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Platelet-endothelial cell adhesion
molecule-1 (PECAM-1), a transmembrane
glycoprotein involved in leukocyte trans-
migration, represents a good target for
endothelial drug delivery (eg, using
antibody-directed nanocarriers, anti-
PECAM/NCs). Although endothelial cells
do not internalize PECAM antibodies,
PECAM-1 engagement by multivalent anti-
PECAM conjugates and nanocarriers
causes endocytosis via a nonclassic
CAM-mediated pathway. We found that
endothelial uptake of multivalent anti-
PECAM complexes is associated with

PECAM-1 phosphorylation. Using model
REN cells expressing a series of PECAM-1
deletion and point mutants, we found that
the PECAM-1 cytoplasmic domain and, more
precisely, PECAM-1 tyrosine 686, is critical
in mediating RhoA activation and recruit-
ment of EGFP-RhoAto anti-PECAM/NC bind-
ing sites at the plasmalemma, actin polymer-
ization into phalloidin-positive stress fibers,
and finally CAM endocytosis of anti-PECAM/
NCs. Endothelial targeting and endocytosis
of anti-PECAM/NCs were markedly efficient
and did not compromise endothelial barrier
function in vitro (determined by immuno-

staining of VE-cadherin and 125I-albumin
transport across endothelial monolayers) or
in vivo (determined by electron microscopy
imaging of pulmonary capillaries and
125I-albumin transport from the blood into
the lung tissue after intravenous injection of
anti-PECAM/NCs in mice). These results re-
veal PECAM-1 signaling and interactions
with the cytoskeleton, which are required
for CAM-endocytosis, and may provide safe
intra-endothelial drug delivery by anti-
PECAM/NCs. (Blood. 2008;111:3024-3033)

© 2008 by The American Society of Hematology

Introduction

Endothelial cell adhesion molecules (CAMs) play an important
role in blood-tissue transport, cellular recognition, signaling, and
inflammation1-5 and represent good candidate target determinants
for drug delivery to endothelium (eg, using antibodies and antibody
fragments conjugated to drugs or drug nanocarriers).6,7 This is the
case for platelet endothelial cell adhesion molecule-1 (PECAM-
1),8 a member of the immunoglobulin superfamily of transmem-
brane proteins, found on platelets, most leukocytes, and primarily
in endothelial cells, where it concentrates at the cell-cell border.8,9

PECAM-1 consists of a 574-amino acid extracellular domain
containing 6 Ig-like repeats, a short hydrophobic transmembrane
domain, and a long cytoplasmic tail.10 The gene for human
PECAM-1, located at chromosome 17, is composed of 16 exons,
with exons 3 to 8 encoding each of the 6 extracellular Ig-like
domains, exon 9 encoding the transmembrane region, and 6 short
exons (exons 10-16) encoding the complex cytoplasmic tail.10 The
extracellular region supports leukocyte anchoring and transmigra-
tion during inflammation11; hence, blocking PECAM-1 extracellu-
lar domain has anti-inflammatory effects, a secondary benefit of
endothelial drug delivery strategies targeted to this molecule.6,7

Endothelial cells do not internalize anti-PECAM12 or monova-
lent anti-PECAM scFv fusion proteins,13 which thus provide drug
targeting to the endothelial surface.12,13 However, paradoxically,
endothelial cells internalize anti-PECAM protein conjugates12 and

anti-PECAM coated nanocarriers (eg, anti-PECAM/NCs) that
multivalently engage the extracellular domain of PECAM-1.14,15

This induces a unique vesicular transport pathway known to as
CAM-mediated endocytosis,15 distinct from classic mechanisms of
clathrin or caveolar endocytosis, which typically operate in endothe-
lial cells,15,16 permitting intracellular drug delivery of reporter and
therapeutic agents.12,14,17,18

CAM-mediated endocytosis requires signaling via the Rho-
dependent kinase ROCK15,19 and actin stress fiber formation,15,19

suggesting signaling from PECAM-1 to the cytoskeleton after
multivalent engagement of its extracellular domain. This seems
somewhat similar to the central role played by Rho GTPases in the
cytoskeletal changes that take place in endothelium after multiva-
lent attachment of leukocytes to endothelial CAMs, which regulate
the assembly of actin stress fibers accompanied by an increase in
endothelial permeability.20 However, it is unknown whether
PECAM-1 engagement by leukocytes induces Rho activation.

These and some other functions of PECAM-1 are associated
with rearrangements of the cellular cytoskeleton,21-27 but the
mechanisms that mediate these events are not well understood. It is
probable that the PECAM-1 cytoplasmic domain is required to
relay signals from its extracellular domain (“outside-in” signaling).
For instance, reversible phosphorylation/dephosphorylation of
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tyrosine residues 663 and 686 within an immunoreceptor tyrosine-
based inhibitory motif in the PECAM-1 cytoplasmic tail has been
associated to endothelial signaling, cell recognition, permeability
barrier function, and flow sensing.24,25,28,29 However, the role of the
cytoplasmic tail in regulating PECAM-1 signaling and interactions
with the endothelial cytoskeleton during CAM endocytosis, which
are critical for PECAM-1-targeted drug delivery into the endothe-
lium, remains unknown.

In this study, we explored the role of the PECAM-1 cytosolic
domain in actin reorganization required for CAM-mediated endocy-
tosis of anti-PECAM/NCs. We demonstrated that engagement of
PECAM-1 by multivalent anti-PECAM complexes, but not mono-
molecular anti-PECAM, induced PECAM-1 tyrosine phosphoryla-
tion in endothelial cells. Using REN cells (an endothelial-like cell
line derived from human mesothelioma that lacks native PECAM-
121,30) transfected with either wild-type PECAM-1 or a series of
PECAM-1 cytosolic domain mutants,9,22,31-33 we identified
PECAM-1 cytosolic amino acid Y686 as critical for signaling
leading to RhoA activation, actin stress fiber formation, and
internalization of anti-PECAM/NCs. Importantly, these events
leading to intracellular transport of anti-PECAM/NCs by CAM-
mediated endocytosis operated in endothelial cells in vitro and in
vivo without disruption of the permeability barrier, indicating the
safety of this approach for endothelial drug delivery purposes.

