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Abstract | Abnormal angiogenesis or the formation of aberrant vasculature in humans, may lead to various
pathological conditions including tumor development. The most important factor implicated in the angio-
genic processes is vascular endothelial growth factor (VEGF) protein and its family of ligands and receptors
(VEGFRs). Survival, proliferation, migration and invasion of endothelial cells which give rise to the vascular
network, is mediated through VEGF/VEGEFR activation of the signal transduction pathways. Thus blocking
VEGEF is an efficient strategy for blocking tumor angiogenesis. Several anti-VEGF drugs have been devel-
oped over the last two decades and some are still at different development stages of pre-clinical and clinical
trials. In this study, we explored the anti-angiogenic properties of three anti-VEGF molecules such as two
fusion proteins, VEGF Trap, ., and VEGFR1(D1-D3)-Fc, and one DNA aptamer, RNV 66, in an iz vivo
model of human A549 lung cancer. VEGF Trap, ., is a commercial anti-angiogenic fusion protein. Our ear-
lier studies demonstrated the anti-angiogenic and anti-proliferative activities of VEGFR1(D1-D3)-Fc and
RNV66 in in vitro functional assays. We compared the anti-tumorigenic properties of these three molecules
for tumor volume reduction in xenotransplanted SCID mice and by histopathological and immunohisto-
chemical analyses. Our results demonstrated that fusion protein VEGFR1(D1-D3)-Fc efficiently inhibited
the lung cancer growth in vivo. Although the aptamer RNV66 was not found to be as efficient in this study,
the results were also not surprising as the aptamer was administered naked and at low dose. As these are only
our preliminary studies, a detailed investigation is planned using multiple doses, chitosan nanoparticle conju-
gated aptamer inline with the previous report on RNV66, and an approved VEGF inhibitor Avastin. Overall,

the findings highlight that VEGFR1(D1-D3)-Fc can also serve as a potential anti-angiogenic molecule.
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Introduction tein that stimulates the growth of vascular endotheli-
al cells (Hoeben, et al., 2004). VEGF is produced by

Vascular endothelial growth factor (VEGF) is a endothelial cells as well as non-endothelial cells such
critical and specific mitogen and signaling pro- as macrophages, activated T cells, platelets, keratino-
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cytes and a variety of tumor-associated stromal cells
(Duffy et al., 2004). It is a cytokine which transmits
activating, proliferative and chemotactic signals from
hypovascularized tissues to endothelial cells of qui-
escent blood vessels and initiates new vessel sprout-
ing to increase perfusion of the target tissue. There
are seven related glycoprotein members of the VEGF
family, which include VEGF-A, VEGF-B, VEGF-C,
VEGF-D, VEGF-E, VEGF-F and PIGF (Takahashi
and Shibuya, 2005). Human VEGF-A has nine iso-
forms, resulting from alternative splicing of VEGF-A
mRNA, including VEGF ,, VEGF, ,, VEGF
VEGF,,, VEGF, , VEGF, ., VEGF,, VEGF .,
and VEGF,, of which VEGF,, is the most abun-
dant and potent isoform (De Almodovar et al., 2009).
This heparin binding-growth factor promotes crea-
tion of new blood vessels after injury, muscle follow-
ing exercise, and new vessels collateral circulation to

bypass blocked vessels (Bainbridge et al., 2002).

148

VEGEF is the primary and most well-studied inducer
of angiogenesis. Angiogenesis, or the process of for-
mation and maintenance of new blood vessels from
previously existing ones is tightly regulated by pro
and anti-angiogenic factors. Abnormal angiogenesis,
where pro-angiogenic factors are actively involved,
results in aberrant vasculature leading to various
pathological conditions. In addition to playing a part
in normal physiological process of blood vessel for-
mation, VEGF also plays a crucial role in patholog-
ical angiogenesis, including tumor angiogenesis and
other diseases related to neovascularization such as
rheumatoid arthritis (Elshabrawy et al., 2015) psoria-
sis (Guerard and Pouliot et al., 2012) and age-related
macular degeneration (Tombran-Tink and Barnstable,
2007; Rajappa et al., 2010; Rubio and Adamis, 2015).
In cancer, the growing tumor secretes a plethora of
soluble factors including VEGE, which when coupled
to hypoxia, are responsible for upregulation of a num-
ber of genes, which together play an important role
in tumor angiogenesis and cancer metastasis (Krock
et al., 2011). VEGF induces expression of several en-
zymes including matrix metalloproteinases (MMPs),
which help in matrix degradation, cellular migration
and invasion (Ghosh et al., 2012; Rundhaug, 2003).
That VEGF acts as an intracrine cell survival factor in
cancerous cells, has been shown in its role in colorectal
cancer, where depleting VEGF resulted in decreased
cell survival and increased sensitivity to chemotherapy

(Bhattacharya et al., 2016).

VEGF stimulates endothelial cells by binding to

its cell surface tyrosine kinase receptors (VEGFR1,
VEGFR2 and VEGFR3) with different binding af-
finities, tissue distributions, cellular functions and sig-
nal transduction properties. VEGFR1 is the receptor

for VEGF-A, VEGF-B and PIGF, whereas VEGFR2
binds VEGF-A, VEGF-C and VEGF-D. VEGFR3,
tound primarily on lymphatic endothelial cells, binds
to VEGF-C and VEGF-D with high affinity and is
responsible for the growth, development and main-
tenance of lymph vessels. VEGFR1 is expressed on
vascular endothelial cells and other cell types such as
neutrophils, monocytes, macrophages, hepatocytes,
hematopoietic stem cells, vascular smooth muscle cells,
pericytes and endothelial progenitor cells. It is impli-
cated in modulation of vascular development during
later stages of embryogenesis, since its gene deletion
resulted in mice that are unable to properly assemble
blood vessels. The functions of VEGFR1 include in-
duction of MMPs, regulation of hematopoiesis, and
recruitment of monocytes. VEGFR2 is expressed
predominantly on angiogenic vascular endothelial
cells and bone marrow derived cells that directly or
indirectly contribute to the formation of blood ves-
sel walls. Deletion of VEGFR2 gene suppresses en-
dothelial precursor cell function and inhibits primary
vascular plexus formation in vasculogenesis, leading

to embryonic lethality at early stages (De Oliveira et

al., 2011). Although VEGFR1 binds to VEGF with
10fold higher affinity than that of VEGFR2 (Kd =
10-30 pM vs. 75-300 pM), it exhibits 10-fold lower
kinase activity (Smith et al., 2015) and hence, most
of the vascular effects of the ligand seem to be me-
diated by the activation of VEGFR2, which acts via
Raf-Mek-Erk mediated signal transduction pathway
tor cell proliferation. For endothelial cell survival,
VEGF-VEGFR2 interaction induces PI3 kinase-Akt
signaling pathway and also expression of anti-apoptotic
proteins including Bcl-2 (Pidgeon et al., 2001), XIAP
(Kim et al., 2008) and surviving (Kanwar et al., 2013).

