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Abstract

During acute inflammation, neutrophil recruitment into extravascular tissue requires neutrophil tethering and rolling on
cytokine-activated endothelial cells (ECs), tight adhesion, crawling towards EC junctions and transendothelial migration
(TEM). Following TEM, neutrophils must still traverse the subendothelial basement membrane and network of pericytes
(PCs). Until recently, the contribution of the PC layer to neutrophil recruitment was largely ignored. Here we analyze human
neutrophil interactions with interleukin (IL)-1B-activated human EC monolayers, PC monolayers and EC/PC bilayers in vitro.
Compared to EC, PC support much lower levels of neutrophil binding (54.6% vs. 7.1%, respectively) and transmigration (63.7
vs. 8.8%, respectively) despite comparable levels of IL-8 (CXCL8) synthesis and display. Remarkably, EC/PC bilayers support
intermediate levels of transmigration (37.7%). Neutrophil adhesion to both cell types is Mac-1-dependent and while ICAM-1
transduction of PCs increases neutrophil adhesion to (41.4%), it does not increase transmigration through PC monolayers.
TEM, which increases neutrophil Mac-1 surface expression, concomitantly increases the ability of neutrophils to traverse PCs
(19.2%). These data indicate that contributions from both PCs and ECs must be considered in evaluation of microvasculature
function in acute inflammation.
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Introduction

Neutrophil recruitment from the blood to the tissue is a central
component of the acute inflammatory response. This process
begins with changes in the endothelial cell (EC) lining of post-
capillary venules, notably increased expression of leukocyte
adhesion molecules (LAMs) and increased display of neutrophil-
activating chemokines. LAMs such as P- and E-selectin mediate
the initial tethering and subsequent blood flow-dependent rolling
of neutrophils on the endothelium. Rolling leukocytes encounter
and respond to the surface-bound chemokines, principally in-
terleukin-8 (IL-8 or CXCL8) in humans, triggering firm attach-
ment via integrin-mediated adhesion to other endothelial LAMs,
most significantly to intercellular adhesion molecule-1 ICAM-1 or
CD54) by neutrophil Mac-1 (CD11b/CD18) [1,2]. EC chemo-
kines and ICAM-1 then contribute to neutrophil crawling along
the EC surface and eventually to initiation of transendothelial
migration (TEM) that occurs at or near inter-EC junctions. Other
EC adhesion molecules at the junctions, such as platelet-
endothelial cell adhesion molecule (PECAM-1 or CD31) and
CD99, participate in transendothelial migration but not in the
initial neutrophil adhesion or activation [3]. Once the EC
monolayer has been breached, the neutrophil still must cross the
subendothelial basement membrane and a network of pericytes
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(PCs) that reside within the basement membrane. While the details
of capture and traversing the EC lining of the venule have been
extensively studied for several decades using i vitro models, as well
as wn situ observations, much less attention has been paid to the
final events involving neutrophil interactions with PCs [1,4-7].

PCs are large, elongated cells that provide structural integrity to
capillaries and post-capillary venules. They contribute to the
formation of the subendothelial basement membrane and interact
with ECs in a number of ways that are important for the
maturation and maintenance of the microvascular system [6,8—
10]. In particular, the PC serve to inhibit EC proliferation,
collaborating with ECs to generate active transforming growth
factor beta (TGF-B) and reducing EC permeability through
production of angiopoietin-1 (Ang-1) [10-12]. The density of PCs
in the microvasculature is both tissue- and vessel-dependent with
EC:PC ratios ranging from 1:1 to 10:1; PCs are most numerous in
the venous capillaries and post-capillary venules of the eye, lung,
heart and skin [8,9,13,14]. It has recently been shown that PCs
actively influence neutrophil extravasation  vivo although little is
known about the molecular details of this process [6,7]. Further
analyses of the interactions of this cell type with neutrophils using
i vitro models will likely lead to better understanding of and
perhaps to identification of new therapeutic targets for modifying
acute inflammation.
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The analysis of EC interactions with neutrophils has profited
greatly from the culture of human EC described over 35 years ago
[15]. We recently described a method for isolating and culturing
human PCs from placental microvessels [12], providing a readily
renewable source of this cell type for functional studies comparable
to the availability of human ECs. To address the relative lack of
information about the function of PCs in acute inflammation, we
have analyzed and compared the interactions of freshly isolated
human peripheral blood neutrophils with human umbilical vein
EC monolayers, human placental microvascular PC monolayers
and EC/PC bilayers. Specifically, we have examined how
interleukin-1f (IL-1P)-activated EC or PC cultures influence
neutrophil functional activities (adhesion, motility, polarization,
transmigration) using time-lapse video microscopy. We have
specifically analyzed the roles of ICAM-1 and IL-8 expression
by ECs and PCs, the principal adhesion molecule and chemokine,
respectively, which regulate human neutrophil recruitment. As
previously observed IL-1B-activated ECs function to facilitate
neutrophil transmigration [16—19], whereas similarly activated
PCs, either as a monolayer or as part of an EC/PC bilayer,
function to limit neutrophil transmigration. This difference
appears to largely result from limited expression and ineffective
localization of ICAM-1 for neutrophil binding to PCs. Trans-
duction of PCs with ICAM-1 can enhance neutrophil binding but
is not on its own sufficient to promote transmigration. Signifi-
cantly, the process of transendothelial migration primes neutro-
phils to transmigrate through a PC layer, in part by increasing the
expression of Mac-1 and other CDI8 integrins that serve as
potential ligands for ICAM-1 and basement membrane proteins.
Our findings suggest that EC/PC bilayers can be used to more
accurately model the process of neutrophil diapedesis.

