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The vasculature of each organ expresses distinct molecular signatures critically influenced by the pathological
status. The heterogeneous profile of the vascular beds has been successfully unveiled by the in vivo phage display,
a high-throughput tool for mapping normal, diseased, and tumor vasculature. Specific challenges of this growing
field are targeted therapies against cancer and cardiovascular diseases, as well as novel bioimaging diagnostic
tools. Tumor vasculature-homing peptides have been extensively evaluated in several preclinical and clinical
studies both as targeted-therapy and diagnosis. To date, results from several Phase I and II trials havebeen report-
ed andmanyother trials are currently ongoing or recruiting patients. In this review, advances in the identification
of novel peptide ligands and their corresponding receptors on tumor endothelium through the in vivo phage dis-
play technology are discussed. Emphasis is given to recent findings in the clinical setting of vascular-homing pep-
tides selected by in vivo phage display for the treatment of advanced malignancies and their altered vascular
beds.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

The vascular feature, markedly modified under pathological condi-
tions, is an address system that allows the specific targeting towards
blood vessels. The heterogeneous expression of proteins in the vascula-
ture has been profiled by the in vivo phage display technology, a power-
ful method used to identify peptides homing specifically to normal and
diseased vasculature. Vascular homing peptides are optimal ligands for
the targeted delivery of imaging agents or drugs for the treatment of
cancer, cardiovascular diseases (restenosis, atherosclerosis, hyperten-
sion, ischemia), and neurological disorders (stroke, Alzheimer's disease)
[1–3]. Importantly, they provide an efficient mean of discriminating
between normal cells and tumor-associated endothelial cells, thus,
controlling tumor growth independently of the cell type. Tumor vascu-
lature, structurally and functionally different compared to the vascula-
ture of normal tissues, is highly disorganized with vessels strikingly
tortuous and leaky. Indeed, neoformed vessels are discontinuous,
leaky and present a deregulated expression of a number of molecules
such as integrins, endothelial cell growth factor receptors, cell surface
proteoglycans, proteases, and extracellular matrix components [1]
(Fig. 1). In particular, proteins functionally important for tumor angio-
genesis, which represent potential targets for anti-angiogenic therapy,
are vascular endothelial growth factor receptor (VEGFR), integrins,
delta-like ligand 4, ephrin-B4, ephrin-B2, tumor endothelial markers 5
and 8, annexin A1, and fibronectin extra-domain B [4] (Fig. 1).

In vivo phage display has been widely used to analyze the structural
and molecular diversity of normal and tumor vasculature [1,2,5]. The
pioneering in vivo phage display study was aimed at discovering brain
vasculature targeting peptides [6]. Todate, sequences capable of targeting
vasculature of normal tissue or organs, such as brain, kidney, lung, mus-
cle, pancreas, thymus, and mammary gland have been discovered [7].

The construction and use of phage libraries include millions of poly-
peptides expressed within the coat proteins of filamentous bacterio-
phages, such as protein 3 (pIII), protein 6 (pVI) and protein 8 (pVIII)
[7,8]. The phage display of peptide libraries is based on the concept
that the epitopes of interest can be targeted with foreign proteins
expressed on the phage. Phage particles binding to a certain epitope
are isolated and transduced back into bacteria which are then grown
Fig. 1. Targeting endothelial cells as anticancer strategy. The molecular diversity of the luminal e
phage display throughwhich it is possible to decipher themolecular signature of (A) normal va
from normal vasculature, are highly disorganized, strikingly tortuous, andwith a leaky architect
ligand 4 (DDL4), ephrin type-B4 (Eph-B4), ephrin type-B2 (Eph-B2), tumor endothelial marke
extra-domain B (FN-ED-B).
to expand the selected phage population [7,8]. A consistent number of
peptides with high specificity and affinity have been isolated from
phage display libraries using affinity selection (panning) and used in dif-
ferent fields [5,9]. To date, several comprehensive reviews describing
the phage display technology steps, such as phage libraries, biopanning
strategies, and animal models are available [1,7,10,11]. Here, we review
advances on new candidate peptides identified by in vivo screening
phage display libraries and, looking towards clinical challenges, provide
an update of current clinical trials evaluating novel targeted drugs and
imaging agents.

2. Principles of the in vivo phage display technology

The phage display technology is based on the exposure of combina-
torial peptide libraries on the surface of recombinant phages [8]. Two
are the main types of phage systems; the phage vector and phagemid
vector. Filamentous phage f1, fd and M13 (Ff phages) are the main
tools in the phage display as they are very stable under extreme pH
and temperature conditions and in the presence of DNAse or proteolytic
enzymes [8]. The engineered expression of random peptide libraries on
the coat proteins of filamentous bacteriophage consists in the expres-
sion of a unique peptide by each phage obtained by cloning a segment
of peptide-coding DNA into surface protein genes (pIII and pVIII). Inter-
estingly, the lambda phage engineered to display multiple copies of
peptides or large protein domains offers the possibility of dual display
of large proteins (antibody fragment and a reported/effector moiety)
on the capsid using both the head- and the tail-based display platforms.
Such bifunctional phage nanoparticles can be particularly useful for di-
agnostic and therapeutic delivery [12].

The basic components of the phagemid, filamentous-phage-derived
vectors containing the replication origin of a plasmid, include the repli-
cation origin of a plasmid, the restriction enzyme recognition sites, the
gene of a phage coat protein, the intergenic region, the selectivemarker,
the promoter, theDNA segment encoding a signal peptide, and amolec-
ular tag which facilitates screening of phagemid-based library [13].
Major advantages of phagemid vectors are represented by the small
genome that can accommodate a larger foreign DNA fragment, high
transformation efficiency, stability undermultiple propagations, variety
ndothelial cell surface provides the basis for developing targeted molecules using in vivo
sculature and (B) tumor vasculature. Tumor vessels, structurally and functionally different
ure. They expressmolecules that are not present in normal blood vessels, such as delta like
r 5 (TEM-5), tumor endothelial marker 8 (TEM-8), annexin A1 (ANXA 1), and fibronectin
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of restriction enzyme recognition sites, and possibility to control the ex-
pression level of fusion proteins [13].