Methods

Antibodies and reagents

Monoclonal antibodies to human and mouse PECAM-1 were mAb62 (a gift
of Dr Nakada, Centocor, Malvern, PA) and 4G6,34 and Mec13.3 (Santa Cruz
Biotechnology, Santa Cruz, CA), respectively. Mouse monoclonal antiphos-
pho tyrosine-horseradish peroxidase (HRP) (PY99) was from Santa Cruz
Biotechnology. Rabbit anti-VE cadherin H72 was from Santa Cruz
Biotechnology. Secondary antibodies were from Jackson ImmunoResearch
(West Grove, PA). Alexa Fluor 594 phalloidin was from Invitrogen
(Carlsbad, CA). Fluorescein isothiocyanate (FITC)-labeled 100-nm
diameter polystyrene latex microspheres were from Polysciences (War-
rington, PA). Rho activation assay kit was purchased from Upstate
Biotechnology (Lake Placid, NY). All other reagents were from
Sigma-Aldrich (St Louis, MO).

Cell lines

Pooled human umbilical vein endothelial cells (HUVECs; Cambrex, East
Rutherford, NJ) were maintained in culture and seeded for experiments as
described.15 The human mesothelioma REN cells used in this work, either
those that do not express PECAM-1 or those stably transfected with human
wild-type PECAM-1 (RhP) or mutant PECAM-1 isoforms, have been
previously described.9,22,31-33 Briefly, REN cells transfectants expressing
mutant PECAM-1 were (Figure 1A): �CD, lacking the entire PECAM-1
cytoplasmic domain; �11-16 and �15-16, in which these specific exons
have been deleted; and Y663F or Y686F, in which tyrosine residues 663 or
686 were changed to phenylalanine.

Preparation of multivalent anti-PECAM complexes

Multivalent anti-PECAM mAb62 conjugates (�290 nm in diameter) were
prepared by crosslinking biotinylated anti-PECAM with streptavidin (90%
unlabeled, 10% rhodamine labeled) as described.12,17 Multivalent nanocar-
riers were prepared by coating anti-PECAM mAb62 on the surface of
FITC-labeled 100-nm diameter polystyrene beads by surface absorption as
in our prior works.14,15 For in vivo experiments, radiolabeled anti-PECAM/
NCs contained a mix of anti-PECAM Mec13.3 and 125I-IgG at 95:5 molar
ratio.35 The effective diameter of anti-PECAM/NCs determined by dynamic

light scattering after sonication to prevent particle aggregation, was
approximately 200 nm.

PECAM-1 expression

Total PECAM-1 expression levels were determined from cell lysates of
confluent REN or PECAM-1-transfected REN cells by Western blot, using
10 �g total cell protein electrophoresed on a reducing 6% polyacrylamide
gel, and then transferred to polyvinylidene difluoride membranes and
blotted with mouse anti–human PECAM-1 mAb62 and HRP-conjugated
goat anti–mouse antibody. PECAM-1 protein bands were quantified by
densitometry using computer-assisted image analysis, and the results were
corrected to �-actin levels, used as a loading control. Cell-surface
PECAM-1 was immunostained for fluorescence microscopy and quantified
by fluorescence-activated cell sorting (Flow Cytometry Facility, Wistar
Institute, Philadelphia, PA) of REN or transfected REN cells, using mouse
anti–human PECAM-1 mAb62 or 4G6, followed by FITC-conjugated goat
anti–mouse IgG.

PECAM-1 phosphorylation and GTPase activation

HUVECs and REN cells were incubated with control medium or medium
containing monomolecular anti-PECAM antibody, or multivalent anti-
PECAM/conjugates or anti-PECAM/NCs for 5 minutes, 15 minutes, or
1 hour (as indicated) at 37°C, then washed and lysed. For phosphorylation

Figure 1. Expression of human PECAM-1 isoforms by REN cells. (A) Schematic
representation of full-length PECAM-1 and different truncated and point mutant
isoforms. TD indicates transmembrane domain; CD, cytoplasmic domains; RhP,
full-length human PECAM-1. The 6 Ig-like extracellular domain, equal for all
constructs, are not shown. �CD is a construct lacking the entire PECAM-1
cytoplasmic domain. �11-16 and �15-16 are truncated constructs in which these
specific exons have been deleted. Specific point mutations are shown in exons 13
and 14 for Y663F and Y686F isoforms. (B) Immunobloting of full-length wild-type and
mutant PECAM-1 isoforms expressed in REN cells. Proteins were extracted from
transfected and nontransfected REN cell lysates and immunoblotted with monoclonal
anti-PECAM 4G6 to human PECAM-1. Beta-actin was used as a control for protein
loading. Protein molecular weight markers (in kilodaltons) are shown on the left.
Nontransfected REN cells do not express PECAM-1 (REN�/�, lane 1). (C) Cell-
surface expression of PECAM-1 was determined by FACS using mouse anti-human
PECAM-1 monoclonal antibodies. Mean fluorescence intensity values were normal-
ized to PECAM-1 expression level for RhP (n � 3; *P � .01, **P � .001 to RhP).
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studies, Western blot analysis was performed from total proteins separated
on a 4% to 15% polyacrylamide gel, and protein bands were revealed using
either HRP-mouse monoclonal antiphosphotyrosine (anti-pY) and goat
polyclonal anti-PECAM followed by HPR-labeled anti–goat IgG. Activa-
tion of Rho by anti-PECAM/NCs in REN cells was assessed using a commercial
pull-down kit (Rho activation assay kit, Upstate Biotechnology), which uses
immunoprecipitation of activated Rho followed by Western blot analysis,
according to the manufacturer’s protocol. Activated Rho was normalized to total
Rho in the corresponding cell lysate for each treatment.

