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A B S T R A C T

The structural and molecular diversity of vascular endothelium may depend on the func-

tional state and tissue localisation of its cells. Tumour vasculature expresses a number

of molecular markers that distinguish it from normal vasculature. In cancer, the determi-

nant of specific tumour vasculature heterogeneity is, in part, dictated by dysregulated

expression of tumour-derived angiogenic factors. The identification of molecular

‘addresses’ on the surface of tumour vasculature has significantly contributed to the selec-

tion of targets, which have been used for delivering therapeutic and imaging agents in can-

cer. Cytotoxic drug, pro-apoptotic peptides, protease inhibitors, and gene therapy vectors

have been successfully linked to peptides and delivered to tumour sites with an improved

experimental therapy. Different diagnostic and therapeutic compounds can be efficiently

targeted to specific receptors on vascular endothelial cells; the development of ligand-

directed vector tools may promote systemic targeted gene delivery.

Here, we review the very recent advances in the identification of peptide ligands and their

corresponding tissue-specific endothelial receptors through the phage display technology

with emphasis on ligand-directed delivery of therapeutic agents and targeted gene therapy.

� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

A dominating feature of tumour vasculature is neoangiogene-

sis, a multistep process crucial for the progression and metas-

tasis of cancer through the new blood vessel formation from

pre-existing vasculature. It is well known that tumour blood

vessels differ from the vasculature of normal tissues both

structurally and physiologically. Neoformed vessels are dis-

continuous, leaky and present a dysregulated expression of a

number of molecules such as integrins, endothelial cells
er Ltd. All rights reserved
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growth factor receptors, cell surface proteoglycans, proteases,

and extracellular matrix components.1 Targeted therapy

provides an efficient means of discriminating between tu-

mour-associated endothelial cells and normal cells and of

controlling tumour growth independently from cell type. Tu-

mour growth can be selectively inhibited by blocking

tumour-derived angiogenic signals or by directly targeting

tumour vascular endothelial cells (Fig. 1). For this purpose,

the rapid development of in vivo phage display technique al-

lowed the identification of small peptides that target receptors
.
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Fig. 1 – Mapping the human vasculature by in vivo phage

display. The molecular diversity of the luminal endothelial

cell surface arising in vivo from local variations in genetic

expression and tissue microenvironment may create

opportunities for achieving targeted molecular imaging and

therapies. A random peptide library displayed on

bacteriophage is the source of ligands that home to recep-

tors selectively expressed on endothelial cells of normal or

tumour endothelium. Ligands isolated by in vivo phage

display can be used for directing drugs or gene therapy

vectors to specific vasculature of pathological tissues.

Fig. 2 – In vivo phage display technology developed to isolate

peptides that home selectively to intact specific targets

expressed on human blood vessels. Phage libraries are

injected intravenously to identify phage peptides that

interact with molecules specifically expressed on blood

vessels of a particular organ or tumour. After removal of

whole organs, tumours, or tissue biopsies, bound phage are

eluted and amplified by growth in host bacteria.

Amplification is followed by biopanning, multiple rounds

of injection of phage, vascular perfusion, tissue removal,

phage isolation, and amplification, until a population of

phages that selectively bind to blood vessels in the organ of

interest is obtained. The DNA corresponding to the insert is

then sequenced within the phage genome, allowing the

insert to be reproduced as a synthetic peptide outside the

context of the phage particle.
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on endothelial cells.2 This technique also makes possible to

localise novel markers of other diseases where angiogenesis

and vascular remodelling occur, such as arthritis, atheroscle-

rosis and diabetic retinopathy.3–5 Molecular addresses identifi-

cation on blood vessels is challenging because it involves

searching for specific targets on the vasculature highly heter-

ogeneous for molecular and structural diversity.6,7

To date, many targeted molecules that are selectively up-

regulated on angiogenic tumour endothelial cells have been

identified. These include integrins, vascular endothelial

growth factor (VEGF) receptors, vascular cell adhesion mole-

cules (VCAM), E-selectin, matrix metalloproteinases (MMP-2/

MMP-9), amminopeptidase N (APN), amminopeptidase A

(APA), amminopeptidase P (APP), endoglin (CD105), and mole-

cules associated with procoagulant changes on angiogenic

endothelium such as phosphatidylserine.8,9

Technological innovation and novel applications advanced

the field of in vivo phage display. However, to ensure safety,

efficacy, and specificity of ligand-directed vascular delivery

preclinical or clinical investigation are still required.

