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Lipopeptide with a RGDK Tetrapeptide Sequence Can Selectively Target Genes to
Proangiogenic o561 Integrin Receptor and Mouse Tumor Vasculature
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Integrins, the major class of a8 heterodimeric transmembrane glycoprotein receptors, play crucial roles in
mediating tumor angiogenesis. Genetic ablation experiments combined with use of antibodies/peptide ligands
for blocking either as or 3, integrins have convincingly demonstrated asf; integrin to be unquestionably
proangiogenic among the 24 known integrin receptors. Herein, we report on a novel RGDK-lipopeptide 1
that targets selectively asf3; integrin and is capable of targeting genes to mouse tumor vasculatures.

Introduction

Angiogenesis, the sprouting of new blood vessels from pre-
existing vessels, is a remarkable feature of tumor growth.'
Prevention of new blood vessel formation around tumor tissues
is a promising antiangiogenic therapeutic approach to combat
cancers. In such antiangiogenic cancer therapy, selective target-
ing of anticancer drugs/genes to tumor vasculatures is ac-
complished by exploiting unique molecular markers overex-
pressed in the tumor endothelial cells. Integrins, the major class
of o heterodimeric transmembrane glycoprotein receptors,
belong to one such unique class of molecular markers. Among
the total 24 integrins, a3, avf35, and a541 integrins have
received extensive exploitations as antiangiogenic drug targets.
Integrins mediate cellular adhesion to ECM or to adjacent cells
and can regulate cell survival and proliferation by modulating
intracellular signaling processes.””© Because many integrins and
their specific extracellular matrix ligands play crucial roles in
mediating tumor angiogenesis, they are gaining increasing
importance as drug targets in antiangiogenic cancer therapy.’

Brooks et al. and others reported that the monoclonal antibody
(LM609) as well as the various RGD-tripeptide based low-
molecular-weight reagents are recognized by the integrins ov/33
and a5 and these reagents are capable of blocking tumor and
retinal angiogenesis in response to growth factors.®*'° However,
the findings in a series of gene ablation experiments involving
the use of av or 3 and/or 85 deficient mice have seriously
questioned the proangiogenic nature of these two integrins. Mice
lacking av or 33 and/or 35 deficient genes have been shown to
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Scheme 1. Structure of the o541 integrin receptor and tumor
vasculature targeting RGDK-lipopeptide 1
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RGDK-lipopeptide 1

be viable and fertile.'""'* Perhaps the proangiogenic nature of
the avf33 and avp35 integrins has been most seriously challenged
by the findings that mice lacking awv integrins exhibit extensive
tumor growth and angiogenesis.'? Importantly, no such dis-
crepancy between the genetic results and those obtained using
antibodies or low-molecular weight reagents exist for the integrin
o5f1 and its ligands. Use of antibodies/peptide ligands for
blocking either o5 or B1 integrins inhibited angiogenesis.'*
Genetic ablation of either o5 or 1 integrins in mice led to
embryonic lethality with major vascular defects.'>'® Thus, gene
ablation experiments combined with the use of antibodies/
peptide ligands have convincingly demonstrated o531 integrin
as an unquestionably proangiogenic integrin receptor. Ever since
these reports on the distinct proangiogenic roles of the o541
integrins were disclosed, efforts toward developing efficient
o541 integrin receptor ligands and antagonists targeting systems
are gaining increasing importance. Reports on the developments
of efficient and selective nonpeptidic ligands and antagonists
of o541 integrin receptor have been published.'” ?° Zimmer-
mann et al. reported their in vitro studies on the development
of two cyclic penta- and hexapeptide ligands containing RGD
sequence and a 3-amino acid with considerable affinity for o541
integrin receptor.' Herein, we show that lipopeptide containing
a lysine functionality immediately after the RGD sequence
(RGDK-lipopeptide 1, Scheme 1) in its polar headgroup region
can selectively target genes to o531 integrin receptors. When
the lysine residue of the RGDK tetrapeptide sequence was
replaced with a leucine residue, the resulting RGDL-lipopeptide
3 did not show any o541 integrin receptors selective transfection
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Figure 1. RGDK-lipopeptide 1 targets genes selectively to o541 integrin receptors. (A) Evaluation of the o541, avf3, and avf35 integrins in
A549 cells by FACS. In each of the three experiments, about one million cells were fixed and labeled with monoclonal antibodies against o541,
avf33, and avf35 integrins and then examined by flow cytometry. The blue shaded areas on the left side in each FACS profile represents the signal
of the control isotype antibody, and the traces on the right represent the signal with anti-a531 (green), antiov3 (red), and antiov35 (indigo)
integrin antibodies. (B) Relative efficacies of the RGDK-lipopeptide 1 and the control RGEK-lipopeptide 2 in transfecting A549 cells (*P <
0.0005). (C) Gene transfer efficiencies of the RGDK-lipopeptide 1 in A549 cells (measured using the lipofection method described in ref 32) in the
presence of monoclonal antibodies against o541, owvf3, and o5 integrins (*P < 0.005 when compared to the control transfection experiments

