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ABSTRACT

Integrin receptors have remained as a key subject of
interest in the pharmaceutical industry for the last
few years. There are a total of 24 different types of
integrin heterodimers. Each of these heterodimers
plays important role in various biological processes
that are inherent to different pathological conditions.
As a result, integrin receptors have been extensively
evaluated for their role in therapeutic targeting.
There are different classes of inhibitors against in-
tegrin receptors and this review provides an overview
on different classes of integrin inhibitors that are
currently available. A number of review articles have
been written on the possible application of integrin
receptors in therapeutic targeting. Many of these ar-
ticles have heavily emphasized on the importance of
avfp3 & avps receptors as major pharmaceutical tar-
get in cancer but little emphasis has been given on the
importance of other integrin receptors, such as a5p1,
ollbp3, 04p7, avp6 etc. While this review gives due
importance to both avp3 & avf5 receptors and pro-
vides an historical perspective on how these two re-
ceptors have evolved as a potential target for cancer,
significant emphasis has also been given on the other
integrin receptors that have started enjoying the
status of important drug target over the course of last
few years. Effort has been maintained to discuss
briefly on the key physiological basis of their impor-
tance as drug target. For example, involvement of
avp3 in angiogenesis has made it a therapeutic target
for the treatment of cancer. At the same time expres-
sion of this receptor on the surface of osteoclast has
made it a target for the treatment of osteoporosis.
Thus, emphasis has been given on discussing the role
of the integrin receptors in different disease condi-
tions followed by specific examples of drug molecules
that have been trialed against these receptors. While
hundreds of candidate molecules have been developed
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against different integrin receptors only a handful of
them has been subject to phase-III clinical trial. That
necessitates careful consideration of certain concerns
that are associated with direct targeting of integrins
and thus has also been an important goal of this re-
view. In the last few years application of integrin re-
ceptors have extended beyond mere therapeutic tar-
geting. Several integrin receptors are currently are
studied for their potential of aiding at diagnostic im-
aging and drug delivery. In this review a brief over-
view has also been provided on how integrin are be-
ing targeted for diagnostic imaging and drug delivery
with relevant examples. Thus the primary aim of this
review has been to provide an comprehensive over-
view on the broad scope of application that integrin
receptors have in the field of medical science.

Keywords: Integrin Receptors; Therapeutic Targeting;
Diagnosic Imaging; Drug Delivery

1. INTRODUCTION

Integrins are cell surface receptors that are primarily in-
volved in integrating the extracellular environment to the
intracellular environment as the name suggest [1-3]. In
the last two decades integrins have generated tremendous
interest among the scientists. A myriad of articles are
being published every year, yet the intricate complexity
and diversity of integrin function is continuing to chal-
lenge the scientific world.

There are a total of 24 different types of integrins [4].
The integrin family of receptors, depending on their
ligand recognition pattern can be broadly classified into
four different categories—I) RGD binding, II) collagen
binding, III) laminin binding, and IV) leukocyte binding
types of integrins (Figure 1, adapted from Barczyk ef al.,
2010). In the last decade, significant advancements have
been made in our understanding of integrin structure.

L,o% Scientific

+03

%% Research


mailto:sumit.goswami@pfizer.com

S. Goswami / Advances in Biological Chemistry 3 (2013) 224-252

RGD receptors
rambant

> R 5 N
\
B6 1
7
\-'\
s
4

[ B8 i
\\\ ',’
/
/ £
\( as

\

1
\ B3 J -
\\_’, 4

J
\
Laminin receptors )
S, -~
a3
-—
v S
y \
pa i
\
o7 ) T

/

4

4
{
B, - a8

|
\
~

allb

-
N
\
B5 #
7

’

-
- ot

’

a6

_—

/

Bl

225
Collagen receptors
al o2
al0
all
\
!
y Leukocyte-specific receptors
-
a9 I,— e
\
al ( B2 ’l
o4 ~—e’
l oM
v 9
4 \ aX
B7 — oE oD
\\\ s

Figure 1. This figure includes the classification of integrin receptors based on their ligand binding ability. Four dif-
ferent categories are presented: (a) RGD binding, (b) collagen binding, (c) laminin binding and, (d) leukocyte binding.
B1-subunit is known to heterodimerize with eleven different kinds of a-subunits. While most of a-subunits pair up
with one kind of B-subunit, av- and o4-subunits are the exception.

A schematic representation of the integrin heterodimer is
shown in Figure 2. Each subunit is made of multiple
domains. The a-subunit contains a 7-bladed B-propeller
domain, followed by a thigh, a calf-1 & a calf-2 domain.
The last three or four blades of the B-propeller domain
contains an EF-hand motif for Ca®" binding [4,5]. There
are a total of about 9 integrins that contain an additional
al-domain (or aA-domain) that sits on top of the B-pro-
peller domain. This al-domain possesses a Rossman fold
containing a central B-sheet (five parallel pB-strands and
one anti-parallel B-strand) surrounded by seven a-helices
and is inserted between the 2™ and 3™ blade of the
B-propeller domain [6,7]. For integrins that contain the
al-domain, the ligand binding pocket is included within
the oal-domain. For integrins that do not contain
al-domain (e.g. avP3), the ligand binding pocket is made
of the interface formed between the B-propeller domain
of the a-subunit and BA-domain (or BI-domain) of the
B-subunit [5], as shown in Figure 2. The crystal structure
of avp3 in its RGD ligand-bound form showed that the
ligand was indeed present at the interface. Besides the
BA-domain, the B-subunit also contains other domains
such as a hybrid domain, a plexin-semaphorin-integrin
(PSI) domain, four epidermal growth factor repeats
(EGF1-4) and a p-tail domain [5,8,9].

Integrin signaling is unique among all the cell surface

Copyright © 2013 SciRes.

receptors because signaling can propagate in both direc-
tions (outside to inside and inside to outside). Most of the
time, cell surface receptor-mediated signaling involves
initial binding of the ligand on the extracellular domain,
which then initiates changes at the cytoplasmic domain
leading to further propagation of signaling events; this is
called outside-in signaling. Integrin receptors participate
in another kind of signaling process called inside-out
signaling. In this process, binding of intracellular ligands
to the cytoplasmic domain results in some conforma-
tional change in the extracellular domain of the receptor
that in turn modulates its ligand binding characteristics
[10,11]. Integrin binding to its ligand (both extracellular
and intracellular) is thus highly regulated and is involved
in several cell-signaling processes. As a result, integrins
play major roles in regulating different biological proc-
esses, such as differentiation, cell survival, apoptosis,
cell-cycle regulation etc. [12]. Integrin’s involvement in
several biological processes has caused them play ex-
tremely important role in various pathological conditions.
As a result, in the last few years integrins have received
tremendous attention for both therapeutic and medical
application. The main goal of this review is to explore
how integrins are being therapeutically targeted for the
treatment of different pathological conditions and how
integrins are being utilized for other medical purposes,
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Figure 2. Representation of prototype al-domain containing integrin heterodimer. al(aA)-domain is part of the
a-subunit and connected to the seven-bladed B-propeller domain. There are nine different types of integrins that con-
tain ol domain. This domain contains Rossman fold and a MIDAS site for metal ion binding. B-propeller domain con-
tains EF-hand motif for calcium binding and is connected with thigh domain followed by calf-1 and calf-2 domains.
B-subunit contains a PI(BA)-domain that posses structural similarity with ol domain. This domain also contains
Rossman fold and MIDAS site for metal ion binding. The interface of Bl domain of f-subunit and B-propeller domain
of a-subunit forms a ligand binding pocket. PI-domain is connected to hybrid domain followed by a
plexin-somaphorin-integrin (PSI) domain, four EGF repeats and a p-tail domain.

such as diagnostic imaging and targeted drug delivery.

2. MODE OF USE IN MEDICAL SCIENCE
2.1. Direct Therapeutic Targeting

Integrin receptors are functionally involved with many
different biological processes that are common to both
body homeostasis and pathological conditions. For ex-
ample, angiogenesis is a biological process that plays
important role in both development and several patho-
logical conditions such as wound healing and cancer. In
fact, several studies indicate that activated endothelial
cells that are involved in tumor angiogenesis show high
level of expression of avp3 & avp5, which are not highly
expressed in the quiescent endothelial cells [13]. Inhibi-
tion of the interaction of avp3 & avp5 with their ligands
has been targeted for blocking endothelial cell-mediated
angiogenesis associated with tumor growth and survival.
Not only that, avp3 & avp5 have been implicated in sev-
eral other pathological conditions such as rheumatoid
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arthritis, osteoporosis etc. [14,15]. Besides these two in-
tegrin receptors, there are several other integrins that are
involved in various kinds of disease. For example, 0437
is involoved in inflammatory bowel disease [16] and
a5B1 has been implicated in tumor development [17], to
name a few.

Every day, new information is being generated on the
specific roles that integrins are playing at the molecular
level in different pathological conditions. As a result, in
last few years drug companies have shown significant
interest in designing inhibitors targeting specific in-
tegrin ligand interaction. In this section of the review, we
will start with a brief discussion on the classification of
integrin inhibitors that are available, followed by dis-
cussion on various integrins that are being directly tar-
geted and their role in different pathological conditions.

2.1.1. Classification of Anti-Integrin Drugs
Currently, all the anti-integrin drugs that are being mar-
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keted or under the process of development are designed
to specifically block the interaction of integrins with
their ligands. These drugs can be broadly classified into
three major categories. These are as follows—1) mono-
clonal antibodies, 2) peptide inhibitors, and 3) small
molecule inhibitors. Each of these categories will be
briefly discussed to obtain some ideas on their design
and functionality. Table 1 has a list of different types of
integrin inhibitors that have been subject to clinical trial.
The main purpose of this table is to provide an idea on
how extensively this group of receptors has been targeted
for therapeutic application. A comprehensive overview
on the clinical trial status of all the integrin based on in-
hibittors has been provided in an excellent review by
Goodman et al. [18]. About 72 trials are still active
where as 46 trials have been discontinued. There are
about 140 clinical trials on which no development has
been reported for about 15 years. The number of com-
mercially approved integrin based inhibitors is four [18].

1) Monoclonal Antibodies

From the time the drug companies started showing in-
terest in protein based drugs, monoclonal antibodies
(mAb) have garnered significant attention. There are a
number of FDA approved mAb based therapies that are
currently being marketed. For example, Avastin (Beva-
cizumab), a monoclonal antibody against Vascular en-
dothelial growth factor-A (VEGF-A), was the first com-
mercially available mAb based angiogenesis inhibitor.
Additionally, there is a monoclonal antibody against in-
tegrin allbP3, called REOPRO/Abciximab, that is cur-
rently being marketed for the treatment of myocardial
infarction and unstable angina. There are also a number
of other mAb based integrin inhibitors that are currently
undergoing different phases of clinical trials.

Tremendous biological importance of integrin recep-
tors has led to the development of a large number of an-
tibodies against them. Byron et al. have provided a com-
prehensive list of these mAbs in a wonderful short re-
view on anti-integrin mAbs [19]. Integrin antibodies are
of three different types. The first type is the stimulatory
or activation specific mAbs that binds to the activated
high affinity ligand binding state of integrin and shifts
the equilibrium towards such high affinity state and the
second type is the nonfunctional mAbs that do not affect
the functionality of integrins [19]. But the last type,
which is an inhibitory type of mAb, has gained maxi-
mum importance as the target for possible therapeutic
intervention. Some of these inhibitory types of antibodies
are known to directly block ligand binding, whereas
some of them act as an allosteric inhibitor of ligand
binding. One example of an allosteric inhibitor is mAb13
against Bl integrin [20]. Many of these inhibitory anti-
bodies bind to the head domain of heterodimeric integrin
molecules, formed by the contact between the BA-do-
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main of the B-subunit and the B-propeller domain of the
a-subunit (with or without the I-domain). For example,
Abciximab (anti-allbp3 mAb) binds to the top face of
the BA-domain of the B3-subunit [21]. mAbs that are
currently undergoing clinical trial or being marketed are
humanized, in order to avoid the possible conflict with
our immune system. Many of those anti-integrin mAbs
that were initially found to be useful in preclinical stud-
ies were made in mice. The Fc portions of these mAb
were replaced with the Fc portion of human IgG (hu-
manized) before they were subject to clinical trial. One
example is LM609, which is a murine anti-avpf3 mAb
and was found to be extremely useful in inhibiting tumor
progression and angiogenesis in preclinical studies. A
humanized version of this antibody known as Vitaxin is
currently undergoing clinical trial for the treatment of
colorectal cancer and prostate cancer. Among the inhibi-
tory antibodies that are known to directly block ligand
binding, one special kind requires brief mentioning. This
type of blocking antibody is known as a “ligand mime-
tic”, because they possess an epitope in their variable
region that is usually found in the natural ligand of the
target integrin. One example is 6.8G6, an antibody
against avp6 that contains a RGD motif in the comple-
mentarity determining region-3 (CDR-3) domain of the
heavy chain [22]. 16N7C2 is another example of a ligand
mimetic mAb that acts against allbp3 [23].

