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Purpose. Immunoliposomes can be potentially used as carriers for drug delivery to specific cells. The aim

of this paper was to exploit the overexpression of vascular cell adhesion molecule-1 (VCAM-1) on

activated human endothelial cells (HEC) for targeting of anti-VCAM-1 coupled liposomes with the

intent for further use as drug carriers.

Methods. TNF-a-activated HEC were exposed to liposomes, either plain or coupled with antibodies to

VCAM-1 (L-VCAM-1) or to irrelevant IgG (L-IgG); nonactivated HEC subjected to the same

conditions were used as control. For binding studies, the cells were incubated with fluorescently labeled

liposomes at 4-C, and after 2 h, fluorescence intensity was assessed by flow cytometry; specificity of

binding was determined by performing the experiments in the presence of excess anti-VCAM-1. Cellular

internalization of liposomes was studied employing radioactively or fluorescently labelled liposomes; to

detect the mechanisms of uptake, experiments were performed in the presence of agents that interfere in

the endocytotic pathway. Transmigration of liposomes was monitored in a two-chamber culture model.

The effect of L-VCAM-1 binding to HEC on intracellular calcium ([Ca2+]i) and distribution of actin was

determined by fluorimetry and fluorescence microscopy.

Results. (1) L-VCAM-1 binds selectively and specifically to TNF-a activated HEC. (2) Approximately

50% of L-VCAM-1 is taken up by receptor-mediated endocytosis via clathrin-coated vesicles. (3)

Binding of L-VCAM-1 to HEC surface induces a rise in [Ca2+]i and reorganization of actin filaments. (4)

A small percentage of liposomes migrates across HEC.

Conclusion. The data indicate that VCAM-1 may be an appropriate target for specific drug delivery to

activated HEC using immunoliposomes.
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INTRODUCTION

For a successful therapy of human diseases, ideally the
administered drugs should reach the right target site at the
right time, at a correct concentration and at a proper rate to
generate maximal healing benefits and minimal side effects.
An approach to modulate the distribution of a drug in a spe-
cific location is to design vehicles that are able to selectively
deliver the drug to the affected site. To achieve this purpose,
liposomes are an attractive candidates due to their flexibility
in size, composition, and vesicular structure that can incor-
porate a large variety of hydrophilic and hydrophobic thera-
peutic agents. The use of liposomes as vehicles for delivery of
drugs and genes targeted selectively to endothelial cells (EC) is
a desirable system in the treatment of cardiovascular diseases.

The vascular endothelium plays an important role in the
pathogenesis of inflammation, vascular injury and repair,
thrombosis, and atherosclerosis. Under the effect of plasma
insults, endothelial cells undergo functionalYstructural modifica-

tions leading to an activated state, which at molecular level is
translated in the expression of cell surface adhesion molecules
such as E/P-selectin, ICAM-1, VCAM-1 (1). Induction or
increased expression of specific cell adhesion molecules offers
opportunities for specific drug delivery to the diseased EC in a
specific vascular segment. Bloemen et al. (2) introduced the
concept of targeting adhesion molecules with immu-
noliposomes, and further studies reported specific targeting of
ICAM-1 or E-selectin-directed immunoliposomes (3Y6).

Another potential molecular target is vascular cell
adhesion molecule-1 (VCAM-1), an immunoglobulin-like
transmembrane glycoprotein that is overexpressed in vivo
by activated EC covering the developing atheromatous
plaque. VCAM-1 plays a major role in monocyte adhesion
and migration through EC (7). It is also recognized by
leukocytes a4b1 (VLA-4) (8) and a4b7 integrins (9), thereby
mediating their firm adhesion to endothelium and extravasa-
tion into inflammatory sites (10).

To use the surface-exposed VCAM-1 as a therapeutic
approach, one has to understand the mechanisms involved in
the interaction of activated EC with immunoliposomes
targeted to VCAM-1 and their fate after binding to the cell
surface. Because there are contradictory data concerning the
internalization of VCAM-1 by EC (11,12), we decided to

0724-8741/05/1100-1906/0 # 2005 Springer Science + Business Media, Inc. 1906

Pharmaceutical Research, Vol. 22 No. 11, November 2005 (# 2005)
DOI: 10.1007/s11095-005-7247-3

1 Institute of Cellular Biology and Pathology, Bucharest, Romania.
2 Military Hospital BDr. D. Gerota,’’ Bucharest, Romania.
3 To whom correspondence should be addressed. (e-mail: manuela.

voinea@icbp.ro)



investigate the binding and the fate of specific immunolipo-
somes targeted to VCAM-1 expressed in the activated EC
surface. It was recently reported that phosphatidylserine
(PS)-containing liposomes targeted to VCAM-1 (for con-
trolled thrombogenesis) bind efficiently to IL-1a-treated
human umbilical vein endothelial cells (13). However, there
are no reports on the fate of the VCAM-1-targeted immu-
noliposomes after binding to the surface of EC.

Taking advantage of the fact that VCAM-1 can be
induced on the surface of TNF-a-activated EC in culture, in
this study we examined the specificity of binding to activated
EC surface of liposomes targeted to VCAM-1, as well as
their internalization and transmigration into subendothelial
space. Intracellular events that take place upon the binding
of immunoliposomes to VCAM-1 were also investigated. We
provide evidence that liposomes coupled with anti-VCAM-1
bound selectively and specifically to activated EC, and that
some of them are taken up by clathrin-coated vesicles; under
the conditions used, a small percentage of liposomes were
transferred to the subendothelial space. Binding of immuno-
liposomes to EC surface induces an increase in intracellular
calcium concentration and a redistribution of actin filaments.

The results extend and strengthen the concept that
immunoliposomes directed to molecules expressed on activat-
ed EC surface may be used for the selective delivery of drugs
as an efficient therapeutic tool in cardiovascular diseases.