Materials and Methods

Ethics Statement

The use and attainment of human cells were approved by Yale
University Human Investigation Committee (HIC) of the Internal
Review Board (IRB) as part of the Human Research Protection
Program. This research was conducted in accordance with
approved protocols and in line with the standards set by the
Helsinki Declaration. All advertisements for volunteers were
approved by the Yale University HIC IRB and written informed
consent was obtained from all human volunteers prior to blood
collection. Data collection and analyses were performed anony-
mously.

EC and PC Culture and Activation

Human wvascular cells were isolated from discarded, de-
identified umbilical cords and placentas under protocols approved
by the Yale Human Investigation Committee. Human umbilical
vein ECs were harvested using collagenase as described by
Gimbrone et al. [20] and serially subcultured in flasks coated with
0.1% gelatin (Sigma-Aldrich, St. Louis, MO) in M199 (Gibco,
Grand Island, NY) medium supplemented with 20% FBS
(Hyclone Laboratories, Inc., Logan, UT), 1% penicillin-strepto-
mycin (Gibco), 0.1 mg/ml heparin and 50 pg/ml endothelial cell
growth supplement (ECGS) (Collaborative Biomedical Products,
Bedford, MA) as described by Thornton e al. [21] Human
placental PCs were isolated by explant outgrowth from human
placental microvascular segments obtained by collagenase di-
gestion of placenta according to the methods described in Maier
et al. [22] and serially subcultured in M 199 medium supplemented
with 20% IBS and 1% penicillin-streptomycin. Serially passaged
ECs prepared in this way uniformly express the EC marker CD31
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and are devoid of CD45-expressing leukocytes while the cultured
PCs uniformly express Thy-1 and NG2 as well as smooth muscle
contractile proteins and lack both CD31 and CD45. To activate
vascular cells, ECs or PCs were cultured on gelatin-coated 25 mm
circular coverslips (VWR International) until visually confluent
followed by addition of 10 U/ml IL-1B (PeproTech, Rocky Hill,
NJ) for 4 or 24 hr as indicated. IL-1p dose was chosen based on
pilot studies of IL-1B activation efficacy.

Retroviral Transduction of PCs

PCs were transduced using retroviral supernatant from Phoenix
packaging cells transfected with a pLZRS vectors containing an
ICAM-1 insert and cytomegalovirus promoter as previously
described in detail by Clark et al. [23,24]. The Phoenix packaging
cell line were derived and served as the source of retroviral stocks
as previously described by Zhang et al. (provided as a generous gift
by Dr. G. P. Nolan, Stanford University, Palo Alto, CA) [25].
Retroviral supernatant was collected from the Phoenix cells,
syringe filtered and supplemented with 8 pg/mlL polybrene
(American Bioanalytical, Natick, MA) to improve retroviral
infection. Over a 5 day interval, Phoenix supernatant was added
to PC culture flasks daily for 4 hr, then removed and replaced with
fresh PC medium. ICAM-1-transduced PCs (ICAM-1+PC) were
then positively sorted for elevated ICAM-1 expression using
a Becton Dickinson FACS Aria. When used for adhesion,
transmigration, and IL-8 detection, ICAM-1 transduced PCs
were activated with10 U/ml IL-1 for 4 hours.

ICAM-1 Expression on Vascular Cells

ECs or PCs were cultured on gelatin-coated 25 mm circular
coverslips until confluent and activated with IL-1B for the
indicated times. For FACS analysis, cells were removed from
coverslips with trypsin+tEDTA/HBSS, incubated with primary
mouse anti-human ICAM-1 (CD54) antibody (R&D Systems) or
a normal mouse isotype-matched IgG control (R&D Systems)
followed by an anti-mouse IgG-FITC secondary antibody (Sigma-
Aldrich), rinsed in PBS, fixed in a 2% paraformaldehyde/PBS
solution and analyzed using a BD LSRII flow cytometer. ICAM-1
expression was analyzed using FlowJo software (Tree Star, Inc).
For confocal fluorescence imaging, samples were fixed in 2%
paraformaldehyde as a monolayer, stained using the antibodies
described above, and examined using a Zeiss LSM 510 confocal
microscope.

Interleukin-8 Expression

Interleukin-8 (IL-8 or CXCLS8) secretion was measured using
a human IL-8 ELISA Ready-SET!-Go kit (eBioscience, San
Diego, CA). EC or PC monolayers or EC/PC bilayers were
cultured on 3.0 wm Transwells in 24 well plates until confluent.
Mono- or bilayers were then activated with IL-1f for 4 hr. Media
was collected and assayed with the IL-8 ELISA kit using the
provided protocol. For imaging of bound IL-8, ECs or PCs were
cultured on 25 mm circular coverslips until confluent and
activated with IL-1 for 4 hr. EC or PC cultures were then fixed
in 2% paraformaldehyde and stained with primary anti-human
IL-8 antibody (eBioscience) followed by anti-mouse IgG-TRITC
secondary antibody (Sigma-Aldrich). Samples were imaged using
a Nikon Eclipse TE2000-U microscope and analyzed using
Image] (NIH).

Neutrophil Isolation
Neutrophils were obtained from venous blood drawn from
healthy human volunteers under a protocol approved by the Yale
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Human Investigation Committee, with written consent given by
each volunteer. Each blood sample was drawn into a syringe
containing citrate-phosphate-dextrose (Sigma-Aldrich) and a 6%
HMW Dextran (Polyscience) solution. The whole blood was
allowed to stand for 45 min, after which the plasma was drawn off
and the remaining cell suspension was centrifuged at 1200 RPM.
Following centrifugation, the supernatant was removed and the
pellet resuspended in PBS and then added to Histopaque 1077
(Sigma-Aldrich). The cell-Histopaque suspension was then centri-
fuged at 1200 RPM for 20 min. The neutrophil-rich pellet was
resuspended in PBS and centrifuged to remove any remaining
Histopaque. The resulting pellet was resuspended in PBS contain-
ing calcium, magnesium and 6% glucose at a concentration of
1x10° cells/ml, based upon hemacytometer counts.

