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Abstract

Coupling drug carriers to antibodies for targeting endothelial cells (ECs) may improve treatment of
vascular and pulmonary diseases. Selecting antibodies that deliver carriers to the cell surface or
intracellularly may further optimize specifcity of interventions. We studied antibody-directed
targeting of nanocarriers to platelet—endothelial cell adhesion molecule (PECAM)-1, an endothelial
glycoprotein containing 6 Ig-like extracellular domains. PECAM-1 antibodies bind to ECs without
internalization, but ECs internalize by endocytosis nanocarriers carrying multiple copies of anti-
PECAM (anti-PECAM/NCs). To determine whether binding and intracellular transport of anti-
PECAM/NCs depend on the epitope engaged, we targeted five PECAM-1 epitopes: mAb35, mAb37
and mAb62 (membrane-distal Ig domain 1), mAbGi34 (Ig domains 2/3), and mAb4G6 (membrane-
proximal Ig domain 6). The antibodies bound to ECs regardless of the epitope proximity to the
plasmalemma, whereas 130 nm diameter nanocarriers only targeted effectively distal domains
(mAb4G6/NCs did not bind to ECs). ECs internalized mAb35, mAb62, and mAbGi34 carriers
regardless of their size (0.13 to 5 um diameter), yet they did not internalize mAb37/NCs. After
internalization, mAb62/NCs trafficked to lysosomes within 2-3 h, whereas mAb35/NCs had
prolonged residence in pre-lysosomal vesicles. Therefore, endothelial binding, endocytosis, and
intracellular transport of anti-PECAM/NCs are epitope-specific. This paradigm will guide the design
of endothelial drug delivery systems providing specific cellular localizations.
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1. Introduction

Targeting of drugs to endothelial cells (ECs) holds promise to optimize diagnostic and
therapeutic means for treatment of vascular, pulmonary and other human diseases, including
acute lung injury, pulmonary hypertension, ischemia—reperfusion, inflammation, oxidative
stress, and thrombosis [1-4]. Conjugation of drugs or their carriers with antibodies that
specifically bind to determinants exposed at the endothelial surface provides an avenue to
achieve this important biomedical goal [5-13]. Selecting targeting antibodies that optimally
deliver drug carriers to certain cellular destinations (e.g., the cell surface vs intracellular
compartments) is a key component of successful drug delivery [1,9,12-19]. The goal of this
work was to study these aspects of drug delivery using as an example prototype polymer carriers
targeted to platelet—endothelial cell adhesion molecule (PECAM)-1.

Among the surface determinants potentially useful for drug delivery to the endothelium,
PECAM-1 (a 130 kDa transmembrane glycoprotein of the Ig superfamily involved in leukocyte
transmigration, angiogenesis and signaling [20-24]) is an attractive candidate target [1-3,5].
PECAM-1 is expressed at high levels (millions of molecules per cell) on ECs, where it
concentrates at the cell-cell border [20,23,25] and is accessible from the circulation [26-32].
PECAM-1 is constitutively expressed on continuous endothelium of all vessel types [20] and,
in contrast to other endothelial determinants, its surface density is relatively stable under
pathologic conditions [2,22,33]. Numerous animal studies have shown that PECAM-1 is a
robust target for drug delivery to either normal or pathologically altered endothelium, e.g., for
prophylactic or therapeutic interventions [2,26-31,34].

ECs do not internalize PECAM-1 antibodies (e.g., mAb62 or mAb4G6 anti-PECAM) [2,30,
34] or anti-PECAM scFv fusion proteins [2,27], which is useful for drug targeting to the
vascular lumen [2,27,30,34]. On the other hand, ECs internalize anti-PECAM conjugates [2,
30] and anti-PECAM-coated nanocarriers (e.g., anti-PECAM/NCs) [34,35] that multivalently
engage PECAM-1 in the endothelial plasmalemma. This multivalent binding initiates a unique
vesicular internalization pathway, cell adhesion molecule (CAM)-mediated endocytosis,
which is distinct from classical clathrin or caveolar endocytosis, phagocytosis and
macropinocytosis [35], and permits intracellular drug delivery of reporter and therapeutic
agents targeted to PECAM-1 [28-30,34,35]. For instance, endothelial targeting of antioxidant
enzymes (e.g., catalase) conjugated with anti-PECAM or loaded to anti-PECAM/NCs provides
antioxidant protection in cell cultures and animal models of pulmonary oxidative stress [26,
28,29,31]. Drug delivery into ECs via PECAM-1 may improve these and other therapeutic
interventions.

