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Human Carotid Endothelial Cells

Abstract:

Atherosclerosis is a cardiovascular disease that begins with
inflammation and ends in decreased lumen diameter,
occlusion and rupture if not addressed appropriately. Markers
of vascular inflammation are, but not limited to, increased
expression of Cell Adhesion Molecules on the vascular
endothelium, recruitment of serum monocytes to the
endothelium, and increases in the presence of inflammatory
cytokines. Many factors can contribute to vascular
inflammation and atherosclerosis, including diabetes, obesity,
smoking, and genetic factors. In this report, we examine how
cigarette smoke extract (CSE) contributes to the onset of
vascular inflammation by (1) increasing VCAM-1 and ICAM-
1 expression in endothelium in a time- and dose-dependent
manner, (2) affecting cytokine expression in endothelial cells,
(3) increasing monocyte adhesion to carotid endothelial cells
and (4) increasing the number of monocytes that migrate
across a monolayer of carotid endothelial cells.

Keywords: cigarette smoke extract, monocytes, carotid
endothelial cells
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1. Introduction / Background

The integrity of the vascular wall is
an indication of the health of the artery as
well as the circulatory system in general
[1,2]. Many serum factors impact the well-
being of the endothelial cells that line the
arterial  walls, including  cytokines,
monocytes and endocrine hormones [3].
Physical, biochemical and exogenous factors
can adversely affect the integrity of the
walls of the arteries and thereby activate
sequelae of events that are detrimental to the
integrity of the endothelial cell [4].

Many factors can contribute to the
destructive remodeling of the endothelium
in atherosclerosis, arterial inflammation and
the onset of atherosclerosis in cardiovascular
disease (CVD) incluing hyperinsulinemia in
diabetes, advanced glycation end-products
(AGE), hyperlipidemia and hypertension
[5,6]. In addition, external environmental
contaminants that are captured by the
cardiovascular system can also wreak havoc
on the endothelium. Along with internal
serum factors that affect the vasculature, the
soluble constituents of cigarette smoke may
also find their way into the cardiovascular
system [7]. Although smoking has been
linked to lung disease, the impurities of
smoke have been found in serum [8]. Their
deleterious effects on the cardiovascular
system are now being investigated.

Cellular ~ Adhesion Molecules
(CAMs) such as Vascular Cellular Adhesion
Molecule-1 (VCAM-1) and Intercellular
Cellular Adhesion Molecule-1 (ICAM-1)
interact with ligands on the surface of
macrophages and mediate the adhesion of
monocytes to the endothelial surface [9].
Following the adhesion of monocytes to the
endothelial surface, monocytes migrate into
the wvessel intima and recruit other
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leukocytes. Ultimately leading to vascular
plaque formation[10]. VCAM-1 has been
shown to be critical in the development of
atherosclerotic lesions [9], and serum factors
such as hyperinsulinemia, pro-inflammatory
cytokines such as tumor necrosis factor
alpha (TNFa), and bacterial
lipopolysaccharides (LPS) can selectively
induce VCAM-1 expression [11].

In this report, we show that cigarette
smoke extract (CSE) (1) substantially
increases the expression of VCAM-1, but
not ICAM-1, on the surface of Human
Carotid Endothelial Cells (HCEC), (2)
decreases cytokine production in HCEC, and
(3) increases the numbers of monocytes that
bind to HCEC and migrate across an HCEC
monolayer.

2. Methods

2.1.  Materials

Primary Human carotid endothelial
cells (HCEC) were obtained from Cell
Applications, Inc. (San Diego, CA) and
cultured in MesoEndo Cell Growth Medium
(MGM, Cell Applications, Inc.). U937
human monocytes were obtained from
American Type Culture Collection (ATCC,

Manassas, VA) and cultured in RPMI
medium with L-glutamine
(Gibco/Invitrogen, Carlsbad, CA)

supplemented with 10% heat inactivated
Fetal Bovine Serum (Gibco) and 1%
Antimycotic-Antibiotic  solution (Gibco).
Cigarette Smoke Extract (CSE) was
obtained from Murty Pharmaceuticals, Inc.
(Lexington, KY) and reconstituted in
dimethyl sulfoxide (DMSO, Sigma-Aldrich,

St.  Louis, MO, USA) to a stock
concentration of 10 mg/mL. APC-
conjugated anti-human ICAM-1, PE-

conjugated anti-human VCAM-1, and FITC-

Copyright 2017 KEI Journals. All Rights Reserved.