Neutrophil Adhesion

To assess neutrophil adhesion, freshly isolated (naive) neutro-
phils (at a concentration of 1x10° cells/ml) were injected into
a Sykes-Moore adhesion chamber containing confluent EC or PC
monolayers on coverslips, previously activated or not with IL-18,
as indicated, and allowed to adhere for 500 sec. The number of
neutrophils in contact with the monolayer was counted and the
chamber was inverted for an additional 500 sec. The chamber was
then placed upright and the neutrophils remaining in contact with
the monolayer were counted and expressed as percent adhesion.
To assess the role of integrins in adhesion to ECs or PCs, isolated
neutrophils were pre-incubated with anti-human Mac-1 (clone
R15.7, Abcam, Cambridge, MA), anti-human LFA-1 (clone
HI111, BioLegend, San Diego, CA) or anti-human [, integrin
(anti-human CD18, BioLegend, San Diego, CA) mouse antibodies
for 20 min on ice prior to the adhesion assay.

Neutrophil Motility, Polarization, Velocity, and Movement

ECs or PCs were cultured on gelatin-coated 25 mm circular
coverslips until confluent and activated with IL-1p for 4 hr.
Neutrophils (at a concentration of 1x10° cells/ml) were then
mjected into a Sykes-Moore adhesion chamber containing the EC
or PC monolayers. After allowing the solution to settle, a time-
lapse sequence was captured using a Nikon Eclipse TE2000-U
microscope and NIS-Elements imaging software. Images were
taken at 15-second intervals over 15 minutes for a total of 61
images and were analyzed using Image] software (NIH).
Neutrophils were tracked using the Manual Tracking plug-in;
results were exported to Excel. Trajectories were plotted using
X,Y-coordinates and average velocity was calculated for each
neutrophil. Neutrophil motility was calculated by evaluating the
number of cells in each video that moved at least 10 pm from the
origin. Neutrophil polarization was calculated by evaluating the
number of cells in each video extending a pseudopod 3-5 wm in
length. For each image sequence, up to ten neutrophils were
selected for analysis, with 3 sequences recorded for each volunteer
and a minimum of 3 volunteers used for each condition. Cell
trajectories shown are a representative selection.

Neutrophil Transmigration

For transmigration studies, EC monolayers, PC: monolayers or
EC/PC bilayers were cultured on 3.0 wm pore polycarbonate
Transwells (Corning, Corning, NY). To generate EC/PC bilayers,
PCs were seeded on the underside of a Transwell membrane and
allowed to attach. Following PC attachment, ECs were seeded
onto the top side of the Transwell membrane and the cells were
cultured together until both monolayers were confluent. Mono- or
bilayers were activated for 4 or 24 hr with IL-1B as indicated.
Following activation, inserts were washed with HBSS and

PLOS ONE | www.plosone.org

TransEC Migration Enables TransPC Migration

transferred to six-well plates coated with a thin layer of 1%
agarose, which facilitated the removal of transmigrated neutro-
phils for further analysis and minimized additional activation by
the plastic wells. Approximately 3 million freshly isolated (naive)
neutrophils from healthy volunteers were placed on top of the
insert (ECis facing upward in the case of bilayers) and allowed to
transmigrate through the activated monolayers or bilayers for
1 hr. Transmigrated neutrophils were collected from the bottom
of the insert and counted by hemacytomer. To further assess the
role of ICAM-1 ligands, transmigration studies were conducted
using PC: monolayers or EC/PC bilayers constructed with ICAM-
I-transduced PCs. The role of CD18 integrins on the neutrophil
was assessed by pre-incubating isolated neutrophils with anti-Bo/
CD18 (BioLegend) antibody or isotype control antibody for
20 min on ice prior to the transmigration assay. To evaluate the
role of neutrophil priming by EC, neutrophils were collected
following a 1 hr migration across an EC monolayer then counted,
seeded onto PC monolayers and allowed to transmigrate for 1 hr
(Post-TEM PC).

B, Integrin Expression on Neutrophils

For Flow Cytometry analyses, naive neutrophils, IL-8 stimulat-
ed, and neutrophils collected following transmigration across EC
monolayers were analyzed for By integrin expression. To do so,
neutrophils were labeled with primary anti-human B,/CD18
antibody (BioLegend) and anti-mouse IgG-FITC Fab fragment
secondary antibody (Sigma-Aldrich) concurrently for 20 minutes,
rinsed in PBS, and analyzed using a BD LSRII flow cytometer. As
negative controls, both naive neutrophils and TEM neutrophils
were incubated with control IgG for 20 minutes.

Statistical Analysis

Data are expressed as mean = SE. A minimum of 3 individuals
were used as donors for each experiment. Data sets were analyzed
for significance by one-way ANOVA with a Tukey test for posthoc
analysis and student-T test were performed on paired compar-
isons; significance was defined at P<<0.05, indicated by *, **, or #.

