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activator of transcription; TAFs, tumor-associated fibroblasts; TAMSs, tumor associated
macrophages; TCF, T-cell factor; TEMs, Tie2-expressing macrophages/monocytes; TGFp,
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Abstract

Angiogenesis research in the past two decades has contributed significantly towards understanding
the molecular pathophysiology of cancer progression and inspired target-oriented research and
pharma industry for the development of novel anti-angiogenic agents. Currently, over eleven drugs
targeting angiogenesis have been approved by the FDA for the treatment of various malignancies.
Of the registered anti-angiogenic clinical trials until the end of 2017 (ClinicalTrials.gov), over
47% were completed, 10% were terminated, 3% withdrawn, over 0.5% were suspended and only
4 trials have culminated in FDA approval for marketing. On the one hand, the clinical benefits of
anti-angiogenic drugs prompted the development of novel anti-angiogenic agents. On the other
hand, however, a plethora of recent studies demonstrated the emergence of tumor drug resistance
towards currently used anti-angiogenic therapeutics. Series of preclinical and clinical studies have
highlighted the enigma of drug resistance with functional bypass pathways, and identified
compensatory or alternative angiogenic mechanisms assuring tumor growth in the midst of an anti-
angiogenic stress environment. In the present review the classical literature of such redundant
angiogenic pathways in concert with the key angiogenic factors and specialized cells involved in
anti-angiogenic escape mechanisms is described. A strategic discourse regarding increasing tumor
drug resistance and future modalities for anti-angiogenic therapy is also discussed in view of recent

advances.

Key words: Angiogenesis, Redundant angiogenic pathways, Anti-angiogenic drugs, Tumor drug
resistance.
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Vasculogenesis is the fundamental de novo process required for the development of blood vessels
during embryonic development, wherein the angioblasts (endothelial progenitor cells) differentiate
into endothelial cells in response to local cues and finally assemble to form the initial vascular
plexus. Angiogenesis is the extension of vasculogenesis, which involves the development of new
capillaries on pre-existing vessels. A vast body of literature has accumulated which describes the
dynamics and complexities of new vessel formation (Chappell et al., 2016). From a physiological
perspective, angiogenesis appears to be indispensable for tissue homeostasis, as the growth and
development of an organism requires a well-developed network of blood vessels to ensure a
continuous supply of oxygen and nutrients. Nevertheless, important physiological processes such
as embryogenesis, organogenesis, wound healing, tissue repair, etc., cannot be achieved, unless
there is a well-developed, mature orchestration of vascular network. Dissolution of vascular basal
membrane, degradation of extracellular matrix (ECM), increase in vascular permeability,
migration, invasion and proliferation of endothelial cells (ECs) and tube formation are the
hallmarks of the angiogenic process. In brief, the process of neovascularization relies on a complex
network and cross talks of proangiogenic factors, stromal cell interactions and remodeling of ECM
(Gacche and Meshram, 2014). Under normal physiological conditions, the process of angiogenesis
is regulated by maintaining a balance between activators and inhibitors of angiogenesis. The
vessels developed through physiological angiogenesis are normal, stable and rarely proliferate
under physiological conditions. However, in pathological conditions like cancer, the balance is
more in favor of proangiogenic factors; as a result, there is excessive remodeling of vasculature.
In contrast, the complex, abnormal, leaky and torturous vessels of tumors is the hallmark of
pathological angiogenesis (Goel et al., 2011).

The credit of establishing angiogenesis as a therapeutic target goes to Judah Folkman, who
highlighted the importance of vascular network for the growth, proliferation and progression of
solid tumors in 1971. In a preclinical experimental setting, Folkman and colleagues demonstrated
that in the absence of proper vasculature, the growth of tumors may not attain more than 2 mm in
size (Folkman, 1971). These pioneer experiments opened a new research avenue with the aim of
disrupting tumor vasculature. The area of angiogenesis research got a strong impetus and became
more vibrant with the discovery of VEGF by Senger and his colleagues (Senger et al., 1983),
followed by numerous studies uncovering the central role of VEGF as a key player in physiological

and pathological artefacts of angiogenesis. Ten years of research on VEGF from a therapeutic



point of view have been recently reviewed (Ferrara and Admis, 2016). Thus, the VEGF signaling
pathway especially driven by VEGF-A, has remained a focal target for designing novel anti-
angiogenic agents. There are over forty pro-angiogenic factors reported to play a proactive role in
angiogenesis, either directly or indirectly in different cells/tissues/organs and several new pro-
angiogenic molecules are consistently reported in the mainstream of current angiogenesis research.
Previously, we have reviewed the structural peculiarities of major angiogenic cytokines that can
be further maneuvered for the design and development of novel anti-tumor agents targeting
angiogenesis (Gacche and Meshram, 2013). Currently, over 11 anti-angiogenic drugs have been
approved by the U.S. Food and Drug Administration (FDA). Out of which, bevacizumab
(Avastin), Aflibercept (Eylea: a VEGF-trap recombinant fusion protein of VEGF-binding domains
from VEGFR) and Ramucirumab (Cyrazma) are antibodies, while Sorafenib, Sunitinib,
Pazopanib, Axitinib, Vandetanib, Lenvatinib and Regorafenib are approved as small molecule
receptor tyrosine kinase (RTK) inhibitors. Apart from FDA, the European Medicines Agency
(EMA) has approved Nintedanib in 2014 for the treatment of locally advanced, metastatic or
second line non-small-cell lung cancer (Jayson et al., 2016). The FDA guidelines for the
therapeutic applications of the approved drugs are summarized in Table 1. Series of clinical trials
are currently in progress to evaluate the therapeutic concerns of anti-angiogenic agents in a variety
of cancers (http://www.cancer.gov/clinicaltrials/developments/anti-angio-table/); at the same
time, series of small molecule targeting VEGF signaling pathway, especially RTK inhibitors are
at various stages of clinical development:

(http://www.cancer.gov/cancertopics/factsheet/ Therapy/angiogenesis inhibitors)

From a pharmacological perspective, targeted therapies are more impressive, have
marginal side effects and enhanced therapeutic index. Undoubtedly, anti-angiogenic therapy has
emerged as an impressive targeted therapeutic regimen with equal excitement and vibrancy in
related research. Moreover, series of anti-angiogenic agents are currently used in combination with
other chemotherapeutic agents for the treatment of a variety of malignant cancers. Welti et al.,
(2013), have extensively and systematically reviewed the treatment success and limitations of the
9 anti-VEGF agents in relation to different types of cancers (Welti et al., 2013). On the one hand,
anti-angiogenic therapy has undoubtedly proved to be helpful for the management of various
cancers and largely improved the overall prognosis of cancer patients. However, on the other hand,

the therapy is questioned on the grounds of sustainable efficacy, side effects, off target toxicities
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and emerging drug resistance (Gacche, 2015; van Beijnum et al., 2015; Mitamura et al., 2016;
Jayson et al., 2016). Amongst the notable negative concerns of anti-angiogenic therapy, the most
formidable is the recurrent aggressive invasion and metastasis after the “drug holidays” (Griffioen
et al., 2012). Series of preclinical and clinical studies have linked the poor performance of, and
drug resistance to, anti-angiogenic drugs, with activation of series of compensatory angiogenic
pathways and a variety of angiogenic factors supporting angiogenic bypass mechanisms (Gacche,
2015; Ribatti, 2016; Al-Abd et al., 2017).

