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Inhibition of the interaction between vascular endothelial growth factor (VEGF) and its receptors (VEGFRS) is a
validated therapeutic strategy of anti-cancer treatment. This approach consists in indirect blockage of the kinase
activity on VEGFR with inhibitors of protein-protein interactions, which showed great interests in oncology. The
FDA approved anti-cancer agents bevacizumab (Avastin®) and ziv-aflibercept (Zaltrap®) bind specifically to
VEGF are from anti-VEGF strategy. The very recently approved agent ramucirumab (Cyramza®), a
recombinant humanized monoclonal antibody that specifically binds to VEGFR2 is from anti-VEGFR strategy.
Based on a cyclic peptide antagonist of VEGFR1 designed from VEGF fragments, we developed, by a new
synthesis process, a series of C-terminal modified cyclic peptides to improve their receptor binding ability. Three
of such peptides with aromatic groups showed greatly increased VEGFR1 binding affinity in a competition
ELISA-based test. This research highlight discusses the processing and findings of the recent study.
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Cancer is characterized by uncontrolled cell proliferation
with an ability to spread from one organ or part to another,
leading to the formation of tumor mass and metastasis.
Cancer is one of the most dangerous threats to human health.
At the same time, anti-cancer research has continuously
improved, evolving during the past decades from the use of
nonspecific cytotoxic agents to the development of selective,
mechanism-based targeted therapeutics M. Since tumor
growth and metastasis require new blood vessels formation
(angiogenesis) for the supply of nutrients and oxygen and the
removal of waste products, angiogenesis constitutes a new
target in anti-cancer research [,

Angiogenesis, involving the migration, growth, and

differentiation of endothelial cells, which line the inside wall
of blood vessels, plays an important role in cancer
progression and has been recognized as one of the six
hallmarks of cancer Bl It is regulated tightly by pro- and
anti-angiogenic factors. The pro-angiogenic factors include
vascular endothelial growth factor (VEGF), basic fibroblast
growth factor (bFGF), placenta growth factor (PIGF),
angiogenin, transforming growth factor (TGF)-a, TGF-§ and
tumor necrosis factor (TNF)-a ™. The binding of these
factors to their receptors induce receptor dimerization,
resulting in the tyrosine kinase domain activation and
downstream signalization to eventually cell progression [l
Among these pro-angiogenic factors, the VEGF and their
receptors (VEGFR1 and VEGFR2) play a critical role in the
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field of neoplastic vascularization (61,

Anti-angiogenic therapy interferes with various steps in
this process. For example, at the level of VEGF,
bevacizumab (Avastin®) is a humanized monoclonal
antibody that specifically recognizes and binds to VEGF "],
Similary, ziv-aflibercept (Zaltrap®) is a recombinant fusion
protein consisting of the extracellular domains of human
VEGFR1 and VEGFR2, which binds VEGF and PIGF [,
When VEGF or PIGF is attached to these inhibitors, it is
unable to activate the VEGF receptors and their downstream
signaling pathways. At the level of receptors, ramucirumab
(Cyramza®) approved by FDA in 2014 is a recombinant
humanized monoclonal antibody that specifically binds to
VEGFR2 and blocks the receptor to interact with VEGF [,
Other  angiogenesis inhibitors, including sorafenib
(Nexavar®), sunitinib (Sutent®) and pazopanib (Votrient®)
inhibit VEGFR1 and VEGFR2 and also some other receptors
tyrosine kinase activity [1% 1, In the clinic, anti-angiogenic
therapy reduces tumor progression and metastasis in various
types of cancers. However, antibodies or tyrosine kinase
inhibitors have their proper drawbacks either with a high
pharmacokinetic variability (antibodies) or a low specificity
(tyrosine kinase inhibitors) [2. Angiogenesis inhibition
therapy does not necessarily kill tumor cells but instead may
prevent tumors from growing, and most frequently, it is

combined with additional therapies, especially chemotherapy
[13, 14]