The VEGF/VEGFR pathway is the best charac-
terized pathway governing angiogenesis and block-
ing this pathway offers potential therapeutic targets
against diseases where angiogenesis plays a critical
pathological role (Indraccolo and Mueller-Klieser,
2016). Targeting VEGF or its downstream effectors
by inhibiting VEGF binding to its key physiological
receptor should impede angiogenesis, which can be
therapeutic benefit.

Several anti-angiogenic drugs are being tested global-
ly in several clinical trials sponsored by various phar-
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maceutical and biotech companies, medical centers
and national institutes. Anti-angiogenic class of drugs
can act not only in a broad range of cancers, but in a
much broader way to treat several diseases other than
cancer where abnormal vasculature development plays
a critical role in either causation or progression. Most
of these drugs display their tumor-inhibitory activity
through the VEGF/VEGFR system. They are rela-
tively less toxic compared to anti-cancer drugs as they
target only normal endothelial cells, thereby minimiz-
ing the harmful side effects of chemotherapy, which
kills normal cells along with tumor cells. The strategy
of blocking cellular VEGF is by far the most effective
anti-angiogenic strategy in terms of efficacy. Several
anti-VEGF molecules have been developed or in dif-
ferent phases of development, including monoclonal
antibodies, aptamers, siRNA, antisense oligonucleo-
tides, catalytic oligonucleotides including ribozymes
and DNAzymes, transcription decoys, receptor de-
coys, fusion proteins and peptidomimetics (Chakra-
barti et al., 2014).

'The current study explores the anti-VEGF and thus
anti-angiogenic activities of two experimental an-
ti-VEGF molecules, and a molecule with established
activity, in mouse model of human lung carcinoma.
The first molecule is an anti-VEGF recombinant
Fc-fusion protein while the other is a DNA aptamer.
Fe-fusion protein, VEGF Trap, ., was used as a posi-
tive control to compare the biological activities of the
experimental molecules. Earlier studies have proven
the efficacy of these molecules in vitro (Chakrabarti et
al., 2016; Roy et al., 2015). Inhibition of VEGF  -in-
duced endothelial cell proliferation and capillary net-
work formation in HUVEC by VEGFR1(D1-D3)-

Fc was demonstrated in bioassays.

Aptamers belong to a special class of small nucleic
acid molecules (DNA or RNA) capable of forming
secondary and tertiary structures and possessing very
high binding affinity to specific cellular protein tar-
gets. Aptamers are chemically synthesized, and are
considered to be the chemical equivalent of antibod-
ies owing to their high target specificity and affinity.
They are also non-immunogenic due to their rela-
tively small size and considered as potential target-
ing ligands as they are easy to synthesize and modify
for conjugating to other drugs or carriers (Ni et al.,
2011). Aptamers are synthesized in vitro by a tech-
nology called Systematic Evolution of Ligands by
EXponential enrichment (SELEX). Owing to their
high speed of generation, scale up and batch-to-batch

reproducibility, ultra-high affinity, specificity, stability
and regenerability, as well as simplicity in function-
al modification with various types of molecules like
nanomaterials and fluorophores, aptamers have found
wide range of applications in diagnostics, biosensors
and therapeutics. They are also in the competition
with antibodies in electrochemical sensors and col-
orimetric detection systems (Abhijeet et al., 2017).
Owing to their small size and flexibility, aptamers
have tremendous potential in binding to targets un-
reachable by antibodies and small molecules, in the
field of cancer immunology, antitoxins and targeted
drug delivery. They can also be used in the treatment
of viral infection owing to their ease and pace of syn-
thesis and lower cost, keeping up with the rapidly mu-
tated viral strains (Zhou and John, 2016). Moreover,
aptamer generation eliminates the use of host animals
which further brings down the cost (Sharma et al.,
2017).

'The global market for aptamers is rapidly growing at
an annual growth rate of 17.89 % and is predicted to
reach US $244.93 million by 2020 from US $107.56
million in 2015. Aptamers have a huge potential Peg-
aptinib (Macugen®) was the first aptamer drug to be
therapeutically approved by USFDA in 2004. It is an
RNA aptamer targeting VEGF-A isoforms (VEGF,
and VEGF ,)) and used for treating choroidal neo-
vascularization in age related macular degeneration
(AMD) (Ng et al., 2006). Another anti-VEGF DNA
aptamer, V7t1, was modified by using a locked nucleic
acid (LNA) incorporation into the unmodified DNA
aptamer. When LNA, a chemically modified nuclei
acid analogue was incorporated into V7tl, a stable
G-quadruplex structure with a single conformation
was induced, and the resulting LNA-modified DNA
aptamer, RNV66, had a much higher target binding
affinity and increased nuclease resistance (Edwards et
al., 2015). Figure 1 shows the structure of aptamer
RNV66 that was successful in blocking cell prolifer-
ation of human umbilical vein endothelial cells (HU-
VEC) as well as inhibit colony formation in MCF-7,
breast cancer cells, in vivo. RNV66 also effectively
inhibited proliferation of triple negative breast can-
cer cell lines, MDA-MB-231 and HS578T in cell
viability assays. Inhibition of proliferation of HeLa,
cervical cancer cell line by RNV66, further revealed
the efficacy of the aptamer towards other solid tum-
ors. In vivo studies with mouse breast tumor (4T1)
model demonstrated that RNV66 effectively caused
inhibited the breast cancer progression in mice, while
a combination of RNV66 with doxorubicin and taxol
completely eliminated the tumor.
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Figure 1: Structure of the aptamer, RNV66 (Edwards, S.L. et al. Chemical Communications; 2015)
LINA stands for locked nucleic acid. It is a novel class of high-affinity RNA analogue in which the ribose ring is locked by a methylene bridge fo
3’~endo conformation, giving it very high thermal stability. The aptamer RNV66 contains 3 LNA bases.

'The other anti-VEGF molecule whose anti-angioge-
neic efficacy was assessed in the current study, iz vivo,
was VEGFR1 (D1-D3)-Fc, a recombinant Fc-fusion
protein. This molecule was developed containing the
first three immunoglobulin- like extracellular domains
of VEGFR1 (D1, D2 and D3), which are the mini-
mal and necessary domains for ligand (VEGF) bind-
ing, fused to Fc portion (hinge-CH2-CH3) region of
human IgG1. Five amino acids (EPKSC) from the
twelve residues present in IgG1 hinge region were
removed as observed in commercial VEGF Trap, .,
(aflibercept) construct.

