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Importance of the field: Recently, there has been substantial progress in
the development of integrin targeted pharmaceuticals and drug delivery
systems. Integrin is an important member in the cell adhesion molecule family,
which isinvolved in regulation of complex biological conditions, from keeping
normal physiological activities to causing cellular dysfunction in diseased
cells. Hence, it is timely to summarize the recent developments in integrin tar-
geted drug and gene delivery systems to understand better their advantages
and limitations.

Areas covered in this review: In this review, advances in the discovery and
clinical trials of these integrin antagonists against different integrin subunits
are summarized and discussed. Besides using integrin inhibitor as a single
therapeutic agent, integrin antagonists that were conjugated to cytotoxic
drugs by synthetic chemistry or coupled to biomacromolecules by either DNA
recombination technology or fusion protein technology for integrin targeted
therapy have been explored. Furthermore, nanoparticles with integrin target-
ing ligands for both drug and gene delivery, typically for antiangiogenesis and
anticancer therapy, are highlighted and evaluated.

What the reader will gain: This review sheds light on the future development
of integrin targeted drug and/or gene delivery systems.

Take home message: Although thus far there are still limitations, integrin
targeted delivery systems have already shown their potential as important
pharmaceuticals in the near future.
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1. Introduction

In past decades, much effort has been given to the discovery of cell adhesion
molecules (CAMs), and their distinctive functions in cell morphology, mitosis,
maintenance of cellular polarity, pathological regulations and mutation in disease
progression have also been investigated extensively [1,2]. Cell adhesion molecules play
key roles in the human body to keep its integrity by regulating cell—cell and/or cell-
extracellular matrix (ECM) connections. CAMs have been shown to be important in
various diseases, such as cancer [3], thrombosis [4,5], arthritis [6.7] and diabetes (8].

Generally, CAMs can be divided into four classes: integrins, cadherins, selectins
and immunoglobulin superfamily. Among them, ingetrins have drawn much
attention in both clinical and academic research because of their vital roles in
mediating various diseases. Integrins are cellular surface glycoprotein receptors
consisting of a heterodimer of 0~ and B-subunits that are mutually non-covalently
associated. In mammals, integrins have extensive distributions throughout the whole
body (Table 1), and there are 18 0- and 8 B-subunits assembling 24 functionally
different heterodimers [9,10]. Each individual integrin subunit has a large extracellular
domain, a single membrane-spanning domain and a short non-catalytic
cytomplasmic tail [11]. The assembled integrin heterodimer can bind to a unique
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application and limitations.
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 The rationales and examples.

« Exploration for cancer therapy and treatment of
other diseases.

 The integrin drug and gene delivery systems have great
potential for treatment of diseases in human healthcare.

« It is always a challenge to develop safer, less complicated
structures and more effective drug and gene
delivery systems.

This box summarises key points contained in the article.

set of ligands in the ECM, soluble ligands and ligands on other
cellular membrane surface as cellular cross-talking [12]. On
ligand binding, integrins cluster into focal contracts contain-
ing many different actin-associated proteins, such as ¢t-actin,
vinculin, tensin and paxillin, which link the integrin to the
cytoskeleton [11,13]. The binding association can initiate intra-
cellular signaling events, and also activate kinase that phos-
phorylates cytoskeletal proteins [14]. In turn, the reassembling
of actin filaments into stress fibers stimulates integrin
clustering and enhances the affinity with ECM proteins [15].

As integrins play diverse roles in several distinct physiolog-
ical and disease processes, various integrin targeting methods
have been explored extensively to mediate physical regulation
or deliver medicines to specific cells for treatment. In this
review, the most recent advancement of integrin targeted drug
and gene delivery are focused on. In particular, integrin-based
drug and gene delivery for anticancer and antiangiogenesis
therapy are discussed in more detail.