Here, we did not provide a simple update of the literature

in the field. Since there are ongoing clinical trials that are

evaluating some therapeutical approaches based on this sci-

entific background we attempt a framework of a pure exam-

ple of translational research in pathobiology and treatment

of advanced malignancy and vascular damage.

2. Identification of vascular addresses for
ligand-based vascular targeting

Ligand-directed vascular targeting can be accomplished by

specific peptides, antibodies,10 and growth factors complexed

with selective effector molecules.11
The identification of homing motifs is achieved by screen-

ing peptide libraries in vitro on cells, in vivo, or ex-vivo on sur-

gical dissected specimens. In vivo phage display technology is

mainly performed on mice and only one example of screening

on human patients is currently available.12 The success of

phage display selection depends primarily upon the quality

of the library used, as ligands that are not represented cannot

be isolated. Phage libraries are comprised of millions of poly-

peptides expressed within the coat proteins of filamentous

bacteriophages, protein 3 (pIII), protein 6 (pVI) or protein 8

(pVIII) and their construction and use has been extensively re-

viewed.13,14 Epitopes of interest can be targeted with these

foreign proteins expressed on the phage and those phage par-

ticles that bind to the epitope can be isolated, transduced

back into the bacteria and the bacteria grown to expand the

selected phage population, as extensively reviewed

elsewhere.2

In the in vivo phage-display screening for peptide that

home to human tissues, phage libraries are injected intrave-

nously to identify phage peptides that interact with mole-

cules specifically expressed on the blood vessels of a

particular organ or tumour (Fig. 2). After removal of whole or-

gans, tumours, or tissue biopsies, bound phages are eluted
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and amplified by growth in host bacteria. The amplification

process is highly efficient because the phages infect and prop-

agate in bacteriophages which secrete multiple copies. Ampli-

fication is followed by biopanning, multiple rounds of

injection of phage, vascular perfusion, tissue removal, phage

isolation, and amplification, until a population of phages that

selectively bind to blood vessels in the organ of interest is ob-

tained. The DNA corresponding to the insert is then se-

quenced within the phage genome, allowing the insert to be

reproduced as a synthetic peptide outside the context of the

phage particle (Fig. 2).

Using in vivo phage display technology with murine tumo-

urigenesis models, two tumour peptides homing blood ves-

sels, one identical to a sequence of kallikrein-915 and one

omologous to pro-PDGF-B16 were identified and found to be

tumour stage-specific. Although isolation of peptide probes

in murine models may present hurdles associated with trans-

lation of data to humans, these studies provide a temporal

pattern of selective phage homing during tumour progression

from premalignant to invasive phase.

In addition to peptides, several single chain antibodies

(scFv) can be displayed on the surface of phage particles,

and the sequence that binds most efficiently can be selected

by biopanning.17

A consistent number of studies describe the isolation of

antibody molecules against receptors or adhesion molecules

expressed by endothelial cells. These include the selection

of antibodies against VEGF receptor18 and the selection of

scFv fragments directed against VEGF-VEGFR complex,19

CD105,17,20 angiopoietin-2 (Ang-2),21 laminin,22 ErbB2,23 and

against new targets for tumour vasculature, such as Etk ki-

nase,24 plexin,25 and TEM1.26

To date, despite the technical difficulties, phage display

method allowed the identification of several tissue-specific

and angiogenesis-related vascular ligands.12,27 A recent ad-

vanced application of this technique is shown by Kolonin

and colleagues 28 describing the simultaneous screening of

phage display libraries for peptides homing to a number of

tissues without the need for an individual subject for each

target tissue. This has been tested in mice by selecting hom-

ing peptides for six single organs in a single screen and prior-

itising them by using software compiled for statistical

validation of peptide biodistribution specificity. Possible

applications in patient studies would confirm the usefulness

of this approach.

