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Abstract: Vascular endothelial growth factor (VEGF) and its receptors (VEGFRs) play a main role
in the regulation of angiogenesis and lymphangiogenesis. Furthermore, they are implicated in the
onset of several diseases such as rheumatoid arthritis, degenerative eye conditions, tumor growth,
ulcers and ischemia. Therefore, molecules able to target the VEGF and its receptors are of great
pharmaceutical interest. Several types of molecules have been reported so far. In this review, we focus
on the structure-based design of peptides mimicking VEGF/VEGFR binding epitopes. The binding
interface of the complex has been dissected and the different regions challenged for peptide design.
All these trials furnished a better understanding of the molecular recognition process and provide us
with a wealth of molecules that could be optimized to be exploited for pharmaceutical applications.

Keywords: peptide; VEGF; VEGF receptor; peptide design; antiangiogenic; protein binding epitopes;
receptor binder; molecular mimicry

1. Introduction

The development of molecules able to modulate the vascular endothelial growth
factor (VEGF)-dependent angiogenic response is crucial to treat diseases depending on
excessive vascularization, such as rheumatoid arthritis and psoriasis, degenerative eye
conditions and tumor growth and metastasis, or on insufficient angiogenesis, such as ulcers
and ischemic heart disease. Furthermore, molecules able to stimulate appropriate vascular
support are also essential in tissue regenerative applications.

Several types of molecules have been proposed to modulate (mainly to inhibit) the an-
giogenic response: antibodies; small organic molecules, especially tyrosine kinase inhibitors
(TKIs); and peptide-like molecules. This last class of molecules has been largely explored
as it presents the optimal features for targeting large protein–protein interaction surfaces as
in the case of molecules targeting the complex VEGF/VEGF receptors (VEGFRs).

For these reasons, the research of novel peptides for modulating the biological activity
of the VEGF/VEGFR molecular system has been a fervent field in the last few years.
Several approaches have been used: screening of linear protein sequences, phage-display
peptide library, synthetic libraries and structure-based design. In this review, we intend
to highlight the work conducted to develop molecular binders by structure-based design
of peptides mimicking VEGF/VEGFR binding epitopes. The structure-based design of
peptides targeting VEGF or its receptors has been mainly based on the identification of
protein binding regions which can involve protein secondary structure motifs or loops,
including the hot spot residues. These binding epitopes are the molds for modeling the
peptide structures to obtain the binders which could be conformationally constrained to
induce molecular stability and optimal tridimensional arrangements of the interacting side
chains for target recognition.

2. The Biology of VEGF/VEGFR Molecular System

VEGF and its receptors play a pivotal role in the regulation of angiogenesis and
lymphangiogenesis in vertebrates, driving the sprouting of new blood/lymph vessels from
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existing ones not only in physiological but also in pathological conditions including cancer.
Angiogenesis is a process particularly active during embryogenesis, while during adult life,
it is quiescent and limited to physiological phenomena such as the ovarian cycle, wound
healing and tissue growth and repair [1]. In fact, endothelial cells (ECs) are considered
stable and almost quiescent, showing limited turnover in the adult vasculature, even if they
retain their plasticity and the ability to sense and respond to angiogenic stimuli, reactivating
when it is required [2]. VEGF-A is the most studied member of the VEGF gene family. It
is encoded by a single gene consisting of eight exons and seven introns which maps to
chromosome 6 in humans. VEGF-A is part of a growth factor family which includes several
homodimeric homologs glycoproteins such as placental growth factor (PlGF), VEGF-B,
VEGF-C, VEGF-D and VEGF-E encoded by the parapoxvirus orf virus. All these structurally
related glycoproteins organize into antiparallel homodimers characterized by a highly
conserved structural motif known as the cystine knot motif, consisting of two disulfide
bridges with a third disulfide bond crossing them [3]. The growth factors of the VEGF family
elicit their biological activity through the binding to three receptor tyrosine kinases denoted
as vascular endothelial growth factor receptors 1, 2 and 3 (VEGFR-1, -2 and -3) (Figure 1).
These VEGFRs are typically composed of an extracellular ligand-binding portion (ECD)
consisting of seven immunoglobulin (Ig)-like domains, a transmembrane domain and an
intracellular tyrosine kinase domain that represents the most conserved region among
the three receptors, with high sequence identities [4]. Upon binding to the extracellular
portion of VEGFRs, VEGF and the other members of the growth factor family lead to the
dimerization of the receptors that, consequently, undergo auto-phosphorylation of their
intracellular kinase domain, triggering the activation of downstream signaling pathways
(PI3K/AKT, PKC, PLCγ, Raf/Ras, MAPK/ERK) resulting in angiogenic stimuli [5]. VEGF
and its homologs show different functions and exert their biological activity by selectively
binding to and activating the three VEGF receptors as depicted in Figure 1 [6,7]. PlGF
and VEGF-B exclusively bind to VEGFR-1, but the latter, unlike VEGFR-2, does not play
a relevant role in physiological angiogenesis in adults, while it is important in tumor-
associated angiogenesis [5]. An important feature of VEGFR-1 is that, unlike other VEGFR
genes, it expresses two types of mRNA: one for the full-length receptor and another for a
soluble short protein known as soluble VEGFR-1 (sFlt-1) consisting in the first six Ig-like
domains of its extracellular portion (Figure 1). Because of the capability of this soluble
form sFlt-1 to trap VEGF ligands, VEGFR-1 plays a negative role in angiogenesis during
embryogenesis. In pathological settings instead, VEGFR-1, which is expressed not only on
ECs but also on other cell types, such as macrophages, is able to promote inflammatory
diseases, cancer metastasis and atherosclerosis upon binding of its specific ligand PlGF
and activation of its kinase domain. Moreover, both VEGFR-1 and PlGF are expressed in
a variety of tumors, promote invasiveness and contribute to resistance to anti-VEGF-A
therapy [8]. VEGF-C and VEGF-D show the same receptor binding specificity to both
VEGFR-2 and -3, but not to VEGFR-1, resulting in mitogens for vascular and lymphatic
endothelial cells [9]. The VEGF-E homolog encoded by the orf virus binds and activates
only and specifically VEGFR-2. VEGF-A elicits its mitogenic activity, resulting in EC
migration and survival and the formation of new vessel branches, by binding to receptors
VEGFR-1 and VEGFR-2 (Figure 1). Interestingly, the affinity of VEGF-A to VEGFR-1 is
about 1 order of magnitude higher than that to VEGFR-2, but the tyrosine kinase activity
of VEGFR-2 in response to VEGF-A is much higher (about 10-fold) than that of VEGFR-1,
whose activation kinase domain has weak activity due to the lack of positive regulatory
sites of phosphorylation [6,10].

All VEGF family members also interact with other types of membrane receptors:
neuropilin-1 and -2 (NRP-1, NRP-2). NRPs lack cytoplasmic enzyme activity and, conse-
quently, direct signaling capabilities and act as co-receptors of VEGFRs. Recently, NRP-1
has also been discovered as a co-receptor for SARS-CoV-2 viral entry, along with ACE2,
and has thus become one of the COVID-19 research foci [11,12].
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Figure 1. Schematic representation of VEGF/VEGF receptor molecular system and its architecture. 
Three full-length receptors and one soluble form of VEGFR-1 are illustrated together with the ho-
modimeric VEGF, its homologs and their selectivity of binding to the three receptors. Upon VEGF 
binding, VEGFRs are activated, triggering intracellular signaling regulating physiological and/or 
pathological processes. NRP-1 and -2 VEGFRs co-receptors are depicted. Examples of targeting mol-
ecules against VEGF isoforms, VEGFR ectodomain and intracellular kinase domain are listed. 
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ulate the VEGF-dependent angiogenesis and counteract the pathological aspects corre-
lated to excessive and/or defective angiogenesis. 

  

Figure 1. Schematic representation of VEGF/VEGF receptor molecular system and its architecture.
Three full-length receptors and one soluble form of VEGFR-1 are illustrated together with the
homodimeric VEGF, its homologs and their selectivity of binding to the three receptors. Upon VEGF
binding, VEGFRs are activated, triggering intracellular signaling regulating physiological and/or
pathological processes. NRP-1 and -2 VEGFRs co-receptors are depicted. Examples of targeting
molecules against VEGF isoforms, VEGFR ectodomain and intracellular kinase domain are listed.

Considering the wide scenario involving the complex VEGF molecular system and
the biological processes by which angiogenesis is activated, in the last few years, a growing
interest has arisen in the predominant role of VEGF in processes other than the well-
established physiopathological conditions such as cancer, ocular diseases and wound
healing. Recently, the role of VEGF/VEGFRs in cellular rejuvenation and aging [13], as
a neurotrophic factor for motoneurons [14] or as an endogenous antioxidant [15], has
been highlighted.

To date, several pieces of structural information on VEGF/VEGFR family members
have been reported based on NMR, X-ray crystallography, small-angle X-ray scattering
and single-particle electron microscopy, elucidating how VEGF ligands bind to the Ig-like
domains present in the extracellular portion of the receptors [16]. These data are essential for
the development of molecules able to target the VEGF/VEGFR molecular system, modulate
the VEGF-dependent angiogenesis and counteract the pathological aspects correlated to
excessive and/or defective angiogenesis.

3. VEGF/VEGFR-Targeting Peptides: An Opportunity in Pharmaceutical Sciences

Therapeutic angiogenesis is sought as the ultimate intervention to solve chronic
ischemia and cardiovascular diseases in those conditions that cannot be treated alternatively.
Furthermore, advances in therapeutic angiogenesis have been realized through the use of
engineered biomaterials or by delivering angiogenic molecules as recombinant proteins [17].
Its converse, antiangiogenic treatments aimed at the blockage of the VEGF/VEGFRs axis,
are a promising strategy in oncology and ocular pathologies.
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Currently, there are two major antiangiogenic therapeutic approaches: neutralization
of VEGF/VEGFRs by monoclonal antibodies or engineered proteins that mimic VEGFRs
and blockage of VEGF receptor kinase activity with small molecule inhibitors (TKIs) [5]. The
first category includes U.S. Food and Drug Administration (FDA)-approved molecules such
as the humanized monoclonal antibody bevacizumab (Avastin) and the humanized Fab-
fragment ranibizumab (Lucentis) approved in 2004 and 2006, respectively, as anti-VEGF-A
agents. The former was initially approved as the first-line treatment of metastatic colorectal
cancer in combination with chemotherapy, but now its use includes several other aggressive
carcinomas such as metastatic breast cancer, non-small-cell lung cancer, glioblastoma, renal
cell carcinoma, ovarian cancer and cervical cancer [18]. Ranibizumab (Lucentis) is employed
for the treatment of neovascular age-related macular degeneration, as is the soluble decoy
receptor VEGF-Trap (Aflibercept) that shows high affinity for all VEGF-A isoforms and
was approved in 2011 [19]. Ramucirumab (Cryramza), a humanized monoclonal antibody
targeting the extracellular domain of the VEGFR-2, was approved in 2014 for patients
with advanced/metastatic gastric or gastroesophageal junction adenocarcinoma, and the
humanized rabbit anti-VEGF monoclonal antibody BD0801 is in the phase III clinical
developmental stage [20,21]. Sunitinib, sorafenib, apatinib, pazopanib and fruquintinib
are instead examples of multikinase inhibitors, approved by the FDA for the treatment
of several severe carcinomas [22,23]. However, although neutralizing antibodies such
as bevacizumab show a long bloodstream half-life and a high specificity for the target,
they suffer from limitations due to the high production costs and their drawbacks in the
clinic related to intravenous dosing and to immunogenicity after long-time treatments. On
the other hand, TKIs, especially the earlier generation, show poor kinase specificity that
translates into a less optimal duration of inhibition of any target. A valid alternative to
drugs such as those described above involves peptide-based biomolecules.