2. Integrin antagonists

The complexity, structural variety and functional diversity of
integrins make this superfamily of cell adhesion molecules play
a vital role in the context of many biological activities,
including innate or antigen-specific immunogenicity, inflam-
mation, hemostasis, wound healing, tissue morphogenesis,
and regulation of cell growth, migration and differentia-
tion [1617). On the other hand, dysregulation of integrins
results in pathological diseases from autoimmunogenesis to
thrombotic vascular disorder to angiogenesis of cancer and its
metastasis [18,19]. In addition, because angiogenetic endothelial
cells of solid tumors overexpress several integrins, such as
OyB3, whereas pre-existing resting normal blood vessel can
hardly be detected for those integrins, it is of great interest to
use the integrin antagonists to inhibit angiogenesis of solid
tumors in cancer therapy. Thus, it is essential to discover and
develop integrin antagonists for clinical applications. So far,
many integrin antagonists have been discovered or developed,

including monoclonal antibodies, peptides, non-peptide small
molecules, and so on, and some of these antagonists are or will
be available on the market.

2.1 Antibodies

¢7E3 (abciximab, ReoPro®, Centocor, Inc., Philidelphia, PA,
USA & Eli Lilly, Indiana) is a mouse/human chimera derived
from a mouse anti-0pP3 monoclonal antibody. This anti-
body remains the variable region of mouse anti-ouy,33 mono-
clonal antibody, 7E3, but ligated to the constant domain of
human immunoglobulin (IgG). It has been reported to show
inhibition of platelet aggregation [20] by targeting GPIIb-IIIa
(ourpP3) on platelets. Not only can the ¢7E3 bind to o3,
but also it binds to 03 integrin at equivalent affinity [21], and
tends to redistribute between these two receptors [22]. As O3
integrin is important in mediating pathological neovascular-
ization, cancer angiogenesis and metastasis [23], and ¢7E3 has
high affinity to o3, it was reported that c7E3 inhibited
0yPB3-mediated human umbilical vein endothelial (HUVEC)
and melanoma cell adhesion, migration and invasion, and
basic fibroblast growth factor (bFGF) stimulated proliferation
of HUVEC: in the i vitro angiogenesis study [21]. In a human
tumor xenograft study, c7E3 showed potency in inhibiting
tumor angiogenesis and growth [24], and even completely
blocked tumor formation and growth of human melanoma
tumors growing in nude rats [21]. Owing to the success of the
preclinical experiment results, c7E3 has passed large-scale
clinical trials on 2099 patients undergoing coronary interven-
tion, which aimed to investigate the protective effect to those
patients [25]. In another clinical trial, c7E3 was used against
GPIIb-1Ila integrin to reduce clinical restenosis, and a 26%
reduction effect was still seen even after 6 months [26]. How-
ever, there has not yet been any clinical report on the use of
c7E3 for treatment of cancers.

LM609 is a mouse anti-human monoclonal antibody raised
against O3 integrin [27]. The specific and effective blocking
of bFGF and tumor necrosis factor-ot (TNF-ot) of LM609 was
its primary antiangiogenesis mechanism [28]. After intravenous
injection, LM609 effectively reduced tumor angiogenesis and
growth [23.29); meanwhile, it had little, if any, impact on pre-
existing resting vessels (30]. Rader and co-workers described the
in vitro affinity maturation of humanized LM609 by using a
phage display strategy for the sequential and parallel optimi-
zation of three complementarity determining regions of the
antibody [31]. The humanized version of LM609 showed
improved affinity to o5 integrin and, importantly, dem-
onstrated selective targeting to human Kaposi’s sarcoma and
significantly inhibited tumor growth in an animal model [31].
Nevertheless, clinical trials have found its limitation for
metastatic cancer treatment [32], probably owing to the single
integrin (0/[B3) targeting characteristic of LM609. As malig-
nant metastatic cancers are believed to involve more than one
integrin pathway, other integrins, such as oyBs or 0isf3;, and
so on, are also able to mediate tumor angiogenesis and
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Table 1. List of the integrin subunit combinations, their distribution and RGD recognition.

Integrin Integrin distribution sites RGD
subunit recognition +
o1y Laminins, collagens -
04 Laminins, collagens, chodroadherin -
o3ps Laminins, fibronectin, thrombospondin, collagen, epiligrin, entactin +
0Py VCAM, fibronectin -
By VCAM, MAdCAM, fibronectin NA
osP Fibronectin, fibrinogen +
0P Merosin, kalinin, laminins -
osPa Laminins NA
7B Laminins -
ogP Fibronectin, vitronectin, osteopontin, nephronectin, tenascin-C -
0o Tenascin, angiostatin, tenascin-C, osteopontin, VCAM-1, tTG -
o10P1 Collagens NA
o11Bia Fibronectin, fibrogen, fibroblast, von Willebrand factor, vitronectin +
ooP> VCAM, ICAM NA
Py E-cadherin NA
o B ICAM-1,2,3 NA
o2 Fibrinogen, ICAMs, denatured ovalbumin -
oxf2 Fibrinogen -
o3 Collagens, fibronectin, vitronectin, fibrinogen, von Willebrand factor, thrombospondin +
oy B Vitronectin, fibronectin NA

