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Summary
When leukocytes cross endothelial cells during the inflammatory response, membrane from the
recently-described lateral border recycling compartment (LBRC) is selectively targeted around
diapedesing leukocytes. This “targeted recycling” is critical for leukocyte transendothelial
migration (TEM). Blocking homophilic PECAM interactions between leukocytes and endothelial
cells blocks targeted recycling from the LBRC and blocks diapedesis. However, the cellular
signaling pathways that trigger targeted recycling are not known. We show that targeted recycling
from the LBRC is dependent on Src kinase. The selective Src kinase inhibitor PP2 blocked
targeted recycling and blocked diapedesis by over 70%. However, Src kinase inhibition did not
affect the structure or normal constitutive recycling of membrane from the LBRC in the absence
of leukocytes. PECAM, a Src kinase substrate, traffics between the LBRC and the endothelial
surface at the cell border. However, virtually all of PECAM in the cell that was phosphorylated on
tyrosine residues was found in the LBRC. These findings demonstrate that Src kinase activity is
critical for the targeted recycling of membrane from the LBRC to the site of TEM and that the
PECAM in the LBRC is qualitatively different from the PECAM on the surface of endothelial
cells.

Keywords
PECAM; LBRC; Leukocyte Transendothelial Migration

Introduction
During the inflammatory response leukocytes migrate out of the bloodstream by squeezing
between tightly apposed endothelial cells of postcapillary venules at the site of
inflammation. Getting leukocytes to the endothelial cell borders involves the sequential
action of a series of adhesion molecules and activation steps that allow the leukocyte to roll
on the endothelium, then adhere to it and locomote to the cell junctions[1]. The process of
diapedesis in which the leukocyte actually moves across the endothelial monolayer also
involves adhesion and signaling events between the leukocyte and endothelial cell [1]. There
are a number of endothelial molecules concentrated at the cell border whose blockade by
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antibody, knockdown, or genetic ablation has been shown to inhibit diapedesis. These
include PECAM [2-5], CD99 [6], ICAM-2[7], JAM-A[8,9], and Polio Virus Receptor [10].
It has become apparent that beyond expressing adhesion molecules to recruit white blood
cells to the sites of inflammation, the endothelial cell is actively involved in promoting
diapedesis [11,12]

An extensive reticulum of interconnected membrane is present just within the endothelial
borders. This compartment contains approximately 1/3 of the total PECAM in the
endothelial cell. Membrane from this compartment, which we call the lateral border
recycling compartment (LBRC) is constitutively and rapidly trafficking back and forth
evenly along the cell borders [11]. However, during leukocyte transendothelial migration
(TEM), membrane from the LBRC is targeted directly around the transmigrating leukocyte
[11,12]. This targeted recycling is microtubule-dependent and mediated by kinesin
molecular motors [12], and is required for transmigration. Blocking targeted recycling from
the LBRC by blocking leukocyte PECAM-endothelial PECAM homophilic interactions, by
disrupting microtubule structure or function, or by inhibiting kinesin motors prevents TEM
[11,12]. PECAM-PECAM interactions are required for initiating targeted recycling in most
cases, but even in instances of PECAM-independent transmigration, targeted recycling from
the LBRC is still required for TEM [12]. Therefore, targeted recycling from the LBRC to
surround the leukocyte is a critical independent event in the transmigration process, but the
signals required for this membrane trafficking are not known.

In this report we show that diapedesis per se is dependent on Src kinase activity and that
blocking endothelial Src kinases inhibits targeted recycling of LBRC membrane around
transmigrating monocytes. Furthermore, we demonstrate that virtually all of the
phosphorylated PECAM in the endothelial cell is restricted to the LBRC. These data
demonstrate that Src kinase is required for the targeted redistribution of membrane from the
LBRC to the site of TEM and that the PECAM in the LBRC is qualitatively different from
the PECAM on the surface of endothelial cells.