In vivo efficacy of the two molecules were compared
to the efficacy of aflibercept by first developing A549
human lung tumors in SCID mice, followed by treat-
ing the xenograft-bearing mice with specific doses of
the drugs and subsequently by evaluating the effects
of treatment in mice. After the end of treatment, the
mice were sacrifice and tumors excised. Tumor dimen-
sions were measured to assess any reduction in tumor
volume. Tumor sections were subjected to histopa-
thology (HandE) and immunohistochemistry (IHC)
analyses. Figure 2 gives the schematic representa-
tion of different antigen detection methods used in
IHC. Gross examination of HandE stained tumor

section were performed to indicate necrotic and ne-
oplastic areas, as well as extent of neo-angiogenesis
inhibition. In IHC, cell proliferation marker, Ki-67,
was used to determine overall status of proliferating
cells in excised tumors. Immunohistochemistry with
fluorescence detection was used to detect presence of
angiogenesis marker, CD31, on vascular endothelial
lining of mice blood vessels supporting human tumor
xenograft (Ghanekar et al., 2013; Montecinos et al.,
2012).

Materials and Methods

Animals and cell line

Sixteen male and nineteen female SCID mice used
for the study, were sourced from Animal Breeding
and Housing Facility, Laboratory Animal research
Services (LARS), Reliance Life Sciences, Navi Mum-
bai, India. The mice were maintained in pathogen-free
conditions and well fed. All experimentation involv-
ing laboratory animals were approved by the Institu-
tional Animal Ethics Committee (IAEC) [Registra-
tion number 423/01/a/CPCSEA; Protocol number:
20/15; Date of approval: 08 June 2015]. Human lung
adenocarcinoma alveolar basal epithelial cells, A549

(Catalogue# CCL-185; ATCC, Manassas, Virginia,
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USA) were used to generate tumors in this murine
model of human cancer. Cancer cells were cultured
in Dulbecco’s Modified Eagle Medium (DMEM)
medium supplemented with 10% fetal calf serum and
1% penicillin-streptomycin in 5% CO, at 37°C. Five
million cells were mixed with 50 uL DMEM medium
and suspended in 50 uLL. Matrigel (catalogue# 356231;
Corning, New York, USA) were injected sub-cutane-
ously in the right flank of each of the experimental
animal. SCID mice used for the study were 4-7 weeks
old. All animals developed single palpable tumors
within second to third week of injection of cells and
size of the developing tumors in mice xenotransplant-
ed with A549 tumor cells were measured externally
using digital calipers every three days. Tumor volumes
were calculated using the modified ellipsoidal for-
mula: Volume = (LengthxWidth?)/2; where length is
the longest axis or greatest longitudinal diameter and
width denotes the measurement at a right angle to
the length or the greatest transverse diameter (Jensen
et al., 2008). Tumors of required volume, developed
after about 3-4 weeks. Animals with similar tumor
volumes (~80-100mm?®) were grouped and subject-
ed to treatments. In the first study, the animals were
grouped as follows:

Group 1: Untreated; Group 2: Placebo treated; Group
3: Aflibercept as positive control; Group 4: VEG-
FR1(D1-D3)-Fc. Group 1 and 2 had three animals

each, whereas, groups 3 and 4 had five animals each.

Xenografted mice in the respective groups, except for
those in the control group, were injected with 200 pL
formulation buffer (placebo), aflibercept, or VEG-
FR1(D1-D3)-F¢, subcutaneously in the opposite
flank to where the implanted tumor had developed,
every third day. For both VEGFR1(D1-D3)-Fc and
aflibercept, a dose of 15 mg/kg body weight of mice
was injected in each mice of the respective groups.
Subcutaneous injections were given contralaterally
twice a week for four weeks. Thus a total of eight dos-
es were given in experimental mice. Tumor volumes
were measured on each of these days when the drugs
were injected. To assess iz vivo anti-tumor activity of
VEGFR1(D1-D3)-Fc and aflibercept, average tumor
volumes at each time-point were plotted against du-
ration of treatment corresponding to the days corre-
sponding drug dosage was given.

The combinatorial effect of VEGFR1(D1-D3)-Fc
with an anti-VEGF aptamer, RNV66, was tested

in the second study on A549 tumor bearing female
SCID mice. In this study, the animals were grouped
as follows:

Group 1: Untreated; Group 2: Placebo treated; Group
3: Aptamer; Group 4: VEGFR1(D1-D3)-Fc; Group
5: Aflibercept; Group 6: Aptamer + VEGFR1(D1-
D3)-Fc. Number of animals in groups treated with
aptamer and that with combination of aptamer and
VEGFR1(D1-D3)-Fc was five each, whereas, the
other groups except placebo, had two animals each.
Three animals were grouped under placebo-control.
'The dosing regimen comprised three doses of aptam-
er (0.05 millimoles) as well as the drug combina-
tion. VEGFR1(D1-D3)-Fc dose was kept at 15 mg/
kg in both drug alone and combination group. For
both aflibercept and VEGFR1(D1-D3)-Fc, animals
were given three doses of 15 mg/kg body weight of
the animal. Experimental drug doses were given every
alternate day for three doses and thereafter a treat-
ment-free period of four weeks preceded animal sac-
rifice.

‘Three days after the last dose was injected, the animals
were sacrificed by cervical dislocation and dissected to
expose tumors (Overmyer et al., 2015). The sacrificed
animals with tumors as well as the excised tumors
were photographed. Following imaging of tumors,
tumors were sectioned. Along with tumors, the oth-
er important organs (heart, brain, liver, lungs, spleen
and kidneys) were also excised and collected in for-
malin before sectioning and subsequently subjected to

Hemotoxylin and Eosing (HandE) staining.

Histopathological analysis of tumor sections

Tumors from treated xenotransplanted SCID mice
were harvested and fixed with formalin and tumor
tissues paraffin-embedded. Fixation was performed to
preserve the tissue permanently in a near life-like state.
A 10:1 ratio of fixative to tissue was used, in which,
the fixative, formalin or formaldehyde (10% neutral
phosphate buffered, pH 6-8) penetrates the tissue
well and fixes it by cross-linking the lysine residues
in particular without compromising on the protein
structure or antigenicity. The formalin fixed tissue was
then dehydrated using an alcohol gradient (50%, 70%,
95% and 100%), followed by treatment with a “clear-
ing” agent (xylene) which removes the dehydrant and
is miscible with the embedding agent. Tissue proces-
sor (Thermo Electron Corporation, Model-Shandon
Citadel 2000) was used to perform fixation, dehydra-
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tion, clearing and paraffin infiltration steps. The tissue
was next embedded in paraffin using an automated
tissue embedding system (Labcon, Model-Myr; Cali-
fornia, USA). Since most tissues cannot be viewed un-
der microscope owing to their thickness, thin sections
(3-4 pm in thickness) were cut using a microtome
(Thermo Electron Corporation, Model-Finesse ME,
Waltham, Massachusetts, USA) and placed the sec-
tions on warm water bath to remove wrinkles from
where they were picked up on glass microscopic on
frosted slides. The slides with sections were left to dry
overnight at room temperature for proper adhering
of the tissues. Before staining, “deparaffinization” of
the slides was carried out, in order to remove paraffin
tfrom the tissue and allow penetration of water-solu-
ble dyes, by running them through xylene to alcohol
gradient (100%, 95%, 70% and 50%) to water. After
haematoxylin (catalogue# HHS16; Sigma-Aldrich,
St. Louis, Missouri, USA) and eosin (Sigma-Aldrich;
catalogue#E4382) staining using an automater stain-
er (Thermo Electron Corporation, Model-Veristain
Gemini), the slides were washed through water to al-
cohol gradient (50%, 70%, 95% and 100%) to xylene
and mounted with non-aqueous DPX mountant and
analyzed via light microscopy. An Olympus BX51
microscope (Olympus, Tokyo, Japan) with ProgRes
C3 image documentation camera software was used
to acquire color images of HandE-stained tumor sec-
tions at 40x magnification.