The development of small antagonists blocking
protein-protein interaction thus draws more and more
attention [*°1. Such antagonists include rationally designed
peptides [1®1 and library screened peptides or non-peptidic
chemical molecules [*71, Peptides resembling more the natural
protein would have higher specificity for the target protein
and lower cellular toxicity. Driven by the progress of
protein-protein interaction structure determination, computer
homology modeling and also the chemical synthesis
technology, many anti-angiogenic peptides have been
developed 08l Several peptides have shown activity in
pre-clinical models of cancer or have been tested in clinical
trials. Based on structural data of the complex of VEGF
binding on the second domain (D2) of VEGFR1 1% which is
the main VEGF binding site, rational design [2°-22] and library
screening 221 have been pursued to develop antagonists of
VEGF/VEGFR. The molecules optimized from the hits thus
designed or identified have shown effective anti-angiogenic
and anti-cancer activities.

In our laboratory, we particularly focused on a1 helix and
B3-B4 loop of VEGF implicated in VEGFR1 binding 2. Our
previous work has led to a cyclic peptide antagonist
c[YYDEGLEE]-NH2, combining the residues of f3-p4 loop

and two important tyrosine residues of the ol helix of VEGF.
This cyclic peptide has been shown capable of antagonizing
VEGF binding to VEGFR1 and inhibit VEGF induced
receptors phosphorylation, endothelial cell signalization
pathway, cell migration and capillary-like tube formation [20.
21l Starting from this cyclic peptide, we described in our
recent study entitled “Design and Synthesis of C-Terminal
Modified Cyclic Peptides as VEGFR1 Antagonists” the
optimization of synthesis process, the design of new peptides
and the evaluation of peptides VEGFR1 binding ability and
the study of the structure-activity relation 261,

Based on the cyclic peptide c[YYDEGLEE]-NH: binding
with VEGFR1 D2 domain model after manual docking and
energy minimization 2% and the mutation of the second Tyr
by a Lys residue 3, we designed and synthesized a series of
peptides c[YKDEGLEE]-NH-R with modifications on the
C-terminal end by aliphatic and aromatic groups (R). The
C-terminal elongation is expected to create new interactions
with the D2 domain of VEGFRL1. A new synthetic pathway
combining solid phase peptide synthesis and solution phase
cyclization was described. The synthesis began with the first
Gly residue loaded on an acid labile 2-chlorotrityl resin. The
second glutamic acid derivative (Fmoc-Glu-NH-R) prepared
in solution and the following residues were coupled to the
resin following microwave-assisted solid phase peptide
synthesis procedure. Then, the peptides were cleaved by 2%
TFA in dichloromethane, cyclized in solution, and fully side
chain deprotected at the final step. This synthetic process
eliminated guanidine formation during on-resin cyclization
(211 and avoided the use metal catalyst (Pd°) required in the
previous synthesis pathway [?% 21, We have recently shown
that trace of metal ions would greatly influence biochemical
and biological assay results 271,

About two dozen peptides with additional aliphatic or
aromatic groups at the C-terminal position of the parent
peptide have been obtained. A competition ELISA type test
was applied to determine the peptide VEGFR1 binding
ability 281, The assay permitted peptides and biotinylated
VEGF to bind competitively with recombinant human
VEGFR1 extracellular domains, which were adsorbed
beforehand on the surface of a 96-well microplate. Then the
percentages of biotinylated VEGF displaced by peptides
were calculated according to chemiluminescence detected of
the remaining btVEGF via an HRP-conjugated streptavidin.
Among these modified peptides, three peptides showed
greatly increased binding affinity: two peptides with
C-terminal substitution of benzyl groups linked through one
(Peptide 1) or two methylene (Peptide 2) and the third
peptide with C-terminal substitution of a coumarinyl group
linked by a methylene (Peptide 3). All three peptides have
shown dose dependent inhibition of VEGF/VEGFRL1 binding
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Table 1. Dose dependent inhibition of selected peptides on VEGFR1 binding measured by
ELISA. The values are the average of at least 3 tests each in triplicate. NA means no activity.