Endocytosis of anti-PECAM/NCs, RhoA recruitment, and
cytoskeleton rearrangements

Confluent REN cells expressing wild-type PECAM-1 (RhP) or mutant
PECAM-1 isoforms were incubated at 37°C for the indicated periods of
time with anti-PECAM/NCs, either in control medium or medium contain-
ing 3 mM amiloride (an inhibitor of CAM-mediated endocytosis). Cells
were washed, fixed in cold 2% paraformaldehyde, and stained with Texas
red goat anti–mouse IgG to label noninternalized, surface located anti-
PECAM/NCs. The samples were mounted on glass slides with Mowiol
(EMD Chemicals, Gibbstown, NJ) and viewed with a Nikon (Melville, NY)
Eclipse2000-U inverted microscope using filters optimized for FITC and
Texas Red and a 40�/1.0 oil Ph3 0.17 PlanApo objective (Nikon). Images
were obtained using an Orca-1CCD camera (Hamamatsu, Bridgewater,
NJ), analyzed using ImagePro 3.0 software (Media Cybernetics, Silver
Spring, MD), and processed with Adobe Photoshop 6.0 (Adobe Systems,
San Jose, CA). With this protocol, nanocarriers bound to the cell surface are
double-labeled (yellow particles) in merged fluorescence images, whereas
single-labeled green particles represent internalized nanocarriers. Sonica-
tion of anti-PECAM/NCs before incubation with the cells (necessary to
prevent particle aggregation, which would prevent endocytosis) renders a
minor fraction of free anti-PECAM in the NC preparation, which is not
endocytosed and, hence, appears as diffuse reddish staining on the cell
surface. The presence of this fraction does not affect quantification of
particulate anti-PECAM/NCs, which are analyzed automatically from
merged images to obtain the percentage of internalized anti-PECAM/NCs
with respect to the total number of particles associated to the cells.15

For assays testing RhoA recruitment to anti-PECAM/NCs binding sites
in the plasmalemma, RhP or �CD cells were transfected using lipofectin
(Invitrogen) and a vector encoding for EGFP tagged RhoA (EGFP-RhoA, a
gift from Dr A. Kazi, University of Pennsylvania, Philadelphia, PA). Eight
hours after transfection, the cells were incubated for 15 minutes at 37°C
with nonfluorescent anti-PECAM/NCs (1 �m diameter, to enhance Rho
recruitment), washed, fixed, and imaged by fluorescence microscopy.

Alternatively, to stain the actin cytoskeleton, cells were permeabilized
with 0.2% Triton X-100, incubated with phalloidin conjugated to red Alexa
Fluor 954, and analyzed by fluorescence microscopy to determine the
increase in phalloidin-stained filamentous actin induced by
anti-PECAM/NCs.

Effects of anti-PECAM/NCs on endothelial monolayer integrity
and permeability

Confluent HUVEC monolayers were incubated at 37°C with either control
medium or medium containing anti-PECAM/NCs for 15 or 60 minutes,
followed by fluorescent immunostaining of VE-cadherin to image effects
on the endothelial cell-cell adherens junctions. Alternatively, transport of
125I-labeled bovine serum albumin (BSA) across HUVEC confluent mono-
layers growing on 0.4-�m-pore transwell filters (from the top to the bottom
chamber) was assessed in the absence or presence of either anti-PECAM/
NCs or control IgG/NCs as an indication of the status of the endothelial
permeability barrier. Thrombin (100 nM) served as a positive control for
disruption of the monolayer integrity. Samples were mounted on glass
slides with Mowiol (EMD Chemicals) and viewed with a Nikon
Eclipse2000-U inverted microscope using filters optimized for FITC and
Texas Red and a 40�/1.0 oil Ph3 0.17 PlanApo objective (Nikon). Images
were obtained using an Orca-1CCD camera (Hamamatsu), analyzed using
ImagePro 3.0 software (Media Cybernetics), and processed with Adobe
Photoshop 6.0 (Adobe Systems).

Pulmonary targeting and effects of anti-PECAM/NCs

Anesthetized C57Bl/6 male mice were injected intravenously with 125I-
labeled anti-PECAM or control IgG particles (�1.3 mg IgG per kg of body
weight), and blood, brain, kidneys, heart, liver, lungs, and spleen were
collected at death 30 minutes after injection. The radioactivity and weight
of the samples were determined to estimate the accumulation of anti-
PECAM/NCs versus IgG/NCs as percent of injected dose per gram of organ
(% ID/g), localization ratio (LR, ID/g calculated as organ-to-blood ratio),
and immunospecificity index (ISI), calculated as the LR ratio of targeted
versus nontargeted NCs.

To confirm internalization of anti-PECAM/NCs by endothelial cells in
vivo, mice injected with nonradiolabeled counterparts were perfused first
with phosphate-buffered saline and then with fixative (2.5% glutaralde-
hyde, 4% paraformaldehyde in 0.1 M Na cacodylate buffer) through the left
ventricle while maintained under ventilation, and lung samples were
collected and processed for transmission electron microscopy (Biomedical
Imaging Facility, University of Pennsylvania, Philadelphia, PA).

Alternatively, mice were anesthetized and injected intravenous with
125I-labeled BSA in the absence or presence of either anti-PECAM/NCs or
control IgG/NCs, to determine whether pulmonary accumulation of anti-
PECAM/NCs causes pulmonary edema. Mice injected with tumor necrosis
factor� (TNF�) (5 �g per mouse) served as a positive control for
pulmonary edema. Three hours after injection, animals were killed and the
radioactivity in lungs and blood isolated from the retro-orbital plexus was
measured to calculate BSA lung-to-blood ratio.

All animal studies were performed in accordance with the Guide for the
Care and Use of Laboratory Animals and were approved by the University
of Pennsylvania IACUC committee.

Statistics

Unless otherwise stated, the data were calculated as the mean plus or minus
SD, where statistical significance was determined by Student t test.

