitor PF562271

Angiopoietins Astex FGFR
Inhibitor

Angiogenesis; inflammation; maintains resting
state of the endothelium [14]

Neutralizing anti-Ang2 antibody in mice bearing xenografts of human
A431 epidermoid tumor and Colo205 colon cancer [15]

/Ang2 + bFGF caused inhibition of angiogenesis in rat corneas [16]

Fibroblast Growth Factor
(FGF)

Increases endothelial cell migration; promotes
capillary morphogenesis

TKI258 (dovitinib) Phase | trial in patients with advanced solid tumors
[17]

BMS-582664 (brivanib) targets VEGF-R2 and FGF-R1 and -2 [18]

E7080 [19]

BIBF 1120 (vargatef) targets VEGF receptors, FGF receptors, and PDGF
receptors, especially in non-small cell lung cancer [20]

AZDA547 inhibits FGFR tyrosine kinases 1, 2 and 3 [21]

FP-1039 targeting FGFR2 in endometrial carcinoma [22]

Platelet derived growth
factor (PDGF)

Activates autocrine and paracrine systems;
encourages growth, survival, and motility in
malignant, vascular, and stromal cells [23, 24]

Imatinib mesylate (PDGFR inhibitor) in a mouse model of cervical
carcinogenesis slowed progression of premalignant lesions and impaired
growth of invasive carcinoma [25]

Transforming Growth
Factor (TGF)

Induce anchorage-independent growth of target
cells otherwise incapable of such growth [26]

'TGF-B inhibition in hepatocellular carcinoma, colorectal cancer, and
glioblastoma multiforme xenograft [27-29]

Galunisertib, (small molecule inhibitor of TGF-BRI) + orafenib,
ramucirumab in hepatocellular carcinoma

PF-03446962 (a monoclonal antibody against TGF-p) + regorafenib in
colorectal carcinoma [30]

Tumor Necrosis Factor-a
(TNF-a)

1 (IL-1), and angiogenic factors from other cells;
induce endothelial cell differentiation [31]

Inflammation; stimulate granulocyte-macrophage-
colony stimulating factor (GM-CSF), interleukin-

Golimumab inhibiting angiogenesis and growth in vivo in metastatic oral
squamous cell carcinoma cells [32]

Vascular endothelial growth|Capillary morphogenesis; release of von

factor (VEGF) plasminogen activator (PA), and plasminogen
activator receptor (PA-R), Willebrand factor,
integrins, and interstitial collagenase; increases
\vascular permeability and fenestration [33]

Lung and colon cancer [34, 35]

Another way in which growth factors such as bFGF, VEGF, EGF and
PIGF play a role within tumors is their ability to prevent leukocyte
migration and infiltration into tumor microenvironments through
downregulation of adhesion molecules. These adhesion molecules
include Intercellular Adhesion Molecule-1 (ICAM-1), Vascular Cell
Adhesion Molecule (VCAM-1), and E-selectin which are necessary for
leukocyte interaction in the vascular endothelium [10]. Therefore, the
presence of angiogenic growth factors produced by the tumor results in
suppression of these adhesion molecules and thus suppression of the
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adhesive properties within the endothelium. Thus, angiogenesis is
required for tumor growth and metastasis formation [36].

It has also been found that endothelial cells which have been exposed to
TNF and IFN-y from tumors are unresponsive to tumor necrosis factor-
alpha (TNF-a), interferon-gamma (IFN-y), and interleukin-1 (IL-1) [10].
The combination of absent leukocyte adhesion receptors and the
unresponsiveness to inflammatory mediators is called tumor endothelial
cell ‘anergy’. Tumor endothelial cell anergy allows the tumor cell to
escape immune surveillance in order to grow and metastasize [37].
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Another way by which tumor growth is promoted involves leukocytes
within a tumor. Leukocytes stimulate monocytes and macrophages,
which in turn induce growth signals in tumor cells and therefore promote
angiogenesis, which could lead to a worse prognosis [38, 39].

VEGF Signaling Mechanisms

In addition to placental growth factor (PGF), 32 proteins have been
classified as angiogenesis factors, such as VEGF-A, VEGF-B, VEGF-C,
VEGF-D, VEGF-E [40, 41]. VEGF-A regulates angiogenesis. VEGF-C
and VEGF-D play a major role in lymphangiogenesis [42]. VEGF-A
undergoes alternative exon splicing resulting in multiple isoforms which
include VEGF165, VEGF121, VEGF165, VEGF189, and VEGF206.
Among these isoforms, VEGF165 (VEGF164 in mice) is the most
important as it is the most prevalent and physiologically relevant isoform
[43]. There are multiple receptors of VEGF (VEGFR) which include
VEGFR-1 and VEGFR-2, predominantly expressed on endothelial cells.
Ligands that bind to VEGFR-1 include VEGF-A, VEGF-B, and PGF.
Ligands binding to VEGFR-2 includes VEGF-A, VEGF-C, and VEGF-
D. Additionally, VEGFs also bind with high affinity to co-receptors such
as neuropilin (NRP1 and NRP2) and to heparan sulfate proteoglycans
(HSPGs). Furthermore, VEGF binds to auxiliary proteins, such as
integrins and ephrin B2.