Therefore, anti-PECAM/NCs represent a promising platform for intracellular drug delivery to
ECs which constitutes a key requirement for the therapeutic action of many drugs and
biotherapeutics [36]. The understanding of the mechanisms governing the internalization of
anti-PECAM/NC:s is of both basic and applied interest. However, a question that still remains
to be answered is whether internalization by ECs depends on the specific PECAM-1 epitopes
engaged by anti-PECAM/NCs.

Given that active endothelial signaling is necessary for anti-PECAM/NC internalization [35,
37], it seemed plausible that selection of specific PECAM-1 epitopes for anti-PECAM/NC
binding might play a role in the subsequent internalization process that drives intracellular drug
delivery. We utilized multi-label fluorescence microscopy to analyze binding and uptake by
ECs of model polystyrene nanocarriers targeted by monoclonal antibodies to five distinct
epitopes located in different Ig domains in the extracellular region of PECAM-1 [24,25]. We
found that carrier binding to PECAM-1 on the endothelial surface, internalization within ECs,
and subsequent intracellular transport to endosomes and lysosomes depend on the selection of
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the particular extracellular PECAM-1 epitope that is engaged by the multivalent carriers.
Hence, precise targeting to one of the different epitopes of a same endothelial determinant,
PECAM-1, provides a means to achieve delivery of polymer carriers to the cell surface vs
distinct intracellular vesicular compartments (endosomes vs lysosomes) for endothelial drug
delivery.

2. Materials and methods

2.1. Antibodies and reagents

The mouse monoclonal antibodies to human PECAM-1 (mAbs) used in this study were mAb62
and mAb35 (kindly provided by Dr. M. Nakada, Centocor, Malvern, PA), mAbGi34
(AXXORA Platform, San Diego, CA), mAb4G6 and mAb37 [25]. Secondary fluorescent anti-
bodies were from Jackson ImmunoResearch (West Grove, PA). FITC-labeled polystyrene
latex microspheres (0.13, 1, and 5 um diameter) were from Polysciences (Warrington, PA).
Unless otherwise specified, all other reagents were from Sigma-Aldrich (St. Louis, MO).

2.2. Cell culture

Pooled human umbilical vein endothelial cells (HUVECs; Cambrex Corporation, East
Rutherford, NJ), endothelial-epithelial hybrid EAhy926 cells [38], and human mesothelioma
REN cells stably transfected with human PECAM-1 (RhP)were grown in supplemented
medium as described [30,35]. For experiments, cells were seeded and grown to confluence on
either plastic (for radioisotope tracing studies) [30] or gelatin-coated glass coverslips [35].

2.3. Preparation and characterization of anti-PECAM carriers

For anti-PECAM conjugates, antibodies were biotinylated with NHS-LC-biotin (Pierce
Biotech., Rockford, IL), radiolabeled with lodogen (Pierce Biotech., Rockford, IL), and
conjugated by streptavidin as in our prior work [30]. Alternatively, anti-PECAM and control
IgG carriers (anti-PECAM/NCs, 1gG/NCs) were prepared by absorption (non-covalent link)
of one of the different anti-PECAM antibodies (mAb62, mAb35, mAb37, mAb4G6, or
mADbGi34) or non-specific IgG onto FITC-labeled polystyrene particles of several sizes (0.13,
1, or 5 um diameter), as previously described [34,35,37]. By this protocol each targeting
antibody is likely to display an array of different orientations on the particle surface. The
diameter of the anti-PECAM/NC preparations was assessed by dynamic light scattering [34,
37].

To determine the number of antibodies coating the surface of the polystyrene particles, anti-
PECAM was radiolabeled and the amount of 125]-anti-PECAM on the carriers was determined
in a gamma counter after centrifugation (12,000 xg for 5 min) and elimination of non-
bound 123]-anti-PECAM from the supernatant [34,37]. Alternatively, the uniformity of the
anti-PECAM coat on FITC-labeled particles was assessed by incubation with goat anti-mouse
IgG conjugated to Texas red. The samples were washed and imaged by fluorescence
microscopy using an Eclipse TE2000-U microscope provided of a 40x objective and filters
optimized for FITC and Texas red fluorescence (Nikon, Melville, NY). Images were taken
with an Orca-1 CCD camera (Hamamatsu, Bridgewater, NJ) and analyzed using ImagePro 3.0
software (Media Cybernetics, Silver Spring, MD) to quantify the surface fraction of green-
fluorescent FITC-carriers which were stained with the Texas red secondary antibody, as
described [34,35,37]. For each channel, only a fluorescent signal below saturation and above
the threshold value of intensity of the surrounding background was quantified to avoid non-
specific noise.
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2.4. Binding of anti-PECAM to endothelial cells

Binding of the five distinct PECAM-1 antibodies used in this study to endothelial PECAM-1
was quantified by fluorescence activated cell sorting (FACS) in cells in suspension. HUVECs
were grown in gelatin-coated T25 flasks, harvested by trypsin treatment, washed, and incubated
for 1 h at 4 °C in cell media containing 25 pg/ml mAb62, mAb35, mAb37, mAb4G6 or

mADbGi34 antibodies. The cells were then washed in PBS, incubated for 30 min at 4 °C with
FITC-labeled goat anti-mouse secondary antibody, washed again, and finally resuspended in
PBS and analyzed by FACS (Flow Cytometry Facility, The Wistar Institute, Philadelphia, PA).