2) Peptide Inhibitors

Peptide-based inhibitor of integrins is another class of
inhibitor that has gained potential interest. Among the
peptide inhibitors of integrins the most important type
are the RGD-based inhibitors. Integrins can be broadly
classified in four different types based on their ligand
recognition pattern as mentioned before. These are col-
lagen binding, laminin binding, RGD binding & leuko-
cyte associated ligand binding [24]. RGD is a tripeptide
sequence that is very commonly found in many compo-
nents of extracellular matrices, e.g. vitronectin, fibro-
nectin, fibrinogen etc. [4]. There are eight different in-
tegrins that recognize RGD sequence in their natural
ligands such as avp (1,3,5,6,8), allbB3, a5l and a8P1
[25]. In 2002 Xiong et al. reported the crystal structure
of a full length soluble integrin avp3 with its ligand cy-
clic-RGD [26]. In this structure it was clearly shown that
the RGD sequence directly interacts with the crevice
formed between the B-propeller domain of av-subunit
and the BA domain of the 3-subunit in the head domain
of this hetero-dimer. As expected, the RGD peptide has
been used quite commonly and successfully for blocking
integrin-mediated cellular binding and migration in in
vitro assays. The crystal structure showed that each
amino acid of this tri-peptide sequence was making sig-
nificant contact in the head region. Indeed, replacement
of the Glycine (RAD) residue with an Alanine resulted in
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Table 1. Inhibitors of integrin receptors.

Inhibitors Type Target integrin Route of application Current status

C7E3/abciximab/REOPRO Humanized mAb allbB3 v Marketed as a drug in Myocardial infarction

Phase-II clinical trial for the treatment of
stage-IV metastatic melanoma, colorectal
cancer, androgen-independent-prostate
cancer and RA has been completed

Vitaxin-Il/abegrin/Med-522 Humanized mAb avp3 v

Phase-I clinical trial in patients with solid
tumors and refractory prostate cancer has
been found to be safe and well tolerated.

CNTO 95 Humanized mAb avp3, avps v Phase-II clinical trials in combination with
docetaxel and prednisolone for the treatment
of metastatic hormone refractory prostate
cancer patients is ongoing

Currently being clinically used for the
treatment of MS and CD

Natalizumab/Tysabri Humanized mAb 04pl, a4p7 v phase-II clinical trial for the treatment of RA
has been terminated
Phase-I1I trial against moderately active
Vedolizumab/MLN-002 Humanized mAb adp7 v uleerative colitis & CD has shown

statistically significant
improvement

Phase-I clinical trials in cancers that are
refractory to the standard therapy has been
found to be safe.

Volociximab Chimeric mAb aSp1 v Currently undergoing phase-II clinical trial
in combination with erlotinib in patients
with stage-11I & IV non-small cell lung
cancer

Cyclic hepta-peptide
INTEGRILIN/Eptifibatide  containing KGD sequence allbB3 v Marketed as a drug in coronary thrombosis
(gives specificity to allbB3

Phase-II clinical trial in combination with

Non RGD containing S . .
ATN61 peptide (Ac-PHSCN-NF2) a5p1 v f:arboplat.ln in pz_atlents w_1th recurrent
intracranial malignant glioma
R411 LDV peptide mimetic small 04Bl, adp7 Oral Phase-II clinical trial in the Freatment of
molecule asthma has shown encouraging results
Phase-III clinical trials in combination with
Temozolamide-based radiotherapy for the
treatment of newly diagnosed patients of
. . GBM with O°-methylguanine
Cilengitide head-to-tail cyclized RGD avp3 v methyltransferase (MGMT) promoter
based antagonist .
methylation
Phase-II trial in patients with advanced
non-small-cell lung carcinoma showed
comparable efficacy with docetaxel
Tirofiban (AGGRASTAT) Small molecule allbB3 v Marketed as a drug in unstable angina
Sibrafiban Small molecule allbB3 Oral Withdrawn at phase-III trial
Lrfradafiban Small molecule allbp3 Oral Withdrawn at phase-III trial
Xemilofiban Small molecule allbp3 Oral Withdrawn at phase-III trial
Orbofiban Small molecule allbp3 Oral Withdrawn at phase-I1I trial
AJM-300 Small molecule a4pl, adp7 Oral Undergoing phase-II clinical trial for IBD
Phase-I clinical trial for the treatment of
TBS-4746 Small molecule a4Bl, a4p7 Oral asthma and MS
DW-908e Small molecule 4Bl, 04B7 Oral Phase-I clinical trial for the treatment of

asthma and MS
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Continued
Bio-1211 LDV peptide mimetic small adBl, adp7 Oral Phase-I1 chmgal trial in the treatment of
molecule asthma has failed
IVL-745 Small molecule a4Bl, G4BT Oral Phase-11 chmgal trial in the treatment of
asthma has failed
SB-683699 Small molecule 4Pl adp7 Oral Phase-II clinical trial in the treatment of CD
and MS
L-000845704 RGD mimetic small molecule avp3 oral Phase-1 chmcal trial in the treatment of
osteoporosis
Small molecule (heterocyclic Discontinued after phase-I trial for the
SB-273005 RGD mimetics) VB3, avps oral treatment of osteoporosis and arthritis
Phase-I clinical trial shows great efficacy in
L-000845704 Small molecule avp3 Oral increasing lumber spine bone mineral

density (BMD)

a non-functional variant of RGD.

Not surprisingly, RGD based peptide inhibitors have
been a major focus of several drug companies, but have
not come without their share of problems. First, linear
peptides containing the RGD were found to have a prob-
lem with bioavailability. Another problem was selectivi-
ity, as there are multiple integrins that recognize the
RGD sequence. Different modifications were done in-
cluding cyclization & the use of D-amino acids to im-
prove both bioavailability and selectivity of the RGD
peptide inhibitor [27]. c(RGDfV) is a cyclic peptide with
D-form of phenylalanine (f) and was found to have better
bioavailability and higher affinity towards avfp3 [28,29].
Cilengitide (Figure 3(a)) is a RGD containing cyclic
penta peptide c(RGDf[NMe]lV) with a much higher
affinity towards avp3 than avP5 and has been used in the
treatment of different cancers in phase-II clinical trials
[30]. Additionally, continuous efforts are being made at
the protein engineering level for the design of much
more efficient RGD peptide containing inhibitors. One
approach that is worth mentioning here is the design of a
cystine knot peptide containing the RGD epitope in a
solvent exposed fashion. Very recently Kimura et al.
reported a cystine knot peptide containing the RGD,
called 2.5 F, that could effectively target avp3, avp5 &
a5B1 with very low nanomolar affinity [31]. Such an
inhibitor could be useful when blocking of multiple in-
tegrins need to be achieved.

Furthermore, there are a large number of low molecu-
lar weight (47 - 84 amino acids) RGD-containing poly-
peptides found in snake venom, called disintegrins, that
are available for blocking the function of RGD-contain-
ing integrins [27,32]. Rhodostomin is an example of a
disintegrin that was found to be effective in the inhibition
of bFGF induced angiogenesis in a CAM assay [33].
Disintegrins, due to their larger sizes, cause a significant
immune response in our body and are also very suscepti-
ble to protease-mediated degradation due to their natural
occurrence. Efforts are currently underway for the de-
velopment of an effective delivery system that would

Copyright © 2013 SciRes.

both increase their bioavailability and protect them from
an immune response. Swenson ef al. have shown that the
use of liposomal delivery systems could be very effective
for the safe application of disintegrins [34]. They found
that contortrostatin, a disintegrin, delivered via lipo-
somes had a much longer half life and reduced immune
response.

Inhibitors are also being designed based on non-RGD
containing peptide sequences that play some role in in-
tegrin recognition. For example, PHSRN is a peptide
sequence found in the 9™ type-III repeat of fibronectin.
This sequence was found to synergistically influence
a5B1 integrin binding to the RGD sequence [35]. ATN-
161 (Ac-PHSCN-NH2) (Figure 3(b)) is a nonRGD con-
taining peptide inhibitor designed to block interaction of
a5B1 with the synergy site (PHSRN) on fibronectin [29].
This is currently undergoing phase-II clinical trials in
patients with solid tumors.

There are also a number of endogenous inhibitors of
angiogenesis that are generated due to the degradation of
matrix molecules. For example, tumstatin, the NC1 do-
main of o3 chain of collagen-IV is an endogenous an-
giogenesis inhibitor. Maeshima et al. showed that tum-
statin exerts its anti-angiogenic activity through avp3 but
in a RGD independent manner [36]. Thevenard et al.
showed that a much shorter peptide, YSNSG (cyclopep-
tide), derived from the c-terminal domain of tumstatin,
containing a very important B-turn, was highly effective
in blocking tumor invasion and tumor angiogenesis [37].
This is an example of a peptide inhibitor that has no rela-
tion with RGD.

Finally, the common issue with both mAb and pep-
tide-based inhibitors is that they need to be parenterally
administered, which limits their use as a long term ther-
apy. However, there are some basic differences in the
mode of action of these two types of inhibitors. First,
binding of the mAb to its integrin target is usually ire-
versible due to high affinity, whereas binding of the pep-
tide inhibitor is reversible. Moreover, these two types of
inhibitors can be internalized in a different pathway.
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Figure 3. Molecular structure of different types integrin in-
hibitor. Panel-a shows cilengitide which is a RGD containing
cyclic pentapeptide that acts against avp3 (primarily) and be-
longs to peptide class of inhibitor of integrins. Panel-b shows
the structure of ATN-161 which is a non-RGD containing pep-
tide (Ac-PHSCN-NH?2) type of inhibitor that acts against a5p1.
Panel-c shows the structure of SB-273005, a RGD mimetic
small molecule type of inhibitor that acts against avf3. Panel-d
shows Biol211 which is a LDV mimetic small molecule type
of inhibitor that acts against 04 integrins.

Castel et al. showed that mAb 17E6 underwent endocy-
tosis along with avp3, whereas the cRGD-peptide was
endocytosed through an integrin independent fluid-phase
pathway and thus didn’t cause a change in avp3 expres-
sion level at the cell surface [38]. cRGD treated cells
were found to readhere to the binding matrix following a
washing step but the antibody treated cell didn’t.