Results

Neutrophil Adhesion to Cytokine-activated EC or PC

Monolayers

A necessary precursor to neutrophil entry into peripheral tissues
is neutrophil adhesion to the ECs that line the lumen of
microvessels, predominantly in the post-capillary venules. This
process has been most often studied in vitro using monolayers of
human ECs isolated from umbilical veins. Here we have
compared the interactions of neutrophils with human umbilical
vein ECs with interactions of human Thy-1" NG2* PCs isolated
from placental microvessels. We first examined neutrophil
adhesion to EC or PC monolayers under either basal culture
conditions or following activation by IL-1P, a cytokine known to
stimulate neutrophil adhesion to and transmigration through ECs,
for 4 or 24 hr. Neutrophil adhesion to unactivated PC and EC
monolayers was minimal (Iig. 1). As expected, EC monolayers
activated for 4 hr with IL-1B exhibited high levels of neutrophil
adhesion; the level of adhesion remained well above that of
controls but somewhat declined at later timepoints of IL-1f pre-
treatment. Neutrophil adhesion remained low on IL-1p activated
PC across all timepoints. Thus, neutrophil adhesion to cytokine-
activated ECs is significantly more robust than adhesion to
activated PCs.
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Figure 1. Neutrophil adhesion to IL-1B-activated EC or PC monolayers. Freshly isolated (naive) neutrophils were seeded onto EC or PC
monolayers previously activated with IL-1f for 4 or 24 hr in Sykes-Moore chambers and allowed to adhere prior to counting. Data are represented (A)
as a line plot of neutrophil adhesion to EC or PC or as a scatterplot of neutrophil adhesion to (B) EC or (C) PC. Line data represents average neutrophil
adhesion + SEM. *P<<0.05, when compared with PC at same timepoints; #P<0.05 when compared with unstimulated EC.

doi:10.1371/journal.pone.0060025.9001

Neutrophil Motility, Polarization, Velocity, Distance from
Origin and Movement on Cytokine Activated EC or PC

Monolayers

Neutrophils adherent to the venular EC surface # vivo become
activated by EC-bound chemokines and then crawl to reach the
vicinity of an inter-EC junction. Crawling is an important
precursor to transendothelial migration and is largely dependent
upon neutrophil Mac-1 interaction with EC-expressed ICAM-1
[26]. We compared the motility (48.2 and 54.1%, respectively,
polarization (84.2 and 83.1%, respectively), and velocity (4.6 and
4.8 wm/min, respectively) of adherent neutrophils on 4 hr IL-1-
activated EC and PC monolayers. Despite profound differences in
the absolute number of adherent neutrophils between the two
types of cell monolayers (Fig. 2 and 3), we found no significant
differences between the capacities of IL-1B-activated EC and PC
monolayers to support overall motility of those neutrophils that are
adherent (Fig. 2A-E).

Neutrophil Transmigration Across Cytokine-activated EC
or PC Monolayers

To compare the capacities of EC and PC monolayers act to
support diapedesis into tissues, we next examined neutrophil
transmigration across IL-1B-activated (for 4 or 24 hr) EC or PC
monolayers. IL-1B-treated ECs supported higher levels of neutro-
phil transmigration early after activation; neutrophil transmigra-
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tion was highest following 4 hr activation, subsequently decreasing
at 24 hr of activation (Fig. 3A). Neutrophil transmigration across
IL-1B-activated PC monolayers was comparatively low at all
timepoints of cytokine treatment, but exhibited a slight increase
after 24 hr of activation versus an unactivated control or after 4 hr
of cytokine treatment (Fig. 3A). Neutrophil transpericyte migration
could be significantly enhanced when neutrophils were allowed to
transmigrate an IL-1f activated EC layer (post-TEM) before
exposure to the IL-1B activated PC layer (Figure 3A). Overall,
these data suggest that transmigration of naive (non-transmigrated)
neutrophils i3 much more robustly supported by activated EC
monolayers than activated PC monolayers. However, the act of
transendothelial migration appears to prime neutrophils for an
efficient encounter with subendothelial pericytes.

To more fully model the venular wall, which is formed by ECs
supported by subendothelial PC, we developed an EC/PC bilayer
(Fig. 3B) and used it to evaluate the ability of neutrophils to
transmigrate in either its quiescent and IL-1B activated state. In
this manner, neutrophils will undergo transendothelial migration
prior to encountering the subendothelial PC. Unactivated bilayers
support a low level of neutrophil transmigration, comparable to
that supported by either unactivated EC or PC monolayers. In
contrast, bilayers activated by IL-1f for 4 hours supported a level
of transmigration intermediate to those of activated EC and PC
monolayers (Fig. 3C). However, the level of transbilayer migration
was enhanced, compared to that of post-TEM neutrophil trans-
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Figure 2. Neutrophil motility, polarization, and velocity. Freshly isolated neutrophils were seeded onto EC or PC monolayers (activated for
4 hr with IL-1B) in Sykes-Moore chambers and neutrophil (A) motility, (B) polarization, (C) velocity, (D) movement on EC and (E) movement on PC was
time-lapse captured for 15 min. Bars represent average motility/polarization/velocity + SEM.

doi:10.1371/journal.pone.0060025.g002

migration across PC, suggesting that EC are necessary for high
levels of neutrophil recruitment and capture through the
microvascular PC layer, as PC are unable to recruit these cells
independently. Additionally, these data suggest that the composite
microvascular structure retains an inhibitory contribution from
PCs that limit, but do not prevent neutrophil diapedesis following
IL-1B activation.

IL-8 and ICAM-1 Expression on Cytokine Activated EC or
PC Monolayers

The large differences demonstrated in neutrophil adhesion to
and transmigration across EC and PC monolayers could be due to
differences in surface chemokine expression and/or LAM
expression. We therefore examined if differences in IL-8
expression and/or presentation were responsible for the differ-
ences we have observed between neutrophil interactions with EC
and PC monolayers. The overall expression of 1L-8 measured in
conditioned media from IL-1PB activated cultures was similar
among EC and PC monolayers and EC/PC bilayers (Fig. 4A).
Immunostaining of cell surface-bound IL-8 on EC and PC
monolayers demonstrated no discernible difference between
surface display of IL-8 on ECs vs. PCs; IL-8 was well distributed
across the surface of the both cell monolayers (Fig. 4B,C). These
results suggest that the lower levels of neutrophil adhesion to and
transmigration across PC monolayers were not likely to be a result
of inadequate IL-8 production or its cell surface display.