in absence of any added antibody).

properties. This demonstrates that the lysine functionality in
RGDK-lipopeptide 1 plays a crucial role behind its a531
integrin receptor specificity. Immunohistochemical findings
demonstrate that the RGDK-lipopeptide 1 is capable of deliver-
ing genes to the mouse tumor vasculatures under systemic
settings. Importantly, remarkable inhibition of tumor growth was
observed when the electrostatic complex of the RGDK-
lipopeptide 1 and the anticancer p53 gene was intravenously
administered in C57BL/6 mice bearing an aggressive B16F1
tumor.

Results and Discussion

The amino acid sequence arginine-glycine-aspartic acid
(RGD) is the most evolutionary conserved feature of many
natural integrin-binding extracellular matrix proteins, and in-
tegrin receptors potentiate cellular internalization processes for
many viruses.”> >* On the basis of this rationale, efficient
integrin receptor targeting systems consisting of RGD-modified
liposomes,” 2’ cRGD-functionalized polymeric micelles,*® and
lipid based nanoparticles containing a covalently grafted integrin
ligands®**° have been reported. However, most of these prior
reported lipopeptide systems containing the RGD sequence are
ovp3 integrin receptor specific and none of these RGD-
lipopeptide systems are capable of selectively targeting the
unquestionably proangiogenic a541 integrin receptors. Herein,
we demonstrate for the first time that a cationic lipopeptide
containing a RGDK tetrapeptide sequence in its polar headgroup
region can selectively target genes to the proangiogenic a531
integrin receptors. The RGDK-lipopeptide 1 was synthesized
by covalently grafting the RGD-tripeptide sequence to the lysine
residue of a previously described monolysinylated cationic
amphiphile.*! The purities of all the final lipopeptides were

confirmed by reversed phase analytical HPLC (Figures S1—S3,
Supporting Information). Details of syntheses, purifications, 'H
NMR, and high-resolution mass spectral characterizations for
the RGDK-lipopeptide 1 and the control lipopeptides, namely
RGEK-lipopeptide 2 and RGDL-lipeptide 3, are provided in
the Supporting Information.

