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Tumor Anti-angiogenesis: Nano-Arsenal
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Abstract

Keywords

Angiogenesis: the process of developing new blood vessels from the pre-existing ones is a very crucial process in tumor
formation, growth, progression and metastasis. The central role of angiogenesis in tumor growth and progression compels
targeting tumor vasculature as a therapeutic mean. Nanoparticles have revolutionized the domain of cancer therapeutics,
molecularly targeted anti-cancer drugs represents one of the most significant recent advances in clinical oncology. Various
types of nano-drug complexes which targets tumor vasculature preferentially, are being increasingly tested for optimal
therapeutic efficacy and minimal side-effects. Here, we review some of these anti-angiogenic nano-drug complexes.
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Introduction

During embryogenesis, endothelial
progenitor cells (angioblasts) form a
primitive vascular network of small
capillaries, a process termed
“vasculogenesis.” Further transfor-
mations of this vascular network
proceed during “angiogenesis”
when new vessels are formed from
already existing ones. During
angiogenesis, the primary vascular
network significantly expands due to
capillary branching and is trans-
formed into the highly organized
vascular net'. Later, the vascular
network matures, and capillaries
fuse to form bigger vessels, arteries,
and veins. Vasculature in healthy
adult is very stable and with the
exception of few rare events such as
cyclical growth of vessels in the
ovarian corpus luteum or during
pregnancy, angiog-enic activities
are rare in adult individuals®. How-
ever, in pathological conditions,
numerous disorders are caused or
characterized by either excessive or
insufficient angiogenesis. The best
known of these conditions are
diseases with abnormal excessive
angiogenesis such as cancer,
arthritis, chronic inflammation,
infectious or autoim-mune diseases,
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psoriasis, choroidal
neovascularization, and others.
Conversely, diseases characterized
by insufficient angiogenesis are
preeclampsia, Alzheimer disease,
stroke, amyotrophic lateral sclero-
sis, diabetic neuropathy, peripheral
artery disease, osteoporosis, and
ischemic heart disease®. The
development of new blood vessels
is induced when the net balance of
pro- and anti-angiogenic molecules
is tipped in favour of angiogenesis,
resulting in the '‘angiogenic switch'.
During tumour growth angiogenesis
is induced by a variety of stimuli.
Rapid cell proliferation causes
hypoxia as oxygen diffusion is
limited by tissue growth. Hypoxia is
an important stimulus of tumor
vessel growth®, which leads to
stabilization of hypoxia-inducible
factor-1a (HIF-1 a) and HIF-1 target
genes leading to angiogenesis.
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Some key angiogenic activators include VEGF (vascu-
lar endothelial growth factor hereafter VEGF), MMPs
(matrix metalloproteinases), PIGF (placenta growth
factor), FGF (fibroblast growth factor) and HGF
(hepatocyte growth factor)®’. Endogenous inhibitors of
angiogenesis include thrombospondins (THSBs),
endostatin, angiostatin and cytokines such as
interleukin-12°. New blood vessel formation begins with
the removal of pericytes from pre-exisiting blood
vessels, initiating the degradation of the endothelial cell
basement membrane and extracellular matrix (ECM), a
process regulated by the matrix metalloproteinases
(MMPs). After this degradation, endothelial cells
proliferate and migrate until they form unstable
microvessels. Mesenchymal cells differentiate into
pericytes, which allow the stability of newly formed
vessels and establishing blood flow’. This process of
angiogenesis is a very crucial step for tumor formation®.
However, the tumor vasculature and its Anatomy are
distinct compared to normal vessels - (i) tumor vessels
lack the hierarchy of arterioles, capillaries and venules;
(i) tumor vasculature is disorganized and tortuous; (iii)
vessels in tumors are leakier than their counterpart in
normal tissues since TAECs (tumor associated ECs)
are not in close contact with pericytes and are loosely
connected to basement membrane; (iv) in some
circumstances tumor cells may line blood vessels via
vasculogenic mimicry; and (v) compared to ECs
isolated from non-tumor tissues, several other mole-
cules have been found to be enriched in TAECs
indicative of their distinct molecular properties °.