ICAM-1 is the major LAM responsible for neutrophil adhesion
to cytokine-activated ECs [30]. Activation of ECs by IL-1B (4 hr)
resulted in levels ICAM-1 surface expression (Fig. 5A) that are
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significantly higher than ICAM-1 surface expression on IL-1B
treated PCs (Fig. 5D), as assessed by flow cytometry analysis.
Confocal immunofluorescence microscopy of ICAM-1 expression
on EC and PC monolayers revealed that EC monolayers displayed
broad ICAM-1 distribution over each cell surface in conjunction
with pronounced localized expression around the lateral borders of
the cell with a further concentration on numerous stellate
projections (Fig. 5B, C). In contrast, PC monolayers exhibited
a more evenly distributed distribution of ICAM-1, albeit at
significantly lower quantities compared to EC, and did not
demonstrate increased display of ICAM-1 at the lateral borders or
associated with stellate projections (Fig. 5E, F). The significantly
higher ICAM-1 expression exhibited on EC monolayers and its
concentration at EC lateral borders is consistent with the
hypothesis that ICAM-1 expression and localization may serve
to mediate higher levels of neutrophil adhesion and trans-
migration, respectively on IL-1B-activated PC monolayers.

We took two approaches to determine whether these observed
differences in ICAM-1 expression levels between activated ECs
and PCs can explain differences in neutrophil adhesion to and/or
transmigration through EC or PC monolayers in our experiments.
First, neutrophils were incubated with anti-Mac-1 (anti-o, B, anti-
CD11b/CDI18) or anti-LFA-1 (anti- orfy, anti-CD11a/CD18)
antibody, neutralizing the principal receptors for ICAM-1, before
being seeded onto IL-1B-activated (for 4 hr) EC or PC mono-
layers. Neutrophil pre-incubation with an anti-Mac-1 antibody
resulted in significant inhibition of adhesion to IL-1B-activated EC
monolayers. We also observed a slight reduction in the already low
levels of neutrophil adhesion to IL-1p activated PC monolayers

March 2013 | Volume 8 | Issue 3 | e60025



>

& 1004 -~ EC

® = PC

Cé’ 80 4 ~¥ Post-TEM PC

(7]

S 60

S

-

T 401

Q.

2

S 201

[}]

b4

\O 0 T T 1

e Unstimulated 4 24
Stimulation Time (hr)

C

& 100, = PC

® -~ Post-TEM PC

.g 80+ -k- EC/PC Bilayer

[72]

S 60

S

; 40 #

-§- —"”:~~~~--~

= .- #*

5 20-

[F)

b4

\° o 1 T 1

° Unstimulated 4 24

Stimulation Time (hr)

TranseC Migration Enables TransPC Migration

EC/PC Bilayer

Yale 5.0kV 12.0mm x1.80k SE(L) 4/18/2012"

Basal PC Layer

Yale 5.0kV 10.5mm x3.00k SE(L) 4/18/2012 10.0um
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doi:10.1371/journal.pone.0060025.g003

(Fig. 5G). Antibodies against LFA-1 were less effective as inhibitors
of neutrophil adhesion to either EC or PC. Second, we retrovirally
transduced PCs to express higher levels of ICAM-1. ICAM-1
expression on unactivated and IL-1B-activated transduced PCs
(ICAM-1+PC) was measured using flow cytometry to verify
increased adhesion molecule expression on the cell surface
compared to IL-1B activated non-transduced PC (Fig. 6A, B).
Flow cytometry verified no measurable increase in ICAM-1
expression between unactivated and IL-1f activated ICAM-1
transduced PC (data not shown). Confocal fluorescence micro-
scopic images of ICAM-1 expression on IL-1f-activated ICAM-1-
transduced PC monolayers demonstrated high levels of ICAM-1
expression (Fig. 6C, D), similar to that of EC (Fig. 5B, C) and
higher than those on non-transduced PC (Fig. 5E, F). Transduced
ICAM-1 appeared well distributed across the cell surface and now
displayed additional localization around the outer edges of the cell;
however, ICAM-1 transduced PCs did not display ICAM-1-rich
projections like those seen on the EC monolayers. Importantly,
transduction of PCs with ICAM-1 did not alter expression or
distribution of IL-1B-induced IL-8 when compared to non-
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transduced PC (Fig. 4C). The effect of ICAM-1 transduction of
PCs in the absence of IL-1 significantly increased the capacity of
these cells to bind neutrophils, as unactivated ICAM-1 transduced
PC were able to support 34.1% neutrophil adhesion, as compared
to 6.6% on unactivated PC. However, when ICAM-1-transduced
PC monolayers were activated with IL-18 for 4 hr, they exhibited
slightly higher rates of neutrophil adhesion (41.4%) and supported
similar levels of adhesion as cytokine-activated ECs (Fig. 6L).
Neutrophil pre-incubation with an anti-Mac-1 integrin blocking
antibody resulted in a decrease in adhesion to IL-1B-activated
ICAM-1-transduced PCs as previously noted for adhesion to
cytokine-activated ECs, verifying that transduced PC were
presenting increased amounts of functional ICAM-1 to mediate
the increase in neutrophil adhesion via Mac-1 binding. These
results suggest that the large differences exhibited in neutrophil
adhesion to PC and EC monolayers may be attributed to the low
levels of ICAM-1 expression on non-transduced PC.