3) Small Molecule Inhibitor

This category of inhibitors is mainly organic mole-
cules in nature and thus offers the advantage of oral ad-
ministration and also better bioavailability. Though these
inhibitors are not made of amino acids, a large propor-
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tion of them are RGD-mimetic. In other words, many of
them were designed in a way so that the primary feature
of the RGD peptide could be maintained. These RGD-
mimetic small molecules are mainly made of a centrally
constrained structure containing substituents that mimic
the arginine and the aspartate residue. It has been found
that both the basicity and the length of the arginine mim-
icking group are essential for proper functionality of the
inhibitors [39]. Not only that, the substituent mimicking
the carboxyl acid functionality of the aspartate is also
critical because this anionic carboxyl group coordinates
with the metal cation bound in the MIDAS region of the
B-subunit [39,40]. In a review on “Ligands to the integrin
receptor ovp3” Duggan & Hutchison have provided a
comprehensive discussion on the design of the various
small molecule inhibitors against av3 [41]. Most of
these inhibitors contained one or more rings which pro-
vided the central constraint. Various kinds of ring struc-
tures were used, including a phenyl group, a 5-member
monocyclic aromatic ring, fused bicyclic groups, ben-
zazipine etc. Among the various acidic substituents used
at the C-termini of the inhibitors, a-sulfonylamino acid,
o or B-substituted propionic acids are a few worth men-
tioning. Several different kinds of basic groups were
used at the N-termini, e.g. guanidine, amidine, ben-
zimidazole etc. Though the basic feature of the arginine
has been replaced by a number of different substituents,
the carboxylic acid functionality of the aspartate has
been found to be the most critical and conserved feature
for all of these small molecules inhibitors. But the
charged feature of the carboxylic group at neutral pH has
resulted in poor bioavailability. Heckmann ef al. reported
a novel kind of RGD-mimetic inhibitor by introducing
hydroxamic acid at the c-termini [40]. They found that
hydroxamic acid could coordinate with the metal ion in
the MIDAS region of the B1-subunit of the integrin a5p1.
Though there is no RGD-mimetic small molecule in-
hibitor of integrin is currently available in the market,
there are a number of such inhibitors that are currently
undergoing clinical trials. One example is L-000845704
which is a RGD-mimetic small molecule inhibitor of
avf3. Phase-I clinical trials in patients with osteoporosis
have been found to be effective with this molecule
[42,43]. Another example is SB-273005 which is a het-
erocyclic RGD-mimetic (Figure 3(c)). This drug has
been discontinued after phase-I trial for the treatment of
osteoporosis and arthritis [29].

There are also many non-RGD recognizing integrin
heterodimers in human cells and those integrins are also
playing important roles in many patho-physiological
conditions. For example, 04 integrins (04pl & a4f7)
have been found to play important roles in progression of
disease conditions, such as inflammatory bowel disease
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(IBD), asthma etc. These two integrins are not known to
recognize their ligand in an RGD-dependent fashion. On
the other hand, they can recognize a LDV sequence pre-
sent in their ligands, such as fibronectin, vascular cell
adhesion molecule-1 (VCAM-1), mucosal addressin cell
adhesion molecule-1 (MAdCAM-1) etc. [44,45]. There
are a number of LDV based small molecule type of in-
hibitors that have been designed against these two in-
tegrins. Biol211 (Figure 3d), is an urea-based LDV
mimicking inhibitor of 04 integrins that have been sub-
jected to phase-II trial of patients with asthma [16,46]. It
has been found that for many of these LDV-based in-
hibitors, the critical component is the carboxylic acid
moiety, and due to the inherent charged nature of this
moiety at physiological pH, modification such as esteri-
fication has been performed to improve bioavailability
[16]. R-411 is a phenylalanine-based LDV mimicking
inhibitor of o4-intgeirns that has been esterified. This
molecule has shown encouraging results in early phase-II
clinical trials in patients with asthma [47]

2.1.2. Different Integrin Heterodimers as Drug Target

1) avp3/avps

In the last few years avB3 & avp5 have become major
targets for therapeutic intervention in various diseases.
The various ligands these two receptors bind to are fi-
bronectin, fibrinogen, vitronectin, thrombospondin,
vWbf, osteopontin etc. [48-50]. Though their ligand rec-
ognition pattern is promiscuous, both receptors show a
very limited expression profile. They are expressed in
low amounts in smooth muscle cells, activated macro-
phages, leukocytes, kidney placenta [41,48-50] etc. They
are usually not expressed in epithelial cells. While rest-
ing endothelial cells have very little expression, activated
endothelial cells show significant upregulation. [13,41,
48]. Osteoclast cells involved in bone resorption and
synovial tissue of rheumatoid arthritis patients show high
level of avB3 expression [41,48,51]. Several kinds of
invasive tumor cells like, prostate cancer, breast cancer,
melanoma and glioblastoma cells also show significant
level of avp3 expression [48,52,53]. Involvement of
these two receptors (especially avB3) in various disease
conditions, like-cancer, vascular disorders, osteoporosis,
rheumatoid arthritis and diabetic neuropathy, have made
them a subject of great therapeutic focus. The exact role
these two receptors play in these above mentioned dis-
ease conditions and how they are targeted for therapeutic
intervention will be briefly discussed.

a) Role in Cancer

Development of cancer and angiogenesis are intrinsi-
cally related to each other. Angiogenesis, the process of
forming new blood vessels, happens through the activi-
tion of endothelial cells of the existing blood vessel.
Tumor cells are capable of inducing the de novo forma-
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tion of blood vessels and thus possess an angiogenic
switch [54,55]. New blood vessel formation is an obvi-
ous requirement for tumor growth and tumor metastasis
and the density of the microvasculature at the tumor site
has been found to correlate well with the risk of distant
metastasis [55,56] of cancer cells. Tumor cells are capa-
ble of secreting cytokines and/or growth factors that in
turn activate the endothelial cells of the nearby blood
vessel. Endothelial cells are known to express at least 11
different kinds of integrins (al-6B1, a6p4, avpl,3,5,8)
[57,58]. Out of these, avp3 & avP5 have been found to
be extremely important in mediating tumor angiogenesis.
Brooks et al., in their chick chorioallantoic membrane
(CAM) assay showed that expression of avf3 on endo-
thelial cells becomes at least four fold higher compared
to the control upon induction of angiogenesis using ei-
ther basic-fibroblast growth factor (bFGF) or tumor ne-
crosis factor-oa (TNF-a) [13]. In this study they also
found that use of antagonists such as anti-avB3 antibody
(LM-609) blocked the bFGF and TNF-a induced an-
giogenesis. David Cheresh and his group have proposed
existence of another distinct angiogenic pathway. In a
study it was found out that P1F6 (anti-avf5 antibody)
could block angiogenesis induced by VEGF, PMA
(phorbol-12-myristate-13-acetate) and TGF-f (transfor-
ming growth factor-f) with minimum effect on bFGF-
induced angiogenesis [59]. Thus, based on specific kinds
of cytokines released by tumor cells, both av3 & avp5
play a key role in endothelial cell-mediated tumor an-
giogenesis.

Involvement of avPB3 & avp5 in tumor angiogenesis
has created tremendous enthusiasm among various drug
companies for the development of novel integrin based
anti-cancer drugs in last few years. Several ligands of
both avp3 & avB5S (vitronectin, fibronectin, collagen)
share a common RGD based recognition sequence. As a
result several peptide antagonists based on RGD se-
quence have been explored in order to block avf3 &
avp5S mediated angiogenesis and thus progression of
cancer. David Cheresh and his group found that a cyclic
RGD peptide (c(RGDfV)), an antagonist of avp3 & avf5,
could effectively inhibit angiogenesis induced by both
bFGF and VEGF [59]. Tremendous effort has been given
by several drug companies in the last few years for de-
signing different RGD-based antagonists with better
bioavailability, stability and selectivity over avp5 and
other o integrins like allbp3 etc. Cilengitide (developed
by Merck KGaA) is a head-to-tail cyclized RGD based
antagonist cyclo(L-arginyl-glycyl-L-aspartyle-D-pheny-
lalanyl-N-methyl-L-valyl) of avfB3 that was found to be
very effective in blocking the growth of brain tumors,
induced by the injection of DAOY (medulloblastoma)
and U887 MG (glioblastmoa) cell lines in SCID mice [60].
While cilengitide is known to be a strong inhibitor of
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angiogenesis, Taga et al. showed that cilengitide medi-
ated regression of brain tumor growth is also due to the
apoptosis of DAOY and U87 MG cell lines induced by
their detachment from vitronectin and tenascin [61].
Cilengitide has been subject to phase-II clinical trials in
the treatment of several cancers such as prostate cancer,
stage-11I/IV myeloma, primary brain tumors in children
and glioblastoma multiforme in adults [30,62]. Phase-II
clinical trials showed promise in patients with recurrent
glioblastoma multiforme (GBM) [63]. Currently, it is
being tested in a phase-III clinical trials in combination
with temozolamide-based radiotherapy for the treatment
of newly diagnosed patients of GBM with O°-methyl-
guanine methyltransferase (MGMT) promoter methyla-
tion [64,65]. A phase-II trial was conducted to compare
the safety and efficacy of cilengitide with docetaxel in the
treatment of advanced non-small-cell lung cancer. This
study was more of an exploratory type and a small num-
ber of patients were enrolled for the trial. With the high-
est dose of cilengitide progression-free survival and lyr
survival were found to be comparable with that of ob-
served with docetaxel [66].

Besides RGD-based peptide antagonists, a function
blocking antibody against av33 has also been tried in the
treatment of cancer. LM-609 is the mouse-anti-hu-avp3
mAb that was used by David Cheresh and his group for
the inhibition of bFGF induced tumor angiogenesis
[13,59]. A humanized version of this Ab was prepared,
known as MED-523 (vitaxin-I) which was further modi-
fied (by stepwise maturation of phage expression library)
to prepare an antibody called Vitaxin-II/Abegrin/Med-
522 [67]. Phase-II clinical trial of Abegrin on stage-IV
metastatic melanoma, colorectal cancer and androgen-
independent-prostate cancer has been completed.

Efforts are also being given for the development of a
dual antagonist of avfp3 and avpB5. Since tumor cells are
known to secrete different types of cytokines/growth
factors, use of dual antagonists that inhibit two distinct
angiogenic pathways (bFGF and VEGF mediated) may
have very high therapeutic potential. One example of
such a dual inhibitor is CNTO 95, a fully humanized
antibody against both avp3 & avp5S [68]. Currently,
CNTO 95 is under phase-II clinical trials in combination
with docetaxel and prednisolone for the treatment of me-
tastatic hormone refractory prostate cancer patients [69].
Several other non-peptide small molecule inhibitors of
avB3 & avp5 have been tested for the treatment of can-
cer. SC-68448 is an orally available small molecule
(RGD-mimetic) dual inhibitor of avp3 and avp5.This has
been subjected to phase-I clinical trials [48].

b) Role in Vascular Disorder

Formation of arterial wounds following a coronary in-
tervention such as angioplasty or application of a stent is
very common. These processes create damage to the en-
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dothelial cell lining of the artery and response to such
damage determines the success of the intervention. Often
times, such arterial wounds cause re-occlusion of the
artery following formation of atherosclerotic plaque [50].
This process of re-occlusion of artery is called restenosis.
It has been found that migration of vascular smooth
muscle cells (SMCs) towards the site of injury plays a
key role in development of restenosis [49]. During
neointima formation & restenosis, migration of vascular
SMCs towards the site of arterial wounds is found to be
critically dependent on the interaction of avp3 receptors
(highly expressed on the surface of SMC) with extra
cellular matrix component osteopontin which is upre-
gualted during restenosis. [70] Thus avp3-mediated in-
teraction with osteopontin has been proposed to be ex-
tremely critical for the migration of SMCs towards the
arterial wound and thus formation of restenosis. Several
antagonist of avp3 have been used in order to block the
development of restenosis.

Application of the small peptide antagonist Gpen-
GRGDSPCA against avf3, into rabbit carotid artery was
found to be very effective in blocking neointima hyper-
plasia formation [71] following balloon angioplasty. Use
of cyclic-RGD based antagonists has been found to be
effective in small animal models of restenosis, such as
rat or hamster carotid angioplasty models [50]. Another
example of the successful use of avp3-antagonist is the
small molecule XT199, which was found to cause sig-
nificant inhibition of restenosis in double artery injury
models of hyper-cholesterolemic rabbits [72]. Vitaxin,
which is a humanized mAb against avf3 also reduced
neointimal hyperplasia formation in hypercholestero-
lemic rabbits after balloon angioplasty [73]. Vitaxin is
currently being evaluated in early clinical trial for the
prevention of restenosis.