VEGF- Tumor cells stimulate the formation of new
blood vessels by means of enhanced production of the
major angiogenic growth factor VEGF', blockade of
VEGF or its receptors reduces tumor growth in multiple
models "'. The intricacies of angiogenesis and tumor
growth seem to be coordinated by cross-talk between
VEGF, its receptors, and integrins”. VEGF-A is the
major angiogenic growth factor and directly stimulates
endothelial cells, mainly via its receptor VEGFR-2 (flk-
1) or VEGFR-1 (flt-1)". This interaction could be
reverted by the monoclonal anti-VEGF antibody
bevacizumab, suggesting a potential therapeutic role .

Integrins- Integrins are cell surface receptors for
extracellular matrix (ECM) proteins that also play a role
in cell-cell attachment. Integrins are important regula-
tors for many different cell processes including both
vasculogenesis and angiogenesis'®. Blood vessel
formation is critically dependent on ECM, whereby
integrins are the major adhesion receptors to link ECM
proteins with the cytoskeleton'. Of the integrins, avp3
is one of the most extensively studied, and has an
important role in angiogenesis. It binds and activates
MMP-2 at the tips of growing blood vessels to help
break down the ECM". The activation of integrins can
be triggered by cytokines of malignant tumor, and
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blocking av33 integrin inhibits tumor angiogenesis as
well as blood vessel formation in in-vivo models®.
Hence, avB3 is a potential target for tumor anti-
angiogenic therapy.

Anti-angiogenic therapy- As already mentioned, tumor
blood vessels are distinct from normal resting blood
vessels, and this distinctness makes them a potential
candidate for targeted cancer therapy. In order to block
tumor growth and development of metastasis, a
number of inhibitors targeting the tumor vasculature
have been identified in different in-vitro and in-vivo
studies”. Anti-angiogenic therapeutic drugs may act
by, inhibiting synthesis of angiogenic proteins by
cancer cells, neutralizing the angiogenic proteins,
blocking the receptors for angiogenic proteins on
endothelium, or directly inducing endothelial cell
apoptosis. These inhibitors include therapeutic
antibodies and small molecules both capable of
targeting angiogenic growth factors, such as VEGF and
FGF, or angiogenic growth factor receptors, such as
VEGFR and PDGFR. The anti-angiogenic efficacy of
chemotherapy is better observed when comparatively
low doses of a chemotherapeutic agent are adminis-
tered on a frequent or continuous schedule. This
approach, called metronomic chemotherapy refers to
the frequent administration of chemotherapeutic
agents at doses significantly below the MTD (maximum
tolerated dose) with no prolonged drug-free breaks™?'.
Studies have also shown that the endothelial cells of
newly forming blood- capillaries are highly and selec-
tively sensitive to very low doses of various
chemotherapeutic drugs®®. Despite several advances
there still remain several hindrances to treatment of
cancer by anti-angiogenic therapy, including low
selective toxicity of anti-cancer drugs, high tumor
interstitial fluid pressure (IFP) leading to impaired
transport of drug, vasculogenic mimicry in solid tumors,
toxicities induced by anti-angiogenic therapy, and drug
resistance. Novel strategies to overcome these
problems are urgently necessary.

Nanotechnology and anti-angiogenesis - The advan-
tage of nanoscale drug delivery systems is their ability
to alter the pharmacokinetics and the bio-distribution of
the associated therapeutic agents®™. Nanotechnology
having ability to engineer materials at the scale of
nanometer (nm)*, nanoparticles (NPs) with at least one
dimension in the range of 1 to 100 nm are widely
applied in the field of medicine specially cancer. For
their size NPs have unique operating ability in the
complex bio-environment to interact at the level of
biomolecules®™. The unique size, optical, electrical,
magnetic, chemical, and ligands carrying properties of
nanoparticles can be targeted to the cancer cells with
specificity and monitored efficiently with extreme
precision in real-time®.