Bs Fibronectin, vitronectin, fibrinogen, von Willebrand factor, thrombospondin, FGF2, +

metalloproteinase MMP-2, ADAM proteins

Bs Vitronectin +

Be Tenascin, fibronectin

B Fibronectin, collagens, laminins NA

Bs Vitronectin, fibronectin NA

Bn Fibronectin, collagens NA

ADAM: A disintegrin-like and metalloproteinase; FGF2: Fibroblast growth factor 2; ICAM: Intercellular cell adhesion molecule; MAdCAM: Mucosal addressin cell
adhesion molecule; NA: Not available; tTG: Tissue-type transglutaminase; VCAM: Vascular cell adhesion molecule.

growth [28]. Therefore, a combination of different integrin
receptor pathways is believed to be more effective at inhibiting
malignant cancer growth and metastasis [33).

There are some humanized monoclonal antibodies available
for the combined targeting of more integrin receptors. Besides
the as-mentioned c7E3 binding equally to both oypPs and
0B, CNTO 95 was reported to have affinity to multiple oy,
integrins, with especially high affinity to oyPs and o Ps
integrins (34,35]. The Phase I clinical trial of CNTO 95 showed
penetration of the tumor and localization to tumor cells in
association with reduced bcl-2 expression, and a lesion in
1 patient (10.0 mg/kg) with stable ovarian carcinosarcoma was
no longer detectable by day 49 post-injection [36]. Besides
being used as a single agent for cancer therapy, CNTO 95 was
also reported to enhance synergistically the efficacy of radio-
therapy. The combined therapy of CNTO 95 and fractionated
radiation significantly inhibited tumor growth and produced
the longer tumor growth delay time [37). Similarly, another

monoclonal antibody, 17E6, was raised not only against o3,
but also to oyPs and owP; 3839, and it caused dramatic
inhibition of many malignant cancers, all of which over-
expressed O integrins [39). In summary, antibodies with
multiple integrin binding affinity should be promising
agents for integrin targeted cancer therapy for better
clinical results.

2.2 Peptides

Besides antibodies, synthetic peptides that mimic the structure
of natural integrin binding ligands are another important
integrin antagonist group. Much attention has been paid to
Arg-Gly-Asp (RGD) mimic peptides. As early as 1986,
Ruoslahti and Pierschbacher discovered that the RGD
sequence found in fibronectin was responsible for cell adhe-
sion to fibronectin, and a small RGD peptide derived from
fibronection was able to inhibit cell adhesion to fibronectin [40].
Besides fibronectin, other ECM glycoproteins also contain an
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Figure 1. Representative peptides of integrin antagonists.

RGD motif in their structures, including fibrinogen, von
Willebrand factor, vitronectin, osteonectin, thrombospondin,
and proteolysed collagen and laminin [11]. In the literature,
various integrins have been reported to recognize the RGD
sequence (Table 1).

The binding selectivity of RGD triple-peptide to specific
integrin depends much on the conformation of the RGD
sequence and its flanking residues [41,42]. A single RGD triple-
peptide has low bioavailability as pharmaceutics mainly
because of the short half-life in the body. By conformation
restriction of the RGD sequence and chemical modification,
many researchers have developed a variety of cyclic RGD-
containing peptides not only with diverse secondary structures
of RGD peptides, but also with enhanced binding affinity and
bioavailability [12.43]. In chemistry, the formation of cyclic
RGD-containing peptides can be accomplished by forming
either a peptide bond (i.e., cRGDfK, cRGDyK, Cilengitide)
or a disulfide bond with the peptide sequence (i.e., RGDC4,
Integrilin®, Schering-Plough, NJ, USA) (Figure 1).