Alternatively, binding of anti-PECAM was confirmed in confluent adherent monolayers of
HUVECSs by immunofluorescent staining using goat anti-mouse IgG conjugated to Texas red.
The total fluorescent signal per cell was determined by fluorescence microscopy using the
imaging acquisition and analysis setting described above.

2.5. Binding, endocytosis, and intracellular transport of anti-PECAM carriers

To trace binding of PECAM-1 antibodies and anti-PECAM conjugates, HUVECs, EAhy926
and/or RhP cells were incubated with 12%]-labeled counterparts (mAb62, mAb37 and mAb4G6
antibodies or conjugates) for 90 min at 37 °C. After washing unbound material, the isotope
was determined in the cell lysates [30].

In the case of anti-PECAM/NCs, confluent HUVECs were first incubated with FITC-labeled
anti-PECAM/NCs or control IgG/NCs of different sizes (0.13, 1, or 5 um diameter) at 37 °C
for varying periods of time, from 5 min to 3 h. As a control to determine whether the
internalization rate of anti-PECAM carriers may be affected by the sedimentation rate of
carriers with different sizes, HUVECs were first incubated with 0.13, 1, or 5 um diameter
mADbG62 carriers for 30 min at 4 °C to permit only binding, then washed and warmed to 37 °C
to permit internalization of pre-bound carriers. The cells were washed, fixed in cold 2%
paraformaldehyde, and stained with Texas red goat anti-mouse IgG to label non-internalized,
surface located anti-PECAM/NCs as in our prior work [34,35]. The samples were imaged by
fluorescence microscopy as described above and analyzed to quantify double-labeled (Texas
red and green FITC) yellow particles located at the cell surface vs single-labeled green FITC
particles internalized within the cells [34,35]. To estimate particle numbers, the area of specific
fluorescence was normalized to the number of pixels that theoretically correspond to the size
of asingle particle, viewed under the magnification used to take the image [34]. Phase-contrast
was used to delimitate the cell borders.

To examine nanocarrier intracellular transport, HUVECs were treated with anti-PECAM/NCs
as described above. Non-internalized anti-PECAM/NCs were stained using goat anti-mouse
IgG conjugated to blue AlexaFluor 350, followed by permeabilizing cells with 0.2% Triton
X-100 and staining intracellular endosomes with an antibody to early endosome antigen 1
(EEA-1) labeled with Texas red [39,40]. In the case of lysosomes, these were first labeled by
incubating HUVECs with Texas red dextran (10,000 MW), followed by washing and treatment
with anti-PECAM/NCs. The samples were imaged after labeling non-internalized carriers with
blue Alexa Fluor 350 goat anti-mouse 1gG [39,40].

2.6. Statistics

Unless otherwise stated, the data were calculated as the mean * standard error of the mean,
where statistical significance was determined by Student's t test.
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3. Results

3.1. Differential binding of antibodies vs nanocarriers targeted to membrane-distal vs
membrane-proximal PECAM-1 epitopes

Human PECAM-1 consists of a 574 amino acids extracellular region containing six 1g-like
domains, numbered from 1 to 6, from the most membrane-distal to the most membrane-
proximal domain (Table 1), followed by a short hydrophobic transmembrane domain and a
cytoplasmic tail [21]. PECAM-1 molecules in neighboring ECs interact in a homophilic
manner, and specific PECAM-1 epitopes located in this extracellular region and differentially
involved in homophilic PECAM-1 interactions have been identified [25,41,42].

Previous studies showed that mAb62 directed to PECAM-1 Ig domain 1 (Table 1) efficiently
binds to ECs as a monomolecular antibody and also when coupled to sub-micron and micron
size protein conjugates and carriers [24,25,28-31,34,35]. In this study we compared mAb62
with four other mAbs directed to different PECAM-1 extracellular epitopes (Table 1): mAb4G6
binds to membrane-proximal domain 6, mAbGi34 binds between domains 2 and 3, and mAb35
and mAb37 bind to membrane-distal domain 1. Previous works revealed different functional
effects of mAb62, mADb35 and mAb37 on PECAM-1 homophilic interaction (inhibiting,
activating and innocuous, respectively (Table 1)), which indicates that these antibodies bind
to distinct PECAM-1 epitopes in the same domain [25].