To begin with, we tested the efficiencies of the RGDK-
lipopeptide 1 in delivering genes into A549 cells (human lung
carcinoma cells) following previously described liposomal gene
delivery protocol.** Briefly, electrostatic complex of a plasmid
DNA (pCMV-SPORT-{-Gal reporter gene encoding the enzyme
[-galactosidase) and the cationic liposomes of the lipopeptides
(containing 2:1 mole ratio of RGDK-lipopeptide 1 and Chol“)
were incubated with the cells. After 48 h (which ensured
transgene expression in the transfected cells), cells were lysed
and the activities of the expressed f3-galactosidase were assayed
by adding a spectrophotometric substrate of [-galactosidase
(ortho-nitrophenyl-f-galactoside). Fluorescence-assisted cell
sorting (FACS) analysis revealed the presence of all the three
ovp3, avf5, and o581 integrin receptors expressed on its
surface (Figure 1A). As depicted in Figure 1B, the RGDK-
lipopeptide 1 was found to be efficient in transfecting A549
cells. RGD and not RGE is the ligand for integrin receptors.*
With a view to confirm the involvement of integrin receptor in
the cellular uptake of RGDK-lipopeptide 1:p-CMV-SPORT-(-
Gal gene complex, we synthesized the control RGEK-lipopep-
tide 2 and evaluated its gene transfer property in A549 cells.
The gene transfer efficacy of the control RGEK-lipopeptide 2
was found to be remarkably compromised compared to that of

“ Abbreviations: Chol: cholesterol; DCM: dichloromethane; DMEM:
Dulbecco’s modified Eagles medium; FBS: fetal bovine serum; ONPG:
o-nitrophenyl-f3-p-galactopyranoside; PBS: phosphate buffered saline.
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Figure 2. Enhanced transfection efficiencies of the RGDK-lipopeptide 1 in L27 cells with overexpressed o531 integrins. (A) FACS profiles of the
o541 integrins in S180 and L27 (S180 cells transformed with human o5 ¢cDNA) cells. (B) Enhanced gene transfer efficiencies of the RGDK-
lipopeptide 1 in L27 cells compared to that in S180 cells (*P < 0.001). (C) Gene transfer efficiencies of the RGDK-lipopeptide 1 in L27 cells
pretreated with monoclonal antibodies against o551, av33, and avf35 integrins (*P < 0.001 compared to transfection efficacies in untreated cells).

the RGDK-lipopeptide 1 (Figure 1B). Such significantly reduced
gene delivery efficiency of the control RGEK-lipopeptide 2
(compared to that of RGDK-lipopeptide 1) supports the notion
that the cellular uptake of the RGDK-lipopeptide 1:DNA
complexes is mediated via integrin receptors

Next, with a view to gaining insights into whether the RGDK-
lipopeptide 1 is capable of delivering genes into cells via any
specific integrin receptor among the avf33, avf5, and o541
integrin receptors, we measured the gene transfer efficiencies
of the RGDK-lipopeptide 1 in A549 cells preincubated with
the monoclonal antibodies against these three integrins. The
transfection efficiencies of the RGDK-lipopeptide 1 were found
to be minimally affected when A549 cells were preincubated
with monoclonal antibodies against av/33 and avj5 integrins
(Figure 1C). Thus, the cellular uptake of the lipopeptide:DNA
complexes is unlikely to be mediated via either a avf33 or a
o35 integrin receptor. Contrastingly, the RGDK-lipopeptide
1 was found to be significantly less efficient in delivering genes
(by ~60%) when AS549 cells were preincubated with the
monoclonal anti-a531 integrin antibodies (Figure 1C). Thus,
the findings summarized in Figure 1C provided convincing
evidence for the o541 integrin receptor specific transfection
properties of the RGDK-lipopeptide 1. The a5f41 integrin
selectivity of the RGDK-lipopeptide 1 was further confirmed
by conducting the transfection experiments in S180 (murine
sarcoma cells) and L27 cells (S180 cells stably transfected with
human o5).>* That the degree of o5A31 integrin receptors
expression in L27 cell surface is significantly higher than that
in S180 cells was confirmed by the findings in the conventional
FACS analysis (Figure 2A). Consistent with the o541 integrin
receptor selectivity of the RGDK-lipopeptide 1 and the higher
amount of o541 integrin receptor expression in L27 cell surface
(compared to that in S180 cells), the RGDK-lipopeptide 1 was
found to be significantly more efficacious in transfecting L27
cells than in transfecting S180 cells (Figure 2B). Importantly,
the transfection efficiencies of the RGDK-lipopeptide 1 were
significantly reduced when L27 cells were preincubated with
monoclonal anti-a5/1 integrin antibodies and not with mono-
clonal antibodies raised against the integrins avf3 and av5
(Figure 2C).