Among many available RGD mimic peptides, Cilengitide
(c[-RGDf(NMe)V-], EMD 121974, Merck KGaA) (Figure 1),
a head-to-tail cyclic peptide containing the RGD triad wedged
into a small constrained sequence flanked by D-phenylalanine
and N-methylated valine residue [43], has emerged as a prom-
ising moiety. It can bind to both integrin o3
(ICso = 2.3 nM) and owfs (ICso = 37 nM) with high
affinity [40], respectively. Cilengitide has been evaluated in
several Phase I and Phase II trials [44-48]. In one of the Phase I

clinical trials, a cohort of 51 patients suffering from recurrent
malignant glioma was involved in the study. Cilengitide was
reported to be well tolerated at a dose of 2400 mg/m?, and
2 patients demonstrated complete response, 3 patients had
partial response, and 4 patients had stable discase 48]. In
another Phase I study, which focused on the children with
refractory brain tumor, one patient with glioblastoma multi-
forme demonstrated complete response, and two patients
had stable disease (SD). An extra patient had SD
for > 5 months (44. The promising results from this
study led to the continuing Phase II study by the same
research group. Other Phase II studies of Cilengitide on
prostate cancer [46] and pancreatic cancer [47] have also
taken place.

Similar to Cilengitide, a new antiangiogenesis peptide,
ATN-161, has also drawn much attention recently. Similar
to the origin of RGD-based peptides, ATN-161 is also derived
from fibronectin, by replacing an arginine residue of the
primary sequence with cysteine moiety, whereas it is a non-
RGD-based peptide with five amino acid peptide binding to
integrins OB3 and 05P; [491. It has been demonstrated to
inhibit tumor growth, angiogenesis and metastasis in multiple
animal models [50-52). Recent Phase I trial on patients with
advanced solid tumor showed prolonged stale disease with
ATN-161 [53].

Another  important integrin  antagonist  peptide
drug — Integrilin — is now on the market. It is an antithrombic
drug, and functions by selectively binding to GPIIb-IIIa
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receptors (integrin Ouy,3) on platelet cell surface [541. During
thrombosis, fibrinogen binds to gpIIb-Illa receptors to gen-
erate platelet aggregation. Integrilin is able to inhibit com-
petitively the fibrinogen binding with gpllb—Illa receptors,
thus preventing the platelet aggregation effectively [55].

Leukocyte function-associated antigen-1 (LFA-1) integrin
is another target leading to the discovery of a series of
peptides [15]. These peptides were found to block mixed
lymphocyte reactions and heterotypic T-cell adhesion to
intestinal mucosa epithelia cell monolayers, and pancreatic
islet microvascular endothelial cells [56,57). Cyclic peptide
cLABL derived from LFA-1 was reported to bind to inter-
cellular adhesion molecule-1 ICAM-1), and internalized into
cytoplasm domain by means of ICAM-1. Therefore, it has
been considered as a potential targeting ligand for drug
delivery into ICAM-1 overexpressing cells [s8].

Disintegrins identified from viper snake venoms is a family
of low-molecular-mass RGD proteins. Generally, disintegrins
can be divided into monomeric and dimeric groups [59]. The
former group consists of three subgroups different in their
peptide length with several disulfide bonds [60}; the latter
group contains homodimeric and heterodimeric disinte-
grins [61]. In 1987, Huang and co-workers reported the first
disintegrin — trigramin — which inhibits fibrinogen interaction
with platelet receptor gplIb/Illa [62]. After that, many disin-
tegrins were discovered, and some of them are promising for
clinical trials 59].

2.3 Small molecules: peptidomimetics and other
integrin antagonists

From monoclonal antibodies to peptides to disintegrins, all
are biological products as integrin antagonists. Although there

have been clinical trials, and some are even already on the
market, these biological moieties are not without limitations,
such as high price, difficult to scale up, low bioavailability,
enzyme susceptibility, and so on. Fortunately, the chemically
synthesized products that mimic the functions and structures
of the biological integrin antagonists hold great potential for
developing into suitable therapeutic agents. Peptidomimetic
belongs to the chemically synthesized integrin antagonist
family. It is synthesized by non-peptide elements that mimic
the natural peptide’s biological structures and activity. The
most significant advantage of peptidomimetic lies in its ability
not to be degraded enzymatically owing to its non-peptide
characteristic. Thus, it potentially has higher oral bioavail-
ability. Moreover, peptidomimetic can be synthesized and
scaled-up by combinatorial chemistry technology (63]. These
two advantages make peptidomimetics attractive in the phar-
maceutical industry. Some selected non-peptide o/f; integrin
antagonists are listed in Figure 2.