Immunohistochemistry

Tumor and other tissues were first fixed in 15 to 20
times their volume 10% neutral buffered formalin for
overnight. Fixation preserves biological tissue from
decay thus averting autolysis, necrosis and putrefac-
tion and preserves antigenicity of the tissue. However,
during the process of fixation, methylene bridges are
formed which cross-links proteins thereby masking
the antigenic epitopes (Cooke and Losordo, 2002).
Since paraffin wax is immiscible in water, the chief
constituent of tissues, the tissues were dehydrated us-
ing progressively concentrated ethanol baths. This was
tollowed by treatment with a clearing agent (xylene)
which removes ethanol, after which molten paraffin
infiltrates the tissue and replaces xylene. Following
trimming to remove excess paraffin in order to expose
the tissue, the paraffin-embedded tissues were cut in
a microtome to 3-4 pm thicknesses and mounted on
charged poly L-lysine coated glass slides (for HandE
staining, the slides were egg albumin coated). The
slides were left to dry overnight at 60°C in order to re-

move any traces of water trapped under the tissue sec-
tions, to ensure proper adherence of sections to slides
and to melt the paraffin. Paraffin-embedded tissue
sections were deparaffinized/ dewaxed by incubation
of slides containing sections overnight at 60°C fol-
lowed by immersing in xylene for 15 min. The sections
were rehydrated using graded concentrations of eth-
anol (100%, 95%, 70% and 50%) to deionized water.
'The slides were kept in water and not allowed to dry
from this point onwards till antigen retrieval, as dried
out sections may cause non-specific antibody binding
leading to high background staining. Most tissues re-
quire a step of antigen retrieval where the methylene
bridges formed during fixation are broken and the an-
tigenic sites are exposed to allow them to bind to the
antibody (Cho et al., 2006). Heat-induced method
of antigen retrieval was carried out using a microwave
with maximum power for 5 cycles of 5 min each (with
3 cycles at 100°C and 2 cycles at 50°C) till the an-
tigen retrieval bufter (Trs/EDTA, pH 9.0) in which
the slides are placed, started to boil (Roberts, 1995).
'The slides were next kept under cold tap water for 10
min followed by incubation at room temperature for
30-40 min. For chromogenic method of detection,
using horse radish peroxidase (HRP)-conjugated sec-
ondary antibody, a blocking step was performed to
take care of endogenous peroxidase activity of cells
or tissue giving rise to non-specificity. Blocking was
achieved by incubating the slides with 3% H,O, solu-
tion in methanol at room temperature for 20 min. For
tissue sections which were used to detect Ki67 marker,
using HRP-conjugated secondary antibody, blocking
of endogenous peroxidase activity was performed.
Following incubation with blocking agent, the slides
were rinsed 4-5 times with water. A separate blocking
step was used in case of CD31 detection using fluo-
rescence with (FITC)-conjugated secondary antibody
in order to avoid non-specific antibody binding and
reduce background signal. Serum (100 pL) from an
unrelated species (5% horse serum in Tris buffer, pH
7.4) was used as the blocking agent before addition
of primary antibody and incubated for 30 min. The
antibodies in horse serum (Catalogue#16050-122;
Gibco) bind to the non-specific (reactive sites) of the
tissue, thereby preventing non-specific binding of pri-
mary and secondary antibodies. Following incubation,
the slides were rinsed with water 5 times.

Ki67 staining
'The slides were incubated in Tris buffer, pH 7.4 for
5-10 min before addition of primary antibody. Tis-
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sue samples were incubated with a 1:200 dilution of
monoclonal mouse anti-human Ki67 antigen (Clone
MIB-1; Code no. M7240; Dako, Glostrup, Den-
mark) (Strumfa, 2012) for 1 hr at room temperature
in a humidifying chamber. The slides were rinsed 4-5
times with Tris buffer, pH 7.4. About 100 pL of per-
oxidase-conjugated goat anti-mouse immunoglobu-
lin G secondary antibody (Dako REAL™ EnVision
Detection System, Peroxidase/DAB+, Rabbit/Mouse;
Code K5007; Dako) was added to the slides and in-
cubated for 30 min at room temperature after which
the slides were rinsed 4-5 times with Tris buffer, pH
7.4.The slides were incubated with substrate solution
(DAB + Chromogen; Dako REAL kit) for 2-4 min
during which a crisp brown end product is formed at
the site of the target antigen. To stop the reaction, the
slides were rinsed with water, following which they
were counterstained with diluted hemotoxylin to ana-
lyze tissue viability and morphology, which provided
a clear blue nuclear staining. The stained tissue sec-
tions were then mounted with synthetic non-aqueous
mounting medium, DPX (Fischer, 2008) and viewed
under a microscope (Olympus BX51) equipped with
ProgRes C3 capture software.

CD31 staining

Goat anti-mouse CD31 (mouse/rat CD31/PE-
CAM-1 affinity purified polyclonal antibody, cat-
alogue # AF-3628, RandD Systems, Minneapolis,

Enzyme (HRP)

Detectable
coloured ppt.

Goat anti-mouse
second ary antihuﬂ‘\'

J|::f

Substrate
{peroxidase/ DAB)

Mouse anti-

E/' buman primary
antibody

Minnesota, USA) was diluted 1: 100 times in anti-
body diluent (catalogue# S0809, DAKO, Glostrup,
Denmark) and 100 pL added to cover the entire tis-
sue section in each slide. The slides were incubated in
a humidifying chamber for 1 hr at room temperature.
Following incubation, the slides were rinsed with Tris
buffer, pH 7.4. Aflinity purified anti-goat IgG (whole
molecule)-FITC labeled polyclonal antibody pro-
duced in rabbit (catalogue# F7367, Sigma Aldrich,
St. Louis, Missouri, USA) was used as secondary
antibody. A 1: 400 dilution of the antibody in anti-
body diluent (Dako) was used followed by incubation
with tissue section for 1 hr at room temperature in
a humidifying chamber. The slides were rinsed with
Tris buffer, pH7.4, following incubation. Sections
were counterstained by incubating the slides with
about 150 -200 pL of DAPI (4, 6-Diamidino-2-phe-
nylindole dihydrochloride; catalogue# D9542, Sigma
Aldrich) for 5 min in dark at room temperature fol-
lowed by rinsing with buffer. The slides were washed
with water and dehydrated in an increasing ethanol
gradient (50%, 70%, 95% and 100%). The slides were
then dried and rinsed with xylene to clear the sections.
'The stained tissue sections were then mounted with
an aqueous mounting medium containing antifade
reagent (Fluoroshield, catalogue#F6182, Sigma) to
prevent rapid photobleaching of fluorescein dye. Im-
ages were viewed with a fluorescence phase contrast
inverted microscope (Zeiss, Oberkochen, Germany).

