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ARTICLE INFO ABSTRACT

Targeted drug delivery to inflamed or injured vascular endothelial cells (ECs) and smooth muscle cells
(SMCs) may provide a precise and effective therapeutic treatment for cardiovascular diseases. Upregu-
lation of cytokine-regulated cell surface receptors, intercellular cell adhesion molecule-1 (ICAM) and
endothelial-leukocyte adhesion molecule-1 (ELAM), on ECs and SMCs are used to target drug delivery
vehicles. Recent studies demonstrate clustering of these molecules in lipid rafts may affect binding due to
a nonhomogenous presentation of antibodies. We hypothesized that altering the antibody ratio for ICAM
and ELAM (alCAM:aELAM) and mobility would influence cellular targeting. To alter antibody mobility,
liposomes were prepared from either 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC, Cyg.1, Ty =
—20°C) or 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC, Cyg.9, Ty = 42 °C) which are in the
liquid crystalline (L) and gel phase (Lg) at 37 °C, respectively. We report that cellular binding of DOPC
immunoliposomes by ECs is maximal at an equimolar ratio of alCAM:aELAM whereas DPPC immunoli-
posomes showed no ratio dependence and binding was reduced by more than 2-fold. SMCs, which do
not express ELAM, show a dependence on alCAM surface density. These results suggest that antibody
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mobility and molar ratio play a key role in increasing receptor-mediated cell targeting.
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1. Introduction

The endothelial lining of the cardiovascular system undergoes
cytokine [1] and/or shear-induced [2] activation during acute and
chronic inflammation, injury and repair, angiogenesis, and
atherogenesis [3]. Localized endothelial activation is marked by an
increase in cell surface expression of adhesion molecules such as
endothelial-leukocyte adhesion molecule-1 (ELAM), vascular cell
adhesion molecule-1 (VCAM), and intercellular adhesion molecule-
1 (ICAM) [4,5]. Human umbilical vein endothelial cells activated
by a pro-inflammatory stimuli, such as the cytokine interleukin-1o
(IL-1a), upregulate expression of ELAM-1, VCAM-1, and ICAM-1 in
temporally well characterized patterns, providing a useful in vitro
model system that mimics EC activation [6,7].

Targeting the vascular system as a therapeutic strategy has been
a primary focus in cancer [8], inflammation [9], and ischemia [9].
One strategy utilizes the increased expression of specific adhesion
molecules to facilitate the delivery of therapeutic agents to acti-
vated ECs. Nanocarriers modified with either anti-ELAM (aELAM)
[3], anti-VCAM [10], and anti-ICAM (alCAM) [11,12] have shown
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selectivity for activated ECs. Transiently-upregulated cell adhesion
molecules on ECs enhance binding and uptake of drug delivery
vehicles when presenting a single targeting ligand.

Antibodies may work synergistically to target cells effectively.
Targeting using two different antibodies has increased binding
specificity and cellular uptake of liposomes in comparison to lipo-
somes with only one antibody [13]. Adhesion of microspheres
coated with alCAM and sialyl Lewis®, a selectin ligand, showed
a concentration dependence of both ligands [14,15]. In addition,
clustering of ELAM and ICAM on the EC surface during leukocyte
adhesion has been implicated in protein trafficking and signal
transduction [16]. The relationship between one or more antibodies
and antibody surface presentation (e.g. neighboring distance,
orientation) to optimize EC binding and uptake remains unknown.

Immunoliposomes are concentric bilayers of lipid surrounding
an aqueous core that target a specific cell type by presenting
molecules that bind to antigens on the cell surface. Liposomal drug
delivery vehicles offer several advantages due to their structural
versatility related to size, composition, bilayer fluidity, and ability
to encapsulate a large variety of compounds non-covalently [17].
Liposomes are capable of delivering drugs or genes to cells or
tissues (e.g., stealth liposomes with a polyethylene-glycol (PEG)
coat [18], pH-sensitive liposomes [19], cationic liposomes [20],
fusogenic protein-conjugated liposomes [21], target sensitive
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liposomes [22], and immunoliposomes [10]). In addition, liposomes
are often assembled from lipids that are mobile on the surface
which offers another degree of freedom unlike nanoparticles which
have immobile, covalently-conjugated targeting moieties.