Results
PP2 Blocks Monocyte Diapedesis Across HUVEC

Previous studies have shown that leukocyte migration across endothelial cells is inhibited by
PP2, a Src family kinase-specific inhibitor [13]. Src-catalzyed phosphorylation of cortactin
was shown to be important for ICAM-1 clustering and actin remodeling required for
neutrophil migration across endothelial cells[13]. However, Src kinases might be involved in
multiple steps of the transmigration pathway. We focused on the process of diapedesis using
an assay system that can distinguish the steps of adhesion, locomotion, and diapedesis
[14,15]. Targeted recycling from the LBRC appears to be downstream of ICAM-1
interactions and independent of the actin cytoskeleton [12].

HUVEC were pretreated with PP2 or Genistein, a broad-spectrum tyrosine kinase inhibitor,
then washed extensively to prevent a carryover effect on leukocytes. In control experiments,
eluate from pre-treated HUVEC did not have an effect on leukocyte TEM across untreated
monolayers and PP2 treatment did not have an effect on monocyte adhesion to HUVEC
monolayers. (data not shown). Transmigration was inhibited in a dose dependent fashion by
PP2 (Fig 1). TEM was also inhibited at high concentrations of Genistein (greater than
150μM). Transmigration was unaffected by treating the endothelial cells with PP3, an
inactive PP2 analog. Our results were in agreement with other studies and showed that Src
kinase is required for monocyte diapedesis.
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Targeted Recycling of Membrane from the LBRC is Dependent on Src Kinase
We next examined whether Src kinase is involved in the targeted recycling of membrane
from the LBRC that is required for TEM. We used an assay that selectively labels recycling
membrane from the LBRC during TEM. [11]. This assay uses Fab fragments of a non-
blocking anti-PECAM antibody to mark the location of recycled LBRC membrane.
Confocal microscopy was used to analyze areas of the monolayer where monocytes had
engaged the EC junctions and were actively crossing the endothelium. Monolayers were
treated with PP2 under the same conditions as described for the quantitative experiment
shown in Fig 1. The control untreated HUVEC monolayers show a ring of recycled PECAM
around actively transmigrating monocytes (Fig. 2a) as previously described. A ring of
recycled PECAM as a marker for recycled LRBC membrane can be seen at the endothelial
cell junction that exactly corresponds to the endothelial membrane surrounding a monocyte
crossing the EC monolayer (see overlay). The orthogonal view shows clearly that this
monocyte is in the act of crossing the junction. In contrast, there is no ring of recycled
PECAM around monocytes attached to HUVEC monolayers treated with PP2 (Fig 2b). The
orthogonal view shows that the monocyte is at the junction but is blocked on the apical
surface of the endothelial cells and is unable to cross through. Approximately 90% of all
monocytes were unable to transmigrate in the PP2 treated monolayers.

We examined many fields in order to quantify these results. The number of rings of recycled
LBRC membrane around monocytes were counted per high powered field and taken as a
percentage of the total number of monocytes actively engaging an EC junction per high
powered field (Fig 2c). In order to catch leukocytes in the process of transmigration, these
co-cultures were analyzed at an early time point (10 minutes after adding the monocytes),
which is well before most of them have transmigrated. In any given field in the untreated
monolayers, approximately 30% of the monocytes are actively crossing the monolayer.
Virtually all of these transmigrating leukocytes showed rings of PECAM enrichment around
them. In contrast there were very few rings of LBRC recycling seen around monocytes
engaging PP2 treated monolayers. These data show that PP2 treatment abolishes targeted
recycling of membrane from the LBRC, quantitatively and qualitatively similar to the
inhibition of targeted recycling seen when monocyte TEM is blocked by treatment with an
anti-PECAM antibody.

PP2 Treatment Does Not Affect PECAM Constitutive Recycling from LBRC
In resting HUVEC, in the absence of transmigrating leukocytes, PECAM (along with other
components of the LBRC) recycles constitutively between the LBRC and the EC junctions.
The effect of PP2 on targeted recycling could be indirect, due to an effect on the size,
location, or constitutive trafficking of the LBRC. Therefore, we next tested whether PP2
also has an effect on LBRC location or constitutive recycling. In an assay where recycling
PECAM (serving as a marker for LBRC membrane) becomes fluorescent as it reaches the
cell surface, both the control HUVEC and HUVEC treated with PP2 showed qualitatively
and quantitatively similar increased fluorescence associated with the junctions over time.
(Fig 3a) These images were then quantified to determine the actual kinetics of recycling (Fig
3b). The PP2 treated cells showed no significant difference in constitutive LBRC recycling,
as fluorescence increased in the junctions steadily over time and then saturated at around 20
min. Therefore it seems that Src kinase is required for targeted recycling but not for
formation or maintenance of the LBRC.