FACS analysis using ECs in suspension showed that all five tested mAbs bind to PECAM-1-
positive cells to different degrees (Fig. 1A). Anti-PECAM mAb62 and mAb37 had the highest
binding level (85.5+0.4 and 91.6+0.6 fold over 1gG control), while mAb35 and mAb4G6 bound
to ECs similarly less effectively (30.0+£1.0 and 47.0£1.7 fold over IgG control), despite the fact
that they recognize the most distal and proximal PECAM-1 domains, respectively. Of note,
mMADbGi34 recognizing a middle area of PECAM-1 extracellular region showed the lowest level
of binding to ECs (2.4+0.1 fold over IgG control (Fig. 1A)).

However, it is plausible that binding of anti-PECAM to ECs in suspension, used for FACS
analysis, may not reflect binding in a more physiological situation, e.g., confluent ECs,
particularly because PECAM-1 is involved in homophilic interactions in the cell-cell border.
To discern this, we incubated adherent, confluent ECs with anti-PECAM and analyzed binding
by fluorescence microscopy after fluorescent immunostaining with a secondary antibody. All
five anti-PECAM antibodies bound specifically to confluent monolayers of adherent ECs, yet
their relative binding was more similar to that of mAb62 (Fig. 1B). Only binding of mAbGi34
(which bound very poorly to ECs in suspension) to adherent ECs was significantly lower than
that of mAb62 (70.3+2.7%).

3.2. Nanocarriers and conjugates targeted to membrane-distal vs membrane-proximal
PECAM-1 epitopes display a binding pattern distinct from that of naked anti-PECAM

Somewhat unexpectedly, prototype (130 nm diameter) polystyrene nanocarriers targeted to
PECAM-1 by these five antibodies had a binding pattern different from that of their
corresponding free counterparts (Fig. 2). Binding of anti-PECAM/NCs to ECs was specific vs
that of IgG/NCs used as control (0.7+0.3 particles/cell). Among the nanocarrier formulations,
mAb62/NCs had the highest binding to ECs (222.5+15.2 particles/cell; 305.4+20.8 fold over
IgG/NCs), followed by mAb37/NCs, mAb35/NCs and mAbGi34/NCs (196.2+10.1, 165.8
+9.7, and 125.4+11.5 particles/cell; 269.3+13.8, 227.6+13.3, and 172.1+15.7 fold over 1gG/
NCs, respectively), despite the fact that the two latter antibodies had markedly lower and very
low binding to ECs, respectively (compare Fig. 1 and Fig. 2). In contrast, mAb4G6/NCs did
not bind to ECs (0.7+0.1 particles/cell; 1.0£0.1 fold of IgG/NCs), despite the fact that the
corresponding antibody had relatively effective binding to ECs (compare Fig. 1 and Fig 2).
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We determined whether differences in parameters such as the size of anti-PECAM/NCs, the
number of anti-PECAM antibodies per carrier particle, and the uniformity of the antibody
coating on the particle surface may account for the differences observed regarding binding of
anti-PECAM/NC to ECs. Dynamic light scattering, isotope tracing of 12°I-anti-PECAM/NCs,
and fluorescence microscopy of anti-PECAM on the surface of FITC- nanocarriers using goat
anti-mouse 1gG conjugated to Texas red, respectively, revealed that anti-PECAM/NCs ranged
from 156+3.7 to 285+11.8 nm in diameter and presented from 181+15.8 to 249+3.5 antibody
molecules per particle, which were distributed in a uniform manner onto the particle (from
95.2+2.3% to 91.5+3.7% of the surface area) (Table 2). We did not find a correlation between
binding of anti-PECAM/NCs to ECs and these parameters (compare Table 2 and Fig. 2B).

It is tempting to speculate that ineffective binding of mAb4G6/NCs to ECs may then be due
to spatial inaccessibility of the corresponding PECAM-1 membrane-proximal epitope to carrier
particles. This notion is supported by the fact that streptavidin conjugation of radiolabeled,
biotinylated mAb4G6 also suppressed binding to PECAM-1 expressing cells (by ~50%)
compared to the non-conjugated biotinylated antibody (Supplement 1A). In contrast,
streptavidin conjugation stimulated binding of biotinylated mAb62 directed to the most
membrane-distal PECAM-1 domain (2.6+0.1 fold of the non-conjugated biotinylated mAb,
Supplement 1A). Such inhibitory effect of streptavidin conjugation on binding of biotinylated
mAb4G6 was also observed in diverse PECAM-1 positive cell types tested, including
HUVECSs, as well as the endothelial-epithelial hybrid cell line, EAhy926, and PECAM-1
transfected mesothelioma REN cells (RhP) (Supplement 1B).