ELAM and ICAM have been shown to cluster following
their engagement in a cytokine or shear-induced response [16].
Clustering of ELAM at the lipid surface is required for subsequent
cell signaling and gene expression [23]. While numerous studies
have reported that receptor mobility and clustering affect cell-
membrane adhesion [24-26], no studies have been reported for
liposome-cell binding. We hypothesize that the mobility of the lipid
carrier will affect the distribution of cell receptors on the liposome
to compliment the natural arrangement of its antigen on the cell
surface and facilitate clustering and downstream signaling.

Liposomes composed of lipids with differing chain length and
degree of saturation were used to alter antibody mobility. DPPC is
saturated; it has a C16 acyl chain that packs tightly and forms a gel
below its melting temperature, T, =42 °C. DOPC is unsaturated,
having a cis double bond (A9) in each C18 chain. DOPC lipids are
mobile above Ty = —20°C. Differences in the dynamic surface
elasticity and dilational viscosity of DPPC and DOPC monolayers
have been reported [27]. In addition, the effect of temperature on
DOPC and DPPC monolayers has been studied by atomic force
microscopy which yields differences in elastic properties and
bilayer thickness [28]. Surface rheology of DPPC and DOPC lipid
monolayers at the air-water interface reveal a transition between
the liquid expanded to liquid condensed phase at 60 and 100 A? per
molecule, respectively [29].

Here, we report the effect of antibody mobility on immunoli-
posomes bearing two distinct antibodies (alCAM and aELAM)
expressed on ECs and SMCs. Immunoliposomes were designed to
target ICAM and ELAM receptors by simultaneous conjugation of
alCAM and aELAM on lipids via N-hydroxysuccinimide/N-ethyl-N’-
(3-dimethylaminopropyl)carbodiimide =~ (NHS/EDC)  chemistry
(Fig. 1A). Their in vitro binding to ECs and SMCs expressing ICAM
and ELAM were characterized and evaluated using flow cytometry
and immunofluorescent staining.

2. Experimental methods
2.1. Materials

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-dodecanoyl (N-dod-PE),
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC) were purchased from Avanti Polar Lipids (Alabaster, AL).
Interleukin-1o, (IL-1a), mouse anti-human ICAM, mouse anti-human ELAM mono-
clonal antibodies (mAbs), and IgG; isotype (mAb) were purchased from R&D
Systems (Minneapolis, MN). EDC, NHS, Triton X-100, bovine serum albumin (BSA),
human fibronectin, rhodamine-B isothio-cyanate-conjugated dextran (10 kDa MW),
ammonium molybdate, ascorbic acid, anhydrous dimethy! sulfoxide (DMSO), and
ethanol (EtOH) were purchased from Sigma (St. Louis, MO). Formaldehyde was
obtained from EMD Chemicals, Inc. (Gibbstown, NJ). FITC-conjugated goat anti-
mouse, TRITC-conjugated sheep anti-mouse, and rabbit anti-sheep secondary
antibodies were obtained from Abcam (Cambridge, MA). Sheep anti-human ELAM
polyclonal antibodies were purchased from Leinco Technologies (St. Louis, MO).
Dulbecco’s phosphate buffered saline (PBS), 0.25% trypsin/2.6 mm EDTA, Hoechst
33258, -glutamine, penicillin/streptomycin (pen-strep), and ITS (insulin, trans-
ferrin, and selenium) solution were obtained from Invitrogen (Carlsbad, CA). Primers
(ICAM: Hs00164932_m1, ELAM: Hs00174057_m1, GAPDH: Hs02758991_g1) and
reagents for quantitative reverse transcriptase polymerase chain reaction (qQRT-PCR)
were procured from Applied Biosystems (Foster City, CA).