Phosphorylated PECAM is Enriched in the LBRC
There could be many substrates for Src kinase that would be required for targeted recycling.
However, an obvious candidate is PECAM, which has two tyrosine residues in ITIM
domains that are known to be Src substrates. PECAM is required for TEM in most
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inflammatory conditions and ∼1/3 of the total PECAM in HUVEC localizes to the LBRC.
Therefore, we next examined the distribution of phosphorylated PECAM in endothelial
cells. We developed an immunoprecipitation assay in which we could selectively separate
PECAM on the surface of HUVEC from that in the LBRC (see Methods). The assay was
performed on resting HUVEC (grown in M199) and on cells that were cultured in fetal
bovine serum in order to enhance the basal level of tyrosine phosphorylation. Tyrosine
phosphorylated PECAM is selectively enriched in the LBRC compared to the PECAM on
the surface (Fig 4a). We repeated the assay with a more stringent purification technique
using biotin/streptavidin, and again the majority of the tyrosine phosphorylated PECAM
localized to the LBRC (Fig 4b), showing that the PECAM in the LBRC is qualitatively
different from the PECAM on the endothelial cell surface. Phosphorylated PECAM in
HUVEC is almost entirely restricted to the LBRC.

Discussion
Src family kinases are known to be involved in leukocyte TEM, however the role of tyrosine
phosphorylation in regulating the endothelial junctions during leukocyte TEM remains
unclear. In this report we show that Src kinase is involved in the targeted recycling of EC
membrane from the LBRC around transmigrating leukocytes. This is a distinct membrane
trafficking event that is required for monocyte, neutrophil, and lymphocyte transmigration
[12]. We also found that PECAM phosphorylated on tyrosine residues is selectively located
in the LBRC, suggesting a possible mechanism for how tyrosine phosphorylation regulates
leukocyte migration through the vascular endothelium.

Src kinase inhibitors inhibit leukocyte TEM. When we performed a time course of PP2 and
Genistein treatment, there was no difference in the number of leukocytes that transmigrated,
showing that Src inhibitors cause a block rather than a delay in TEM. Our laboratory
recently reported that targeted recycling of membrane from the LBRC to the junction at the
site of leukocyte diapedesis is critical for leukocyte TEM[11]. We found that PP2 treatment
of endothelial cells blocked targeted recycling from the LBRC. However, in the absence of
leukocytes, constitutive recycling of membrane from the LBRC was unaffected by treating
with PP2. In resting HUVEC, membrane recycles from the junction to the LBRC and back
in a continuous process. Our data show that although Src kinase is not involved in the
formation or maintenance of the compartment, it is required specifically for targeted
recycling during leukocyte TEM.

In order to further investigate the role of Src kinase in targeted recycling during TEM, we
focused our attention on PECAM. PECAM is a molecule that is found in the LBRC and is
critical to TEM, especially in the assay conditions used for this study. Our laboratory has
shown previously that ∼1/3 of the total PECAM in HUVEC localizes to the LBRC. In
addition, it has been widely shown that Src kinase phosphorylates PECAM on its tyrosine
residues in response to various stimuli. Therefore we directly compared the PECAM in the
compartment to the PECAM on the surface of endothelial cells. Our results show that
PECAM phosphorylated on tyrosine residues appears to be restricted to the LBRC. This
enrichment was observed in HUVEC using two different detection methods and culture
conditions. This is a novel finding in that it is the first evidence to date that phosphorylated
PECAM is restricted to a subcellular compartment, and that the PECAM in the LBRC
differs qualitatively from the rest of the cellular PECAM.