¢) Role in Osteoporosis

Osteoporosis, a degenerative disease characterized by
continuous loss of bone, has become a major problem,
especially among the women who are going through
post-menopause. The major features of osteoporosis in-
clude loss of bone mass and increased fragility of bone
that in turn increases the risk of bone fracture [41,74].
Maintenance of normal bone mass depends on the deli-
cate functional balance between two different kinds of
cellsosteoblast and osteoclast. While osteoblasts are in-
volved in bone formation, the main role of osteoclasts is
bone resorption [75]. Osteoclast mediated bone resorp-
tion requires osteopontin binding to bone surface [74,76].
Involvement of integrin avp3 which is highly expressed
on mature osteoclast has long been implicated in the at-
tachment of osteoclasts to the bone. Horton et al. showed
that use of 23C6, a mAb against avB3 and a peptide
GRGDSP could effectively reduce dentine resorption
and osteoclast spreading, respectively [15]. Matrix com-
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ponent such as osteopontin, which is highly upregulated
at the osteoclast attachment site, is a known ligand for
avPB3. McHugh et al. in a study with B3-knockouts,
showed that the knock-out mice had increased bone mass
compared to wild type mice, but the large number of
osteoclasts produced in KO-mice was dysfunctional [77].
In another study, Ross et al. could directly inhibit osteo-
clast attachment to the bone by using LM609, a mAb
against avp3 [78].

Such involvement of avp3 in osteoclast mediated bone
resorption has prompted several preclinical studies in the
prevention of osteoporosis using antagonist of avf3.
SC56631, a peptidomimetic antagonist of avp3, while
administered intravenously, showed significant reduction
in bone loss in oophorectomized (Ovariectomized) mice.
In fact, this compound was also found to reduce the
number of mature osteoclast in oophorectomized mice
[79]. Several drug companies are putting effort in the
efficient design of avp3 antagonist for the treatment of
osteoporosis. L-000845704 is a small molecule type
orally available avPB3 antagonist designed by Merck. It is
highly selective against allbp3 and avf5. In a phase-I
clinical trial it was found to be very effective in increas-
ing lumber spine bone mineral density (BMD) and was
also found to be effective in hip regions of patients with
low lumber spine and femoral neck BMD [43].

d) Role in Rheumatoid Arthritis
Rheumatoid arthritis (RA) is a chronic disease that is
complicated by multiple patho-physiological responses
that include auto-immunity, synovial inflammation &
fibrovascular responses [80,81]. This disease is degen-
erative in nature and characterized by articular cartilage
damage followed by joint destruction. Initiation of the
disease (due to injury to the articular cartilage or other
reasons) triggers the autoimmune responses in some pa-
tients. This is followed by inflammation and proliferation
of the synovial lining that gives rise to the formation of
pannus (an interdigitating fold of the synovial tissue)
[82,83]. Formation of pannus plays a major role in the
destruction of cartilage and bone. Pannus are invasive in
nature and considered as a form of benign tumor. An-
giogenesis plays an important role in the survival and
proliferation of tumors, and does so for pannus. In fact,
angiogenesis is a histopathologic hallmark of RA disease
[84,85]. Angiogenic vessels at synovial tissue of RA
patients have been found to show high levels of avp3
expression [14]. Interaction of avp3 receptors on the
surface of activated endothelial cells with matrix protein
such as osteopontin [86] and fibrinogen (highly abundant
in synovial tissue of RA patients) has been found to be a
key factor in the maintenance of the proliferative feature
of the synovial tissue. Continuous neovascularization
causes a significant increase in the endothelial bed vol-
ume in the synovial tissue and that in turn causes the
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increased infiltration of inflammatory cells such as acti-
vated macrophages and T-cells to the site of synovitis
[87]. avpB3 is highly expressed in activated macrophages
and plays a very important role in the migration of these
macrophages to the site of inflammation. Another cell
population that is highly abundant in the synovial tissue
of RA patients are osteoclasts. Osteoclasts are differenti-
ated macrophages which are involved in the bone de-
struction of RA patients. Mature osteoclasts show high
expression of avP3 and the role of avB3 in osteo-
clast-mediated bone-resorption has been discussed in the
previous section.

The involvement of avp3 in the three key pathological
processes (angiogenesis, inflammation & osteoclast me-
diated bone resorption) related to RA, has made it a po-
tential drug target in the treatment of this degenerative
disease. In a rabbit model of antigen induced arthritis
(AIA), Storgard et al. found that intra-articular admini-
stration of RGD based cyclic peptide against avp3 de-
creased synovial angiogenesis, pannus formation and
bone erosion [14]. This cyclic peptide was also effective
in reducing the severity of pre-existing arthritis. SB-
273005 is a nonpeptide antagonist of avP3 (and also
avp5), which was found to be effective in reduction of
bone and cartilage erosion in AIA of Lewis rats [88]. A
phase-II trial with Vitaxin in the treatment of rheumatoid
arthritis has been completed.

e) Role in Ocular Disease

There are various kinds of ocular diseases, such as
retinopathy of prematurity (ROP), age related macular
degeneration (AMD) and proliferative diabetic neuropa-
thy (PDR) where retinal neovascularization plays a major
role in the disease progression. Like in angiogenesis,
happening at other pathological conditions, avp3 plays a
major role in retinal neovascularization. Several immu-
nohistochemical studies show high level of avp3 and/or
avp5 expression in the newly formed retinal and chor-
oidal blood vessels of patients with above mentioned
disease conditions. Pre-existing blood vessels didn’t
show the presence of avp3 and avp5. Interaction of avp3
with components of the modified extracellular matrix,
such as vitronectin, leads to the successful neovasculari-
zation of the retinal surface, which eventually extends
towards the vitreous region of eye. Neovascularization is
followed by formation of fibrovascular scar tissue and
finally loss of vision due to vitreous hemorrhage and
retinal detachment [89]. The important role of avp3 in
ocular angiogenesis has made it a suitable target for
therapeutic intervention.

As proof of principle, Hammes et al. showed that
subcutaneous injection of cyclic RGDfV peptide (an-
tagonist of avp3 & avp5) in a mouse model of hypoxia
induced proliferative retinopathy prevented retinal ne-
ovascularization to a great extent (about 80%) [90].
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Cyclic RGD peptide has been successfully tested in the
prevention of choroidal neovascularization (CNV) in
age-related macular degeneration (AMD) [91]. Another
antagonist of av integrins, JNJ-26076713 (a small mole-
cule type antagonist) that is orally available, is worth
mentioning here. This antagonist was also found to be
very effective in the prevention of retinal neovasculari-
zation in mice model of ROP [92].

2) allbp3

Platelet aggregation has a very important role in the
development of arterial thrombosis. Thus anti-platelet
therapy holds great promise in the treatment of patients
with acute coronary symptoms. Irrespective of the
mechanism by which platelet aggregation is induced, the
final step of the process involves interaction between
integrin allbB3 and fibrinogen. allbB3 is known to be a
platelet integrin receptor as it is almost exclusively found
in platelets. Apparently there are about 50,000 ollbp3
present in each platelet. Platelet activation happens due
to binding of different ligands (e.g. ADP, collagen,
thrombin) on the membrane bound GPCR and this leads
to activation of integrin (“inside-out signaling”) medi-
ated through a bunch of intermediate cell signaling
molecules. Once allbB3 reaches its high affinity active
state it can bind to different ligands. Though allbfB3 can
recognize different ligands (e.g. vitronectin, vWbf), the
main ligand is fibrinogen. Fibrinogen has two RGD mo-
tifs in its a-chain and thus can bind with two different
alIbB3 simultaneously [6] and acts like a bridge, which
helps in the aggregation of platelets. As a result, the
allbB3-fibrinogen interaction has long been targeted for
therapeutic intervention.

Different inhibitors of alIbB3 have been generated by
drug companies in the last few years. There are currently
three different anti-allbPB3 drugs that are being marketed.
All of them are administered intravenously along with
aspirin (anti-platelet agent). The first one is REOPRO/
Abciximab/c7E3, a mouse/human chimeric Fab chimeric
Fab portion of the IgG [93,94]. The other two are a RGD
based inhibitors (INTEGRILIN/ Eptifibatide) and a
non-peptide inhibitor of allbp3 (AGGRASTAT/Tiro-
fiban). Use of these inhibitors before and during angio-
plasty in the patients with acute coronary syndrome has
been found to significantly decrease the probability of
coronary events like myocardial infarction and thrombo-
sis. But intravenous administration of these inhibitors
could not prevent the coronary events that happened at
later stages [49]. As a result, the development of orally
available anti-allbB3 drugs for the long-term treatment
of acute coronary syndrome has been pursued by several
drug companies. Several orally administrable anti-allbp3
drugs underwent clinical trials, e.g. xemilofiban, orofi-
ban, sibrafiban, lefradafiban. But unfortunately all of
them were withdrawn at phase-III clinical trial (16) due
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to increased complication and/or ineffectiveness. Though
it has remained unanswered as to why orally available
anti-allbB3 inhibitors failed the trials, thoughts are being
given in the concomitant use of other anti-platelet drugs
(aspirin) and/or anti-coagulant drugs (heparin). While
there is no doubt that the antiplatelet therapy targeting at
alIbp3 receptor is probably the most efficient therapeutic
intervention in the treatment and prevention of acute
coronary syndrome available at this moment, several
issues remain that need careful attention and effective
strategy planning.

3) avp6

avf6 is a member of the av family of integrins. While
B-subunits often heterodimerize with different kinds of
a-subunits, f6 has been found to pair up only with av
subunit. avp6 is unique as it is mainly expressed in
epithelial cells, though expression can vary from low to
almost undetectable in normal adult tissue, depending on
the tissue type [22,95]. Under conditions involving tissue
remodeling, expression of avp6 goes up, e.g. tissue in-
jury, wound healing and carcinogenesis and fibrosis
[96,97].

Several studies have shown that avf6 is expressed in
the migratory keratinocytes at the edge of the wound [96].
In humans, expression can be observed at the early stage
of wound healing, which increases at the later stage. It
has been implicated that avB6 plays a role in the early
stage of wound healing by helping in migration of
keratinocytes on fibronectin, vitronectin & tenascin and
also by helping in the detachment of the keratinocytes
from the basement membrane by activating MMP9
[97-99]. But there are several other studies that suggest
avf6 is mainly involved in the later stage of wound
healing, primarily mediated by the interaction with
tenascin [100,101]. Another possibility by which avp6
might play a positive role in wound healing is by acti-
vating TGFfs. Activated TGFBs have been proposed to
be involved in wound healing by regulating re-epithe-
lialization, suppression of inflammation & promoting
connective tissue regeneration [102]. While avf6 is con-
sidered essential in the process of successful wound
healing, expression of the same in several carcinomas is
considered an extremely bad marker of prognosis.
Though normal epithelial cells show low to almost un-
detectable amount of avB6 expression, significant upre-
gulation of expression is observed in various kinds of
epithelial tumors. Hsiao et al. has shown that not only
OSCC, but several other kinds of head & neck squamous
cell carcinoma (HNSCC) show increased expression of
avB6, e.g. oropharyngeal, hypopharyngeal, nasop-pha-
ryngeal and laryngeal carcinomas [103]. Several other
kinds of epithelial carcinomas such as, carcinoma of co-
lon, breast, stomach, salivary gland, have also been
found to be positive for avp6 expression [97]. Addition-
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ally, presence of avp6 plays an active role in tumor inva-
sion [104,105]. Such an important role for avp6 in the
survival and progression of epithelial tumors provides a
great scope for therapeutic intervention where disruption
of the specific interaction of the receptor with the matrix
components can be targeted. In a preclinical trial, Xue et
al. injected the highly invasive HSC-3 cell line in the
floor of the mouth of nude mice in absence and presence
of anti-avp6 antibody (10D5). While all the control mice
showed tumors, only 40% of the antibody treated mice
showed tumor formation and the size of the tumor was
also smaller than that of control mice [106]. Effort has
been given in the design of small molecule inhibitors of
avB6. Hsiao et al. have very recently reported on the
discovery of a RGD-based peptide inhibitor of avf36,
from the phage display method. This cyclic peptide
CRGDLASLC was found to very effective in recogniz-
ing avp6 under pathological condition and was also very
selective against other kinds of av integrins [103]. This
peptide could also effectively block the proliferation of
OSCC.