In the last few decades, pharmaceutical companies invested increasing resources in
the development of peptide-based therapeutics, glimpsing the extraordinary potential of
peptide molecules as a modern platform for drug development [24]. The availability of
consolidated approaches for peptide drug discovery, easy-to-practice and cheap chemical
methodologies for peptide synthesis and highly reproducible protocols for purifying pep-
tides at a pharmaceutical grade, strongly boosted the interest of the pharma industry in
approaching such a class of molecules as an attractive alternative to the conventional drugs,
i.e., small organic molecules and large proteins (mainly antibodies) [25–30]. Peptides are
fast succeeding as a second generation of pharmaceutics in biomedicine as they overcome
the limitations of both small organic molecules and antibodies and combine their favorable
properties. Compared to small organic molecules, which very often are responsible for
establishing off-target molecular interactions, peptides display a significantly higher selec-
tivity for their biological targets. Consequently, peptide drugs are usually safe and do not
cause the serious undesired side effects often observed with small organic molecule-based
pharmacological therapies. This issue is for instance faced with the use of VEGFR TKIs
that very often are multitarget drugs exerting an inhibitory effect not only on VEGFR1/2
but also on other TKRs, consequently causing severe collateral effects [25]. In addition,
compared to small organic molecules, peptides feature a more predictable metabolism,
usually decomposing in nontoxic catabolites and therefore exhibiting a favorable toxicolog-
ical profile [31]. In comparison to large protein therapeutics, peptide drugs share the high
selectivity of monoclonal antibodies but, conveniently, are 100 times smaller in size, a key
feature that results in a better distribution through the body, improved tissue penetration
and better renal clearance, thus overcoming the major pharmacokinetic limitations of anti-
bodies. In addition, peptides are usually poorly immunogenic or non-immunogenic [32].
The immunogenicity of anti-VEGF antibodies is a great concern, especially in long-term
therapies applied to the treatment of ocular diseases [33]. The smaller size of peptide
molecules is also convenient from a chemical point of view, as such a feature ensures ease
of manipulation and a high level of control over chemical functionalization. Due to their
small size, the formation of side products during chemical modification/functionalization
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of a peptide is limited, allowing high batch-to-batch reproducibility and homogeneity to
be obtained compared to large protein-based therapeutics. The possibility to selectively
modify peptide chemical structure is also a relevant advantage for the improvement of the
pharmacological properties of peptides, switching from peptides to peptidomimetics [31].
Indeed, although being extremely promising as biomedical tools of the future for both
diagnostic and therapeutic applications, peptide molecules have some drawbacks, espe-
cially related to their poor resistance to proteolytic degradation and poor cell membrane
permeability, resulting in short half-lives and poor oral bioavailability. A lot of research in
peptide chemistry has been devoted to the development of chemical strategies useful to
obtain peptidomimetics with improved pharmacological properties, enhancing peptide
resistance to proteases and cell membrane permeability [25,31]. For instance, shielding of a
peptide molecule by conjugation to polymers or lipids, the introduction of unnatural amino
acids (i.e., D-amino acids or C-α/N-α methylated amino acids), the installation in the
backbone of peptide-bond surrogates (i.e., semicarbazides, 1,4-disubstituted 1,2,3-triazole,
four-membered oxetane ring, thioamide or ester bonds), intramolecular cyclization and the
insertion of secondary structure constraints (helix stapling or β-hairpin strands covalent
bridging) are the traditional tools successfully exploited to enhance peptide stability and
efficacy and successfully applied also to VEGF/VEGFR-targeting peptides [34,35]. Most
recent advances in peptide drug therapy were devoted to improving protease stability and
oral bioavailability, which is the most desirable route of drug administration [36–38]. In
this context, co-delivery of permeation enhancers, inhibitors of gut enzymes, mucus- or cell-
penetrating peptides, and the use of nano- and microscale delivery platforms were recently
exploited as cutting-edge approaches to improve protease resistance and oral bioavail-
ability of peptides [37,39,40]. The availability of a wide portfolio of selective chemistries
allowing for the controlled modification of peptides has also paved the way for the ex-
ploitation of peptides as targeting systems in precision medicine applications, especially
in oncology [41,42]. Peptide binders of tumor antigens, notably peptide binders of the
VEGFRs which are overexpressed on cancer cells, could be exploited as homing units to
selectively carry a cytotoxic drug or an imaging probe (or even both) to the tumor site [32].
Peptide–drug conjugates are cheaper and are more easily prepared and site-specifically
modified/functionalized in comparison to antibody-based conjugates. Notably, the fine
ability to chemically manipulate peptides in a highly controlled way allows the preparation
of multi-modified peptides, suggesting the most innovative applications in dual-imaging
and theranostics [43]. Peptide–drug conjugates exploiting peptides targeting VEGFRs as
homing units have been described in the literature [44–46].

In the following paragraphs, the peptide design of molecules targeting VEGF or
VEGFRs is reported. The described molecules are summarized in Table 1, which also
reports the peptide name (or the number indicated in the original work), the amino acid
sequence, the target, the mimicking region, the affinity (binding constant or IC50, only if a
titration was performed against the target) and the reference to the original work.

Table 1. Structure-based designed peptides targeting VEGF/VEGFRs.

Peptide Sequence a Target Mimicking m Affinity Ref.

- NGIDFNRDKFLFL VEGF VEGFR-2 - [47]

α/β-VEGF-1
V(β3-Val)NK(β3-Phe)NKE(ACPC)CN
(APC)RAIE(Aib)ALDPNL NDQQFH

(Aib)KIW(APC)II(APC)DC b
VEGF Z-VEGF

(VEGF affibody) Ki = 0.11 µM [48]

- YY(Abu)AARAWSPYSSTVDAGDFRYWGQ-amide c VEGF Nd42 (anti-VEGF
nanobody) KA = 51 × 109 M [49]

Aib2 V(Aib)PNCDIHV(nL)WEWECFERL d VEGF V114* peptide KD = 4 nM [50]

Kv114* K(Aib)KKCDIHV(nL)WEWECFERL d VEGF V114* peptide KD = 540 nM [50]

QK Ac-KLTWQELYQLKYKGI-amide VEGFR1/R2 α1 VEGF-A KD = 64 µM [51]
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Table 1. Cont.

Peptide Sequence a Target Mimicking m Affinity Ref.

MA Ac-KLTWMELYQLAYKGI-amide VEGFR1/R2 α1 VEGF-A KD = 46 µM [52]

#29 Ac-SSEEFARNWAAIN-amide VEGFR1 α1 VEGF-A IC50 = 0.05 µM [53]

V2
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EP6 
Ac-E(C-7Ahp-QIMRIKPHQGQHIGET 

S)KFMDVYQLKYKGI-amide l VEGFR1/R2 α1/L3 VEGF-A KD = 139 μM [70] 

VEGFR1/R2 α1 VEGF-A KD = 0.63 µM [54]

VGB1 CSWIDVYTRATCQPRPL VEGFR1/R2 α1 VEGF-B - [55]

Vefin7 KAVSWVDVYTAAT-scaffold e VEGFR1 α1 VEGF-B KD = 0.167 µM [56]

#16 Ac-EV-cycle(NHCO)3,7[EKFM(O2) K]
VYQRSY-amide

VEGFR1 α1 Vammin IC50 = 36 µM [57]

#5 Ac-W(αMeAsp)N(αMeAsp)WR(Api)TW-amide f VEGFR1/R2 α1 VEGF-C - [58]

#6 Ac-(Api)WDN (αMeAsp)WR(Api)TW-amide f VEGFR1/R2 α1 VEGF-C - [58]

#14 CFQEYPDEIEYICK-amide VEGFR1 L1 VEGF-A IC50 = 50.4 µM [59]

#18 Ac-CTVELMGTVAKQLVPC-amide VEGFR1 L1 VEGF-B IC50 = 10.4 µM [59]

#19 CSEYPSEVEHMCS-amide VEGFR1 L1 PlGF IC50 = 56.0 µM [59]

#2 Ac-CNDEGLEC-amide VEGFR-1 L2 VEGF-A - [60]

Cyclo-VEGI Cycle(fPQIMRIKPHQGQHIGE) VEGFR1/R2 L3 VEGF-A IC50 = 0.7 µM [61]

#7 Ac-M-cycle(CH2NHCOCH2)2,10 [GIKPHQGQG]I-amide VEGFR1 L3 VEGF-A IC50 = 93.2 µM [62]

#8 Acetyl-M(aGly)GIKPHQQ(aGly)I-amide g VEGFR1 L3 VEGF-A IC50 = 42.3 µM [63]

VEGF-P3CYC Acetyl-ITMQCGIHQGQHPKIRMIC
EMSF-amide VEGFR2 L3 VEGF-A KD = 11 nM [64]

HPLW KQLLWIRSGDRPWYYTS VEGFR1/R2 L3 PlGF KD = 32 µM [65]

HPLC KQCLWIRSGDRPWYCTS VEGFR1/R2 L3 PlGF - [34]

HPLW2 Ac-KQLL(Bpg)IRSGDRP(OrnN3) YWTS-amide h VEGFR1/R2 L3 PlGF - [35]

PLGF2 QLLKIRSHDRPSYVE-amide VEGFR1 L3 PlGF KD = 86 µM [66]

C1C12W3W10 CRWNPRTQSWKC VEGFR2 L3 Vammin - [67]

#7 c[YYDEGLEE]-amide VEGFR1 L2/α1 VEGF-A IC50 = 39.9 µM [60]

#3 c[YKDEGLEE]-NHCH2CH2Ph(3,4-diOH) VEGFR1 L2/α1 VEGF-A IC50 = 196 µM [68]

VG3F KFMDVYQRSY(Ahx)elGedncs(Ahx)ECRPK-amide i VEGFR1 α1/L2/L3 VEGF-A IC50 = 52 µM [69]

EP6
Ac-E(C-7Ahp-QIMRIKPHQGQHIGET

S)KFMDVYQLKYKGI-amide l VEGFR1/R2 α1/L3 VEGF-A KD = 139 µM [70]

VGB CIKPHQGQHICNDE VEGFR1/R2 L2/L3 VEGF-A - [71]

VGB4 KQLVIKPHGQILMIRYPSSQLEM VEGFR1/R2 L1/L2 VEGF-B +
L3 VEGF-A - [72]

a Residues in bold form a disulfide bond. b ACPC = 2-aminocyclopentanecarboxylic acid; Aib = 2-aminoisobutyric
acid; APC = 4-aminopyrrolidine-3-carboxylic acid. c Abu = aminobutyric acid. d Aib = 2-aminoisobutyric acid;
nL = nor-leucine. e scaffold = four sequences on tetraLys scaffold. f Api = 4-aminopiperidine-4-carboxylic acid;
αMeAsp = α-methyl-aspartic acid. g aGly = allylGlycine. h Bpg = bishomopropargylglycine; OrnN3 = L-azido-
d-ornithine; Bpg and OrnN3 are linked through a 1,4 triazole ring. i Ahx = 6-aminohexanoic acid. l 7Ahp = 7-
aminoheptanoic acid. m α1 = α1helix; L1 = loop 1; L2 = loop 2; L3 = loop 3.

