Anginex-Conjugated Liposomes for Targeting of Angiogenic Endothelial Cells
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Identification of a tumor angiogenesis specific ligand would allow targeting of tumor vasculature. Lipidic vehicles
can be used to deliver therapeutic agents for treatment of disease or contrast agents for molecular imaging. A
targeting ligand would allow specific delivery of such formulations to angiogenic sites, thereby reducing side
effects and gaining efficiency. Anginex, a synthetic 33-mer angiostatic peptide, has been described to home
angiogenically activated endothelium, suggesting an ideal candidate as targeting ligand. To investigate this
application of anginex, fluorescently labeled paramagnetic liposomes were conjugated with anginex. Using phase
contrast and fluorescence microscopy as well as magnetic resonance imaging (MRI), we demonstrate that anginex-
conjugated liposomes bind specifically to activated endothelial cells, suggesting application as an angiogenesis
targeting agent for molecular targeting and molecular imaging of angiogenesis-dependent disease.

INTRODUCTION affecting physiological angiogenesit5j. It has been demon-
Livid-based vesicles. such as livosomes. can be used astrated that fluorescently labeled anginex specifically homes to
Ipid-based Vvesicles, su b : US€d a3 mor vasculaturel, 16). Recently, we identified galectin-1
thera}peunc vehlc!es fpr transport, e.g., drugs, DNA, proteins/ as the main receptor of anginex on activated endothelial

peptides, and antibodieg, (2), or for diagnostic purposes such cells (17)

as the delivery of MRI contrast ageng) (However, liposomes In the clinical oncology field there is a need for targeting
have a relatively short circulation time because they are takenIiganols that allow more specific therapy and can be used for
up_by the mono_nu<_:|ear p_hag(_)cyte system (MHS)GO In order noninvasive imaging techniquekd). Using tumor angiogenesis
to increase their circulation time, hydrophilic carbohydrates or 1, o5 for targeting, noninvasive imaging would allow more
\F/)vcr):i)(/:rr?ersre(\?é]r\.t’spEf)igaglgaerg}ncézdg%n Lhiz!&d'gforl\rﬂrgg“?n accurate diagnosis and monitoring of angiogenic development
Moreoth)ar the use pof cavlated livids wiF:h distal)/functional and the effect of angiostatic treatmeh®(20). On the basis of
oD Pegy P . . .~ our observations, we hypothesized that anginex is an excellent
moieties such as maleimide allows the conjugation of targeting ligand for targeting of therapeutic or diagnostic liposomes to
ligands to the liposomes. Targeted liposomes enhance theactivated endothelial cells in the tumor vasculature. To test this

specificity and efficiency of treatment which may result in a : : :
higher therapeutic success rate and in reduction of undesirablehypOtheS's’ we conjugated anginex to fluorescently labeled and

side effects§). An important requirement for successful targeted paramaglnetic Iiposomes. The endoth?.lial CC? I sp;]ecificity Ofbt-?e
de!ivery is the specificity of the Iigand/receptor pair for the site 22?'32; '2%%%2?;”’33@?&53;8? ';mng ;)r? ir%rra%?tglirgeloll_
of interest. For example, we have previously demonstrated that

. ! N . ; endothelial cell line (EVL-C2). In addition, we were able to
a R_GD—peptlde functions as a targeting ligand f_o_r integrrB3 . demonstrate, by microscopic analysis and by MR imaging, that
which can be used to target liposomes specifically to angio-

enically activated endothelial cells)( anginex-conjugated liposomes specifically bind to and are taken
9 y up by activated endothelial cells, making them attractive vehicles

Angiogenesis, i.e., the outgrowth of new vessels from pre- ¢ » heteq delivery or diagnostic use in the treatment of disease.
existing vasculature, is a prerequisite for tumor growth and

metastasis10, 11). The tumors’ dependence on this process, MATERIALS AND METHODS

together with the observation that the endothelial cells that . . .
mediate the vessel growth change the expression of specific  Materials. 1,2-Distearoybnglycero-3-phosphocholine (DSPC),

cell surface-related molecule$2), makes tumor angiogenesis ~ cholesterol (Chol), 1,2-distearogh-glycero-3-phosphoethano-

receptive for targeted treatment strategies. We have previouslyl@mineN-[methoxy(polyethylene glycol)-2000] (PEG2060

described the (33-mer) synthetic angiostatic peptide anginex that?SPE), 1,2-distearoyn-glycero-3-phosphoethanolamine-

inhibits migration and proliferation of activated ECuvitro (13, [maleimide(polyethylene glycol)2000] (Mal-PEG2GEDSPE),