MATERIALS AND METHODS

Reagents

Reagents were obtained from the following sources: egg
phosphatidyl choline (EPC), cholesterol (Chol), N-glutaryl-
phosphatydilethanolamine (N-glutaryl-PE), and 1,2-dipalmi-
toyl-sn-glycero-3-phosphoetanolamine-N-(7-nitro-2-1, 3-ben-
zoxadiazol-4-yl (NBD-PE) from Avanti Polar Lipids
(Alabaster, AL, USA), 3H-Chol (1 mCi/mL) from the
Institute of Physics and Nuclear Engineering (Magurele,
Romania), N-(6-tetramethylrhodaminethiocarbamoyl)-1,
2-dihexadecanoyl-sn-glycero-3-phosphoethanol-amine,
triethylammonium salt (TRITC-DHPE) from Molecular
Probes (Eugene, OR, USA), mouse antihuman VCAM-1
and irrelevant mouse IgG1 from R&D Systems (Abingdon,
UK), Dulbecco’s modified Eagle’s medium (DMEM), fetal
calf serum (FCS) from Gibco BRL (Gaithersburg, MD,
USA), cell culture plates from Corning (New York, NY,
USA), black 96-well plates from Nalge NUNC International
(Rochester, NY, USA), transmigration chambers from Costar
Europe Ltd. (Badhoevedorp, The Netherlands), antimouse
IgG coupled with HRP, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), kit for cholesterol assay from Dialab
(Viena, Austria), bicinchoninic acid protein assay kit,
antimycin A, cytochalasin D, filipin as well as all other
chemicals were from Sigma (St. Louis, MO, USA).

Liposome Preparation

Unilamellar liposomes were prepared by extruding multi-
lamellar vesicles through polycarbonate membranes, as pre-
viously described (14). Briefly, a mixture of phospholipids in
chloroform was dried in a rotary evaporator under reduced

pressure. The lipids in chloroform, EPC/Chol/N-glut-PE,
were combined at a ratio of 65:30:5 mol%, and hydrated
with buffer to reach the final lipid concentration of 10 mmol/
mL. After vortexing, the lipid mixture was incubated over-
night in a shaker. The resulting multilamellar vesicles were
extruded ten times through a 100-nm polycarbonate mem-
brane and ten times more through a 50-nm polycarbonate
membrane using a Mini-Extruder (Avanti Polar Lipids). To
prepare radiolabeled liposomes, 3H-Chol was incorporated in
the lipid film composition at 0.064 nmol (5 mCi)/mmol lipid.
Fluorescent liposomes were obtained by adding 3 mol%
NBD-PE to the initial lipid film composition. To label only
the outer phospholipid monolayer, 1 mol% TRITC-DHPE
was subsequently added as an ethanol solution to liposome
preparation. The average diameter of the resulting liposomes
was determined by negative staining electron microscopy
using 1% phosphotungstic acid.

Preparation of Antibody Coupled Liposomes

An amide bound to N-glut-PE as membrane anchor was
used for coupling of antibody to the liposome surface (15)
because, compared to other techniques, this method (under
neutral conditions) offers a good coupling efficiency (4). The
free amino groups of proteins are linked to the carboxylic
carrier in the presence of water-soluble carbodiimide; it is not
required to modify the protein before coupling. For protein
linkage, 2 mg EDC were added to 1 mmol liposome in buffer
at pH 7.4 and incubated for 6 h at room temperature. Excess
EDC was removed by passing through a Sephadex G-50
column. Next, anti-VCAM-1 or an irrelevant IgG were added
at a molar ratio of 1:1,000 antibody/phospholipids and
incubated overnight at room temperature. Unbound anti-
bodies were removed using a Sepharose 4B column; loss of
lipids (due to filtration) was quantitated by cholesterol
enzymatic kit. The amount of antibody coupled at the surface
of liposomes was quantified as previously described (16).
Protein concentration was determined using a bicinchoninic
acid protein assay kit and IgG as standard (17). Coupling
efficiency was expressed as mg antibodies/mmol phospholipid
and the number of antibody molecules/liposome.

Endothelial Cell Culture

A line of human endothelial cell (HEC), EA.hy926 (a
kind gift from Dr. Cora-Jean Edgell, Department of Pathol-
ogy, University of North Carolina, Chapel Hill, NC, USA)
was cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum, 100 U
penicillin, 100 mg streptomycin, 50 mg neomycin/mL, 100 mM
hypoxanthine, and 16 mM thymidine, at 37-C in a 5% CO2

incubator as previously described (18). The cells express the
typical characteristics of EC; they grow in culture as a
monolayer of closely apposed polygonal cells and express
von Willebrand factor.

Assessment of VCAM-1 Expression on Activated HEC
as a Function of Time

The kinetics of VCAM-1 expression on the surface of
HEC induced by cell activation with 1 ng/mL TNF-a for
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different time intervals was assessed by enzyme-linked
immunosorbent assay (ELISA), as previously described
(19). Briefly, confluent cultured cells were rinsed twice with
washing buffer [phosphate buffer saline (PBS) and 1%
bovine serum albumin (BSA)] and lightly fixed in 1%
paraformaldehide at room temperature. After 15 min, the
fixative was replaced with the washing buffer and the cells
were successively incubated (1 h) in blocking buffer (PBS
and 3% BSA), and then (1 h) with mouse monoclonal
antibody to human VCAM-1 (5 mg/mL). Mouse IgG isotype,
an irrelevant antibody, was used as control. After thorough
rinsing with washing buffer, the cells were incubated with
horseradish peroxidase conjugated antimouse IgG (1:1,000)
for 1 h at room temperature and washed again with the same
buffer. Substrate for the peroxidase reaction (2 mg/mL O-
phenilenediamine, 0.03 H2O2 in 0.1 M citrateYphosphate
buffer, pH 4) was added and after 30 min the reaction was
stopped by the addition of 2 M sulfuric acid; the absorbance
at 492 nm was read on a ELISA plate reader (Multiscan).