4. Peptides Targeting VEGF

Several peptides targeting VEGF have been reported [73], but the structure-based
design of VEGF peptide binders mimicking the VEGFR binding interface has been scarcely
described so far, probably reflecting a difficult surface to be addressed by rational design
methods. The VEGF-A binding epitopes of VEGFR-2 involve residues spreading over Ig-
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like domains 2 and 3 (Figure 2); they are mainly distributed around the region connecting
the two receptor domains.
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Figure 2. VEGF-A binding epitopes of VEGFR-2 (3V2A.pdb) [74]. VEGFR-2 domains 2 and 3 are
reported in green; VEGFR-2 residues interacting with VEGF-A are highlighted in blue.

Starting from the complex of VEGF/VEGFR-2, the receptor residues within 4 Angstrom
distance from the ligand were identified and reported in the linear sequence NGIDFNRD-
KFSGL. This sequence was submitted to the AntiCP webserver and then to the peptide
ranker server with the aim of deriving a bioactive anticancer peptide. A molecular docking
analysis was performed to find the more stable peptide–VEGF complex. The anti-VEGF
peptide NGIDFNRDKFLFL was the best performer. To improve the conformational stability
of the linear peptide, the selected sequence was grafted into the loop of disulfide-rich cyclic
peptides SFTI-1 and MCoTI-II [47]. However, no biological information on peptide activity
has been reported so far.

Other approaches were based on the design of peptides mimicking the surface of
the interaction of VEGF synthetic inhibitors. For example, Gellman’s group focused on
the molecular mimicry of Z-VEGF, a VEGF binder based on the Z-domain or affibody
scaffold. In particular, they focused on the use of β-amino acids to be inserted in non-
binding position, to improve proteolytic stability of the molecule. Z-VEGF interacts with
VEGF with residues disposed on helices 1 and 2, so a helix–loop–helix α/β peptide was
designed keeping the interacting residues and inserting a disulfide bond, a combination of
aminoisobutyric residues, β3-residues and cyclic β-residues to improve the stability of the
structural motif. A 39-mer peptide was obtained with a high binding affinity (0.11 µM) and
was able to reduce VEGF-stimulated EC proliferation [48,75]. Other VEGF inhibitors such as
a VEGF-binder nanobody [49] and the phage-derived peptide v114 [50] have been exploited
for molecular mimicry. In this last case, the use of Cα-tetrasubstituted α-amino acids was
explored to derive a peptide with lower flexibility but improved proteolytic stability.

5. Peptides Targeting VEGF Receptors

At first, the design of peptides targeting VEGF receptors was based on the X-ray
structure of the complex between VEGF-A and domain 2 of VEGFR-1 (VEGFR1D2) [76].
The natural ligand interacts with the receptor with a discontinuous binding interface mainly
involving four regions spread over the two monomers: the N-terminal α1 helix (residues:
17–25) and the loop involving residues 61–68 (loop 2) in one monomer, and strands β5
and β6 with the connecting loop (residues: 79–93; loop 3) and a short β-strand involving
residues 43 to 48 (loop 1) of the other monomer (Figure 3).

Successively, the X-ray structure of VEGF-A complexed to VEGFR-2 domains 2 and 3
(VEGFR2D23) was reported [74], expanding our knowledge on the molecular recognition
between ligand and receptor and opening the way to novel design opportunities. In
particular, the presence of domain 3 highlighted the role of VEGF binding residues that
were undisclosed based on the complex involving VEGF and VEGFR1D2, such as that of
the loop 1 epitope (Figure 4).
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Figure 4. VEGFR-2 binding region of VEGF-A (3V2A.pdb) [74]. VEGF-A is represented in blue;
VEGFR-2D23 is reported in green. The VEGF-A regions involved in receptor recognition are high-
lighted in red and are the N-terminal α1 helix (indicated as H), loop 1 (L1), loop 2 (L2) and loop 3
(L3). D2 and D3 denote domains 2 and 3 of VEGFR-2, respectively.

5.1. Peptide Mimetics of α1 N-Terminal Helix Region

We reported the structure-based design of peptides reproducing the VEGF-A N-
terminal helix (Figure 5). The design strategy consisted in keeping the binding residues
in the same spatial arrangements as in the natural complex, stabilizing the peptide helical
conformation. The analysis of the VEGF-A/VEGFR1D2 complex revealed that N-terminal
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α1 residues Phe17, Met18, Tyr21, Gln22 and Tyr25 (VEGF numbering) are close to the
receptor (<4.5 Å). These residues were selected as the binding residues. The peptide
helical structure was stabilized by introducing N- and C-capping sequences, acetyl and
amide groups at the N- and C-termini, respectively, and amino acids with high helical
propensity at the non-binding positions. Then, we decided to replace Phe17 with Trp
to increase the hydrophobic interactions with the receptor. A set of different peptides
were synthesized, and peptides QK (Acetyl-KLTWQELYQLKYKGI-amide) [51] and MA
(Acetyl-KLTWMELYQLAYKGI-amide) [52] were characterized in depth. Peptide QK is a
proangiogenic molecule, and its biological and structural properties have been described in
detail [77–83]. It is worth noting that an amino acid sequence with high homology with
peptide QK but derived from a protein unrelated to VEGF presents a biological behavior
similar to that of QK and is able to bind to VEGF receptors [84]. Peptide MA, instead,
presents an antiangiogenic profile, being able to inhibit VEGFR-2 activity. It assumes a
well-defined helical conformation in water, as assessed by circular dichroism (CD) and
NMR characterization. It binds to VEGF receptors with an estimated binding affinity of
about 46 µM, and an experimental model of the interaction with the receptor was derived
by NMR analysis of the complex [85]. The peptide inhibits receptor signaling in ECs,
proliferation and tumor growth in an experimental model of melanoma.
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Figure 5. Detail of the interaction between VEGF α1 N-terminal helix region (orange) and VEGFR1D2
(gray). The VEGF-A-interacting residues are indicated (1FLT.pdb) [76].

The observation that the three aromatic residues grafted on a stable helical scaffold
could serve as a mimic of the α1 helical recognition motif suggested the development
of a focused helical peptide library which provided 13-mer peptides able to antagonize
the VEGF–VEGFR-1 interaction with an IC50 in the range 14–50 µM [53]. This study
highlighted that the three aromatic residues could also be displayed on the helical scaffold
in the arrangement (i, i + 4, i + 7) instead of (i, i + 4, i + 8), and that Trp to Tyr substitution
improves the binding to the receptor.
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A very interesting approach was pursued by Cai’s group using sulfono-γ-AA peptides.
This class of peptidomimetics is based on a sulfono γ-substituted-N-acylated-N-aminoethyl
amino acid unit and adopts a left-handed helix [86] which, opportunely decorated, has
been demonstrated to inhibit several protein–protein interactions mediated by the α-helix
motif [87]. In the case of the α1 helix of VEGF-A, the three aromatic residues (Trp/Phe, Tyr
and Tyr) were inserted in the scaffold opportunely spaced out [54]. Three foldamers were
designed, and two of them (designed as V2 and V3) were able to bind to VEGFR-1 and
VEGFR-2, respectively, with high affinity (0.46 and 0.63 µM). Very interestingly, the two
peptidomimetics showed opposite biological activity, V2 being a proangiogenic molecule
and V3 being antiangiogenic, similarly to what has been observed with peptides QK and
MA. Considering that these molecules are very resistant to proteolytic degradation, they
appear to be good candidates for therapeutic application in vivo.

Peptides reproducing the α1 helix of VEGF-B were also reported. The native sequence
(residues from 16 to 25) was used without amino acid modification but with two VEGF-B
segments (residues 26–29 and 34–35) appended at the C-terminus, which should contain
residues able to improve receptor binding affinity [55]. This 16-mer peptide (VGB1) presents
a Cys just at the end of the helical segment which was linked through a disulfide bond to a
Cys that was appositively added at the N-terminus. Circular dichroism analysis showed
that the peptide is mainly disordered in water but the helical content increases in the
presence of 30% TFE. A molecular modeling study of the complex between VGB1 and
VEGFR-1 and VEGFR-2 was also reported [88]. Biological characterization in vitro and
in vivo showed that the peptide VGB1 has antiangiogenic properties which are linked to its
ability to bind to VEGFR-1 and VEGFR-2. This latter result should not be surprising, even
considering that the natural ligand VEGF-B can only bind to VEGFR-1, as the N-terminal
helix is an interaction region common to all ligands and receptor specificity is dictated from
other ligand recognition sites.

Another example is represented by the peptide Vefin7, which was derived from VEGF-
B sequence 17–25 by adding a lysine at the N-terminus and introducing V15A, I18V and
R23A substitutions; then, a tetrameric form was prepared using a core of tetralysine. Vefin7
showed VEGF-B-mimetic properties. In fact, it binds with high affinity (KD = 167 nM)
to VEGFR-1 but not VEGFR-2; it is neurotrophic and neuroprotective and inhibits the
proliferation of MCF-7 cells in vitro [56].

Peptides reproducing the α-helix fragments 13–25 of VEGF and 1–13 of Vammin
were designed with the support of the AGADIR algorithm [57]. The interacting VEGF
residues Phe17, Tyr21 and Tyr25 and the corresponding Vammin residues (Phe5, His9
and Ala13) were maintained, whereas the other amino acids were modified to induce the
helical conformation. Cyclopeptide analogs were also designed by inserting a side-chain to
side-chain lactam bridge introducing Glu and Lys residues in position i, i + 4 to stabilize the
helical conformation. Peptide structures were mainly disordered in an aqueous solution
and helical in 30% TFE, as determined by CD and NMR studies. Binding studies showed
the ability of cyclic peptides to inhibit VEGF–VEGFR-1 interaction with an IC50 in the
micromolar range.