14) and exerts a strong antitumor resporisevivo without and 1,2-dipalmitoykn-glycero-3-phosphoethanolaminelis-

samine rhodamine B sulfonyl) (rhodamine-PE) were obtained

. - o - from Avanti Polar Lipids (Albaster, AL). Gd-DTPAbis-
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Peptide SynthesisAnginex with an additional cysteine at  conjugated, and nonconjugated liposomes (@50f liposomes;
the N-terminal site was synthesized using a Milligen/Biosearch total amount anginex 6@g) were added to the cells and
9600 peptide solid-phase synthesizer using Fmoc chemistry.incubated in the C@incubator at 37C for 3 h. Subsequently,
Lyophilized peptides were purified by preparative reversed- liposome-containing medium was removed, the cells were
phase HPLC on a C18 column with an elution gradient of washed with 14 mL of PBS, and fresh medium was added. The
0—60% (v/v) acetonitrile with 0.1% (v/v) trifluoroacetic acid final wash step was skipped for the control cells. Finally, the
in water. Purity and composition of the peptides were verified association of the targeted and nontargeted liposomes with
by HPLC (Beckman Model 6300) analysis of amino acid endothelial cells was assessed under a phase contrast fluores-
composition of hydrolysates prepared by treating the peptidescence microscope (Leica), at 20and 40< magnification.
under argonn 6 N HCI for 24 h at 110°C. The amino acid Experiments were carried out in triplicate. Competition experi-
sequences of peptides were confirmed by N-terminal sequencingments were performed with free anginex. To that end, anginex
and mass spectometry. As described before, the cyclic 5-mer(3 mg/mL in MQ) was added to the medium to a final

RGD peptide (c(RGDf(-S-acetylthioacetyl)K)) was synthesized
at a purity of 95% by Ansynth Service B\9)

Liposome Preparation. Liposomes were prepared by lipid
film hydration. A mixture of the appropriate amounts of lipids
(typically 100-200 umol of total lipid) was dissolved in

concentration of respectively 10 or 3@/mL (total anginex
concentration respectively 60 and 186) immediately before
addition of the liposome solution.

Magnetic Resonance Imaging of Cell PelletsFor MRI
imaging, cells were harvested using trypsine digestion and

chloroform/methanol 1:1 (v/v) and evaporated to dryness by centrifuged for 5 min at 409 The obtained cell pellet was
rotary evaporation at 40C. For the paramagnetic PEG Washed with approximately 5 mL of culture medium. After a
liposomes that were used to couple RGD or anginex peptidessecond centrifugation step, the cell pellet was fixed with 1%

covalently to the distal end of the PEG chains, Gd-BSA, DSPC,

cholesterol, PEG2066DSPE, and Mal-PEG206(DSPE were

paraformaldehyde and put in small 200 tubes. MRI experi-
ments were performed on fixed cell pellets using a 6.3 T

mixed at a molar ratio of 0.75/1.10/1/0.075/0.075. For fluores- horizontal bore magnet (Oxford Instruments Superconductivity,

cence microscopy, 0.1 mol % of rhodamirfleE was added.

The lipid film was subsequently hydrated in 3 mL of HEPES-
buffered saline (HBS), containing 20 mM HEPES and 135 mM
NaCl (pH 6.5). The resulting lipid dispersion was extruded

Eynsham, Oxon, England) interfaced to a Varian (Varian, Palo
Alto, CA) VXR-S MRI console A 3 cm quadrature-driven

birdcage coil was used. The cups containing cell pellets were
placed in a custom-made sample holder, capable of carrying

sequentially six times through polycarbonate membrane filters four Eppendorf cups. Quantification gil was done with an
with a pore diameter of 400 nm and subsequently 10 times inversion recovery spinecho sequence with 13 different

through filters with a pore diameter of 200 nm using a Lipofast

inversion times, ranging from 10 to 3100 ms in an exponential

Extruder (Avestin, Canada). The temperature during extrusion fashion. The MRI data analysis was performed using Math-

was 65°C.