The main limit of the phage display applied to cell lines is the diver-
gence from the complexity and heterogeneity of living organisms. This
problem has been overcome by the in vivo phage display, firstly de-
scribed by Pasqualini and Ruoslahti [6], in which phage particles were
administered directly into a living animal. The in vivo phage display
uses various libraries cloned into various phage vectors. Specifically,
phage libraries contain random oligonucleotides, cDNA, antibodies, or
enzymes [14]. Special features that characterize the phage libraries
compared to other types of expression vectors are; i) the physical link-
age between the expressed peptide or protein, ii) the small size of the
phage particles that enables the screening of high amount of different
particles per round, iii) the affinity selection of the library (panning)
which allows an easy identification of a specific phage. Recombinant
techniques have beenused to develop efficientmethods to create highly
diverse phage display libraries [10]. The (poly)peptide diversity can be
increased by cosmix-plexing, an approach for selection from combina-
torial libraries where the primary library is constructed in a phagemid
vector and the gene encoding the displayed randomized (poly)peptide
is divided into several fragments separated by restriction sites [10].
Fig. 2. Steps of the in vivo phage display technology to map human vasculature. Phage libraries are
expressed in the blood vessels of a particular organ or tissue. After target organ removal or tiss
cation is followed by multiple rounds of injection of phage, vascular perfusion, tissue removal,
ulation that selectively binds to blood vessels. After the identification of consensus sequences,
either in vitro (immunohistochemistry, immunofluorescence and real time PCR) or in vivo (bio
of the receptor is achieved by affinity chromatography in combination with mass spectrometr
Vascular mapping of normal endothelium, performed using mice
and ratmodels, has beenwidely reviewed by Babickova et al. [7]. Briefly,
targeting of normal endothelial receptors has been achieved using
Balb/c, Balb/c nude mice, and ICR mice. Brain homing peptides, M-cell
and Peyer's patches have been identified in Wistar Kyoto rat model,
mammary gland targeting peptide in Sprague–Dawley rat model, and
retina targeting sequences in Albino rat model [7]. Among the animal
models of tumor vasculature, the most successfully used are the severe
combined immunodeficiency (SCID)/nude mice of PC-3 prostate carci-
nomas [15] and the mice bearing xenografts of human cancer tissues
which comprise xenografts of human gastric cancer cell lines [16],
human renal tumor endothelial cells [17], human breast cancer [18],
and human hepatocellular carcinoma cell lines [19].

In humans, the first in vivo phage display, performed by injecting in-
travenously the phage library into a comatose patient [20,21], allowed
the production of a phage library and the identification of severalmotifs.
Main steps of the in vivo phage display are the intravenous injection of
the phage libraries, the removal of whole organs, tumors, or tissue biop-
sies, and the elution of the bound phages (Fig. 2). The eluted phage can
be either plated to isolate clones for sequencing or amplified in vivo and
subjected to an additional round of affinity selection, namely biopanning
injected intravenously to identify phage peptides that interact with molecules specifically
ue biopsies, phages are recovered and amplified for a desired amount of rounds. Amplifi-
phage isolation, and amplification (biopanning) leading to the isolation of the phage pop-
the identified sequences are translated into protein sequence and subjected to validation
distribution, in vivo imaging, specific inhibition by competitive ligand). The identification
y.

image of Fig.�2
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(Fig. 2)which allows thepreservation ofmembrane-boundprotein con-
formations, the maintenance of the cell membrane environment neces-
sary for cell-surface receptor function, and the selection of unknown
receptors through a combinatorial approach.

Furthermore, sequencing, immunohistochemistry, in vivo imaging,
and mass spectrometry analysis are necessary to validate phages and
their corresponding targets (Fig. 2) [22–24]. Indeed, immunostaining
with anti-phage antibodies and other approaches with fluorescent or ra-
dioactive labeling of either phage particles or syntheticallymanufactured
peptide sequence enables the in vivo visualization of the tissue peptide
distribution [24] (Fig. 2).

As for the biopanning, this process consists of multiple rounds of
phage injection, vascular perfusion, tissue removal, phage isolation and
amplification (Fig. 3) [22,23]. Basically, after the incubation of the
phage library with an immobilized targetmolecule, the unbound phages
are washed away whereas the interacting phages, still bound to the tar-
get, are subsequently eluted from the target molecule and used to infect
host bacteria for their amplification [22,23]. This process is repeated sev-
eral times to obtain phages that specifically bind to the target tissue.
Aftermultiple rounds of biopanning, phage titering (plaque assay) or im-
munological assays are used to determine the enrichment of the target-
binding phage.
3. Peptides targeting vasculature

Vascular-homing peptides discovered through in vivo phage display
libraries are summarized in Table 1. Arginine-glycine-aspartic acid
(RGD) and asparagine-glycine-arginine (NGR) peptides, discovered
earlier, are the most promising peptides targeting tumor vasculature
[18,25–27].
Fig. 3. Biopanning process. A typical round of affinity selection process begins with the intraven
extraction and homogenization, the unbound phages are washed awaywhereas the remaining
screening.
3.1. RGD peptides

RGD peptide homes to tumor vasculature selectively expressing
αvβ3 and αvβ5 integrins [18,25]. Integrin αvβ3 and αvβ5 are over-
expressed in tumor-associated vasculature and glioma cells and their
activation triggers pathways responsible for cell proliferation and
tumor-induced angiogenesis [28,29]. Integrin αvβ3 has been involved
in the resistance to taxanes and zoledronic acid through themodulation
of the bridge protein Cyr61 involved in tumor angiogenesis [30,31]. In
fact, integrins play an important role in the regulation of intracellular
signaling that protects cancer cells from the antiproliferative effects of
anti-tumor drugs. Therefore, the disruption of this protein could be use-
ful also in the sensitization of tumor cells to anti-cancer agents.

On these bases, the antiangiogenic and antitumor effects of peptides
containing the RGD motif have been tested in preclinical and clinical
models, as well as their efficacy in imaging applications [32–34]. In
vitro and in vivo studies demonstrated that targeting αvβ3 and αvβ5
integrins in combinationwith radiation therapy induces apoptosis in en-
dothelial cells and inhibits tumor growth in U87 glioblastoma xenografts
[35,36]. RGD-functionalized protein nanoparticles showed a trophic po-
tential in PC12 pheochromocytoma model promoting protoneurite for-
mation, ERK1/2-dependent cell division, and expression of the neuronal
marker microtubule-associated protein 2 (MAP2) [37]. This trophic po-
tential of RGD peptides is of critical relevance in the functionalization of
RGD based-nanoparticle-linked drug, highlighting the possibility that
the vehicle might antagonize or synergize with the therapeutic cargo
[37].