The N-terminal helix of VEGF-C was also targeted to develop VEGFR inhibitors.
Zanella and coworkers focused on this specific ligand as they noted that a specific elec-
trostatic interaction between Asp123 (VEGF-C) and Arg164 (VEGFR-2) was present and
that the natural sequence presented three residue pairs that could establish stabilizing
interaction within the helix, suggesting the intrinsic stability of the natural sequence [58].
This sequence was modified according to a computational study mainly evaluating the
binding free energy and then introducing α,α-dialkylated non-proteogenic amino acids
(such as Aib) at the non-interacting position. Six derivatives were designed and tested for
receptor binding and neo-vessel formation. Peptides Ac-Trp-(αMe)Asp-Asn-(αMe)Asp-
Trp-Arg-Api-Thr-Trp-amide (Api = 4-aminopiperidine-4-carboxylic acid) and Ac-Api-Trp-
Asp-Asn-(αMe)Asp-Trp-Arg-Api-Thr-Trp-amide were the most active.
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5.2. Peptide Mimetics of Loop 1 Region

The importance of the VEGF-A region encompassing residues 40 to 47 (loop 1)
(Figure 6), which is mainly implicated in binding to domain 3 of the receptor, was pursued
by Wang and coworkers in developing peptide inhibitors [59]. The linear native sequences
of VEGF-A, VEGF-B and PlGF were constrained by introducing two cysteine residues at
the peptide termini, showing elevated inhibition of the interaction between VEGF-A and
VEGFR-1 with an IC50 ranging from 10 to 56 µM. The antiangiogenic effect of these pep-
tides in comparison with the antibody bevacizumab was also tested in a functional assay
using ECs (tube formation on matrigel). The peptide derived from the VEGF-B sequence
performed as well as the antibody (50 µM vs. 6.5 µM), and its antiangiogenic activity was
also determined in vitro and in vivo in an experimental model of human gastric cancer [89].
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5.3. Peptide Mimetics of Loop 2 Region

The sequence 61–68 of VEGF-A (CNDEGLEC) adopts a loop structure (Figure 7) and is
located close to the α1 helix. Structural and mutagenesis studies indicated that the residues
Asp63, Glu64 and Glu67 are important for VEGF-A receptor recognition. In particular,
Asp63 is involved in an electrostatic interaction with Arg224 of the VEGFR-1.

This region attracted the interest of Goncalves and coworkers [60], who tested linear
and cyclic sequences. In particular, the cyclopeptide Ac-c[CNDEGLEC]-NH2 was found to
be a weak binder for VEGFR-1, inducing the authors to optimize it by combining it with
residues derived from the helix α1 (see infra).
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5.4. Peptide Mimetics of Loop 3 Region

Another VEGF-A region important for VEGFR recognition involves residues 79 to 93.
In the natural ligand, this sequence assumes a hairpin structure involving strands β5 and
β6 linked by a loop. The VEGF-interacting residues (Met81, Ile83, Lys84, Pro85, Gln89, and
Gly92) have been identified (Figure 8).
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Initially, a 17-mer cyclopeptide was designed based on the VEGF sequence 79–93
(cyclo-VEGI). In particular, the VEGF sequence 79–93 was head-to-tail cyclized, introducing
the turn-inducing dipeptide D-Phe-Pro [61]. NMR characterization showed that the peptide
is unordered in water but assumes a helical conformation in the presence of 30% TFE.
However, cycloVEGI showed very interesting biological properties, being able to inhibit
VEGF-dependent angiogenesis and glioma growth in vivo. A successive study showed that
cyclo-VEGI inhibits bronchial artery remodeling in a mouse model of chronic asthma [90].

The approach of Garcia-Aranda and coworkers consisted in inducing hairpin stabiliza-
tion in the natural VEGF sequence introducing an interstrand bridge at the peptide termini.
Cyclopeptides were designed by replacing Arg82 and His90 with two cysteines, the pair
Asp/Dap or two allylGly residues. Cyclopeptides presenting a disulfide or amide bond
were obtained in the first two cases [62], whereas a hydrocarbon linker was obtained in
the last case [63]. A conformational analysis was performed and showed that the peptides
are flexible but have a tendency to adopt a β-turn structure. The cyclopeptides bind to
VEGFR-1 with the amide-bridged analogs performing better than the heterodetic peptide.

Vicari and coworkers, in order to reproduce the conformation of the natural VEGF
sequence, partially reversed the direction of the peptide backbone by inserting the sequence
Ile80-Gly92 in the retro modality between the two terminal regions (Ile76-Glu79 and Glu93-
Phe96, N- and C-terminus, respectively) so that Gly92, in the N-to-C backbone direction,
follows Glu79 and Ile76 precedes Glu93 [64]. Two cysteines were inserted after Glu79 (and
before Gly92) and before Glu93 (after Ile80) in order to constrain the peptide to the natural
β-hairpin twist. A structural characterization was not performed, whereas the biological
analysis revealed that the heterodetic cyclic peptide (VEGF-P3CYC) inhibits VEGFR-2
activity and blocks tumor growth in vivo. The peptide VEGFP3CYC and its retro-inverse
analog showed antitumor and antiangiogenic effects in vitro and in vivo when used in
combination with a peptide targeting the HER-2 receptor [91].

We addressed the design of peptides reproducing this region using the same approach
applied to helical peptides QK/MA. In this case, we focused on the corresponding region
of the VEGF homolog PlGF (residues: 87–100). The interacting residues were identified
(Gln87, Leu89, Ile91, Pro97, Tyr99) and displayed on a β-hairpin peptide. The β-hairpin
structure was stabilized by introducing an interstrand aromatic cluster (peptide HPLW:
KQLLWIRSGDRPWYYTS) [65] or a disulfide bridge (peptide HPLC: KQCLWIRSGDR-
PWYCTS) [34]. In both cases, the natural loop sequence was inserted between the two
strands to reproduce its natural conformation. The NMR structure of peptide HPLW free in
solution and complexed to VEGFR1D2 was determined, revealing the correspondence with
the design hypothesis [92,93]. In order to improve its metabolic stability, an analog present-
ing an interstrand triazole bridge, a tool that also improves β-hairpin stabilization [94–96],
was prepared [35]. Functional characterization of peptide HPLC in ECs showed that it
presents antiangiogenic activity, being able to inhibit VEGF intracellular pathways, VEGF
prosurvival activity and cell proliferation [34]. Successively, several peptides reproducing
the PlGF region 87–100 and presenting a mutation in position 94 (replacing a Gly with
charged residues) were tested for their ability to bind VEGFR-1 [66]. The substitution of
Gly94 with His improved receptor binding affinity by approximately 1 order of magnitude.

Mirassou and coworkers focused on Vammin, a VEGF isolated from snake venom,
which selectively binds to VEGFR-2. The VEGF β-hairpin fragment corresponds to residues
69–80 in Vammin. The loop connecting the antiparallel β-strands presents one-residue
insertion (Thr) with respect to VEGF, so this segment was classified as an antiparallel 4:6
β-hairpin showing a non-Gly β-bulge and overlapping β turns of types IV and I at the loop
region [67]. The peptide design aims to reproduce the structure of the Vammin β-hairpin
structure by incorporating stabilizing elements at non-binding positions. Charged residues
Arg70 and Arg74 and the complete loop region (residues 72–77) were conserved, whereas as
stabilizing elements, cross-strand disulfide bonds and Trp–Trp pairs were used at the non-
hydrogen-bonded sites. Combining the stabilizing elements, four analogs were designed.
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The NMR characterization showed that the peptides assume a β-hairpin structure and the
incorporation of both stabilizing elements induces higher β-hairpin populations.

6. Peptide Mimetics of Discontinuous Binding Surface

More sophisticated molecules have been designed with the aim of mimicking two or
more binding regions of the discontinuous VEGF receptor interface on VEGF.

The loop 61–68 and the N-terminal α1 helix, in particular the aromatic residues Tyr21
and Tyr25, are in proximity. Goncalves and coworkers designed a series of cyclopeptides
to mimic this specific region [60]. The cyclic scaffold mimics the loop 61–68 and keeps the
important interacting residues Asp63/Glu64/Glu67. Furthermore, two aromatic residues
were inserted in the non-interacting positions of the loop to mimic Tyr21/Tyr25 residues.
The optimized cyclic peptide (c[YYDEGLEE]-NH2) displaces VEGF from the binding to
VEGFR-1 with an IC50 of 40 µM, inhibiting intracellular receptor signaling and EC migration
and capillary tube formation on matrigel. A structure–function relationship study was
performed to identify residues important for activity, including NMR characterization of
the complex peptide:VEGFR1D2 [97].

A peptide analog c[YKDEGLEE]-NHCH2CH2Ph(3,4-diOH) presenting an aromatic
group at the C-terminus was recently characterized and showed an improved inhibitory
activity compared to the parent peptide. The interaction mode with VEGFR1D2 was
determined by NMR, and a dissociation constant was also estimated (KD = 621 µM) [68].
The low affinity could be explained by considering that part of the binding residues should
interact with VEGFR1D3 based on the structure of the complex between VEGF and the full
extracellular domain of VEGFR-1 [98]. However, in a displacement test, an IC50 of 196 µM
was determined [68].

A 25-mer bicyclic peptide was designed for the simultaneous reproduction of three
VEGF regions: helix 16–26, loop 61–68 and the β-strand 102–107 [69]. The sequences of
the three regions were connected by 6-aminohexanoic linkers. This choice implies that the
loop sequence runs in a C-to-N direction, and for this reason, D-amino acids were used.
Finally, the peptide was constrained by introducing one disulfide and Glu-Lys side-chain
to side-chain bonds. The peptide interacts with VEGFR-1 with a measured IC50 of 52 µM
(displacement test) and inhibits ERK1/2 activation and EC migration in vitro.

Peptides reproducing the discontinuous binding site of VEGF involving the α1 helix
and the β-hairpin region 79–93 were also described. These two regions belong to different
monomers in the natural ligand, but their N-termini are in close proximity (Val15 and
Met78). The two native binding regions were covalently linked by spacers of diverse lengths.
The biological characterization showed that these peptides showed a proangiogenic profile,
and the most active compound, EP6, was characterized by NMR [70].