Peptide Coupling to Liposomes.The cyclic 5mer RGD
(c(RGDf(-S-acetylthioacetyl)K)) and anginex were conjugated
to the liposomes by sulfhydryl-maleimide coupling maleimide-
PEG-DSPE. Acetyl-protected RGBpeptide was deacetylated
in 0.05 M HEPES/0.05 M hydroxylamine-HCI/0.03 mM eth-
ylenediamine tetraacetic acid (pH 7.0)rfd h at room
temperatureZ1). The activated peptide was added to the Mal-
PEG2000-DSPE-containing liposomes in a@ peptideZmol
lipid ratio. Anginex, synthesized with a C-terminal cysteine,

ematica 5.0 (Wolfram Research, Inc., Champaign, T)maps

of HUVEC pellets were calculated in one slice through the pellet
on a pixel-by-pixel basis. Th€l is reported as meat SD of

the pixels in a circular region of interest (ROI) defined by the
contour of the pellet. In Student’s tests,P < 0.05 was
considered statistically significant.

RESULTS

We set out to test the applicability of anginex as a ligand to
target liposomes to activated endothelial cells. To that end,

was dissolved in water and added to the liposomal solution (10 f,orescent paramagnetic liposomes were prepared to allow

ug peptide/Iumol lipid). Coupling of both peptides was allowed

parallel detection of the liposomes with optical methods as well

overnight at 4°C, and uncoupled peptide was separated from 55 \ith MR imaging. Targeting specificity was introduced by

the liposomes by centrifugating at 200 @X@ith a Beckman
OptimaTM LE-80K ultracentrifuge and a Ti70 fixed angle rotor
for 60 min. The liposomes were respectively conjugated with
~700 cyclic RGD moieties and-125 anginex moieties per

covalently linking anginex containing a free cysteine via the
thiol group to the maleimide group of the lipid Mal-PEGSPE

(24). As a control, cyclic RGD was coupled as described
previously Q). A schematic presentation of the ligand-

particle. The supernatant was removed, and an appmpriateconjugated liposomes is given in Figure 1.

amount of buffer, typically 1.5 mL, was added to the pellet to
obtain a lipid suspension with a lipid concentrationraf0 mM

(10 mM gadolinium). The final liposomal suspension was stored

at 4°C under N.
Cell Culture. HUVECs were isolated as described before

To demonstrate specific binding to endothelial cells, cultured
human umbilical vein endothelial cells (HUVEC) were incu-
bated fo 3 h with either anginex-conjugated liposomes or with
bare liposomes. After liposome incubation and extensive wash-
ing, phase contrast microscopy revealed that only anginex-

(22) Isolated cells were cultured in gelatin'coated culture flasks Conjugated |iposomes efficienﬂy bound to the cell surface (data

(Costar) with RPMI1640 (Gibco) supplemented with 20%
human serum, 2 mM L-glutamine (Gibco) and 50 U/mL
penicillin/streptomycin (Life sciences). Immortalized endothelial
cell line EVL-C2 (23) was cultured under the same culture
conditions as HUVEC. Cultures were incubated at@7n the
presence of 5% C£O

In Vitro Targeting of Endothelial Cells. For all tested

not shown). RGD-conjugated liposomes, used as a positive
control, also bound the endothelial monolayer. Using fluores-
cence microscopy, the liposomes were visualized and were
found to bind throughout the endothelial surface (Figure 2a,
left and middle panel). Cells incubated with bare liposomes did
marginally or did not show fluorescence signal (Figure 2a, right
panel). Although small differences in morphology were visible

applications the initial steps were similar. Endothelial cells were between the three independent experiments due to different

cultured in gelatin-coated flasks to approximately 75% conflu-
ency (appoximately 1.5< 10° cells) using standard culture