3.3. Role of targeting specific PECAM-1 extracellular domains in the endothelial
internalization of anti-PECAM nanocarriers

We have previously shown using radioactive tracing that naked PECAM-1 antibodies to either
membrane-distal (mADb62) or membrane-proximal (mAb4G6) domains are not internalized by
PECAM-1 positive cells (e.g., HUVECs or RhP cells) despite effective binding to the cell
surface [30,34].

We then used double-label fluorescence microscopy to test internalization of anti-PECAM/
NCs incubated for 1 h at 37 °C with ECs (Fig. 3A). Results of the image analysis (performed
as described [34,35,37]) were expressed as internalization percent relative to the rate of
internalization of mAb62/NCs (Fig. 3B), a formulation that has been extensively utilized in
our previous studies and consistently showed high level of internalization (73.1£2.2% of cell-
associated mAb62/NCs or 162.6£11.1 mAb62/NCs per cell in this study). Both mAb4G6/NCs
and IgG/NCs, which showed no appreciable binding (Fig. 2), were excluded from this and
subsequent studies.

Internalization of mAb35/NCs was marginally lower than that of mAb62/NCs (89.7+1.4% of
mAb62/NCs level), whereas mAbGi34/NCs directed to domains 2/3 were internalized by ECs
even more effectively than mAb62/NCs (124.5+6.5% of mAb62/NCs level). Unexpectedly,
mAb37/NCs (which had a level of endothelial binding similar to that of other anti-PECAM/
NCs targeted to domain 1 (Fig. 2)), was internalized by ECs at a very low level, 21.0+1.3% of
mAb62/NCs (Fig. 3B).

As in the case of binding, we did not find a correlation between the internalization of anti-

PECAM/NCs by ECs and measured parameters such as the size of anti-PECAM/NCs, or the
number of anti-PECAM antibodies per carrier particle (compare Table 2 and Fig. 3B).
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3.4. Endothelial internalization of anti-PECAM carriers is effective in a wide size range of

carriers

We compared uptake by ECs of “internalizable” mAb62-coated anti-PECAM carriers prepared
using model polymer spheres of the same chemistry, yet varying in diameter from 130 nm to
5 um. To avoid potential differences in the internalization rate of mAb62 carriers due to distinct
sedimentation rates of carriers with different sizes, cells were first incubated with mAb62
carriers at 4 °C to permit only binding of the carriers to the cell surface, followed by washing
non-bound carriers and warming cells to 37 °C to permit internalization of pre-bound carriers.
Implementation of this method revealed a similar level of internalization of mAb62 carriers
regardless of their size (Fig. 4A and B). Although 130 nm diameter mAb62 showed detectably
faster rate of internalization than micron size counterparts (t;/,~25min, vs 34min and 43min,
for 1 and 5 um respectively), similar maximal level of internalization (~80%) was attained by
anti-PECAM carriers of all tested sizes shortly after 1 h of incubation (Fig. 4B).

Efficient internalization of micron size carriers was consistent with all types of internalizable
anti-PECAM/NCs, e.g., ECs internalized equally well mAb62/NCs, mAb35/NCs and
MADbGIi34/NCs with diameter of 0.13, 1 or 5 um (Fig. 4C). Taken together with data shown
above, this result indicates that internalization of anti-PECAM carriers is predominantly
dictated by binding to specific accessible PECAM-1 epitopes rather than the carrier size.

3.5. Role of targeting specific PECAM-1 extracellular domains in the intracellular transport
of anti-PECAM nanocarriers

Following internalization, the majority of mAb62/NCs were transported to dextran-labeled
lysosomal compartments in ECs within 3 h (67.5£2.3%; Fig. 5A), confirming our previous
work [29,39]. However, unexpectedly, transport to lysosomes of internalized mAb35/NCs was
significantly decreased (17.5£1.8% at 3 h; Fig. 5A).