avf6 has also been implicated to play a very important
role in the development of fibrotic conditions. Such an
effect of avp6 is mainly mediated by virtue of its prop-
erty of activating Transforming growth factor-fs
(TGFps). It has been known that the TGF gene is ex-
pressed as a full-length protein that contains a large
N-terminal domain and a smaller c-terminal domain.
Intracellular proteolysis of this full-length protein causes
separation of the N-terminal and c-terminal domains.
The N-terminal domain is called latency associated pep-
tide (LAP) and the c-terminal domain is called TGF-f. A
dimer of resulting LAP then forms a non-covalent com-
plex with a dimer of TGFp. This complex then associates
with latent TGF-B-binding protein (LTBP-1) to form a
“large latent complex” [107-110]. There are three differ-
ent isoforms of TGFBs (TGFpB-1, 2 & 3) and thus three
different kinds of LAPs (LAPB-1, 2 & 3). It has been
reported in a number of studies that avp6 plays a role in
the activation TGFB1 [111] and TGFf3 [112]. One pos-
sible explanation for such activation is that avp6 binds to
LAPB1 & LAPP3 of the corresponding complex in a
RGD dependent manner and induces a conformational
change that ultimately causes activation of TGFp [111].
TGFps play various physiologically important roles, such
as cell growth, matrix synthesis, apoptosis etc. In tissues
like the lung, large amounts of latent TGFp are present.
Only a low amount of active TGFf is needed for cellular
responses. So, TGFP activation is highly regulated.
TGFps act as suppressor of inflammations, but while
expressed at high level, may cause accumulation of ma-
trix components leading to fibrosis. It has also been
found that under certain fibrotic conditions (pulmonary
or biliary), avf6 expression goes up [113,114]. Huang et
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al. found that avp6 knock-out mice developed skin and
lung inflammation [115] after challenged with some en-
vironmental insult. But later, Munger at al. showed that
the same mice challenged with bleomycin (classical
model for induction of lung fibrosis) didn’t develop any
fibrosis where as wild type did [111]. These studies in-
dicated that avB6-mediated activation of TGFf plays a
critical role in the development of fibrosis. Thus block-
ing of TGFP function or avpf6 mediated activation of
TGFB may become useful in the successful control of
fibrosis. Since TGFP plays various important physio-
logical roles, targeting TGFB-avp6 interaction is proba-
bly more effective. Antibodies that block such interac-
tions and thus activation of TGFBs have been a recent
area of interest. Weinreb et al. reported development of
two monoclonal antibodies against avp6 (6.8G6, a ligand
mimetic mAb and 6.3G9, a non-ligand mimetic mAb)
that disrupted the interaction of this receptor with its
ligand like LAP of TGFp and fibronectin. The antibody
6.3G9 has been successfully used in the prevention of
biliary obstruction-induced fibrosis [114]. In another
study 6.3G9 was found to be also useful in the preven-
tion of radiation-induced lung fibrosis of mice [116].
Though targeting the interaction between avp6 & TGFf
holds great promise in the efficient prevention of fibrotic
conditions, one issue that needs attention is the inflam-
matory response that may result from the absence of
TGFps. A proper optimization will probably be needed
in terms of both dose and duration so that effective pre-
vention of fibrotic conditions can be achieved before the
onset of inflammation. Though study with mice is so far
encouraging, a successful human trial is still awaiting.

4) 04 integrins (04p7 & a4p1) as drug target

The a4-subunit is known to pair up with two different
types of B-subunits 7 & B1. 04B7, known as lympho-
cyte peyer’s patch adhesion molecule-1 (LPAM-1) and
04p1, known as very late antigen (VLA-4) are mainly
associated with immune cell leukocytes and play impor-
tant role in leukocyte adhesion, migration and extravasa-
tion. Both a4p7 & 041 are constitutively expressed on
the surface of lymphocytes, eosinophils, basophils,
macrophages etc. None of these integrins are found to be
expressed in human neutrophils, [16,117,118]. Leuko-
cyte extravasation across the vascular endothelial layer
involves interaction of a4 integrins on the lymphocyte
surface, with their specific ligands expressed on the en-
dothelial cell surface. The main ligand of a4p1 integrin
on the endothelial surface is Vascular Cell Adhesion
Molecule-1 (VCAMI), whereas for a4p7 the main ligand
is Mucosal Addressin Cell Adhesion Molecule-1 (Mad-
CAM-1), though 04P7 is also known to recognize
VCAM-1 too [119,120]. Both of these integrins are also
known to recognize extra cellular component fibronectin.
Due to their involvement in leukocyte functionality, the-
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se two o4 integrins have been implicated in various au-
toimmune disease conditions. a4f7 has been implicated
to be mainly involved in the inflammatory bowel dis-
eases (IBD) such as Crohn’s disease (CD) & ulcerative
colitis (UC) where as a4B1 has been found to involved in
diseases like asthma, rheumatoid arthritis, multiple scle-
rosis (MS) etc. [16,118,121].

Maintaining tolerance to normal bacterial flora and
providing defense against continuous exposure to patho-
gen is a daunting task for the immune system in the gas-
trointestinal tract. Under normal homeostasis conditions,
naive lymphocytes continuously circulate between blood
and mesenteric lymph node (MLN), gut associated lym-
phoid tissue (GALT) such as Peyer’s patches (PP), gut
epithelium, lamina propria (LP) etc. in the search for
antigens. Initial stage of lymphocyte rolling along the
endothelial surface involves interaction of a4f7 and/or
L-selectin (expressed on the surface of lymphocyte),
with MAdCAM and peripheral lymph node addressin
(PNAJ), respectively, expressed on the high endothelial
venule (HEV) of MLN, PP and LP etc. This is followed
by chemokines (CCL19 & CCL21) binding to the G-
protein coupled chemokine receptor (CCR9) on the sur-
face of lymphocyte, which in turn causes high affinity
maturation of 04B7 via “inside out” signaling. a4p7 at the
high affinity stage interacts very tightly with MAdCAM
leading to firm adhesion followed by transmigration in to
the lymphoid tissue. When naive lymphocytes encounter
antigen presenting dendritic cells (DC) in the lymphoid
tissue, they get activated and differentiate into effector
and memory cells which lead to significant upregulation
of a4B7 on the surface [122-125]. In inflammatory bowel
disease, leukocyte recruitment to the site of inflammation
becomes completely dysregulated. a4f7-mediated con-
tinuous trafficking of lymphocytes to the intestinal mu-
cosa worsen the chronic nature of the disease condition.
Beside directly helping trafficking of lymphocytes, a4p7
also plays an important role in the lymphocyte prolifera-
tion and inflammatory cytokine production [126]. Such
an important role of a4f7 in IBD has turned it into an
important drug target.

Multiple sclerosis (MS) is an inflammatory disease of
the central nervous system (CNS) characterized by the
pathological demyelination along with sparing of axon
[127] which leads to impaired nerve conduction and
eventually paralysis. Infiltration of circulating leukocytes
in to the CNS has been found to be involved in mediating
this auto-immune inflammatory disease. Under normal
conditions, leukocyte infiltration across the blood-brain-
barrier (BBB) is strictly controlled. But in MS and its
experimental model, Experimental Autoimmune En-
cephalomyelitis (EAE), such control is compromised.
Uncontrolled trafficking of lymphocyte (mainly T-cells)
to the CNS has been unarguably considered to be the
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major effector of the chronic feature of MS and EAE.
The basic mechanism by which T-cell transmigrate
through the endothelial barrier is very similar to that
found in IBD. The only difference is that the a4p1-
VCAM-1 interaction remains at the heart of leuko-
cyte-endothelial interaction instead of 04p7-MadCAM
interaction. The role of a4P1 in EAE has been confirmed
by the use of mAb against 04 integrin. Yendock et al.
showed that in EAE (the experimental model of MS), use
of mAb against a4 integrin could effectively block leu-
kocyte accumulation in the CNS and also lead to the de-
velopment of autoimmune encephalomyelitis [128].

Uncontrolled inflammation is also a characteristic fea-
ture of rheumatoid arthritis and involvement of T-lymp-
hocyte has been implicated in the inflammation of rheu-
matoid synovium [129]. Maintenance of the chronic in-
flammatory condition requires the transmigration of T-
lymphocyte to synovial tissue across the endothelial
vessel [130]. Though both 04pl & 04p7 are also ex-
pressed on rheumatoid arthritis associated T-lymphocyte,
the 04p1-VCAM-1 interaction plays the major role in the
inflammatory responses associated with arthritis [131].
Expression of VCAM-1 on the endothelial surface and
041 on the T-lymphocyte surface has also been found to
be up-regulated in rheumatoid arthritis [130,132].

The role of 04Bl in asthma, on the other hand, is
eosinophil mediated. Eosinophils play a central role in
the various pathological symptoms of asthma, such as
airway obstruction, edema, secretion of mucous and in-
creased bronchial airway hyper-responsiveness (BHR)
[133]. Though mast cells act at the initial phase of asth-
matic response by secreting immediate effectors of in-
flammation such as histamines, prostaglandin etc., eosi-
nophils mediates the late phase (allergic) response (LPR)
of asthma and gives it a chronic feature [134]. The
mechanism by which eosinophils mediate the perpetual
nature of the inflammatory conditions in asthma is com-
plicated by the involvement of multiple factors including
inflammatory cytokines, cell adhesion molecules and
interaction of eosinophil with other cellular components
etc. a4pl, which is upregulated on eosinophil surface
during inflammation, plays a major role in maintaining
the inflammatory feature of asthma. The process by
which eosinophils pass through the endothelial lining to
the interstitium of the lung requires interaction of a4f1
(on the eosinophil cell surface) with VCAM-1 expressed
on the endothelial cells. Once in the interstitium, interac-
tion of a4p1 with fibronectin plays an important role in
the migration of eosinophils through the interstitium
[133,135,136]. Due to the pivotal role of a4f1 in eosi-
nophil-mediated asthmatic response, antibody and pep-
tide antagonists against a4p1 have been tried in the
treatment of asthmatic conditions.

Direct involvement of o4 integrin in these above-
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mentioned auto-immune inflammatory diseases has cre-
ated significant interest in the development of antagonist
targeted against a4 integrins. The antagonist that is worth
mentioning at the very first is Natalizumab (Tysabri), a
humanized monoclonal antibody that works against a4f1
& 047 integrins. Successful results at the first year fol-
lowing phase-III trial of Natalizumab in patients with
MS, led to the FDA approval of the drug for clinical ap-
plication [127,137]. But at the second year following
phase-III trial, two patients were reported to have pro-
gressive multifocal leukoencepthalopathy (PML), a de-
myelination disease of brain caused by human polyo-
mavirus JC [127,137-139]. Another patient was also re-
ported to have PML from the clinical trial of Natalizu-
mab in Crohn’s disease [140]. As a result, Natalizumab
was withdrawn from the market in 2004, but reintro-
duced to the market in 2006 [16,137] under the condition
of being applied to patients that are not exposed to any
other immune-suppressive agents. Currently it is being
clinically applied for the treatment of MS and CD
[121,137] with a minor risk of occurrence of PML. As of
December, 2011, 207 cases of PML have been reported
in 95,300 patients that have received Natalizumab
[141,142]. A recently reported concern with Natlizumab
treatment of MS is a case of development of primary
CNS lymphoma (PCNSL) in a 40-year old man who re-
ceived 21 doses of the drug [143]. A direct relation be-
tween Natalizumab treatment and development of
PCNSL could not be established, given the number of
patients being treated for MS with Natalizumab. The
probability of occurrence of PCNSL in people of less
than 40 years age is less than 0.3 in 100,000. A phase-II
trial was also started with Natalizumab for the treatment
of moderate to severe rheumatoid arthritis in patients
receiving concomitant treatment with methotrexate. But
the trial has been terminated following the reporting of
three cases of PML. A single caseof T-cell lymphoma
has also been reported on a patient receiving Natalizu-
mab for the treatment of MS [142].