Results

Multivalent engagement of PECAM-1 induces tyrosine
phosphorylation in endothelial cells

Endothelial cells do not internalize anti-PECAM antibodies but
efficiently internalize multivalent anti-PECAM complexes via
CAM-mediated endocytosis,12,14,15,19 a process induced by
PECAM-1 cross-linking leading to actin remodeling.15,19 To ex-
plore the PECAM-1 signaling mechanism associated with CAM-
mediated endocytosis, we first examined phosphorylation of the
PECAM-1 cytoplasmic domain in response to multivalent engage-
ment by anti-PECAM conjugates. As shown in Figure 2, incubation
of endothelial cells (HUVECs) with multivalent anti-PECAM
conjugates at 37°C, but not at 4°C, caused approximately 5-fold
elevation of PECAM-1 tyrosine phosphorylation, implicating ty-
rosine residues in PECAM-1 cytoplasmic domain in signaling for
CAM-mediated endocytosis. In contrast, nonconjugated anti-
PECAM antibodies, which are known not to induce endocytosis,12

did not cause appreciable PECAM-1 tyrosine phosphorylation
(Figure 2).

Role of PECAM-1 cytosolic domain in endocytosis of
multivalent anti-PECAM/nanocarriers

To identify motifs in the cytosolic tail of PECAM-1 that are
involved in signaling during CAM-mediated endocytosis, we used
multivalent anti-PECAM/NCs produced by coating anti-PECAM
onto FITC polystyrene spheres. Uniform, inert, and intrinsically
fluorescent multivalent anti-PECAM/NCs better serve mechanistic
studies15 than heterogeneous and polymorphous unlabeled anti-
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PECAM conjugates.14 To be able to dissect PECAM-1 molecular
domains responsible for signaling, we used a model consisting of
human mesothelioma REN cells stably transfected to express
different PECAM-1 mutants.22 REN cells derived from human
mesothelioma represent an appropriate model for these studies
because they express some surface antigens common to endothelial
cells and adopt a similar “cobblestone” morphology in cul-
ture.21,22,30 Importantly, REN cells lack native PECAM-1,30 which
would inevitably confuse the induced responses, yet both
PECAM-1 distribution (Figure S1A, available on the Blood
website; see the Supplemental Materials link at the top of the online
article) and associated signaling processes similar to endothelial
cells are reconstituted after PECAM-1 expression in REN cells.32

Consistent with our previous results in endothelial cells,15

anti-PECAM/NCs were rapidly internalized at 37°C by REN cells
expressing full-length PECAM-1 (RhP), with half-time for maxi-
mal endocytosis less than 30 minutes (Figure 3A). Internalization
was inhibited by amiloride (60.5% 	 9.2% of the control level,
Figure 3B), a pharmacologic inhibitor of sodium/proton exchanger
proteins (eg, NHE-1) involved in CAM-mediated endocytosis by
HUVECs.15,19 Hence, both endothelial and RhP cells use the same
endocytic pathway for uptake of anti-PECAM/NCs, validating
this cell model.

In contrast to RhP cells, anti-PECAM/NCs were not efficiently
internalized by �CD cells expressing a construct lacking the entire
cytoplasmic domain of PECAM-1 (51.7% 	 8.8% of the control
level; Figure 3A,B). Hence, the degree of inhibition of anti-
PECAM/NC endocytosis in �CD cells was similar to that observed
in the presence of amiloride in RhP cells, directly implicating
PECAM-1 cytosolic domain in CAM-mediated endocytosis.

To more precisely determine PECAM-1 cytosolic site involved
in CAM-endocytosis, we used a battery of REN cells stably
transfected with mutant forms of human PECAM-1 (Figure 1A),
namely, �11-16 and �15-16, which represent exon deletion
mutants of the cytoplasmic domain, and Y663F or Y686F point

mutants where tyrosine residues at the indicated amino acid
positions were changed to phenylalanine. Figure 1B shows detec-
tion of PECAM-1 in cell lysates by immunoblotting. As previously
reported,22,33 wild-type PECAM-1 (RhP, line 2) and PECAM-1
carrying point mutations Y663F or Y686F are approximately
130 kDa. Mutant proteins missing the entire (�CD) or most part
PECAM-1 cytoplasmic domain (�11-16) are smaller in size
(�95-100 kDa).22 Untransfected REN cells represent a negative
control, which does not express PECAM-1,32 confirmed by nega-
tive PECAM-1 immunostaining and validating the specificity of
anti-PECAM used in this study (Figure S1A).

In theory, different expression levels of PECAM-1 on the
surface of transfected REN cells could lead to differences in
binding anti-PECAM/NCs to cells, which could, in turn, affect
endocytosis and thus confound analysis of the role of the
PECAM-1 cytosolic domain in this process. To control for this, we
determined cell-surface expression for each PECAM-1 mutant by
FACS analysis and found that surface PECAM-1 levels for most
REN-transfected cells were comparable or higher than that of REN
cells expressing wild-type PECAM-1, except for �CD cells, yet
this difference was not statistically significant (Figure 1C). In
theory, lower PECAM-1 surface expression in �CD cells may have
accounted for decreased endocytosis of anti-PECAM/NCs (Figure
3A). However, this scenario is unlikely because a comparable
number of anti-PECAM/NCs bound per cell in �CD model,
compared with RhP cells (99.6% 	 8.7% of binding in RhP).
Further, the significantly (P � .01) higher PECAM-1 expression in
�15-16 cells did not alter the level of anti-PECAM/NC binding

Figure 2. Anti-PECAM/conjugates cause PECAM-1 phosphorylation in endothe-
lial cells. (A) HUVECs were incubated with either free anti-PECAM antibody or
multivalent anti-PECAM/conjugates for 1 hour at 37°C. Cells were washed to remove
nonbound conjugates, and tyrosine phosphorylation was determined from total cell
lysates by Western blot using monoclonal HRP-labeled anti-pY, and goat polyclonal
anti-PECAM followed by HRP-labeled anti–goat IgG. (B) Western blot densitometry.
Dashed line indicates the level of PECAM-1 phosphorylation in HUVECs treated with
anti-PECAM/conjugates at 4°C. Data are mean plus or minus SD (n 
 3; *P � .05).