We envisaged that the lysine group might be playing an
important role behind the above-mentioned o5f1 integrin
receptor specific gene delivery efficiencies of the RGDK-
lipopeptide 1. To address this issue, we synthesized a second
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Figure 3. Tumor growth inhibition and tumor vasculature targeting
properties of the RGDK-lipopeptide 1. (A) Six—eight week old female
C57BL/6 mice (each weighing 20—22 g) with aggressive B16F1 tumors
(produced by subcutaneous injections of 1 x 10° B16F1 cells in 100
uL of Hank’s buffer salt solution (HBSS) into the left flanks on day 0)
were randomly sorted into four groups and each group (n = 5) was
administered intravenously with: RGDK-lipopeptide 1:p53 lipoplex in
5% aqueous glucose (filled diamonds), RGEK-lipopeptide 2:p53
lipoplex in 5% aqueous glucose (filled squares), liposomes of RGDK-
lipopeptide 1 alone (filled triangles) and 5% aqueous glucose alone
(filled circles) on days 5, 7, 9, 11, and 14. Tumor volumes (V = Uyeab?,
where ¢ = maximum length of the tumor and b = minimum length of
the tumor measured perpendicular to each other) were measured with
a slide calipers for up to 22 days. Results represent the means + SD
(n =5, *P < 0.005 compared to RGEK/p53). (B) Representative
samples of B16F1 tumors excised on day 22. (I) Tumor treated with
vehicle only. (II) Tumors treated with RGDK-liposomes only. (III)
Tumors treated with RGEK-liposomes/p53 complexes. (IV) Tumors
treated with RGDK-liposomes/p53 complexes.
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Figure 4. (A,C). Immunohistochemical staining of tumor endothelial cells. On day 22 after tumor inoculation, mice were intravenously injected
with the complex of RGDK-lipopeptide 1 and 0.5-GFP plasmid DNA. After 24 h, tumors were excised, sectioned, and the representative tumor
sections were immunostained for tumor endothelial cells with anti-vWF antibodies. (B,D) RGDK-lipopeptide 1 targets genes to tumor neovasculature.
The stained tumor slides shown in parts (A) and (C) when observed in the same positions under fluorescent microscope (at 400 magnification)
using a green filter revealed GFP expression in the tumor vasculatures. Bar = 1 um.

control RGDL-lipopeptide 3 following the same peptide cou-
pling strategy as adopted for synthesis of the RGDK-lipopeptide
1 in which the lysine residue was substituted with leucine.
Unlike in the case of the RGDK-lipopeptide 1, the transfection
efficiencies of the control RGDL-lipopeptide 3 in A549 cells
remained essentially unaffected when the cells were preincu-
bated with monoclonal antibodies against all the three integrins
namely, 0541, ov33, and ovf35 integrins (Figure S4, Supporting
Information). Clearly, the control RGDL-lipopeptide 3 does not
show any specificity toward avf33, avf5, and o531 integrin
receptors. This finding strongly supports the notion that the
lysine (K) residue plays a crucial role in imparting selectively
o501 integrin receptor targeting efficacy to the RGDK-
lipopeptide 1. Future binding studies using purified a541
integrin receptors will provide more quantitative information
on the relative binding affinities of RGDK- lipopeptide 1 and
RGDL-lipopeptide 3 for a5/1 integrin receptor.