More prominent involvement of 04f7 in the IBD has
led to the development of antibody that specifically
works against a4B7. Vedolizumab (MLN-002) is a hu-
manized mAD that targets specifically a4f7 and specifi-
cally blocks interaction of a4p7 with MAdCAM and
fibronectin and doesn’t induce systemic immunosup-
pression like natalizumab. A phase-II trial involving this
mADb against moderately active ulcerative colitis & CD
was completed with statistically favorable results [16,
118,121,144]. Phase-III clinical trial conducted in pa-
tients with moderately active ulcerative colitis & CD,
who have failed to respond to at least one conventional
therapy, showed statistically significant improvement
over placebo in terms of meeting the primary end point.
The inherent difficulty of antibody therapy due to intra-
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venous administration has led the pharmaceutical com-
panies in the design of small molecular antagonist
against o4 integrins. Davenport ef al. in a review on
o4-intgerin antagonism has provided a comprehensive
discussion of the different small molecule antagonists
that have been subject to clinical trial [16]. Bio-1211 &
IVL-745 are two small molecule antagonists (urea based)
of both 041 & 04p7 that failed phase-II clinical trial for
the treatment of asthma due to poor bioavailability
[16,145,146]. There are two other urea based small
molecule antagonists, TBS-4746 & DW-908e, that have
been subject to phase-I clinical trial for the treatment of
asthma and MS [16]. R-411 & AJM-300 are two differ-
ent phenylalanine-based small molecule antagonists of
o4 integrins. R-411 has showed encouraging result at the
early phase of phase-II clinical trials for Asthma [47] and
AJM-300 is currently being evaluated at the phase-1I
clinical trial for IBD [47]. Another phenylalanine based
antagonist is SB-683699 that is currently being evaluated
at phase-II clinical level for the treatment of both CD and
MS [16].

5) a5p1

Though the B1-subunit pairs up with eleven different
a-subunits forming eleven different types of integrins,
the a5-subunit pairs up with the $1-subunit only and thus
forms a5B1 [24,147]. a5B1 shares a lot of similarity in its
functionality with avf3. Like avf3, a5B1 is also in-
volved in angiogenesis associated with tumor develop-
ment. While expression of a5B1 is very minimal in qui-
escent endothelial cells, activated endothelial cells show
significant increase in the expression of a5p1. Kim et al.
using CAM model of angiogenesis, showed that a5p1
expression was highly upregulated in angiogenesis in-
duced by growth factors such as bFGF & TNF-a [17].
They found that a5B1 expression was not upregulated
under the influence of VEGF. This indicated that the
aSB1-induced angiogenesis followed the similar path as
with avfB3. They also showed the presence of a5p1 ex-
pression in human colon & breast carcinoma tissue,
whereas expression was not detected in normal human
colon & breast tissue. Magnussen et al. later confirmed
by confocal microscopy the overexpression of a5B1 on
the luminal surface of the endothelial cells of the tumor
vessel in rats [148]. Though a5B1 expression is very low
in quiescent endothelial cells, there are some exceptions
where high expression is observed under resting condi-
tions, e.g. high endothelial venules (HEVs) of lymph
nodes and normal hepatic sinusoids [149]. a5p1-medi-
ated angiogenesis required the interaction of this receptor
with fibronectin [35,147]. Inhibitors that could block
interaction between a5B1 and FN were found to effec-
tively prevent bFGF and TNF-a induced angiogenesis in
CAM models. Interaction of a5p1 with FN is RGD de-
pendent and the RGD sequence is present at the 10"
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type-1II FN repeat. Another peptide sequence (PHSRN)
was discovered to be present at the 9" type-III repeat of
FN, playing a synergistic role in RGD dependent interac-
tion with a5B1 [35].

Increased expression of a5B1 has been associated with
various kinds of cancer cells, such as astrocytoma,
glioblastoma, colon carcinoma etc. [150,151]. Expression
of aSP1 on these types of tumor cells plays very impor-
tant roles in the progression of the cancer. Maglott ef al.
showed that use of SJ749, a highly selective non peptide
antagonist of a5p1 [152], significantly reduced prolifera-
tion and adhesion of two different astrocytoma cell line
A172 & U87 to FN [153]. Gong et al. found that highly
invasive group I colon carcinoma cell expressed high
level of a5B1 expression compared to weakly tumori-
genic group III colon carcinoma [151]. This finding
clearly indicated the possible role of a5p1 in the malign-
nant progression of colon carcinoma cells.

Due to its important role in angiogenesis, a5B1 has
been implicated in various pathological conditions beside
cancer, such as choroidal neovascularization and prolif-
erative vitreoretinopathy. Umeda et al. established the
essential involvement of a5B1 in choroidal neovascu-
larization. In a laser-induced choroidal neovasculariza-
tion model of mice, they showed overexpression of a5
integrin in vascular cells. They also showed that use of
selective inhibitor of aSB1, JSM6427, effectively sup-
pressed the choroidal neovascularization [154]. Zahn et
al. on the other hand showed the essential role of a5p1 in
the development of proliferative vetreoretinopathy (PVR).
PVR is a process of abnormal wound healing and its
common pathological symptoms include ocular inflam-
mation, cellular proliferation and retinal scarring [155]. It
has been found that migration and adhesion of retinal
pigment epithelial (RPE) cells plays an important role in
the formation of epiretinal membrane (EPR) in PVR
[156,157]. Jin et al. showed that the interaction between
a5B1 expressed on the surface of RPE and FN of the
provisional matrix is essential for the formation of EPR
[157]. Jin et al. also showed that in a rabbit model of
retinal detachment, intravitreal injection of JSM6427
efficiently reduced the length and number of subretinal
scars.

Besides its important role in angiogenesis and vascu-
logenesis, a5B1 is also involved in formation of new
lymphatics from the existing lymphatic vessels (lym-
phangiogenesis). Lymphatic vessels play important roles
in normal tissue homeostasis and also in immune sur-
veillance, inflammation and metastatic progression of
cancer [158-160]. Several growth factors such as VEGF-
C & VEGF-D induce lymphangiogenesis via VEGEF-
receptor-3 (VEGFR-3) and there is evidence of clear
involvement of a5B1 in such VEGFR-3 mediated induc-
tion of lymphangiogenesis [158,161]. Dietrich et al.
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showed that inhibition of a5B1 by small molecule in-
hibitor (JSM6427) could effectively inhibit lymphangio-
genesis in a mouse model of corneal inflammation [162].

Among all the inhibitors of a5p1, perhaps the most
important one is volociximab, a monoclonal antibody
that was designed to block interaction between a5p1 and
FN. Phase-I clinical trials with volociximab in patients
with various kinds of cancer that are refractory to stan-
dard therapy (colorectal, breast, melanoma, renal cell
carcinoma etc.) have been found to be safe [163]. A
phase-II clinical trial with volociximab in combination
with erlotinib is currently underway in patients with
stage-III & IV non-small cell lung cancer. ATN-161 is
another inhibitor of a5B1. It is a peptide inhibitor (Ac-
PHSCN-NH2) that targets the synergy site (PHSRN) of
aSB1-FN interaction. Livant et al. showed that use of this
antagonist could effectively reduce tumor growth and
neovascularization in rats injected with MLL rat prostate
cancer cells [164]. A phase-I/II clinical trial with ATN-
161 in combination with carboplatin is currently under-
way in patients with recurrent intracranial malignnant
glioma.

2.1.3. Major Concerns in Direct Targeting of Integrin
While integrins have created tremendous interest among
the pharmaceutical companies as therapeutic targets,
there are several issues that are the subject of major con-
cern. A comprehensive discussion on some of these con-
cerns related to the possible use of avp3 & avp5 as
therapeutic target in tumor angiogenesis have been made
by Gordon Tucker in his review on “inhibitors of in-
tegrins” [58]. While a detail discussion of all the con-
cerns related to targeting integrins are out of the scope of
this present review, some major points will be briefly
touched upon.

1) Targeting Proper Integrin

The first thing that must be considered and has been
notoriously challenging so far, is to target the proper
integrins involved in a specific disease condition. There
are about 11 different types of integrins that are ex-
pressed in endothelial cells (al1-6B1, avp1,3,5,8 and a643)
[57,165]. Out of these, avp3 & avp5 have been consid-
ered to be the most potential target for therapy against
tumor angiogenesis [166]. Even then, significant doubt
exists as to the universal importance of these two in-
tegrins in different kinds of tumors and in tumors at dif-
ferent sites. Enhanced pathological angiogenesis have
been observed in the subcutaneous graft of lung and co-
lon carcinoma in mice lacking B3 integrin [167]. This
raised a question of possible involvement of other in-
tegrins like alB1l and a2f1, rather than avf3, in the an-
giogenesis of tumors located in the skin [58,168]. a5p1
has recently gained tremendous importance for its role in
angiogenesis & vasculogenesis. In fact, a5 null mutant is
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embryonic lethal [169], indicating a much more essential
role of a5B1 in angiogenesis and vasculogenesis. Cilen-
gitide, (a cyclic RGD based antagonist of avp3) when
applied to glioma implanted under the skin of mice,
showed no effect, whereas while applied to the same
tumor implanted in the brain showed effective response
in low doses [60]. This indicates that the kind of integrin
responsible for pathological angiogenesis can be differ-
ent from one tissue type to another. This can be further
supported by the fact that the genetic ablation of certain
kinds of integrin only affects developmental vasculariza-
tion of a specific tissue or organ. For example, av-
knockout mice shows defects only with developmental
angiogenesis of brain and intestine [170]. Thus effective
targeting of integrin for a specific disease condition also
requires a wise consideration for tissue specificity.

Another point that needs to be considered while tar-
geting specific integrins is the inherent redundancy of
integrin function. A specific disease condition can be
influenced by multiple integrins. Thus inhibiting one can
only cause partial reversal of the diseased state. Tumor
angiogenesis in several kinds of tumors are modulated by
avfB3 & avp5 both. Thus inhibiting only avf3 can only
be partially beneficial. Thus drugs that can target both
are being explored. Similarly, both a4p1 & a4B7 play
important role in rheumatoid arthritis besides avf3. Thus,
use of inhibitors against either avp3 or the a4 integrins
can only achieve partial reversal of the disease condition.

2) Design of Drug-Issue of Selectivity and
Specificity

A significant number of integrin antagonists have been
designed based on the RGD sequence. Some of these are
peptides that consist of the RGD sequence and some of
these are small molecules that mimic RGD structure.
There are about eight integrins (avfB1,3,5,6,8, ollbp3,
a5B1, a5P8) that recognize RGD sequence present
among various matrix molecules. Thus design of a drug
that can recognize the RGD sequence comes with a risk
of reduced selectivity. Many RGD based inhibitors
against avfB3 are commonly found to recognize avf5 too.
While this can be favorably used in the treatment of an-
giogenesis where both avp3 and avB5 are involved,
characterization of specificity towards other RGD-rec-
ognizing integrins is extremely important. Natalizamab
is a common inhibitor of both 04 integrins (a4p1 & 04p7)
[127]. Since these two o4 integrins are expressed in
various kinds of immune cells, use of natalizumab often
causes systemic immune-suppression. As a result, use of
antagonist specifically targeted to one type of a4 integrin
has been tried. Vedolizumab is a a4B7 specific antago-
nist that has been tried in ulcerative colitis and CDs
[144]. While this minimizes the risk of immune-sup-
pression, use of this inhibitor where both a4 integrins are
involved would bring only partial benefit.
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How integrin antagonists are influencing the activation
state is another concern [58]. Integrins can exist in dif-
ferent activation states each featuring a specific confor-
mation. Binding of antagonist can affect the activation
state of the integrin, which in turn can affect the specific
signaling events that the concerned integrin participates
in. A specific cyclic-RGD based antagonist of avp3 was
found to be an agonist at low doses and an antagonist at
high doses [171]. It was proposed that such antagonist
binding caused activation of avf3. At low dose, the
quicker release of the antagonist left the integrin in an
activated state resulting in agonism of activity, whereas
at high saturating dose of antagonist the integrin was
restricted from its ligand binding activity. Reynolds et al.
recently reported another study where they showed that
use of RGD mimetic inhibitors of avp3 & avp5 at low
nanomolar concentration, caused increased tumor growth
due to increase in VEGF mediated angiogenesis [172].
These findings posed some concerns towards the thera-
peutic prospects of RGD-based inhibitors of avB3/avp5-
like cilengitide which has shown promise in phase-II
clinical trials for the treatment of patients with glioblas-
toma. This was followed by a publication of a thoughtful
discussion by Weis et al., where they commented on the
safety of the use of cilengitide in clinical trials and also
pointed out the technical differences between the cilengi-
tide clinical trial and the way the experiments were con-
ducted by Reynolds ef al. In the same year, Weller et al.
published a letter to the editor in response to the findings
of Reynolds et al., where they provided logical argu-
ments in support of the efficacy and safety of cilengitide
use. While such scientific discussion will continue
enlightening us, the fact that an antagonist can act as an
agonist under certain condition, should be given serious
consideration. We must not forget that out of all the dif-
ferent types of cancers tried with cilengitide, only a sub-
population of glioblastoma showed significant improve-
ment to cilengitide treatment. This probably points to the
fact that how integrin inhibitors work is much more
complicated than was perceived.