A peptide able to block VEGFR-1 and VEGFR-2 was designed in consideration of
the VEGF binding interfaces involved in the molecular recognition of both receptors.
In particular, loop 3 (residues 83–91) and residues 61 to 64 of loop 2 were considered
important [71]. The peptide sequence is composed of the loop 3 residues flanked by
two cysteines to induce loop stabilization through a disulfide bond constraint with the
loop 2 residues appended to the C-terminus. The resulting heterodetic peptide (VGB:
sequence CIKPHQGQHICNDE) was able to bind receptors expressed on both EC and
carcinoma cell surfaces. In vitro and in vivo characterization showed that the peptide has
an antiangiogenic biological activity with potential application as an anticancer agent. In
fact, the peptide VGB strongly inhibited tumor growth in a murine model of carcinoma.
Another peptide targeting both VEGFR-1 and VEGFR-2 was chemically designed by linking
residues from loop 1 and loop 3 of VEGF-B, which are close in the space, with residues
from the region 83–88 of VEGF-A. The hypothesis behind this design was that the fragment
based on VEGF-B should allow for VEGFR-1 recognition, whereas the VEGF-A-derived
fragment should allow for VEGFR-2 recognition. A 23-mer linear peptide consisting of the
VEGF-A turn sequence flanked by the two VEGF-B segments at N- and C-terminal sides
(loop and β-hairpin, respectively) was derived [72]. Receptor binding was demonstrated
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by flow cytometry using ECs and tumor cells. The antagonist activity was demonstrated
by analyzing the inhibition of the receptor signaling in ECs and tumor growth in a murine
model of carcinoma.

7. Conclusions

The VEGF/VEGFR molecular system has attracted great interest in drug discov-
ery over the last few decades, and several molecules able to interact with either partner
have been described, mainly antibodies, small organic molecules and, more recently, pep-
tides. Here, we report a comprehensive overview of the peptide molecules targeting
VEGF/VEGFRs developed so far by structure-based design approaches and the strategies
pursued to develop them. The design and characterization of peptides mimicking the
binding interface of the VEGF/VEGFR molecular complex allowed the accomplishment
of structural and biological studies that deepened our understanding of the key elements
responsible for the VEGF/VEGFR molecular recognition. Noteworthily, we expect that
the design of even more sophisticated peptides targeting VEGF/VEGFRs will produce
valuable drug candidates expected to enter clinical trials in the near future, providing novel
options for biomedical applications both in the therapeutic and the diagnostic field.

Author Contributions: All authors contributed to the writing and revision of the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ferrara, N.; Gerber, H.P.; LeCouter, J. The biology of VEGF and its receptors. Nat. Med. 2003, 9, 669–676. [CrossRef] [PubMed]
2. Ricard, N.; Bailly, S.; Guignabert, C.; Simons, M. The quiescent endothelium: Signalling pathways regulating organ-specific

endothelial normalcy. Nat. Rev. Cardiol. 2021, 18, 565–580. [CrossRef]
3. Muller, Y.A.; Li, B.; Christinger, H.W.; Wells, J.A.; Cunningham, B.C.; DeVos, A.M. Vascular endothelial growth factor: Crystal

structure and functional mapping of the kinase domain receptor binding site. Proc. Natl. Acad. Sci. USA 1997, 94, 7192–7197.
[CrossRef] [PubMed]

4. Park, S.A.; Jeong, M.S.; Ha, K.T.; Jang, S.B. Structure and function of vascular endothelial growth factor and its receptor system.
BMB Rep. 2018, 51, 73–78. [CrossRef]

5. Apte, R.S.; Chen, D.S.; Ferrara, N. VEGF in Signaling and Disease: Beyond Discovery and Development. Cell 2019, 176, 1248–1264.
[CrossRef] [PubMed]

6. Shibuya, M. Vascular Endothelial Growth Factor (VEGF) and Its Receptor (VEGFR) Signaling in Angiogenesis: A Crucial Target
for Anti- and Pro-Angiogenic Therapies. Genes Cancer 2011, 2, 1097–1105. [CrossRef]

7. Shaik, F.; Cuthbert, G.A.; Homer-Vanniasinkam, S.; Muench, S.P.; Ponnambalam, S.; Harrison, M.A. Structural Basis for Vascular
Endothelial Growth Factor Receptor Activation and Implications for Disease Therapy. Biomolecules 2020, 10, 1673. [CrossRef]

8. Claesson-Welsh, L. VEGF receptor signal transduction—A brief update. Vasc. Pharmacol. 2016, 86, 14–17. [CrossRef]
9. Davydova, N.; Harris, N.C.; Roufail, S.; Paquet-Fifield, S.; Ishaq, M.; Streltsov, V.A.; Williams, S.P.; Karnezis, T.; Stacker, S.A.;

Achen, M.G. Differential Receptor Binding and Regulatory Mechanisms for the Lymphangiogenic Growth Factors Vascular
Endothelial Growth Factor (VEGF)-C and -D. J. Biol. Chem. 2016, 291, 27265–27278. [CrossRef]

10. Mabeta, P.; Steenkamp, V. The VEGF/VEGFR Axis Revisited: Implications for Cancer Therapy. Int. J. Mol. Sci. 2022, 23, 15585.
[CrossRef]

11. Cantuti-Castelvetri, L.; Ojha, R.; Pedro, L.D.; Djannatian, M.; Franz, J.; Kuivanen, S.; van der Meer, F.; Kallio, K.; Kaya, T.;
Anastasina, M.; et al. Neuropilin-1 facilitates SARS-CoV-2 cell entry and infectivity. Science 2020, 370, 856–860. [CrossRef]
[PubMed]

12. Daly, J.L.; Simonetti, B.; Klein, K.; Chen, K.E.; Williamson, M.K.; Anton-Plagaro, C.; Shoemark, D.K.; Simon-Gracia, L.; Bauer, M.;
Hollandi, R.; et al. Neuropilin-1 is a host factor for SARS-CoV-2 infection. Science 2020, 370, 861–865. [CrossRef]

13. Grunewald, M.; Kumar, S.; Sharife, H.; Volinsky, E.; Gileles-Hillel, A.; Licht, T.; Permyakova, A.; Hinden, L.; Azar, S.; Friedmann,
Y.; et al. Counteracting age-related VEGF signaling insufficiency promotes healthy aging and extends life span. Science 2021, 373,
eabc8479. [CrossRef]

https://doi.org/10.1038/nm0603-669
https://www.ncbi.nlm.nih.gov/pubmed/12778165
https://doi.org/10.1038/s41569-021-00517-4
https://doi.org/10.1073/pnas.94.14.7192
https://www.ncbi.nlm.nih.gov/pubmed/9207067
https://doi.org/10.5483/BMBRep.2018.51.2.233
https://doi.org/10.1016/j.cell.2019.01.021
https://www.ncbi.nlm.nih.gov/pubmed/30849371
https://doi.org/10.1177/1947601911423031
https://doi.org/10.3390/biom10121673
https://doi.org/10.1016/j.vph.2016.05.011
https://doi.org/10.1074/jbc.M116.736801
https://doi.org/10.3390/ijms232415585
https://doi.org/10.1126/science.abd2985
https://www.ncbi.nlm.nih.gov/pubmed/33082293
https://doi.org/10.1126/science.abd3072
https://doi.org/10.1126/science.abc8479


Pharmaceuticals 2023, 16, 851 16 of 19

14. Calvo, P.M.; Hernandez, R.G.; de la Cruz, R.R.; Pastor, A.M. VEGF is an essential retrograde trophic factor for motoneurons. Proc.
Natl. Acad. Sci. USA 2022, 119, e2202912119. [CrossRef] [PubMed]

15. Arjunan, P.; Lin, X.C.; Tang, Z.S.; Du, Y.X.; Kumar, A.; Liu, L.X.; Yin, X.K.; Huang, L.J.; Chen, W.; Chen, Q.S.; et al. VEGF-B is a
potent antioxidant. Proc. Natl. Acad. Sci. USA 2018, 115, 10351–10356. [CrossRef]

16. Di Stasi, R.; De Rosa, L.; Romanelli, A.; D’Andrea, L.D. Peptides Interacting with Growth Factor Receptors Regulating Angiogen-
esis. In Frontier in Medicinal Chemistry; Atta-ur-Rahman, M., Choudhary, I., Reitz, A.B., Eds.; Bentham Science Publishers: Sharjah,
Arab Emirates, 2016; Volume 9, pp. 103–160. [CrossRef]

17. Browne, S.; Pandit, A. Engineered systems for therapeutic angiogenesis. Curr. Opin. Pharmacol. 2017, 36, 34–43. [CrossRef]
18. Garcia, J.; Hurwitz, H.I.; Sandler, A.B.; Miles, D.; Coleman, R.L.; Deurloo, R.; Chinot, O.L. Bevacizumab (Avastin (R)) in cancer

treatment: A review of 15 years of clinical experience and future outlook. Cancer Treat. Rev. 2020, 86, 102017. [CrossRef] [PubMed]
19. Holash, J.; Davis, S.; Papadopoulos, N.; Croll, S.D.; Ho, L.; Russell, M.; Boland, P.; Leidich, R.; Hylton, D.; Burova, E.; et al.

VEGF-Trap: A VEGF blocker with potent antitumor effects. Proc. Natl. Acad. Sci. USA 2002, 99, 11393–11398. [CrossRef]
20. Kong, D.H.; Kim, M.R.; Jang, J.H.; Na, H.J.; Lee, S. A Review of Anti-Angiogenic Targets for Monoclonal Antibody Cancer

Therapy. Int. J. Mol. Sci. 2017, 18, 1786. [CrossRef]
21. Xue, L.; Gao, X.; Zhang, H.; Tang, J.; Wang, Q.; Li, F.; Li, X.; Yu, X.; Lu, Z.; Huang, Y.; et al. Antiangiogenic antibody BD0801

combined with immune checkpoint inhibitors achieves synergistic antitumor activity and affects the tumor microenvironment.
BMC Cancer 2021, 21, 1134. [CrossRef]

22. Musumeci, F.; Radi, M.; Brullo, C.; Schenone, S. Vascular endothelial growth factor (VEGF) receptors: Drugs and new inhibitors. J.
Med. Chem. 2012, 55, 10797–10822. [CrossRef] [PubMed]

23. Sun, Q.; Zhou, J.; Zhang, Z.; Guo, M.; Liang, J.; Zhou, F.; Long, J.; Zhang, W.; Yin, F.; Cai, H.; et al. Discovery of fruquintinib, a
potent and highly selective small molecule inhibitor of VEGFR 1, 2, 3 tyrosine kinases for cancer therapy. Cancer Biol. Ther. 2014,
15, 1635–1645. [CrossRef]

24. Henninot, A.; Collins, J.C.; Nuss, J.M. The Current State of Peptide Drug Discovery: Back to the Future? J. Med. Chem. 2018, 61,
1382–1414. [CrossRef]

25. Wang, L.; Wang, N.; Zhang, W.; Cheng, X.; Yan, Z.; Shao, G.; Wang, X.; Wang, R.; Fu, C. Therapeutic peptides: Current applications
and future directions. Signal. Transduct. Target. Ther. 2022, 7, 48. [CrossRef]

26. Muttenthaler, M.; King, G.F.; Adams, D.J.; Alewood, P.F. Trends in peptide drug discovery. Nat. Rev. Drug Discov. 2021, 20,
309–325. [CrossRef]