We tried to examine the status of PECAM phosphorylation during TEM. Constitutive
PECAM phosphorylation is low in resting endothelial cells. PECAM phosphorylation
increases when endothelial cells initially adhere to collagen or fibronectin, [16,17] but the
level of tyrosine phosphorylation drops in resting or confluent monolayers [17]. Similar to
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previous publications, we found very low levels of phosphotyrosine on PECAM whether
they were grown under resting or cytokine activated conditions, and these levels did not
change significantly during monocyte transmigration (data not shown.). The sensitivity of
our method may have limited our ability to detect a significant change in the
phosphorylation of PECAM during TEM. The amount of PECAM on the endothelial cell
that interacts with a monocyte during TEM is only about 5-10% of the total PECAM on the
endothelial cell, which makes it difficult to detect changes in this pool against the
background. It is also possible that since TEM is a rapid process, the endothelial cell
PECAM may undergo phosphorylation and dephosphorylation events upon contact with
monocytes on the order of seconds that would not be detected when we lysed the cells after
transmigration.

We were also unable to detect a reduction in PECAM phosphorylation in PP2 or Genistein
treated endothelial cells (data not shown). This could be due to insufficient turnover of
phosphorylated PECAM during the PP2 treatment. Another possible explanation is that Fer
kinase also phosphorylates PECAM [18] and is not susceptible to PP2. As a positive control,
concentrations of PP2 that inhibited leukocyte TEM were able to inhibit VEGF stimulated
phosphorylation of Grb10 and TNF stimulated induction of ICAM-1 in HUVEC (data not
shown) in accordance with previously published studies[19,20] proving that this
concentration of PP2 does have a measurable effect on Src kinase activity in our endothelial
cells. Although previous studies have shown that some kinase inhibitors can inhibit
activation induced PECAM phosphorylation on tyrosine [21] and serine residues [22,23]
none have demonstrated a change in baseline PECAM tyrosine phosphorylation in response
to PP2 treatment in the absence of activation, or during leukocyte TEM. Therefore, it is not
surprising that there was no detectable decrease in PECAM phosphorylation following PP2
treatment of endothelial cells.

Previous studies have shown that other molecules associated with the endothelial junction
and phosphorylated by Src kinases such as cortactin[13] are involved in leukocyte TEM. It
was recently reported that ICAM-1 mediated phosphorylation of VE-Cadherin is also Src
kinase dependent [24] and required for neutrophil TEM. However, just as there are multiple
adhesion and activation steps required for the rolling, adhesion, and migration of leukocytes
on endothelial cells, there are clearly multiple molecular events associated with TEM. It is
possible that several of these steps require Src kinase activity, including targeted recycling.
It is interesting to note that PP2 treatment blocks 70-75% of monocyte TEM over the course
of an hour, and that during the PECAM recycling assay, a few monocytes are observed with
rings of LBRC enrichment around them on the PP2 treated monolayers. This TEM and
enrichment could represent an inability to completely shut down Src with the concentrations
of PP2 that were used to minimize toxicity to the endothelial cells. It may also represent
LBRC recycling under conditions that use a Src-kinase independent mechanism, such as Fer
kinase. Since there are no specific Fer kinase inhibitors we were unable to test this.

Our data do not directly demonstrate a role for Src kinase in phosphorylating PECAM.
However, although the exact mechanism of how Src kinase regulates targeted recycling
remains unclear, our results suggest that tyrosine phosphorylation of PECAM may play a
role in targeted recycling. We hypothesize that one of the functions of Src kinase in TEM
may be to phosphorylate PECAM so that it can participate in targeted recycling. At this time
it is also not known whether PECAM must be phosphorylated to enter the compartment, and
how it loses its phosphorylation upon reaching the surface of the endothelial cell. It may be
that PECAM becomes dephosphorylated as it leaves the compartment. Although PECAM is
phosphorylated on tyrosine residues 663 and 686[25] in response to various stimuli, the role
of these tyrosines in leukocyte TEM is unknown. Since PECAM in the LBRC is critical for
TEM under most circumstances [12], our study suggests that PECAM tyrosine residues are
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critical for leukocyte TEM and are involved in targeted recycling of PECAM from the
LBRC. SHP-2 is recruited to the cytoplasmic tail of PECAM following phosphorylation of
these tyrosine residues in endothelial cells [26,27] and T cells [28,29]. These phosphatases
may be the link to downstream signaling mechanisms triggering targeted recycling. We plan
to test this hypothesis and examine the role of phosphorylation of PECAM's cytoplasmic
tyrosines in leukocyte TEM in future work.