Delayed transport to lysosomes may be due to prolonged residence of internalized carriers in
pre-lysosomal compartments, as we have recently observed for nanocarriers of different
geometries targeted to a related adhesion molecule, ICAM-1 [54]. Therefore, we examined the
co-localization of internalized anti-PECAM/NCs with a marker of early endosomes (early
endosome antigen 1 or EEAL; Fig. 5B). We found that, consistent with the rate of their transport
to lysosomes, mAb62/NCs appeared in the endosomal fraction at earlier time points after
internalization (27.1£1.9% at 1 h) and rapidly disappeared from this location (10.4+1.4% at 2
h),whereas mAb35/NCs entered slowly early endosomes (2.4+0.6% at 1 h) and resided in pre-
lysosomal compartments for prolonged periods of time (19.6+2.6% co-localization in early
endosomes at 2 h). These results indicate that, although the internalization rate of mAb35/NCs
is similar to that of mAb62/NCs, the intracellular transport of mAb35/NCs is considerably
slower. Confirming this, mAb35/NCs only appeared in the lysosomal fraction at 5 h after
internalization (42.9£3.0%). As a negative control, mAb37/NCs were not visualized within
endosomes or lysosomes at the times tested (Fig. 5A and C), confirming the lack of
internalization of these nanocarriers.

Once again, we did not find a correlation between intracellular transport of anti-PECAM/NCs
and the size of anti-PECAM/NCs or the number of anti-PECAM antibodies per carrier particle
(compare Table 2 and Fig. 5).

4. Discussion

Intracellular drug delivery is an important goal of modern bio-medicine [2,3,9,14,18,19,36,
43-45]. One of the current paradigms for intracellular drug delivery is based on identification
of surface determinants that support internalization by active endocytic processes that involve
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plasmalemma invagination and vesiculization [18,19,36,46,47]. For this purpose, selection of
the target molecule is thought to be a key. For example, endothelial determinants localized in
caveoli (e.g., gp60 [48,49]) or in clathrin-coated pits (e.g., transferrin receptor [10,50]) have
been shown to support constitutive and ligand-stimulated endocytosis.

Our previous studies suggest that this paradigm may be overly simplistic, at least for some
ligands. We have shown that antibody-mediated nanocarrier binding to two constitutive
endothelial cell adhesion molecules (PECAM-1 and inter-cellular adhesion molecule-1
(ICAM-1)) triggers an unconventional mechanism for internalization. Despite the fact that ECs
do not internalize anti-PECAM or anti-ICAM, multivalent anti-CAM conjugates and
nanocarriers effectively enter ECs via CAM-mediated endocytosis, a unique mechanism
distinct from previously known internalization pathways [35]. Since certain PECAM-1
functions (e.g., PECAM-1 homophilic binding) are mediated by specific domains of its
extracellular region [25,41,42], it seemed reasonable to determine if PECAM-mediated
internalization, driving intracellular delivery of anti-PECAM nanocarriers, is also affected by
the site of antibody binding.

To address this issue we used a panel of five monoclonal antibodies directed to distinct
PECAM-1 epitopes (Table 1). We found that binding of the non-conjugated antibodies to ECs
in suspension varied considerably (e.g., lowest binding was for mAbGi34 (Fig. 1A)). However,
all antibodies (except for a slight difference observed for mAbGi34) bound with relatively
similar efficiency to adherent confluent ECs (Fig. 1B), which suggests a more accessible
conformation of PECAM-1 exposed in this more physiological model.

In the case of 130 nm polymer particles and conjugates carrying multiple copies of these
antibodies (anti-PECAM/NCs and anti-PECAM conjugates), the binding profile was quite
different (Fig. 1 and Fig. 2, and Supplement 1). Anti-PECAM/NCs and conjugates of mAb4G6,
directed to PECAM-1 domain 6, showed no appreciable binding to ECs and other cell types
expressing PECAM-1. Given the lack of correlation between the size and antibody surface
density of anti-PECAM/NCs used in this study and the binding of these particles to ECs (Table
2), the differences observed are likely due to the inaccessibility of membrane-proximal epitopes
to the carriers and conjugates.

However, the binding differences between the most and least effective nanocarriers did not
exceed 30% among the other anti-PECAM/NC formulations. This result implies that formation
of multivalent anti-PECAM/NCs increases the effective affinity of binding to accessible
epitopes, thus minimizing differences between antibodies. This outcome is similar to that
observed in our previous work testing targeting to another endothelial CAM, ICAM-1. For
instance, the affinity of anti-ICAM/NCs exceeded that of the corresponding anti-ICAM by
~100 fold [51]. Binding of anti-ICAM/NCs to cytokine-activated ECs exceeded that to
quiescent ECs less than 30%, whereas anti-ICAM bound to cytokine-activated ECs
approximately 100-fold better than to quiescent ECs [40,52].