Figure 3. Internalization of anti-PECAM/NCs is inhibited in PECAM-1 �CD cells.
(A) The kinetics of internalization of FITC-labeled anti-PECAM/NCs by REN cells
transfected with human wild-type PECAM-1 (RhP) (● ), and PECAM-1 lacking the
cytoplasmic domain (�CD) (E) was determined by fluorescence microscopy after
counterstaining surface nanocarriers with a Texas red secondary antibody. Internal-
ization was quantified as the percentage of internalized anti-PECAM/NCs relative to
total number of nanocarriers associated per cell. The percentage of internalized
anti-PECAM/NCs was significantly lower for �CD cells at each time point (*P � .001).
(B) Anti-PECAM/NC uptake was assessed in RhP and �CD cells incubated with
either control media or media containing amiloride, an inhibitor of CAM-mediated
endocytosis. Internalization was calculated as in panel A and normalized to RhP
control cells. Data are mean plus or minus SD (n � 25 cells; *P � .001).
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(100.6% 	 7.4% of binding by RhP). Notice that anti-PECAM/
NCs specifically bound to PECAM-1 because they did not bind to
PECAM-1-negative REN cells (0.9% 	 0.1% of binding by RhP,
Figure S1B).

As shown in Figure 4, endocytosis of anti-PECAM/NCs was
inhibited in �11-16 cells (49.4% 	 5.6% of wild-type RhP control)
and Y686F cells (53.9% 	 10.4% of RhP control) at a similar level
to �CD cells expressing PECAM-1 lacking the whole cytosolic
domain (51.7% 	 8.8% of control). In contrast, for �15-16 and
Y663F cells, endocytosis of anti-PECAM/NCs was comparable
with that in RhP cells (94.3% 	 12.1% and 93.9% 	 7.9% of
control, respectively). Therefore, substitution of tyrosine 686 to

phenylalanine in exon 14 was sufficient to inhibit CAM-mediated
endocytosis of anti-PECAM/NCs.

Anti-PECAM/NCs induce Rho activation and recruitment to
nanocarrier binding sites in the plasmalemma

It has been proposed that multivalent engagement of PECAM-1
can stimulate Rho-dependent kinase ROCK, an effector of the
small GTPase RhoA.15 To examine whether PECAM-1 engage-
ment by anti-PECAM/NCs causes activation of RhoA, we incu-
bated RhP and �CD cells with anti-PECAM/NCs at 37°C for
various periods of time, and total vs activated RhoA was deter-
mined by immunoprecipitation and Western blot analysis. RhoA
activity showed a 3.1-fold increase after a 15-minute incubation
with anti-PECAM/NCs (Figure 5A,B). In contrast, binding of
anti-PECAM/NCs to �CD cells had little, if any, effect on RhoA
activity (Figure 5A,B). These findings suggest that signaling
through PECAM-1 cytosolic domain induced by clustering
PECAM-1 extracellular domain leads to RhoA activation.

Cells transfected with EGFP-RhoA were then used to determine
whether RhoA is recruited to sites where PECAM-1 is engaged by
anti-PECAM/NCs. Nonfluorescent, 1-�m-diameter nanocarriers
were used in this experiment instead of 100-nm nanocarriers to
facilitate imaging of RhoA localization to sites of carrier binding by
fluorescence microscopy. Bright fluorescent rings surrounding
anti-PECAM/NCs bound to the plasma membrane revealed RhoA
recruitment to PECAM-1 clustering sites beneath nanocarriers in
RhP cells, but not in �CD cells (Figure 5C vs D). Staining of
filamentous actin with fluorescent phalloidin also showed colocal-
ization of RhoA with actin stress fibers induced by anti-PECAM/
NCs in RhP cells, not in �CD cells (Figure 5C vs D).

Tyrosine 686 of PECAM-1 is required for remodeling of the
actin cytoskeleton induced by anti-PECAM/NCs

RhoA regulates actin cytoskeleton reorganization into stress fi-
bers,36 and filamentous actin inhibitors affect endocytosis of
anti-PECAM/NCs.15 To test whether PECAM-1 cytosolic domain
is required for these actin rearrangements, REN cells expressing
diverse PECAM-1 isoforms were incubated either in the absence or
presence of anti-PECAM/NCs for 15 minutes at 37°C, followed by
labeling filamentous actin with fluorescent phalloidin. Anti-PECAM/
NCs did not bind to and had no effect on the actin cytoskeleton in
REN cells lacking PECAM-1, where actin was predominantly
organized in cortical bundles (Figure 6A top panels). Interestingly,
expression of full-length PECAM-1 in REN cells (RhP cells)
caused a noticeable redistribution of actin from cortical bundles
into shorter cytosolic filaments. Furthermore, binding of anti-
PECAM/NCs to these cells caused massive further mobilization of
cortical actin into stress fibers spanning the entire cytosol (Figure
6A, RhP), enhancing phalloidin fluorescence, indicative of an
increased actin polymerization into filamentous actin (Figure 6B).

REN cells transfected with PECAM mutants that showed
inhibited internalization of anti-PECAM/NCs (Figure 4), namely,
�CD, �11-16 and Y686F cells, showed neither actin stress fiber
formation in response to anti-PECAM/NC binding (Figure 6A) nor
net increased phalloidin staining (Figure 6B). In contrast, �15-16
and Y663F cells, which internalized anti-PECAM/NCs, also reorga-
nized actin into stress fibers (Figure 6A) and showed enhanced
phalloidin staining (Figure 6B) after incubation with anti-PECAM/
NCs. Thus, Y686 in the cytosolic domain of PECAM-1 was
required to stimulate actin stress fiber formation in response to
anti-PECAM/NCs.

