
 

 

Introduction 
 
Adhesive interactions between cells and be-
tween cells and the extracellular matrix have 
been found to be crucial to multiple tissue func-
tions including the inflammatory response. Early 
phases of inflammation involve the recruitment 
of inflammatory cells from the circulation and 
their transendothelial migration. This process is 
predominantly mediated by cellular adhesion 
molecules (CAMs), which are expressed on the 
vascular endothelium and on circulating leuko-
cytes in response to several inflammatory stim-
uli. The CAMs mediate the sequential steps of 
leukocyte-endothelial cell interaction and to-
gether with inflammatory mediators, direct the 
influx of inflammatory cells and define the char-
acteristics of inflammation [1]. Studies indicate 
that the expressions of these inducible leuko-
cyte-endothelial adhesion molecules are impor-
tant in the primary stages of recruitment and 
migration of leukocytes to the sites of inflamma-
tion [2]. The CAMs that mediate this cascade of 
events include selectins and members of the 

integrin and the immunoglobulin superfamilies 
[3]. The selectin family of adhesion molecules 
on the endothelium mediates transient interac-
tions with their ligands on leukocytes, resulting 
in leukocyte rolling and tethering along the vas-
cular endothelium [4].  Intercellular adhesion 
molecules (ICAMs) and vascular adhesion mole-
cules (VCAMs) are involved in the adhesion of 
inflammatory cells to the endothelial surface 
[5], whereas the platelet endothelial cellular 
adhesion molecule-1 (PECAM-1 or CD31) is in-
volved in extravasation of cells from the blood 
compartment into the vessel wall and underly-
ing tissue [6]. The specificity of the leukocyte-
endothelial interaction is the result of the differ-
ential utilization of distinct selectin, integrin, 
and immunoglobulin super family members by 
distinct leukocytes as they navigate through 
diverse beds of the vascular endothelium. In 
humans, aberrant expression of endothelial 
CAMs has been reported in various pathological 
conditions [7-11]. Thus, the details of these 
adhesive interactions at the cellular and mo-
lecular level are of great significant not only to 
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understand the pathophysiology but also as an 
aid for therapeutic drug development. 
 
Most of the previous studies of endothelial cells 
used human umbilical vein endothelial cells 
(HUVECs), however, HUVECs may not be an 
ideal model since they are close to senescence 
and are cultured from hypoxic and activated 
vessels [12]. Thus CAM expression in HUVECs 
may not represent the temporal and spatial pat-
tern of expression of these molecules in mi-
crovascular endothelial cells derived from other 
tissues such as the heart. Thus, it is important 
to use the correct microvascular endothelial 
cells along with the pro-inflammatory mediators 
in vitro and in vivo models to understand the 
response of heart to reperfusion injury. In order 
to establish the optimal timing and dosage of 
cytoinflammatory mediators, a detailed under-
standing of the time and concentration depend-
ence of  CAM upregulation and cell surface ex-
pression is necessary. An earlier in vitro study 
[13], determined the changes in the expression 
of a limited set of CAMs, Esel, VCAM-1 and ICAM
-1, in response to TNF-α and IL-1β in human 
cardiac microvasculature cells. Here we provide 
the concentration and time-dependences of 
expression of various proinflammatory media-
tors on the expression of five CAMs using a 
HMVEC,c culture model. The inflammatory me-
diators used in this study include tumor necro-
sis factor-α (TNF-α), lipopolysaccharides (LPS), 
interleukin 1-β (IL-1β), IL-4, IL-13, histamine, 
thrombin, oncostatin-M (OSM) and substance P. 
 
Materials and methods 
 
Materials 
 
The mouse anti-human Psel (clone AK-6) and 
mouse anti-human vWF (clone 2Q2134) were 
purchased from Abcam (Cambridge, MA). The 
mouse anti-human Esel (clone 68-5H11), Lsel 

(clone SK11), and mouse anti-human CD31-
FITC were purchased from BD science (Franklin 
Lakes, NJ). Mouse anti-human CD31 antibody 
(Mab, clone JC70A) purchased from Dako 
(Carpinteria, CA). The mouse anti-human VCAM-
1 (clone 1G11) and ICAM-1 (clone 6.5B5) were 
purchased from Santa Cruz Biotechnology, Inc. 
(Santa Cruz, CA). The rabbit anti-human vWF 
was purchased from Millipore. The donkey anti-
mouse Alexa Fluor 488, donkey anti-mouse Al-
exa Fluor 555, goat anti-mouse Qdot 800 and 
goat anti-rabbit 655 were purchased from Invi-
trogen (Carlsbad, CA). The human rIL-4 (hIL-4), 
human rhTNF-α (TNF-α), LPS (Ecoli 0111:B4), 
substance P, actinomycin D and cycloheximide 
were purchased from Sigma (Saint Louis, MO). 
The human Psel, Esel, Lsel, rOSM, rIL-6, rIL-11 
and rIL-1β were purchased from R&D systems 
(Minneapolis, MN). Anti-mouse ImmPRESS and 
tetra-methylbenzidine-H2O2 substrate (TMB) 
from Kirkegaard and Perry laboratories, 
(Gaithesburg, MD). Polymyxin B (Sigma), anti-
human TNF Receptor I (TNF-RI) and anti-human 
IL4 Receptor (IL-4R) antibodies (both from Ab-
cam). Anti-human CD14 and anti-human TLR4 
antibodies (R&D systems).  
 