2.2. Liposome preparation

Unilamellar liposomes were prepared by the extrusion method according to
Szoka [30]. A mixture of DOPC:N-dod-PE or DPPC:N-dod-PE (95:5 mol%) in chlo-
roform was dried in a rotary evaporator under reduced pressure. The lipids were
then dissolved in a mixture of DMSO:EtOH (7:3 v/v). Lipid mixtures (0.3 ml) were
injected in 3 ml PBS (pH 7.4) with or without rhodamine-conjugated dextran (1 mg/
ml) while being agitated at 650 rpm with a stir bar to yield 50 mm lipid. DPPC
mixture was heated to 50 °C during the extrusion. Dextran-encapsulated liposomes
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Fig. 1. Immunoliposomes conjugated with different alCAM:aELAM molecules. alCAM and
aELAM on DPPC:N-dod-PE immunoliposomes are immobile while those on DOPC immu-
noliposomes are mobile at 37 °C (A). Fluorescence histograms of 2-micron borosilicate
beads coated with DPPC:N-dod-PE (95:5 mol:mol) liposomes conjugated with alCAM and
aELAM antibodies with alCAM:aELAM molar ratios 0f 1:0,2:1,1:1,1:2,and 0:1. Fluorescence
intensities correlate with the antibody molar ratios for both aELAM (B) and alCAM (C).
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were dialyzed against PBS using a Slide-A-Lyzer dialysis cassette (MWCO 20 kDa,
Pierce Biotechnology, Inc., Rockford, IL) overnight at room temperature (RT). Lipo-
some size and zeta potential were measured by dynamic light scattering on a Zeta-
PALS analyzer (Brookhaven Instruments, Corp., Holtsville, NY) in PBS (pH 7.4).

The concentration of lipid in solution was determined by a phosphate assay as
previously described [31]. Briefly, a diluted liposome sample was ashed with 0.2 ml
sulfuric acid (10% v/v) at 200°C for 1 h, followed by addition of 50 ul hydrogen
peroxide (30% v/v) and further heating at 200 °C for 40 min. After the sample was
cooled down to RT, 480 ml deionized water and 0.5 ml of colour reagent (0.5% w/v
ammonium molybdate, 2% w/v ascorbic acid) were added to each sample followed
by heating at 45 °C for 20 min. The samples were read at 820 nm using a Spectramax
Plus 384 spectrophotometer (Molecular Devices, Sunnyvale, CA).

2.3. Preparation of antibody-labeled liposomes and microspheres

Antibodies were conjugated to liposomes via the N-dod-PE anchor. EDC (2 mg)
and NHS (3 mg) were added to 1 umol lipid (liposomes) in PBS (pH 7.4) and incu-
bated for 6 h at RT. Excess EDC and NHS were removed using the Zeba Spin desalting
column (MWCO 7 kDa, Pierce Biotechnology, Inc.). IgG; isotype (100 mol%, unspe-
cific liposome) or mixtures of alCAM:aELAM (1:0, 0:1, 2:1,1:1, and 1:2 molar ratios)
were added to EDC-modified liposomes at a molar ratio of 1:1000 anti-
body:phospholipids and incubated overnight at RT. Free antibodies were separated
using a Sepharose CL-4B column (Fractionation range: 60-20,000 kDa, Sigma).

To determine antibody density of alCAM and aELAM, 2-micron borosilicate
beads (Duke Scientific, Palo Alto, CA) were immersed in PC:N-dod-PE (95:5) lipo-
somes in PBS and agitated for 6 h. Microbeads were washed 3 times with PBS
through centrifugation-suspension cycles to separate free liposomes. Conjugation of
different ratios of alCAM:aELAM and control IgG (nonspecific binding) to microbe-
ads was performed as described above using EDC/NHS chemistry. After free primary
antibodies were separated, microbeads were conjugated with FITC-conjugated goat
anti-mouse (aELAM binding) and TRITC-conjugated rabbit anti-sheep (alCAM
binding) secondary antibodies (10 ul, 10 ng/ml) overnight at 4 °C. The secondary
antibodies were separated using suspension-spin cycles. The density of aELAM and
alCAM conjugated to the microbeads was determined with reference to Quantum™
Simply Cellular® microbeads (Bangs Laboratory, Inc., Fishers, IN), which have
defined numbers of antibody binding site per bead.