passage numbers, the binding or presence of the liposomes did
not induce obvious changes in EC morphology or signs of

conditions. Flasks were washed once with PBS before 4 mL of apoptosis. At higher magnification, internalization of part of

fresh culture medium was added. Anginex-conjugated, RGD-

the conjugated liposomes was visible in vesicles (Figure 2b,
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Figure 1. Schematic representation of (A) anginex and (B) paramag-
netic liposomes conjugated to the peptides anginex and cyclic-RGD
respectively. The black lipids represent Gd-DTPA-BSA and the gray
lipids PEG-DSPE. Peptides are covalently conjugated to the maleimide
group of Mal-PEG-DSPE.

middle panel). Addition of the nuclear stain 4,6-diamidino-2-
phenylindole (DAPI) demonstrated that the liposomes did not
enter the nucleus. Similar results were obtained with the RGD
liposome conjugates (data not shown)

To demonstrate that the interaction of the angirlgosome
conjugates with the HUVEC was mediated through anginex, a
competition assay with free anginex was performed by adding
anginex prior to incubation with the anginekposome conju-

c

vasculature. In this study, we demonstrate that anginex can be
conjugated to liposomes, and these conjugated liposomes indeed
target to activated endothelial cells. Furthermore, we show that
anginex-targeted paramagnetic liposomes can be used for MR
imaging of activated endothelial celiis vitro.

To develop improved and new antitumor therapies, specific
targets are needed to deliver drugs or contrast agents for imaging
to the tumor without introducing toxic side effects or background
signals. Tumor angiogenesis is a very suitable process for
targeting because tumor growth and metastasis are dependent
on angiogenesis. Furthermore, activated endothelial cell, which
are the key players in this process, have a unique expression
profile, are easily accessible, and are less prone to develop
resistance against treatment. We previously described anginex,
a de nao-designed small 33 amino acid angiostatic peptide,
which is capable of inhibition of angiogenic endothelial cell
migration and proliferation, subsequently leading to apoptosis.
Additionally, anginex was shown to home specifically to tumor
vasculature in a mouse model. To confirm the targeting qualities
of anginex, we coupled the peptide covalently to maleimide
moieties exposed at the distal end of PEG chains of liposomes.
The applicability of these contrast-enhancing paramagnetic
liposomes has already been demonstrated for the use of
molecular MR imaging of endothelial cella vitro using an
E-selectin specific antibody arid vivo by using cyclic RGB-
peptide as targeting uni®(24). Similar to that for RGD, we
observed binding of anginexiposome conjugates to activated
endothelial cellsin vitro. Conjugated liposomes seemed to
bind to all available endothelial cells, whereas using unconju-

gates. There was a clear concentration dependent inhibition ofgated liposomes hardly any binding was observed. This

anginex-liposome binding following addition of free anginex
(Figure 2c). At a concentration of 1@y/mL, reduced fluores-
cence signal from the anginekposome conjugates was
observed as compared to the situation in which no free
anginex was added to HUVEC (Figure 2c, middle panel). In
the case where cells were preincubated withx80nL anginex,
almost no association of anginekposome conjugates with
HUVEC was observed (Figure 2c, right panel). Comparable
results were obtained with the endothelial cell line EVL-c2 (data
not shown).

To test the applicability of anginex-targeted contrast agents,

indicates a specific binding of the liposomes due to conjugation
of the ligand, supporting the hypothesis of the applicability of
anginex as a potent targeting ligand. Apparently, adding an
additional cysteine to the N-terminus of anginex and linking it
to a lipidic vehicle does not affect the binding of anginex to its
receptor. This was expected since recombinant anginex, which
has an extra N-terminal methionine is also fully active and
retains the requirefl-sheet structure2f). Furthermore, addition

of human serum albumin also has no influence onitheitro
activity of anginex 26). This is most likely due to the fact that
the N-terminus is flexible and that the N-terminal amino acids

magnetic resonance imaging was applied to HUVEC incubated are not required for the function of anginek4( 27).