3. Conjugation of drug with ligand for integrin
targeting

As integrins are transmemebrane glycoproteins and can be
internalized by cells on activation with anchoring ligands, this
characteristic can be used to facilitate delivery of medicines
into cancerous cells and leukocytes. In addition, integrins are
overexpressed on angiogenetic endothelial cells and neovas-
cular cells, whereas they are absent in pre-existing endothelial
cells and normal organs; and some tumor cells also express
integrins on their cellular membrane surface. All of these
characteristics make integrins good targeting ligands for
both tumor and antiangiogenesis targeting therapy. In recent
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years, Jain proposed that certain antiangiogenetic agents can
transiently normalize the abnormal structure and function of
the tumor vasculature, and make it more efficient for oxygen,
nutrients and drug delivery (64,65]. Thus, combination of
vascular targeting antagonists with conventional chemother-
apeutical agents can facilitate the penetration of drug into
tumor, as well as diminish the notorious side effects arising
from cytotoxic drugs. Generally, there are two classes of
molecules that could be conjugated with integrin antagonists:
chemotherapeutical small molecules; and biomacromolecules.

It is well known that the conventional chemotherapeutical
drugs are effective in their anticancer activity. However, their
high toxicity to healthy cells limits their clinical efficacy. Thus,
vectorization of the cytotoxic drugs only to the targeted cancer
cells is believed to be a feasible approach to circumvent this
side effect to some degree. For example, Arap ez al. coupled the
tumor vascular homing peptides (both targeting to integrin
o) GDCFC (RGD4C) and CNGRCVSGCAGRC (NGR)
to doxorubicin, a widely used anticancer drug for a variety of
cancer treatments [66]. The result showed that the integrin
targeting peptide—doxorubicin conjugate resulted in inhibi-
tion of tumor growth and fewer pulmonary metastases in mice
than free doxorubicin. In addition, the conjugated doxoru-
bicin was found to be less toxic to liver and heart than the free
drug. In a similar manner, Kim and Lee also showed that
RGD4C-conjugated doxorubicin was able to inhibit the
tumor growth in OyP; integrin-negative tumor cell, suggest-
ing that the antiangiogenetic effect on the endothelial cells
induced by this conjugation may lead to tumor recession [67).
However, the peptide RGD4C contains disulfide bonds in its
structure, which are susceptible to hydrolysis under reduced
condition in cytoplasm, and result in inactive substance.

Cyclic pentapeptide c(RGDfK) (Cilengitide) has emerged
as an alternative to RGDA4C for its good affinity and better
water solubility than RGD4C. The in vitro cytotoxicity study
revealed good growth inhibition of the breast cancer cell
MDA-MB-435 (overexpressing 0y integrin) (Figure 3) [68].
Besides doxorubicin, another front-line anticancer drug,
paclitaxel, was also conjugated with integrin targeting bicyclic
peptide E[c(RGDyK)], (69.,70]. The activity of the conjugate
was evaluated in metastatic breast cancer cell MDA-MB-435
and found to be comparable to the free paclitaxel in the cancer
cell proliferation inhibition assay. cIBR and cLABL have also
been conjugated to methotrexate (MTX) to target to LFA-1
integrin [15].

Integrin ligands can also be conjugated with therapeutical
biomacromolecules to target them to the specific intracellular
site for their action. The conjugate of the bicyclic
(ACDCRGDCEFC) peptide with the antimicrobial synthetic
peptide (KLAKLAK), showed significant tumor-reducing
effect and lowering in the lung metastasis burden [71]. Another
naturally occurring antimicrobial peptide also showed anti-
tumor efficacy on B16 melanoma-bearing syngenic mice after
being coupled with integrin targeting peptide (RGD) [72].
RGD peptide was also used to couple to endostatin, an
endogenous antiangiogenetic protein, for more effective
tumor inhibition [73]. The cytokine protein TNF-0. was shown
to have better TNF receptor binding affinity and trigger apo-
ptosis cascades after decorating with RGD integrin targeting
ligand [74.75]. Using fusion protein technology, IL-12, IL-24,
tTF (truncated tissue factor), or other tumor-suppressing
and/or apoptosis-inducing cytokines have also been fused
with different integrin targeting ligands for antitumor and
antiangiogenesis activity [76-78].
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4. Integrin targeted nanoparticle for drug
delivery