24. Cell culture

Human umbilical vein endothelial cells (ECs) and aortic smooth muscle cells
(SMCs) were grown in endothelial growth medium-2 (EGM-2) and smooth muscle
growth medium-2 (SmGM-2) media, respectively, with supplements (Lonza,
Allendale, NJ). Vein ECs and aortic SMCs have been characterized widely and used
commonly to study cardiovascular systems. Aortic and vein ECs show qualitatively
similar growth, morphology, and response to adhesion molecule modulation [32-
36]. We were unable to secure vein smooth muscle cells from Lonza and have
continued our study using aortic smooth muscle cells. Cells were maintained at
37 °Cin a humidified incubator with 5% CO; and used for experiments at passages 5—
10.

2.5. ICAM immunostaining

ECs and SMCs (2 x 10° cells) were seeded on 18 x 18 mm? coverslips in 6-well
plates with 2 ml media (VWR, West Chester, PA) and cultured overnight at 37 °C.
Cells were incubated with IL-12 at 5 ng/ml in fresh EGM-2 media the next day for
6 h. After media was removed, cells were rinsed with PBS three times and fixed with
4% formaldehyde in PBS at RT for 15 min followed by washing with PBS. Samples
were blocked with 1% BSA in PBS (1% BSA) at 4 °C for 1 h. Samples were then stained
with alCAM mAbs (10 ng/ml in 1% BSA) at 4 °C for 2 h and rinsed with PBS. Samples
were incubated with FITC- or TRITC-conjugated goat anti-mouse secondary mAbs
(1:300) and Hoescht 33258 (1:1000) at 4 °C for 1 h followed by washing with PBS.
Samples were then mounted on microscope slides (3” x 1”7, VWR) with VECTA-
SHIELD® mounting medium (Vector Laboratories, Burlingame, CA), and sealed.
Samples were examined under an Axiovert 200 inverted fluorescent microscope
(Carl Zeiss, Thornwood, NY) equipped with a Hammamatsu CCD camera (Bridge-
water, NJ). Digital images were captured with AxioVision digital image processing
software (Zeiss).

2.6. ICAM and ELAM Expression

Expression level of ICAM and ELAM on ECs and SMCs was characterized using
gRT-PCR. ECs and SMCs were cultured at 3 x 10° cells/well overnight and incubated
with IL-1e for 30 min, 1 h, 6 h, 12 h, 24 h, and 48 h. After each incubation time, ECs
and SMCs were removed from each well by incubating with a trypsin/EDTA solution
for 3 min. The cells were washed with PBS 3 times. RNA was extracted, purified using
the Qiagen RNeasy minikit (Valencia, CA), and detected by a spectrophotometer.
Reverse transcription was conducted using the Applied Biosystems Tagman RT
protocol. Detection and quantification of RNA was performed by the 7300 Real-Time

PCR system (Applied Biosystems). All PCR samples were referenced to the gene
expression of GAPDH.

Densities of ICAM and ELAM expressed by ECs and SMCs at 6 h was determined
using Quantum™ Simply Cellular® microbeads and performed using the protocol as
provided by the manufacturer.

2.7. Uptake of immunoliposomes by ECs and SMCs

Liposome binding by ECs and SMCs was analyzed using flow cytometry as
previously described [37-39]. ECs and SMCs were seeded in 6-well plates
(3 x 10° cells/well) and allowed to adhere overnight. After activation with IL-1a for
6 h, ECs and SMCs were incubated overnight at 37 °C with: (1) dextran-loaded
unlabeled liposomes (DPPC:N-dod-PE, 95:5, and DOPC:N-dod-PE, 95:5); (2)
dextran-loaded nonspecific (IgG) liposomes; (3) dextran-loaded immunoliposomes
conjugated with different ratios of alCAM/aELAM mAb. The concentration used was
1 umol lipid/10° cells.

Treated ECs or SMCs were washed with PBS, harvested using trypsin/EDTA
solution, and collected in a polystyrene culture tube. Cells were washed with PBS
three times. Binding data were acquired using an LSRII flow cytometry (BD Immu-
nocytometry Systems, San Jose, CA) and analyzed with WEASEL software developed
by WEHI (Parkville, Australia). The fold-over isotype value, which was calculated by
dividing the mean fluorescence intensity for immunoliposomes conjugated with
alCAM:aELAM by that of the isotype-conjugated liposomes, was used to normalize
the data. The significant difference in liposome uptake from different samples was
evaluated using a two-tailed Student's t-test.