The most striking finding in this study is the observation that, despite binding similarly to the
other anti-PECAM/NCs, nanocarriers targeted by mAb37 were markedly inhibited in their
ability to stimulate internalization. This observation could not be explained by differences
among the size and antibody surface density of mAb37/NCs and that of the internalizable anti-
PECAM/NC counterparts (Table 2 and Fig. 3). This result indicates that the epitope recognized
by antibody-coated nanocarriers may be critical in determining its ultimate surface vs
intracellular localization. There appears to be a high degree of specificity in this regulation,
since the epitope for mAb37 is located in the same Ig domain as that of mAb62 and mAb35,
both of which were able to trigger nanocarrier internalization (Fig. 3). In addition, there is
specificity of regulation of intracellular transport of anti-PECAM/NCs, reflected by the fact
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that mAb62/NCs were transported to lysosomes within 3 h, whereas mAb35/NCs resided in
pre-lysosomal compartments for prolonged periods of time (Fig. 5).

The exact mechanisms of these effects are not known. It has been shown that binding of mAb35
and mAb62 to PECAM-1 Ig domain 1 affects PECAM-1 homophilic interaction, whereas
mAb37 (also binding PECAM-1 Ig domain 1) does not [25]. In an independent study, mAb62
was shown to alter development of lung alveoli in rodents, in contrast to mAb37 which did not
affect this process [53]. It is possible that binding of mAb35 and mAb62 to endothelial
PECAM-1 may induce key signaling events required for internalization, while binding of
mADb37 does not (the functional characteristics of mAbGi34 are not known). The fact that
mADb62 inhibits PECAM-1 homophilic interaction, whereas mAb35 activates this, suggests a
different regulatory role of the PECAM-1 epitopes targeted by these two antibodies. This could
explain the differential lysosomal transport of carriers targeted by mAb62 vs mAb35, yet the
mechanism governing such a regulation remains to be determined.

Interestingly, the epitope engaged and “stimulated” by anti-PECAM/NCs seems to play a more
important role in determining the efficacy of internalization and intracellular transport of these
carriers into ECs than other design parameters such as carrier size: polymer particles carrying
anti-PECAM mAb62, mAb35 and mAbGi34 whose size ranged from0.13 to 5 um were
similarly internalized by ECs (Fig. 4). This is in agreement with our recent observation that
endocytosis of carriers targeted to ICAM-1, which also mediates endocytosis via the CAM-
mediated pathway, is mainly limited by carrier shape (spherical vs elliptical disks or irregular
protein conjugates) and not by carrier size. For instance, ECs were able to internalize anti-
ICAM spherical carriers of several micrometers in size [54].

This is, to the best of our knowledge, the first report showing differential endothelial binding
and surface vs intracellular (endosomal vs lysosomal) destination of nanocarriers targeted to
specific epitopes of the same target, which is precisely a non-internalizable cell adhesion
molecule. Only a few previous studies compared targeting and effects of antibodies directed
to distinct epitopes of the same endothelial determinant. For example, Balyasnikova et al.
[13] examined targeting of five monoclonal antibodies recognizing different epitopes on rat
angiotensin-converting enzyme (ACE), an endothelial determinant involved in the regulation
of the blood pressure extensively utilized as a target for specific delivery of drugs to the
pulmonary vasculature [13]. Interestingly, efficacy of endothelial binding and potency of ACE
inhibition were distinctly epitope-dependent [11,13]. However, contrarily to our results, these
authors found that the ability of targeting antibodies to induce internalization by ECs was
similar between all five different antibodies binding to the same target [13]. Of note, ECs are
known to internalize monomolecular anti-ACE [55] in contrast to anti-PECAM that is not
internalizable unless coupled to a multivalent carrier [30].

In conclusion, this study shows the importance of epitope specificity on the endothelial delivery
of targeted nanocarriers. The efficacy of endothelial binding, internalization, and intracellular
transport of model multivalent polymer carriers targeted to PECAM-1 is very dependent on
the specific extracellular epitope of PECAM-1 that is targeted. This new finding can be used
as a design parameter to modulate binding, as well as surface vs intracellular destination and
rate of intracellular transport of endothelial drug delivery vehicles.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Binding of monoclonal antibodies targeted to distinct PECAM-1 extracellular epitopes in
endothelial cell cultures

A: Relative binding of anti-PECAM antibodies to HUVECs in suspension, analyzed by FACS
and represented as mean fluorescence intensity values normalized to mAb62. Data are mean
+ SD (n = 2). B: Relative binding of anti-PECAM antibodies to confluent, adherent HUVEC
monolayers, tested by indirect immunostaining and analyzed by fluorescence microscopy. The
mean fluorescence intensity for the different anti-PECAM antibodies are compared to that of
mADb62. Data are mean+SEM (n>10 cells).
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Fig. 2. Binding of anti-PECAM/NCs targeted to five distinct PECAM-1 extracellular epitopes in
endothelial cells