Nanoparticle circulation is selectively facilitated by
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biological membranes®, surface modification of NPs
may prevent opsonization by the reticulo-endothelial
system (RES), and facilitates their retention in blood
circulation; the enhanced permeability and retention
(EPR) effect”. It gives advantage for using nano-
particulate contrast agents in tumor diagnostic MR,
optical imaging, photo- acoustic imaging, as well as NP
delivered therapy®*®’. For example, polymer-
conjugated angiogenesis inhibitor TNP-470
(caplostatin) was found to accumulate selectively in the
tumor vessels by the EPR effect and inhibit
hyperpermeability of tumor blood vessels™. Certain
nanoparticle-conjugated chemotherapeutic agents
such as doxorubicin and angiogenic small molecule
inhibitors have been shown to preferentially home into
tumors by the EPR effect, resulting in selective vascular
shutdown and inhibition of tumor growth®™*. Neutrally
charged NPs of average diameter of 10-100 nm and
molecular weight around 30 kDa, accumulate inside a
tumor due to the EPR effect and referred to 'Passive
targeting', however passive targeting may be limited in
utility for its low tumor specificity, thereby, lower than
required concentration at the tumor target”. Desired
specificity and concentration hence, may require
'Active targeting' of the nano- vehicle with moieties
such as small ligands, antibodies, and biomarkers
capable of specific binding to tumor expressed
molecular receptors, facilitating efficient tumor uptake,
internalization and receptor-mediated endocytosis
resulting in elevated concentrations in tumor cells
(Figure-1)¥. Monoclonal antibodies (mAbs) in their
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Figure 1- Showing 'Passive' and 'Active' targeting of
nanoparticles

Nanoparticle based anti-angiogenesis - Several
nanoparticles have been mediating anti-angiogenic
therapy and imaging of the tumor vasculature. These
include certain synthetic and few natural
nanoparticles, such as polymeric conjugates and

© 2023 Future Health | AIIMS Bhopal | www.aiimsbhopal.edu.in

polymeric nanoparticles like liposomes and micelles,
synthetic organic nanoparticles such as dendrimers,
carbon-based nanostructures such as carbon
nanotubes and polyhydroxylated fullerenes, inorganic
nanoparticles of gold, silver and iron-oxide, quantum
dots, viral capsids and ferritinamong others.

Polymeric nanoparticles - Polymeric nanoparticles
represent one of the most effective nanocarriers for
prolonged drug delivery, in the 1980s polyalkylcy-
anoacrylate-based nanoparticles releasing doxoru-
bicin led to the development of polymer-based materi-
als for drug delivery®. Langer and Folkman demon-
strated the first controlled release of macromolecules
using polymers, which allowed the development of anti-
angiogenic drug delivery systems for cancer therapy
and opened new areas for the delivery of
macromolecules®. In 1994, nanoparticles composed of
poly(lactic acid)/poly (lactic-co-glycolic acid) (PLA/
PLGA) and PEG block copolymer were identified as
“long-circulating nanoparticles” due to their stealth
properties leading to an increased interest in polymeric
nanoparticles and their therapeutic applications [40].
Several polymeric systems have been shown to inhibit
angiogenesis and still others are under investigation.

HPMA copolymers- HPMA copolymers have been
extensively studied for their anti-angiogenic potential.
The HPMA copolymer was conjugated for the first time
to the well known angiogenesis inhibitor TNP-470
(Caplostatin)*'. The drug-polymer nanoconjugate
selectively accumulated in the tumor microvasculature,
leading to decreased tumor growth in human mela-
noma and lung carcinoma mice models. The drug-
polymer nanoconjugate also prevented it from crossing
the blood-brain barrier, and preventing neurotoxicity
which is a major obstacle in the clinical use of the potent
anti-angiogenic drug TNP-470. The action of
Caplostatin were attributed to inhibition of various
angiogenesis signaling pathways such as VEGF
receptor-2 (VEGFR-2), mitogen-activated protein
kinase (MAPK) and RhoA [42]. HPMA copolymers
have also been used for bone targeted anti-angiogenic
therapy®*. Specific peptide sequences have been
conjugated to HPMA copolymers for active targeting of
the avB3 integrin in tumor-associated vasculature.
Radionuclide labeled, cyclized RGD peptide-tagged
HPMA copolymer based nanoconjugates have been
designed that provide the potential for targeted delivery
of radionuclides and drugs to solid tumors for diagnos-
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tic and therapeutic applications™™.