Evaluation of the Binding of Liposomes Coupled
with Anti-VCAM-1 to the EC Surface

To quantify the liposome binding to the HEC surface,
the activated or quiescent cells were detached from the
culture dish using EDTA (0.02%) in HEPES-buffered saline
for 15 min. After washing with DMEM, the resuspended cells
(2.5 � 105) were incubated for 2 h at 4-C, with three
fluorescently labeled liposome formulations: (1) specific
immunoliposomes, namely liposomes coupled with anti-
VCAM-1 (L-VCAM-1); (2) unspecific immunoliposomes,
liposomes coupled with irrelevant IgG (L-IgG); and (3)
plain liposomes (L). The total volume of incubation solution
was 100 ml containing (in mM) the following: NaCl (115), KCl
(5), NaHCO3 (10), HEPES (25), MgCl2 (0.5), CaCl2 (1),
glucose (5.6), and BSA 1 mg/mL; the concentration used was
1 mmol lipid/106 cells. To remove unbound liposomes, the
cell/liposome suspensions were washed three times with cold
PBS containing 1 mM calcium chloride and 0.5 mM
magnesium chloride (PBS-C), and then analyzed by flow
cytometry (Coulter Epics XL-MCL/System II). Liposome
binding, monitored by the presence of NBD-PE into the
liposome bilayer (lex = 488 nm, lem=520 nm) was expressed
as fluorescence intensity (X-axis) plotted on a logarithmic
scale vs. cell number (counts of events) (Y-axis). From these
graphs, the mean fluorescence intensity (fluorescence per
cell, in arbitrary units; MFI) was calculated. To assess the
specificity of L-VCAM-1 binding, the cells were
preincubated with an excess concentration of anti-VCAM-1
(10 mg/mL) before exposure to immunoliposomes.

Internalization of Liposomes Coupled with Anti-VCAM-1
by HEC

Kinetic of Liposome Uptake

To record the kinetic of internalization, HEC were
incubated with 3H-cholesterol labeled plain liposomes,
specific and unspecific immunoliposomes at a concentration
of 1 mmol liposomes/106 cells, for 1, 2, 4, and 24 h at 37-C. At
indicated time target intervals, the cells were washed three

times with cold PBS-C and incubated (5 min) with 40 mM
citric acid, 120 mM NaCl, pH 3, a treatment that has been
shown to remove all liposomes bound to the cell surface
without disrupting the cell membrane (5,20). Then the cells
were solubilized in 0.2 N NaOH (overnight at 4-C), and
radioactivity was measured with a liquid scintillation counter
(Beckman Counter LS 100C). The obtained values were
expressed as nmol lipids/106 cells, using a standard curve
constructed from 3H-cholesterol labeled liposomes with
known phospholipid concentrations.

To visualize the internalization of specific immunolipo-
somes by activated HEC, the cells were incubated with
fluorescently labeled liposomes with TRITC-DHPE for 1
h at 37-C. Internalization of liposomes was examined by
epifluorescence using an inverted microscope Nikon Eclipse
TE 300, with an excitation filter set in the range 510Y560 nm,
which allows observation of fluorescence emission at wave-
lengths above 575 nm.

Assay for the Internalization of Liposomes

Liposomes, fluorescently labeled with TRITC-DHPE,
were successively incubated with activated HEC for 2 h at
4-C and then for 1 h at 37-C. Cells grown on black 96-well
plates were pretreated for 30 min at 37-C with several known
endocytosis inhibitors: antimycin A (1 mg/mL), which
restricts the metabolic activity of the cells and inhibits both
receptor-mediated and unspecific endocytosis (21); cytocha-
lasin D (10 mg/mL), which disrupts microfilament network by
inhibiting actin polymerization and thus blocking phagocyto-
sis and pinocytosis (22); and filipin (5 mg/mL), which binds
specifically cholesterol (23) and disintegrates the caveolae
thus inhibiting the caveolae mediated transport (24). To test
whether filipin affects the liposomes structure, the following
experimental conditions were used: after pretreatment of
cells with filipin, further incubation with liposomes was
performed in the culture medium in the presence or absence
of filipin. As the results of these experiments were similar, we
considered that liposomes are not affected by filipin.

In other experiments, cells were exposed to hypertonic
concentrations of sucrose, which blocks the clathrin-coated
vesicles by preventing the assembly of adaptor proteins to
clathrin (25) or to the culture medium depleted of potassium,
a condition in which the clathrin is removed from the plasma
membrane, impeding the clathrin-mediated endocytosis
(26,27). In the latter case, the cells were washed once with
potassium-free buffer (PFB) containing the following (in
mM): NaCl (140), HEPES (20), CaCl2 (1), MgCl2 (1), and 1
mg/mL D-glucose, followed by a wash with hypotonic buffer
(PFB/water, 1:1) and three washes with PFB. Control experi-
ments consisted of exposing cells to PFB containing 10 mM
KCl. Subsequent to these pretreatments, L-VCAM-1, L-IgG,
and plain L were added and their cellular uptake was determined.

To trail only the internalization of liposomes, the
fluorescence of noninternalized liposomes was quenched by
incubation of HEC with 0.25 mg/mL Trypan blue in HEPES-
buffered saline solution (HBSS), as previously described
(28,29). The fluorescence corresponding to internalized lip-
osomes was determined with a spectrofluorimeter plate
reader TECAN equipped with an excitation filter at 530 nm
and an emission filter at 580 nm. Internalization (percent) in
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the presence of inhibitors was calculated considering as 100%
the fluorescence measured in untreated cells.

Evaluation of Liposome Transmigration Through HEC

The transport of liposomes across HEC was determined
by using transmigration chambers (two-chamber culture
model). Confluent endothelial cells grown on 0.4-mm-diame-
ter filters, either quiescent or after TNF-a activation, were
incubated with radioactively labeled specific or unspecific
immunoliposomes or with plain liposomes. At different time
intervals, radioactivity was measured in aliquots collected
from the lower chamber and the liposome transmigration was
expressed as a percentage of the initial radioactivity. To
evaluate the distinct role of the cells in liposome transmigra-
tion, experiments were performed under the same conditions
except that cell-free filters were employed. Values of the
liposome transport across the cells were calculated as
percentage of the values attained in the absence of cells
(taken as 100%).