We have shown that leukocyte TEM is dependent on Src kinases and that blocking Src
kinases blocks targeted recycling of LBRC membrane around transmigrating monocytes.
We have also demonstrated that the PECAM in the LBRC is qualitatively different from the
PECAM on the surface of endothelial cells. These data provide new insight into the
involvement of Src kinases in leukocyte diapedesis, and bring us one step closer to fully
understanding the role of the LBRC in endothelial cells during leukocyte TEM.

Materials and Methods
HUVEC Isolation and Culture

Human umbilical vein endothelial cells (HUVEC) were isolated by previously described
methods [30] and cultured on fibronectin-coated tissue culture dishes in medium 199
(M199; Invitrogen Life Technologies) supplemented with 20% heat-inactivated normal
human serum (from healthy volunteer donors) and penicillin and streptomycin (Mediatech).
The cells are cultured under these conditions, as in the absence of exogenous growth factors
the ECs grow slowly as they do in vivo on the blood vessel wall and exhibit contact
inhibition. HUVEC at passage 2 were cultured on hydrated collagen type I (Vitrogen from
Cohesiontech) gels set in 96-well plates [30]. The cells were grown to confluence on the
hydrated collagen and cultures that were 2-3 days post confluence were used for all
transmigration assays.

Leukocyte Isolation From Peripheral Blood and Transmigration Assay
Peripheral blood mononuclear cells (PBMC) were isolated from blood through Ficoll
gradient separation. The transmigration assay was performed as previously described[31].
The cells were resuspended to a final concentration of 2 × 106 per ml in M199 plus 0.2%
Human Serum Albumin (HSA) and added to confluent HUVEC monolayers grown on
collagen gels. In some experiments Abs at a concentration of 20 μg/ml were incubated with
the PBMC on ice for 20 min before TEM and allowed to remain for the duration of the
assay. The PBMC were allowed to transmigrate for 1 hr at 37 ° C in a CO2 incubator. Under
these conditions when HUVEC are not cytokine-activated monocytes selectively bind and
transmigrate whereas lymphocytes do not[31]. Nonadherent PBMC were removed using
several washes with PBS, and the remaining adherent and transmigrated cells were fixed
along with the endothelial monolayer by incubation overnight in 2.5% glutaraldehyde
(Electron Microscopy Sciences) in 0.1 M sodium cacodylate buffer (pH 7.4). The gels were
differentially stained with Wright-Giemsa and then visualized on a Zeiss Ultraphot
microscope using Nomarski optics. Total adhesion was calculated as the total number of
cells, both adherent and transmigrated, per high-powered field (HPF). Transmigration data
are expressed as the mean percentage of the total cells that transmigrated below the
endothelial layer (%TEM).

PP2 and Genistein Treatment of Endothelial Cells
In some experiments the endothelial cells were treated with the protein tyrosine kinase
inhibitor Genistein (Calbiochem), Src kinase inhibitor PP2 (Calbiochem), or PP3
(Calbiochem), and inactive PP2 analog. The compounds were added to HUVEC in M199
media at the indicated concentrations, and then incubated for 2 hours at 37 ° C in a CO2
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incubator. Following the treatment, the cells were extensively washed in 1× PBS to prevent
a carryover effect on leukocytes that were subsequently added to the cultures. Leukocytes
were treated with eluate from the treated HUVEC and tested in a TEM assay across
untreated HUVEC as a control experiment.