[} Fluorescent tag

Goat anti-mouse
- " secondary antibody

i _Mouse anti-
human primary
antihody

IHC Detection Systems

Figure 2: Immunohistochemistry scheme with different methods of antigen detection.
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Statistical analyses

Raw data of tumor volume was processed to get group
mean and standard deviation within each group con-
taining 3-5 mice. Statistical differences between two
groups were determined using the two-sample Stu-
dent’s #-test.

Determination of microvessel density (MVD)
Fluorescently stained sections (mouse CD31 antigen)

were microscopically examined under low (20x) and
high (40x) magnification. Under low magnification,
representative areas of the tumor neovascularization
were marked. Under 40x magnification, ten high
power fields were selected randomly within these ar-
eas and blood vessels were counted by an expert pa-
thologist. The counts were averaged to determine the

MVD of mouse CD31-positive vessels.

In vivo efficacy of VEGFR1(D1-D3)-Fc in A549 human lung cancer

xenografts

EhE —#— Placebo, n=3
1600
—o— Aflibercept, n=5
1400
E 1200 —8— VEGFR1{D 1-D3)-Fc, n=5
E
E o —a#— Control {untreated), n=3
S 800
2
. B00
£
400
2
200
1] -
S 0 3 b 9 12
Dose# 1 2 3 4

Dosing regimen

-t
18 21 24 27

15
Duration of treatment (days) ——

|

5 ] T 8 Sacrifice

Figure 3a: Tumor growz‘/o curve in response to anti-angiogenic treatment

Regression of tumor is SCID mice with anti-VEGF agents

900.00
w=gr= =2 Control {untreated)
800.00
+=n=3 Placebo
700.00
n=53 Aptamer
~ 600.00
mE =5 Aptamer+ VEGFR1{D1-D3)-Fc y
‘4
-E- 500.00 —#—n=2 VEGFR1(D1-D3)-Fc 4
E . o
= 400.00 —t =2 Aflibercept
g 2
= b
S  300.00
=
= 200.00
100.00 2 - _I
¢ T I il
0.00 = - & |
Day1 Day 3 Day5s Day 11 Day 17 Day 32
-100.00
T T I Duration of treatment (days)
Dosef 1 2 3

Figure 3b: Plos of mean tumor volume in SCID mice versus duration of treatment with 15 mg/kg dose of anti-VEGF

molecules.

2017 | Volume 3 | Issue 1 | Page 81

(8 5
250 Links
o OResearcilers



OPEN 8 ACCESS

Aptamers and Synthetic Antibodies

Results

Tumor volume determination

The anti-tumor effect of treatment with VEG-
FR1(D1-D3)-Fc was investigated in immunocom-
promised mice. Five million A549 human lung cancer
cells were injected subcutaneously in the right flank
of each of 16 six to seven weeks old male SCID mice,
and tumors developed within three to four weeks to
desired volume of 80—100 mm?. The mice with trans-
planted tumor xenografts were grouped into four
clusters including untreated control, placebo-treated,
positive control and test drug group. Over four weeks,
a total of eight doses of 15 mg/kg body weight of
animal, of anti-angiogenic proteins, VEGFR1 (D1-
D3)-Fc as well as aflibercept (positive control), were
subcutaneously administered to individual members
of respective groups. Tumor length and width were
measured every three days using digital calipers, until
animals were sacrificed. Tumor volumes were calcu-
lated from length and width data using the formula:
Volume = (Length x Width?)/2. It was observed that

as compared to control and placebo, there was a sig-
nificant reduction in tumor volume in mice treated
with aflibercept (n=5, p<0.01). VEGFR1(D1-D3)-Fc
also showed significant tumor growth inhibition after
administration of the fifth dose (n=5, p<0.01). Over-
all, there was an extremely slow rise in tumor volume
in mice bearing xenografts over the four weeks of
dosing of VEGFR1(D1-D3)-Fc, as compared to un-
treated or placebo-treated animals. This suggests that
VEGFR1(D1-D3)-Fc has anti-tumor activity as a
result of its anti-angiogenic properties as was evident
from in wvitro assays. Figures 3a and 3b show tumor
growth curve and mean tumor volumes respectively,
in response to anti-angiogenic treatments.

In order to investigate the anti-tumor activity of
VEGFR1(D1-D3)-Fc in combination with other an-
ti-VEGF investigational drugs, SCID mice bearing
A549 tumor xenografts were treated with three doses
each of VEGFR1(D1-D3)-Fc alone and anti-VEGF
DNA aptamer (RNV66). It was observed that while

aptamer alone was not able to reduce lung cancer tumor

Figure 4: In vivo therapeutic efficacy of VEGFR1(D1-D3)-Ft to reduce xenograft tumor in SCID mice model.
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burden with three administered dosages, a combina-
tion of aptamer (0.05 millimoles) and VEGFR1(D1-
D3)-Fc (15 mg/kg) was able to significantly reduce
tumor volume (n=5, p<0.01) till the dosing was com-
plete. Thereafter the combination was able to control
tumor growth up till another week, after which tumor
started regrowing. After completion of three doses,
the anti-VEGF positive control (aflibercept), as also
VEGFR1(D1-D3)-Fc, maintained the reduced tu-
mor volume till the time of animal sacrifice, whereas

it was not the case in either aptamer alone or aptamer
and VEGFR1(D1-D3)-Fc combination.

'The top panel A shows the mice bearing A549 human
tumor xenografts, from group 1 (untreated control);
where C-1 represents animal#1 and C-2 represents
animal#2; group 2 (placebo-treated); where P-1 is
animal#1 and P-2 is animal#2; group 3 (afliber-
cept-treated); where A-1 represents animal#1 and
A-2 represents animal#2. The panel B represents tum-
ors excised from the corresponding animals after sac-
rifice following completion of drug dosing regimen.

Mice A-3, is represented in panel C. Rest of panel C
represents the mice from group 4 (VEGFR1(D1-D3)
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Figure 5: In vivo therapeutic efficacy of aptamer, RNV66 to reduce xenograft tumor in SCID mice model.
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-Fc-treated); where V-1 represents animal#1, V-2
represents animal#2, V-3 represents animal#3 and
V-4 represents animal#4. Panel D gives pictorial rep-
resentation of excised tumors in VEGFR1(D1-D3)-
Fc-treated mice. In animals V-3 and V-4, tumor size
reduction is not as significant as seen in tumors ex-
cised from animals V-1 and V-2.