Figure 4. Anti-PECAM/NC internalization is inhibited in REN cells expressing
isoforms that lack tyrosine 686. (A) Cells were incubated with FITC-labeled
anti-PECAM/NCs at 37°C for 3 hours, washed, fixed, and counterstained with Texas
red goat anti–mouse IgG to label noninternalized nanocarriers. Merged images show
internalized anti-PECAM/NCs as single-labeled green particles (arrows) and surface-
bound anti-PECAM/NCs as double-labeled yellow particles (arrowheads). (i) RhP.
(ii) �CD. (iii) �11-16. (iv) �15-16. (v) Y663F. (vi) Y686F. Magnification bar represents
10 �m. (B) The percentage of internalization was calculated as mean plus or minus
SD (n � 25 cells; *P � .001).
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Binding and endocytic transport of anti-PECAM/NCs do not
affect integrity of endothelial monolayer in vitro and in vivo

Actin cytoskeletal reorganization and contractility mediated by
Rho GTPase can potentially disrupt intercellular junctions and
reduce endothelial barrier function.37 In theory, actin rearrange-
ment induced by anti-PECAM/NCs in cultured RhP cells used in
this work, similar to those observed in HUVECs in our prior
studies,15,19 could also lead to cellular contraction and detrimental
consequences on the endothelial permeability. In some pathologic
settings intended to be treated by drug targeting strategies, endothe-

Figure 5. PECAM-1 engagement by anti-PECAM/NCs induces RhoA activation
and mobilization. (A) RhP and �CD cells were incubated with anti-PECAM/NCs for
0, 5, and 15 minutes. RhoA activity was then measured using GST-RBD to pull-down
active RhoA (GTP-Rho) and blotted with anti-Rho. Total Rho in cell lysates was also
determined. (B) Relative RhoA activation was quantified by densitometry and
indicated as fold increase of active RhoA in relation to total RhoA. RhP (C) and �CD
(D) cells transfected to express EGFP-RhoA were incubated for 15 minutes at 37°C
with 1 �m diameter, nonfluorescent anti-PECAM/NCs to visualize RhoA redistribution
to nanocarrier contact-sites in RhP (Ciii) and �CD cells (Diii). After permeabilization,
the cells were stained with red Alexa Fluor 594 phalloidin to label filamentous actin
(Ci,Di). Phase contrast images (Cii for RhP and Dii for �CD) served to locate
anti-PECAM/NCs with respect to the cell borders (marked by a dashed line). Lower
panels in C and D show 4-fold magnified images of the areas outlined by the insets in
RhP (Civ-Cvi) and �CD (Div-Dvi) cells.

Figure 6. Induction of actin remodeling by anti-PECAM/NCs is inhibited in REN
cells expressing isoforms lacking tyrosine 686. (A) Transfected and nontrans-
fected REN cells were incubated either in the absence (�) or presence (�) of
anti-PECAM/NCs for 15 minutes at 37°C, washed, fixed, and stained with Alexa Fluor
594 phalloidin to label filamentous actin. PECAM-1-negative REN cells were used as
a control. Magnification bar represents 10 �m. (B) Quantification of fluorescent
phalloidin indicative of filamentous actin, expressed as fold increase of fluorescence
for each cell line after induction by anti-PECAM/NCs. Data are mean plus or minus
SEM (n � 10 cells; *P � .0001).
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lial permeability changes caused by anti-PECAM/NCs would
represent an adverse effect.

To evaluate this key safety aspect of intra-endothelial drug
delivery via PECAM-1, we first examined potential disruption of
the endothelial monolayer integrity caused by anti-PECAM/NCs in
cell cultures. As shown in Figure 7A, we did not detect appreciable
changes in the distribution of the adherens junction marker,
VE-cadherin, in HUVECs incubated with anti-PECAM/NCs. In
addition, anti-PECAM/NCs (similarly to control IgG/NCs) did not
increase transport of radiolabeled albumin across HUVEC mono-
layers grown to confluence on 0.4-�m-pore transwell filters,
whereas this was significantly enhanced by thrombin-positive
control (Figure 7B), validating this method. These results indicate
that the integrity of the endothelial monolayer in vitro is unaffected
by anti-PECAM/NCs.

Second, we studied endothelial targeting and effects of anti-
PECAM/NCs on the vascular permeability in mice. Both anti-
PECAM/NCs and nontargeted control IgG/NCs were rapidly
eliminated from blood (2.0% 	 0.7% and 3.6% 	 0.2% ID/g of
blood 30 minutes after injection, respectively), in part because of
uptake by the reticuloendothelial system in liver and spleen (Table
1). However, anti-PECAM/NCs, but not IgG/NCs, accumulated in
the lungs specifically (89.8% 	 13.8% vs 10.2% 	 1.1% ID/g,
Table 1). Indeed, lung-to-blood ratio (localization ratio, LR) of
anti-PECAM/NCs versus control IgG/NCs was 107.8 (	 29.7)
versus 2.9 (	 0.3, Table 1).

Specific targeting of anti-PECAM/NCs versus control IgG/
NCs was also detectable in the brain (1.0% 	 0.1% vs
0.4% 	 0.04% ID/g), kidney (5.0% 	 0.3% vs 3.0% 	 0.3%
ID/g), and heart (5.5% 	 0.5% vs 2.1% 	 0.3% ID/g, Table 1).
Binding of anti-PECAM/NCs to endothelium in all of
these vascular beds explains their faster blood clearance
versus IgG/NCs (3.4% 	 1.7% vs 17.1% 	 1.4% ID/g of blood
1 minute after injection), despite less profound “nonspecific”
uptake in liver (24.7% 	 1.8% vs 48.9% 	 2.9% ID/g) and
spleen (61.7% 	 5.2% vs 87.9% 	 8.4% ID/g).

In addition, transmission electron microscopy of postmortem
specimens of mouse lungs collected 3 hours after injection showed
that anti-PECAM/NCs were internalized in vivo by pulmonary
endothelial cells (54.5% 	 12.3% internalization, n 
 15 transmis-
sion electron microscopy micrographs), without endothelial disrup-
tion or other detectable abnormalities in the lungs (notice intact
endothelial junctions in Figure 7C,CJ), despite the presence of
numerous anti-PECAM/NCs accumulated.