Membrane Recycling Experiments
An assay in which PECAM that recycles from the LBRC back to the junction becomes
selectively fluorescently labeled was developed previously by our laboratory.[11,12]
HUVEC monolayers were incubated for 1 hr at 37 ° C with Fab fragments of P1.1, a
monoclonal antibody against domain 5 of PECAM (kind gift from Peter Newman). This
antibody labels PECAM but does not inhibit any known PECAM function. This allowed the
antibody to label PECAM both on the surface of the endothelial cells and in the LBRC. The
monolayers were chilled on ice, and the unbound antibody was washed away. Unconjugated
goat anti-mouse F(ab')2 (F(ab')2 fragment specific, Jackson Immunoresearch) was added to
the monolayers at saturating concentrations for 1 hr at 4 ° C. The secondary antibody bound
all of the P1.1 Fab on the surface of the endothelial cells but not the antibody in LBRC. It
has been previously established that the LBRC is inaccessible to small proteins at 4 ° C[11].
After this treatment, unbound antibody was washed away, and the same goat anti-mouse
secondary antibody labeled with Alexa-546 was added to the cultures in the cold for 1 hr to
allow ample time to penetrate along the endothelial cell borders. In PP2 treated conditions,
the cells were treated with 100 μM PP2 for 1 hr prior to antibody incubations, and the drug
was present in the 1 hr incubation with P1.1 fab (2 hrs total treatment). Monolayers were
then rapidly warmed to 37 ° C for various times to allow membrane recycling to occur
before rapid chilling, washing and fixation in 2% PFA. With this method the fluorophore
labeled secondary antibody can only bind to Fab fragments that are recycled to the junction
from the LBRC. Digitized images were captured using a Zeiss Axiovert 200M widefield
microscope that was equipped with a Princeton Instruments cooled CCD (charged coupled
device) camera driven by Image-1/Metamorph Imaging Software (Metamorph Imaging
Systems). Metamorph Imaging System Software (Universal Imaging Systems) was used to
analyze images.

Targeted Recycling During TEM
A technique to detect PECAM recycling during leukocyte TEM was previously developed
in our laboratory[11]. It is important to note that in this assay, a non-blocking anti-PECAM
antibody is used to localize PECAM in the LBRC and serves as a surrogate marker for
movement of the LBRC membrane. A variation of the procedure for visualizing recycled
PECAM was repeated now in the presence of transmigrating monocytes. Monolayers were
incubated with P1.1. Fab for 1 hr at 37 °C. As before, some cultures were treated with
100μM PP2 for 1 hr at 37 °C, then subsequently incubated with P1.1. Fab plus PP2 (2 hrs
total incubation with drug). The monolayers were chilled on ice, and the unbound antibody
was washed away. Unconjugated goat anti-mouse F(ab')2 (F(ab')2 fragment specific, Jackson
Immunoresearch) was added to the monolayers at saturating concentrations for 1 hr at 4 ° C.
Freshly isolated human PBMC were added to the cultures along with goat anti-mouse
F(ab')2 conjugated to Alexa-546. The cells and antibody were added on ice, to allow the
monocytes to settle onto the endothelial cell monolayer for 20 min in the cold. The cultures
were then quickly warmed to 37 ° C to allow a rapid and synchronous wave of TEM. After
5-10 min, transmigration was stopped by washing and fixation of the monolayers in 2%
PFA. As a positive control to inhibit TEM and targeted recycling, in some conditions PBMC
were incubated with 20 μg/ml of 177 (a rabbit polyclonal anti-PECAM antibody) on ice for
20 min prior to addition to the endothelial cultures. Monocytes were identified by staining
with OKM-1 (anti-CD11b) ab conjugated to Alexa-488 (ATCC). The degree of TEM was
analyzed by our usual counting methods. The degree of membrane recycling was visualized
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by the Alexa-546 conjugated antibody that could only stain the P1.1 Fab on the newly
recycled PECAM. The samples were examined using a Zeiss LSM confocal microscope.
The confocal images were then analyzed using Metamorph software[11].