VEGFR receptor homodimerization or heterodimerization leads to
activation of the tyrosine kinase and autophosphorylation of tyrosine
residues in the receptor intracellular domains. VEGFR-1 is considered a
negative regulator of VEGF. VEGFR-1 works as a decoy receptor that
binds to PGF and prevents VEGF binding to VEGFR-2 [44]. Most of the
physiological effects of VEGF-A are mediated through binding to
VEGFR-2. VEGFR1-VEGFR-2 heterodimer mediates embryonic
endothelium and atherosclerotic lesions. VEGFR-2 homodimer is
present on the vascular endothelial cells. VEGF-A binds to the second
and third extracellular immunoglobulin (lg) loops of VEGFR-2,
inducing receptor dimerization. VEGFR-2 downstream signaling
pathway includes phospholipase Cy (PLCy), the ERK1/2 pathway, and
the PI3BK-AKT-mTOR pathway in addition to SRC and small GTPases.
VEGF binding to VEGFR-2 leads to phosphorylation of specific tyrosine
residue Y1173 in mice (corresponding to Y1175 in the human protein)
in VEGFR-2, which results in the internalization of VEGFR-2 into early
endosome antigen 1 (EEA1)-positive endosomes and Ca2+-dependent
signaling in PLCy and nuclear factor of activated T cells (NFAT)
pathways. These signaling pathways lead to changes in gene expression
responsible for cell migration and proliferation [45]. Briefly, PLCy
generates inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG).
IP3 releases Ca2+ from the endoplasmic reticulum. Ca2+ and DAG
activate protein kinase CB2 (PKCB2) which then regulates the RAF1—
MEK-ERK1/2 cascade [46, 47].

Understanding VEGFR signaling mechanism is crucial to studying the
effects of VEGF in the cell. As VEGFR is expressed in endothelial cells,
increased VEGFR-2 signaling is responsible for angiogenesis including
hypersprouting and hyperbranching of vasculature, as well as vascular
permeability. As tumor cells are shown to express VEGFs, the signaling
of this pathway can activate blood vessel growth around the source of
the tumor to promote tumor proliferation. In addition, the growth of
lymphatic vessels in lymphangiogenesis is modulated through VEGFR-
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3 activation. Tumor metastasis is mediated through lymphatic system
through drainage of cells, so the upregulation of VEGFR-3 can lead to
metastasis through the immune system [48].

Immune Effects of VEGF

Tumor cells evolve many mechanisms to evade recognition by the
immune system. Tolerance toward tumor cell antigens could happen by
decreasing stimulation of accessory molecules on lymphocytes, such as
CD80 (B7.1) and CD86 (B7.2) [49]. Also, tumor cells may downregulate
major histocompatibility complex (MHC) molecules to escape from
cytotoxic T cell recognition [50]. Furthermore, tumors may produce
immune inhibitory molecules such as IL-10, transforming growth factor-
beta (TGF-B), or prostaglandins [10]. Other mechanisms involve
activation of T-regulatory cells which have immunosuppressive effects
[51, 52]. In addition, tumor cells can downregulate the expression of
endothelial adhesion molecules like VCAM-1 and E-selectin that are
necessary for interactions with leukocytes, such as granulocytes,
macrophages, natural killer cells and lymphocytes [53].

However, for the immune response to affect malignant growth, the
immune effector cells need access to the tumor microenvironment. Both
VEGF and FGF influence microenvironment access [54, 55]. Pro-
angiogenic cytokines modulate leukocyte adhesion molecules such as P-
selectin, E-selectin, ICAM-1, and VCAM-1and may affect tumor anergy
[10, 56]. With respect to leukocyte extravasation, P-selectin and E-
selection are expressed on the surface of endothelium and enable a
binding site for leukocytes circulating in the blood via interaction with
the leukocyte adhesion protein Sialyl Lewis X [57, 58]. First entry into
the extravascular space requires adherence to the endothelial surface and
interaction of ICAM-1 and VCAM-1 with CD11/18 B2-integrins [58,
59]. Upon interaction of Sialyl Lewis X with P- and E-selectins,
CD11/18 B2-integrins are activated on the leukocytes surface. Once this
adhesion process has taken place, the leukocyte can transmigrate across
the endothelial surface without damaging endothelial integrity.
Expression of CD31, or Platelet/Endothelial Cell Adhesion Molecule 1
(PECAM-1) on the leukocytes surface facilitates this process (Figure 1)
[60].
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Figure 1: Leukocyte adhesion and migration process through
endothelial cells.
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However, in endothelial cells found in tumor areas, these extravasation
molecules are largely absent, which makes it difficult for leukocytes to
penetrate tumor cells through the vasculature [10]. Furthermore, pro-
angiogenic factors inhibit TNF-o, IL-1 and IFN-y which enhance
expression of P-selectin and E-selectin on the endothelial surface [56].

IL-1, TNF-q, and IFN-y also upregulate ICAM-1 and VCAML1 [57]. It
has been shown that endothelial cells exposed to a growth-inducing
mitogen such as bFGF first upregulate ICAM-1 followed by a marked
and prolonged suppression of ICAM-1 expression [10, 61]. Many of the
immune effects of VEGF are mediated by its action on dendritic cells
(DCs). VEGF effects on DCs include the ability to inhibit the
differentiation of DCs from hematopoietic stem cell CD34+ precursor,
the functional maturation of immature-DCs, the antigen presenting
function of mature DCs via MHC Il and CD86 (B7-2), reduce DC ability
to uptake antigens and differentiate into endothelial-like cells [62, 63].
These immune inhibitory functions of VEGF are reversed with VEGF
inhibitors.