with paramagnetic conjugated liposomes. ABé ofincubation

An important prerequisite for targeting is the presence of a

with either anginex, RGD, or bare liposomes, HUVEC were sijte-specific interaction molecule for the targeting ligand. For
washed twice and pelleted in small cups. As control nontreated the RGD-liposome conjugates, this is tie/33-integrin recep-

cells were used. Visible inspection of the pelleted cells revealed
an intense pink color in only anginexand RGD-liposome-
treated cells. Before imaging, all cells were fixed with 1%
paraformaldehyde. MR imaging was performed on approxi-
mately 1.5x 10 cells (Figure 3a). A quantitativél-map, in
which cells with a high concentration of contrast liposomes have
a lower T1 than cells with a low concentration of contrast
liposomes, was made of the various cell pellets. Thesalues

of cell pellets that were incubated with angirexand RGDB-

liposome conjugates had comparable values, which were

significantly lower than the controls (Figure 3b). The of the
anginex pellet was 862 41 ms and for RGD 128% 33 ms,
whereas control HUVEC and nonligand liposomes were re-
spectively 2363t 88 ms and 1766 30 ms. These data show
that the level of association of the angirdiposome conjugates,
like that of the control RGP liposome conjugates, is sufficient
to be detected by MRI.

DISCUSSION

We hypothesized that anginex is an excellent ligand for
targeted delivery of lipidic vehicles with therapeutic and/or
contrast agents to activated endothelial cells in the tumor

tor (28). We recently identified galectin-1 as the main tumor
endothelial cell-specific receptor for anginek7). Galectin-1
expression is rapidly upregulated upon endothelial cell
activation, and expression levels have been shown to be
increased in the vasculature of different human tumbrsZ9,

30). This renders anginex/galectin-1 an excellent pair for
targeting of liposomes to tumor vessels, which makes it an
attractive target that can be used for diagnostic purposes in
imaging.

Fluorescence microscopy revealed that a substantial part of
the anginex-conjugated liposomes is internalized into the cell
in perinuclear vesicles. This is consistent with galectin-1-
mediated uptake of free angineX7j. This was confirmed in
our competition experiment where increasing amounts of free
anginex were able to inhibit binding and internalization of
anginex-liposome conjugates , indicating an anginex-dependent
binding of the anginexliposome conjugates to HUVEC. The
concentrations of free anginex in the competition experiments
were based on the concentration needed to reach maximum
therapeutic effect (4@«g/mL) (13). Considering that not all
anginex molecules conjugated to the liposomes will be available
for binding to the cell, we expected that the used concentrations
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anginex anginex anginex

Figure 2. Fluorescence microscopy of HUVEC incubated with fluorescently labeled paramagnetic liposomes. Pictures are representative for all
experiments. (A) HUVEC were incubated f® h with respectively anginex, RGD, and nontargeted liposomes. Insert: HUVEC undergoing apoptosis
as a result of anginex treatment. (B) Perinuclear localization of angilisome conjugates in one HUVEC cell shown by phase contrast and
fluorescence image. Anginexiposome conjugates do not enter the nucleus as shown by blue DAPI counter staining. (C) Competition of-anginex
liposome conjugates with respectively 0, 10,/9mL free anginex.

Control - conjugates were used9)( and as negative control, bare
HUVEL . Ty(ms) paramagnetic liposomes or no liposomes were applied. Both
25s incubated with conjugated paramagnetic liposomes were shown to bind specif-
(n=2) ically to endothelial cells. Furthermore, a clear difference in
contrast was seen between ligand-conjugated liposomes and the
Control 72363 + 88 controls leading to a significant difference Tl values. The

fact that the conjugated liposomes were internalized might also
be a benefit for imaging. By internalizing the contrast agent,
the concentration per cell can be elevated, revealing a brighter
signal @1).