Immunoprecipitation and Immunoblotting
HUVEC were put on ice, washed twice with cold 1 × PBS then lysed with ice cold RIPA
lysis buffer (0.4% NP-40, 100 mM NaCl, 10mM NaPhosphate, 50 mM NaF, 1mM EDTA,
1mM EGTA, 0.1 mM PMSF, 1mM orthovanadate, protease inhibitor cocktail (used at 1:500
dilution, Sigma Cat # 8340). Lysates were cleared of nuclear material by centrifuging at
14,000 × g for 10 minutes twice. The supernatants were pre-cleared with protein-A
sepharose beads. 20 μg of purified IgG was then added to each sample and the tubes were
rocked at 4 ° C for 4 hours. The immune complexes were precipitated by adding protein-A
sepharose to each tube and rocking for 1 hr at 4 ° C. In some experiments IgG directly
conjugated to sepharose beads was used for immunoprecipitation (in this case pre-clearing
was performed using glycine conjugated sepharose beads). The beads were washed with SA
buffer (0.2 M NaCl, 0.0125 M KH2PO4, 0.02% NaN3 pH 7.4), and Detergent buffer
(0.1%SDS, 0.05% NP-40, 0.3M NaCl, 0.01 M Tris pH 8.6). Each sample was then boiled
for 5 minutes in SDS sample buffer (2% SDS, 0.01% Bromophenol blue, 12% sucrose, in 50
mM carbonate buffer pH 8.2, with 5% β-mercaptoethanol). The samples were run on a
4-12% gradient Tris-Glycine SDS PAGE (Invitrogen) and transferred to a
polyvinyldifluoride membrane. The membrane was blocked in 5% BSA and then incubated
overnight at 4 ° C with mAbs diluted into 2% BSA. Blots were incubated with horseradish
peroxidase conjugated secondary rabbit anti-mouse IgG or swine-anti rabbit IgG and
proteins were detected using enhanced chemiluminescence (Amersham). In some cases
membranes were stripped (Stripping Buffer, Pierce Endogen) blocked overnight in 5% BSA
and then re-probed. The following antibodies were used for immunoprecipitation and
blotting: 177 (anti-PECAM polyclonal), hec 7 (anti-PECAM monoclonal), both raised in our
lab, and 4G10 (mouse mAb anti-phosphotyrosine, Upstate Signaling Solutions).

Isolation of PECAM from Surface and LBRC
HUVEC were incubated with hec 7 on ice to selectively label surface PECAM. The cells
were then lysed in RIPA buffer and the lysates were exhaustively immunoprecipitated
through several rounds of incubation with protein-A sepharose to bring down all of the
surface PECAM. The supernatant was then incubated with fresh hec 7 and
immunoprecipitated with protein-A sepharose to bind the remaining PECAM (fraction from
the LBRC).

In a more stringent method, all HUVEC cell surface proteins were first biotinylated at 4 ° C.
HUVEC were washed in ice-cold Krebs Ringers Bicarbonate Buffer (Sigma) then incubated
with 2mM Biotin solution (EZ Link Sulfo-NHS-Biotin, Pierce) for 30 min on ice. The
reaction was quenched using 100mM Glycine, and the cells were washed several times in
Krebs Ringers buffer. The cultures were then lysed in RIPA buffer. The lysates were
exhaustively immunoprecipitated with Streptavidin-Sepharose (GE Healthcare) to deplete
all surface proteins from the lysates. The samples were then incubated with hec 7 mAb and
protein-A sepharose to immunoprecipitate the remaining PECAM in the lysates (fraction
from LBRC).

Samples of the surface and LBRC PECAM fractions were analyzed via SDS-PAGE.
Western blots were performed using hec 7 and 4G10 to visualize tyrosine phosphorylated
PECAM.
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Statistics
Statistical significance for data from the transmigration and targeted recycling assays was
determined by one-way ANOVA' Tukey-Kramer and/or Student's t test where appropriate,
using PRISM software (GraphPad)
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Abbreviations