Having observed increased neutrophil adhesion by ICAM-1
transduction of PCs we proceeded to examine whether the
increased ICAM-1lexpression on PCs would similarly increase
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incubated for 4 hr with IL-1. Following incubation, media were removed and analyzed for IL-8 by ELISA. Bars represent average IL-8 expression =
SEM. IL-1 activated (B) EC and (C) PC monolayers were stained and imaged for cell surface bound IL-8. Bar in B and C 100 um.

doi:10.1371/journal.pone.0060025.g004

their competence to support neutrophil transmigration. Unac-
tivated ICAM-1-transduced PC were able to support 14.2%
neutrophil transmigration, no different from unactivated, non-
transduced PC (13.9%). Despite IL-1P activation for 4 hr, ICAM-
I-transduced PC monolayers still did not support significantly
greater levels of transmigration (17.0%) and still showed much
lower rates of transmigration compared to cytokine-activated ECs
(63.7%) (Fig. 6F). However, neutrophils pre-incubated with an
anti-CD18 (B, integrin) blocking antibody did result in a decrease
in transmigration across IL-1B activated EC, PC or ICAM-1-
transduced PC monolayers, consistent with a necessary role for
ICAM-1 expression in PC- as well as EC-supported trans-
migration. However, unlike adhesion, increased ICAM-1 expres-
sion is not sufficient to support higher levels of transmigration
through a cytokine-activated PC monolayer, implying a role for
other required processes or interactions.

EC-primed Neutrophil CD18-dependent Transmigration
through PC

In a final series of experiments we examined the influence of
neutrophil ‘priming’ by the ECs on neutrophil interactions with
PCs by analyzing adhesion to and transmigration through PC
monolayers following transmigration through cytokine-activated
EC monolayers (post-TEM neutrophils). As previously reported,
the act of transendothelial migration alters the phenotype of the
neutrophil by increasing the expression of CD18 integrins on the
neutrophil surface (Fig. 7; Table 1) [1,16]. This phenotypic change
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in neutrophil integrin expression appears to require interaction
with ECs as neutrophil incubation with IL-8 alone does not result
in increased CD18 expression (Fig. 7A, B). Post-TEM neutrophils
did not exhibit a significantly higher level of adhesion to cytokine-
activated PC unless the PC were ICAM-1-transduced (Fig. 7C).
However, post-TEM neutrophils did exhibit higher levels of
transmigration across both cytokine-activated PC monolayers and
ICAM-1-transduced cytokine-activated PC monolayers when
compared to naive neutrophils (Fig. 7D). As a second method of
evaluating EC-primed neutrophil transpericyte migration, we
utilized cytokine-activated EC/PC bilayers. Consistent with the
effect of EC monolayers upon the behavior of neutrophils, levels of
transmigration across EC/PC bilayers was mid-way between that
of neutrophil transmigration across EC monolayers (high) and PC
monolayers (low). Bilayers constructed with ICAM-1-transduced
PCs (EC/ICAM-1+ PC bilayers) supported transmigration at
levels similar to that of a control cytokine-activated EC/PC
bilayer. In other words, increased ICAM-1 expression on the PCs
had no further effect on diapedesis across EC/PC bilayers, though
it effectively increases the ability of leukocytes to adhere to
pericytes. To further evaluate the role of ICAM-1 in this system,
we examined the effect of blocking CD18 integrin interactions
with their ligands using monoclonal antibody. Analysis of the
mean percent reduction in transmigration following anti-CD18
treatment of freshly isolated neutrophils indicates that EC
transmigration is reduced by 99.1% while PC transmigration is
reduced by 83.7%. Post-TEM neutrophil transmigration through
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Figure 5. EC and PC ICAM-1 expression and effects of CD18 blocking on neutrophil adhesion. ICAM-1 expression on (A) EC or (D) PC
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*P<0.05, when compared to the no block control.
doi:10.1371/journal.pone.0060025.9005

PC is reduced by 73.7%, with post-TEM ICAM-1-transduced PC
transmigration reduced by 75.6%. However, neutrophil CD18
blocking reduced transmigration across EC/PC bilayers and EC/
ICAM-1+PC bilayers by only 52.5% and 46.1%, respectively.
Together, these results indicate that the act of transmigration
across the EC layer reduces the dependence of transpericyte
migration upon CD18 ligand ICAM-1.

Discussion

The use of human EC cultures to analyze the process of
neutrophil recruitment from blood into tissue has been highly
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successful and many of the molecules identified by such models
have been confirmed to be physiologically relevant in living
rodents both by antibody blocking studies and by genetic
mutational analyses [1,32]. The vast majority of leukocyte
extravasation from the blood into infected tissue occurs through
post-capillary venules where the EC lining of the vessel is invested
by a network of PCs embedded within a shared basement
membrane; thus neutrophils must actually diapedese through two
distinct cell layers, ECG and PC, in order to reach perivascular
tissue [33,34]. The contribution of the PC cell layer to neutrophil
transmigration and the leukocyte adhesion cascade has, until
recently, been ignored [4-7,34]. Furthermore, while most n vitro

March 2013 | Volume 8 | Issue 3 | e60025



TransEC Migration Enables TransPC Migration

PC ICAM-1 Transduced PC

100'A 100 B
80 80
x ] % p
g 60 % 60
k] ‘s
® ®
40 " 401

207 20
0 o
E F
100+ 100- Il cC
- B EC 5 O3 PC
2 3 ICAM-1+ PC s
2 604 § 604
= =
E 40- _E_ 404
=3 * s
Z 20 # 2 20- g o
] =T=EE [=il
0- T T = 0' T z T =
No Block CcD18 No Block cD18