2. Redundant Angiogenic Signaling: A Potential Cause of Evolving Tumor Drug Resistance
From a mechanistic point of view, angiogenesis is a highly modeled and degenerate process.
Moreover, the heterogeneity and genomic plasticity of tumors allow them to evolve and employ
multiple compensatory pathways in the prevalence of negative growth environment. Recent
epidemiological, clinical and experimental studies have demonstrated that tumors employ
compensatory/alternative/bypass angiogenic pathways and other adaptive mechanisms for their
sustained growth and metastasis, after experiencing a treatment episode(s) with anti-angiogenic
agents. Therefore, compensatory signaling pathways driving tumor growth and metastasis,
invariably become a potential cause of tumor refractoriness.

The clinical and experimental data accumulated in the recent years have unequivocally
proved that revascularization occurs even after blocking VEGF signaling pathways due to
upregulation of redundant angiogenic pathways. A plethora of evidence has accumulated in the
recent years, linking the role of various compensatory/alternative/bypass angiogenic canonical
mechanisms sustaining the growth and progression of tumors when treated with anti-angiogenic
agents (Crawford and Ferrara, 2009; Gacche, 2015; Jayson et al., 2016; Ribatti, 2016; Mitamura
et al., 2016). In fact, the first clues for the existence of alternate angiogenic pathways emerged
from mouse model studies, designed to evaluate the therapeutic potential of monoclonal antibody
DC101, designed against the VEGF receptor (VEGFR) in pancreatic neuroendocrine cancer. The
results of this experimental model were surprising in demonstrating the recurrence of tumor growth
and vascularization after the initial exposure to the test antibody. Further analysis revealed that
there were upregulated levels of mMRNAs encoding for pro-angiogenic factors such as fibroblast
growth factor 1 and 2 (FGF 1 and FGF2), Angiopoietin 1 (ANG 1) and Ephrin Al and A2
(Casanovas et al., 2005; Ronca et al., 2017). In clinical studies involving human subjects harboring



glioblastoma, detectable levels of VEGF, FGF-2, placenta growth factor (PIGF) and other pro-
angiogenic factors were observed after treatment with anti-angiogenic therapy (Lu-Emerson, et
al., 2015). The current epidemiological, clinical and experimental evidence has clearly outlined
that there exist at least four distinct mechanisms, which can be considered for manifestation of
evasive resistance to anti-angiogenic therapies. The first mechanism involves the activation and/or
up-regulation of compensatory pro-angiogenic signaling pathways within the tumor, especially
driven by FGF, ANGs, platelet derived growth factor (PDGF), Ephrins etc. (Vasudev and
Reynolds, 2014). The second alternate angiogenic mechanism is mainly driven by myeloid/stromal
cells, which compensates for the requirement of the VEGF-mediated pathway, thereby promoting
tumor angiogenesis (Crawford and Ferrara, 2009). The third mechanism is attributed to the dual
role of pericytes; first, in establishing the increased pericyte coverage of the tumor vasculature and
second, their potential angiogenic attributes, both serving as escape mechanisms from VEGF-
mediated angiogenesis (Bergers and Song, 2005; Matsuo et al., 2010). The fourth mechanism is
related to remodeling and accessing normal vasculature for invasion and metastasis of tumors in
lieu of obligate neovascularization. Vessel cooption, intussusceptive microvascular growth and
vascular mimicry are the prominent mechanisms of this category (Vasudev and Reynolds, 2014).
A vast body of literature has accumulated in recent years clearly demonstrating the prevalence of
compensatory anti-VEGF rescue mechanisms recruited by various alternative angiogenic
cytokines (VEGF-C, VEGF-D, FGF, PDGF, PIGF, EGF, ANGs, HGF, Interleukins, Ephrins, etc.),
Dll4-Notch signaling, c-MET signaling, Tie-2-Angiopoetin, Wnt signaling, ALK1 signaling,
myeloid/stromal cells, pericytes, and various new cross-talk pathways emerged as possible
mediators of tumor refractoriness (Crawford and Ferrara, 2009; Gacche, 2015; Jayson et al., 2016;
Ribatti, 2016; Mitamura et al., 2016).

2.1 Broad Categories of Redundant Angiogenic Signaling

The pathways involved in alternation of the main VEGF pathways, VEGF-independent pathways,
pathways driven Dby interactions between myeloid/stromal/tumor cells and angiogenesis-
independent processes like vessel cooption, intussusceptions, vascular mimicry, postnatal,
glomeruloid and looping angiogenesis constitute the major categories of redundant angiogenic
signaling (Vasudev and Reynolds, 2014). Perhaps the same rationale can be employed for

classifying and explaining the modes and mechanisms of tumor refractoriness. The categorization
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is not strictly mutually exclusive, but there exists coordination with an involvement of multiple

factors, crosstalk and pathways.

2.2 Pathways Centered on the VEGF axis
Angiogenic factors like VEGF-B, VEGF-C, VEGF-D, and PIGF are the key players involved in
VEGF axis-dependent alteration pathways. As VEGF-A plays a crucial role in inducing
angiogenesis; the majority of research is centered on it as a therapeutic target, anticipating the non-
significant role played by its subtypes. Although the molecular mechanisms unraveling the exact
roles played by VEGF subtypes are in their infancy, sizable evidences articulate their role as
compensatory angiogenic agents promoting angiogenesis when VEGF-A is blocked. Ziv-
aflibercept (Zaltrap, VEGF-Trap) antibody possesses VEGFR1 and VEGFR2 as extracellular
domains. The antibody binds not only to VEGF-A but it has also affinity to VEGF-B and PIGF
(Simon et al., 2017).

In fact, angiogenic factors like VEGF-C and VEGF-D are involved in lymphangiogenesis.
While describing the role of VEGF-C in compensatory angiogenic signaling, it has been reported
that the VEGF-C fragment generated through proteolytic cleavage has been shown to possess
binding affinity with VEGFR-3. Thus the binding of VEGF-C with VEGFR3 act as potential
compensatory angiogenic pathways under anti-VEGF environment (Crawford and Ferrara, 2009;
Gacche, 2015). Studies have also demonstrated that the expression of VEGFR-3 is not only present
in lymphatic vessels but it is also expressed in tumor vasculature. The preclinical model studies
strongly support the involvement of VEGF-C in angiogenesis, tumor progression and thereby
imparting resistance to anti-VEGF-A-interacting agents (Ye et al., 2013). Neuropilin (NRP)-1 and
NRP-2, which were initially discovered in axon guidance and as neuronal receptors, may also play
arole in reprogramming angiogenesis by interacting with VEGF family members. NRP-1 not only
binds to VEGF-A, but also binds to PIGF. Factors like NRP-2 have been shown to interact with
VEGFR-2 and thereby may act as redundant angiogenic pathway. Nevertheless, apart from VEGF-
A, NRP-2 has also binding affinity to VEGF-C, and PIGF, and thereby may be playing inscrutable
role in angiogenesis (Hu and Jiang, 2016). The evidence for the role of NRP in regulating
angiogenesis has been demonstrated by reaction with anti-NRP antibodies. It was observed that
NRPs could modulate angiogenic signaling by VEGFR-2. In the same experimental setting, it was

also showed that, anti-NRP antibodies display, at least additive activity, when combined with anti-



VEGF antibodies. These observations indicate the adoption of different modes of action by NRPs
in driving VEGF-independent angiogenesis (Chenxi and Jiang, 2017). The recent literature
describes that NRP-1 drives angiogenesis via the NRP-1-ABL pathway which is independent of
VEGF-VEGFR2. The protein RAD51 was identified as a key player in signaling pathways of
NRP1-ABL and PDGF(R). This pathway is positively associated with resistance towards cancer
chemotherapeutics (Hu and Jiang, 2016). The redundant angiogenic signaling centered around
VEGF axis, is summarized in Figure 1.