It has to be considered that RGDpeptide binds a large number of cel-
lular integrins, includingαIIbβ3 on platelets, as well asαvβ3 andα5β1
on endothelial cells so that the development of more specific integrin-
binding peptides is required. In this light, the CRRETAWAC peptide
ous phage-displayed peptide library injection and incubation with the target. After organ
bound phages are eluted from the target molecule and amplified for subsequent rounds of

image of Fig.�3


Table 1
Molecular addresses on vascular endothelium identified by in vivo phage display.

Target Function Localization Homing motif References

αvβ5-Integrin Cell adhesion Tumor endothelium CDCRGDCFC (RGD-4C) [18,28,29]
αvβ3-Integrin
α5β1-Integrin Cell adhesion Normal endothelium CRRETAWAC [38]
α4-Annexin A4 Cell adhesion Normal endothelium CMRGFRAAC [50]
VCAM-1 Cell adhesion Tumor endothelium VHSPNKK [52,53]
E-cadherin Cell adhesion Normal/tumor endothelium CSSRTMHHC [54]
APN/CD13 Protease Normal/breast tumor endothelium, perycites CNGRC [26]
CD13 Protease Tumor cells CVLNGRMEC [27]
APA Protease Tumor endothelium CPRECESIC [62]
APP Protease Breast tumor endothelium CPGPEGAGC [5]
MMP2 Protease Normal/tumor endothelium TLTYTWS/CTTHWGFTLC [60,61]
MMP9 Protease Normal/tumor endothelium CRRHWGFEFC [60]
Kallikrein-9 substrate Protease substrate Tumor endothelium CSRPRRSEC [66]
NG2 Proteoglycan Tumor endothelium GLS [63]
VEGF Growth factor Normal/tumor endothelium WHLPFKC [64]
VEGFR (neuropilin) VEGF receptor Normal/tumor endothelium CPQPRPLC [55]
VEGR (Flk-1/KDR) VEGF receptor Tumor endothelium HTMYYHHYQHHL [56]
VEGR (Flt-1) VEGF receptor Tumor endothelium NGYEIEWYSWVTHGMY [57]
PDGFR PDGF receptor Premalignant angiogenic islet CRGRRST [67]
bFGFR FGF receptor Tumor endothelium MQLPLAT [58]
FGF8b Growth factor Tumor endothelium HSQAAVP [59]
aFGF Growth factor Tumor endothelium AGNWTPI [77]
IL-11R Cytokine receptor Normal/tumor endothelium CGRRAGGSC [48]
GRP78 Heat shock protein Normal endothelium HWRR [65]
Prohibitin Membrane protein White fat vasculature CKGGRAKDC [71]
Ephrin A2/A4 Receptor tyrosine kinase Pancreatic islet vessels CVSNPRWKC/CHVLWSTRC [74]
Ephrin A5/A4 Receptor tyrosine kinase Normal/tumor endothelium CTYYWPLPC [76]
Ephrin B2/B4 Receptor tyrosine kinase Normal/tumor endothelium TNYL-RAW [75]
ERBB2 Growth factor tyrosine kinase receptors Breast tumor MEGPSKCCYSLALSH [78]
Apo transferrin Glycoprotein Central nervous system capillary endothelium CRTIGPSVC [72]
N.D. N.D. Inflammed endothelium NTTTH [86]
N.D. N.D. Gastric tumor endothelium CGNSNPKSC [85]
N.D. N.D. Heart tissue vasculature DDTRHWG [8]
N.D. N.D. Prostate tumor endothelium SMSIARL [20]
N.D. N.D. Melanoma vasculature CVNHPAFAC [84]
N.D. N.D. Ovarian cancer endothelium WSGPGVWGASVK [87]
N.D. N.D. Brain normal microvasculature CAGALCY [81]
N.D. N.D. Brain normal endothelium GLAHSFSDFARDFV/GYRPVHNIRGHWAPG [91]
N.D. N.D. Brain normal endothelium CTSTSAPYC [92]
N.D. N.D. Normal endothelium of tubules and glomeruli HTTHREP/HITSLLS [82]
N.D. N.D. Lung cancer tumor endothelium SVSVGMKPSPRP [83]
N.D. N.D. Thymus vessels CHAQGSAEC [73]
N.D. N.D. Abnormal retina neovessels ACSTEALRHCGGGS [88]
N.D. [64Cu]DOTA PET tracer Lung carcinoma endothelium QFPPKLTNNSML [80]
Stabilin-2 Transmembrane protein Atherosclerotic plaques CRTLTVRKC [70]
OPA-1, DLP-1 Mitochondrial fusion protein Ischemic heart tissue vasculature CSTSMLKAC [69]
N.D. N.D. Aorta/cardiac vasculature CRPPR/CSGMARTKC [97]

N.D.: not determined.
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has been shown to selectively block α5β1 integrin-mediated human
cell binding to fibronectin surfaces and seems to be promising in the
setting of cardiovascular implants with a platelet resistant coating [38,
39]. In vitro evidence showed that the vascular grafts coated with
CRRETAWACpeptide prevented platelet adhesion and increased the du-
ration of the graft [40]. However, data from in vivo implantation in an
animal model to demonstrate their possible clinical feasibility are still
expected. In this regard, results on the capability of CRRETAWAC pep-
tide to cross-react with porcine endothelial cells are promising [41].
So far, only few non-RGD recognition-based integrin inhibitors have
been developed. Among these, peptides against αMβ2 integrins,
DDGW or CPCLLGCC [42,43], expressed only by leukocytes, prevented
in vitro leukocyte attachment and in vivo inflammation. However,
these peptides did not show any effect on leukemia and lymphoma bur-
den in mice [44].

3.2. NGR peptides

NGR peptides specifically bind to CD13 expressed by tumor vascula-
ture [26,27]. These peptides, CNGRC, acetylated-CNGRC, CVLNGRMEC,
CNGRG, andNGRAHA, have been largely investigated for tumor targeting
delivery of chemotherapeutic drugs, cytokines, virus, liposomes and
anti-angiogenic compounds showing enhancement of tumor growth in-
hibition [45,46]. Recently, the NGR peptide radiolabeled with 99mTc has
been shownas a promising diagnostic candidate, particularly efficient for
lung cancer imaging [47]. Indeed, although it showed a similar uptake in
ovarian and lung tumor cells, imaging studies indicated its highest effica-
cy in the visualization of lung tumor [47].