Moreover, it’s not clearly known for most of the an-
tagonists whether they recognize their target integrin at
activated state or resting state. An antagonist that stabi-
lizes integrin at its resting stage or that blocks ligand
recognition by binding only to the activated state can
exhibit a completely different perspective both in terms
of use and effect.

3) Long Term Therapy

Significant emphasis is being given by the drug com-
panies for the design of orally available small molecule
integrin antagonists. Drugs that are of monoclonal anti-
body or peptide in nature are only available in parenteral
formulation, which makes them very unsuitable for long-
term use. So the current emphasis has been on the design
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of small molecule inhibitors that could be orally applied
for long term therapy. But, is long-term therapy with
integrin inhibitors going to be effective or safe? There
are a number of integrins that are involved in pathologi-
cal angiogenesis, besides avp3 & avp5. avB3 has been
considered extremely important in pathological angio-
genesis and several antagonists have been designed to
block avf3 mediated uncontrolled angiogenesis that
happens in pathological conditions such as tumor pro-
gression, diabetic retinopathy etc. But Reynolds et al.
[167] found that genetic ablation of 3 and/or B5 didn’t
block pathological angiogenesis. In fact, they found that
absence of these integrins actually enhanced angiogene-
sis & tumor growth. This finding caused the scientific
community to revisit the role of avf3 & avp5 in angio-
genesis. In that article, Reynolds et al. and in a following
commentary by Peter Carmeliet [173], comprehensive
discussions have been put forth in order to explain the
mechanistic discrepancy between the genetic study and
antagonist effect. One of the explanations for such dis-
crepancy was the possible involvement of another an-
giogenesis pathways in 3 & B5 knock out mice. If that
is true, then a concern remains on what would be the
effect of long-term inhibition avp3 or avp5. Would
long-term inhibition invoke alternate angiogenesis path-
way? So far, short-term inhibition of these integrins in
clinical trial has not showed up any alternate compensa-
tory pathway, but a long-term trial has yet to be carried
out. Not only this, the safety issue associated with the
long-term use of integrin inhibitors is also a concern. For
example, long-term inhibition of a4f1 will cause con-
tinuous systemic immune-suppression and understanding
the effect of such suppression will require careful moni-
toring.

2.2. Diagnosis & Imaging

Imaging of pathological situations such as tumor site and
tumor related angiogenesis, atherosclerosis etc. are of
extreme clinical importance both in terms of diagnosis
and disease monitoring. Not only for diagnosis, imaging
of pathological conditions following application of drugs
is also important for the successful evaluation of the ef-
fect of the drug. In last few years, biomarkers have
gained tremendous importance as a target of imaging.
Biomarkers related to imaging refer to any kind of pa-
rameters (biochemical, anatomical, molecular etc.) that
can reflect the status of a disease condition [174]. Pres-
ently biomarkers are being extensively studied for possi-
ble consideration as “surrogate” end points in preclinical
and clinical studies [174]. Successful application of bio-
markers as “surrogate” end points will not only over-
come some of the difficulties associated with traditional
end points (morbidity, mortality) but will also expedite
the process of drug approval. Moreover, biomarker im-
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aging is being applied for drug discovery and develop-
ment, too. Performing such imaging in a non-invasive
fashion makes the process much easier for both the pa-
tient and the clinician. Presently, there are a number of
non-invasive imaging processes available. The few that
are mostly used are positron emission tomography (PET),
single photon emission tomography (SPECT), magnetic
resonance imaging (MRI) and computed tomography
(CT). There are a few other processes, like ultra sound
(US) and optical imaging (OI) that are used to a rela-
tively lesser extent [175,176]. A useful overview on all
these different types of imaging techniques is available
in the review by Rudin et al. [177]. Though extremely
useful, these techniques have some inherent problems.
They can be difficult to standardize, and thus technically
challenging and sometimes the interpretation of the ob-
servation is difficult, too [175,178]. As a result, signifi-
cant emphasis is being given towards using these tech-
niques for molecular imaging where biomolecules that
are specific to a pathological condition, such as cancer,
are being targeted.

Angiogenesis has also been found to be intrinsically
related to the prospect of tumor progression. Tumor de-
velopment/progression and angiogenesis share a positive
correlation. Angiogenic vessels are characterized by the
high expression of integrin avB3 & avB5 on the surface
of their activated endothelial lining [59,179]. Such high
expression is not observed in the quiescent endothelial
cells. Thus avp3 & avB5 can serve as useful molecular
biomarker for evaluating angiogenesis and tumor pro-
gression. In fact, avPB3 is the most extensively studied
biomarker that has been used for molecular imaging of
various conditions that involve angiogenesis. Imaging of
avB3 as biomarker, has been applied for other conditions
too, such as early atherosclerotic plaque and osteolytic
bone metastasis [178,180]. In this section, a brief discus-
sion will be carried out on the different targeting strate-
gies that are available for imaging mainly avp3 and some
other integrins.

Molecular imaging of biomarkers relies on targeted
use of ligands through traditional imaging techniques
like PET, MRI etc. When avf3 is the target for molecu-
lar imaging, the most common ligand that catches our
attention are RGD-based peptides. RGD-based peptides
are being extensively studied for their possible use as
radiopharmaceutical in PET or SPECT imaging. RGD-
based ligands (mainly cyclo-peptides) are being tagged
with radio-halogen such as ["*F], ['*’I] and with ra-
dio-isotopes of metals, such as [**Cu], ['!'In]. Significant
emphasis is currently being given for the improvement of
pharmacokinetic parameters of these radiotracers. Modi-
fications such as incorporation of a sugar moiety or PE-
Gylation of the RGD peptide have been found to signifi-
cantly improve both the tumor uptake and pharmacoki-
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netic property of the radiotracers. Chen et al. have re-
ported that incorporation of PEG moiety with the radio-
tracer [**Cu]-c(RGDyK)-DOTA significantly improved
the pharmacokinetic property [181] of the original radio-
tracer. Multimeric RGD peptides are also being studied
for molecular imaging of avp3. These types of peptides
have been found to be very effective in tumor uptake of
the tracer as they can take the advantage of multivalent
feature of integrin-ligand interaction naturally found in
body. One example of such radiotracer is a radiometal-
lated tetrameric RGD peptide, [**Cu]-DOTAE-[E[c
(RGDfK)]2]2, which has been used in the PET imaging
of U87MG glioma xenograft in nude mice [182]. This
radiotracer was found have much better receptor binding
affinity and pharmacokinetic properties compared to its
monomeric or dimeric analogues. Monoclonal antibodies
specifically targeted against integrins are also under trial
for molecular imaging, besides RGD peptides. MEDI-
522 is a fully humanized mAb, targeted against avfp3,
currently undergoing clinical trial for the treatment of
cancer. A radiotracer, based on this antibody, [64Cu],
DOTA-MEDI-522 has been found to show high specific-
ity for tumor uptake by PET imaging in a U§7MG tumor
xenograft model [183]. Such finding is extremely impor-
tant, as use of this technique can be very useful for
evaluating the bioavailability, pharmacokinetic property
and toxicity of a drug that’s undergoing clinical trial.
Kimura et al. has recently reported a novel way of tu-
mor-specific PET imaging of integrins by the use of
cystine-knot peptide. In this method they have incorpo-
rated the RGD-based integrin binding motif into the sur-
face-exposed loop of the cystine knot peptide. The rigid
structural scaffold of this peptide allowed high affinity
binding to integrins like avp3, avp5, a5p1 and thus al-
lowed high level of tumor specific uptake of the radio-
label [184]. Radiotracer based PET imaging is also being
used for targeting avB6 integrins. Increased expression of
avpB6 is a common characteristic of many different can-
cers. For example, avB6 expression becomes signifi-
cantly high in OSCC [185]. Hausner et al. have recently
reported an effective method of PET imaging of avf6 by
the use of a radiotracer ["*FJFBA-PEG28-A20FMDV2
(avp6 specific peptide labeled with [**F]fluorobenzoyl)
[186]. Use of this radiotracer allowed them to specifi-
cally label avf6 in two different tumor xenograft models
(one with melanoma cell line and the other pancreatic
carcinoma cell line).

The current advancement in nanotechnology is also
being utilized for PET or SPECT imaging of avp3 re-
ceptor. The biggest advantage of nanoparticles in imag-
ing is that a single nanoparticle can be loaded with thou-
sands of imaging labels, which in turn increases the sig-
nal intensity. There are a number of examples of pre-
clinical studies where labeled nanoparticles have been
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used in the PET imaging of tumors expressing avfp3. For
example, in a recent work done by Liu ef al., it has been
shown that [*Cu]-labeled single-walled carbon nano-
tubes (SWNTs) conjugated with C(RGDyK) peptide was
very effective in targeting tumor in mouse models [187].

Molecular targeting of integrin receptors is also being
coupled with magnetic resonance imaging (MRI). Mo-
lecular imaging of specific integrins by MRI utilizes both
a paramagnetic substance like gadolinium (Gd) [175]and
a ligand for the target integrin receptor along with a ve-
hicle (liposome or nanoparticles) for targeted delivery of
these two components. Schmieder et al. reported the use
of MR imaging of a5B1 for the quantitative characteriza-
tion of angiogenesis and evaluation of a a5p1-targeted
peptidomimetic inhibitor of angiogenesis in a MDA-MB-
435 based tumor xenograft mouse model [188]. They
used per-fluorocarbon (PFC) (paramagnetic) nanoparti-
cles loaded with a5B1-targeted peptide for the imaging of
neovasculature in the tumor area.

Biomarker based molecular imaging is also being util-
ized for ultra sound (US) imaging & optical imaging (OI).
Contrast enhanced ultra sound (CEU) imaging uses mi-
crobubbles as an intravascular contrast agent. Microbu-
bles are usually made of hydrophobic vesicle loaded with
perfluorocarbon gas [189,190]. Once inside the mi-
crovessels, these microbubbles can be burst by the ap-
plication of high intensity ultra sound and that generates
strong backscatter echo which can be utilized for meas-
uring blood flow and blood volume. These microbubbles
can be labeled on the surface for specific targeting of a
molecular biomarker like avp3 [175,176,190]. Willmann
et al. combined the use of a cystine knot (knottin) pep-
tide and contrast enhancing microbubbles for the ultra-
sound imaging of avf3. RGD-motif containing knottin
peptide was incorporated on the surface of perfluorocar-
bon filled microbubbles and while administered in vivo,
they could obtain efficient ultra sound imaging of tumor
angiogenesis in human ovarian adenocarcinoma xeno-
grafts [191]. Optical imaging (Ol), such as near-infra red
fluorescence imaging (NIRF) is also gaining importance
for the targeted imaging of molecular biomarkers. With
the advent of fluorescence mediated tomography (FMT)
optical imaging is now capable of quantitative measure-
ment too [175]. Fluorochromes are being targeted to-
wards specific biomarkers such as avB3 for the optical
imaging of angiogenesis. For example, avp3 targeting by
Cy5.5-coupled RGD peptide has been utilized for the
NIRF imaging of U887MG glioma tumor xenograft in
mice [192]. Wallbrunn ef al. later showed the quantitative
measurement of avP3 expression by Cy5.5-RGD using
FMT [193]. Though there are a number of disadvantages
currently associated with this technique, like toxicity,
short half-life and lack of quantifiability [194], signifi-
cant research is being carried out for the further ad-
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vancement of this technique.