It can be clearly observed from Figure 4, A and B pan-
els, that both aflibercept-treated mice (A-1 and A-2)
have reduced tumor size as compared to untreated
control mice and placebo. The top panel A gives pic-
torial representation of aptamer and VEGFR1(D1-
D3)-Fc-treated SCID mice at the end of the treatment
period. The panel B gives pictorial representation of
excised tumors in aptamer and VEGFR1(D1-D3)-
Fe-treated mice. Panel C shows pictorial representa-
tion of aptamer and VEGFR1(D1-D3)-Fc-treated
SCID mice as well as placebo-treated mice at the end
of the treatment period. Panel D gives pictorial rep-
resentation of excised tumors in combination-treated
mice as compared to placebo.

Histopathological analysis of tumors

Brightfield microscopic images of HandE stained slide
from tumor section of control untreated mice, C-1,
revealed the presence of 70-80% of the cells showing
viable adenocarcinoma, whereas C-2 demonstrated
about 60% of viable cancer cells. For the untreated
control sections, mass of tumorous growth encircled
by fibrous tissue was observed beneath the skin sub-
cutaneously. Histopathological observations of sur-
rounding skin was found within normal histological
limits. Tumor mass showed predominant solid pat-
tern of neoplastic growth. Minimal fibrous tissue pro-
liferation along with sparse pigmentation resembling
mucin, was evident in mass. Diffuse mild to moderate
liquefactive necrosis was observed with nuclear dust
throughout the core of tumor mass. As tumor mass
showed necrosis it may be classified as invasive tumor.
As tumor was induced by injecting culture of adeno-
carcinoma of lung, it could be classified as invasive
adenocarcinoma with predominant solid mucinous
pattern.

In placebo-treated mice P-1 and P-2, about 80-90%
of viable tumor was detected by HandE staining of
tumor. Broadly, in the placebo-treated sections, tumor
mass showed minimal to moderate liquefactive necro-
sis. Mass was surrounded by fibrous tissue restricting
turther proliferation of neoplastic growth. Fibrous

tissue proliferation along with sparse pigmentation
resembling mucin was evident in mass. Microscopic
observation revealed minimal focal vacuolar degener-
ation in the mass.

Tumor sections from aflibercept-treated mice, A-2
and A-3, demonstrated small mass of tumor with only
10% and 2% of viable tumor cells respectively. Exten-
sive necrosis and calcification was observed in A-2
while necrosis with lot of inflammatory response was
observed in A-3, suggested response to the treatment.
Complete tumor mass was liquefied except fibrous
capsule surrounding the mass. Neoplastic growth was
replaced by vacuole and adipose tissue with sparse
amount of fibrovascular tissue. Calcified foci was ob-
served with minimal focal mononuclear and poly-
morphonuclear cell infiltration.

HandE staining of VEGFR1(D1-D3)-Fc—treated
tumor slide detected presence of 70-80% of viable
tumor (V-3) and 60% viable tumor (V-4). Neoplas-
tic growth was found to be restricted by surrounding
with fibrous tissue. Minimal to mild multifocal lique-
factive necrosis was observed. Fibrous tissue prolifer-
ation along with sparse pigmentation resembling mu-
cin was evident in mass. Surrounding skin was found
within normal histological limits. However, presence
of fibrous tissue proliferation is indicative of repara-
tive or reactive processes by tissue itself as self-limit-
ing mechanism in response to tissue damage.

In anti-VEGF aptamer, RNV66-treated tumors,
the HandE staining of sections revealed tumor mass
which showed mild to moderate liquefactive necrosis
with nuclear dust. Minimal mucinous pigmentation
was observed with fibrous tissue proliferation. Mu-
cinous pigmentation was more pronounced in mice,
RNV66#3. 'This section demonstrated presence of
85% viable tumor. Focal congestion was also observed
in mice, RNV66#2, which also had 85% of viable tu-
mor. The rest 15% represented necrotic tissue.

In tumors treated with a combination of VEG-
FR1(D1-D3)-Fc and aptamer, RNV66, HandE
staining of sections showed presence of 40-85% of
viable tumor cells. Tumor mass showed moderate
(about 15%) liquefactive necrosis. Fibrous tissue pro-
liferation along with minimal mucinous pigmentation
and focal calcification was evident in mass. Mucinous
pigmentation was more pronounced in mice# 5, with
minimal focal calcification.
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Figure 6: Representative images of histological sections of tumors.

(A, B) Images of C-1 and C-2 which represent sections from control (untreated) tumors; (C, D) Images of P-1 and P-2 which represent
placebo-treated tumors; (E, F) Images of A-3 and A-4 which represent aflibercept-treated tumors; (G, H) Images of V3 and V-4 which rep-
resent VEGFRI1(D1-D3)-Fe-treated tumors. (1) Image of RNV66#3, which represents aptamer-treated tumor in animal#3; (J) Image of
VEGFRI1(D1-D3)-Ft and RNV66# 5, which represents animal#5 which received a combination of VEGFR1(DI1-D3)-Ft and aptamer, as

treatment. Arrow heads indicate tumor cells in a pool of normal cells

All organs of mice (brain, heart, lungs, liver, kidney, Immunohistochemical analysis

spleen) which were evaluated by HandE staining,

revealed normal histopathological findings indicat- Staining of tumor sections with Ki-67 antibody
ing that the anti-VEGF agents did not cause acute

drug-induced toxicity in the animals Image shows immunohistochemical staining of paraf-

fin-embedded human A549 xenograft tumor sections
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Figure 7: Ki-67 staining of tumor sections.

stained with anti-Ki-67 antibody using the Dako’s Ki-
67 clone MIB-1. Ki-67 (dark brown) displays a nu-
clear localization pattern which correlates its function
in cell cycle progression (40X, counterstained with
hematoxylin).

In control slides, C-1 as well as C-2, 60% of the tu-
mor cells are showing Ki-67 staining in the highest
proliferating region. Placebo-control slide, P-1 and
P-2 however, demonstrated about 50% of tumor cells
showing Ki-67 staining, as opposed to VEGFRI1(D1-
D3)-Fc treated tumor (slides V-3 and V-4), which
showed about 40% of Ki-67 stained proliferating tu-
mor cells. Tumors treated with aflibercept (positive

b
b

control) showed only about 10-15% of proliferating
cells stained with anti-Ki-67 antibody. For tumors
treated with anti-VEGF aptamer, RNV 66, an average
Ki-67 index of 55% was observed. A representative
section from aptamer-treated animal#3 showed focal-
ly about 50% of viable tumor in the highest prolifer-
ating area. Tumor sections obtained from xenografted
mice treated with a combination of VEGFRI1(D1-
D3)-Fc and RNV66 demonstrated a decreased 40%
of viable or proliferating cells. Section obtained from
animal #5, showed a Ki-67 index of 40%.