Gabrilovich et al. studied the effect of tumor cell supernatant on
maturation of dendritic cells [62]. Human CD34+ cells from umbilical
cord blood and were cultured with granulocyte-macrophage colony-
stimulating factors (GM-CSF) and TNF-a to generate DCs. DCs were
cultured in the presence of tumor supernatants derived from breast and
colon adenocarcinomas cell lines and control fibroblasts. On day 12,
cells were harvested, washed, and irradiated. They were then incubated
with allogeneic control T cells and a significant reduction in the ability
of the cells to stimulate T cells was observed. Also, CD34+ cells in the
presence of tumor supernatant showed reduced ability to take up
fluorescein isothiocyanate (FITC)-dextran which is a distinct feature of
DCs. From this experiment, it was shown that VEGF production by
tumor cells inhibits the functional maturation of dendritic cells [62].

Other studies have further characterized the observed effect on VEGF
on DC maturation. The Yang et al. group explored the defective
maturation and function of DCs in myeloma patients. They found that
autologous tumor antigen loading to DCs negatively affected DC
functional maturation, as indicated by the suppressed expression of
maturation markers, altered cytokine secretion (IL-6, IL-10, IL-12), and
decreased T cell stimulatory capacities and cytotoxic T cells generation.
A study of bone marrow samples in addition to peripheral blood stem
cell (PBSC) products from 6 multiple myeloma patients were collected
after giving cyclophosphamide and G-CSF and achieving clinical
response. Mononuclear cells were isolated, and DCs were generated
from CD14+ monocytes and stimulated by GM-CSF and IL-4. DCs were
then pulsed with myeloma cell lysates in the presence or absence of a
neutralizing anti-VEGF-antibody. After the lysate pulsed DCs were
cultured with an anti-VEGF neutralizing antibody, significantly
decreased IL-6 and IL-10 secretion was observed. However, IL-12
secretion was significantly increased. DCs loaded with myeloma lysates
at early or progressive states revealed decreased expression of CD80,
CD83, CD86 and HLA-DR, in comparison with myeloma lysate-
unloaded DCs. Through use of IFN-y ELISPOT assay, cytotoxic T
lymphocytes (CTLs) response was measured. DCs were generated with
or without loading of myeloma lysates in the presence or absence of anti-
VEGF antibody. It was observed that myeloma lysate-pulsed DCs
treated with anti-VEGF antibody resulted in a higher number of IFN-y-
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secreting CTLs compared to DCs loaded with myeloma lysates without
anti-VEGF antibody. It was concluded that the addition of anti-VEGF
enhanced the DC maturation and increased DC ability to stimulate
cytotoxic T cell response [64].

The underlying mechanism of VEGF-A effect on dendritic cells is
through inhibition of nuclear factor kappa-light chain-enhancer of B cell
(NF-kB) signaling. VEGF-A inhibits maturation of DCs into functional
cells by phosphorylating transcription factors such as STAT3 and ERK.
These phosphorylated products inhibit NF-xB signaling [64]. For
example, phosphorylated ERK results in activation, which can increase
the production of 1L-10 and suppress IL-12, and this ultimately results
in the suppression of NF-kB signaling and decreases the maturation of
DCs [65, 66]. C-Rel signaling in the NF-kB pathway is shown to be
linked with decreased immune signaling and DC maturation with
decreased IL-12, and VEGF inhibition has been shown to suppress c-Rel
signaling [67].

The effect of angiogenesis inhibitors on the immune system can be
further illustrated through a VEGFR inhibitor such as axitinib which has
been FDA approved for second line therapy of metastatic renal cell
carcinoma. It acts selectively on VEGF and has been shown to have anti-
angiogenic and immune-modulatory functions [67, 68]. Axitinib also
interferes with lipopolysaccharide’s (LPS) effect on the upregulation of
DC activation markers CD80, CD83, and CD86, which results in a
decrease in the expression of these activation markers through inhibition
of the toll-like receptor (TLR) 4 pathway. Axitinib also resulted in
significant reduction in interleukin-12 level (IL-12 is an important
cytokine secreted by DCs and results in T cell activation) and TNF-a.
The mechanism underlying the effect of VEGF on DC maturation was
via phosphorylation of p38 and STAT3. The addition of axitinib resulted
in a dose dependent decrease in phosphorylation of p38 and STAT3.

Pre-clinical studies using axitinib in melanoma also showed promising
results. For example, Bose et al. studied the combination of axitinib with
peptide-based vaccination using a subcutaneous B16.OVA melanoma
mouse model. Combination therapy resulted in extended survival with
40% of mice surviving 80 days post-tumor inoculation, whereas mice
receiving monotherapy of vaccine or axitinib did not survive longer than
50 days post-tumor inoculation. Kaplan-Meier curve showed a higher
survival of the combination therapy of vaccine + axitinib when
compared to monotherapy (P <0.05) [69]. The inhibition of VEGF
activity by anti-VEGF neutralizing antibody or anti-VEGF receptor
antibodies overcome the functional inhibition of DCs [70]. The effect of
VEGF-A is mediated by its binding to the VEGFR-1 receptor.
Interestingly, the same receptor is expressed in CD34+ hematopoietic
progenitor cells (HPCs). VEGF acts as a chemoattractant to HPCs. HPCs
are hematopoietic progenitor precursor cells with the ability to
differentiate into mature immune cells like neutrophils, dendritic cells,
and macrophages. In addition, VEGF-A contributes to increase tumor
vascularity by inducing endothelial cell differentiation from HPCs.
Furthermore, VEGF-A inhibits NF-xB, thus preventing HPCs
differentiation into mature immune cells [71].