Binding of liposomes by activated ECs and SMCs was also visualized by epi-
fluorescence. After incubation with liposomes, cells were fixed and stained with
alCAM mAD as previously described.

3. Results and discussion
3.1. Nanocarrier characterization

Unilamellar DOPC:N-dod-PE (95:5) and DPPC:N-dod-PE (95:5)
liposomes were prepared by the extrusion method. Unlabeled
DOPC:N-dod-PE and DPPC:N-dod-PE liposomes had diameters of
205+5nm and 201 +4nm, respectively, as determined from
dynamic light scattering. The diameter of immunoliposomes with
bound alCAM and aELAM were similar for all antibody ratios
(223+3 nm for DOPC and 21947 nm for DPPC). The average
antibody density determined from the standardized microbeads
was 1746 + 60 molecules/um? or 123 + 5 molecules/liposome. The
size and surface charge of both DOPC and DPPC immunoliposomes
were similar at all tested ratios (Table 1). To confirm conjugation of
different molar ratios of alCAM and aELAM, 2-micron borosilicate
beads were coated with DOPC:N-dod-PE (95:5) and DPPC:N-dod-
PE liposomes and labeled with antibodies, alCAM and aELAM, by
conjugating with EDC/NHS. Flow cytometry analysis of the fluo-
rescence intensities of alCAM and aELAM conjugated to DPPC:N-
dod-PE on beads using fluorescently-labeled secondary antibodies
showed that the fluorescence intensity shifted as the alCAM:aELAM
ratio was increased (Fig. 1B, C). The amount of aELAM and alCAM on
the surface was quantified using reference beads of known density
(Table 1). Flow cytometry analysis of antibody bound to DOPC:N-
dod-PE liposomes was similar to DPPC:N-dod-PE. The surface
density of 5 mol% N-dod-PE was chosen based on preliminary
experiments that showed no change in binding between 5 and
10 mol% N-dod-PE. This antibody to lipid ratio is similar to other
reports [40,41].

Table 1
Antibody density and zeta potential of DPPC:N-dod-PE immunoliposomes.

Ratio alCAM aELAM Zeta potential
alCAM:aELAM (molecules/um?) (molecules/um?) (mV)

1:0 1786 4+ 87 - 1.1+ 04

2:1 1252 123 554+ 39 0.8+0.5

1 832+85 836+ 30 1.6+0.6

1:2 586 +93 1111+ 155 0.7+03

0:1 - 1773 £ 115 1.2+04
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3.2. ICAM and ELAM expression on ECs and SMCs

IL-1a has been shown to upregulate the expression of ICAM and
ELAM on ECs [5]. ECs were activated with 5 ng/ml IL-1a for different
time intervals from 1 to 48 h. As determined from gRT-PCR, the
expression levels of both ICAM and ELAM increased with exposure
time and reached a maximum at 6h, 70-fold and 200-fold,
respectively, greater than the levels for non-activated ECs (Fig. 2A).
At 48 h, ICAM and ELAM expression on ECs was similar to the 1 h
activation although still greater than non-activated cells. SMCs
showed an increase of ICAM only; there was no presence of ELAM
(Fig. 2B). ICAM expression on SMCs also peaked at 6 h. The densities
of ICAM and ELAM expressed by ECs and SMCs at 6 h are given in
Table 2. In contrast to qRT-PCR results, the density of ICAM
increased by 15-fold on activated ECs and 2-fold on activated SMCs.
Expression of ELAM increased by 5-fold on ECs while it remained
constant on activated SMCs. Based on these data, further experi-
ments were performed on ECs and SMCs after a 6-h activation with
IL-1o.

Our time-course expression of ICAM and ELAM agrees with
literature. ELAM expression on ECs has been shown to be expressed
transiently with a peak observed at 4-6 h after activation with
cytokines [33,42,43]. However, our ICAM expression plateaued
faster on ECs than what was observed previously (ca. 12-24 h) [33].
This difference can be attributed to variation in cell sources and
cytokine concentrations used. As anticipated, activated SMCs only
expressed ICAM [35].