A major challenge for the vascular targeting field is map-

ping, screening, and validating potential targets and their

probes under native conditions found in vivo since the exten-

sive and quite rapid loss of normal morphology and protein

expression by endothelial cells ex vivo can drastically limit

their utility in target-discovery efforts.29 However, in the last

decade, the yield of promising tissue-specific targets identi-

fied by screening of phage libraries after intravenous injection

has been rather modest, probably due to several limitations.

These include (i) the additional complexity introduced by sub-

stantial convective forces from blood flow on phage binding

and retention at the luminal endothelial cell surface in vivo,

(ii) the inability to block a priori high nonspecific binding of

phage, and (iii) the unwarranted randomness in the assay

from the short contact time and incomplete exposure of the
phage-display diversity to the endothelial cell surface of each

organ, because nearly all of the intravenous injected phages

are scavenged within minutes or less by the liver and

spleen.30

A recent example for harnessing the power of phage dis-

play for mapping vascular endothelia natively in tissue and

for achieving vascular targeting of specific tissues is repre-

sented by the use of phage-displayed antibodies converted

into single chain antibodies (scFv)-Fc fusion proteins to rap-

idly target selected organs in vivo preserving native protein

expression in vivo and obviating liver uptake of intravenously

injected phage.7 Furthermore, advances in proteomic tech-

nologies allowed the identification of accessible biomarkers

in human tissues thorough in vivo or ex vivo biotinylation of

protein combined to mass spectrometry.31 These novel ap-

proaches may complement previous robust technologies to

explore more comprehensively endothelial molecular diver-

sity in vivo.

3. Therapeutic application of ligand-based
vascular targeting

The identification of specific ligand-receptor pairs and the

knowledge of their cellular distribution and accessibility

represent a crucial step in the development of targeted phar-

maceuticals.32,33 To date, several functionally relevant

homing peptides have been identified in tumours, primarly

in mice and also in patients,34–36 as well as peptides probes

that selectively bind to atherosclerotic lesions37,38 (Table 1,

Refs8,15,16,39–47). They can be used to selectively target vascula-

ture with radiolabelled,48 cytotoxic agents, antiangiogenic,

procoagulant, immunomodulatory molecules,49 or with gene

therapy vectors.50

A recent interesting application of RGD-4C peptide is de-

scribed by Yao and colleagues51 who studied the distribution

of RGD-4C phage on tumour blood vessels before and after

antiangiogenic therapy. The reduction in integrin expression

on tumour vessels after antiangiogenic therapy raises the

possibility that integrin-targeted delivery of diagnostics or

therapeutics may be compromised. They observed that the

distribution of phage was similar to alpha(v)beta(3) and al-

pha(5)beta(1) integrin expression. Blood vessels that survived

treatment with AG-013736, a small molecule inhibitor of VEGF

and platelet-derived growth factor receptors (PDGF), had only

4% as much binding of RGD-4C phage compared with vessels

in untreated tumours. Cellular distribution of RGD-4C phage

in surviving tumour vessels matched the alpha(5)beta(1) inte-

grin expression.

When coupled to the anticancer drug doxorubicin, RGD-4C

peptide enhanced the efficacy of the drug against human

breast cancer xenografts in nude mice and also reduced its

toxicity.52 Based on these results, delivery of drugs might ben-

efit from identification by in vivo phage display of targeting

peptides that bind to tumour blood vessels normalised by

antiangiogenic agents. However, quantitative analysis of the

RGD-4C biodistribution to validate this peptide as a portable

tumour vascular targeting agent are not fully described and

therapeutic results are not always reproducible.