PIGF is also a member of the VEGF family having pleiotropic and multitasking activity.
In a variety of pro-angiogenic cells such as ECs, bone marrow progenitors, macrophages and tumor
cells (primarily express VEGFR-1), PIGF relays its action directly by binding to VEGFR-1. PIGF
was found to stimulate angiogenesis, stromal cell migration, leukocyte infiltration, tumor growth
and revascularization of ischemic tissues (Dewerchin and Carmeliet, 2012). In the current
discourse of alternate angiogenic signaling, clinically and experimentally, it has been proved that
the myeloid, stromal and tumor cells are strongly involved in coordinating the compensatory
angiogenic pathways (Gacche, 2015). PIGF secreted by stromal cells in association with tumor
cells, promotes angiogenesis in medulloblastoma or leukemic bone marrow and induces NRP1-
mediated tumor cell proliferation (Schmidt et al., 2011). The elevated levels of PIGF were detected
in cancer patients exposed to anti-angiogenic therapy; these observations suggest the involvement
of PIGF in bypass angiogenic mechanisms under anti-VEGFR therapy. Nevertheless, animal
model studies have clearly demonstrated that PLGF upregulation is in fact a host response to
antiangiogenic therapy (Bagley et al., 2011). The circumstantial literature cited above clearly
indicates that the concrete molecular underpinnings are yet to be established in VEGF-axis related

angiogenic escape mechanism.

2.3 Redundant Angiogenic Mechanisms that are Independent of VEGF

Multiple molecular mechanisms have been hypothesized and currently being tested in various
animal models and in clinical studies for unraveling the secrets of sustained tumor angiogenesis in
the absence of VEGF. Amongst the various possible mechanisms described here, the
compensatory role of other angiogenic factors in driving angiogenesis is more prominently
discussed in the current mainstream of tumor resistance and anti-VEGF treatment (Petrillo et al.,

2012). Moreover, the puzzle of crosstalk of multiple angiogenic pathways and the role of various



myeloid/stromal/tumor cells acquiring pro-angiogenic functions under VEGF blockade has not
only accelerated the circumstantial research but also given strong impetus for tailoring novel
therapeutic strategies to overcome tumor refractoriness to anti-VEGF therapy. Series of VEGF-
independent factors and pathways like fibroblast growth factors 1 and 2 (Ronca et al., 2017; Welti
et al., 2011), HGF/cMet pathway (Shojaei et al., 2010), angiopoietins (Eklund and Saharinen,
2013), and Delta-Notch signaling pathway (Li et al., 2011). PDGF-C (Crawford et al., 2009; di
Tomaso et al., 2009), interleukins (Huang et al., 2010), Ephrins (Salvucci and Tosato, 2012) and
epidermal growth factor (Cascone et al., 2011) have been described as inscrutable players in anti-
VEGF escape mechanisms. The details of the abovementioned angiogenic factors and their

redundant angiogenic signaling pathways are summarized in Figure 2.

2.3.1 Fibroblast Growth Factors (FGFs) and Anti-VEGF Escape Mechanisms
In fact, research on FGF and its role in angiogenesis has begun early, because FGFs were among
the first proangiogenic factors identified (Folkman 1971). FGFs is a family of 22 structurally-
related ligands involved in regulating multiple fundamental pathways related to embryonic
development, organogenesis and cellular behavior by interacting with FGF receptors: FGFR
(Turner and Grose, 2010; Ornitz and Itoh, 2015). In humans, the FGF family comprises of at least
18 ligands (FGFs) and 4 FGFRs. Like the VEGF-A molecule, FGFRs 1, 2, and 3 undergo
alternative splicing resulting in multiple isoforms of FGFR displaying specific binding affinity
with set of FGFs. Heparin sulphate proteoglycans (HSPGs) plays a crucial role in maneuvering
different isoforms of FGFRs. There are several reports of altered FGFR signaling in different
cancers such as breast, bladder, benign skin tumors and prostate. FGFR1, 2, 4 were reported to be
upregulated in breast cancer cells with mutations in FGFR2 and 4 (Chae et al., 2017).
Degradation of ECM, EC proliferation, migration and organization of ECs into a tubular
assembly are the major concerns of neovascularization, wherein FGF signaling plays a key role.
Degradation of the ECM is the basic prerequisite for detaching ECs from the complex network of
ECM. The signaling functions of FGFs 1, 2, and 4, are directly or indirectly involved in stimulating
ECM degradation and activating matrix metalloproteinases. Once ECs are made free from ECM,
their proliferation and migration at the destination is essential for new vascular orchestration. It
has been described that FGFs 1, 2, 4, and 8 activate FGFRs 1, 2 and the signaling pathway through
the activation of MAPK and PKC leading to proliferation of ECs (Turner and Grose, 2010; Ornitz



and Itoh, 2015). Integrin and cadherin receptors play an important role in cell-cell adhesion: a
process needed for EC migration. FGF2 regulates the expression of several integrin and cadherin
receptors. In general, the primary concerns of FGF2 is attributed to regulation of cellular motility
and orchestration of ECs into capillary-like structures through autocrine signaling. Numerous
animal model studies have demonstrated that aberrant FGF signaling mainly promotes tumor
growth through increased cell proliferation, survival and angiogenesis. Therefore, FGFs have been
revisited for remodeling FGF traps as a new therapeutic approach in the mainstream of targeting
tumor angiogenesis (Matkar, et al., 2017).