Assessment of Intracellular Changes Induced by L-VCAM-1
Binding to Activated HEC

Measurements of Intracellular Calcium Concentration

Intracellular free calcium ([Ca2+]i) concentration was
determined using Fura 2 AM, as previously described (30).
Briefly, TNF-a-activated HEC were detached with EDTA
(0.02%) in HBSS, pH 7.4, containing (in mmol/l) NaCl 145,
KCl 5, MgCl2 1, glucose 5, HEPES 10, and then washed with
DMEM containing 5% FCS. After centrifugation, the cell
pellet was resuspended in HBSS in the absence of Ca2+ but
containing 3 mM Fura 2 AM, at final cell concentration of
õ500,000 cells/mL, and incubated (1 h) in a shaking water
bath, at 37-C, in dark. After loading, Fura 2 AM was
removed by centrifugation and HEC were resuspended in
Ca2+-free HBSS buffer. [Ca2+]i concentration was measured
by using a dual spectrofluorophotometer RF Shimadzu 5001
PC, connected to a computer for data acquisition. Continuous
rapid alternating excitation was applied from monochromators
set at 340 and 380 nm, while the emission was monitored at
510 nm.

To examine the effect of liposome binding to HEC on
Ca2+ released from intracellular stores, the fluorescence

signals were determined before and after liposomes (plain,
unspecific, or specific immunoliposomes) were added to the cell
suspension (for 5 min) in the absence of free extracellular Ca2+.

To determine whether incubation of cells (2 h) with
three types of liposomes induced changes in basal [Ca2+]i

concentration, the liposome-exposed cells were detached and
loaded with Fura 2 AM and the release of calcium from
intracellular stores was evaluated after cell stimulation with
25 mM histamine in the absence of free extracellular Ca2+. To
assess Ca2+ entry into the cells, the increase in [Ca2+]i upon
addition of 2.5 mM Ca2+ to the culture medium of histamine-
stimulated cells was measured.

[Ca2+]i concentration was calculated from the ratio (R) of
the fluorescence intensities at two different excitation
wavelengths, according to the equation of Grynkiewicz et al.
(30): [Ca2+]i (nM) = Kd � [(R j Rmin)/(Rmax j R)] � Sf/Sb,
where R is the ratio of the fluorescence intensity of the sample
excited at two different wavelengths (380/340 nm) and
measured at 510 nm. Calibration measurements were
performed at the end of each experiment and provided Rmin,
Rmax, and Sf/Sb values for the calculation of [Ca2+]i. Rmax

represents the fluorescence ratio of calcium-bound dye and was
obtained after the addition of 12 mM CaCl2 (saturated solution)
and cell permeabilization with 0.1% Triton X-100. Rmin is the
minimum fluorescence ratio of Ca2+-free or unbound dye and
was measured after treatment with 10 mM EGTA, the calcium
ion chelator. Sf/Sb is the ratio of fluorescence values for calcium-
free and calcium-saturated (12 mM) solution, respectively. Kd is
the dissociation constant of calcium-bound Fura 2 AM and was
considered to be 224 nM.

Distribution of Actin Filaments

The disposition of actin filaments was evaluated on
confluent HEC grown on coverslips and incubated with
specific and unspecific immunoliposomes. After 20 min at
37-C, the cells fixed in 3% paraformaldehide (PFA) were
permeabilized with 0.5% Triton X-100, rinsed with PBS, and

Fig. 1. Negative staining electron microscopy of liposomes stained

with phosphotungstic acid (1%). Note that the liposomes obtained

appear as unilamellar vesicles of relative homogenous size. Bar,

100 nm.

Fig. 2. Induction of VCAM-1 expression on the surface of human

endothelial cells as a function of time of TNF-a activation. Note that

the expression of VCAM-1 is maximal after 24 h of activation. The

data are representative of four experiments. The values represent the

mean number of absorbance units T SE for one experiment

performed in triplicate.
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then incubated with 0.1 mg/mL Phalloidine-TRITC in PBS
for 20 min at room temperature. Slides mounted in glycerol/
PBS were viewed with a Nikon microscope with an excitation
filter set in the range 510Y560 nm, which allows observation
of fluorescence emission at 590 nm wavelength.

Statistics

Results are presented as means T SEM. Statistical analysis
was performed by one-way analysis of variance (ANOVA)
and differences were considered significant when p < 0.05.

RESULTS

Characterization of Liposomes

As determined by negative staining electron microscopy,
the mean diameter of liposomes obtained after successive
extrusion through 100 and 50 nm polycarbonate membranes

was õ80 nm (Fig. 1). Under all conditions employed, the
resulting vesicles were unilamellar and of comparatively
homogenous dimensions. For specific (L-VCAM-1) and
unspecific (L-IgG) immunoliposomes, the calculated amount
of antibody coupled to the liposome surface was õ25 mg/mmol
phospholipids corresponding to approximately 8 antibodies/
liposome. No changes in size or structure of liposomes were
induced by labeling with either 3H-cholesterol, NBD-PE, or
TRITC-DHPE.