Tumour vascular targeting was successfully achieved by

coupling IFN to GCNGRC, a CD13 ligand, by genetic engineer-



Table 1 – Molecular addresses on vascular endothelia isolated by in vivo phage display

Target Function Localisation Peptide sequence Ref.

am Integrins cell adhesion normal/breast tumour endothelium CDCRGDCFC 39

APN/CD13 protease normal/breast tumour endothelium, perycites CNGRC 40

APA protease tumour endothelium, perycites, stromal cells CPRECESIC 41

APP protease breast tumour endothelium CPGPEGAGC 42

MMP2 protease normal/tumour endothelium CTTHWGFTLC 8

MMP9 protease normal/tumour endothelium CRRHWGFEFC 8

NG2 proteoglycan tumour endothelium GLS 42

IL11-r cytokine receptor prostate tumour endothelium CGRRAGGSC 43

Prohibitin membrane chaperone white fat vasculature CVPELGHEC 44

KDR/Flk-1 VEGF receptor HUVEC, tumour endothelium HTMYYHHYQHHL 45,46

VCAM-1 cell adhesion tumour endothelium VHSPNKK 47

Kallikrein-9 substrate protease substrate tumour endothelium CSRPRRSEC 15

PDGFR PDGF receptor premalignant angiogenic islet CRGRRST 16
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ing technology. Targeted delivery of low doses of IFN to CD13,

a marker of angiogenic vessels, can overcome major counter-

regulatory mechanisms and delay tumour growth in two mur-

ine models that respond poorly to IFN.53

It has been also possible to design growth factor-toxin or

adhesion molecule-toxin conjugates with the aim of restrict-

ing tumour’s blood supply. For example, tumour tissue necro-

sis and intratumour vascular fibrin thrombosis were observed

after a single systemic administration of a novel single-chain

anti-VCAM-1 antibody/soluble tissue factor (TF) fusion pro-

tein as a tumour vascular targeting agent.47 Interestingly, no

evidence of treatment-related vascular thrombosis, necrosis,

in normal tissues were observed validating the notion that

strategies aimed at producing vascular occlusion in tumour

tissue can be selective.

A good example of recombinant fusion proteins is repre-

sented by three fusion proteins with truncated TF (tTF), i.e.

chTNT-3/tTF, chTV-1/tTF, and RGD/tTF.54 The first fusion pro-

tein, chTNT-3/tTF, targets extracellular DNA which may accu-

mulate on the endothelial cell surface or the basement

membrane in necrotic regions of the tumour. The second fu-

sion protein, chTV-1/tTF, targets a vessel antigen, fibronectin,

which is located in the basement membrane of vessels but

only accessible in fenestrated (leaky) tumour endothelium.

The third fusion protein, RGD/tTF, targets endothelial amb3

and amb5 integrins exposed in tumour vessels of several tu-

mour types. Of interest, the chTV-1/tTF and RGD/tTF fusion

proteins induced thrombosis in small and medium sized tu-

mour vessels, whereas the chTNT-3/tTF induced clotting in

relatively larger vessels.54 Combining all ‘coaguligands’ would

be the most effective treatment strategy to inhibit tumour

outgrowth demonstrating the possibility of controlling the

vascular diversity of endothelium during tumour progression

with a multi-target approach.

Current developments of targeted antiangiogenic agents

include their use in combined therapy, including targeted

antivascular agents and conventional chemoterapeutic

agents. A novel system to increase the efficacy of combined

therapy has been recently demonstrated with a ‘nanocell’ sys-

tem made of a nuclear nanoparticle within an extranuclear li-

pid envelope.55 This system, which enables a first temporal

release of vascular targeting agent followed by the release of
a chemotherapeutic drug from the inner nanoparticle, seems

to posses an antitumour activity higher than the direct

administration of equivalent doses.55 However, the lack of

whole-body imaging and of a careful biodistribution analysis,

important complements to ascertain targeting, prevents a fi-

nal evaluation of potentials and problems associated with

the use of this technology.

Clinical trial experiences on the development of growth

factor receptor-targeted antiangiogenic approaches for ad-

vanced cancer or on the delivery of non-viral gene therapy

for therapeutic angiogenesis in humans with disabling myo-

cardial ischemia and peripheral vascular disease are promis-

ing.56,57 However, the identification of markers that can

monitor activity and efficacy of antiangiogenic drugs in pa-

tients belongs to the most critical challenges to exploit the

full potential of antiangiogenic therapies.