Medical Research Archives. Volume 5, issue 7. July 2017.

VCAM-1 Mediates Cigarette Smoke Extract Enhancement of Monocyte Adhesion to
Human Carotid Endothelial Cells

conjugated anti-human CD14 antibodies
were obtained from BD Pharmingen (San
Jose, CA). Recombinant human MCP-1
was obtained from PeproTech (Rocky Hill,
NJ). All general lab reagents were
purchased from Sigma- Aldrich (St. Louis,
MO).

2.2 Stimulation and Flow Cytometric
Analyses of Cellular Adhesion Molecules
HCEC were cultured in MGM at
37°C, 5% CO, atmosphere in 6-well tissue
culture dishes (ThermoFisher Scientific,
Waltham MA) until confluent. Prior to
stimulation of HCEC by CSE, spent growth
medium was removed, cells were washed
twice with PBS and fresh growth medium
was added to the cells. Cells were
introduced to indicated concentrations of
CSE for indicated times. After stimulation,
cell-free supernatants were collected and
stored at -80°C until later analysis for
cytokine quantification. The cells were
washed twice with 2 mL of 1X PBS
(Gibco), and after the final PBS wash was
aspirated, 0.5 mL of Cell Dissociation
Solution Non-Enzymatic (Sigma-Aldrich,
St. Louis, MO, USA) was added to each
well. After incubating the cells at 37°C and
5% CO, for 30 min, 1 mL of 1% Bovine
Serum Albumin (BSA, Sigma-Aldrich) in
PBS was added to the cells and the cells
were gently triturated into single cell
suspensions. The cells were transferred to 5
mL Falcon polystyrene round bottom tubes
(ThermoFisher Scientific) and centrifuged at
500 x g for 5 min. After aspirating the
supernatants, the cells were resuspended in 3
mL 1% BSA, pelleted at 500 x g by
centrifugation, and the supernatants were
removed by aspiration. The cells were
resuspended in 200 pL of 1% BSA, and 5
pL  of  PE-conjugated anti-VCAM-1
antibody and 5 pL of APC-conjugated anti-
ICAM-1 were added to cells and incubated
in the dark for 30 min at room temperature.
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The cells were washed twice with 3 mL 1%
BSA and resuspended in 200

pL of 1% paraformaldehyde (PFA, Electron
Microscopy Sciences, Hatfield, PA). After
fixing the cells in PFA for 5 min at room
temperature, the cells were diluted with an
additional 300 pL of PBS and analyzed
using flow cytometry. The experiments were
run on a BD LSRII (BD Biosciences, San
Jose, CA). Mean Fluorescence Intensity
(MFI) and gating percentages as part of data
analysis was done using BD FACSDiva v6
software.

2.3 Monocyte Adhesion Assay

HCEC were cultured in MGM at
37°C, 5% CO; in 6-well tissue culture
dishes until confluent. After aspirating the
spent medium, fresh medium containing
CSE was added to the cells.  After
incubating for 24hr, the medium was
aspirated, the cells were washed twice with
2 mL warm PBS, and 1 mL of fresh MGM
was added to each well. U937 cells were
centrifuged and resuspended in fresh MGM,
and 1x10° cells were added to the HCEC
monolayers in a 0.5 mL volume. The co-
cultured cells were rocked slowly for 1h at
37°C, 5% CO,. The medium was aspirated
and unbound U937 cells were removed
using three washes of PBS. Co-bound U937
cells and HCEC were re-suspended using
Cell Dissociation Solution Non-Enzymatic
as described above. U937 monocytes were
stained in the co-cultures with FITC-
conjugated anti-human CD14 antibody, and
total numbers of unstained cells (HCEC) and
FITC-stained U937 cells were quantified
using flow cytometry.