Amongst many compensatory pro-angiogenic pathways, FGF signaling has been described
to be associated with adaptive tumor resistance to anti-angiogenic therapy (Tran et al., 2016). The
major manifestation of binding of FGFRs to FGF ligands results in the triggering of several
signaling pathways like phosphatidylinositol 3-kinase (PI3K-AKT-mTOR), phospholipase Cy-
protein kinase C (PLCy-PKC), janus kinase-signal transducer and activator of transcription
(JAK/STAT), mitogen-activated protein kinase: (MAPK), RAS/RAF/MAPK and
RAS/MAPK/ERK (Turner and Grose, 2010). The activation of FGF-driven pathways and crosstalk
of these pathways regulates several proangiogenic physiological processes like cell growth and
ultimately leads to angiogenesis under an anti-VEGF environment. Therefore, FGFs have been
reported to drive angiogenesis independently of VEGF (96). FGF signaling is also believed to be
involved in regulation of epithelial-to-mesenchymal transition (EMT) lymphangiogenesis and
tumor metastasis via VEGF-C-mediated pathways (Larrieu-Lahargue et al., 2012). The VEGF-
independent role of FGFs has been also demonstrated in a RIP-Tag model, wherein FGF-1 and -2
were overexpressed in tumors that relapsed after treatment with DC101: an anti-VEGFR antibody.
In several preclinical models, FGF2 levels were reported to be upregulated upon arresting the
VEGF-pathway. In in vivo animal model studies, it has been clearly demonstrated that inhibition
of FGF reduces the growth of anti-VEGF resistant tumors (Winterhoff and Konecny, 2017). In
animal model studies, mice were initially treated with the VEGFR inhibitor alone followed by
treatment with FGF-trap (FGFR—Fc fusion protein) at the peak of the response phase of the
VEGFR inhibitor. The combination treatment strategy significantly reduced the recurrence of
vascularization and tumor growth. The findings of the study clearly indicate the involvement of
FGF signaling in regulating restoration of angiogenesis. A clear clinical evidence of FGF-mediated

revascularization was observed in patients with recurrent glioblastoma experiencing the treatment



of the potent VEGFR inhibitor Cediranib (Recentin, Astra Zeneca). Nevertheless, upregulation of
FGF-2 was also observed in the drug holiday in patients (Lieu et al., 2011). In a xenograft mouse
model study, designed for profiling gene expression patterns in relation to resistance to VEGF
inhibitors, the FGFR and EGFR pathways were found to be upregulated in the stroma (Cascone et
al., 2011). There exists a substantial crosstalk between FGF and VEGF pathways leading to
excessive angiogenesis, however in some cases, FGF-induced signaling may confer resistance to
VEGFR inhibitors (Casanovas et al., 2005; Winterhoff and Konecny, 2017). Most frequently, these
two pathways work in synergy for the promotion of angiogenesis. The action of the two pathways
is complementary to each other, wherein FGF-2 mediates the upregulation of VEGF and VEGFR
in ECs, on the other hand, VEGF upregulates the expression of FGF2. In xenograft model studies,
co-expression of FGF2 and VEGF were observed to be associated with high vessel density in fast
growing tumors. In an interesting experimental setting designed to understand the mechanism of
synergistic functions of VEGF-A and FGF-2, it was observed that there was enhancement of
endogenous PDGFB-PDGFRp signaling pathway. In a cell type specific expression pattern,
VEGF-A was found to enhance endothelial PDGF-B expression, while FGF2 was associated with
enhancement of mural PDGF receptor (PDGFR). The results of the study demonstrated the
indispensable role of enhancement of endogenous PDGFB signaling pathway in coordinating the
synergistic functions of VEGF-A and FGF-2 in neovascularization. FGF2 also functions in
synergy with PDGF-BB and promotes murine tumor angiogenesis and metastasis (Yu etal., 2017).
Nevertheless, PDGFB signaling pathway has been identified as one of the important compensatory
pathways playing crucial role in anti-VEGF rescue mechanism by promoting neovascularization
in stroma cells (Xue et al., 2012).

Interestingly, the synergistic functioning of FGF and VEGF also upregulates the expression
of DII4 (delta like 4 ligand in notch signaling) in ECs. The involvement of DIl4 is proved as an
important mediator in anti-VEGF escape mechanisms and indispensable for EC proliferation,
migration and overall orchestration of vascular network formation (Li et al., 2011). Owing to the
synergy of FGF and VEGF functions in neovascularization, the inhibition of one pathway may
adversely affect the functioning of the other pathway. However, paradoxically to the role of FGF
in the anti-VEGF escape mechanism, there are several reports describing the inhibition of FGF-
induced angiogenesis by anti-VEGF agents. In in vitro and in vivo experimental settings, it was
observed that anti-VEGF antibody inhibits FGF2-promoted angiogenesis (Alessi et al., 2009).



2.3.2 DIl4-Notch Signaling: Tip/Stalk Cell Fate Promoting Angiogenesis

The NOTCH signaling pathway was originally discovered in Drosophila and was named after the
notched wing appearance of the first mutant allele in Drosophila. Since its establishment as a
pathway, it has been identified in virtually all metazoans and extensively studied in worms, flies
and mammals. This pathway is an evolutionary conserved system and is associated with regulation
of cell fate specification, tissue patterning and morphogenesis, especially in cell differentiation
during embryonal and postnatal development, cell proliferation, apoptosis and survival.
Mammalian Notch signaling system comprises of four single-pass transmembrane receptors
(Notch 1-4) and five canonical DSL (Delta, Serrate, Lag2) ligands called Delta-like ligand 1, 3
and 4 (DIl 1, 3 and 4) and Jagged 1, 2. Amongst the Notch receptors, Notchl and 4 are expressed
by ECs, while excluding DII3, all Notch ligands have been expressed by ECs. A plethora of recent
research findings has clearly demonstrated that activation of the Notch signaling pathway is
associated with several aspects of vascular guiding and development (Li et al., 2011; Nowell and
Radtke, 2017). Per se, all the Notch receptors and their ligands are involved in modeling tumor
vasculature. However, in-depth research findings have identified that the DIl14-Notch 1 signaling
axis plays a dominant role in tumor angiogenesis and vascular system (Garcia and Kandel, 2012).
More recently, the vascular concerns of DIl4 have been proved to be a critical regulator of tumor
angiogenesis and thus emerging as an attractive therapeutic target in the mainstream of anti-tumor
agents targeting tumor angiogenesis (Brahmi et al., 2017; Kuhnert and Kirschner, 2011). The
emerging circumstantial experimental evidence suggests that blocking the activity of DIl4 in
tumors, results in excessive but non-productive vasculature adversely affecting the tumor growth,
even in tumors which are resistant to anti-VEGF agents (Guo et al., 2014).

DIl4-Notch1 signaling plays a crucial role in maintaining branching network at neovascular
site. The crosstalk between VEGFR2 and Notch is involved in coordinating the kinetics of
sprouting angiogenesis. In this process, coordination between migrating tip cells and proliferative
stalk cells maintains the tip cell number and thereby branching during sprouting angiogenesis.
Activated ECs extend filopodia at the leading edge and migrate towards angiogenic cues. In the
forefront of VEGF-rich ECs, tip cell migration is guided through the activation of VEGFR2 by



VEGF. Internalization of VEGFR2 (receptor turnover) and activation of ERK1/2 signaling play a
significant role in sprouting angiogenesis. Nrpl (the co-receptor of VEGF) promotes tip cell
activity by enhancing VEGFR2 (and VEGFR3)-mediated signaling. Notch signaling regulates the
specification between tip and stalk cells (Geudens and Gerhardt, 2011; Logsdon et al., 2014). ECs
having activated VEGFR2 upregulate the expression of DII4 and struggle for the tip position. D114
binds to Notch receptors on adjacent ECs and releases Notch intracellular domain (NICD). as a
transcription factor, NCID down-regulates Vegfr2 and Nrpl expression and upregulates the
VEGFR1, which binds to VEGF. Thus, NCID coordination deprives stalk cells from binding to
VEGF. In brief, the negative feedback loop of VEGF mediated DIl4 activation (VEGF-to-Dll4) in
tip cells and Notch-mediated inhibition of VEGFR2 (Notch-to-VEGFR?2) in stalk cells, permits
ECs to sprout and also balances the heterogeneous response of ECs towards angiogenic cues. It is
this mechanism, which explains why DIl4-Notch inhibition results in hyperbranching, while
normal function reverses the effect (Geudens and Gerhardt, 2011; Logsdon et al., 2014).