Temporal and spatial expression of ICAM and ELAM on ECs and
SMCs can be explained from the role of these adhesion molecules in
the inflammatory response. ELAMs initiate leukocyte rolling on
endothelium in response to inflammatory cues such as interleukin
or tumor necrosis factor prior to adhering firmly via ICAMs on ECs
and transmigrating to inflamed tissues [15,44]. Thus, ELAMs were
not expected to be expressed on SMCs since endothelium main-
tains the gatekeeping function.

3.3. Cellular binding

Cellular binding of immunoliposomes was measured by flow
cytometry. Immunoliposomes encapsulating rhodamine-dextran,
either bound to the cell surface or internalized, were detected.
Here, we compare immunoliposome binding for activated and non-
activated ECs, at various alCAM:aELAM ratios, and as a function of
surface mobility (DOPC vs. DPPC). We also discuss immunolipo-
some binding to SMCs, which do not upregulate ELAM.

3.3.1. Activated vs. non-activated ECs

The binding of immunoliposomes by activated and non-activated
ECs was analyzed as a function of alCAM to aELAM ratio on the
liposome surface (Fig. 3). Increased binding of DOPC immunolipo-
somes relative to DPPC immunoliposomes on activated ECs was
visually apparent (Fig. 3A, B). Activated ECs bound DOPC immuno-
liposomes up to 3-fold more than non-activated ECs. The binding
level by activated ECs initially increased with decreasing alCA-
M:aELAM molar ratio, eventually reaching a maximal level at 1:1
alCAM:aELAM (Fig. 3C). For instance, DOPC immunoliposome

Table 2
IL-1a stimulated expression of [CAM and ELAM on ECs and SMCs (molecules/cell).

ECs SMCs

Activated Not activated Activated
208,000 + 28,000 79,300+ 6000 198,000+ 11,000

37,700+ 11,000 187,000 + 12,000 18,400 +2000 20,300 =+ 1600
6700 + 800 22,000 + 5000 8900 + 600 9200 + 200

Not activated
ICAM 13,500 + 2200
ELAM
Isotype

binding was approximately 4.5, 6.5, and 2.7 fold, respectively, for 2:1,
1:1, and 1:2 (alCAM:aELAM, mol:mol). In contrast, the binding level
for non-activated ECs was similar for all alCAM:aELAM ratios tested.

Incorporating both alCAM and aELAM increased the cellular
uptake of immunoliposomes in comparison to the uptake of indi-
vidual alCAM and aELAM-labeled liposomes, suggesting that
targeting both cell adhesion molecules has a synergistic effect.
Activated and non-activated ECs had similar cellular binding of
liposomes with only alCAM or aELAM presented on the surface,
which was at most 3-fold less than having an equimolar ratio of
both alCAM and aELAM. This work builds upon Kessner et al. who
reported 25% internalization by activated ECs using 100% ELAM
conjugated immunoliposomes (25-30 aELAM/liposome) on lipo-
somes in the mobile, liquid crystalline phase [41]. Other work with
two different antibodies, «CD19 and «CD20, also showed that
binding of liposomes with mixed populations (1:1) was greater
than that of either individually targeted liposomes alone [13].
Eniola et al. showed that PLGA microspheres coated with alCAM
and a ligand for P-selectin adhered more firmly to a substrate when
two targeting ligands were able to interact with their respective
receptors during flow [14]. Thus, multiple ligands increase adhe-
sion and specificity. We demonstrated that EC binding of
DOPC immunoliposomes under static conditions was increased by
optimizing the ratio of alCAM:aELAM. This may suggest that
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Fig. 2. ICAM and ELAM expression for IL-1a-activated ECs and SMCs. Cells were
treated with IL-1a for various durations. qRT-PCR was used to analyze ICAM and ELAM
expression of ECs (A) and SMCs (B). Both ICAM and ELAM expression plateaued at 6 h.
SMCs only expressed ICAM.
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Fig. 3. Uptake of immunoliposomes by ECs. Activated ECs (IL-1a for 6 h) were treated with either rhodamine-labeled dextran encapsulated in DOPC:N-dod-PE (95:5 mol:mol) (A) or
DPPC:N-dod-PE (95:5 mol:mol) (B) conjugated with 1:1 alCAM:aELAM mAbs for 12 h and stained with alCAM mAb. (C) Flow cytometry analysis of unactivated and activated ECs
incubated with DOPC or DPPC immunoliposomes conjugated with various ratios of alCAM:aELAM. Results are presented relative to uptake by IgG-labeled liposomes. Bar, 10 um.

endothelial adhesion is modulated by dual expression of surface
receptors at relative concentrations [15].