|—Tyr-Lys-Asp-Glu-Gly-Leu-Glu-(Iilu-NH-R

Displacement (%)

Peptide R
100 pM 50 puM 30 uM
Ref H 12 7 NA
oy
OH
1 58 37 14
OH
OH
2 53 31 NA
OH
3 N 68 41 11
MeO 0 0

(Table 1). Structure-activity relationship was discussed in our
published paper [26],

The structure of peptide 2 (Table 1) alone in solution has
been studied recently by NMR, and the determination of the
structure of its complex with the D2 domain of VEGFR1 is
now in progress. Compared with the previously published
docking complex of the parent peptide c[YYDEGLEE]-NH;
with D2-VEGFR1, this new peptide (peptide 2) mimics
better the B3-p4 loop of VEGF in the new docking model,
and interestingly, it creates one more hydrogen bond with D2
VEGFR1 than the parent peptide. Furthermore, the peptide 3
featuring a fluorescent coumarinyl group at the C-terminal
end will be a useful tool in co-crystallization and biological
imaging studies. These peptides have also been shown
recently able to inhibit VEGF-induced endothelial cell tube
formation. Further anti-angiogenic and anti-tumor cellular
assays are now undergoing. The structure and biological
results will be published later.

Acknowledgments
This research was supported by the University Paris

Descartes, the Centre National de la Recherche Scientifique
(Chaire de partenariat CNRS-UPD to S. Broussy) and the

ANR (ANR-2010-BLAN-1533-03). L. Wang acknowledges
the China Scholarship Council for the donation of a
scholarship. M. Reille-Seroussi acknowledges the ARC for
the donation of a scholarship (grant DOC2013 0606849).

Conflict of Interests
The authors declare no conflict of interests.

References

1. Matthew V, Glenn D. Combining immunotherapy and targeted
therapies in cancer treatment. Nat Rev Cancer 2012; 12:237-251.

2. Folkman J. Tumor angiogenesis therapeutic implications. N Engl J
Med 1971; 285:1182-1186.

3. Hanahan D,Hallmarks of cancer: the next generation. Cell 2011;
144:646-674.

4. Naoyo N, Hirohisa Y, Takashi N, Toshiharu K, Masamichi K.
Angiogenesis in cancer. Vasc Health Risk Manag 2006;
2:213-219.

5. Kowanetz M, Ferrara N. Vascular endothelial growth factor
signaling pathways: therapeutic perspective. Clin Cancer Res
2006; 17:5018-5022.

6. Ferrara N, Gerber HP, Le Couter J. The biology of VEGF and its
receptors. Nat Med 2003; 9:669-676.

Page 3 of 4


javascript:void(0);

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Receptors & Clinical Investigation 2015; 2: e534. doi: 10.14800/rci.534; © 2015 by Lei Wang, et al.
http://www.smartscitech.com/index.php/rci

Ferrara N, Hillan KJ, Novotny W. Bevacizumab (Avastin), a
humanized anti-VEGF monoclonal antibody for cancer therapy.
Biochem Biophys Res Commun 2005; 333:328-335.

Clement C, Nisha P. Ziv-aflibercept: A novel angiogenesis
inhibitor for the treatment of metastatic colorectal cancer. Am J
Health Syst Pharm 2013; 70: 1887-1896.

Fontanella C, Ongaro E, Bolzonello S, Guardascione M, Fasola G,
Aprille G. Clinical advances in the development of novel
VEGFR2 inhibitors. Ann Transl Med 2014; 2:123-132.

Grandinetti CA, Goldspiel BR. Sorafenib and sunitinib: novel
targeted therapies for renal cell cancer. Pharmacotherapy 2007;
27:1125-1144.

Ranieri G, Mammi M, Donato Di Paola E, Russo E, Gallelli L,
Citraro R, et al. Pazopanib a tyrosine kinase inhibitor with strong
anti-angiogenetic activity: a new treatment for metastatic soft
tissue sarcoma. Crit Rev Oncol Hematol 2014; 89:22-329.