3.3. Other vascular-homing peptides

A consistent number of other identified vascular-homing peptides
are reported in Table 1 and, as shown, for some of them the endothelial
target is still unknown. A peptide with consensus sequence for
interleukin-11, found to home into prostate, has been confirmed as the
ligand for IL-11 receptor alpha [23,48] with specific tumor uptake in tib-
ias of PC-3 xenografts injected in nudemice (Table 1) [49]. Biopanning of
the phage library injected in two human subjects, followed by sequenc-
ing of phage particles, yielded fifteen putative ligand/receptor couples.
Experimental validation was achieved for four of them which resulted
to be annexin A2/prohibitin, integrin α4 subunit/annexin A4, advanced
glycation end products/specific receptor with leukocyte proteinase 3,
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and cathepsin B/apolipoprotein E3 [50]. The injection of a phage peptide
library into breast cancer ormelanoma cancer patients allowed the iden-
tification of several peptides [51]. Interestingly, the peptides identified
from a patient with breast cancer shared homology with breast carcino-
ma amplified sequence 3, CREG1 protein precursor, neurogenic locus
notch homologue protein 2 precursor, prostaglandin E2 receptor,
integrin α6 protein, and zinc finger homeobox protein 2. One peptide
isolated from a patient with malignant melanoma shared a homology
motifwith humanmultiple epidermal growth factor-like domain protein
7 [51].

Other identified vascular molecular addresses include vascular cell
adhesionmolecule (VCAM) [52,53], E-cadherin [54], vascular endotheli-
al growth factor receptor (VEGFR) [55–57], fibroblast growth factor re-
ceptor b (bFGFR) [58], fibroblast growth factor 8b (FGF8b) [59], matrix
metalloproteinase 2/9 (MMP-2/MMP-9) [60,61], aminopeptidase N
(APN) [26], aminopeptidase A (APA) [62], aminopeptidase P (APP) [5],
proteoglycan (NG2) [63], vascular endothelial growth factor (VEGF)
[64], heat shock protein [65], kallikrein-9 substrate [66], and platelet de-
rived growth factor receptor (PDGFR) [67,68]. Moreover, other peptides
have been identified in hearth vasculature [8,69], atherosclerotic plaques
[70], white fat vasculature [71], central nervous system capillary endo-
thelium [72], and thymus vessels [73] (Table 1).

Peptides reported to act as ligands of ephrin receptors, a family of ty-
rosine kinase receptors that regulates a variety of physiological and
pathological processes during the formation of tumor blood vessels,
are the ephrin A2/A4 peptide CVSNPRWKC and CHVLWSTRC [74], the
ephrin B4 peptide TNYL-RAW [75], and the newly discovered cyclic
peptide CTYYWPLPCwhich binds to ephrin A4 but not to ephrin B4 [76].

A novel peptide, AGNWTPI, showing high affinity for the acidic FGF
(aFGF)-binding site of the FGFR1 has been recently selected by phage
display after four rounds of biopanning [77]. This peptide, which acts as
an aFGF antagonist, inhibits the aFGF-stimulated cell proliferation,
arrests the cell cycle at the G0/G1 phase, and blocks the aFGF-induced
activation of Erk1/2 in breast cancer cells and vascular endothelial cells
[77].With the aim of improving the early detection of breast carcinomas,
the pharmacokinetic properties of an ERBB2-targeted radioimaging
peptide based on a KCCYSL core sequence showed encouraging results
[78]. Indeed, evaluation of the phages and corresponding peptides
(MEGPSKCCYSLALSH andSGTKSKCCYSLRRSS) indicated that thepeptide
MEGPSKCCYSLALSH, radiolabeled with [111In]DOTA, possesses a rapid
clearance and higher ERBB2-specific binding capacity compared to the
first-generation peptide KCCYSL [78].

A combination of in vitro and in vivo functional screening protocols
led to the identification of the QFPPKLTNNSML peptide, selective for
Lewis lung carcinoma endothelium, able to deliver molecular cargo to
sites of ongoing angiogenesis for non-invasive positron emission to-
mography (PET) imaging [79,80].

Several vascular-homing peptides with unknown targets have been
identified in endothelium of blood–brain barrier (BBB), kidney, prostate
cancer, ovarian cancer, melanoma, gastric cancer, abnormal retina
neovessels, and inflamed endothelium [20,81–89]. More in details, the
CGNSNPKSC peptide conjugated to the recombinant mutant human
TNFα (rmhTNFα) was found to selectively bind to the gastric tumor vas-
culature with a higher anti-tumor activity and lower systemic toxicity
than the rmhTNFα alone [90]. As for the brainmicrovasculature, a high af-
finity delivery to human brain endothelial cells has been achieved with
selective homing peptides, GLAHSFSDFARDFV, GYRPVHNIRGHWAPG,
CAGALCY, and CTSTSAPYC [7,91,92] (Table 1). However, the binding
sites and potential uptake mechanisms for GLA- and GYR-peptides are
unknown. Results from the negative selection performed by perfusion
through the heart indicated that the binding site is likely the brain endo-
thelium, with the GYR peptide showing high binding to the brain. Proba-
bly, these peptides interact with a not yet identified receptor suitable for
specific targeting to the BBB [91]. The CAGALCY cyclic peptide expressed
as a GST-fusion protein resulted an effective inhibitor of platelet adhesion
to brain microvasculature [81]. Similarly, also the cyclic conformation of
the CTSTSAPYC peptide plays a critical role in maintaining the selectivity
and affinity for the brain, suggesting its possible application for brain
drug delivery when the respective molecular sites of interaction on the
BBB will be identified [92].