2.3. Targeted Drug Delivery

The concept of integrin-targeted drug delivery is based
on two important characteristics. First, integrins can in-
ternalize once they are bound to their ligand and second,
several integrin molecules show differential expression
based on disease condition. It has been already men-
tioned that both avf3 & avpB5 are not highly expressed in
quiescent endothelial cells, whereas their expression be-
comes several fold higher during angiogenesis. Several
different tumor cells also show increased level of expres-
sion of avP3 & avP5. Similar kinds of change in expres-
sion are also observed with a5B1 on endothelial cells
[17]. Expression of avp6 has been found to go up in dif-
ferent kinds of carcinoma, e.g. oral & skin squoumous
cell carcinoma (SSC), colon, pancreatic carcinoma etc.
[97]. avB6 expression has also been found to go up in
keratinocytes during wound healing. Such increased ex-
pression related to certain kind of pathological condition
can be effectively utilized for efficient drug delivery. The
biggest problem with chemotherapeutic agents is their
non-specific uptake by the healthy cells, which results in
cytotoxicity. Another problem is the lack of penetration
of chemotherapeutic agents in to the tumor site due to
abnormal tumor vasculature. Both small molecule and
biomacromolecule types of chemotherapeutic agents are
being conjugated with integrin antagonists for the tar-
geted delivery to the tumor site [195].

Currently, there are mainly two strategies that are be-
ing explored for integrin targeted drug delivery. In one
approach, RGD-based peptides are being directly conju-
gated with chemotherapeutic agents, and in the other
approach, integrin targeted nanoparticles are being used
for drug delivery. Integrin targeted nanoparticles are also
being explored for the targeted delivery of gene and
siRNA [195]. Several research groups are currently in-
volved in the targeted delivery of chemotherapeutics in
RGD-conjugated form. One example is the conjugation
of a very common chemotherapeutic drug, doxorubicin,
with av-targeting peptide RGD4C. Arap et al. showed
that RGD4C-conjugated doxorubicin had much better
efficacy and less cytotoxicity while applied to breast
cancer xenografts in nude mice [196], compared to the
free drug. In another study, Burkhart et al. used cilengi-
tide cyclic-(N-Me-VRGDf) for conjugation with dox-
aliform which is a derivative of doxorubicin (doxorubi-
cin conjugated with formaldehyde and salicylamide)
[197]. The structure of the cilengitide-doxaliform conju-
gate connected by a linear tether is shown in Figure 4(a).
Use of this conjugated form allowed them to achieve
better growth inhibition of MDA-MB-435 breast cancer
cell compared to doxorubicin. Chen et al. reported the
use of dimeric RGD peptide E[c(RGDyK)]2 for con-
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jugation with another chemotherapeutic agent, paclitaxel.
Conjugation was carried out by putting a succinate resi-
due between the 2-hydroxyl group of paclitaxel and the
amino group of glutamate residue of the dimeric RGD
peptide [198]. The structure of this conjugate is shown in
Figure 4(b). Use of this conjugate showed encouraging
improvement in the uptake of paclitaxel and killing of
MDA-MB-435 breast cancer cell line, compared to pa-
clitaxel alone. Recently Pilkington-Miksa et al. showed
that paclitaxel conjugated to cyclic azabicycloalkane-
RGD via triazolyl containing linker had excellent anti-
tumor activity in ovarian carcinoma xenograft in nude
mice [199]. Beside small molecules tumor suppressing or
proapoptotic cytokines are also being conjugated with an
RGD-based peptide such as TNF-a. Curnis et al. con-
jugated this molecule with a RGD-based peptide
(ACDCRGDCFCG) and found that this conjugate
showed better binding affinity to the TNF-a receptor and
could produce an antineoplastic effect in very low dose
[200].

Integrin-targeting ligands are also being used along
with nanoparticle-based delivery system. There is a num-
ber of different nanoparticle-based delivery system
available at this point, e.g. liposome, polymersome, mi-
celles, polymeric nanospheres etc. [195]. Integrin target-
ing ligands, especially RGD-based peptides are being
incorporated on to the nanoparticle mainly via surface
modification. The therapeutic agent, on the other hand, is
either encapsulated or sometimes conjugated with the
nanoparticles. Such modification brings additional ad-
vantage of increased stability, bioavailability and de-
creased side effect of the therapeutic agent. Integrin tar-
geted nanoparticles are also being used for the targeted
delivery of gene or siRNA. There are several examples
where different nanoparticle-based delivery systems have
been utilized for targeted delivery of chemotherapeutic
agents. Danhier e al. reported the use of a PEGylated
PLGA (poly(lactic-co-glycolic acid)) based nanosphere
system for the targeted delivery of paclitaxel to cancer
cells. These nanoparticles were surface modified by
RGD peptide or RGD-peptidomimetic and loaded with
paclitaxel [201]. These nanoparticles showed much im-
proved targeting of integrin over-expressing HUVEC
cells and also stronger retardation of tumor growth com-
pared to the free drug. Integrin targeted nanoparti-
cle-based drug delivery systems are not only being util-
ized for the treatment of cancer. They have also been
utilized for the targeted delivery of antiangiogenic drugs
in the treatment of rheumatoid arthritis. Zhou et al. util-
ized PFC nanoparticle conjugated to an RGD-pepti-
domimetic antagonist of avp3 and loaded it with the
antiangiogenic substance fumagillin. Application of
fumagillin through such system allowed targeted deliv-
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Figure 4. This figure includes the example of integrin targeted drug delivery
where direct conjugation of the chemotherapeutics with RGD based peptides has
been carried out. Panel-a shows an example where cilengitide (RGD containing
cyclic pentapetide) has been conjugated with doxaliform (chemotherapeutic
agent). Panel-b shows another example where chemotherapeutic agent paclitaxel
has been conjugated with dimeric RGD peptide.

ery to the inflamed joint and resulted in much better sup-
pression of arthritis progression in the mouse model of
arthritis [202].

One of the major concerns of gene therapy is the tar-
geted delivery of the DNA to the site of action. DNA is a
charged biomolecule, which makes penetration through
the tissue energetically unfavorable. Moreover, DNA is
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highly susceptible to enzymatic degradation. Encapsula-
tion of DNA into a nanoparticle-based delivery system
may overcome these problems to some extent. Recently,
nanoparticles conjugated with integrin-targeting ligands
are being studied for the targeted delivery of DNA to the
tissue. Hood et al. in a ground-breaking study, showed
how integrin targeting ligand-containing nanoparticles
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can be utilized for targeted gene delivery. In that study
they covalently coupled an RGD mimetic ligand to cati-
onic polymerized lipid based nanoparticles and loaded
the nanoparticles with a mutant of the Raf-1 gene [203].
The mutant gene loaded nanoparticles were applied to
the M21 melanoma cell induced tumor. Targeted deliv-
ery of the gene was confirmed by observing the re-
sponses as would be expected from the mutant version of
Raf-1. Bhattacharya et al., in a recent study reported the
delivery of a plasmid, encoding platelet-derived growth
factor-p (PDGF-B) gene, through a liposome made of
RGDK-lipopeptide in to the site of diabetic wound. A
single subcutaneous administration of this plasmid
through this delivery method resulted in sufficient wound
healing. They also found that the intra-cellular delivery
of this gene was a5B1 mediated [204]. Integrin targeted
delivery systems are also being studied extensively for
the delivery of siRNA. A very recent example is the tar-
geted delivery of cyclin-D1 siRNA to leukocytes associ-
ated with colitis, via an a7 antibody-coupled liposome.
Such targeted delivery caused reduction in cyclin-D1
expression and also a reduction in inflammation associ-
ated with colitis [205]. Targeted delivery of siRNA is
also being studied with poly (amidoamine)-dendrimer
(PAMAM), which is a highly branched synthetic poly-
mer. In a study by Waite et al., PANAM-RGD conjugate
system was utilized for the delivery of siRNA in to a 3-
dimensional multicellular tumor spheroid (MTCS) model
of U87 glioma cells [206]. It was found that presence of
RGD resulted in a much better penetration of the deliv-
ery system through the 3-dimensional scaffold of the
tumor and thus allowed more effective delivery of the
siRNA.

3. CONCLUSIONS

The major focus of this review has been to explore the
various medical purposes that integrins receptors are
involved at. A thorough discussion has been carried out
on different integrin receptors, their role in different dis-
ease models and on how they are being therapeutically
targeted. A special emphasis has been given on avp3 &
avp5, because they remain as the two most extensively
explored integrins to date. These two integrins are the
major target for inhibition of angiogenesis and inhibitors
targeted to them have been trialed in several preclinical
and clinical studies. A number of inhibitors of avp3 &
avf5 have been subject to clinical trials for the treatment
of cancer and there are huge numbers of drugs that are
being studied at preclinical stage. Inhibition of avp3 &
avB5 has been targeted for treatment of other kinds of
pathological conditions, like rheumatoid arthritis and
vascular disorders, where angiogenesis plays a key role
in disease progression. A number of inhibitors are cur-
rently under clinical trial for the treatment of these con-
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ditions. Unfortunately, so far there is only one drug
(cilengitide, a potent inhibitor of avf3) that has made
into phase-III clinical trials for the treatment of glioblas-
toma multiforme (GBM). Though it was trialed at phase-
II level for the treatment of different kinds of cancers,
including prostate cancer and stage-I11/V myeloma, only
patients with GMB showed promising results. This tells
us about the inherent complicacy of integrin biology.
Though significant improvement has been made in last
few years for understanding how integrins are involved
in certain disease conditions, more in depth understand-
ing is still needed. In this review we have noticed that
therapeutic targeting is not only limited to avp3 & avp5;
there are many other kinds of integrins that are gaining
importance as potential drug targets, due to their serious
involvement with many disease conditions. For example,
targeting o4 integrins have given us a number of drugs
that are currently under evaluation at clinical trials for
the treatment of several inflammatory conditions like
IBD & MS. Targeting of allbp3 have resulted in three
drugs that are currently being marketed for the preven-
tion of coronary events in patients undergoing angio-
plasty or other kind of coronary intervention. Unfortu-
nately, all the orally available inhibitors of allbB3 failed
at phase-III clinical trial. This once again points towards
the fact of how complicated the role integrins may play
in modulating certain disease conditions, and a complete
understanding of that role will be the key to the devel-
opment of successful therapeutic application. Neverthe-
less, therapeutic targeting of integrin receptors holds a
great promise and it is expected that with the ongoing
advancement of science & technology, there will be
more effective means of targeting integrins available to
us. It seems that the continuous growth of our knowledge
in integrin biology will eventually lead us to a much
more coherent understanding of the role of each integrin
plays. We have discussed the role of integrin avp3 in the
development osteoporosis. Recently Lemieux et al. re-
ported the involvement of a3B1 & a5f1 in the develop-
ment of osteoporosis [207]. They found that these two
integrins are expressed on the surface of hematopoietic
cell, like megakaryocytes and play a crucial role in the
megakaryocyte cell mediated osteoblast differentiation.
Cordes & Park, in a review article discussed the impor-
tance of inhibiting B1 integrin for improving the prospect
of radiation therapy in cancer [208]. B1 integrin has been
known to provide important survival signals to the tumor
cell in a post radiation situation. Inhibiting this integrin
may improve the efficacy of radiation therapy. Thus our
knowledge in integrin biology is mounting and will
prove to be highly beneficial for effective therapeutic
strategies.

We have also discussed the potential of targeting in-
tegrin receptors for diagnostic imaging and for evalu-
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ating the efficacy of a drug. We have also seen how cell
surface integrin expression is being utilized for the tar-
geted delivery of drug. Different strategies for both di-
agnosis and drug delivery have been discussed. Currently,
avP3 is the main integrin that has been extensively stud-
ied for both diagnosis and drug delivery, though there are
others that are gaining more importance. Though we
have come across different approaches for targeted im-
aging of avp3 expression on tumor cells, only a radio-
tracer-based approach has been transitioned to trial at
clinical level. For example, ['*F]galacto-RGD is the first
avf3-targeted radiotracer used for PET imaging of ma-
lignant tumor cells in patients. This was found to show
successful imaging of avp3 expression with good tumor
to background ratio [209]. Integrin targeted drug delivery
still has not transitioned into clinical trials and significant
improvement is still needed for effectively targeting
strategies. At the end we can conclude that though there
are several issues that are still in need of careful evalua-
tion for successful targeting, integrin receptors possess
tremendous prospect for designing novel strategies for
addressing different disease conditions.
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