2.4 Monocyte Transmigration assay
HCEC were cultured in MGM at
37°C, 5% CO; on 8 um pore size membrane
inserts (ThermoFisher Scientific) in 6-well
tissue culture dishes until confluent. After
aspirating the spent medium, fresh medium
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was added to the upper (2.5 mL) and lower
(3.0 mL) chambers. Monocyte Chemotactic
Protein (MCP)-1 was added to the lower
chamber as a monocyte chemoattractant to a
final concentration of 20 ng/mL, and various
concentrations of CSE were added to the
upper chamber. U937 cells were
centrifuged and re-suspended in MGM and
1x10° cells were then added to the upper
chamber in a 0.1 mL volume. The co-
cultures were incubated at 37°C, 5% CO,
for 48hr. The insert was removed and the
transmigrated U937 cells present in the
lower chamber were centrifuged, washed
twice with 1% BSA, and stained with FITC-
conjugated anti-human CD14 antibody as
described above. The total number of FITC-
stained U937 cells were quantified using
flow cytometry.

2.5 Cytokine Analysis

Cell-free supernatants were collected
from time course and dose response assays
of CSE-treated HCEC and stored at -80°C
until analysis for cytokine quantification.
Human Granulocyte Macrophage Colony-
Stimulating Factor (GMCSF), Interleukin
(IL)-6, IL-8, MCP-1, MCP-2, and Regulated
on Activation , Normal T Cell Expressed
and Secreted (RANTES) were measured
using a multiplex array chemiluminescence
ELISA assay (Quansys Biosciences, Logan,
UT, USA).

2.6 Data Analysis

Data were analyzed by either
unpaired Student’s t test (two groups) or
ANOVA with subsequent Tukey posttest
(several groups) as indicated. A “P” value
of less than 0.05 was considered significant.
Results were expressed as the mean =
Standard Error of the Mean (SEM) of three
or more independent experiments.

3. RESULTS

4

In time course experiments we
measured changes in the levels of VCAM-1
and ICAM-1 on the surface of HCEC in the
absence or presence of CSE. Confluent
HCEC were challenged without or with 50
pug/mL of CSE for up to 48hr (Fig 1). CSE
stimulation not only caused increases in the
percentage of cells expressing VCAM-1
(Fig 1A), but the density of VCAM-1
molecules present on the cell surface (as
determined by MFI) also increased (Fig 1B).
VCAM-1 expression appeared to be
maximal at 24hr of stimulation. Although
the number of HCEC that expressed surface
ICAM-1 did not change appreciably over
time (Fig 1C), the surface density of ICAM-
1 molecules significantly (P < 0.005) peaked
at 6hr (Fig 1D), but decreased at later time
points to near control levels (zero time).

In  subsequent experiments, we
performed dose response assays in order to
determine optimal concentrations of CSE
that would elicit maximum CAM expression
over a 24hr time period. Increasing
concentrations of CSE resulted in a
significant expansion of HCEC expressing
VCAM-1 (Fig 2A) and escalation of surface
VCAM-1 density (Fig 2B). In contrast,
while there were significant increases in
HCEC cells expressing ICAM-1 at 20-50
pug/mL CSE (Fig 2C), the increases were
relatively minor and any increases in the
density of surface ICAM-1 were not
significant (Fig 2D).

Serum cytokines and chemokines are
soluble molecules secreted by affected cells
that act in concert with, and recruit cellular
constituents of, the circulatory system. We
wanted to determine whether cytokine
expression in HCEC was affected by CSE
over a 48hr period. Using 50 pg/mL CSE
and various time points we observed
increased amounts of GMCSF, IL-6, IL-8,
MCP-1, MCP-2, and RANTES (Fig 3, white
bars). However, when comparing cytokine
expression of CSE-exposed cells (white
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bars) to the no-CSE controls (black bars) at
each time point, it became clear that CSE
actually had a suppressive effect on cytokine
expression in HCEC.

To confirm that CSE had a
suppressive effect on cytokine production in
HCEC, we next performed CSE dose-
response experiments with HCEC. HCEC
were challenged with 0-50 pg/mL of CSE
for 24hr and soluble cytokines were
determined by ELISA (Fig 4). The
expression of GMCSF, IL-6, IL-8, MCP-1
and RANTES in CSE-exposed HCEC
decreased compared to the CSE-negative
cells, confirming that CSE has an
immunosuppressive effect on HCEC. No
MCP-2 could be detected in these
experiments (data not shown).