Expression of VCAM-1 on Activated HEC

The experiments designed to test the expression of
VCAM-1 on the surface of activated HEC were performed
at 48 h postconfluency and after cell activation for different
time intervals with 1 ng/mL TNF-a. As shown in Fig. 2,
VCAM-1 expression on activated HEC increased as a
function of time, attaining a maximal level after 24 h of cell
activation, a time when a 4.5-fold increase above the control
level (nonactivated cells) was determined. At 48 h after cell

Fig. 3. Flow cytometry charts showing the binding of plain liposomes (L), unspecific

immunoliposomes (L-IgG) and specific immunoliposomes (L-VCAM-1) to nonactivated (A)

or TNF-a activated (B) human endothelial cells (HEC). Data are from a single experiment

and are representative of three such experiments. (C) Values of mean fluorescence intensity

(fluorescence per cell in arbitrary units; MFI) as determined by flow cytometry experiments

and plotted from a single experiment using triplicate probes ( p < 0.05). Note that the binding

of L-VCAM-1 to the surface of activated HEC is significantly higher than the binding to

nonactivated cells. The binding of L-IgG and plain L is lower than that of L-VCAM-1 to

either activated or nonactivated cells.
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activation, VCAM-1 expression returned to basal level,
having a value similar to that found in nonactivated cells
(Fig. 2). Based on these data, all further experiments were
performed on HEC after 24 h activation with TNF-a.

Liposome Binding to the Surface of HEC

To evaluate liposome binding to the surface of HEC,
activated and nonactivated cells were incubated with fluo-
rescently labeled specific and unspecific immunoliposomes or
plain liposomes, after which fluorescence intensity for each
experimental condition was assessed by flow cytometry.
Figure 3A illustrates the binding of L-VCAM-1, L-IgG, and
L to nonactivated HEC, and reveals that the binding is
closely comparable for all liposome types. Flow cytometry
determinations showed that activated HEC bound with high
efficiency to L-VCAM-1 compared to the binding of unspe-
cific immunoliposomes (L-IgG) or plain (L) liposomes (Fig.
3B). Mean intensity values (determined from flow cytometry
studies) are shown in Fig. 3C and indicate significant increase
in L-VCAM-1 binding to activated HEC only. The specificity
of L-VCAM-1 binding to activated endothelial cells was

assessed by performing the experiments in the presence of an
excess concentration of anti-VCAM-1 (10 mg/mL). In this
case, the level of binding was reduced to that found in cells
incubated with plain liposomes (not shown).

Uptake of Liposomes by HEC

Kinetic of Liposome Uptake

The uptake of liposomes by endothelial cells was tracked
via liquid scintillation counting after incubation of activated
or nonactivated HEC at different time intervals with 3H-
colesterol labeled specific and unspecific immunoliposomes
or plain liposomes. Cellular uptake was monitored at
different time intervals and expressed as nmol/106 cells.

It was found that at all time points studied, activated
HEC take up L-VCAM-1 at a constantly higher rate than L-
IgG or plain L. The uptake increased as a function of time
and attained the highest value at 24 h (Fig. 4A).

The insert to Fig. 4A shows the internalization of
fluorescently labeled immunoliposomes by activated HEC
after extracellular fluorescence is quenched. The immunoli-
posomes appeared within the cytoplasm as small fluorescent
dots particularly concentrated in perinuclear area. In the case
of nonactivated HEC, internalization of L-VCAM-1, L-IgG,
and plain L showed a comparable level (Fig. 4B), and after 24
h of incubation of cells with liposomes, the internalization
reached values of õ3% of the initial liposome concentration;
this value was comparable to that obtained for activated cells
incubated with unspecific immunoliposomes or plain lipo-
somes. In contrast, the calculated uptake of specific immu-
noliposomes by activated HEC reached a double value
(õ6%).

Mechanisms Involved in the Internalization Pathway

of Liposomes

The experiments described above indicated that HEC
internalize labeled liposomes. To assess the mechanisms

Fig. 4. Internalization of 3H-cholesterol labeled specific (L-VCAM-

1) or unspecific (L-IgG) immunoliposomes and plain liposomes (L)

by activated (A) or nonactivated (B) human endothelial cells (HEC)

as a function of time. Note that in the case of the latter, all three

liposome types are taken up at similar levels; in contradistinction, the

activated cells internalize at a significantly higher degree the specific

immunoliposomes. Data represent the means of three independent

experiments T SE. Insert A: fluorescence micrographs depicting the

internalization of fluorescently labeled L-VCAM-1 by activated

HEC.

Fig. 5. The effect of various inhibitors that interfere with the

endocytosis of DHPE-TRITC labeled specific (L-VCAM-1), unspe-

cific (L-IgG) immunoliposomes and plain liposomes (L) by human

endothelial cells (HEC). Note that antimycin A, cytochalasin D, and

filipin treatment of HEC lead to a high percentage of inhibition in

internalization of L-IgG and plain L, whereas potassium depletion

from the medium and use of hypertonic concentration of sucrose

mainly inhibit the uptake of L-VCAM-1. Data represent means T SE

(n = 3).
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involved in the uptake of liposomes, endothelial cells were
exposed to various inhibitors (known to affect a specific
endocytotic pathway) prior to incubation with fluorescently
labeled liposomes. As shown in Fig. 5, antimycin A and
cytochalasin D reduced the uptake of L-IgG and L by
approximately 60 and 80%, respectively, whereas the inter-
nalization of L-VCAM-1 was decreased by 30 T 7 and 11 T
3%. Filipin treatment led to a higher inhibition of internal-
ization in L-IgG and plain L (43 T 5 and 45 T 4%,
respectively) compared to that of L-VCAM-1 (25 T 6%).
Exposure of the cells to hypertonic concentration of sucrose
or incubation in potassium-depleted culture medium induced
an inhibition of internalization that was significantly higher
for L-VCAM-1 (50 T 6% in the presence of sucrose and 46 T
7% in the case of potassium-depleted medium) than for L-
IgG and L (õ5% under both incubation conditions).

These data indicate that HEC took up L-IgG and plain
liposomes via nonspecific endocytosis and that caveolae play
a role in this process. In contrast, nonspecific endocytosis had
a minor role in the internalization of specific immunolipo-
somes, and uptake of L-VCAM-1 by endothelial cells
occurred mainly by a receptor-mediated mechanism, a
process in which clathrin-coated vesicles played a major role.