A: HUVECs were incubated for 1 h at 37 °C with either 130nm diameter FITC-labeled control
IgG/NCs or each one of five indicated anti-PECAM/NCs targeted to different PECAM-1
epitotes, then washed, fixed, and analyzed by fluorescence microscopy. The dotted line has
been drawn from comparison of the fluorescent images to their phase-contrast counterparts to
mark the cell borders. Scale bar=10 um. B: Quantification of the number of green-fluorescent
nanocarriers bound per cell. Data are mean+SEM (n > 25 cells). The dashed line indicates the
binding level of control IgG/NCs. * p<0.05, ** p<0.001, by Student's t test (compared to
mADb62/NCs).
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Fig. 3. Differential internalization within endothelial cells of anti-PECAM/NCs which target four
distinct PECAM-1 extracellular epitopes

A: HUVECs were incubated for 1 h at 37 °C with the indicated 130 nm diameter FITC-labeled
anti-PECAM/NCs, washed, fixed, and incubated with Texas red goat anti-mouse I1gG to
counterstain non-internalized nanocarriers on the cell surface. Merged fluorescence
microscopy images of the samples show internalized anti-PECAM/NCs as single-labeled green
particles (arrows) vs surface-bound, double-labeled (yellow) anti-PECAM/NCs particles
(arrow-heads). The dotted line has been drawn from comparison of the fluorescent images to
their phase-contrast counterparts to mark the cell borders. Scale bar=10 pm. B: Internalization
was quantified as percent of internalized anti-PECAM/NCs relative to total number of particles
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associated to cells, and normalized to previously described mAb62/NCs. Data are mean+SEM
(n=>25 cells). * p<0.05, ** p<0.001, by Student's t test (compared to mAb62/NCs).
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Fig. 4. Efficient internalization of sub-micron and micron size anti-PECAM carriers which target
three “permissive” PECAM-1 extracellular epitopes
A: HUVECs were incubated at 4 °C in the presence of 0.13 um or 5 um diameter FITC-labeled
carriers targeted by anti-PECAM mAb62 to permit carrier binding but not internalization. The
cells were then washed and warmed to 37 °C either for 15 min, 1 h, or 3 hto allow internalization
of pre-bound carriers. The cells were washed, fixed, and incubated with Texas red goat anti-
mouse IgG which labels surface-bound carriers (yellow particles, arrowheads) vs internalized
counterparts (green particles, arrows). Magnification bar= 10 um. B: Quantification of the
internalization kinetics of pre-bound mAb62 carriers of several sizes (0.13, 1 and 5 um
diameter) by HUVECs. C: Internalization of FITC-labeled carriers of various sizes (0.13, 1
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and 5 um diameter) targeted to PECAM-1 by mAb62, mAb35 or mAbGi34 after incubation
with HUVEC for 1 h at 37 °C. Data in B and C are mean+SEM (n>25 cells).
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Fig. 5. Intracellular transport of anti-PECAM/NCs internalized by endothelial cells

A: Fluorescence microscopy was used to examine the trafficking in HUVECSs of 130 nm
diameter FITC-labeled (green) anti-PECAM/NCs to Texas red dextran positive lysosomes, or
B: EEA-1-positive early endosomes detected by fluorescent labeling with anti-EEA1. Non-
internalized carriers were stained by blue Alexa Fluor 350 goat anti-mouse IgG, whereas
endosomal or lysosomal co-localization was visualized as yellow. Data are mean+SEM (n>25
cells). * p<0.05, ** p<0.001, by Student's t test (compared to mAb62/NCs).
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Antibody Isotype PECAM-1 domain PECAM-1 adhesion
mAb62 1gG2a 1 Inhibition

mAb35 1gG1 1 Augmentation
mAb37 1gG1 1 No effect

mAbGi34 1gG1 2/3 Not known

mAb4G6 19G2b 6 Augmentation
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Table 2
Characterization of anti-PECAM/NCs
Anti-PECAM-1 Size of anti-PECAM/NCs Anti-PECAM Anti-PECAM coating
molecules per particle (% particle surface)
Diameter (nm) Polydispersity
mAb62 229+9.0 0.19+0.01 249+3.5 95.2+2.3%
mAb35 285+11.8 0.19+0.01 181+15.8 91.5+3.7%
mAb37 245+7.0 0.16+0.01 218+1.4 92.1+2.3%
mAbGi34 156+3.7 0.14+0.02 N/D 92.5+1.9%
mAb4G6 211+21.1 0.14+0.01 206+2.1 92.9+1.4%

The size of the particles prior to coating anti-PECAMwas 130+0.7 nm (polydispersity=0.09+0.003).
Data are mean+SEM (n>3).

N/D: not-determined.
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