Besides diagnostic applications, anginex-targeted liposomes
might be used as drug carrier. Therefore, water soluble drugs
Anginex- 862 + 41 (e.g., doxorubicin) or even DNA constructs for gene therapy
liposomes can be put inside the liposomal lume32( 33). Thus, anginex-
mediated targeting to tumor vasculature might be used to
Figure 3. T-1 weighted image of cells incubated with anginex, bare Combine diagnosis and local therapy of cancer. However, for
liposomes, or without liposomes. THEL relaxation times of the imaging, stabilization of liposomes is useful with drug delivery
different cell pellets are presented on the right. because the stability causes a slow release of the drugs. Another

problem is the measurement of the amount of drugs released in
would be sufficient to attain partial or complete blocking of the tissue. This can be solved by combining the drug and the
anginex-liposome binding. Ultimate proof for receptor- contrast agent instead of loading drugs into liposomes with
mediated uptake of the angineliposome conjugates contrast-enhancing components in their bilay&t, 85). Nev-
would be obtained in galectin-1 knockout endothelial cells. ertheless, preliminary data with contrast-enhancing liposomes
Indeed, tumors in galectin-1 knockout mice no longer respond loaded with doxorubicin show promising results vivo
to anginex treatment, suggesting that the binding of the (unpublished data).
anginex-liposome conjugates to HUVEC is anginex- and  Anginex is a potent angiostatic agent, and one of the main
galectin-1-dependent. angiostatic characteristics of anginex is induction of apoptosis

To evaluate if anginex is also suitable as targeting ligand for in activated EC. Although this might interfere with targeting,
MRI contrast agents, a quantitativé-measurement was made we have demonstrated that the induction of apoptosis by anginex
of HUVEC pellets incubated with anginex-conjugated para- occurs more than 48 h after administratidkB); This is far
magnetic liposomes. As a positive control, RElposome beyond the time frame of targeting, suggesting that the induction

Bare liposomes 1766 + 30

RGD-liposomes 1287 +33

ol N
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of apoptosis will not affect targeting. This is supported by the  designer anti-angiogenic peptide anginex targets tumor endothelial

fact that other vascular targeting ligands, such as RGD cells and inhibits tumor growth in animal modeASEB J. 16

peptides, also induce endothelial cell apopta36-38) without 1991-3. _ _

affecting their applicability as a targeting ligan89( 40). (16) Akerman, M. E., Pilch, J., Peters, D., and Ruoslahti, E. (2005)
Similar to that for apoptosis, the time frame of the experi- Angiostatic peptides use plasma fibronectin to home to angiogenic

. . . ; . latureProc. Natl. Acad. Sci. U.S.A. 102040-5.
ments in this study did not allow us to investigate the effects (17\')aST°huij§Slérne \r/c?cL. aPostZ? R CIBrandwijkoR. J., Dings, R. P.

of conjugated anginex on migration and proliferatiofi)( Nesmelova, I., Satijn, S. A., Verhofstad, N., Nakabeppu, Y., Baum,
However, for imaging purposes, a possible effect will not | G. Bakkers, J., Mayo, K. H., Poirier, F., and Griffioen, A. W.
influence the targeting ability and its function as a contrast  (2006) Galectin-1 is essential in angiogenesis and is a target for anti-
agent. angiogenesis theragyroc. Natl. Acad. Sci. U.S.A03 15975-15980.

In conclusion, we have demonstrated that the angiostatic (18) McDonald, D. M., and Choyke, P. L. (2003) Imaging of
peptide anginex is a potent ligand for the targeting of liposomes _ angiogenesis: from microscope to clinat. Med. 9 713-25.
to activated endothelial cells. In addition, thevitro results ~ (19) moseley, M. (2004) Multimodality Imaging: Introductidstroke
show a high specificity of the anginex-conjugated paramagnetic 2035’D26?E>2_2§34l\/'| S LM Kuckuk P. P Vv
liposomes for endothelial cells that was confirmed by MRI. (20) Doubrovin, M., Serganova, I., Mayer-Kuckuk, P., Ponomarev, V.,

- ) - . and Blasberg, R. G. (2004) Multimodality in vivo molecular-genetic
Therefore, anginex might serve as a targeting ligand for drug imaging. Bioconjugate Chem. 15.376-88.

and gene therapy applications and for imaging of tumor (21) Kok, R. J., Schraa, A. J., and Bos, E. J. (2002) Preparation and

vasculature in order to diagnose, treat, and monitor cancer. functional evaluation of RGD-modified proteins as3s integrin
directed therapeutic®ioconjugate Chem. 1328-135.
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