Figure 6. ICAM-1 transduced PC. ICAM-1 expression on (A) non-transduced PC and (B) ICAM-1-transduced PC (ICAM-1+PC) monolayers following
4 hr of activation by IL-1. ICAM-1 assessed using flow cytometry. ICAM-1 expression on (C,D) ICAM-1 transduced PC following 4 hr of IL-1f activation
imaged using confocal microscopy. Bar in (C,D), 20 um.(E) Neutrophil adhesion on EC, PC or ICAM-1 transduced PC monolayers following 4 hr of IL-1§
activation. Freshly isolated neutrophils were pre-incubated with anti-CD18 antibodies and seeded onto the monolayers in Sykes-Moore chambers
and allowed to adhere prior to counting. Bars represent average neutrophil adhesion + SEM. #P<0.05, when compared to no block EC control.
*P<0.05, when compared to no block of the same cell control. (F) Neutrophil transmigration across EC, PC or ICAM-1 transduced PC monolayers
following 4 hr IL-1f activation. Freshly isolated neutrophils were pre-incubated with anti-CD18 antibodies and seeded onto the Transwell monolayers
and allowed to transmigrate for 1 hr. Bars represent average neutrophil transmigration = SEM. #P<0.05, when compared to no block EC control.
*P<0.05, when compared to no block of the same cell layer.

doi:10.1371/journal.pone.0060025.g006

models have used human neutrophils and human ECs, the few investigate three phenomena: 1) The ability of EC and PC to

mnvestigations that have considered PCs have largely used PCs differentially support neutrophil adhesion, locomotion and sub-
from non-human sources, raising the concern that crucial sequent transmigration, 2) potential contributions of PC to
interactions may have been missed because of species incompat- composite microvascular support of neutrophil tissue infiltration

ibilities of receptors and their ligands. For example, human and 3) the extent to which these events are ICAM-1/Mac-1
leukocyte integrins poorly interact with rodent ICAM-1. Here we dependent. We identify a crucial role for recognition of ICAM-1 in

describe the use of an i vitro system consisting entirely of human static adhesion to and a necessary but insufficient role for ICAM-1
cells to examine the regulation of neutrophil activity by IL-1 in transmigration through cytokine-activated monolayers of both
activated EC and PC monolayers. We used our system to cell types using freshly isolated neutrophils. Our studies demon-
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doi:10.1371/journal.pone.0060025.g007

strate that interactions with PCs are limited by their lesser
expression of this protein. Most importantly, we show that the
process of transendothelial migration primes neutrophils both for
ICAM-1 recognition and for efficient transpericyte migration,
a process that is, at least in part, ICAM-1-independent involving
an as yet unidentified receptor/counter-receptor pair(s). Our
observations suggest that the combination of EC and PC presented
simultaneously in a microvascular simulating bilayer will provide

Table 1. Corrected mean fluorescent intensity (MFI) of CD18
expression on neutrophils.

Treatment CD18 corrected MFI
Naive neutrophils 9.38

TEM neutrophils 12.98

Low (0.7 ng/ml) IL-8 treated neutrophils 10.48

High (25 ng/ml) IL-8 treated neutrophils 9.99

doi:10.1371/journal.pone.0060025.t001
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signals to one another, and to the neutrophil that are unique to the
bilayer system, not experienced by neutrophils interacting with
either EC or PC monolayer individually. The novel EC/PC co-
culture bilayer system we have developed may provide a means by
which more comprehensive descriptions of neutrophil diapedesis
can be investigated.

A primary conclusion of this study is that cytokine-activated
ECs facilitate the diapedesis of freshly isolated neutrophils while
PCs do not (Fig. 1 & 3). We have broken up this process into
several steps and show that PCs are specifically defective at
supporting adhesion and transmigration but can adequately
support crawling of neutrophils on the cell surface. ICAM-1 is
largely responsible for neutrophil firm adhesion to the endothe-
lium and 1s involved in creation of an apical “cup-like” structure
providing neutrophils with directional guidance towards prefer-
ential (ICAM-1-rich, laminin-low) regions for transmigration [1,2].
Surprisingly, PCs simply do not express sufficient ICAM-1 to
support these processes yet still support crawling of a subset of
neutrophils that do attach, suggesting that ICAM-1 localization is
key to neutrophil transmigration events. Confocal immunofluo-
rescence microscopy of ICAM-1 expression on EC and PC
monolayers confirmed these differences in ICAM-1 expression and
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further revealed striking differences in ICAM-1 distribution and
localization on ECs compared to PCs. Transduction of PCs to
overexpress ICAM-1 corrects the deficit in adhesion but not in
transmigration. Because the ICAM-1/Mac-1 interaction is just
one, albeit an important interaction, among the many implicated
in neutrophil transendothelial migration, it is not surprising that an
increase in ICAM-1 expression on the PC alone did not fully
support neutrophil transmigration. The deficit both in adhesion to
and in transmigration across PC monolayers is partially remedied
by EC-mediated priming of the neutrophil as it migrates across the
EC monolayer. Whether ICAM-1 is simply acting as a guide or
fully arbitrating transmigration has yet to be delineated [2]. Our
results indicate that PCs naturally express little ICAM-1 even after
cytokine activation and do not concentrate it at their lateral
borders where gaps are likely to occur. They do, however, produce
and display quantities of IL-8 comparable to that made by ECs.
IL-8 is the major chemokine produced by IL-1p-activated human
ECs that stimulates transendothelial migration of bound neutro-
phils [27-29]. The more relevant contributions of IL-8 to adhesion
and transmigration may come from surface displayed chemokine
rather than secreted soluble chemokine. We identify no great
difference in the production or presentation of IL-8 between EC or
PC activated with IL-1P.Other differences between ECs and PCs
may also be important. Neutrophil transmigration across an EC
monolayer is dependent upon both PECAM-1 (CD31) and CD99
expressed on both cell types. Maier et a/ demonstrated a lack of
PECAM-1 on PCs [35], and while the expression of CD99 protein
has not yet been examined, PCs do express high levels of mRNA
encoding this protein. Interestingly, Bixel ¢/ a/ demonstrated that
blocking CD99 antibodies effectively stopped neutrophil transvas-
cular migration at the perivascular level of the mouse cremaster
muscle; neutrophils were trapped in the basement membrane
along the pericyte layer [36,37]. It is likely that alternative ligands
are available on the PC at their lateral edge that can be recognized
by receptors, other than Mac-1, that are upregulated on the
neutrophil during transmigration across an EC monolayer.