Since the expression of surface
VCAM-lincreased due to CSE exposure
(Fig 1), we investigated whether increasing
numbers of monocytes would bind to HCEC
in the presence of escalating concentrations
of CSE.  After incubating an HCEC
monolayer with 0-50 pg/mL of CSE for
24hr, U937 monocytes were added to HCEC
and co-cultured for 1hr to allow adherence.
Increasing concentrations of CSE
significantly  augmented  binding  of
monocytes to the HCEC monolayer (Fig 5).

Plaque formation in atherosclerosis
is initially triggered by the migration of
monocytes across the endothelial barrier into
the intima of the arterial wall [12]. After
finding enhanced adherence of monocytes to
HCEC surfaces following CSE exposure
(Fig 5), we continued our investigation of
monocyte interaction with HCEC by
measuring the numbers of monocytes that
migrated across an HCEC monolayer in the

absence and presence of  various
concentrations of CSE over 48hr. We
observed a significant increase in the

number of monocytes that transmigrated
across the HCEC monolayer of cells in the
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presence of CSE at concentrations as low as
5 pg/mL (Fig 6, P < 0.01).

4. Discussion

Many biological factors, such as
diabetes, obesity, and smoking, are
associated with CVD [5] [13]. Early stages
of CVD involve vascular inflammation [14],
and left unchecked, vascular inflammation
can lead to atherosclerosis, plaque formation
and vessel rupture [15]. Associated with
vascular  inflammation  is  increased
expression of CAMs on the surface of
endothelial cells, rolling and adhesion of
monocytes to the surface of endothelial
cells, transmigration of monocytes into the
intima of the wvascular wall and the
upregulation of inflammatory cytokines and
chemokines [16,17].

Initiation of plagque formation is
intricately linked to the recruitment and
adhesion of monocytes to vascular
endothelial surfaces through interactions
between endothelial CAMs and monocytic
binding ligands. Because leukocyte
recruitment to the endothelium is dependent
on CAM expression, there has been much
attention focused on the impact of smoking
on CAM expression by vascular endothelial
cells. Schaberg et al [18] found that ICAM-

1(but not VCAM-1) expression was
increased in lung peripheral pulmonary
vessels in smokers compared to non-

smokers. Adams et al [19] found similar
results with increased ICAM-1, but not
VCAM-1, expression in Human Umbilical
Vein Endothelial Cells (HUVECS) exposed
to smoker’s serum. In contrast, another
study demonstrated that both ICAM-1 and
VCAM-1 increased in HUVECs exposed to
cigarette smoke condensate [20]. In animal
studies where rats were exposed to cigarette
smoke, higher levels of both ICAM-1 and
VCAM-1 were present in carotid arteries
compared to control rats [21]. These
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disparate effects of cigarette smoke on
ICAM-1 and VCAM-1 expression profiles
suggest that expression of these CAMs in
response to cigarette smoke may be tissue-
specific, and that vascular endothelial cells
from one vascular compartment (e.g.,
peripheral  pulmonary endothelium or
HUVECSs) will respond differently to smoke
than other wvascular compartments (e.g.
carotid endothelium). In total, these reports
and others suggest that CAM expression can
be induced by smoking, and that this
increased expression may be associated with
the enhanced leukocyte-endothelial adhesion
observed in early stages of atherosclerosis.

In this study, we investigated
mechanisms by which CSE increased
binding of monocytes to primary carotid
vascular endothelial cells. We utilized CSE
for these studies because this extract
contains most of the particulates and
chemical compounds found in cigarette
smoke [22]. In order to determine the
mechanisms by which smoking is involved
with  CVD and atherosclerosis, we
investigated the effects of CSE on the
expression of CAMs on human carotid
endothelial  cells (HCEC), cytokine
production by HCEC, monocyte adhesion to
HCEC, and migration of monocytes across
HCEC monolayers.