Liposome Transmigration into the Subendothelial Space

For transport studies, HEC cultured in a double
chamber system were incubated with radioactively labeled
specific and unspecific liposomes; transport across the cells
was assessed by counting the radioactivity amassed in the
lower chamber at 1, 2, and 24 h. Similar experiments were
carried out using cell-free filters, and values obtained for
the liposome transport across HEC were calculated as
percentage of the values attained in the absence of cells
(taken as 100%). As presented in Fig. 6, a time-dependent
increase in the liposome transmigration, particularly in the
case of L-VCAM-1 (expressed as percentage from the
initial radioactivity), was detected. A significant difference
was found in the transport of specific liposomes across HEC
as compared to unspecific IgG-L or plain L. The calculated

liposome transmigration was õ3% for L-VCAM-1 and
õ1.3% for L-IgG and plain L of the maximum transmigra-
tion value obtained in the experiments that were performed
under the same conditions except that the filters were
without cells.

Intracellular Events Induced by L-VCAM-1 Binding
to Activated HEC

The findings that immunoliposomes against VCAM-1
specifically recognized molecules on the surface of activated
HEC, which they bound, were internalized and transported
across the cell at a higher rate than nontargeted liposomes
put forward the hypothesis that certain intracellular events
may occur that enable the cells to respond to the challenge.
We investigated the effect of immunoliposome binding to the
specific target on the endothelial cell’s surface upon calcium
release (from intracellular stores) and distribution of actin
filaments.

Fig. 7. (A) Intracellular calcium concentration ([Ca2+]i) in human

endothelial cells (HEC) exposed to L-VCAM-1, L-IgG, and plain L.

Confluent cells were harvested, washed, and exposed for 1 h to

calcium free medium in the presence of Fura 2 AM, then incubated

with liposomes; changes in [Ca2+]i were subsequently recorded for 5

min. In comparison with L-IgG and L, the cell incubation with L-

VCAM-1 induces a significant augmentation of [Ca2+]i. (B) The

differential increase in [Ca2+]i release in HEC, calculated from the

data obtained in (A) as the difference (D) between the values

obtained upon liposomes addition and the basal values (p < 0.05 vs.

L-IgG, L). The graph represents the means of three independent

experiments.

Fig. 6. Transmigration across activated HEC monolayer of 3H-

cholesterol labeled specific (L-VCAM-1) or unspecific (L-IgG)

immunoliposomes and plain liposomes (L). The data show that the

percentage of L-VCAM-1 transmigration across the cells is higher

than for L-IgG or plain L. Data are means of at least three

experiments T SE ( p < 0.05).
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Intracellular Calcium

As determined by measurements of calcium-bound
Fura-2 AM, the incubation of activated HEC for 5 min with
liposomes resulted to an increase in cytosolic free calcium,
the increase being significantly higher in the case of specific
immunoliposomes directed toward VCAM-1 than when
incubation is performed with unspecific immunoliposomes
or with plain liposomes (Fig. 7A). Data revealed that upon
binding of L-VCAM-1 to HEC, both the peak and the
plateau levels of [Ca2+]i were significantly increased in
comparison with L-IgG or plain L binding to cells. The
obtained data (peak and basal levels) were used to calculate
the differential increase in [Ca2+]i release in HEC under the
experimental conditions used (Fig. 7B). Data indicated that
as a result of L-VCAM-1 binding, the release of [Ca2+]i

attained a value that was about fivefold higher than the
figures obtained for L-IgG and plain L (p < 0.05).

Similar differences were found after the incubation of
endothelial cells for 2 h with three types of liposomes: L-
VCAM-1 induced an increase in cytosolic free calcium above
the values obtained in the case of cell incubation with L-IgG
or plain L. The mean value of basal cytosolic free calcium in
L-VCAM-1-treated cells was õ110 nM, whereas for cells
exposed to L-IgG or plain L the figures were õ83 nM in both
cases (Fig. 8A).

Application of histamine induced an elevation of
[Ca2+]i under all three conditions used. The peak increase
in [Ca2+]i in response to histamine was lower in HEC treated
with L-VCAM-1 than in cells treated with L-IgG or plain L.
The differential increase in [Ca2+]i release in HEC treated
with three types of liposomes calculated (from the data
presented in Fig. 8A) as the difference (D) between the
values obtained upon addition of histamine and the basal
value is presented in Fig. 8B; the D[Ca2+] in the case of L-
VCAM-1 was found significantly lower than that for L-IgG

Fig. 8. (A) The effect of 2 h incubation of human endothelial cells (HEC) with different liposome types on the basal level

of calcium, response to histamine, and calcium addition in the extracellular medium. Note that by comparison with HEC

incubated with L-IgG or L, the incubation of cells with L-VCAM-1 induces a cellular increase in basal calcium (p < 0.05), a

decreased response to histamine stimulation ( p < 0.05), whereas the addition of calcium stimulates an augmentation of

[Ca2+]i that is comparable for all three liposome types. (B) The differential increases in [Ca2+]i release in HEC treated with

the three types of liposomes calculated from (A) as the difference (D) between the values obtained upon addition of

histamine and the basal value. (C) The differential increase in calcium entry in HEC calculated from (A) as the difference

(D) between the values obtained upon calcium addition and the basal values. The graphs represent the media of three

independent experiments.
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and plain L (8.36 nM for L-VCAM-1 vs. 17.48 nM for L-IgG
and 20.08 nM for L).

As shown in Fig. 8A subsequent addition of extracellular
calcium (2.5 mM) to HEC incubated with L-VCAM-1, L-
IgG, and plain L generated a great enhancement in fluo-
rescence intensity. However, calculations of Ca2+ entry into
the cells, considered as the difference between the values ob-
tained upon Ca2+ addition and the basal values, showed that
the differential increase in [Ca2+]i was similar under all ex-
perimental conditions used (Fig. 8C).