Peptides able to recognize tumor vasculature but not normal blood
vessels of SCID mice bearing human tumors have been described [93].
These tumor-homing peptides (SNPFSKPYGLTV and YPHYSLPGSSTL),
validated on different types of human xenografts (H460, HCT 116,
BT483, PC3, PaCa-2 and Mahlavu) in SCID mice, following conjugation
with liposomal doxorubicin, showed enhanced therapeutic efficacy
against human cancer xenografts by decreasing tumor angiogenesis
and increasing cancer cell apoptosis [93]. Administration of phage dis-
play library has been used into athymic nudemicewith LS174T colorec-
tal cancer cell line to identify peptides selectively homing to tumors
treated with bevacizumab, but not to untreated tumors [94].
Liposome-entrapped doxorubicin targeting APN displayed enhanced
anti-tumor effects and prolonged survival in human neuroblastoma-
bearing mice. Interestingly, mice treated with a combination of APA
and APN liposome-entrapped doxorubicin showed a significant in-
crease in lifespan compared to each treatment administered separately
[95]. Finally, in vivo phage display performed in stroke-prone spontane-
ously hypertensive rats and normotensiveWistar Kyoto rats led to iden-
tification of the peptide DDTRHWG, CRPPR, and CSGMARTKC homing to
heart tissue, aorta, and cardiac vasculature, respectively [8,96,97].
4. In vivo applications of vascular homing peptides

4.1. RGD peptides

The RGD peptide, widely used in nanomedicine for the targeted de-
livery of drugs or as a tool for imaging [32,33], has been associated with
chemicals, self-assembling peptides, liposomes, carbon nanotubes,
magnetic nanoparticles, polymers, and other delivery agents [37,98].

To date, in vivo studies have demonstrated the potential value of
targeting αvβ3 and αvβ5 integrins with cilengitide (EMD 121974;
Merck KgaA, Darmstadt, Germany) [34], a cyclized RGD-containing
pentapeptide that showed encouraging results in patientswith glioblas-
toma [34,99,100]. Specifically, when tested in combined therapy with
standard radiotherapy and temozolomide for the treatment of newly di-
agnosed glioblastoma, it enhanced survival of patients with methylated
methylguanosine methyltransferase (MGMT) promoter [34,99,100]. In
vitro studies demonstrated that cilengitide targets pediatric glioma
and neuroblastoma cells directly and efficiently [101], enhances radia-
tion response in preclinical models of breast cancer [102], blocks the
differentiation of pancreatic tumor-initiating cells by vitronectin [103],
inhibits pivotal factors of all compartments of bone metastases, vas-
culature and bone microenvironment in animal models [104], and
augments tumor response to melphalan [105]. However, the results
of clinical trials have not fully confirmed its effectiveness. Indeed,
outcomes of a Phase II study by the Children's Oncology Group
ACNS0621, aimed at evaluating the efficacy of cilengitide as a single
agent in the treatment of children with refractory high-grade glioma
(HGG), did not show any significant beneficial effect [106]. Cilengitide,
both as a single agent and in combination with other chemotherapeutic
agents, has also been evaluated for the treatment of prostate, pancreatic
and head and neck cancers (Phase I/II trials). However, although safe
and well tolerated, it did not demonstrate any clear survival advantage
[34,107–109]. Above all, the impression derived form clinical data is
that cilengitide, in combination with radiotherapy, could be useful in
the crossing of BBB and in the delivery of drugs to the brain for the treat-
ment of glioblastoma.

Another in vivo application of RGD peptide, the RGD modified
adenovirus (Ad5-Δ24-RGD), resulted to be well tolerated in patients
with ovarian cancer (Phase I) and fourteen out of twenty-one patients
showed stable disease one month after the treatment [32].
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Finally, three fusion proteins, RGD/tTF, chTNT-3/tTF, and chTV-1/tTF,
tested for their antitumor effects, have shown the ability to induce
thrombosis [110]. The protein tTF is the truncated form of tissue factor
(TF), a cell membrane receptor protein that is the initiator of the extrin-
sic pathway of the blood coagulation cascade, normally released from
damaged tissues. By substituting the attachment site with a tumor de-
livery agent, the tTF can be targeted to the tumor where it occludes
tumor's blood supply and causes rapid tumor destruction. The fusion
protein chTNT-3/tTF targets extracellular DNA, the fusion protein
chTV-1/tTF targets fibronectin which is located in the basement mem-
brane of vessels but only accessible in leaky tumor endothelium, and
the fusion protein RGD/tTF targets endothelialανβ3 andανβ5 integrins
exposed in tumor vessels. In vivo studies in mice bearing established
MAD109 lung and colon carcinomas revealed that the chTV-1/tTF and
RGD/tTF fusion proteins induced thrombosis in small and medium
sized tumor vessels, whereas the chTNT-3/tTFwasmore effective in rel-
atively larger vessels [110].

4.2. NGR peptides

A wide evaluation of the tripeptide motif NGR for targeted cancer
therapy and imaging has been performed when linked to human
tumor necrosis factor alpha (NGR-hTNFα) [111]. Indeed, NGR-hTNFα
has been tested in Phase II trials for the treatment of malignant pleural
mesothelioma [112], advanced solid tumors [113], liver cancer [114],
and metastatic colorectal cancer [115]. As directed drug for the treat-
ment of mesothelioma and liver cancer, the NGR-hTNFα therapy was
well tolerated and showed a good median disease free progression
time [112,114]. On the other hand, the results in metastatic colorectal
cancer did not show improvements in both median disease free pro-
gression time and overall survival [115]. The administration of NGR-
mTNFα in combinationwith chemotherapy gave also promising results.
Specifically, when administered in combination with doxorubicin and
melphalan in mice with implanted B16F10 melanoma cells or Thy-1.1
cDNA-transfected RMA lymphoma cells, NGR-mTNFα showed a syner-
gistic effect in inducing tumor regression [116]. These results were sup-
ported also by a Phase I clinical trial in the treatment of refractory/
Table 2
NGR peptides under clinical evaluation (http://clinicaltrials.gov/).