In both time-dependent (Fig 1) and
dose-response experiments (Fig 2), CSE
significantly  increased  the  surface
expression of VCAM-1 in HCEC with slight
increases in surface expression of ICAM-1.
These results stand in contrast to other
reports showing no increase in VCAM-1
expression in lung peripheral pulmonary
endothelium or HUVECs [18], suggesting
that carotid endothelium regulates CAM
expression in response to CSE differently
than other tissues. This further suggests that
increased expression of VCAM-1, rather
than ICAM-1, may play a more significant
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role in carotid plague formation than in
other vascular tissues.

We  examined cytokine and
chemokine production in HCEC exposed to
CSE. Expression of cytokines and

chemokines are important for recruitment of
leukocytes to sites of eventual plaque
formation. We were interested to determine
if CSE would induce production of
chemokines that could result in recruitment
of key leukocyte  mediators  of
atherosclerotic plaques. Using a 50 pg/mL
dose of CSE at various times up to 48hr (Fig
3), we measured secreted levels of GMCSF,
IL-6, IL-8, MCP-1, MCP-2, and RANTES.
Interestingly, we found that compared to
negative (no CSE) controls, CSE suppressed
or had no effect on cytokine/chemokine
production. Using a single time point of
24hr and various concentrations of CSE (Fig
4) we confirmed the results shown in Fig 3
demonstrating that CSE had no effect or
suppressed cytokine production in HCEC.
These data suggest that CSE plays little or
no role on carotid endothelial recruitment of
leukocytes through the induction of
leukocytic chemotactic factors.
Alternatively, the fact that CSE down-
regulates  important  pro-inflammatory
responders may indicate that CSE decreases
the capacity of the vasculature to quell
inflammation, leading to the onset of
atherosclerosis. Future studies will examine
the effects of CSE on anti-inflammatory
mediators such as IL-1 Receptor Antagonist
(IL-1RA), IL-4, and IL-10.

We next examined whether CSE
could increase adhesion of monocytes to an
HCEC monolayer. Since CSE increased
expression of surface VCAM-1, but not
ICAM-1, in a dose-responsive manner (Fig
2), we predicted that monocyte adhesion
would similarly increase in response to
correspondingly higher concentrations of
CSE. As shown in Fig 5, the number of
monocytes that bound to HCEC increased in
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the presence of CSE, up to 18-fold above
negative controls. Since even low
concentrations (5 pg/mL) of CSE increased
the numbers of bound monocytes, and this
reflected the effects of similar CSE
concentrations on VCAM-1, but not ICAM-
1, expression (Fig 2), these cumulative
results suggest that VCAM-1, and not
ICAM-1, is the key regulator of monocyte
binding to HCEC in response to CSE
exposure.

In follow-up experiments, we
examined the ability of CSE to affect the
number of monocytes that migrated across a
monolayer of HCEC. We found that
monocyte migration increased significantly
with increasing concentrations of CSE (Fig
6). While this increase in transmigration
capacity may simply reflect higher binding
capacity of monocytes to endothelial
surfaces due to increased expression of
surface VCAM-1, we speculate that CSE
may also influence monocyte migration
function. We also cannot rule out that other
endothelial surfaces molecules (such as

7

CD44, P-selectin, L-selectin, or E-selectin)
that affect monocyte rolling and adhesion
may also be affected by CSE. Future
experiments will examine the effect of CSE
on these molecules and monocytic activity.