DCs derived from peripheral monocytes can also differentiate into

endothelial-like cells (ELCs) in the presence of VEGF. The
differentiation into ELCs is detected by expression of ELC markers
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which include vWF, CD144 (VE-cadherin), CD105 (endoglin),
acetylated low-density lipoprotein  (AC-LDL)-receptor, CD36
(thrombospondin receptor), FLT-1 (VEGF receptor-1), and weaker
expression of KDR (VEGF receptor-2). In addition, DC markers such as
CD1la and CD83 are downregulated [72]. ELCs were able to form tube
like structures when cultured in endothelial cell growth medium in the
presence of VEGF, bFGF and TNF-a. The close proximity of DCs to
blood vessels and their ability to differentiate into endothelial cells in the
presence of tumor secreted VEGF by forming tube like structures play
an important role in the neovascularization in the tumor
microenvironment [73].

Along with DCs, VEGF also has the ability to regulate T cell activation.
With increased signaling of VEGF-A and subsequent VEGFR
interaction, decreased T cell function is noted. VEGF-A has been
observed to enhance programmed cell death (PD-1) expression. PD-1 is
an inhibitory checkpoint which leads to the dysfunction of T cells
involved in antitumor immune responses. With specific blocking of
VEGF-A and VEGFR, CD8+ T cells have been noted to result in
decreased levels of PD-1. Additionally, tumors lacking VEGF
expression have decreased PD-1 expression as well. The VEGF
blockade can lead to upregulation of anti-tumor T cell response without
inhibition of the pathway, as blockade of VEGF also results in increased
IFN-y levels [74]. VEGFR-1, specifically, has been associated with T
cell signaling as well. With increased release of VEGF from tumor cells,
VEGFR-1 signaling increases leading to production of IL-10 which can
also decrease the response of anti-tumor T cells, similar to PD-1
Bevacizumab
VEGF-A  VEGF-A

Ziv-Aflibercept 4 VEGF-B VEGF-C  VEGF-C
PIGF VEGF-D  VEGF-D

Ramucirumab ——————

signaling [75]. The tumor mechanisms have therefore been well
developed to evade the immune system through inhibition of T cell
activity. As VEGF decreases anti-tumor immune activity through DCs
and T cells, the signaling of VEGF can be inhibited to improve immune
responses in cancer [76].

Angiogenesis Inhibition for Cancer Therapy

There are different classes of Food and Drug Administration (FDA)
approved angiogenesis inhibitors for cancer therapy that utilize different
mechanisms. One of the classes is made up of endogenous inhibitors
which are released from the extracellular matrix in order to prevent a
response in the endothelial cells from angiogenesis inducers, such as
VEGF, bFGF, IL-8, and PGF [77, 78]. Endogenous anti-angiogenesis
inhibitors include endostatin, angiostatin and interferon-a. (IFN-o) [79].
Endostatin, carboxy-terminal fragment of collagen XVII, is one of the
promising anti-angiogenesis inhibitors. It works by inducing apoptosis
in endothelial cells, inhibition of endothelial cells migration, and
interfering with endothelial cell adhesions. Angiostatin, induces
apoptosis in endothelial cells in addition to also act by inhibiting VEGF
and basic fibroblast growth factor (b0FGF) and also decreases endothelial
cell migration [79]. IFN-o has been used to treat hemangiomas,
refractory giant cell tumors, and angioblastomas. The main target of
direct endogenous inhibitors of angiogenesis is VEGF which induces
proliferation of vascular endothelial cells needed for blood vessels to
induce tumorigenesis [77, 78].

Lenalidomide
Thalidomide
ol
PDGF bFGF Ang 1/2

A A

(VEGFR-1 VEGFR-2 VEGFR-3|

Endothelial Cell \\ 1/

Ever_ohr.nus mTOR
Temsirolimus

Regorafenib —] I: (poerr] [FeFr | [ TIE2 ]]

I\

Axitinib  Pazopanib Cabozantinib
Sorafenib Vandetanib
Sunitinib

Figure 2: Signaling mechanism of angiogenesis inhibitors including the inhibition of VEGF and interaction with receptor to activate the signaling cascade.

Table 2: FDA approved angiogenesis inhibitors as cancer therapeutics (adapted from multiple sources including Yang 2017, Rajabi and Mousa 2017, and

Ye 2016) [80-82].