27. Cabri, W.; Cantelmi, P.; Corbisiero, D.; Fantoni, T.; Ferrazzano, L.; Martelli, G.; Mattellone, A.; Tolomelli, A. Therapeutic Peptides
Targeting PPI in Clinical Development: Overview, Mechanism of Action and Perspectives. Front. Mol. Biosci. 2021, 8, 697586.
[CrossRef]

28. Belvisi, L.; D’Andrea, L.D.; Jimenez, M.A. Editorial: Peptides Targeting Protein-Protein Interactions: Methods and Applications.
Front. Mol. Biosci. 2021, 8, 780106. [CrossRef]

29. Lee, A.C.; Harris, J.L.; Khanna, K.K.; Hong, J.H. A Comprehensive Review on Current Advances in Peptide Drug Development
and Design. Int. J. Mol. Sci. 2019, 20, 2383. [CrossRef]

30. Basith, S.; Manavalan, B.; Hwan Shin, T.; Lee, G. Machine intelligence in peptide therapeutics: A next-generation tool for rapid
disease screening. Med. Res. Rev. 2020, 40, 1276–1314. [CrossRef] [PubMed]

31. Erak, M.; Bellmann-Sickert, K.; Els-Heindl, S.; Beck-Sickinger, A.G. Peptide chemistry toolbox-Transforming natural peptides into
peptide therapeutics. Bioorgan. Med. Chem. 2018, 26, 2759–2765. [CrossRef] [PubMed]

32. Hoppenz, P.; Els-Heindl, S.; Beck-Sickinger, A.G. Peptide-Drug Conjugates and Their Targets in Advanced Cancer Therapies.
Front. Chem. 2020, 8, 571. [CrossRef]

33. Sharma, A.; Kumar, N.; Kuppermann, B.D.; Francesco, B.; Loewenstein, A. Biotherapeutics and immunogenicity: Ophthalmic
perspective. Eye 2019, 33, 1359–1361. [CrossRef] [PubMed]

34. De Rosa, L.; Diana, D.; Basile, A.; Russomanno, A.; Isernia, C.; Turco, M.C.; Fattorusso, R.; D’Andrea, L.D. Design, structural and
biological characterization of a VEGF inhibitor beta-hairpin-constrained peptide. Eur. J. Med. Chem. 2014, 73, 210–216. [CrossRef]

35. De Rosa, L.; Capasso, D.; Diana, D.; Stefania, R.; Di Stasi, R.; Fattorusso, R.; D’Andrea, L.D. Metabolic and conformational
stabilization of a VEGF-mimetic beta-hairpin peptide by click-chemistry. Eur. J. Med. Chem. 2021, 222, 113575. [CrossRef]
[PubMed]

36. Dubey, S.K.; Parab, S.; Dabholkar, N.; Agrawal, M.; Singhvi, G.; Alexander, A.; Bapat, R.A.; Kesharwani, P. Oral peptide delivery:
Challenges and the way ahead. Drug Discov. Today 2021, 26, 931–950. [CrossRef] [PubMed]

37. Drucker, D.J. Advances in oral peptide therapeutics. Nat. Rev. Drug Discov. 2020, 19, 277–289. [CrossRef]
38. Zizzari, A.T.; Pliatsika, D.; Gall, F.M.; Fischer, T.; Riedl, R. New perspectives in oral peptide delivery. Drug Discov. Today 2021, 26,

1097–1105. [CrossRef]
39. Anselmo, A.C.; Gokarn, Y.; Mitragotri, S. Non-invasive delivery strategies for biologics. Nat. Rev. Drug Discov. 2019, 18, 19–40.

[CrossRef]
40. Tong, T.; Wang, L.Y.; You, X.R.; Wu, J. Nano and microscale delivery platforms for enhanced oral peptide/protein bioavailability.

Biomater. Sci. 2020, 8, 5804–5823. [CrossRef]
41. Cooper, B.M.; Iegre, J.; O’ Donovan, D.H.; Halvarsson, M.O.; Spring, D.R. Peptides as a platform for targeted therapeutics for

cancer: Peptide-drug conjugates (PDCs). Chem. Soc. Rev. 2021, 50, 1480–1494. [CrossRef]

https://doi.org/10.1073/pnas.2202912119
https://www.ncbi.nlm.nih.gov/pubmed/35727967
https://doi.org/10.1073/pnas.1801379115
https://doi.org/10.2174/9781681082493116090006
https://doi.org/10.1016/j.coph.2017.07.002
https://doi.org/10.1016/j.ctrv.2020.102017
https://www.ncbi.nlm.nih.gov/pubmed/32335505
https://doi.org/10.1073/pnas.172398299
https://doi.org/10.3390/ijms18081786
https://doi.org/10.1186/s12885-021-08859-5
https://doi.org/10.1021/jm301085w
https://www.ncbi.nlm.nih.gov/pubmed/23098265
https://doi.org/10.4161/15384047.2014.964087
https://doi.org/10.1021/acs.jmedchem.7b00318
https://doi.org/10.1038/s41392-022-00904-4
https://doi.org/10.1038/s41573-020-00135-8
https://doi.org/10.3389/fmolb.2021.697586
https://doi.org/10.3389/fmolb.2021.780106
https://doi.org/10.3390/ijms20102383
https://doi.org/10.1002/med.21658
https://www.ncbi.nlm.nih.gov/pubmed/31922268
https://doi.org/10.1016/j.bmc.2018.01.012
https://www.ncbi.nlm.nih.gov/pubmed/29395804
https://doi.org/10.3389/fchem.2020.00571
https://doi.org/10.1038/s41433-019-0434-y
https://www.ncbi.nlm.nih.gov/pubmed/30967643
https://doi.org/10.1016/j.ejmech.2013.12.016
https://doi.org/10.1016/j.ejmech.2021.113575
https://www.ncbi.nlm.nih.gov/pubmed/34130005
https://doi.org/10.1016/j.drudis.2021.01.001
https://www.ncbi.nlm.nih.gov/pubmed/33444788
https://doi.org/10.1038/s41573-019-0053-0
https://doi.org/10.1016/j.drudis.2021.01.020
https://doi.org/10.1038/nrd.2018.183
https://doi.org/10.1039/D0BM01151G
https://doi.org/10.1039/D0CS00556H


Pharmaceuticals 2023, 16, 851 17 of 19

42. Li, C.M.; Haratipour, P.; Lingeman, R.G.; Perry, J.J.P.; Gu, L.; Hickey, R.J.; Malkas, L.H. Novel Peptide Therapeutic Approaches for
Cancer Treatment. Cells 2021, 10, 2908. [CrossRef] [PubMed]

43. Hawala, I.; De Rosa, L.; Aime, S.; D’Andrea, L.D. An innovative approach for the synthesis of dual modality peptide imaging
probes based on the native chemical ligation approach. Chem. Commun. 2020, 56, 3500–3503. [CrossRef] [PubMed]

44. Wang, D.Y.; Liu, J.C.; Li, T.Q.; Wang, Y.L.; Liu, X.M.; Bai, Y.W.; Wang, C.Y.; Ju, S.G.; Huang, S.J.; Yang, C.T.; et al. A VEGFR
targeting peptide-drug conjugate (PDC) suppresses tumor angiogenesis in a TACE model for hepatocellular carcinoma therapy.
Cell Death Discov. 2022, 8, 411. [CrossRef] [PubMed]

45. Michigami, M.; Takahashi, K.; Yamashita, H.; Ye, Z.M.; Nakase, I.; Fujii, I. A “ligand-targeting” peptide-drug conjugate: Targeted
intracellular drug delivery by VEGF-binding helix-loop-helix peptides via receptor-mediated endocytosis. PLoS ONE 2021, 16,
e0247045. [CrossRef] [PubMed]

46. Zanjanchi, P.; Asghari, S.M.; Mohabatkar, H.; Shourian, M.; Ardestani, M.S. Conjugation of VEGFR1/R2-targeting peptide with
gold nanoparticles to enhance antiangiogenic and antitumoral activity. J. Nanobiotechnol. 2022, 20, 7. [CrossRef]

47. Baghban, R.; Ghasemali, S.; Farajnia, S.; Hoseinpoor, R.; Andarzi, S.; Zakariazadeh, M.; Zarredar, H. Design and In Silico
Evaluation of a Novel Cyclic Disulfide-Rich anti-VEGF Peptide as a Potential Antiangiogenic Drug. Int. J. Pept. Res. Ther. 2021,
27, 2245–2256. [CrossRef]

48. Checco, J.W.; Kreitler, D.F.; Thomas, N.C.; Belair, D.G.; Rettko, N.J.; Murphy, W.L.; Forest, K.T.; Gellman, S.H. Targeting diverse
protein-protein interaction interfaces with alpha/beta-peptides derived from the Z-domain scaffold. Proc. Natl. Acad. Sci. USA
2015, 112, 4552–4557. [CrossRef]

49. Karami, E.; Sabatier, J.M.; Behdani, M.; Irani, S.; Kazemi-Lomedasht, F. A nanobody-derived mimotope against VEGF inhibits
cancer angiogenesis. J. Enzym. Inhib. Med. Chem. 2020, 35, 1233–1239. [CrossRef]

50. Guryanov, I.; Korzhikov-Vlakh, V.; Bhattacharya, M.; Biondi, B.; Masiero, G.; Formaggio, F.; Tennikova, T.; Urtti, A. Conformation-
ally Constrained Peptides with High Affinity to the Vascular Endothelial Growth Factor. J. Med. Chem. 2021, 64, 10900–10907.
[CrossRef]

51. D’Andrea, L.D.; Iaccarino, G.; Fattorusso, R.; Sorriento, D.; Carannante, C.; Capasso, D.; Trimarco, B.; Pedone, C. Targeting
angiogenesis: Structural characterization and biological properties of a de novo engineered VEGF mimicking peptide. Proc. Natl.
Acad. Sci. USA 2005, 102, 14215–14220. [CrossRef]

52. Basile, A.; Del Gatto, A.; Diana, D.; Di Stasi, R.; Falco, A.; Festa, M.; Rosati, A.; Barbieri, A.; Franco, R.; Arra, C.; et al.
Characterization of a Designed Vascular Endothelial Growth Factor Receptor Antagonist Helical Peptide with Antiangiogenic
Activity in Vivo. J. Med. Chem. 2011, 54, 1391–1400. [CrossRef] [PubMed]

53. Balsera, B.; Bonache, M.A.; Reille-Seroussi, M.; Gagey-Eilstein, N.; Vidal, M.; Gonzalez-Muniz, R.; de Vega, M.J.P. Disrupting
VEGF-VEGFR1 Interaction: De Novo Designed Linear Helical Peptides to Mimic the VEGF(13-25) Fragment. Molecules 2017, 22,
1846. [CrossRef] [PubMed]