Condition Status Intervention Description

Malignant pleural
mesothelioma

Recruiting NGR-hTNFα To evaluate the efficac
treatment in advanced

Malignant pleural
mesothelioma

Ongoing NGR-hTNFα To test the progression
pleural mesothelioma

Malignant pleural
mesothelioma

Ongoing NGR-hTNFα plus best
investigator choice

To document the effic
patients previously tre

Solid tumors Completed NGR-hTNFα Doxorubicin To document the safet
Solid tumors Ongoing NGR-hTNFα Cisplatin To study the efficacy o
Solid tumors Completed NGR-hTNFα To explore the safety a

optimal biological dos
Solid tumors Ongoing NGR-hTNFα To document the safet

NGR-hTNF in patients
Colorectal cancer Ongoing NGR-hTNFα To document the prog

colorectal cancer patie
Colorectal cancer Ongoing NGR-hTNFα Oxaliplatin

Capecitabine
To document the safet
a standard oxaliplatin

Non-small cell lung
cancer (NSCLC)

Ongoing NGR-hTNFα Cisplatin
Gemcitabine Pemetrexed

To demonstrate super
is added to standard c

Small cell lung cancer
(SCLC)

Ongoing NGR-hTNFα Doxorubicin To evaluate the efficac

Ovarian cancer Recruiting NGR-hTNFα Pegylated
liposomal-doxorubicin
Doxorubicin

To compare progressio
plus anthracycline tre

Ovarian cancer Ongoing NGR-hTNFα Doxorubicin To document the resp
combination with dox

Soft-tissue sarcoma Recruiting NGR-hTNFα Doxorubicin To document the prel
administered either al

Hepatocellular carcinoma Ongoing NGR-hTNFα To test the progressio
resistant solid tumors by the combination of doxorubicin and NGR-
hTNFα [113] and by a Phase II clinical trial in relapsed ovarian cancer
[117]. Moreover, the combination of NGR-hTNFα with capecitabine
and oxaliplatin for the treatment of colorectal cancer patients not
responding to standard treatment [118] showed that 42% of patients
of the first cohort had a median progression-free time of 4.6 months
and 50% patients of the second cohort had a progression-time of
3.3 months [118].

5. Vascular peptides under clinical evaluation

The therapeutic application of vascular homing peptides represents
an important milestone of the in vivo phage display technology that,
over the years, has been surrounded by unbelief regarding its real effec-
tiveness and, above all, its safety. Overall, improvements of specific tis-
sue delivery of known drugs and the encouraging results of some
clinical investigations demonstrated that the identification of specific
ligands by in vivo phage display is extremely valuable for the develop-
ment of novel therapeutic approaches. As a demonstration of the prog-
ress achieved in this field, the number of clinical trials evaluating
vascular targeting peptides is continuously rising and for some of
them results are expected (Tables 2 and 3).

The fusion protein NGR-hTNFα, which selectively alters drug
penetration barriers, is currently under evaluation in several trials
(Table 2). Indeed, two ongoing clinical trials are assessing the progres-
sion free survival in patients with advanced or metastatic malignant
pleural mesothelioma treated with NGR-hTNFα as a single agent
(Phase II) and its efficacy, at a weekly low dose, in patients previously
treated with a pemetrexed-based chemotherapy regimen (Phase III).
Another Phase II trial is recruiting patients to evaluate the efficacy of
NGR-hTNFα administered as a maintenance treatment in malignant
pleural mesothelioma. Phase II and III studies aimed at treating small
cell lung carcinoma (SCLC)with NGR-hTNFα in combinationwith doxo-
rubicin and at treating non-small cell lung cancer (NSCLC) in combina-
tion with cisplatin, gemcitabin, and pemetrexed, are currently ongoing
(Table 2). The administration of NGR-hTNFα in combinationwith doxo-
rubicin is currently under evaluation for the treatment of ovarian cancer
Phase Code

y of NGR-hTNF administered as maintenance
malignant pleural mesothelioma

II NCT01358084

free survival in advanced or metastatic malignant
patients treated with NGR-hTNF as single agent

II NCT00484276

acy of NGR-hTNF administered at low dose weekly in
ated with a pemetrexed-based chemotherapy regimen

III NCT01098266

y of NGR-hTNF in combination with doxorubicin I NCT00305084
f NGR-hTNF in combination with cisplatin. I NCT00483093
nd biological activity of NGR-hTNF and to define an
e

I NCT00419328

y and antivascular effect of escalating doses of
not amenable of standard therapies

I NCT00878111

ression free survival in advanced or metastatic
nts treated with NGR-hTNF as single agent

II NCT00483080

y of NGR-hTNF administered in combination with
based regimen

II NCT00675012

iority in progression-free survival when NGR-hTNF
hemotherapy regimen

II NCT00994097

y of NGR-hTNF in combination with doxorubicin III NCT00483509

n-free survival in patients randomized to NGR-hTNF
atment

II NCT01358071

onse rate in patients treated with NGR-hTNF in
orubicin

II NCT00484432

iminary antitumor activity of two doses of NGR-hTNF
one or in combination with doxorubicin

II NCT00484341

n free survival after treatment with NGR-hTNF as single agent II NCT00484211

http://clinicaltrials.gov/


Table 3
Clinical trials evaluating RGD peptides (http://clinicaltrials.gov/).

Condition Status Intervention Description Phase Code

Diffuse intrinsic pontine
glioma

Recruiting Cilengitide
radiotherapy

To determine the safety profile of the Cilengitide and the
6 months progression-free time and overall survival

I NCT01165333

Glioma and diffuse intrinsic
pontine glioma

Recruiting Cilengitide
temozolomide

To evaluate the efficacy of a combined treatment with
cilengitide and temozolomide after diagnosis of relapse
or tumor progression in children and adolescents

II NCT01517776

Childhood high-grade
glioma

Completed Cilengitide To evaluate effects of cilengitide in the treatment of
younger patients with recurrent or progressive high-grade
glioma not responding to standard therapy

II NCT00679354

Childhood refractory
primary brain tumors

Completed Cilengitide To study the side effects and best dose of cilengitide in
treating children with recurrent, progressive, or
refractory primary brain tumors

I NCT00063973

Glioblastoma Completed Cilengitide
temozolomide
radiotherapy

To test the efficacy of cilengitide, temozolomide, and
radiation therapy in treating patients with newly diagnosed
glioblastoma and unmethylated gene promoter status (CORE)

II NCT00813943

Glioblastoma Completed Cilengitide
temozolomide
radiotherapy

To assess the efficacy and safety of cilengitide in combination
with standard treatment in newly diagnosed glioblastoma
subjects with a methylated promoter of the O6-methylguanine-
deoxyribonucleic acid methyltransferase gene in the tumor
tissue (CENTRIC)

III NCT00689221

Advanced solid tumors
or glioblastoma multiforme

Ongoing Cilengitide Pilot study on the efficacy of cilengitide together with
sunitinib malate in patients with advanced solid tumors
or glioblastoma multiforme