Ligands isolated by in vivo phage are able to exert an anti-

proliferative or proapoptotic effect either by vascular target-

ing action or by a direct cytotoxic activity against tumour

cells. As example, a novel 10-amino peptide containing the

RGD sequence shows direct tumour cytotoxic and invasive-

ness inhibition effects dependent on the blockage of alpha(v)

integrin activity.58 This RGD peptide, GCGGRGDGGC, inhibited

tumour cell proliferation and also induced apoptosis and G1-

phase cell cycle arrest in cell lines that bound and interna-

lised the peptide. Similarly, a novel peptide, AV3, contained

in the NH2 terminus of VEGF receptor-359 has been recently

reported to couple to a TAT cellular penetration sequence

and to cause specific displacement of Focal Adhesion Kinase

(FAK) from the focal adhesion and affects co-localisation of

FAK and VEGF receptor. AV3 peptide also reduced prolifera-

tion and induced apoptosis in breast cancer cell line.59

Phase I trials are ongoing on the efficacy and safety of li-

gand-directed vascular targeting. NGR-TNF, a derivative of

TNF-alpha, consists of TNF fused to CNGRCG. Previous stud-

ies showed that NGR-TNF can exert synergistic antitumour

effects with doxorubicin and with other chemotherapeutic

drugs in murine models although it does not exhibit highly

selective accumulation at the tumour site.60,61

The NGR-TNF represents an important case study in this

field as it being evaluated in the clinic as a possible strategy

for increasing the therapeutic index of chemotherapeutic
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drugs. An ongoing clinical trial is testing the side effects and

best dose of NGR-TNF in treating patients with advanced solid

tumours (Clinical Trials Gov. Identifier: NCT00098943). Pa-

tients of this trial receive NGR-TNF IV over 20–60 min on

day 1. Courses repeat every 21 days in the absence of unac-

ceptable toxicity or disease progression. Cohorts of one to

six patients receive escalating doses of NGR-TNF until the

maximum tolerated dose (MTD) is determined. The MTD is

defined as the dose preceding that at which two of six pa-

tients experience dose-limiting toxicity. Up to 12 patients re-

ceive treatment at the MTD. Diagnostic application of

peptide or antibodies is also tested in a study of imaging

colo-rectal cancer using a two step antibody technique in nu-

clear imaging (Clinical Trials.gov Identifier: NCT00185081).

The aim of this trial is to bypass the slow solid tumour uptake

of antibodies by the use of an antibody pre-targeting method

and an in labelled peptide, IMP-205. The hypothesis of this

study is that this small peptide will be readily absorbed by

the tumour which is pre-saturated by antibodies. As a conse-

quence a higher radiation dose can be given with a lower tox-

icity. Dose-limiting toxicity results to apply this approach on

large scale in the future are expected.

4. Vascular targeted gene therapy

Vascular targeting of gene delivery can be accomplished by

using viral gene vectors or non viral gene vectors.8,62,63 This

is based on the unique properties of viral vectors to be easily

manufactured, engineered to selectively express genes in tu-

mour endothelial cells for long periods of time or to destroy

endothelial cells once they bind.62 Advantages of the appli-

cation of viral vectors, adenovirus (Ad),64 adeno-associated

viral vectors (AAV),65 retroviral vectors (RV),66 lentiviral vec-

tors (LV), measles viral vectors (MV), and herpes simplex

viral vectors (MSV)67 include the combinationof antiangio-

genesis and tumour vascular targeting therapy with other

strategies.