Poly(lactic co-glycolic acid) (PLGA) copolymers -
Poly(lactic-co-glycolic acid) is a copolymer synthesized
from two different monomers glycolic acid and lactic
acid”. Sengupta et al. developed a PLGA based
nanosystem called as 'nanocell' which was encapsu-
lated within a polyethylene glycol (PEG)-linked lipids
envelop®. PEGylation of the nanosystem renders it
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nontoxic and non-immunogenic, and is an FDA
approved method®. To this nanosystem, the
chemotherapeutic drug doxorubicin was covalently
attached to the inner PLGA core, and the anti-
angiogenic agent combretastatin was trapped in the
outside lipid envelope. The nanocell was destined to
disrupt inside the tumor micro-environment and
releasing combretastatin, which led to vascular
collapse of the tumor. Local hypoxia later, led to the
release of doxorubicin, which resulted in significant
regression of various tumors including melanoma [48].
PLGA nanoparticles have also been used for delivering
natural products thought to have anti-cancer effects.
Curcumin loaded PLGA nanoparticles were reported to
successfully suppress tumor necrosis factor (TNF)-
regulated expression of VEGF, culminating in reduced
tumor metastasis [50].

In addition, certain other polymers have been used to
construct nanoparticles used to inhibit angiogenesis.
Chitosan nanoparticles have shown significant
inhibition of tumor growth and induction of tumor
necrosis in a mouse hepatocellular carcinoma
xenograft model®. Dendrimers (branched polymers)
have been used to target VEGF receptors on tumor
neovasculature®.

Lipid nanoparticles - Liposomes are self assembling,
spherical, closed colloidal structures composed of lipid
bilayers that surround a central aqueous space.
Liposomes are able to encapsulate lipophilic or
hydrophilic drugs within their lipidic layers or in their
aqueous core respectively and deliver those to target
site for in vivo application. Moreover, liposome delivery
system can increase the solubility of hydrophobic drugs
and stabilize a variety of therapeutic agents such as
peptides, proteins and nucleotides in blood stream **.
The avB3 integrin over-expressed by endothelial cells
in the tumor vasculature was targeted for drug delivery
using its ligands RGD and the cyclic RGD (cRGD) [55].
RGD-targeted paclitaxel or doxorubicin-loaded
PEGylated liposomes showed superior therapeutic
activity over free drug or untargeted liposomes™®. The
antitumor activity of RGD-targeted paclitaxel-loaded
liposomes is due to tumor microvessel destruction®.
Coupling doxorubicin loaded liposomes with a peptide
targeted to bombesin receptors (overexpressed in
cancers) improves the therapeutic efficacy of the
complex™. A peptide antagonist ATN-161 showed
antineoplastic and antimetastatic properties against
a5B1 integrin®. ATN- 161 conjugated to doxorubicin-
loaded PEGylated liposomes increased their therapeu-
tic activity in a melanoma model®'. Doxorubicin-loaded
PEGylated liposomes functionalized with a peptide
were used to target a CD13 isoform overexpressed in
the tumor neovasculature®®. Cationic liposomes can
selectively bind and internalize to tumor endothelial
cells due to the enrichment of the cell membranes with
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negatively charged lipids and heparan sulfate
proteoglycan®*. Superior accumulation of oxaliplatin in
lung tumors was obtained after intravenous injection of
PEG-coated cationic drug-loaded liposomes over
neutral liposomes®. Cationic liposomes have also been
used for delivery of siRNA against the neoangiogenesis
regulator, Argonaute 2 (Ago2) which resulted in Ago
silencing in tumors together with apoptosis of tumor
blood vessels and decreased tumor growth [68,69]. In
another study, paclitaxel-loaded cationic liposomes
(EndoTAG-1) induced endothelial cell apoptosis in
vivo, retarded melanoma and pancreatic carcinoma
tumor growth, and decreased the number of melanoma
lung metastases in vivo’®’. Targeting of tumor
vasculature by an aptamer directed against the tumor
vasculature marker E-selectin has also been
reported”’*. Coupling of a peptide ligand to
doxorubicin-loaded liposomes increased doxorubicin
accumulation in neuroblastoma leading to destruction
of perivascular and endothelial cells and significant
increase in survival of neurob-lastoma bearing mice
over either endothelial cell targeted or pericyte-
targeted liposomes alone™.