To confirm the safety of intra-endothelial targeting of anti-
PECAM/NCs and test specifically and quantitatively pulmonary
vascular permeability, leakage of plasma proteins into the lung
tissue was measured by injection of 125I-labeled albumin (Figure
7D). Injection of a inflammatory cytokine TNF-�, used as a
positive control, caused 2-fold elevation of pulmonary uptake of
125I-albumin, reflecting pulmonary edema, whereas injection
of anti-PECAM/NCs or control IgG/NCs caused no elevation of
pulmonary vascular permeability. Thus, anti-PECAM/NCs repre-
sent a safe targeting carrier platform that may permit effective
delivery of pharmacologic agents to the pulmonary vasculature.

Discussion

PECAM-1 represents a robust target for drug delivery to either
normal or pathologically altered endothelium38-40 (eg, for prophy-
lactic or therapeutic interventions).6,7,12,13,17,18,41 For instance, endo-

Figure 7. Anti-PECAM/NCs targeting and effects on endothelial cells in vitro
and in vivo. (A) VE-cadherin staining in HUVECs incubated in the absence or
presence of anti-PECAM/NCs at 37°C for 15 or 60 minutes. VE-cadherin (top panels)
was continuously distributed around the entire periphery of control cells and cells
exposed to NCs (lower panels). Magnification bar represents 20 �m. (B) HUVECs
grown on 0.4-�m-pore transwell filters were incubated with 125I-labeled BSA either in
the absence or presence of anti-PECAM/NCs, control IgG/NCs, or 100 nM thrombin
as a positive control for barrier disruption. After incubation for 1 hour at 37°C, media in
the lower chamber was collected and radioactivity measured to calculate the
percentage of 125I-BSA transported across the endothelial monolayer with respect to
total 125I-BSA added. Data were normalized to 125I-BSA transport in control cells. Data
are mean plus or minus SEM (n 
 4 wells; *P � .001). (C) Transmission electron
microscopy of mouse lungs 3 hours after injection with anti-PECAM/NCs. Arrows
indicate anti-PECAM/NCs bound to the surface of endothelial cells and being
incorporated into vesicular invaginations. Arrowheads indicate anti-PECAM/NCs
internalized by pulmonary endothelial cell (EC). Magnification bar represents 200 nm.
(D) Lung-to-blood ratio of 125I-labeled BSA 3 hours after injection in mice either in the
absence of presence of anti-PECAM/NCs, control IgG/NCs, or TNF�. Data are mean
plus or minus SD (n � 4 mice; *P � .05).
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thelial targeting of antioxidant enzymes conjugated with anti-
PECAM or anti-PECAM nanocarriers (anti-PECAM/NCs) provides
therapeutic effects both in cell culture and animal models of
oxidative stress.6,7,17,18

Anti-PECAM conjugates and nanocarriers are transported from
the endothelial surface to intra-endothelial vesicular compartments
via a nonclassic CAM-mediated endocytosis.14,15,17,42 This pathway
is induced by multivalent engagement of endothelial PECAM-1
and requires actin reorganization into stress fibers, which depend
on the Rho effector ROCK.14,15,17,42 However, the molecular
regulation of these events, critically important for intracellular drug
delivery, remains unknown.

In this study, we found that multivalent engagement of
PECAM-1 by anti-PECAM conjugates or nanocarriers induced
PECAM-1 tyrosine phosphorylation, RhoA recruitment to nano-
carrier binding sites at the plasmalemma, and RhoA activation
and actin polymerization into stress fibers, leading to endocyto-
sis of anti-PECAM carriers both in cell cultures and pulmonary
endothelium in vivo, without affecting the endothelial permeabil-
ity barrier. Truncation of PECAM-1 cytosolic domain and point
mutations of potential signaling residues located in this domain
revealed a critical role for tyrosine 686 in the signaling
regulating these events.

PECAM-1 tyrosine phosphorylation is involved in diverse
pathways of cellular stimulation.21,27,43 Endothelial PECAM-1
becomes phosphorylated in response to shear stress26,44 and by
exposure to hypo-osmotic or hyperosmotic media causing cell
deformation.26 Wound-induced cell migration also stimulates
PECAM-1 tyrosine phosphorylation25 in endothelial cells, and
PECAM-1 crosslinking in T lymphocytes leads to tyrosine
phosphorylation.45

Interestingly, the 2 immunoreceptor tyrosine-based inhibitory
motifs of PECAM-1 tyrosine 663 and 686 are involved in these
events.25,28,29 However, only PECAM-1 tyrosine 686 has a detect-
able signaling function in mediating CAM endocytosis of anti-
PECAM/NCs (Figures 4,6). Although the mechanisms regulating
distinct signaling through PECAM-1 tyrosine residues is unknown
at present, this could be explained by differential phosphorylation
of tyrosine 686 versus 668, previously observed in other settings.46

Truncation of PECAM-1 cytosolic domain and, more precisely,
mutation of PECAM-1 Y686 in model REN cells abrogated RhoA
recruitment to anti-PECAM/NC binding sites at the plasmalemma
and RhoA activation (Figure 5), actin polymerization into stress
fibers (Figure 6), and nanocarrier internalization (Figures 3,4). This
indicates that CAM-mediated endocytosis regulated by PECAM-1
phosphorylation requires RhoA signaling as a downstream molecu-

lar switch to turn on or off actin signal transduction. Rho proteins47

have been found to regulate actin cytoskeleton, cell adhesion,
endocytosis, and vesicular trafficking in endothelial cells.36 Particu-
larly, Rho activation has been associated to numerous processes
involving PECAM-1, including regulation of cell-cell and cell-
matrix interactions,48 cytoskeletal changes induced by mechanical
factors,21,26,27,49,50 and leukocyte transmigration in vivo.1-5,20,51

Conceivably, PECAM-1 interaction with the cytoskeleton may
regulate these endothelial functions.21-27,52,53 In support of this
notion, PECAM-1 associates physically and functionally with the
underlying cytoskeleton: approximately 20% to 30% endothelial
PECAM-1 has been found in Triton-insoluble cytoskeleton frac-
tions,28,54 which increased to approximately 65% during cell
migration.28 The catenins are probably candidates linking
PECAM-1 and the actin cytoskeleton, yet this has not been
established with certainty.27,55 Perhaps PECAM-1 may also interact
with the actin cytoskeleton through RhoA, as shown in Figure 5C.