54. Abdulkadir, S.; Li, C.P.; Jiang, W.; Zhao, X.; Sang, P.; Wei, L.L.; Hu, Y.; Li, Q.; Cai, J.F. Modulating Angiogenesis by Proteomimetics
of Vascular Endothelial Growth Factor. J. Am. Chem. Soc. 2022, 144, 270–281. [CrossRef] [PubMed]

55. Assareh, E.; Mehrnejad, F.; Mansouri, K.; Rastaghi, A.R.E.; Naderi-Manesh, H.; Asghari, S.M. A cyclic peptide reproducing the
alpha 1 helix of VEGF-B binds to VEGFR-1 and VEGFR-2 and inhibits angiogenesis and tumor growth. Biochem. J. 2019, 476,
645–663. [CrossRef]

56. Dmytriyeva, O.; Ajenjo, A.D.; Lundo, K.; Hertz, H.; Rasmussen, K.K.; Christiansen, A.T.; Klingelhofer, J.; Nielsen, A.L.; Hoeber, J.;
Kozlova, E.; et al. Neurotrophic Effects of Vascular Endothelial Growth Factor B and Novel Mimetic Peptides on Neurons from
the Central Nervous System. ACS Chem. Neurosci. 2020, 11, 1270–1282. [CrossRef]

57. Garcia-Aranda, M.I.; Gonzalez-Lopez, S.; Santiveri, C.M.; Gagey-Eilstein, N.; Reille-Seroussi, M.; Martin-Martinez, M.; Inguimbert,
N.; Vidal, M.; Garcia-Lopez, M.T.; Jimenez, M.A.; et al. Helical peptides from VEGF and Vammin hotspots for modulating the
VEGF-VEGFR interaction. Org. Biomol. Chem. 2013, 11, 1896–1905. [CrossRef]

58. Zanella, S.; Bocchinfuso, G.; De Zotti, M.; Arosio, D.; Marino, F.; Raniolo, S.; Pignataro, L.; Sacco, G.; Palleschi, A.; Siano, A.S.; et al.
Rational Design of Antiangiogenic Helical Oligopeptides Targeting the Vascular Endothelial Growth Factor Receptors. Front.
Chem. 2019, 7, 170. [CrossRef]

59. Wang, L.; Zhou, L.Y.; Reille-Seroussi, M.; Gagey-Eilstein, N.; Broussy, S.; Zhang, T.Y.; Ji, L.L.; Vidal, M.; Liu, W.Q. Identification of
Peptidic Antagonists of Vascular Endothelial Growth Factor Receptor 1 by Scanning the Binding Epitopes of Its Ligands. J. Med.
Chem. 2017, 60, 6598–6606. [CrossRef]

60. Goncalves, V.; Gautier, B.; Coric, P.; Bouaziz, S.; Lenoir, C.; Garbay, C.; Vidal, M.; Inguimbert, N. Rational design, structure, and
biological evaluation of cyclic peptides mimicking the vascular endothelial growth factor. J. Med. Chem. 2007, 50, 5135–5146.
[CrossRef]

61. Zilberberg, L.; Shinkaruk, S.; Lequin, O.; Rousseau, B.; Hagedorn, M.; Costa, F.; Caronzolo, D.; Balke, M.; Canron, X.; Convert, O.;
et al. Structure and inhibitory effects on angiogenesis and tumor development of a new vascular endothelial growth inhibitor. J.
Biol. Chem. 2003, 278, 35564–35573. [CrossRef]

62. Garcia-Aranda, M.I.; Mirassou, Y.; Gautier, B.; Martin-Martinez, M.; Inguimbert, N.; Vidal, M.; Garcia-Lopez, M.T.; Jimenez,
M.A.; Gonzalez-Muniz, R.; de Vega, M.J.P. Disulfide and amide-bridged cyclic peptide analogues of the VEGF(81-91) fragment:
Synthesis, conformational analysis and biological evaluation. Bioorgan. Med. Chem. 2011, 19, 7526–7533. [CrossRef] [PubMed]

https://doi.org/10.3390/cells10112908
https://www.ncbi.nlm.nih.gov/pubmed/34831131
https://doi.org/10.1039/C9CC09980H
https://www.ncbi.nlm.nih.gov/pubmed/32101189
https://doi.org/10.1038/s41420-022-01198-9
https://www.ncbi.nlm.nih.gov/pubmed/36202781
https://doi.org/10.1371/journal.pone.0247045
https://www.ncbi.nlm.nih.gov/pubmed/33630870
https://doi.org/10.1186/s12951-021-01198-4
https://doi.org/10.1007/s10989-021-10250-8
https://doi.org/10.1073/pnas.1420380112
https://doi.org/10.1080/14756366.2020.1758690
https://doi.org/10.1021/acs.jmedchem.1c00219
https://doi.org/10.1073/pnas.0505047102
https://doi.org/10.1021/jm101435r
https://www.ncbi.nlm.nih.gov/pubmed/21280635
https://doi.org/10.3390/molecules22111846
https://www.ncbi.nlm.nih.gov/pubmed/29143774
https://doi.org/10.1021/jacs.1c09571
https://www.ncbi.nlm.nih.gov/pubmed/34968032
https://doi.org/10.1042/BCJ20180823
https://doi.org/10.1021/acschemneuro.9b00685
https://doi.org/10.1039/c3ob27312a
https://doi.org/10.3389/fchem.2019.00170
https://doi.org/10.1021/acs.jmedchem.7b00283
https://doi.org/10.1021/jm0706970
https://doi.org/10.1074/jbc.M304435200
https://doi.org/10.1016/j.bmc.2011.10.032
https://www.ncbi.nlm.nih.gov/pubmed/22078412


Pharmaceuticals 2023, 16, 851 18 of 19

63. Garcia-Aranda, M.I.; Marrero, P.; Gautier, B.; Martin-Martinez, M.; Inguimbert, N.; Vidal, M.; Garcia-Lopez, M.T.; Jimenez, M.A.;
Gonzalez-Muniz, R.; de Vega, M.J.P. Parallel solid-phase synthesis of a small library of linear and hydrocarbon-bridged analogues
of VEGF(81-91): Potential biological tools for studying the VEGF/VEGFR-1 interaction. Bioorgan. Med. Chem. 2011, 19, 1978–1986.
[CrossRef] [PubMed]

64. Vicari, D.; Foy, K.C.; Liotta, E.M.; Kaumaya, P.T.P. Engineered Conformation-dependent VEGF Peptide Mimics Are Effective in
Inhibiting VEGF Signaling Pathways. J. Biol. Chem. 2011, 286, 13612–13625. [CrossRef] [PubMed]

65. Diana, D.; Basile, A.; De Rosa, L.; Di Stasi, R.; Auriemma, S.; Arra, C.; Pedone, C.; Turco, M.C.; Fattorusso, R.; D’Andrea, L.D.
beta-Hairpin Peptide That Targets Vascular Endothelial Growth Factor (VEGF) Receptors DESIGN, NMR CHARACTERIZATION,
AND BIOLOGICAL ACTIVITY. J. Biol. Chem. 2011, 286, 41680–41691. [CrossRef] [PubMed]

66. Caporale, A.; Martin, A.D.; Capasso, D.; Foca, G.; Sandomenico, A.; D’Andrea, L.D.; Grieco, P.; Ruvo, M.; Doti, N. Short
PlGF-derived peptides bind VEGFR-1 and VEGFR-2 in vitro and on the surface of endothelial cells. J. Pept. Sci. 2019, 25, e3146.
[CrossRef] [PubMed]

67. Mirassou, Y.; Santiveri, C.M.; de Vega, M.J.P.; Gonzalez-Muniz, R.; Jimenez, M.A. Disulfide Bonds versus Trp center dot center dot
center dot Trp Pairs in Irregular beta-Hairpins: NMR Structure of Vammin Loop 3-Derived Peptides as a Case Study. Chembiochem
2009, 10, 902–910. [CrossRef]

68. Wang, L.; Coric, P.; Broussy, S.; Di Stasi, R.; Zhou, L.Y.; D’Andrea, L.D.; Ji, L.L.; Vidal, M.; Bouaziz, S.; Liu, W.Q. Structural studies
of the binding of an antagonistic cyclic peptide to the VEGFR1 domain 2. Eur. J. Med. Chem. 2019, 169, 65–75. [CrossRef]

69. Goncalves, V.; Gautier, B.; Garbay, C.; Vidal, M.; Inguimbert, N. Structure-based design of a bicyclic peptide antagonist of the
vascular endothelial growth factor receptors. J. Pept. Sci. 2008, 14, 767–772. [CrossRef]

70. De Rosa, L.; Finetti, F.; Diana, D.; Di Stasi, R.; Auriemma, S.; Romanelli, A.; Fattorusso, R.; Ziche, M.; Morbidelli, L.; D’Andrea,
L.D. Miniaturizing VEGF: Peptides mimicking the discontinuous VEGF receptor-binding site modulate the angiogenic response.
Sci. Rep. 2016, 6, 31295. [CrossRef]

71. Sadremomtaz, A.; Mansouri, K.; Alemzadeh, G.; Safa, M.; Rastaghi, A.E.; Asghari, S.M. Dual blockade of VEGFR1 and VEGFR2
by a novel peptide abrogates VEGF-driven angiogenesis, tumor growth, and metastasis through PI3K/AKT and MAPK/ERK1/2
pathway. Bba-Gen. Subj. 2018, 1862, 2688–2700. [CrossRef]

72. Behelgardi, M.F.; Zahri, S.; Mashayekhi, F.; Mansouri, K.; Asghari, S.M. A peptide mimicking the binding sites of VEGF-A and
VEGF-B inhibits VEGFR-1/-2 driven angiogenesis, tumor growth and metastasis. Sci. Rep. 2018, 8, 17924. [CrossRef] [PubMed]

73. Guryanov, I.; Tennikova, T.; Urtti, A. Peptide Inhibitors of Vascular Endothelial Growth Factor A: Current Situation and
Perspectives. Pharmaceutics 2021, 13, 1337. [CrossRef] [PubMed]

74. Brozzo, M.S.; Bjelic, S.; Kisko, K.; Schleier, T.; Leppanen, V.M.; Alitalo, K.; Winkler, F.K.; Ballmer-Hofer, K. Thermodynamic and
structural description of allosterically regulated VEGFR-2 dimerization. Blood 2012, 119, 1781–1788. [CrossRef] [PubMed]

75. Checco, J.W.; Gellman, S.H. Iterative Nonproteinogenic Residue Incorporation Yields alpha/beta-Peptides with a Helix-Loop-
Helix Tertiary Structure and High Affinity for VEGF. Chembiochem 2017, 18, 291–299. [CrossRef]

76. Wiesmann, C.; Fuh, G.; Christinger, H.W.; Eigenbrot, C.; Wells, J.A.; deVos, A.M. Crystal structure at 1.7 angstrom resolution of
VEGF in complex with domain 2 of the Flt-1 receptor. Cell 1997, 91, 695–704. [CrossRef]