Relative to the expression of ELAM and ICAM on activated ECs, we
anticipated that an equimolar ratio of alCAM and aELAM would be
optimal, which was confirmed by our data. It was surprising that non-
activated ECs which showed a 1:2 alCAM:aELAM surface density
showed no dependence on the antibody ratio, which can be explained
by the lower density of ICAM and ELAM on the cellular surface.

3.3.2. Receptor mobility on ECs

The binding level of DOPC immunoliposomes was compared to
that of DPPC vesicles to assess the effect of receptor mobility on
cellular uptake. Activated and non-activated ECs were treated with
DPPC immunoliposomes with similar ratios of alCAM:aELAM.
Fig. 3B shows the representative image of EC binding of DPPC
immunoliposomes with an alCAM:aELAM ratio of 1:1. The cellular
binding of DPPC immunoliposomes was slightly higher for acti-
vated than non-activated ECs at all alCAM:aELAM molar ratios
(p <0.05, Fig. 3C). Binding increased slightly when alCAM and
aELAM were both present on the liposome surface although there is
no significant difference across the various formulations (alCA-
M:aELAM, 2:1, 1:1,1:2). Moreover, the cellular binding of DPPC
immunoliposomes was 2-3-fold lower than that of DOPC immu-
noliposomes at all corresponding alCAM:aELAM molar ratios.

Greater EC binding of DOPC immunoliposomes than DPPC
immunoliposomes may imply that the location and density of

alCAM and aELAM on the drug carrier surface enables binding and
subsequent internalization. Since alCAM and aELAM are attached
covalently to phospholipids in a fluid bilayer (vs. the more rigid
DPPC immunoliposome network), the receptors may redistribute
non-uniformly to bind cooperatively with ICAM and ELAM on cell
surfaces. Cooperative binding occurs when multiple weak binding
results in overall strong adhesion [45]. Cooperative binding due to
multivalent ICAM ligands has been found to stimulate multiple
signaling pathways while monomeric ligands were not internalized
by endothelium [46,47]. Muro et al. showed that ECs internalized
multivalent alCAM nanocarriers by cell adhesion molecule (CAM)-
mediated endocytosis which is different from other endocytic
pathways such as phagocytosis, caveoli-, clathrin-mediated path-
ways, and macropinocytosis [12]. Molecular densification is used to
regulate cellular functions; ICAM clusters activated Src and Rho
kinase and induced actin stress fibers to facilitate transport to
endosomes and finally lysosomes [48]. We report greater binding
and internalization of DOPC immunoliposomes than DPPC immu-
noliposomes by ECs based on increased receptor mobility.

3.3.3. Activated vs. non-activated SMCs

We investigated whether immunoliposomes were selective to
activated ECs by measuring binding for activated and non-activated
SMCs. SMCs were treated with DOPC and DPPC immunoliposomes
with the same alCAM:aELAM ratios as ECs. Activated SMCs bound
DOPC immunoliposomes greater than DPPC immunoliposomes as
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Fig. 4. Uptake of antibody-conjugated liposomes by SMCs. Activated SMCs (IL-1o: for 6 h) were treated with either rhodamine-labeled dextran encapsulated in DOPC:N-dod-PE
(95:5 mol:mol) (A) or DPPC:N-dod-PE (95:5 mol:mol) (B) conjugated with 1:0 alCAM:aELAM mAbs for 12 h and stained with alCAM mAbs. (C) Flow cytometry analysis of
unactivated and activated SMCs incubated with DOPC:N-dod-PE or DPPC:N-dod-PE immunoliposomes conjugated with various ratios of alCAM:aELAM. Results are expressed

relative to uptake by IgG-labeled liposomes. Bar, 10 pm.