Other lipid based nanoparticles used for cancer therapy
are the micelles having a core-shell structure. The core
of the micelles, which is either the hydrophobic part or
the ionic part, can contain small (or bigger) molecules
such as therapeutic drugs. The shell provides interac-
tions with the solvent and make the nanoparticles
stable in the liquid™. Given their lipophilic nature, most
anticancer drugs are inherently water insoluble. By
encapsulation of the drug within the hydrophobic core
of the micelle, the apparent solubility of the drug can be
significantly increased. Hence, micelles allow for the in
vivo use of drugs otherwise deemed too hydrophobic or
toxic, without having to manipulate the chemical
structure of the agent. Additionally, encapsulating the
drug within the polymer core affords drug stability by
hindering enzymatic degradation and inactivation.
Lodamin a novel nano-formulation was developed with
the use of poly(ethylene-glycol)-poly(lactic)acid (PEG-
PLA) molecules and a very potent anti-angiogenic drug
TNP-470 forming a nano-micelle complex which
overcame the problems of neurotoxicity, poor bio-
availability and short half-life that were associated with
the use of this powerful anti cancer drug”. In another
study cRGD was conjugated to the outer shell of
doxorubicin-loaded polymeric micelles and these
modified micelles significantly enhanced their
internalization (up to 30-fold) by receptor-mediated
endocytosis in tumor endothelial cells overexpressing
the a B, integrin™. A micelle based delivery of Hypoxia-
inducible factor-1a siRNA (HIF-1a siRNA) was used to
treat hypoxic tumors™.

Carbon nanoparticles - Carbon based nanoparticles
like nanotubes, nanofibers and fullerenes have gained
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considerable attention in the field of medicine. Carbon
nanotubes (CNTs) are the most studied one, having a
basic structure of rolled up seamless cylinders of
graphene sheets consisting of a honeycomb of ben-
zene rings in the same plane. Depending on the
number of graphene layers from which a single
nanotube is composed, CNTs are classified as single-
walled carbon nanotubes (SWNTs) and multi-walled
carbon nanotubes (MWNTs) [80]. CNT-based drug
delivery has shown promise for the intracellular delivery
of small drug molecules, DNA plasmids, short-
interfering RNA (siRNA), and proteins, for cancer
therapies in vitro and in vivo [81]. Carbon
nanomaterials are being increasingly studied for their
anti-angiogenic potential. Murugesan et al. reported
the anti-angiogenic potential of pristine (unmodified)
MWNTs, C60 fullerenes and graphite in chick
chorioallantoic membrane (CAM) by inhibiting VEGF-
and bFGF-induced angiogenesis®. However, these
carbon materials did not showed any significant effect
on basal angiogenesis in the absence of added growth
factors, indicating their differential anti-angiogenic
potential only in tumor environment where angiogenic
factors are known to be upregulated. In another study,
Chaudhuri et al evaluated the effect of doxorubicin
conjugated single walled carbon nanotubes (CNT-Dox)
and doxorubicin-conjugated spherical
polyhydroxylated fullerenes or fullerenols (Ful-Dox) on
angiogenesis®. They reported that CNTs exert a pro-
angiogenic effect in vitro and in vivo. In contrast, the
fullerenols or doxorubicin-conjugated fullerenols
exerted a dramatically opposite antiangiogenic activity
in zebrafish and murine tumor angiogenesis models.
Other studies have also used carbon nanomaterials for
evaluating their anti-angiogenic potential®*.

Inorganic nanoparticles- Several inorganic
nanoparticles, such as those of gold, silver and iron-
oxide, possess unique properties, which are increas-
ingly being utilized for biomedical applications, espe-
cially cancer diagnosis and treatment. Studies have
also demonstrated the anti-angiogenic potential of
these inorganic nanoparticles. Bartczak et al. demon-
strated deliberate activation or inhibition of in vitro
angiogenesis using functional peptide coated gold
nanoparticles. The functional particles were shown to
influence the extent and morphology of vascular
structures, without causing toxicity. Mechanistic
studies showed that the nanoparticles have the ability
to alter the balance between naturally secreted pro-
and anti-angiogenic factors, under various biological
conditions [86]. Studies have also reported ssin:gilar anti-
7

angiogenic properties of silver nanoparticles™ ™.

Conclusions
Tumor angiogenesis in recent times has been used as
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a potential target for therapy and the effects of anti-
angiogenic therapy has improved the therapeutic index
of cancer chemotherapy. The development of targeted
cancer therapeutics with improved ability to discrimi-
nate between tumor cells and normal cells is one of the
major goals of current anti-cancer research.
Nanotechnology has presented many innovative
methodologies being utilized for targeted drug delivery
with minimal toxicities. Hopefully, in future a combina-
torial approach of nanotechnology and anti-
angiogenesis will lead to the development of such
drugs which will destroy a large tumor in very short
duration with only minimal discomfort and side-effects
tothe patient.
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