Mechanism of Action Specific targets

Generic Name (Brand Name), Year of  [Indication(s)
FDA approval

Anti-VEGF antibody VEGF-A

Bevacizumab (Avastin®), 2004 [83]

Colorectal, non-small-cell lung cancer (NSCLC),
glioblastoma multiforme, and epithelial ovarian
cancer

PIGF

VEGF inhibitor (trap mechanism) [VEGF-A, VEGF-B,  |Ziv-aflibercept (Zaltrap®), 2012 [84]

Colorectal cancer

'VEGFR antibody VEGFR-2

Ramucirumab (Cyramza®), 2014 [85, 86] |Stomach cancer, gastroesophageal junction

adenocarcinoma, NSCLC, and hepatocellular
carcinoma
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Tyrosine kinase inhibitor (TKI)  [VEGFRs, PDGFRs,  |Axitinib (Inlyta®), 2012 [87] Renal cell carcinoma
cKIT
TKI VEGFRs cKIT, DDR2, [Sorafenib (Nexavar®), 2005 [88] Renal cell carcinoma and hepatocellular
FGFRs, FLT3, FMS, carcinoma
MUSK, cRAF,
PDGFRs, Ret, TAO2
TKI VEGFRs ARKS5, Sunitinib (Sutent®), 2006 [89] Renal cell carcinoma, gastrointestinal carcinoma
CaMKIls, CHK2, and PNETSs
cKIT, cRAF, FGFR1,
FIt3,
FMS, Mer, PDGFR,
Ret,
TrkA
TKI VEGFRs, cKIT, FMS, |Pazopanib (Votrient®), 2009 [90, 91] Renal cell carcinoma and advanced soft tissue
FGFR2, FLT3, sarcoma
MLK1, PDGFR
TKI VEGFRs PDGFRs, Regorafenib (Stivarga®), 2012 [92] Colorectal cancer, gastrointestinal stromal tumor
FGFRs, Tie2, and hepatocellular carcinoma
DDR2, Trk2A, Eph2A,
RAF-1, STK5
TKI VEGFRs, cMET, Ret, |Cabozantinib (Cometrig®), 2012 [86, 93] [Thyroid cancer, renal cell and hepatocellular
cKIT, Axl carcinoma
TKI VEGFRs EGFRs, Ret |Vandetanib (Caprelsa®), 2011 [94] Thyroid cancer
bFGF inhibitor FGF Lenalidomide (Revlimid®) [95, 96] Myeloma, mantle cell, follicular and marginal
zone lymphoma
bFGF inhibitor FGF Thalidomide (Synovir, Thalomid®) [95- [Myeloma
98]
mTOR inhibitor mTOR Everolimus (Afinitor®) [99] Renal cell carcinoma, advanced breast cancer,
pancreatic neuroendocrine tumors (PNETS), renal
angiomyolipoma, and subependymal giant cell
astrocytoma
mTOR inhibitor mTOR Temsirolimus (Torisel®) [99] |Renal cell carcinoma

The second class of angiogenesis inhibitors is comprised of indirect
inhibitors of angiogenesis which block the expression or activity of
angiogenesis inducers such as VEGF. After the discovery of VEGF in
1989, several clinical trials involving angiogenesis inhibitors in cancer
treatment resulted in a series of drugs to be approved by the FDA for use
in cancer patients with bevacizumab among the first in 2004 [80]. The
mechanisms of these drugs are described in (Figure 2) to show the
interactions with the receptors [6]. A list of FDA approved angiogenesis
inhibitors categorized by mechanism is provided with indication for
cancer treatment in (Table 2) [81, 82]. Given the role of angiogenesis
inhibitor and immune function enhancement attributed to use of
angiogenesis inhibitors and it is unclear what proportion of angiogenesis
inhibitors vs immune inhibitor provides anticancer effect in individual
patients.

One of the most studied angiogenesis inhibitors in cancer therapy is
bevacizumab (Genentech/Roche, San Francisco, CA) [40, 77, 100].
Bevacizumab is a humanized monoclonal antibody against all isoforms
of VEGF-A. It was the first VEGF inhibitor approved for the treatment
of cancer and is approved for the treatment of colorectal, non-small-cell
lung, breast, renal cell cancers, and glioblastoma [101]. More recently,
bevacizumab has also been approved for treatment in ovarian cancer
[83]. Bevacizumab was initially approved for the treatment of metastatic
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colorectal cancer (mMCRC). Hurwitz et al. demonstrated that
bevacizumab in combination with irinotecan, bolus fluorouracil, and
leucovorin the response rate (44.8% vs. 34.8% HR 0.62; P=0.004),
progression-free survival (10.6 vs. 6.2 months; HR 0.54; P<0.001) and
overall survival (20.3 vs. 15.6 months; HR 0.66; P<0.001) were
significantly higher compared to patients given leucovorin/placebo
[102].

The role of bevacizumab as adjuvant therapy with FOLFOX4 derived
from Folinic acid (leucovorin) "FOL", Fluorouracil (5-FU) ‘F’, and
Oxaliplatin (Eloxatin) ‘OX’ was further studied in previously treated
mCRC patients with the comparison groups receiving monotherapy of
FOLFOX4 or bevacizumab. Patients (n=829) were divided into three
cohorts and results showed significantly improved survival with the
addition of bevacizumab to FOLFOX4, including RR (22.7% for
FOLFOX4 in combination with bevacizumab vs. 8.6% FOLFOX4 vs.
3.3% bevacizumab; P<0.0001, PFS (7.3 for FOLFOX4 in combination
with bevacizumab vs. 4.7 FOLFOX4 vs. 2.7 months bevacizumab; HR
0.61; P<0.0001) and OS (12.9 for FOLFOX4 in combination with
bevacizumab vs. 10.8 FOLFOX4 vs. 10.2 months bevacizumab;
HR=0.75; P=0.0011) [103].
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Saltz et al. showed significantly improved progression-free survival
(PFS) of 9.4 months with bevacizumab in combination with FOLFOX
or XELOX (oxaliplatin and capecitabine) as a first-line regimen in
patient with colorectal cancer vs 8 months (HR 0.83; 97.5% ClI, 0.72 to
0.95; P=0.0023) with placebo plus chemotherapy FOLFOX or XELOX
[104]. There are also indirect angiogenesis inhibitors that have been
FDA approved, including tyrosine kinase inhibitors (TKIs) that target
the endothelial growth factor receptor (EGFR). Sorafenib and sunitinib
are TKIs which block VEGF from interacting with EGFRs to prevent
angiogenesis [77, 100]. Sunitinib (Sutent; Pfizer, New York, NY) is a
multikinase inhibitor that inhibits multiple receptors including VEGFR-
1, 2, 3, PDGFR, c-Kit, and RET. Sorafenib (Nexavar; Onyx and Bayer,
San Francisco, CA) is a multikinase inhibitor that also inhibits multiple
receptors including VEGFR-1, 2, 3, PDGFR, c-Kit, RET, and Raf [101].
Another TKI is pazopanib (Votrient; GlaxoSmithKline, Brentford,
England) that inhibits VEGFR-1, 2, 3, PDGFR, and c-Kit. Sunitinib,
sorafenib, and pazopanib have been approved as monotherapies in
treatment of renal cell carcinoma and gastrointestinal carcinoma [101].