A nanoparticulate delivery system with surface modified with
integrin targeting ligand is another approach to delivering
therapeutic agents to targeted cancer cells or diseased organs.
Meanwhile, the nanoparticulate delivery system is believed to
increase the stability of the encapsulated or conjugated ther-
apeutic molecules, improve the efficacy, and alleviate the
undesired side effecst. Also, as the tumor has leaky blood
vessels and poor lymphatic drainage, nanoparticles can pen-
etrate and accumulate in the tumor via those leaky vessels by
the enhanced penetration and retention (EPR) effect (791. To
target receptor overexpressing cancers or disorder cells specif-
ically, there are generally two classes of targeting: active
targeting and passive targeting. Active targeting is pro-
grammed by engineering nanoparticles with cellular specific
targeting moieties, although it is difficult to realize without
passive targeting, in which poly(ethylene glycol) (PEG) is
normally chosen to attenuate the surrounding environment
(commonly aqueous or body fluid) to the nanoparticles to
protect them from protein absorption and also to prolong the
circulation time after administration into the body (80). The
most investigated nanoparticulate delivery systems are lipo-
somes, polymeric nanospheres, micelles and polymersomes,
with a broad size range from several tens of nanometers to
hundreds of micrometers.

Among the integrin targeting ligands, the RGD-containing
peptide-decorated nanoparticulate delivery system has been
investigated most extensively, and fruitful results have been
achieved. For example, RGD peptide was conjugated to the
phospholipids with PEG as linker. The construct was then
incorporated into liposome to realize both passive and active
targeting functions. Murphy and co-workers had coupled
cRGDIK peptide to PEGylated liposome encapsulating anti-
cancer drug (doxorubicin) to target oyP5 integrin-expressing
tumor vasculature. In two different animal models, this o3
integrin targeting-mediated delivery system resulted in a
15-fold increase in antimetastatic activity without any pro-
nounced drug-associated weight loss as observed with systemic
administration of the free drug [81]. Xiong ez a/. achieved high
tumor accumulation and intercellular delivery of doxorubicin
after conjugating synthetic RGD mimic compound with the
drug-loading liposome in syngenic B16 melanoma mouse
model. Administration of RGD mimic-modified nanoparticle
resulted in retarded tumor growth and prolonged lifespan
compared with the non-modified one (82,83]. Similar RGD
liposome modification strategies have also been used to deliver
other anticancer drugs (e.g., 5-FU, paclitaxel) to malignant
tumor-bearing animals, and significant anti-primary tumor
and antimetastatic activities were achieved [84-8¢].

RGD-decorated liposome was also used in combination
therapy in which vascular disrupting agent (combretastatin)-
loaded RGD surface-tethered liposome was combined with
radiation therapy [87]. This combination therapy resulted in

Wang, Chui & Ho

lower drug dosage (from 80 mg/kg of free drug to 14.5 mg/kg
equivalent in the drug-loaded targeting nanoparticle) and
better treatment outcome. Not just limited to cancer
therapy, RGD-modified liposomes have also been applied
for other disease treatments, and good therapeutic results
achieved [88,89]. In addition to liposome, Nasongkla er al.
developed biodegradable polymeric micelles, a type of self-
assembled nanoparticle from amphiphilic copolymers, with
cRGD surface functionalization for targeted doxorubicin
delivery [90]. Later on, they made this delivery system multi-
functional by adding iron oxide nanoparticles to the system for
simultaneous MRI imaging and drug delivery [o1].