Several new experimental settings have unraveled the insights into the function of DII4-
Notch signaling in tumor angiogenesis (Benedito et al., 2013) and the related molecular
mechanism of vascular defects arising from inhibition of DIl4-Notch functions. DIl4 is also
upregulated in several cancers and the overexpression of DII4 is correlated with tumor
refractoriness to anti-VEGF agents (Li et al., 2011; Kuhnert and Kirschner, 2011; Brzozowa et al.,
2013). Sizable literature has been cited towards the role of DIl4-Notch signaling pathway as one
of the culprits in conferring tumor resistance to anti-angiogenic drugs (Bergers and Hanahan, 2008;
Lietal., 2011; Benedito et al., 2012; Brzozowa, et al., 2013). In an interesting in vivo experimental
setting, human glioblastoma cells were transduced with retroviruses encoding Notch-Dll4
followed by growing them as tumor xenografts and then the VEGF-A inhibitor bevacizumab was
used to treat murine hosts. DIl4-mediated tumor resistance to bevacizumab was clearly observed
invivo (Lietal., 2011). It was observed that the DII4-Notch-induced large vessels increased tumor
blood supply and were found to be resistant to bevacizumab. The large vessel disruption and tumor
resistance was abolished with the treatment of Notch-DI14 inhibitor dibenzazepine (a y-secretase
inhibitor). Multiple molecular mechanisms of resistance such as down-regulation of hypoxia-
induced VEGF, upregulation of VEGFRL1 in the tumor stroma, down-regulation of VEGFR2 in
large blood vessels, and overall reduced levels of VEGFR3. Tumors expressing high levels of DII4

were found to be resistant to a VEGFR-targeted multikinase inhibitor. Nevertheless, DIl14-Notch
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signaling has also activated other compensatory tumor resistant pathways like FGF2-FGFR and
EphB4-EprinB2 (Li et al., 2011). The results of these studies clearly demonstrated the anti-VEGF
compensatory nature of DIl4-Notch signaling and its role in activating other alternative pathways
of tumor resistance.

Several animal model studies involving gain-of-function and loss-of-function experiments
have clearly showed that the ECs with disrupted functions of VEGF or Notch die prematurely
because of defective embryonic vasculature (Blanco and Gerhardt, 2013). Several recent studies
have demonstrated the significance of Notch signaling agents such as DII4, Jagged-1 (JAG1) and
Notchl in EC guidance and development of a functional vascular network. Recent literature
describes that DLL4 and JAG1 modulate tumor angiogenesis via different mechanisms. It is now
clear that JAGL1 is not antagonistic but utilizes DLL4 in tumor angiogenesis. Therefore, clinical
Notch therapies should explore the combination of anti-DLL4 and anti-JAG1 therapy modalities
as a novel anti-angiogenic regimen (Oon et al., 2017). An interesting experimental setting was
designed to test the hypothesis that Notch inhibition is responsible for switching VEGFA-
VEGFR2-dependent angiogenesis to VEGFC/D-VEGFR3-regulated mode of angiogenesis. The
outcome of the experiment confirmed that, during VEGFA-VEGFR2-mediated angiogenesis,
Notch activation downregulates the expression of VEGFR3 in ECs, however, when Notch
signaling is low or inhibited, there is significant increase in VEGFR3 levels, which leads to highly
deregulated excessive VEGF-independent angiogenesis (Benedito et al., 2012). Notch inhibition
strongly impairs tumor growth, even in tumors showing anti-VEGF resistance (Djokovic et al.,
2015 Noguera-Troise et al., 2006). The findings clearly indicate that Notch signaling contributes
significantly to compensatory angiogenesis.

Perhaps the role of DIl4-Notch signaling in activating other compensatory angiogenic
pathways might play a crucial role in rendering tumors more “arrogant” towards anti-VEGF
therapy, as there is clear in vivo experimental evidence that DLL4-Notch signaling mediates tumor
resistance to anti-VEGF therapy (Li et al., 2011). The DIl4-Notch signaling pathway functions as
a regulator of angiogenesis in the downstream domain of VEGF cluster. The expression levels of
DII4 in tumor vessels correlate with those of VEGF, indicating the plausible role of VEGF in
regulating DII4 expression (Noguera-Troise et al., 2006; Djokovic et al., 2015). Nevertheless,
various model studies have proved the involvement of the VEGF pathway in regulating Notch

signaling components (Thurston and Kitajewski, 2008; Teodorczyk et al., 2015). In clinical



studies, it was observed that patients responding positively to anti-VEGF therapy were found to
have low levels of DII4 than patients with progressive tumorigenesis (Hu et al., 2011). In the
process of vessel stabilization, DI14-Notch signaling also influences ECs and pericytes for proper
assembly of vessel plexus (Zhang et al., 2011). In NGP neuroblastoma model studies, the
simultaneous blockade of Notch and VEGF resulted in blood vessel regression, disruption of
pericyte coverage of ECs and increased apoptosis of ECs. However, the combined blockade did
not affect tumor weight, but tumor viability was adversely affected. The findings clearly suggest
the distinct but complementary role of Notch and VEGF pathway in tumor angiogenesis
(Hernandez et al., 2013). Other angiogenic rescue pathways such as FGF, Angiopoietin-1/Tie2,
Whnt, some of the inflammatory cytokines, components of extracellular matrix are reported to
induce the expression of DII4 in ECs (Corada et al., 2010; Zhang et al., 2011; Estrach et al., 2011).
In a recent investigation, the consequence of Notch blockade was observed to be associated with
VEGF-Ang2-mediated invasion of ECs, tube formation, and expression of MMPs and cytokines.
The outcome of the experiment indicates the Notch-driven pro-angiogenic effects of VEGF-Ang2
(Gao et al., 2013). The angiogenic concerns of DIl4-Notch signaling are also attributed to ephrin-
mediated pathway. EphrinB2 has been identified as a key DIl4-Notch target gene in cultured ECs,
but also acts as a regulator of VEGFR endocytosis and signaling in the upstream part of the DIl4-
Notch signaling pathway (Sawamiphak et al., 2010). Inhibition of EphrinB2 signaling using
soluble EphrinB2-Fc in a subcutaneous squamous cell carcinoma resulted in reduced tumor growth
along with the induction of non-productive angiogenesis. Similar effects are manifested in the case
of DII4 blockade (Kuhnert et al., 2015). The results clearly indicate that EphrinB2 acts as a
downstream mediator of DIl4/Notch activity. Several reports report about the cross talk of VEGF,
Notch and transforming growth factor-p (TGFp) in modeling and patterning the proper architecture
of vasculature. Perhaps, it is beyond the scope of this review to register the molecular
underpinnings, cues and consequences of interactions of these pathways. However, a review
compiled by Jin et al., provides the detailed insights of coordinated acting of VEGF, notch, and
TGFp in concert with proper orchestration of the sprouting angiogenesis and vascular patterning
(Jin et al., 2014). The functional importance of some of the DII4-Notch interacting pathways in
relation to inhibition of DIlI4-Notch in tumors is still not fully understood. However, there is a ray
of hope of combining DII4 inhibitors with anti-angiogenic agents as inhibitors of DII4 to disturb