Recent i vivo studies of leukocyte extravasation through
microvasculature of the mouse cremaster muscle have demon-
strated that neutrophils primarily cross PC layers through large PC
gaps with cell borders containing low levels of laminin and type IV
collagen, and high levels of ICAM-1 and CXCL-1, a mouse
equivalent to IL-8 [6]. Our system utilizes only human cells and
does not provide large PC gaps for neutrophil transmigration, but
rather presents a truly confluent monolayer of PC that models the
highly PC-invested post-capillary venule of the lung, eye and skin.
This considerable difference in model, both between species and
physiological location (pulmonary post-capillary venule versus the
cremaster muscle), may explain a difference in the frequency of
neutrophil transmigration through the pericyte layer.

Neutrophil transmigration across the EC/PC bilayer resulted in
rates of transmigration midway between that of the EC and PC
monolayers, further validating the specific roles of the EC and PC
layers and further indicating that transendothelial migration alters
the neutrophils. The suggestion is that additional ligands,
recognition of which is enhanced by neutrophil transendothelial
migration, play a role in transmigration across PCs. Furthermore,
the changes observed in post-TEM neutrophil behaviors are more
apparent in experiments using EC/PC bilayers than in those
involving sequential transmigration across EC and PC mono-
layers, suggesting either that some relevant changes may be short-
lived or that the properties of the vascular cells in bilayers differ
from those of the same cells in monolayer cultures. The
phenomena of neutrophil “priming” by transmigration across
activated EC layers is notably relevant to transpericyte migration
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because of the differential regulation of multiple neutrophil
integrins (06B1, o3Py, %P, o5P1, %P, %P, onPo) [16,31]. The
increase in neutrophil transmigration across the EC/PC bilayer
compared to the PC monolayer may be attributed, in part, to the
ICAM-1/Mac-1 (opB9) binding combination, as Mac-1 expres-
sion increases following transendothelial migration (Fig. 7) and
CD18 antibodies effectively inhibited neutrophil transmigration
across EC/PC bilayers (Fig. 7D). Our observation using inhibitory
antibody reveals that Mac-1 is not fully responsible for transper-
icyte migration; rather, changes in alternative neutrophil adhesion
molecule expression may contribute in large part to this process
(Fig. 7D). Some of these changes may be short-lived as the Mac-1-
independent effects appear to be more pronounced in experiments
using EC/PC bilayers than those using sequential EC and PC
monolayers. Alternatively, the bilayer system may change the ECs
and/or PCs in a manner that alters their effects upon and/or
interactions with neutrophils.

In summary, our new functional assays allowed us to evaluate
how EC and PC monolayers differentially regulate and initiate
events leading to neutrophil transmigration. Here we analyzed the
separate roles of the EC and PC as well as how they function
together to mediate neutrophil transmigration. Our focus in the
present study has been on the effects that PC may exert on
neutrophil transmigration, heretofore largely investigated i vitro
using EC monolayers. Historically, PC effects on EC have focused
upon control of proliferation and upon vascular integrity and
leakiness. Although it may seem evident that neutrophil transen-
dothelial migration would affect permeability, the surprising
finding is that it does not [38]. It will be interesting to observe if
the presence of PC in bilayer cultures will exert on effect on basal
permeability or create conditions under which neutrophils may
cause increased leak. Very little is known about PC signaling and
the influence this cell layer has on the endothelium. In future
studies, we hope to further delineate the various contributions of
the PC layer by examining the specific molecular influence of PC
paracrine signaling, PC protein deposition and PC/EC cell
contact on the ability of PC to alternatively alter the EC ability
to support neutrophil recruitment. In addition, inflammatory
chemokines can regulate adhesion molecule and cytokines to
promote juxtacrine signals between two cell types. Clinical
potential for this research is broad and far-reaching, including
elucidation of therapeutic targets against inflammatory diseases
that manifest in the lung, eye and skin, where PC are present in
high numbers [14]. In injured tissues and vascular models, targets
such as cytokine presenting glycoproteins or adhesion molecules
would be ideal targets for therapeutic purposes [39]. Finally, taken
in the broader context of literature relating microvasculature to
regulation of inflammation and leukocyte recruitment, we have
presented a novel model utilizing human cells for further
investigation of the multiple components that contribute to the
events in the leukocyte adhesion cascade and subsequently,
inflammation. Our model combines the inclusion of the PC layer;
while these cells have yet to be widely studied i vitro, a method to
successfully isolate, grow and characterize a pure culture of these
cells was developed by Maier et a/ in 2010 [12]. The PC cultures
used in this study were isolated and grown according to this
protocol and were characterized for the appropriate PC markers.
The use of the PC combined with a complex three human cell
system creates a unique model that, while taken from a reductionist
viewpoint, allows us to systematically address the contributions
and behavior of each cell type in order to better assess the
inflammatory response as a whole.
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