Representative slides for Ki-67 staining of tumors
from each of the study groups are shown in Figure 7.
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Figure 8a: Representative images of immunofluorescence staining of CD31 in mouse vasculature in tumor sections.
(A) Untreated control (B) Placebo-treated (C) VEGFRI1(D1-D3)-Fe-treated (D) Affibercept-treated (E) RNV66-treated (F) VEG-
FRI1(D1-D3)-Ft plus RNV66-treated tumor. All images were captured in high power field, under 40 x magnification. Scale bar=100um.

Staining of tumor sections with mouse CD31 an-
tibody

CD31, a vascular endothelial cell marker was detect-
ed in the newly formed or developing blood vessels
supplying nutrients to the tumor, by fluorescence de-
tection in IHC analysis. Anti-mouse CD31 antibody
was used as the primary antibody in order to detect
CD31 protein on mouse vascular endothelial cells, as
the tumor xenograft (human in origin) is supported
by blood vessels of mouse origin, with the stroma be-

ing recruited and derived from the host (Hylander et
al., 2013).

From IHC images on tumor sections from untreated
as well as placebo-treated controls, the CD31- immu-
nopositive blood vessels in tumor xenograft indicate

presence of high vascularization (green FITC dye), as
opposed to treated mice with VEGFR1(D1-D3)-Fc
(Figure 8a (C)). This clearly demonstrates the anti-an-
giogenic properties of the Fc-fusion protein, whereby
formation of new blood vessels is inhibited by the an-
ti-VEGF agent, which is indicated by the reduction
in the CD31 antigenic protein marker of endothelial
cells. Tumors treated with aflibercept (anti-angioge-
neic positive control drug) showed extremely sparse
population of mouse vessels, validating the anti-angi-
ogenic effects of the drug. However, the anti-VEGF
aptamer, RNV66 was unable to inhibit angiogene-
sis as is evident by the presence of large number of
microvessels within the section of the tumor treated
with the molecule. But, when a combination of VEG-

FR1(D1-D3)-Fc and aptamer was used to treat the
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tumor, the Fe-fusion partner was able to salvage some
of the anti-angiogenic property of these anti-VEGF
agents and decrease blood vessel formation. As com-
pared to Figure 8a (E), where only aptamer is used
to treat the tumor, Figure 8a (F) clearly indicates a
reduction in number of blood vessels in the tumor
section of mice treated with the combination.
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Figure 8b: Graph showing microvessel density (MVD)

of tumor vasculature.

Microvessel density of tumor vasculature

The tumor section on each slide was viewed under
microscope and individual microvessels in the entire
viable section were counted manually by a trained pa-
thologist in ten random fields under high magnifica-
tion (x400). The average count was taken as a measure
of microvessel density for each study group. Results
were reported as the mean MVD per high-power field.
Tumor sections obtained from control and plabeco
group of mice were observed to be well vascularized
in comparison to anti-VEGF-treated tumors. Mean
MVD for control (n=3) and placebo (n=3) tumors
were determined to be 42.2 and 56.3 respectively. A
significant reduction was observed in VEGFR1(D1-
D3)-Fe-treated tumors (p<0.001, n=5). Treatment
with aflibercept, Fc-fusion protein control, revealed
a remarkable reduction in microvessel formation in
A549 xenografted tumors (p<0.0001; n=5). Effect of
anti-VEGF, DNA Aptamer, RNV66, was not signif-
icant in reducing tumor vasculature. Tumor sections
had good vasculature in aptamer-treated samples with
a mean MVD of 54, almost same as that of placebo.
'This result also reciprocated the tumor volume data in
which the effects of treatment with aptamer as well
as placebo were almost similar in terms of volume of
excised tumor from SCID mice.

A combination of aptamer and VEGFR1(D1-D3)-

Fc appeared to have a synergistic effect in reducing
tumor microvessels as observed from the mean MVD
of 51.8, even though the effect was not overwhelming
or statistically significant.

Discussion

Contribution of VEGF to tumor angiogenesis is un-
disputed. Several anti-VEGF agents have been al-
ready developed or under development to treat vari-
ous diseases having an underlying cause of abnormal
neovascularization. These anti-angiogenic molecules
can be broadly classified into gene-based therapies
and protein-based therapeutic agents. Gene--based
therapies include use of antisense oligonucleotides,
siRNA, aptamers, catalytic oligonucleotides, includ-
ing ribozymes and DNAzymes and transcription de-
coys. Protein-based therapeutics includes monoclonal
antibodies, peptidomimetics, mimetobodies, fusion
proteins and decoy receptors. We have developed a
Fe-tusion protein, VEGFR1(D1-D3)-Fc with minor
modifications in the Fc hinge region and demonstrat-
ed its high ligand binding affinity as well as anti-an-
giogenic efficacy in in vitro*>. VEGFR1(D1-D3)-Fc
was shown to inhibit proliferation and capillary net-
work formation of primary endothelial cell line (hu-
man umbilical vein endothelial cells, HUVEC) which
were stimulated by VEGF .. Similarly, DNA aptam-
er, RNV66, which also has very high VEGF-binding
affinity, was earlier shown to efficiently inhibit prolif-
eration of breast cancer cell line both iz vitro and in
vive®.

Here, we explored the in vivo efficacies of these an-
ti-VEGF molecules in human lung adenocarcinoma
model. Human lung cancer xenografts in immuno-
compromised SCID mice served as a model for stud-
ying tumor angiogenesis inhibition. In one study, 16
six to seven weeks old SCID mice were subcutane-
ously injected with A549 bronchoalveolar carcinoma
cells. On tumor development, these animals were di-
vided into four groups; untreated control (n=3), pla-
cebo-treated control (n=3), aflibercept-treated (n=5)
and VEGFR1(D1-D3)-Fc-treated (n=5). A total of
eight doses (15 mg/kg body weight) of each of the
two drugs were subcutaneously administrated to the
mice over a period of four weeks with two injections
per week. Tumor dimensions were measured at reg-
ular time points using external calipers. Significant
reduction in tumor volume was observed (p<0.05) in

mice treated with VEGFR1(D1-D3)-Fc as compared
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to mice in the placebo group, suggesting the anti-can-
cer activity of the protein. In the other study, SCID
mice bearing A549 tumor xenografts were treated
with three doses each of VEGFR1(D1-D3)-Fc (n=2),
aflibercept (n=2) and RNV66 (n=5), as well as a com-
bination of VEGFR1(D1-D3)-Fc and RNV66 (n=5).
It was observed that while aptamer alone was not able
to reduce lung tumor burden with the three admin-
istered doses, a combination of aptamer (0.05 milli-
moles) and VEGFR1(D1-D3)-Fc (15 mg/kg) was
able to significantly reduce tumor volume (p<0.01)
until the last dose. Thereafter the combination was
able to control tumor growth up till another week, af-
ter which tumor rebounded. In contrast, aflibercept
and VEGFR1(D1-D3)-Fc, maintained the reduced
tumor volume till the time of animal sacrifice. Figure
5 represents in vivo therapeutic efficacies of difterent
anti-angiogenic agents in SCID mice model.