Temsirolimus (Torisel; Pfizer, New York, NY) and everolimus
(Afinitor; Novartis, Basel, Switzerland) are rapamycin (mTOR)
inhibitors which are considered to be another class of angiogenesis
inhibitors involved in the PI3K-AKT-mTOR pathway [40]. This
pathway is responsible for metabolism, growth, and proliferation found
in tumor cells through activation of VEGF-associated angiogenesis and
cell survival (survivin) [81, 99]. Angiogenesis inhibitors also include
lenalidomide and thalidomide (Revlimid and Synovir; Celgene, Summit,
NJ) which inhibit secretion of basic fibroblast growth factor (bFGF) and
block E3 ubiquitin ligase from degradation of cereblon, and the complex
of cereblon and E3 ubiquitin ligase then marks proliferation transcription
factors for degradation [95-98, 105, 106].

Although angiogenesis inhibitors have been developed to treat various
types of cancers, adverse effects are still present with treatment. Some
of the side effects include hypertension, arterial thromboembolism,
cardiac ischaemia, and cardiac dysfunction [107-109]. Renal side effects
also include proteinuria and glomerulonephritis [108, 109].
Bevacizumab, in particular, has been associated with Grade 3 or 4
adverse events of hypertension, proteinuria, bleeding and impaired
wound healing [110, 111]. With application of angiogenesis inhibitors
in clinical treatment, adverse effects should be monitored closely.
Though safety considerations are present, angiogenesis inhibitors can
continue to be cautiously used in the treatment of cancer.

Synerqgistic Effects of Angiogenesis Inhibitors

Patients treated with angiogenesis inhibitors have shown greater T cell
infiltration, number of leukocytes, and overall anti-tumor immunogenic
response [10, 56]. Furthermore, because of its immunomodulatory
response, anti-angiogenic drugs, such as bevacizumab, and
immunotherapy drugs, such as PD-L1 inhibitors, have shown positive in
vitro and in vivo responses in several different types of tumors [112].
Anti-angiogenic drugs have also been shown to have synergistic effects
with chemotherapy medications, both in ability to reduce interstitial
pressure within the tumor and as a drug delivery system for
chemotherapeutic agents [55, 113, 114]. This facilitates broad use of
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angiogenesis inhibitors in combination both with immune therapeutics
and more traditional chemotherapy.

It has also been shown that anti-angiogenic agents can work
synergistically with radiation treatment [115]. One of the mechanistic
features of radiation therapy is the ability to induce free radicals via
reactive oxidative species (ROS) which leads to cellular apoptosis.
Therefore, sufficient oxygenation must be present in cancer cells in order
for radiotherapy to be effective [116]. Anti-angiogenic drugs such as
bevacizumab can assist with this increased oxygenation process [111,
115]. It has been theorized that anti-angiogenic drugs block “immature”
vessel growth and normalize angiogenesis towards a tumor. This, in turn,
actually increases oxygenation in the tumor during the first four days of
treatment. Therefore, when radiation therapy is combined with anti-
angiogenesis during the oxygenation window, which is to say that
bevacizumab is administered before radiation occurs, tumor growth has
been shown to be delayed [115]. In sum, while anti-angiogenic therapy
is effective on reducing tumor growth on its own, it can act
synergistically ~ when  combined  with  immunotherapeutic,
chemotherapeutic, or radiotherapeutic agents.

Radiation therapy may also increase neoantigen visibility through cell
death, or when used at sub-lethal doses may result in genotypic changes
which result in more neoantigens [117]. Vaccination also increases
neoantigen display and may represent an attractive combination with
angiogenesis inhibitors. For instance, Vigil, an autologous tumor vaccine
that expresses GM-CSF and knocks down expression of furin has shown
promising clinical benefit [118-124]. Vigil also increases the number of
CD3+CD8+ T cells in peripheral blood [125]. Phase Il results in
advanced ovarian cancer patients revealed improvement in both relapse
free and overall survival in the BRCA wild type population [126]. This
effect may be attributed to clonal neoantigen display via MHC II
expression which is maximized in the BRCA wild type population due to
intact homologous recombination compared to the BRCA mutant
population [127]. MHC Il expression is key to Vigil activity, thus VEGF
inhibition which increases MHC Il expression would be logical.
Combination of Vigil to increase neoantigen display and circulating T
cells and angiogenesis inhibitors which increase MHC Il expression,
dendritic cell activation and maturation as well decrease interstitial
pressure to allow T cell infiltration into the tumor microenvironment
may facilitate an enhanced immune response.