normal angiogenic switch and inducing generation of excessive but non-functional vasculature,



which can be possibly used as an alternative approach for arresting anti-VEGF resistant tumor
growth (Benedito et al., 2012; Crawford and Ferrara, 2009).

2.3.3. HGF/c-Met Pathway: A Hub of Pro-angiogenic Crosstalk

The name hepatocyte growth factor (HGF) was assigned to this factor as it was discovered
independently as a mitogen for hepatocytes. It is also known as scatter factor as it induces
scattering of polarized epithelial cells. Primarily, mesenchymal cells (or endothelial and stellate
cells in the liver) secrete HGF. Apart from its role as a growth factor, it is now identified as an
indispensable organotrophic factor in many tissues and there are many other physiological
concerns of this 90-kD secreted protein as recently reviewed (Imamura and Matsumoto, 2017).
HGF plays a significant role in driving intracellular signal transduction by binding to its receptor
known as cellular-Met (c-Met). The interaction of HGF with c-Met is a paracrine signaling loop.
The process of signal transduction initiates with dimerization of c-Met, followed by its tyrosine
autophosphorylation when ligand binding takes place. The consequence of ligand binding leads to
the formation of active docking sites for proteins that are involved in mediating downstream
signaling, resulting in the activation of the phosphatidylinositol 3-kinase (PI13K)-AKT, mitogen-
activated protein kinase (MAPK), v-src sarcoma (Schmidt-Ruppin A-2) viral oncogene homolog
(SRC), Ras/Mek/Erk and signal transducer and activator of transcription (STAT) signaling
pathways. Series of inflammatory modulators such as tumor necrosis factor a (TNFa), IL-6, IL-1,
TGF-B, and VEGF are involved in upregulation of HGF (Blumenschein et al., 2012; Imamura and
Matsumoto, 2017).

The HGF-cMET pathway acts as a hub for crosstalk with multiple heterogeneous signaling
networks and is regulated by other RTK members such as the human EGFR 2, EGFR, Raf kinase,
insulin-like growth factor 1 receptor and VEGF. The major consequence of HGF signaling is
enhancement of angiogenesis and activation of cellular proliferation, survival, migration and
invasion via modulation of epithelial-mesenchymal interactions (Gherardi et al., 2012; Imamura
and Matsumoto, 2017). In tumors, mostly fibroblasts and other interstitial cells are known to
express HGF, however, pro-angiogenic cells such as ECs, pericytes and a variety of other cells
like epithelial cells, neural cells, hematopoietic cells and even cancer cells themselves produce
HGF. The c¢c-MET and/or HGF is also considered an important biomarker, owing to its
upregulation, activation and gene amplification in several types of cancers including non-small

cell lung carcinoma (NSCLC), liver, gastric, breast, ovarian, pancreatic, head and neck, thyroid,



colon and kidney (Sierra and Tsao, 2011). A comprehensive list of solid and soft tumors having

upregulated patterns of c-MET and HGF is currently available (www.vai.org/met). High

expression profile of c-MET and HGF are strongly correlated with poor prognosis, increased tumor
growth rate, metastasis and resistance to radiotherapy (Sierra and Tsao, 2011).

A large body of preclinical and clinical data described the pro-angiogenic attributes of c-
Met/HGF signaling in concert with other pro-angiogenic pathways. HGF induces stromal cells to
increasingly express VEGF. Moreover, the synergistic functions of HGF and VEGF lead to the
induction of EC proliferation and tube formation. In vitro and in vivo studies clearly demonstrated
the role of HGF in promoting growth of ECs (Goyal et al., 2013). In transgenic mice having
induced hepatic adenomas and hepatocellular carcinoma, HGF induced transcription of VEGF and
excessive angiogenesis. The synergistic crosstalk between the HGF/c-Met and VEGF signaling
are reported to have significant positive effect on cell proliferation and migration of ECs (Sulpice
et al., 2009). Similarly, crosstalk between c-Met and EGFR is also implicated in supporting tumor
cell survival. The interaction of c-Met-cSrc results in phosphorylation of EGFR and survival of
cells even in the presence of EGFR inhibitors (Velpula et al., 2012). It has been shown that hypoxia
is one of the important factors for upregulation of HGF in tumor and stromal cells in the tumor
microenvironment. The hypoxia-driven upregulation of HGF/c-Met signaling in the tumor acts as
an inducer of overexpression of VEGF-VEGFR2 in ECs and down-regulate endogenous inhibitors
of angiogenesis. Thus, c-Met is an independent angiogenic factor and it also responds to pro-
angiogenic signals generated through VEGF.

Numerous studies have shown that HGF plays an important role in VEGF expression
thereby recruiting angiogenesis in a paracrine fashion. Ample scientific evidence has recently
accumulated linking the role of c-Met/HGF signaling pathway as an alternate pathway for driving
VEGF-independent angiogenesis. Plethora of literature has considered HGF as one of the culprits
of drug resistance (Razzak, 2012). However, in one interesting study, it was observed that both
HGF and VEGF induce angiogenesis, however the synergistic functioning was not observed
between the two growth factors. It was further found that selective inhibition of VEGFR by
PTK787, did not affect the HGF-induced neovascularization, but it arrested VEGF-mediated
angiogenesis. The finding of this investigation clearly advocates the leading role of HGF/c-Met
signaling in inducing neovascularization through a VEGF-independent signaling pathway. Perhaps

HGF/c-Met might be driving the VEGF compensatory angiogenesis pathway through activation
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of the cascades of PI3K and MAPK. As PI3K- and MAPK-mediated pathways have been
implicated in HGF- and VEGF-mediated cell proliferation. Moreover, activation of these two
pathways leads to initiation of angiogenesis (Garajovéa et al., 2015). Preclinical experimental
evidence clearly attributed the role of HGF/c-Met signaling to conferring resistance towards
sunitinib: a clinically approved drug for metastatic renal cell carcinoma (RCC). While
investigating the efficacy of sunitinib in experimental in vivo models, it was observed that tumor
protein lysates of sunitinib-resistant tumors had elevated levels of HGF as compared to sunitinib-
sensitive tumors. Further analysis revealed that c-Met expression was found to be upregulated in
ECs than in tumor cells, indicating that HGF might be targeting vascular ECs in sunitinib-resistant
tumors. Interestingly, exogenous application of HGF in sensitive tumor models developed
resistance towards sunitinib by maintaining tumor angiogenesis (Shojaei et al., 2010). The
outcomes of the study clearly outline the role of HGF/c-Met as compensatory angiogenic pathways
that might undergo activation as a result of VEGF blockade.