Histological analysis using haematoxylin and eosin
(HandE) staining was performed according to stand-
ard procedures on tumor sections. Figure 6 represents
images of H and E stained sections of tumor tissues.
Changes in tumor growth kinetics upon treatment
with aflibercept and VEGFR1(D1-D3)-Fc and aptam-
er RNV66, were reflected in their difference in prolif-
eration as assessed by immunohistochemistry of cell
proliferation marker, Ki-67 and angiogenesis marker,
CD31. Tumor cell nucleus marker Ki-67 was stained
with a primary anti-Ki-67 antibody in immunohisto-
chemical analysis. Ki-67 reactivity, which is defined
as percent tumor cells staining positive for the nuclear
antigen was used as a definite marker for cell prolifer-
ation. The Ki-67 index in tumor sections of untreated
and placebo-treated control mice were ~60% indica-
tive of high tumor cell proliferation in these sections.
Ki-67 index decreased for VEGFRI1(D1-D3)-Fc-
treated tumors to ~40% signifying inhibition of tumor
cell proliferation by the Fc-fusion protein. In case of
tumors treated with aflibercept (positive control),
the Ki-67 cell proliferation index dropped to ~10%
demonstrating the anti-proliferative and anti-cancer
effects of VEGF Trap,,., molecule. In tumor treat-
ed with aptamer, RNV66, the mean Ki-67 index in
highest proliferating zone of tumor section, was about
55%, indicating that the aptamer was unable to inhibit
tumor cell proliferation to a large extent. However,
in mice treated with a combination of VEGFRI1(D1-
D3)-Fc and RNV66, the proliferating tumor cells as
indicated by Ki-67 staining, was slightly reduced to
about 40%, which may be due to the synergistic effect

of the two anti-VEGF drugs.

Slides were stained with mouse CD31 antibody for
detection of tumor blood vessel endothelial cells, as
the human tumor xenograft is supported by vascula-
ture of host mouse origin. The anti-angiogenic prop-
erties of VEGFR1(D1-D3)-Fc were demonstrated by
the reduction of CD31-positive blood vessels within
the tumor section obtained from SCID mice treated
with VEGFR1(D1-D3)-Fc, as compared to untreat-
ed and placebo-controlled mice. Aflibercept-treated
tumors demonstrated almost complete absence of
mouse blood vessels in the small tumor mass, validat-
ing the known anti-angiogenic function of the mol-
ecule. Figure 8b represents a graph showing MVD
of mouse vasculature in A549 xenografts. However,
in A549 tumor sections of mice treated with the an-
ti-VEGF DNA aptamer, RNV66, there was presence
of plenty of CD-31 positive blood vessels indicating
that the molecule was not as effective as the others as
an anti-angiogenic agent. Microvessel density quanti-
fied for each of the treatments, corroborated the same
findings. Since RNV66 had earlier demonstrated its
anti-proliferative activity against breast cancer animal
models, one possibility for its failure as an anti-tumor
molecule here, may be due to the insufficient dose ad-
ministered in the current study. Aptamers being much
smaller in size and weight than antibodies (6-30 kD
vs 150-180 kD and ~2 nm diameter vs ~15 nm di-
ameter), are rapidly cleared by the kidneys and ma-
jor organs upon entry in the bloodstream. As a result
of this fast kidney filtration, aptamers have a shorter
half-life in vivo of about 30 min for unconjugated
forms, as compared to much longer circulation time
in case of antibodies (upto 1 month). Hence, although
aptamers have faster tissue uptake and penetration as
opposed to antibodies which have limited tissue pen-
etration, especially in solid tumors, their therapeutic
efficacies may be compromised. The other major rea-
son for failure of aptamers is degradation by serum
endo and exo-nucleases. However, this vulnerability
by nucleases can be reduced by modification of the
phosphate backbone and sugar moieties and RNA.
RNV66 has three LNA modifications which known
increases its stability. Poor efficacy of RNV66 in
this study is not really surprising mainly because of
lower dose, its small size (7.947 KDa) and due to the
fact that this molecule has been administered as na-
ked and consequent rapid renal clearance within few
minutes of administration. This can be overcome by
conjugating it to bulky moiety, such as high molecu-
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lar mass polyethylene glycol (PEG), cholesterol, chi-
tosan, proteins, liposomes, organic or inorganic na-
nomaterials, or by multimerizing in order to create a
multivalent molecule with a mass of 30-50 kD which
is above the cut-off threshold for the kidney glomer-
ulus (John et al., 2015). Conjugation at the 3’ end
of aptamers with biotin-streptavidin (SA) has been
shown to be effective in increasing nuclase resistance
and longer half life (Dougan et al., 2000). Addition-
ally, the aptamer may be conjugated to Fc region of
IgG as in VEGFRI1-Fc, since any molecule with a
Fc tail will most likely induce the complement lysis
system and be highly effective in killing target cells.
This might be via activation of the complement which
is central to innate immune system system (comple-
ment dependent cytotoxicity or CDC), causing tar-
geted cancer cell death similar to antibody mediated
cellular cytotoxicity (ADCC) as a result of multiple
effects such as opsonization, membrane attack com-
plex (MAC) formation and proinflammatory anaphyl-
atoxin release. Although, RNV66 did not show good
anti-tumoricidal effects alone at the given dose, when
acting in combination with VEGFR1(D1-D3)-Fc, the
Fc-fusion protein was able to rescue anti-angiogen-
ic properties of its aptamer partner to some extent,
though not significantly, suggesting a strong anti-an-
giogenic, anti-proliferative and anti-tumor role of
VEGFR1(D1-D3)-Fc.

As a forward path, the anti-angiogenic role of these
promising molecules needs to be further investigat-
ed in animal models of various other human cancers.
The doses of these agents and dosing regimen need
to be adjusted in animal models to achieve optimal
efficacy. Further, changes in the genetic level of the
xenografted tumors need to be ascertained by study-
ing the expression levels of known genes, as well as
deciphering upregulated and downregulated genes in
response to treatment, from global gene expression
studies.

Conclusion

The functional efficacy of three different anti-VEGF
molecules, one commercial Fc-fusion protein, af-
libercept, one in-house developed Fc-fusion, VEG-
FR1(D1-D3)-Fc and an aptamer molecule, RNV66,
was studied in an animal model of lung adenocar-
cinoma. VEGFR1(D1-D3)-Fc demonstrated signif-
icant anti-angiogenic and tumor reduction abilities
in xenograft mice as compared to aflibercept. The

aptamer, which had inhibited proliferation of triple
negative breast cancer cell lines in earlier studies,
however, demonstrated anti-tumoral properties only
in combination with the anti-angiogenic fusion pro-
tein, VEGFR1(D1-D3)-Fc. This might be due to the
combination of much lower doses administered and
naked injection of RNV66 without chitosan nano-
particle formulation unlike the previous report. . Fur-
ther in vivo studies would be required to establish the
effectiveness of such anti-VEGF agents in different
types of cancers and diseases involving angiogenesis,
which may also help in designing novel combination
therapies for these ailments.
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