Other integrin targeting micelle drug delivery system with
diverse compositions are also available [92,93]. Biodegradable
nanosphere is another attractive drug delivery system.
Recently, an RGD-PEG-PLGA nanosphere delivery system
was developed for intracellular delivery of doxorubicin to
different malignant cancer cells (Figure 4) [s0]. This new
nanosphere possesses both passive and active targeting func-
tions, and alleviates the burst drug release effect commonly
associated with PLGA nanosphere systems. Besides using
RGD as an integrin targeting ligand, Kim and co-workers
also encapsulated RGD-containing peptide in nanoparticle
delivery system for antitumor therapy [94]. In an iz vive study,
the antiangiogenic peptide drug formulation of RGD-583-
cholanic acid (HGC) markedly inhibited bFGF-induced
angiogenesis and decreased hemoglobin content in Matrigel
plugs. Intratumoral administration of RGD-HGC signifi-
cantly decreased tumor growth and microvessel density com-
pared with native RGD peptide injected either intravenously
or intratumorally. Swenson ¢t al. reported the liposomal
delivery of a new snake venom disintegrin, contortrostatin
(CN) in an orthotopic human breast tumor xenograft
model [95]. This disintegrin modulates its interaction with
integrins on tumor cells and angiogenic vascular endothelial
cells. By incorporating CN into a liposomal delivery system,
several advantages were identified: i) CN in the liposomal
delivery system had a significantly prolonged circulatory half-
life compared with native CNj; ii) CN in liposome was
passively accumulated in the tumor; iii) it had no platelet
reactivity; and iv) it was not recognized by the immune
system. In their study, they demonstrated that intravenous
delivery of liposomal CN led to potent antiangiogenic activity
in the 77 vivo tumor model.

5. Integrin targeted nanoparticle for gene
delivery

Nucleic acid is another attractive therapeutic agent for
regulation of disorders or treatment of diseases including
cancer, by substituting the defective genes, replacing the
missing genes or silencing the undesired genes. Nucleic
acid is hydrophilic, negatively charged and susceptible to
enzyme degradation, its delivery iz vivo depends much on
loading it into a suitable delivery system for intracellular
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Reproduced with kind permission of Springer Science and Business Media [80].

delivery. In 2002, Hood et al. synthesized an o5 integrin
antagonist that was coupled with cationic lipids to facilitate
gene delivery to angiogenic blood vessels in tumor-bearing
mice (Figure 5). The fabricated nanoparticle was conjugated
with a mutant Raf gene, which blocked endothelial signaling
and angiogenesis stimulated by multiple growth factors. In a
tumor-bearing mouse model, it was proved that the o3
integrin targeting gene delivery nanoparticle was effective at
inducing apoptosis in the tumor endothelial cells, ultimately
leading to primary and metastatic tumor regression [96].
Similarly, an RGD sequence-containing peptide was also
coupled with phospholipid to form a new lipopeptide that
efficiently targeted [-galactosidase gene to tumor
vasculature [97].

Polyethylenimine (PEI) is a commonly used effective non-
virus cationic gene delivery vehicle. It is able to bind the
negatively charged gene tightly and homogeneously. After
coupling with RGD peptide, this delivery system facilitated
luciferase plasmid DNA delivery into cancer cells, whereas
mutated RGD peptide failed to do so [98]. To increase the
stability further and prolong the circulation time 77 vivo, PEI
was modified with PEG, followed by conjugation with RGD
peptide at the distal end [99,100].

Ever since the discovery of the silencing effect of RNAI,
delivery of siRNA into cells effectively to silence an unwanted
gene has drawn much attention. Schiffelers and co-workers
developed a self-assembled RGD surface-modified PEGylated
PEI cationic nanoparticle to deliver siRNA against vascular
endothelial growth factor receptor-2 (VEGFR-2) expression
in human breast cancer-bearing mice [101]. This siRNA deliv-
ery nanoparticle inhibited the protein expression level and
decreased the tumor growth and angiogenesis rate. siRNA
delivery was also realized by conjugation of siRNA with
albumin, which was decorated with RGD-conjugated PEG
on the surface. The conjugates robustly induced luciferase

expression at low concentrations, at which level little short-
term or long-term toxicity was observed [102]. Harbottle ez /.
made it possible to use 16-lysine residue tethered integrin
targeting peptide to condense DNA directly and deliver the
DNA into cells. The delivering ability of this cationic peptide
was reported to exceed the commercial Lipofectamine® (Invi-
trogen, CA) [103] reagent. On the other hand, siRNA delivery
was used to silence specific integrin subunit expressions that
were highly involved in mediation of cancer cell invasion,
migration, metastasis, or hypoxia induction in tumor [104-106].