NCT01122888

Newly diagnosed non-
methylated glioblastoma
multiforme grade 4

Unknown Cilengitide To test the safety and efficacy of cilengitide in combination
with concurrent chemotherapy and radiotherapy followed
by protracted daily low dose of temozolomide and low dose
of procarbazine D1-20 in newly diagnosed glioblastoma
without methylation of the MGMT promoter gene (ExCentric)

II NCT01124240

Recurrent or progressive
glioblastoma multiforme

Completed Cilengitide To evaluate cilengitide efficacy in the treatment of patients
undergoing surgery for recurrent or progressive glioblastoma
multiforme

II NCT00112866

Glioblastoma multiforme Ongoing Cilengitide
temozolomide
radiation therapy

A safety run-in/randomized trial of cilengitide in conjunction
with concomitant and adjuvant temozolomide with radiation
therapy in patients with newly diagnosed glioblastoma multiforme

I NCT00085254
II

Glioblastoma multiforme Completed Cilengitide Investigation on the clinical activity, safety, and tolerability
of cilengitide administered as a single agent

II NCT00093964

Brain and central nervous
system tumors

Completed Cilengitide To study the effectiveness of cilengitide in treating patients
who have progressive or recurrent malignant glioma

I NCT00006093
II

Renal impairment Completed Cilengitide To investigate the pharmacokinetics of a single intravenous
dose of cilengitide in subjects with mild, moderate or severe
renal impairment

I NCT01504165

Squamous cell cancer
of the head and neck

Ongoing Cilengitide
cetuximab
5FU cisplatin

To evaluate the safety and efficacy of the combination of
different regimens of cilengitide added to cisplatin, 5FU,
and cetuximab

I NCT00705016
II

Solid tumors Recruting Cilengitide
paclitaxel

To evaluate the side effects and the best dose of cilengitide
given together with paclitaxel for the treatment of patients
with advanced solid tumors

I NCT01276496

Advanced solid tumors
or lymphoma

Completed Cilengitide To study the effect of continuous infusion of cilengitide in
patients with solid tumors or lymphoma

I NCT00077155

Solid tumors Completed Cilengitide To study the effectiveness of cilengitide in treating patients
with advanced solid tumors

I NCT00022113

Non-small cell lung
cancer (NSCLC)

Completed Cilengitide cilengitide
cetuximab and
platinum-based
chemotherapy

To investigating 2 cilengitide regimens in combination with
cetuximab and platinum-based chemotherapy in the
treatment of patients with advanced NSCLC

I NCT00842712
II

Prostate cancer Completed Cilengitide Evaluation of EMD121974 (NSC 707544, cilengitide) in
asymptomatic patients with metastatic androgen independent
prostate cancer

II NCT00103337

Leukemia, lymphoma, multiple
myeloma and plasma cell
neoplasm, myelodysplastic
syndromes, precancerous
non-malignant condition,
small intestine cancer,
unspecified adult solid tumor

Completed Cilengitide To study the effectiveness of cilengitide in the treatment
of patients with locally advanced or metastatic cancer

I NCT00004258

Ovarian cancer Completed Ad5-Δ24RGD To determine the maximally tolerated dose and spectrum
of toxicities encountered with intraperitoneal delivery of a
RGD modified conditionally replicative adenovirus
(Ad5-Δ24RGD)

I NCT00562003

Ovarian cancer Completed Ad5.SSTR/TK.RGD
Ganciclovir

To determine the maximally tolerated dose and toxicities
associated with intraperitoneal delivery of adenovirus that
expresses a suicide gene and a gene that allows imaging of
gene transfer

I NCT00964756

Brain tumor glioblastoma Unknown Δ24-RGD To test the safety and tolerability of adenovirus Δ24-RGD administered
by convection-enhanced delivery to the tumor and the
surrounding infiltrated brain

I NCT01582516
II
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Table 3 (continued)

Condition Status Intervention Description Phase Code

Malignant gliomas Ongoing Δ24-RGD-4C To find the highest tolerable dose of Δ 24-RGD-4C that can
be injected directly into brain tumors and into the
surrounding brain tissue where tumor cells can multiply

I NCT00805376

Breast cancer colon/rectum
cancer non-squamous
non-small cell lung cancer

Completed [18F]RGD-K5 To explore the usefulness of [18F]RGD-K5 PET/CT to predict
efficacy or early response to the anti-angiogenesis drug
plus chemotherapy treatment before the full course of
treatment is completed

II NCT00988936

Sarcoma melanoma lung
cancer breast cancer high
grade glioma

Completed [18F]RGD-K5 To evaluate biodistribution and dosimetry of [18F]RGD-K5
and determine its uptake in angiogenic tumor

0 NCT00743353

Head and neck neoplasm Enrolling by invitation [18F]RGD-K5 To determine the relationship between [18F]RGD-K5
distribution and angiogenesis in head and neck cancer patients

NCT01447134

Renal carcinoma Not open for
recruitment

[18F]RGD-PET-CT
Perfusion CT

Prospective study of [18F]-RGD PET-CT in assessment of
response to antiangiogenic treatment

II NCT01492192

Glioblastoma Recruiting Chemoradiation
Adjuvant Therapy
[18F]
Galacto-RGD PET

To explore whether potential image biomarkers correlate
with efficacy of bevacizumab combined with conventional
therapy in newly diagnosed glioblastoma

NCT01939574

Solid tumors Recruiting [18F]F-PPRGD2 To study [18F]2-fluoropropionyl-labeled pegylated dimeric
RGD peptide, [18F]F-PPRGD2, PET/CT in predicting early
response in patients with cancer receiving anti-angiogenesis
therapy

I NCT01806675
II

Kidney neoplasm Recruiting [18F]Fluciclatide
containing the RGD

Evaluation of [18F]Fluciclatide PET for the prediction of
response to pazopanib in patients with metastatic renal
cell carcinoma

II NCT01961583

Lung cancer glioma Recruiting [68Ga]-BNOTA-PRGD2 To investigate the diagnostic performance and evaluation
efficacy of 68Ga-BNOTA-PRGD2

0 NCT01527058
NCT01801371

High-grade glioma lung cancer
head & neck cancer
sarcoma melanoma

Completed [18F] labeled cyclic
RGD peptide

To assess the ability to detect tumors and angiogenesis
with PET imaging

NCT00565721
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(Phase II), soft tissue sarcoma (Phase II), and solid tumors (Phase I).
Moreover, safety, biological activity, and optimal biological dose of
NGR-hTNFα are also under clinical evaluation in patients with solid tu-
mors (Phase I, completed) and in patients affected by advanced or met-
astatic solid tumors not amenable to standard therapies (Phase I)
(Table 2). Finally, the efficacy of the administration of NGR-hTNFα
alone (Phase II) or in combination with oxaliplatin and capecitabine
(Phase II) is currently tested in patients with advanced or metastatic co-
lorectal cancer and hepatocellular carcinoma (Table 2).