More investigation is necessary to
parse out the pathophysiology of
atherosclerosis. ~ This study reveals the
interesting hypothesis that different vascular
endothelial tissues respond differently to
cigarette smoke, and drug therapies targeting
CAM expression on endothelial cells may
have to be specifically targeted to affected
vasculature. Better understanding of the
interactions between endothelial CAMs,
cytokines, chemokines and monocytes will
assist us in determining therapeutic targets
that will allay this devastating disease.
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Figure #1 —CSE increases the expression of VCAM-1 and ICAM-1 on HCEC in a time-
dependent manner. HCEC were incubated in medium in the absence or presence of CSE (50
pg/mL) for designated times. Cells were dissociated from the plates and suspensions were
incubated with either PE-conjugated anti-VCAM-1 or APC-conjugated anti-ICAM-1 antibodies
and subsequently analyzed by flow cytometry as noted in Methods. Black bars represent
negative controls (cells not incubated in CSE) and open bars represent cells incubated in CSE.
HCEC expressing CAM are expressed as either percent of total number of cells or mean
fluorescent intensity (MFI). (A) Percent of HCEC that express VCAM-1 surface molecules. (B)
Density (MFI) of VCAM-1 on HCEC. (C) Percent of cells that express ICAM-1 surface
molecules. (D) Density (MFI) of ICAM-1 on HCEC. *, P < 0.05 vs zero time; **, P < 0.01 vs
zero time; #, P < 0.005 vs zero time; in four independent experiments.
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Figure #2 — CSE induces expression of VCAM-1 and ICAM-1 on HCEC in a dose-
responsive manner. HCEC were incubated 24hr in medium in the absence or presence of
various concentrations of CSE. Cells were dissociated from the growth surface, exposed to
fluorescent-conjugated anti-VCAM-1 or anti-ICAM-1 antibodies, and CAMs were measured by
flow cytometry as noted in Methods. HCEC expressing CAM are expressed as either percent of
total number of cells or MFI. (A) Percent of HCEC that express VCAM-1 surface molecules. (B)
Density (MFI) of VCAM-1 on HCEC. (C) Percent of HCEC that express ICAM-1 surface
molecules. (D) Density (MFI) of ICAM-1 on HCEC. *, P < 0.05 vs negative control (no CSE);
** P <0.01 vsno CSE; #, P <0.005 vs no CSE; in five independent experiments.
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Figure #3 — CSE suppresses expression of GMCSF, IL-6, IL-8, MCP-1, MCP-2, and
RANTES in HCEC over time. HCEC were incubated in the absence (black bars) or presence
(white bars) of CSE (50 pg/mL) for designated times. Cytokine expression was measured in
cell-free supernatants using an ELISA assay as described in Methods. *, P < 0.05 vs negative
(no CSE) controls at the same time point; #, P < 0.005 vs negative controls (no CSE) at the same

time point. Concentrations of cytokines are expressed in pg/mL and represent the mean + SEM
of three independent experiments.
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Figure #4 — Increased CSE concentrations decrease expression of cytokines and

chemokines expressed by HCEC. HCEC were challenged with CSE (0 — 50 pg/mL) for 24hr.
Cytokine expression was measured in cell-free supernatants using an ELISA assay as described
in Methods. *, P < 0.05 vs negative controls (no CSE); #, P < 0.005 vs no CSE. Concentrations
of cytokines are expressed in pg/mL and represent the mean + SEM of five independent
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Figure #5 — CSE increases the number of monocytes that bind to HCEC. CSE (0 — 50
pg/mL) was introduced to confluent HCEC for 24h. After washing HCEC twice with PBS, 1 X
10° U937 cells were added to the medium and the cells were allowed to adhere to HCEC.
Unbound U937 cells were removed and conjugated U937/HCEC were suspended and U937 cells
were stained with FITC-conjugated anti-human CD14 antibody. The numbers of bound
monocytes were determined by flow cytometry and expressed as number of monocytes per 1 x
10°> HCEC (unstained cells). The graph represents the mean + SEM of five independent
experiments. *, P < 0.05 vs negative controls (no CSE); #, P < 0.005 vs negative controls (no
CSE).
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Figure # 6 — CSE increases the number of U937 monocytes that transmigrate through a
monolayer of HCEC. HCEC were cultured in MGM on 8 um pore size membrane inserts until
confluent. MCP-1 was added to the bottom chamber and CSE (0 — 50 pg/mL) was added to the
top chamber. After adding 1x10° of U937cells to the top chamber, the co-cultures were
incubated for 48hr. The migrated U937 cells present in the bottom chamber were centrifuged
and stained with FITC-conjugated anti-human CD14 antibody, and the total number of FITC-
stained U937 cells was quantified using flow cytometry. Graphs are expressed in number of
transmigrated monocytes and represent the mean + SEM for four experiments. **, P < 0.01 vs

negative controls (no CSE); #, P < 0.005 vs negative controls (no CSE).
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