Next, with a view to address the systemic potential of the
o5(1 integrin receptor specific RGDK-lipopeptide 1, anticancer
p-CMV-p53 gene in complexation with RGDK-lipopeptide 1
was intravenously administered in C57BL/6 mice bearing the
aggressive B16F1 tumors (the sizes of the RGDK-lipopeptide
1:p53 lipoplexes varied within 300—400 nm as measured by
dynamic laser light scattering instrument, Malvern, UK). As
depicted in Figure 3 (parts A and B), remarkable tumor growth
inhibition was observed. The degree of the tumor growth
inhibition was low when p-CMV-p53 gene was administered
in complexation with the control RGEK-lipopeptide 2. Because
RGD and not RGE is a integrin receptor ligand, this finding is
consistent with the involvement of integrin receptor mediated
cellular uptake of the RGDK-lipopeptide:p53 complex in the
systemic setting too. No significant inhibition of tumor growth
was observed when naked p53 plasmid alone (i.e., not in
complexation with the RGDK-lipopeptide 1) were intravenously
administered (data not shown), presumably due to its suscep-
tibility to serum nucleases. Mice intravenously administered with
vehicle alone (5% aqueous glucose solution) developed large
tumors on day 22 (Figure 3, parts A and B) and were sacrificed
at that point. Importantly, extent of tumor growth inhibition was
much less pronounced for mice intravenously injected with the
control RGDL-lipopeptide 3:p53 complexes (Figure S5, Sup-
porting Information).

Finally, toward probing whether the presently described
RGDK-lipopeptide 1 is capable of targeting tumor vasculatures
under systemic settings, aggressive B16F1 tumors (murine
melanoma tumor) were produced in 6—8 weeks old female
C57BL/6 mice (each weighing 20—22 g) by subcutaneous
injections of 1 x 10° B16F1 cells in 100 uL of Hank’s buffer
salt solution (HBSS) into their left flanks. When large tumors
were grown (on day 22 after tumor cell inoculation), mice were
administered with the electrostatic complexes of RGDK-

lipopeptide 1:p-aSGFP (plasmid DNA encoding green fluores-
cence protein) via tail-vein injection.

Fixed tumor sections upon immunohistochemical staining
with blood vessel marker (anti-vWF antibodies) revealed the
presence of the tumor vasculatures when observed in bright field
(Figure 4A,C) immunohistochemically stained tumor sections
when observed under a fluorescent microscope revealed GFP
expression (green fluorescence) in the same tumor vasculatures
(Figure 4B,D). Thus, the findings summarized in Figure 4 (parts
A—D) convincingly demonstrated the ability of the RGDK-
lipopeptide 1 in delivering genes to tumor vasculatures.

Conclusions

Clinical success of antiangiogenic cancer therapy critically
depends upon selective delivery of cytotoxic genes/drugs to the
endothelial cells of the sprouting new blood vessels around the
tumors. Potential targets include mediators of angiogenesis and
protein molecules overexpressed in the endothelial cells of tumor
neovasculatures. Integrins, the a3 heterodimeric transmembrane
glycoprotein receptors, belong to such a class of molecules that
play crucial roles in mediating tumor angiogenesis. Gene
ablation experiments combined with use of antibodies/peptide
ligands have convincingly demonstrated o5/ integrin to be the
most proangiogenic among these three integrin receptors. Herein,
we demonstrate for the first time that lipopeptide containing a
lysine functionality after the RGD sequence in its polar
headgroup region (RGDK-lipopeptide 1) can selectively target
genes to the proangiogenic a5/41 integrin receptors. When the
lysine residue of the RGDK tetrapeptide sequence was replaced
with a leucine residue, the resulting RGDL-lipopeptide 3 did
not show any o541 integrin receptor selective transfection
properties. This demonstrates that the lysine functionality in
RGDXK-lipopeptide 1 plays a crucial role behinds its o551
integrin receptor specificity. Immunohistochemical staining of
mice tumor sections revealed efficacy of RGDK-lipopeptide 1
in delivering genes to tumor vasculatures. Importantly, remark-
able inhibition of tumor growth was observed when the
electrostatic complex of the RGDK-lipopeptide 1 and the
anticancer p53 gene was intravenously administered in C57BL/6
mice bearing aggressive B16F1 tumor. Availability of the
presently described RGDK-lipopeptide 1 is expected to find
future clinical exploitation in antiangiogenic cancer therapy
including noninvasive imaging of tumor vasculatures.
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