Gene therapy delivery devices targeted by using phage dis-

play-derived peptides, like peptides containing RGD-poly-

ethylenimine (PEI) conjugates, efficiently bind DNA and

enhance its transfer to different cell types.68 The cyclic

RGD-4C conjugated to liposomes has been used as a deliv-

ery device to endothelial and melanoma cells expressing

avb3 integrins. Systemic administration of nanoparticles

complexed to avb3 integrin-ligand to deliver a mutant raf to

tumour-bearing mice resulted in apoptosis of the endothe-

lium leading to regression of metastatic tumours.69 Tumour

growth was inhibited by a similar strategy using small inter-

fering RNA, specifically knocking down VEGF receptor 2

expression.70

Several endothelial promoters have been used in the

transcriptionally targeted viral vectors to tumour cells,

including that of the VEGF receptor Flt-1,71,72 ICAM-2, and

the murine preproendothelin-1 (PPE-1) promoter.73 Treatment

of xenograft tumour models with RV in which the herpes sim-

plex virus thymidine kinase (HSV-TK) gene was driven by a

hybrid endothelial-specific PPE-1 long terminal repeat (LTR)

resulted in widespread vascular disruption and apoptosis

when combined with chemotherapeutic agents.74 AAV2 and

AAV5 mediate delivery of antiangiogenesis factors, such as
a truncated form of the VEGF receptor Flk-1, or antisense

mRNA against VEGF.75,76

Local delivery of the Ad vector Ad-hVEGFR2-iCaspase-9

followed by intraperitoneal injection of a cell-permeable drug

AP20187 resulted in endothelial cell apoptosis and local abla-

tion of microvessels in the severe combined immunodeficient

(SCID) mouse model of angiogenesis.77 Another approach

would be the delivery of Adp21/WAF/CIP to promote vascular

apoptosis in restenotic arteries.78 Hedley and colleagues 79

have re-engineered the Ad fiber protein so it can accommo-

date scFv antibodies. Specifically, they have engineered a

framework for scFv that is stable in cytosol and selected com-

plementarity determining regions (CDRs) of the heavy and

light chains of the scFv, which are thermodynamically stable

and fold correctly in the cytosol. These technological break-

throughs have enabled the targeting of Ad vectors to the vas-

cular endothelial cells with scFv on fibre without destabilising

the packing of the vector.

Recently, a single administration of the AdfVII/IgG(1)Fc

vector has been shown to destroy the peripheral but not the

central vasculature of mouse breast tumour spheroids, caus-

ing partial tumour regression.80 Subcutaneous injection of the

AdfVII/IgG(1)Fc vector leads to the release into the system cir-

culation of a fVII/IgG(1)Fc immunoconjugate molecule that

binds specifically and tightly to TF on vascular endothelial

cells and tumour cells, activating a cytolytic immune re-

sponse against the targeted cells.80 Additional administra-

tions of AdfVII/IgG(1)Fc prevented regeneration of the

peripheral vasculature and regrowth of the tumour indicating

that a critical parameter for optimising tumour damage is the

schedule for successive administrations of the AdfVII/

IgG(1)Fc, which should coincide with the regeneration of the

peripheral vasculature and continue until the tumour is

destroyed.80

Safety and efficacy concerns associated with gene therapy

vectors can be overcome by ablating their endogenous unde-

sired tropism and retargeting them to a specific tissue.62 AAV

tropism has been genetically engineered by the incorporation

of endothelial cell-targeted peptides discovered by phage dis-

play into the capsids of the vector.81–83 Peptide-modified AAV

has been shown to possess enhanced transduction of human

endothelial cells compared with AAV with a wild-type cap-

sid.81–83 The identification of four novel consensus peptides

homing to the lung or brain was achieved by extensive bio-

panning in rats.66 Each peptide incorporated into the VP3

region of the AAV-2 capsid to display the peptide at the virion

surface allowed in vivo homing to the endothelium residing in

defined organs.66 A very recent approach was based on Ad

delivery of MMP inhibitor coupled with BMC in experimental

stroke.84

To retarget viral vector to cell type specific receptors, the

incorporation of peptides selected by phage display into the

viral capsid might, sometimes, present a low ligand-receptor

binding affinity due to changes of peptide conformation in

the virus protein context. A peptide screening system dis-

played directly on AAV2 leading to the isolation of AAV vec-

tors selective for endothelial cells in vitro was reported by

Muller and colleagues.85 This library was generated in a

tree-step system that ensures encoding of displayed peptides

by the packaged DNA. The selected peptides enhanced trans-
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duction in coronary cells but not in non endothelial cells as

control and overcame the limitation of phage display

selection.