Clinical Trials Supporting Immune Enhancing Effects of
Angiogenesis Inhibitors

| Advanced Renal Cell Carcinoma

As immune enhancing effects were noted with angiogenesis inhibitors,
combination with immunotherapy could provide optimal results for
cancer patients. Immune checkpoint blockade therapies include PD-1
antibodies that increase anti-tumor T cell activity without tumor evasion
of the immune response [128, 129]. For advanced renal cell carcinoma
(aRCC), approved therapies include monotherapy of nivolumab, a PD-1
inhibitor, and sunitinib, a VEGF TKI. Sunitinib has shown immune
modulatory effects in enhancing T cell activity in aRCC. Therefore,
clinical studies have been developed to explore enhanced anti-tumor
immune activity with angiogenesis and PD-1 inhibitors [128]. A Phase |
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study for aRCC was conducted to test the efficacy of nivolumab in
combination with sunitinib or pazopanib. Safety assessment yielded
adverse events in 100% of patients with Grade 3/4 treatment related AEs
in 82% of patients [128]. Adverse events and toxicity have limited
development of this combination and indicate that careful dosing and
which immune inhibitor selected may be important.

Therefore, pembrolizumab in combination with axitinib was
investigated in the KEYNOTE-426 Phase III trial versus monotherapy
sunitinib. At 12 months, OS was 89.9% and 78.3% (HR 0.54 95% CI:
0.38-0.74 P<0.0001) with combination therapy and standard treatment
respectively. The PFS was 15.1 months and 11.1 months (HR 0.69; ClI
0.57-0.84 P<0.001) and the ORR was 59.3% and 35.7% (95% CI1 31.1 to
40.4 P<0.001) after a median follow-up of 12.8 months which again
indicates combination pembrolizumab and axitinib is efficacious. Grade
3 or 4 adverse events were reported at a rate of 75.8% in combination
therapy which can be comparable to 70.6% in monotherapy [130]. An
important biomarker in predicting clinical response of axitinib and
pembrolizumab treatment includes PD-1 (PD-1) expression suggesting
enhanced anti-tumor immune activity, but the treatment showed
significant improvement regardless of PD-L1 expression in patients
[129, 130]. As a result of the Phase 111 trials, the combination therapy of
pembrolizumab and axitinib was approved by the FDA in 2019 as first-
line treatment for aRCC. This approval highlights the potential of
combining angiogenesis inhibitor therapy with immune checkpoint
blockade to improve patient outcomes.

Continued support of angiogenesis inhibition with immunotherapy has
been shown in another combination approval by the FDA in 2019.
Avelumab, an anti-PD-L1 monoclonal antibody, plus axitinib was
compared with standard monotherapy of sunitinib in a Phase I11 trial with
886 aRCC patients. The median PFS for combination therapy was 13.8
months compared to monotherapy of 8.4 months (HR: 0.69; 0.56-0.84,
95% CI; P<0.001). The ORR was 51.4% (95% CI 46.6-56.1) for
combination therapy and 25.7% (95% CI 21.7-30.0) for sunitinib only.
In patients with PD-L1 positive tumors, the progression-free survival
was similar to the overall population (HR 0.61 95% CI 0.47-0.79
p<0.001). In regard to adverse events, avelumab and axitinib led to 3
patient (0.7%) deaths due to toxicity whereas sunitinib treatment resulted
in 1 patient death (0.2%). Similar rates of adverse events were recorded
in the avelumab/axitinib group compared to sunitinib monotherapy. The
exhibited efficacy and similar rate of toxicity to standard of care
sunitinib indicates combination avelumab and axitinib can be beneficial
for patients with aRCC [131]. Furthermore, increased evidence of
synergistic effects of angiogenesis inhibition and immune checkpoint
blockade emphasizes the importance continued research.

Further promising results were exhibited in the IMmotion150 study, a
Phase Il study in aRCC, combining bevacizumab with atezolizumab, an
anti-PD-L1 inhibitor. After a median survival follow-up of 20.7 months,
results indicated a median progression-free survival (PFS) of 11.7 (HR
1.00 95% CI 8.4-17.3; p 0.982) months with combination of
bevacizumab and atezolizumab, while monotherapy of atezolizumab
was only 6.1 (HR 1.19 95% CI 5.4-13.6 p 0.358) months. While results
were not significant in the overall population, greater benefit was seen
in PD-L1+ patients. The combination therapy median PFS was 14.7 (HR
0.64 95% CI 8.2-25.1 p 0.095) months compared to atezolizumab
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monotherapy of 5.5 (HR 1.03 95% CI 3.0-13.9 p 0.917) months. PD-L1
expression indicates CD8 T-effector cell and interferon gamma activity
within the tumor. The addition of a VEGF angiogenesis inhibitor was
observed to increase the anti-tumor immune response associated with
decreased myeloid-derived suppressor cells responsible for evading the
immune system [132]. Tissue analysis of aRCC patients treated with
bevacizumab and atezolizumab showed increased T-helper 1 (TH1)
chemokines along with CD-8 T-effector cells and natural killer cells
contributing to the robust immune response [133]. Further analysis of
angiogenesis and immune checkpoint inhibitors could definitively
identify immunostimulatory effects of angiogenesis inhibitors for tumors
building resistance to immunotherapy in aRCC as well as other types of
cancers [132].