TEM Transendothelial Migration

LBRC Lateral Border Recycling Compartment
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Figure 1. Transmigration requires src kinase activity
TEM was inhibited by PP2 in a dose dependent manner. Genestein also inhibited TEM at
concentrations greater than 100 uM. The data are shown as mean transmigration ± SEM, of
3 fields counted from 2 replicates per condition from three separate experiments. PP2
treatment differed significantly from the nonblocking PP3 condition. Higher concentrations
of Genistein blocked transmigration significantly as compared to PP3 (** p<0.005, * p <
0.001, based on one-way ANOVA and Bonferonni correction to compare treated conditions
to PP3 control).
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Figure 2. Targeted recycling of PECAM from the LBRC is Src kinase dependent
The recycling PECAM assay was performed in the presence of transmigrating monocytes.
Overlay showing a monocyte interacting with the EC junction, recycled PECAM (left panel)
is shown in red, monocytes (right panel) are shown in green. Orthogonal section through the
field is shown below the overlay, to demonstrate the extent of diapedesis. (A) In untreated
HUVEC monolayers, PECAM recycling from the LBRC is enriched around the
transmigrating monocyte (left). The monocyte shown is actively crossing the HUVEC
monolayer (arrow). (B) In PP2 treated monolayers, there is no PECAM enrichment around
the monocyte (left), and the orthogonal section shows that the monocyte is blocked on the
apical side of the endothelial junction (arrow). Images shown are representative of hundreds
of leukocytes observed in 4 independent experiments. (C) Quantitative analysis of
monocytes interacting with the endothelial cell junctions. The total number of monocytes
that had rings of recycling PECAM around them was counted per field (Materials and
Methods). Virtually all of the transmigrating monocytes showed rings of enriched PECAM.
In comparison there is an inhibition of targeted recycling of PECAM in the PP2 and
Genistein treated HUVEC. Endothelial cells treated with anti-PECAM ab (177) are shown
as a control. The data are shown as the average % monocytes with associated PECAM
enrichment rings per HPF ± SEM of 30 fields analyzed from each of 2 replicates per
condition across 4 separate experiments. PP2 and Genistein treatment (*) differed
significantly from the untreated control (p < 0.005) and 177 (**) also blocked ring formation
significantly (p < 0.001) as determined by comparing PP2, Genistein and 177 to untreated
control via one-way ANOVA and bonferonni correction).
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Figure 3. PP2 has no effect on constitutive recycling of PECAM from the LBRC
(A) Sample images of HUVEC monolayers from a recycling assay where PECAM becomes
fluorescent as it reaches the cell surface (Materials and Methods). HUVEC were untreated
(left) or treated with 100μM PP2 for 2hrs (right). Recycled PECAM shown at the timepoints
indicated was quantified to determine the kinetics of recycled PECAM. Untreated cells
(solid line, squares) and PP2 treated cells (dotted line, circles) show no differences in
constitutive recycling of PECAM from the LBRC (p < 0.005 as determined by nonlinear
curve fit and F test). Images shown are representative of 20 fields analyzed per condition for
each of 3 independent experiments. The data are an average of normalized curves from 3
separate experiments (where each experiment consisted of 20 fields analyzed for 2 replicates
per condition.
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Figure 4. Tyrosine phosphorylated PECAM is selectively enriched in the LBRC
(A) HUVEC were cultured in standard HS media (left half of blot) or media containing FBS
(right half of blot) in order to enhance baseline PECAM phosphorylation levels. The
PECAM on the surface and in the compartment was immunoprecipitated (Materials and
Methods). Samples of the total lysate (total), surface fraction (surface), and LBRC fraction
(internal) were analyzed by western blots using anti-PECAM and anti-phosphotyrosine ab
(P-Tyr). A sample from the final round of surface PECAM immunoprecipitation is shown
(test IP) to ensure that all the surface tyrosine phosphorylated PECAM had been depleted.
The ratio of tyrosine phosphorylated PECAM to total PECAM is shown each sample. In
both HS and FBS cultured cells, the LBRC fraction had a greater amount of tyrosine
phosphorylated PECAM. (B) The assay was repeated on HS cultured HUVEC and the
surface PECAM was exhaustively immunoprecipitated (Materials and Methods) using a
more stringent method (lanes 1-4). By the fourth round of immunoprecipitation, all of the
surface PECAM has been depleted from the lysate (lane 4). The PECAM in the LBRC is
preferentially tyrosine phosphorylated (final lane). Blots shown are representative of 3
independent experiments.
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