Although vectors engineered to bind and to infect tumour

vascular endothelial cells and tumour cells work in vitro, only

very limited targeting is seen in vivo. Several reasons account

for this, like the low efficiency of delivery to the tumour, the

lack of selectivity between tumours and other organs, the up-

take by reticuloendothelial system (RES) and hepatic cells, the

neutralising antibodies to the vector, and side effects (local

inflammation, fever).

Ways to circumvent the uptake of viral vectors by RES and

hepatic cells, especially the Ad vector, include the use of sub-

stances inhibiting the function of the RES,86 of antibodies to

retarget the virus to alternative receptors such as angioten-

sin-converting enzyme (ACE),87 or of targeting peptides in-

serted into the HI loop of the fiber structure.65 Hallak and

colleagues88 described a way to circumvent the neutralising

antibodies for MV through engineering new targeting ligands

into the virus. To target activated endothelial cells in tumour

tissue, they developed an Echistatin-targeted MV vector (MV-

ERV) which binds to the avb3 integrin receptor with high affin-

ity. MV-ERV vector can also target to tumour cells by the H

protein binding to the native CD46 receptor demonstrating

its potential use in gene therapy not only for targeting tu-

mour-associated vasculature but also for the treatment of so-

lid tumours.

Clinical trials to test safety and efficacy of targeted gene

transfer in colorectal cancer metastatic to liver (Clinical Tri-

als.gov Identifier: NCT00035919) or to determine the antian-

giogenic efficacy of adenoviral endostatin in the treatment

of advanced solid tumour (Clinical Trials.gov Identifier:

NCT00262327) are still ongoing. For more details about the

Clinical Trials.gov mentioned in this review, please, visit the

web site http://nccam.nih.gov/clinicaltrials.

5. Take ‘home’ messages and the road ahead

In the last decade, in vivo phage display technology has

yielded homing peptides and antibodies that have revealed

the high heterogeneity of the vasculature. The identification

of vascular novel addresses on blood vessels has increased

the development of therapeutic strategies which, together

with therapeutic angiogenesis during tissue ischemia elicited

by bone marrow cell therapy,89 opened up possibilities for the

treatment of cancer and vascular diseases, including pulmon-

ary hypertension.90

The fact that tumour blood vessels differ from those in

normal organs and from newly formed blood vessels in heal-

ing wounds, chronically inflamed tissues and other sites of

angiogenesis, creates the opportunity for identifying truly tu-

mour specific vascular markers. The extraordinary complex

network regulating abnormal expression of genes that con-

tribute to the pathophysiological and clinical manifestations

of tumour-associated vasculature91 provides candidate tar-

gets for tumour-selective ‘transductional’ and ‘transcrip-

tional’ targeting of genetically or chemically modified

vectors.80 However, an obstacle can be represented by the fact

that vectors tested in mouse models for their suitability in

gene therapy targeting to tumour endothelium may not be to-
tally predictive of the outcome in clinical trials in human

subjects.

Therapeutic ligand-based vascular targeting agents are

proving their usefulness through the ongoing clinical trials

in humans, and outcomes, both in terms of therapeutic gain

and vector-associated toxicity issues, are keenly awaited.

Although combined therapy, including targeted antiangio-

genic agents and conventional tumour therapy, renewed the

confidence in targeted approaches, modes of action and dose

dependence are still open issues for safe and efficacious

applications. The real goal is to find some way in combined

therapy of inducing a synergistic therapeutic effect rather

than a pure additive beneficial result. A major detractor to

the successful application of gene therapy for the treatment

of a range of diseases is not a paucity of therapeutic genes

but the lack of an efficient non-toxic gene delivery system

in chronic long-lasting therapy. Future efforts will be indis-

pensable in developing safe and widely distributed viral vec-

tors and gaining in depth insight into metastatic tumour

models in which very poor therapeutic approaches are

available.
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