shown (Fig. 4A, B). Cellular adhesion of DOPC immunoliposomes
conjugated with alCAM:aELAM (1:0) was 2-fold higher for acti-
vated SMCs than non-activated SMCs (Fig. 4C), which corresponds
to the doubling of ICAM molecules on activated SMCs. Increasing
the molar ratio of alCAM to aELAM increased cellular binding of
DOPC immunoliposomes monotonically with a maximum observed
at 1:0, alCAM:aELAM. Thus, an increased surface density of alCAM
increases binding. The SMC binding level for DOPC immunolipo-
somes conjugated with 100 mol% ICAM was 3-fold greater than at
100 mol% ELAM, equivalent to nonspecific binding. The cellular
adhesion of DPPC immunoliposomes was similar for both activated
and non-activated SMCs for all liposomal formulations (p < 0.05,
Fig. 4C). DOPC immunoliposomes (1:0 alCAM:aELAM) bound acti-
vated SMCs 2-fold higher than DPPC immunoliposomes (1:0,
alCAM:aELAM).

ICAM has the capacity to recycle to the cell surface after inter-
nalization. ICAM has been shown to participate in multiple rounds
of binding and internalization of alCAM-conjugated nanocarriers
[48]. Thus, increasing the density of alCAM on the nanocarrier
surface improves cellular uptake of immunoliposomes by SMCs.

3.4. Antibody synergy and receptor mobility

The efficiency of targeting ECs increases by optimizing the ratio of
two molecules, alCAM and aELAM. Activated ECs bound more than

twice the number of immunoliposomes at its optimal ratio of alCA-
M:aELAM (1:1, max binding ratio) than activated SMCs at its optimal
ratio of alCAM:aELAM (1:0, max binding ratio). The two molecules
alCAM and aELAM work synergistically to increase EC binding.

We have also shown that receptor mobility is a key factor in EC
targeting. DOPC and DPPC immunoliposomes differ by a single
double bond and carbon tail length. In addition, the liposomes are
in different phases, liquid crystalline and gel, at 37 °C. If these
differences were the controlling parameters in cell binding then we
would not measure differences as a function of antibody density or
antibody ratio. We would also expect to observe differences in
nonspecific binding which is not the case. Thus, we can conclude
that the data shown arise from differences in antibody ratio and
receptor mobility.

Clustering of ELAM and ICAM has been shown to mediate adhe-
sion and translocation of leukocytes. Yang et al. reported that cross-
linking ICAM induced cytoskeletal remodeling and decreased ICAM
mobility [49]. ICAM clustering and translocation to caveola- and F-
actin rich domains has also been shown to link the sequential steps of
lymphocyte adhesion and transendothelial migration [50]. Similar to
ICAM, clustering and internalization of ELAM in clathrin-coated pits
enhanced ELAM's ability to mediate leukocyte rolling under flow [51].
Thus, the mobility of alCAM and aELAM on liposomes may enable
clustering, which coordinates with clustering of ICAM and ELAM on
EC surfaces and, hence, increases its binding and internalization.
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The approach to study the role of mobility of surface receptors
on cellular binding by restricting antibody movement on the lipo-
some surface can be achieved physically by choosing lipids (DOPC
vs. DPPC) with different melting temperatures as we have done
here. Lipids containing diacetylene groups can be polymerized, and
hence, restrict the movement of the conjugated antibody [52].
Alternatively, the fluidity of DOPC membranes can be altered
modestly by adding cholesterol [53].

Our strategy does not predict the pattern of how alCAM and
aELAM are distributed on the liposome surface which is an area of
further investigation. Instead, we have identified that a homoge-
neous distribution of two antibodies has less binding than when
two antibodies are able to rearrange themselves. This strategy
attempts to mimic what happens naturally during interactions
between cellular membranes.

4. Conclusions

By conjugating liposomes with dual antibodies, alCAM and
aELAM, we have developed a drug delivery vehicle that utilizes
antibody synergy to enhance binding. We showed that cellular
binding of immunoliposomes could be tailored by incorporating
cell adhesion molecules that are transiently upregulated on the
endothelial surface. In addition, we demonstrate that cooperative
binding plays a role in targeting ECs, which is enabled by antibody
mobility. This targeting approach may be an effective therapy for
cardiovascular diseases.
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