Distribution of Actin Filaments

Having established that as a result of L-VCAM-1
binding to the surface of HEC an increase in [Ca2+]i

occurred, we investigated whether this event was associated
with a rearrangement of cytoskeletal actin filaments.
Monolayers of HEC were treated with 1 ng/mL TNF-a for
24 h to induce VCAM-1 expression, then incubated for 20
min with L-IgG or L-VCAM-1, fixed, permeabilized, and
stained with TRITC-phalloidin. Figure 9 illustrates the F-
actin distribution in TNF-a-activated HEC incubated with L-
IgG (A) or L-VCAM-1 (B). It was observed that when the
cells were incubated with L-IgG, the actin filaments were
distributed along the cell plasmalemma as depicted by the
fine fluorescence bordering the cell membrane (Fig. 9A); in
the central region of the cells the filament bundles were
almost absent. Exposure of HEC to L-VCAM-1 induced a
redistribution of the actin network that in fluorescence
microscopy appeared as intense fluorescent staining
distributed throughout the cytoplasm and often aligned in
parallel to the long axis of the cells (Fig. 9B).

DISCUSSION

The concept of targeted drug delivery providing an
effective concentration of drugs to reach the diseased sites is
an appealing strategy for therapy of human diseases. In this
respect, the vascular endothelium is an accessible target due
to its large surface area exposed to the circulating blood.
There are studies in which immunoliposomes (liposomes
coupled with antibodies directed against endothelial cell
surface antigens) have been used for specific targeting of

compounds to endothelium (2,31Y36); in some instances, the
mechanism of uptake was determined (6,37).

Vascular cell adhesion molecule-1 (VCAM-1) is a
convenient target receptor because it plays a major role in
the pathogenesis of diseases such as atherosclerosis (7),
rheumatoid arthritis (38), and multiple sclerosis (39).
VCAM-1 expression is selectively restricted to activated
endothelium under different pathological conditions, such
as early developing atheromatous plaque (40) or human
malignant tumors (41). Other cells such as macrophages,
dendritic cells, bone marrow stromal cells, neurons, fibro-
blasts, fibroblast-like synovial cells from inflamed joints, and
smooth muscle cells express constitutively or after activation
VCAM-1, but they do not interfere with binding of immu-
noliposomes directed to endothelial VCAM-1 because they
are not accessible after intravenous administration. However,
a weak expression of VCAM-1 was detected under normal
conditions in few vessels of kidney, thymus, and thyroid
gland (42); nevertheless, the low degree of expression cannot
interfere largely with the targeting of L-VCAM-1 to the
diseased vascular endothelium. Therefore, the liposomes
directed against VCAM-1 could be useful as tools for
selective targeting to the activated endothelium. There is
one report illustrating that anti-VCAM-1 conjugated phos-
phatidylserine liposomes bind to IL-1a-treated human um-
bilical vein endothelial cells (13), but there are no data about
the fate of VCAM-1-targeted immunoliposomes after bind-
ing to the EC surface. The goal of this study was to exploit
the specific expression of VCAM-1 on the surface of
activated HEC for selective targeting of liposomes coupled
with anti-VCAM-1 (L-VCAM-1) and to study the fate of L-
VCAM-1 after binding to the cell surface; the results could
be further used for targeting drugs to activated endothelial
cells covering diseased vascular segments.

Results showed that liposomes coupled with anti-
VCAM-1 bind selectively to activated endothelial cells by a
specific mechanism, as substantiated by the competitive
binding assay.

In addition, we observed the uptake of L-VCAM-1 by
HEC and found that the internalization of L-VCAM-1 (at
various time intervals) by activated cells was approximately
twofold higher than the values obtained with control lip-
osomes (L-IgG or plain L). Interestingly, nonactivated HEC

Fig. 9. Fluorescence micrographs depicting the distribution of F-actin in human

endothelial cell monolayers exposed to L-IgG or L-VCAM-1. Note that rare actin

filaments appear within the cytoplasm of cells incubated with L-IgG (A), whereas a

prominent network of actin filaments distributed throughout the cytoplasm of monolayers

exposed to L-VCAM-1 (B).
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take up L-VCAM-1, L-IgG, and plain L at comparable
amount, and the values were similar with those obtained for
the uptake of L-IgG or plain L by activated cells.

Previous reports on the internalization of VCAM-1 by
endothelial cells are contradictory (11,12). Our data suggest
that the internalization of L-VCAM-1 by activated EC can
be safely attributed to VCAM-1 internalization, because the
cellular uptake of control liposomes is significantly lower.
The results corroborate well with our previous reports
showing that transferrin (Tf)-coupled liposomes are specifi-
cally taken up by EC via a receptor-mediated mechanism
employing the pathway of Tf receptors (43); it is to be
expected that L-VCAM-1, after specific binding to the EC
surface, follows the same pathway as its receptor (VCAM-1).

There are some reports on the role of other cell adhesion
molecules (CAM), such as ICAM-1 and E-selectin, in
internalization after targeting with liposomes (5,6,37). Al-
though it is difficult to compare these data because different
CAM were used as targets, our results for internalization of
liposomes targeted to VCAM-1 are in line with those of
Mastrobatista E et al. (5) for liposomes targeted to ICAM-1:
after 1 h of incubation at 37-C, we have found that 5.6 nmol
of VCAM-1 targeted immunoliposomes are internalized by
106 activated HEC vs. 4.2 nmol of ICAM-1 targeted
immunoliposomes internalized by 106 epithelial cells.
However, Kessner et al. (6) reported a lower percentage of
internalization for E-selectin targeted immunoliposomes by
activated human umbilical vein endothelial cells. One can
assume that upon targeting with immunoliposomes, ICAM-1
and VCAM-1 (both belonging to Ig superfamily CAM) have
a prominent role in the internalization profiles, whereas the
role of selectin is relatively low.

Recently it was reported that in endothelial cells,
ICAM-1 has the capacity to recycle, signifying that a single
ICAM-1 molecule could participate in multiple rounds of
binding and internalization of nanocarriers coupled to
ICAM-1 (44). A good hypothesis to explain the large
capacity for internalization of VCAM-1 targeted liposomes
in HEC is to presume that VCAM-1 has the capacity to
recycle; however, this assumption should be confirmed by
further experiments. Nevertheless, the considerable capacity
for internalization of VCAM-1 targeted liposomes opens new
perspectives for the intracellular delivery of drugs or genes to
the vascular endothelium, to correct altered cellular functions
by a site-directed therapy.