Of note, we detected actin cortical bundles in PECAM-1–
negative REN cells and cells that express �CD or Y686F
PECAM-1, in contrast to wild-type or Y663F PECAM-1 associated
to shorter cytosolic actin filaments (Figure 6A). �CD PECAM-1
does not accumulate in the cell border, it fails to engage PECAM-1
molecules in neighboring cells, and it is more abundant in the
luminal surface.22,23 Y686F PECAM-1 in 3T3 cells has also been
associated with an altered PECAM-1 distribution during cell
migration.23 Perhaps the inability of �CD PECAM-1 to signal
cytoskeleton changes may contribute to distinct trafficking and
distribution of �CD or Y686F PECAM-1 in the plasmalemma.

Interestingly, PECAM-1 engagement by leukocytes induces
recruitment of PECAM-1 molecules from plasmalemma invagina-
tions to the endothelial cell-cell border surface.56 This shallow
compartment is distinct from endosomes and lysosomes, yet the
mechanism by which PECAM-1 recycles between these regions is
unknown. Although we observed that anti-PECAM/NCs traffic to
endo-lysosomal compartments,17,42 perhaps vesiculization induced
by engagement of PECAM-1 with anti-PECAM/NCs is reminis-
cent of PECAM-1 recycling pathway.56 However, in our studies in
transfected REN cells and HUVECs (Figure S1), anti-PECAM and
anti-PECAM/NCs locate to junctional and luminal areas on the cell
surface, and we could not establish whether one of these fractions is
preferentially internalized because intracellular anti-PECAM/NCs
traffic to perinuclear endo-lysosomes.17,42 It is plausible that
PECAM-1 engagement by anti-PECAM Ab62 (known to inhibit
PECAM-1 homophilic interaction5) disassembles PECAM-1 dimers
at the cell-cell border causing the molecule to redistribute to the
luminal surface. However, we traced anti-PECAM/NCs42 (not

Table 1. Biodistribution of 125I-labeled anti-PECAM/NCs versus IgG/NCs 30 minutes after intravenous injection in mice

Blood Brain Kidney Heart Liver Lung Spleen

%ID/g

IgG/NCs 3.6 	 0.2 0.4 	 0.04 3.0 	 0.3 2.1 	 0.3 48.9 	 2.9 10.2 	 1.1 87.9 	 8.4

Anti-PECAM/NCs 2.0 	 0.7* 1.0 	 0.1† 5.0 	 0.3† 5.5 	 0.5† 24.7 	 1.8† 89.8 	 13.8† 61.7 	 5.2*

LR

IgG/NCs — 0.1 	 0.02 0.9 	 0.1 0.6 	 0.1 14.3 	 1.5 2.9 	 0.3 25.4 	 2.9

Anti-PECAM/NCs — 1.2 	 0.3* 5.5 	 1.2† 6.1 	 1.4† 26.4 	 5.7 107.8 	 29.7† 64.3 	 13.6

ISI: Anti-PECAM: IgG — 9.6 6.4 9.9 1.8 36.7 2.5

Data are mean SEM; n � 3.
ID/g indicates percent injected dose per gram of organ; LR, localization ratio (% ID/g in an organ: % ID/g in blood); ISI, immunospecificity index (LR for anti-PECAM/NCs:

LR for IgG/NCs); and —, not applicable.
*P � .05 (Student t test).
†P � .01 (Student t test).
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PECAM-1), and whether internalized PECAM-1 recycles to the
plasmalemma from nascent invaginations is unknown. Interest-
ingly, a related molecule, which also mediates CAM endocytosis
after multivalent engagement by nanocarriers (ICAM-1), does not
traffic with anti-ICAM/NCs to lysosomes but rather recycles to the
plasmalemma after internalization.35

Anti-PECAM/NCs specifically targeted vascular endothelium
in vivo (Table 1), and primarily accumulated in the pulmonary
vasculature, which represents 30% of the body endothelium and
receives 100% venous cardiac output.57,58 The relevance of endothe-
lial targeting by anti-PECAM/NCs for drug delivery is reflected by
the fact that these particles are internalized by pulmonary endothe-
lium in vivo (Figure 7C), without disrupting the vascular permeabil-
ity (Figure 7D), similarly to cultured endothelial cells (Figure
7A,B). This is somewhat unexpected because the integrity of
endothelial junctions has been shown to be compromised by
vascular stress in PECAM-1-deficient mice.59-63

In addition, activation of RhoA increases actin-myosin contrac-
tility, leading to opening of intercellular junctions37 and thus
disruption of the endothelial barrier function. In contrast to
anti-PECAM/NCs, anti-PECAM-1 F(ab�)2 increases transport of
125I-albumin across endothelial junctions, both in cultured cell and
in mice.2 It is conceivable that binding of nano-scale PECAM-1
ligands permissive of CAM-mediated endocytosis favors intracel-
lular vesicular transport, in contrast to noninternalizable anti-
PECAM, its fragments, or leukocytes with diameter on the order of
10 �m, which induce opening of intercellular junctions.

Taken together with the lack of edema and other adverse effects
in numerous animal studies documenting the therapeutic effects of
anti-PECAM conjugates with antioxidant drugs,17,18 the present
results indicate that nanocarriers directed to PECAM-1 represent
an attractive platform for nondamaging intra-endothelial drug
delivery. Further elucidation of the molecular mechanisms in-

volved in regulation of this process will help to better define
potential utility and limits of this strategy, as well as natural role of
PECAM-1 in endothelial physiology and pathology.
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