Shibuya, M. VEGF-VEGFR signals in health and disease. Biomol
Ther 2014; 22:1-9.

Aravantinos G, Pectasides D. Bevacizumab in combination with
chemotherapy for the treatment of advanced ovarian cancer: a
systematic review. J Ovarian Res 2014; 7:57-69.

Digklia A, Voutsadakis IA. Combinations of vascular endothelial
growth factor pathway inhibitors with metronomic chemotherapy:
rational and current status. World J Exp Med 2014; 4:58-67.

Mullard A. Protein-protein interaction inhibitors get into the
groove. Nat Rev Drug Discov 2012; 11:173-175.

Jamieson AG, Boutard N, Sabatino D, Lubell WD. Peptide
scanning for studying structure-activity relationships in drug
discovery. Chem Biol Drug Des 2013; 81:148-165.

Milroy LG, Grossmann TN, Hennig S, Brunsveld L, Ottmann C.
Modulators of protein-protein interactions. Chem Rev 2014;
114:4695-4748.

Elena VR, Jacob EK, Corban GR, Niranjan BP, Amir PT,
Aleksander SP. Anti-angiogenic peptides for cancer therapeutics.
Curr Pharm Biotechnol 2011; 12:1101-1116.

Wiesmann C, Fuh G, Christinger HW, Eigenbrot C, Wells JA, de

Page 4 of 4

20.

21.

22.

23.

24.

25.

26.

217.

28.

Vos AM. Crystal structure at 1.7 A resolution of VEGF in
complex with domain 2 of the FIt-1 receptor. Cell 1997;
91:695-704.

Goncalves V, Gautier B, Coric P, Bouaziz S, Lenoir C, Garbay C,
et al. Rational design, structure, and biological evaluation of
cyclic peptides mimicking the vascular endothelial growth factor.
J Med Chem 2007; 50:5135-5146.

Gautier B, Goncalves V, Diana D, di Stasi R, Teillet F, Lenoir C,
et al. Biochemical and structural analysis of the binding
determinants of a vascular endothelial growth factor receptor
peptidic antagonist. J Med Chem 2010; 53:4428-4440.

Donatella D, Russomanno A, De Rosa L, Di Stasi R, Capasso D,
Di Gaetano S, et al. Functional binding surface of a [I-hairpin
VEGF receptor targeting peptide determined by NMR
spectroscopy in living cells. Chem Eur J 2014; 20:1-6.

Fairbrother WJ, Christinger HW, Cochran AG, Fuh G, Keenan CJ,
Quan C, et al. Novel peptides selected to bind vascular endothelial
growth factor target the receptor-binding site. Biochemistry 1998;
37:17754-17764.

Fedorova A, Zobel K, Gill HS, Ogasawara A, Flores JE, Tinianow
JN, et al. The development of peptide-based tools for the analysis
of angiogenesis. Chem Biol 2011; 18:839-845.

Gautier B, Miteva MA, Goncalves V, Huguenot F, Coric P,
Bouaziz S, et al. Targeting the proangiogenic VEGF-VEGFR
protein-protein interface with drug-like compounds by in silico
and in vitro screening. Chem Biol 2011; 18:1631-1639.

Wang L, Gagey-Eilstein N, Broussy S, Reille-Seroussi M,
Huguenot F, Vidal M, et al. Design and synthesis of C-terminal
modified cyclic peptides as VEGFR1 antagonists. Molecules
2014; 19:15391-15407.

Gaucher JF, Reille-Seroussi M, Gagey-Eilstein N, Broussy S,
Coric P, Seijo B, et al. Metal-induced vascular endothelial growth
factor receptor 1 dimerization competes with VEGF-A binding. J
Biol Chem 2015; under revision.

Goncalves V, Gautier B, Garbay C, Vidal M, Inguimbert N.
Development of a chemiluminescent screening assay for detection
of vascular endothelial growth factor receptor 1 ligands. Anal
Biochem 2007; 366:108-110.