In patients of hepatocellular carcinoma (HCC) undergoing treatment with sorafenib (a
VEGFR inhibitor), clinical prognosis was significantly correlated with low levels of serum HGF,
as compared to patients having progressive disease with high levels of serum HGF (Miyahara et
al., 2011). In another clinical observation it was found that there was a progressive increase in
HGF levels and re-enlargement of tumors of metastatic colorectal cancer when treated with
bevacizumab (anti-VEGF antibody). These findings underlie the possible relationship between the
HGF/c-Met signaling pathway and resistance towards VEGF inhibitors (Kopetz et al., 2010).
Besides the role of HGE/ c-Met signaling pathway in tumor refractoriness against anti-VEGF
agents, the pathway is also attributed to resistance towards tyrosine kinase inhibitors like sunitinib;
for example, in xenograft model studies it was demonstrated that targeted inhibition of c- Met
successfully ameliorated sunitinib resistance in metastatic RCC (Zhou et al., 2016). Multiple
pathways like HGF/c-Met/Akt and JAK2/STAT3 were observed to be involved in conferring
resistance towards sorafenib in HCC (Huh7) cells in co-culture studies (Chen et al., 2014).
Recently, it has been shown that the cooperative activity of VEGF and HGF induces tumor
angiogenesis in HGF-rich cancer cells, and elevated levels of HGF are strongly associated with
resistance to lenvatinib (a VEGFR inhibitor) (Nakagawa et al., 2014). In more recent preclinical
studies involving human HGF knock-in in SCID mice, the findings indicated that stroma-derived

HGF drives metabolic adaptation of colorectal cancer to angiogenesis inhibitors (Mira et al., 2017).



Similarly, the HGF/c-MET pathway has been clearly shown to be involved in conferring VEGFR
inhibitor resistance and vascular remodeling in NSCLC (Cascone et al., 2017)

2.3.4 Angiopoeitins/Tie axis: A Suspicious Driver of Anti-VEGF Rescue Mechanisms
Angiopoeitins (ANGs) are an important class of angiogenic factors playing a regulatory role in
angiogenesis. ANGs are primarily more proactive towards monitoring the development of blood
vessels and their stability. Their critical role is implicated in progression of tumors and certain
cancer types attracted researchers to target their activity for enhancing the efficacy of anti-
angiogenic therapy (Eklund and Saharinen, 2013). In humans, the ANGs family consists of three
members including ANG1, ANG2 and ANG4, however the overall research in relation to
angiogenesis is centered around ANG1 and more focused on ANG2. ANGs exert their activity by
binding to receptors termed Tie (tyrosine kinase with immunoglobulin and epidermal growth
factor homology domains) receptors 1 and 2 (Tie 1 and 2). ANG1 and ANG2 have been identified
as ligands for Tie 2, whereas Tie 1 remains an orphan receptor without a specific ligand but it
heterodimerizes with Tie 2 for the manifestation of its biological activity (Gerald et al., 2013).
ANGL1 has been described as a strong Tie2 agonist, mostly produced by tumors as well as mural
cells such as pericytes, vascular smooth muscle cells and fibroblasts which act in a paracrine
manner. The main function of ANG1/Tie2 signaling is implicated in blood vessel maturation and
stabilization. However, ANG2 is mainly produced by ECs, acts in an autocrine manner and is
involved in remodeling of blood vessels. ANG2 largely functions as a Tie2 antagonist to promote
tumor angiogenesis and inflammation. A study has reported that ANG2 may act as a context-
dependent Tie2 agonist (Daly et al., 2013).

The circumstantial literature accumulated recently clearly outlines the controversies related
to anti-VEGF compensatory role of ANG1 and 2 in supporting tumor growth and angiogenesis
(Eklund and Saharinen, 2013). However, there are many reports describing the plausible role of
ANG/Tie signaling in sustaining tumor angiogenesis during anti-VEGF therapy. It is believed that
anti-angiogenic therapy itself may induce angiogenic rescue mechanisms that escape tumor
angiogenesis. For instance, there is a clear evidence of upregulation of ANG-1 and other
compensatory pro-angiogenic factors in tumors treated with anti-VEGFR2 agents (Mazzieri et al.,
2011). Treatment with VEGFR2 blockers has been believed to normalize the vascular architecture
by placing proper covering of pericytes over the torturous and leaky vessels. The ANG1/Tie2

signaling pathway has been implicated in vessel normalization. Such normalized vessels might act



as an angiogenic escape mechanism. Vessel cooption has been proved to be one of the anti-VEGF
escape mechanisms, wherein angiopoietins and VEGF are reported to play a significant role
(Holash et al., 1999).

There are several reports of upregulation of ANG1 and ANG2 levels in tumors (Eklund
and Saharinen, 2013; Scholz et al., 2016). The ratio of expression levels of ANG2/ANG1
correlates with tumor angiogenesis and poor prognosis in many cancers. ANG2 has been
considered as an attractive therapeutic target owing to its role in increasing pericyte coverage and
vessel maturation (Scholz et al., 2016). Tumor ECs produce elevated levels of ANG2, which
interacts with Tie2 in autocrine and paracrine manners and promotes neovascularization in concert
with other angiogenic factors (Eklund and Saharinen, 2013). Series of experimental and clinical
model studies have demonstrated inhibition of tumor angiogenesis and attenuation of the growth
rate of tumors owing to ANG2 blockade. The results are often more impressive when combined
with VEGFA/VEGFR2 inhibitors, increasing the progression-free survival of ovarian cancer
patients (Mazzieri et al., 2011; Daly et al., 2013).

In a focused animal model setting, two mouse models, RIP1-Tag2 pancreatic
neuroendocrine tumors (PNETs) and MMTV-PyMT mammary adenocarcinomas were used to
ascertain the putative role of ANG2 in adaptive tumor resistance to anti-VEGFR2 agents. The
experiments in mouse and cell cultures confirmed that simultaneous blockade of ANG2/VEGFR2
arrests the revascularization and progression of late-stage PNETs in RIP1-Tag2 along with
increase in PNET hypoxia, hematopoietic-cell infiltration and decrease in invasion and metastasis
in RIP1-Tag2 Mice. Interestingly, blockade of VEGFR2 alone resulted in upregulation of both
ANG2 and Tie2 in late-stage PNETS, perhaps to reinforce autocrine/paracrine pericytes ANG2-
Tie2 signaling in ECs and Tie expressing macrophages (TEMs). The authors suggested the
potential use of ANG2 levels as a predictive biomarker of response to bevacizumab in patients
with PNET. Upregulated levels of ANG2 were correlated with poor prognosis with bevacizumab
treatment in MMTV-PyMT mammary carcinomas. The overall findings of this interesting
investigation have unraveled some of the key issues related to evasive tumor resistance to anti-
VEGFA and the adaptive role of ANG2-Tie2 signaling in sustaining tumor growth and
angiogenesis (Karlan et al., 2012).