To investigate the mechanisms involved in L-VCAM-1
internalization, experiments were performed under condi-
tions known to inhibit a specific endocytotic pathway. Results
suggest that clathrin-coated pits and vesicles mediate a major
internalization pathway of VCAM-1-directed immunolipo-
somes, as the internalization process was inhibited (õ50%)
by potassium depletion from the culture medium or by the
exposure of the cells to hypertonic sucrose concentration.
Phagocytosis and pinocytosis are not effective in the inter-
nalization of L-VCAM-1 (cytochalasin D induced õ11%
inhibition of internalization), whereas caveolae mediated
transport represents õ26% inhibition (as revealed by filipin
experiments). At the concentrations used, antimycin A
inhibits the internalization of L-VCAM-1 by õ31%; higher
concentrations could not be employed because they are toxic
to the cells.

In contrast, unspecific immunoliposomes and plain lip-
osomes are taken up by nonspecific endocytosis (antimycin A
and cytochalasin D inhibit internalization by 60 and 80%,
respectively) and by caveolae (filipin treatment inhibits
endocytosis by 45%).

Recently, it was proposed that a novel endocytic
pathway for ICAM-1 and PECAM-1 in endothelial cells,
namely a CAM-mediated endocytosis, which is similar but
distinct from Bclassical^ macropinocytosis, is dependent on
antigen clustering and requires Rho-kinase and PKC-medi-
ated rearrangements of actin cytoskeleton (45). This type of
endocytosis cannot be excluded for L-VCAM-1 internaliza-
tion, because in HEC only õ50% of liposomes are internal-
ized by a receptor-mediated mechanism; however, further
studies are needed to validate this theory.

A small percentage of VCAM-1 targeted liposomes
migrate across the endothelial monolayer; under the exper-
imental conditions used, data revealed that the transmigra-
tion of L-VCAM-1 is about 15-fold lower than its
internalization. Nonetheless, the percentage of L-VCAM-1
transmigration is twofold higher when compared with that of
L-IgG or plain L. Among the possible factors that can play a
role in the transport of immunoliposomes are intracellular
calcium concentration and actin filaments.

The functional implication of Ca2+ in the increased EC
monolayer permeability and leukocyte diapedesis was
previously reported (46). In addition, it was demonstrated
that monoclonal antibodies directed against VCAM-1
increase [Ca2+]i and induce cytoskeleton rearrangements
(47) in HUVEC. More recent studies have shown that
VCAM-1 acts as a signaling receptor by interacting with
membrane-actin cytoskeleton linkers, moesin and ezrin,
promoting endothelial cell signaling and actin remodeling
(48) and inducing Rac activation resulting in loss of cell-to-
cell adhesion (49). Therefore, we searched whether the
binding of L-VCAM-1 to the surface of HEC generates
intracellular signals that determine an increase in [Ca2+]i

concentration and cytoskeleton reorganization, which in turn
may induce an increase in endothelium permeability.

The data revealed that after 5 min exposure of HEC to
liposomes, the differential increase in [Ca2+]i (calculated as
the difference between values obtained upon liposome
addition and basal values) in the case of L-VCAM-1 was
fivefold higher above the values obtained for L-IgG or plain
L. Although significantly lower than in the case of L-VCAM-
1, the control liposomes (L-IgG, plain L) also induced an
increase in [Ca2+]i; this could be explained by the fact that
some intracellular signaling are induced by nonspecific
liposomes in EC.

Incubation of endothelial cells with L-VCAM-1 for 2
h induces a 1.2-fold increase in the basal level of [Ca2+]i,
whereas no changes are recorded for L-IgG or L incubated
under the same conditions. In response to histamine addition,
the decrease in [Ca2+]i concentration is more pronounced
when cells are incubated with L-VCAM-1 than with L-IgG or
L, suggesting a larger depletion of the intracellular calcium
stores in the case of specific immunoliposomes.

Having established that L-VCAM-1 binding to EC
surface induces an increase in [Ca2+]i, we investigated
whether this signaling event is associated with a redis-
tribution of cytoskeleton actin filaments. We found that the
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actin filaments form a prominent network distributed
throughout the cytoplasm of the cell monolayer exposed to
L-VCAM-1, a feature that was absent when HEC were
incubated with L-IgG. These data suggest that redistribution
of actin is associated with specific immunoliposome inter-
nalization. However, internalization experiments performed
in the presence of cytochalasin D indicate only a minor role
of actin in L-VCAM-1 uptake. We assume that there are two
different events: cytochalasin D, which inhibits actin poly-
merization, does not interfere with the endocytic pathway of
immunoliposomes; conversely, the binding of L-VCAM-1 to
the EC surface expressed VCAM-1 (that acts as a signaling
receptor by interacting with membrane actin cytoskeleton
linkers) induces a rearrangement of actin filaments and the
ensuing increase in paracellular transport of specific immu-
noliposomes.

These results suggest that [Ca2+]i may play a role in the
regulation of binding, internalization, or transendothelial
migration of L-VCAM-1, being a part of a signal cascade that
determines cytoskeleton reorganization and consequently,
may induce opening of EC junctions and transmigration of
liposomes.

Taken together, our results indicate that (1) liposomes
targeted to VCAM-1 bind specifically to activated EC; (2)
approximately 50% of the internalized L-VCAM-1 is taken
up by clathrin-coated vesicles; (3) L-VCAM-1 binding to
EC surface determines signaling events that may lead to
opening of the junctions and transendothelial migration of
L-VCAM-1.

The data suggest that VCAM-1 may be an appropriate
molecular target for specific delivery of drugs to activated
EC, using immunoliposomes.
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