11 Non-Small Cell Lung Cancer

Similar to studies seen in aRCC, advances in metastatic non-squamous
non-small cell lung cancer (NSCLC) have also been made using anti-
angiogenic and immunomodulatory combination therapy. In a Phase Ill
study, 336 patients who were treated with atezolizumab, bevacizumab,
carboplatin and paclitaxel were compared with 336 patients treated with
bevacizumab, carboplatin and paclitaxel. The PFS was significantly
improved with atezolizumab (HR 0.62; 8.3 vs 6.8 months; P<0.001).
Subgroup analysis of EGFR mutations or anaplastic lymphoma kinase
(ALK) translocations, KRAS mutations, low or negative PD-L1
expression, and liver metastases exhibited increased PFS with the
addition of atezolizumab to bevacizumab and chemotherapy [134]. As
previous Phase Il and Ill trials with atezolizumab and chemotherapy
combination did not show significant improvement in PFS compared to
standard treatment of chemotherapy, the improved survival can be
associated with the combination atezolizumab and bevacizumab from
immunostimulatory effects [134-136]. Furthermore, analysis of patients
in subgroups EGFR+ mutation and baseline liver metastases of the same
Phase 111 clinical trial with continued enrollment resulted in no overall
survival benefit between the atezolizumab and bevacizumab groups
when treated with chemotherapy. However, improved outcomes were
noted with the combination of atezolizumab and bevacizumab to
chemotherapy which illustrated the enhanced interactions of
angiogenesis inhibitors with immune checkpoint inhibitors, especially
when EGFR was involved in tumorigenesis [137].

111 Hepatocellular Carcinoma

The combination of atezolizumab and bevacizumab is also noteworthy
in unresectable hepatocellular carcinoma. In a Phase Ib multicenter
study, 60 patients were assigned to atezolizumab plus bevacizumab and
59 to atezolizumab monotherapy. Median PFS was 5.6 months for the
combination therapy while monotherapy was 3.4 months (HR 0.55; 80%
Cl 0.40, 0.74 p=0.011), indicating the addition of bevacizumab
improved survival outcomes. However, the combination therapy also
posed serious Grade 3-4 adverse events such as hypertension and
proteinuria in 7 (12%) patients, compared to 2 (3%) patients in the
monotherapy cohort [138]. Similar results were observed in a Phase 111
study of atezolizumab plus bevacizumab versus sorafenib in
unresectable hepatocellular carcinoma. PFS was improved in the
combination therapy group (6.8 months) versus the sorafenib group (4.3
months) (HR 0.59; 95% CI: 0.47-0.76; P<0.001). The most common
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Grade 3 or 4 adverse event was hypertension which was present in 15.2%
of the combination therapy group [139].

Future Directions

The clinical trials discussed in the previous section show the wide array
of combination therapy, including anti-angiogenesis and immune
checkpoint blockade, that have been studied in aRCC, NSCLC and
hepatocellular carcinoma. Similar combination therapy development is
recommended to continue for other types of cancers as well.
Furthermore, the specific combinations that have been FDA approved
include avelumab, an anti-PD-L1 monoclonal antibody, and
pembrolizumab, an anti-PD-1 monoclonal antibody, with axitinib,
VEGFR inhibitor, for aRCC. Therefore, continued development of
combination therapy should focus on therapeutics with similar
mechanisms to anti-PD-L1 and anti-PD-1 inhibition along with VEGF
inhibition.

Recycling of previous combination therapies is also important to
consider. Since chemotherapy has previously shown efficacy with
angiogenesis, the use of chemotherapy can be emphasized with both
immunotherapy and anti-angiogenic therapy. As evidenced in the Phase
Il trial for NSCLC patients, the synergistic effects in addition to
chemotherapy have shown significant overall improvement in patients
receiving atezolizumab plus bevacizumab plus carboplatin plus
paclitaxel (ABCP). Improved median overall survival was reported in
the intention-to-treat population for the combination of ABCP at 19.8
months (95% CI: 17.4-24.2) whereas BCP median overall survival was
14.9 months (95% CI: 13.4-17-1) (HR 0.76; 95% CI: 0.63-0.93) [137].
With the significant improvement evidenced, chemotherapy should
continue to be considered in development of research trials including
anti-angiogenesis inhibition and immune checkpoint blockade to
optimize results for patients.

Conclusion

Through the years, angiogenesis inhibition has been studied
meticulously, leading to the evolution of anti-angiogenesis cancer
therapeutics with FDA approval. In this paper, we discussed
angiogenesis in the tumor microenvironment and signaling pathways
involved with emphasis on FDA approved angiogenesis inhibitors. We
have showed that angiogenesis inhibitors enhance immune response
toward tumor cells. These mechanisms could be harnessed alongside
newer immunomodulatory drugs to improve cancer treatment. Further
clinical trials should be developed to assess benefits and risks. In
addition, biomarkers for an enhanced response can also be significant in
identifying patients and cancer types suitable for combined anti-
angiogenesis and immunomodulatory treatment. The promising results
of this coupled therapy also highlights the potential for other
combinations including chemotherapy that need to be investigated in the
field of cancer therapy.
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