Tie2-expressing macrophages/monocytes (TEMs) have been identified in human as well

as murine tumors. TEMs are specifically localized in the close proximity of tumor blood vessels



and proved to play a significant role in enhancing tumor vasculature in anti-VEGF compromised
tumors. Nevertheless, TEMs expression by macrophages was observed to be necessary to promote
the reconstruction of blood vessels after chemotherapy (Crawford and Ferrara, 2009; Mazzieri et
al., 2011; Chen et al., 2016). ANGs/Tie2 signaling was shown to be a key regulator of leukocyte
infiltration and tumorigenesis. Upregulation of ANG2 levels in tumor vasculature is implicated in
enhancing TEMSs recruitment and increasing tumor microvessel density (Coffelt et al., 2010).
ANG?2 expedites the pro-angiogenic functions of TEMs and coordinates the upregulation of the
pro-angiogenic enzymes, thymidine phosphorylase and cathepsin B present in TEMs. Mazzieri et
al., (2011) clearly identified a number of unique molecular signatures of regulation of TEMs by
ANG?2 in tumors (Mazzieri et al., 2011). The experimental outcomes of Mazzieri et al., (2011)
holds promising therapeutic importance of targeting the ANG2/Tie2 axis, which perhaps may
increase the therapeutic index of anti-angiogenic therapy and may also prohibit the ANG2-
sponsored recruitment of insidious myeloid cells, which per se play an important role in anti-VEGF
compensatory signaling (Crawford and Ferrara, 2009; Mazzieri et al., 2011).

Although the secrets of molecular underpinnings driving the multiple vascular responses
mediated by ANG1 and ANG?2 are poorly understood, it is hypothesized that ANG1, ANG2 and
their different oligomerization states may differentially modulate the subcellular localization of
Tie2 or perhaps may interact with distinct cellular or matrix co-receptors for the regulation of
vascular development in stressed or pro-angiogenic negative environment (Eklund and Saharinen,
2013). Crosstalk of ANG/Tie2 signaling contributes to activating the other compensatory
angiogenic pathways like DIl4/Notch signaling. For instance, ANG1/Tie-2 signaling acts as an
inducer of Wnt/B-catenin pathway via the PI3K/Akt-mediated blockade of GSK3p, which
ultimately results in upregulation of DII4/Notch signaling: a pathway implicated in anti-VEGF
tumor resistance (Li et al., 2011). Paradoxically to the current understandings of ligand-receptor
interaction of ANG2/Tie2 axis, a critical study reports the pro-angiogenic activity of ANG2 in a
Tie2 independent manner, intensifying the amplitude of multiple crosstalk horizons of ANG2/Tie2
pathway. Activated integrins-mediated down-regulation of Tie2 and ANG2 signals were observed
in angiogenic endothelial tip cells. Activated integrins induce focal adhesion kinase (FAK)
signaling which results in angiogenic sprouting (Felcht et al., 2012). In recent animal model
studies, it was observed that VEGF was not associated with corneal neovascularization in Kelch-

like Ect2-interacting protein (KLEIP) knockout mice; however, ANG1 was implicated in pro-



angiogenic activity (Kather et al., 2014). In a cell culture experimental setting involving
transfection of human SK-NEP-1 cells with the ANGL1, several key issues have been addressed in
light of the role of ANG1/Tie2 signaling during VEGF blockade. The results revealed that induced
expression of ANGL1 induces vessel remodeling, reduces tumor hypoxia, vascular ablation, but
does not affect tumor size during VEGF blockade. Tumor engineered to overexpress an ANG1
construct were found resistant to regression by anti-VEGF agents. In brief, the findings of the
study clearly showed that ANG1/Tie2 signaling contributes significantly to vascular survival,
tumor growth and act as a plausible anti-VEGF rescue mechanism (Huang et al., 2009). Perhaps,
for the first time, the role of ANG1, ANG2 and ANG4 are described as inducers for creating a
precancerous microenvironment in favor of progression of ovarian cancer cells by stimulating
angiogenesis and more interestingly by promoting the accumulation of cancer-associated
fibroblasts (CAFs). The ANGs triggered CAFs might act as a vehicle for promoting compensatory
angiogenesis, as CAFs or tumor-associated fibroblasts are described as a ‘‘Trojan horse’” for
mediating resistance to anti-VEGF regimens by expressing pro-angiogenic PDGF-C, which in turn
induces sprouting angiogenesis (Crawford et al., 2009; Brunckhorst et al., 2014). Thus, the current
state-of the-art indicates the indispensable role of ANGs/Tie2 in driving pro-angiogenic activities
in the mainstream of anti-VEGF compensatory signaling and warrants further investigations to

resolve this imbroglio.

2.3.5 PDGF Signaling: A Pathway Delivering Pro-angiogenic Education to Tumor/Stromal
cells

Apart from myriad physiological functions performed by platelet-derived growth factor (PDGF),
their concerns towards regulation of tumor angiogenesis and vascular remodeling are revisited
because of providing growth and developmental safeguards to anti-VEGF compromised tumors.
The family of PDGF comprises of four single polypeptide chains having structural similarity and
assembles into five functionally active dimers (homo- and heterodimers) such as PDGF-AA,
PDGF-BB, PDGF-AB, PDGF-CC, and PDGF-DD. Members of the PDGF family manifest their
functions by binding to two cell surface RTKs including PDGF receptor- a (PDGFR-a) and
PDGFR-B. This ligand-receptor binding leads to homo- or heteroreceptor dimerization. The

individual members of PDGF display a distinct pattern of receptor binding and under normal



physiological conditions, their biological actions are delivered in a paracrine manner. Perhaps, the
cell-specific transduction of PDGFR-a and PDGFR-B might be a potential cause for divergent
functions of PDGFs. The major consequences of PDGF-PDGFR signaling at the cellular level
leads to activation of processes like cell proliferation, migration, transformation and recruitment
of pericyte to vessels (Ishii et al., 2017).

Of note, members of PDGF family and their receptors are expressed both in tumor as well
as stromal cells. The mounting evidence in clinical and preclinical research revealed that PDGF
members like PDGF-BB and PDGF-DD, and both the PDGFRa and PDGFRJ receptors are
upregulated in many cancers including lung, liver, breast, prostate, ovarian, melanoma, Kidney,
glioma, sarcoma and bone (Hedin, 2013). The gliomas per se are considered drug resistant tumors,
however the expression of PDGFs and PDGFRs is observed even in low as well as high grade
gliomas, suggesting a critical role for PDGF signaling in tumor resistance. In breast and glioma
tumors, PDGFR signaling is primarily concerned with angiogenesis and metastasis (Appelmann
et al., 2010). There are several reports describing the role of PDGF-B, -C, and -D in stimulating
tumor angiogenesis through VEGF expression (Appelmann et al., 2010; Ahmad et al., 2011;
Demoulin and Essaghir, 2014; Ishii, et al., 2017). In tumor transplantation model studies, the
overexpression of PDGF-B in cancer cells was strong