The RGDmotif, themost investigated peptide in clinical trials, is cur-
rently tested for its antiangiogenic and antitumor effects and for its ap-
plication in diagnostic imaging. A detailed summary of the clinical trials
evaluating the RGD motif is shown in Table 3. The efficacy and safety of
cilengitide, administered alone and in combination with other drugs
and radiation therapy, is mostly under evaluation for the treatment of
brain and central nervous system tumors, including glioblastoma,
diffuse intrinsic pontine glioma, and high-grade childhood glioma
(Table 3). In particular, Phase II and III studies are investigating two
cilengitide regimens in combination with standard treatment (temozo-
lomide with concomitant radiation therapy, followed by temozolomide
maintenance therapy) in subjects with newly diagnosed glioblastoma
showing un-methylated MGMT gene promoter (CORE trial) and in
subjects with a methylated promoter of the O6-methylguanine-
deoxyribonucleic acidmethyltransferase gene in the tumor tissue (CEN-
TRIC trial). Moreover, Phase I and II studies are testing the effectiveness
of cilengitide for the treatment of solid tumors, lymphoma, leukemia,
multiple myeloma, squamous cell cancer of the head and neck, non-
small cell lung cancer, small intestine cancer, and prostate cancer.
Although most of them are completed, results are not yet posted on
the ClinicalTrials.gov website.

As for diagnostic application, the compound [18F]RGD-K5 is cur-
rently tested in the assessment of the response to antiangiogenic treat-
ment in patients with head and neck neoplasm, and renal carcinoma
(Phase II) (Table 3). [18F]RGD-K5, radiotracer composed of a cyclic
triazole-containing the RGD peptide (RGD-K5) radiolabeled with 18F,
possesses a potential αvβ3-integrin imaging activity for PET. Upon
administration, the RGD moiety of [18F]RGD-K5 selectively binds to
αvβ3-integrin, thus allowing the visualization of αvβ3integrin-
expressing tumor cells and evaluation of the tumor angiogenesis degree
(Table 3).

For further interests in clinical translation, the compound [68Ga]
NODAGA-RGD, a peptide that combines easy accessibility with high
stability and good imaging properties, is currently used for imaging of
αvβ3integrin expression [119].

Another RGD-based radiopharmaceutical agent, [68Ga]BNOTA-
PRGD2, is under assessment for imaging of lung cancer, glioma,
myocardial infarction, stroke, and rheumatoid arthritis (Table 3).
This agent comprises a pegylated-RGD dimer (PRGD2) labeled with
68Ga, with potential αvβ3integrin imaging activity for PET or single
photon emission computed tomography (SPECT). Compared to other
radiolabeled RGD-containing peptides, this agent shows increased
affinity to αvβ3integrin, enhanced tumor uptake, and improved
pharmacokinetics (Table 3).

Finally, two clinical trials aimed at evaluating the efficacy of Ad5-
Δ24-RGD for the treatment of recurrent glioblastoma and malignant
glioma are currently recruiting participants (Phase I/II) or ongoing
(Phase I) (Table 3). Instead, another Phase I study, aimed at determining
the maximally tolerated dose and spectrum of toxicities encountered
with intraperitoneal delivery of Ad5-Δ24-RGD in patients with ovarian
cancer, has been completed and results are expected (Table 3). Other
expected clinical outcomes relate to a Phase I/II study in ovarian cancer
patients for the evaluation of the maximally tolerated dose and toxic-
ities associatedwith intraperitoneal delivery of Ad5.SSTR/TK.RGDganci-
clovir, an adenovirus with enhanced infectivity that expresses a suicide
gene and a gene that allows imaging of gene transfer (Table 3).

6. Concluding remarks and future directions

The field of in vivo phage display has consistently widened in these
last years opening the way to diagnostic and therapeutic strategies
based on the targeted delivery of therapeutics/diagnostics to the vascu-
lature. Since 1996 [6], numerous vascular-homing peptides have been
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discovered and tested, suggesting their usefulness as excellent alterna-
tive targeting agents for cancer. However, encouraging preclinical data
on the use of integrin inhibitors has not been fully confirmed by clinical
studies, which, unexpectedly, have shown only limited survival bene-
fits, probably due to the high genetic instability and heterogeneity of
some tumors, and to the poor tumor-penetrating properties of the hom-
ing peptides. It is worthy to point out that tumor microenvironment
shows common molecular features with inflammatory vasculature, as
it is rich in inflammatory mediators involved in tumor angiogenesis,
such as cytokines, chemokines, and growth factors [120]. This could ex-
plain why targeted-tumor peptides, such as RGD and NGR, can also
home vasculature in the course of inflammatory diseases. On the other
hand, when RGD- or NGR-based therapy fails, highly selective tumor-
homing peptides could represent a more suitable therapeutic strategy.
In this regard, nanoparticles combined with tumor-homing peptides
represent a promising future area of investigation for tumor-targeted
diagnosis and therapy, as they will combine the limited toxicity and
the good penetrating ability of nanoparticles with the highly specific se-
lectivity of the vascular peptides [121]. A recent combinationmethod of
phage display with a liposomal nanocarrier for targeted delivery of
doxorubicin in a rodent model showed improved efficiency and re-
duced hepatotoxicity, opening new prospective for future clinical stud-
ies addressing breast cancer [122].

Another key point in this field is that the development of vectors
with improved specificity, safety, and efficiency for gene transfer is
still required, as well as the identification of novel labeling vascular-
homing peptides for the setting of non-invasive diagnostic procedures.
Within this scenario, vascular-targeted peptides combined with nano-
particles and, at the same time, the identification of novel molecular
vascular “addresses” which allows the selection of patients suitable for
combined treatments are the next frontier of this field. The achievement
of these major steps will lead to vascular-targeted therapies more effi-
cient, safe and specific, opening up a new path towards a personalized
treatment of the patient.
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