77. De Rosa, L.; Di Stasi, R.; D’Andrea, L.D. Pro-angiogenic peptides in biomedicine. Arch. Biochem. Biophys. 2018, 660, 72–86.
[CrossRef]

78. Di Stasi, R.; Diana, D.; Capasso, D.; Di Gaetano, S.; De Rosa, L.; Celentano, V.; Isernia, C.; Fattorusso, R.; D’Andrea, L.D. VEGFR
Recognition Interface of a Proangiogenic VEGF-Mimetic Peptide Determined In Vitro and in the Presence of Endothelial Cells by
NMR Spectroscopy. Chem.-Eur. J. 2018, 24, 11461–11466. [CrossRef]

79. Ziaco, B.; Diana, D.; Capasso, D.; Palumbo, R.; Celentano, V.; Di Stasi, R.; Fattorusso, R.; D’Andrea, L.D. C-terminal truncation
of Vascular Endothelial Growth Factor mimetic helical peptide preserves structural and receptor binding properties. Biochem.
Biophys. Res. Comm. 2012, 424, 290–294. [CrossRef]

80. De Rosa, L.; Diana, D.; Di Stasi, R.; Romanelli, A.; Sciacca, M.F.M.; Milardi, D.; Isernia, C.; Fattorusso, R.; D’Andrea, L.D. Probing
the helical stability in a VEGF-mimetic peptide. Bioorg. Chem. 2021, 116, 105379. [CrossRef]

81. De Rosa, L.; Diana, D.; Capasso, D.; Stefania, R.; Di Stasi, R.; Fattorusso, R.; D’Andrea, L.D. Switching the N-Capping Region
from all-L to all-D Amino Acids in a VEGF Mimetic Helical Peptide. Molecules 2022, 27, 6982. [CrossRef]

82. Diana, D.; Ziaco, B.; Scarabelli, G.; Pedone, C.; Colombo, G.; D’Andrea, L.D.; Fattorusso, R. Structural Analysis of a Helical
Peptide Unfolding Pathway. Chem.-Eur. J. 2010, 16, 5400–5407. [CrossRef] [PubMed]

83. D’Andrea, L.D.; De Rosa, L.; Vigliotti, C.; Cataldi, M. VEGF mimic peptides: Potential applications in central nervous system
therapeutics. New Horiz. Transl. Med. 2017, 3, 233–251. [CrossRef]

84. Capasso, D.; Di Gaetano, S.; Celentano, V.; Diana, D.; Festa, L.; Di Stasi, R.; De Rosa, L.; Fattorusso, R.; D’Andrea, L.D. Unveiling a
VEGF-mimetic peptide sequence in the IQGAP1 protein. Mol. Biosyst. 2017, 13, 1619–1629. [CrossRef] [PubMed]

85. Diana, D.; Di Stasi, R.; De Rosa, L.; Isernia, C.; D’Andrea, L.D.; Fattorusso, R. Structural investigation of the VEGF receptor
interaction with a helical antagonist peptide. J. Pept. Sci. 2013, 19, 214–219. [CrossRef] [PubMed]

86. She, F.Y.; Teng, P.; Peguero-Tejada, A.; Wang, M.H.; Ma, N.; Odom, T.; Zhou, M.; Gjonaj, E.; Wojtas, L.; van der Vaart, A.; et al. De
Novo Left-Handed Synthetic Peptidomimetic Foldamers. Angew. Chem. Int. Edit. 2018, 57, 9916–9920. [CrossRef]

87. Xue, S.Y.; Wang, L.; Cai, J.F. Sulfono-gamma-AApeptides as Protein Helical Domain Mimetics to Manipulate the Angiogenesis.
Chembiochem 2022, 23, e202200298. [CrossRef]

https://doi.org/10.1016/j.bmc.2011.01.056
https://www.ncbi.nlm.nih.gov/pubmed/21349728
https://doi.org/10.1074/jbc.M110.216812
https://www.ncbi.nlm.nih.gov/pubmed/21321115
https://doi.org/10.1074/jbc.M111.257402
https://www.ncbi.nlm.nih.gov/pubmed/21969375
https://doi.org/10.1002/psc.3146
https://www.ncbi.nlm.nih.gov/pubmed/30652389
https://doi.org/10.1002/cbic.200800834
https://doi.org/10.1016/j.ejmech.2019.02.069
https://doi.org/10.1002/psc.965
https://doi.org/10.1038/srep31295
https://doi.org/10.1016/j.bbagen.2018.08.013
https://doi.org/10.1038/s41598-018-36394-0
https://www.ncbi.nlm.nih.gov/pubmed/30560942
https://doi.org/10.3390/pharmaceutics13091337
https://www.ncbi.nlm.nih.gov/pubmed/34575413
https://doi.org/10.1182/blood-2011-11-390922
https://www.ncbi.nlm.nih.gov/pubmed/22207738
https://doi.org/10.1002/cbic.201600545
https://doi.org/10.1016/S0092-8674(00)80456-0
https://doi.org/10.1016/j.abb.2018.10.010
https://doi.org/10.1002/chem.201802117
https://doi.org/10.1016/j.bbrc.2012.06.109
https://doi.org/10.1016/j.bioorg.2021.105379
https://doi.org/10.3390/molecules27206982
https://doi.org/10.1002/chem.200903428
https://www.ncbi.nlm.nih.gov/pubmed/20358558
https://doi.org/10.1016/j.nhtm.2016.12.002
https://doi.org/10.1039/C7MB00190H
https://www.ncbi.nlm.nih.gov/pubmed/28685787
https://doi.org/10.1002/psc.2480
https://www.ncbi.nlm.nih.gov/pubmed/23420665
https://doi.org/10.1002/anie.201805184
https://doi.org/10.1002/cbic.202200298


Pharmaceuticals 2023, 16, 851 19 of 19

88. Assareh, E.; Mehrnejad, F.; Asghari, S.M. Structural Studies on an Anti-Angiogenic Peptide Using Molecular Modeling. Iran. J.
Biotechnol. 2020, 18, e2553. [CrossRef]

89. Wang, L.; Xu, M.; Hu, H.F.; Zhang, L.; Ye, F.; Jin, J.; Fang, H.M.; Chen, J.; Chen, G.Q.; Broussy, S.; et al. A Cyclic Peptide Epitope of
an Under-Explored VEGF-B Loop 1 Demonstrated In Vivo Anti-Angiogenic and Anti-Tumor Activities. Front. Pharmacol. 2021,
12, 734544. [CrossRef]

90. Kim, K.H.; Hur, J.; Lee, H.Y.; Lee, E.G.; Lee, S.Y. Cyclo-VEGI inhibits bronchial artery remodeling in a murine model of chronic
asthma. Exp. Lung. Res. 2021, 47, 494–506. [CrossRef]

91. Foy, K.C.; Liu, Z.Z.; Phillips, G.; Miller, M.; Kaumaya, P.T.P. Combination Treatment with HER-2 and VEGF Peptide Mimics
Induces Potent Anti-tumor and Anti-angiogenic Responses in Vitro and in Vivo. J. Biol. Chem. 2011, 286, 13626–13637. [CrossRef]

92. Diana, D.; Russomanno, A.; De Rosa, L.; Di Stasi, R.; Capasso, D.; Di Gaetano, S.; Romanelli, A.; Russo, L.; D’Andrea, L.D.;
Fattorusso, R. Functional Binding Surface of a beta-Hairpin VEGF Receptor Targeting Peptide Determined by NMR Spectroscopy
in Living Cells. Chem.-Eur. J. 2015, 21, 91–95. [CrossRef] [PubMed]

93. Diana, D.; De Rosa, L.; Palmieri, M.; Russomanno, A.; Russo, L.; La Rosa, C.; Milardi, D.; Colombo, G.; D’Andrea, L.D.; Fattorusso,
R. Long range Trp-Trp interaction initiates the folding pathway of a pro-angiogenic beta-hairpin peptide. Sci. Rep. 2015, 5, 16651.
[CrossRef] [PubMed]

94. Celentano, V.; Diana, D.; Di Salvo, C.; De Rosa, L.; Romanelli, A.; Fattorusso, R.; D’Andrea, L.D. 1,2,3-Triazole Bridge as
Conformational Constrain in -Hairpin Peptides: Analysis of Hydrogen-Bonded Positions. Chem.-Eur. J. 2016, 22, 5534–5537.
[CrossRef]

95. Diana, D.; Di Salvo, C.; Celentano, V.; De Rosa, L.; Romanelli, A.; Fattorusso, R.; D’Andrea, L.D. Conformational stabilization of a
beta-hairpin through a triazole-tryptophan interaction. Org. Biomol. Chem. 2018, 16, 787–795. [CrossRef] [PubMed]

96. Celentano, V.; Diana, D.; De Rosa, L.; Romanelli, A.; Fattorusso, R.; D’Andrea, L.D. beta-Hairpin stabilization through an
interstrand triazole bridge. Chem. Commun. 2012, 48, 762–764. [CrossRef]

97. Gautier, B.; Goncalves, V.; Diana, D.; Di Stasi, R.; Teillet, F.; Lenoir, C.; Huguenot, F.; Garbay, C.; Fattorusso, R.; D’Andrea, L.D.;
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. [CrossRef]

98. Markovic-Mueller, S.; Stuttfeld, E.; Asthana, M.; Weinert, T.; Bliven, S.; Goldie, K.N.; Kisko, K.; Capitani, G.; Ballmer-Hofer, K.
Structure of the Full-length VEGFR-1 Extracellular Domain in Complex with VEGF-A. Structure 2017, 25, 341–352. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.30498/IJB.2020.2553
https://doi.org/10.3389/fphar.2021.734544
https://doi.org/10.1080/01902148.2021.2015011
https://doi.org/10.1074/jbc.M110.216820
https://doi.org/10.1002/chem.201403335
https://www.ncbi.nlm.nih.gov/pubmed/25378243
https://doi.org/10.1038/srep16651
https://www.ncbi.nlm.nih.gov/pubmed/26602442
https://doi.org/10.1002/chem.201600154
https://doi.org/10.1039/C7OB02815F
https://www.ncbi.nlm.nih.gov/pubmed/29319097
https://doi.org/10.1039/C1CC16017F
https://doi.org/10.1021/jm1002167
https://doi.org/10.1016/j.str.2016.12.012

	Introduction 
	The Biology of VEGF/VEGFR Molecular System 
	VEGF/VEGFR-Targeting Peptides: An Opportunity in Pharmaceutical Sciences 
	Peptides Targeting VEGF 
	Peptides Targeting VEGF Receptors 
	Peptide Mimetics of 1 N-Terminal Helix Region 
	Peptide Mimetics of Loop 1 Region 
	Peptide Mimetics of Loop 2 Region 
	Peptide Mimetics of Loop 3 Region 

	Peptide Mimetics of Discontinuous Binding Surface 
	Conclusions 
	References