Apart from its application in cancer therapy, integrin
targeted gene delivery has been used extensively for the
treatment of other diseases, such as inflammation [107],
HIV infection prevention [108], diabetes [109], and so on.
Peer and co-workers have recently reported that integrin o,
antibody-modified liposome loaded with cyclin D1 (CyD1)-
specific siRNA can be systematically delivered to target specific
leukocyte subsets involved in gut inflammation in vive. On
systemic administration, CyDlexpression in leukocytes was
successfully silenced, and this delivery system also reversed
experimentally induced colitis in mice by suppressing leuko-
cyte proliferation and T helper cell 1 cytokine expression [110].
Furthermore, adenovirus [111], liposomes [85,112], or polymeric
nanoparticles [113,114] have also been used for integrin targeted
gene delivery applications.

6. Conclusion

As one important member of the cell adhesion molecule
family, integrin is highly associated with many human diseases
and cellular function disorders by either single subunit or
multiple subunits simultaneously. Herein, the most recent
advances in integrin-based drug or gene delivery systems have
been summarized. As a therapeutic target, there are many
integrin antagonists, including antibodies, synthetic natural
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mimic peptides, naturally extracted disintegrins, peptidomi-
metics and other small molecules. Some of the antagonists are
already on the market, and some are still being tested in
different phases of clinical trials. Besides using them as
therapeutic medicines, a fraction of the antagonists are used
as integrin targeting ligands to direct drug or gene-loaded
vehicles to specific abnormal cells. In this manner, the side
effects of the cytotoxic drugs can be alleviated, to some extent,
as well as lower doses of drugs being used for equivalent, if not
better, therapeutic effect. Thus, the integrin targeted drug or
gene delivery systems hold great promise for the treatment of
diseases in human healthcare.

7. Expert opinion

With the rapid advance in modern technology, medicine, and
our greater understanding of the complex biological signaling
cascades and protein structures, researchers are now able to
develop different bioactive moieties, including antibodies, nat-
ural mimic peptides, synthetic small molecules or nucleic acid,
to fight against human diseases ranging from ailments such
as fever to serious diseases such as cancer, AIDS, and so on.
For the integrin targeted drug discovery, although so far only
24 heterodimers of integrins have been identified, researchers
have developed hundreds of integrin antagonists targeting to
different integrin heterodimers or functions. Many promising
lead compounds or biomolecules are now being tested at
different stages of clinical trials or are already available on
the market. In the arena of cancer, as different integrins are
present in various tumor types and are differentially expressed
during tumor transformation, progression, invasion and

metastasis, these suggest that integrins can also be utilized
as diagnostic biomarkers.

In addition, integrin antagonists play essential roles as
integrin targeting ligands to direct conventional therapeutic
drugs to the targeted disorder sites in the development of the
nanoparticle-based therapeutic delivery systems. Benefiting
from the great development of nanomedicine, researchers have
achieved significant improvements in the therapeutic efficacy
with the integrin-directed drug delivery systems over the free
drugs in terms of lower cytotoxicity and higher therapeutic
effects. As many drug candidates have inherent limitations,
including low bioavailability of many small molecules, sus-
ceptibility to enzyme degradation and low stability associated
with biomolecules or nucleic acids, formulation of these drugs
or genes into nanoparticles modified with integrin targeting
ligands makes them more efficient at accessing the diseased
cells and more efficacious at ultimately eliminating these cells.

Unfortunately, there still exist many challenges for the
integrin targeted drug or gene delivery. First, the integrin
antagonists that are available on the market or are in the late
stage of clinical trials are still very limited in numbers. Second,
formulation of drugs or genes into integrin targeting nano-
particles makes the manufacturing process very complicated,
leading to a high barrier to clinical trials and eventual
commercial uses. Thus, the formulation procedures must
be kept as simple as possible. Meanwhile, the excipients
used must be biocompatible and safe. Last but not least,
the integrin targeted drugs and genes should be used extremely
carefully for pregnant women and children, as there is concern
that newborn tissues or organs have extensive neovascular
networks, with overexpressed integrins as regulators. After all,
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although there remain many uncertain questions and chal-
lenges, integrin targeted drug and gene delivery constitutes a
formidable armament for the detection and treatment of
various diseases for the better health of mankind.
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