Endothelial cells and culture conditions 
 
Human cardiac microvascular endothelial cells 
(HMVEC,c)s, (Lonza, Walkersville, MD) were cul-
tured in EGM-2MV medium (Lonza). All the cells 
were maintained at 370C in a humid 95%air/5%
CO2 atmosphere. Details of the cells, their pas-
sage numbers and the donor are shown in Table 
1. Unless otherwise stated all the studies with 
HMVEC,c were done using lot no.7F330 (12 y, 
♂) and all the treatments were started at a post
-confluent state (day 6). Unless otherwise stated 
all experiments were run in triplicate and each 
independent experiment was performed at least 
three times.   

Table 1. Details of the human cardiac microvascular endothelial cells (HMVEC,c) used in this study 

 

Cells used Lot number Donor 
Passage number used for 

initiation studies 

HUVEC 2F0515 pooled primary 2-4 

HMVEC,c 7F3303 12 y, ♂ 6 7-9 

HMVEC,c 3F1619 18 y, ♀ 6 7-9 

HMVEC,c 7F3276 45 y, ♂ 6 7-9 
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Immunofluorescence (IF) microscopy 
 
To study the cellular distribution of Psel, Esel, 
vWF and CD31, the HMVEC,c were plated 
(80x103/cm2) on type I collagen coated 8-
chamber slides (BD Biosciences). On day 6, 
cells were treated with hIL-4 for 24 h followed 
by histamine or medium for 10 min at 370C. The 
monolayer was then fixed in 1% paraformalde-
hyde (for cell surface staining) or acetone/
methanol 3:1 volume (for intracellular staining) 
and rinsed in PBS. Psel was detected using 
mouse anti-human Psel (diluted 1:100), Esel 
was detected using mouse anti-human Esel 
(diluted 1:100). After washing, cells were 
stained with donkey anti-mouse Alexa Fluor 488 
(diluted 1:500) and vWF was detected using 
goat anti-mouse Alexa Fluor 555 (1:500). PE-
CAM-1 was detected using mouse anti-human 
CD31-FITC (diluted 1:5). For double IF, after the 
addition of the first primary and the correspond-
ing secondary antibody, the sections were 
blocked with mouse IgG (Vector laboratories) 
before adding FITC-hCD31 antibody. Tissues 
were mounted in mounting media containing 
DAPI (Vectashield, Vector laboratories) and ex-
amined with a Nikon epifluorescence micro-
scope equipped with a digital camera and digi-
tal capture device (Micron Optics, Cedar Knolls, 
NJ).  
 
Cell enzyme-linked immunosorbent assay (cell-

ELISA) 

 
Cell ELISA for the detection of adhesion mole-
cule expression was performed as follows. 
Briefly, cultured HMVEC,c were seeded onto a 
96-well cell culture plate at a density of 
20x103/well. Only monolayers of cultures that 

were post-confluent (day 6) were used for these 
studies. The monolayers were treated with vari-
ous concentrations of inflammatory mediators 
before challenge with medium alone or medium 
containing histamine. After 10 min of challenge, 
cells were washed with phosphate buffered sa-
line (PBS) and monolayers were fixed in 1% 
paraformaldehyde (for membrane protein). For 
intracellular protein the monolayer was perme-
abilized (0.2% saponin) for 10 min at room tem-
perature (RT). After washing the wells with PBS, 
100 µl of primary antibody (2 µg/ml) was added 
to each well and incubated at RT for 2 h. The 
details of the primary antibodies used in cell-
ELISA are given in Table 2. Binding was as-
sessed using 100 µl of anti-mouse ImmPRESS 
(60 µl in 10 ml PBS) and TMB substrate. The 
plates were read at 650 nm using a VERSAmax 
microplate reader (Molecular Device, Sunny-
vale, CA). All experiments were performed at 
least three times, and data are expressed as 
mean ± SD. The statistical significance of differ-
ences was determined by paired two-tailed Stu-
dent’s t-test using GraphPad Prism. 
 
Recombinant protein-based ELISA 

 
Unless otherwise stated, all incubations were 
performed at room temperature. Ninety-six well 
plates (Maxi-Sorp) were coated in triplicate over-
night with 100 ng/well of various recombinant 
proteins at 4oC. Plates were washed and 
blocked with 200 µl per well of 1% bovine se-
rum albumin (BSA; Sigma)/PBS for 1 h. Plates 
were washed with PBS containing 1% tween 
(PBS-T) and serially diluted primary antibodies 
were added to the wells containing recombinant 
proteins and to wells lacking recombinant pro-
tein (as a negative control) and incubated for 2 
h. Plates were washed in PBS-T and 100 µl of 

Table 2. Details of the primary antibodies used in ELISA 

 

Target Vendor Clone Immunogen Dilutions used 

Psel Abcam AK-6 N/A 1:500 

Esel BD Bioscience 5D11 Activated endothelial cells 1:250 

Lsel BD Bioscience SK11 T-lymphocytes 1:100 

ICAM-1 Santa Cruz 6.5B5 Activated HUVEC 1:100 

VCAM-1 Santa Cruz 1G11 Recombinant VCAM-1 1:100 

PECAM-1 Dako JC70A Spleen cells 1:250 
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ImmPRESS reagent (60 µl in 10 ml PBS) was 
added. Following a final incubation for 30 min 
plates were washed with PBS-T and developed 
at room temperature with 100 µl of TMB sub-
strate. Absorbance was measured at 650 nm at 
different time intervals starting at 2 min using a 
VERSAmax microplate reader (Molecular Dy-
namics).   
 
Western blotting  
 
SDS-PAGE electrophoresis was performed with 
recombinant selectin proteins under reducing 
and non-reducing conditions. Proteins (1.0µg 
each) were separated on 10% Tris-HCl poly-
acrylamide gel (Bio-Rad) and transferred to 
PVDF membranes (0.2µ). Membranes were 
blocked with TTBS (10 mM Tris-HCl, pH8.0, 150 
mM NaCl, 0.2% Tween-20) containing 5% non-
fat dry milk for 1 h at room temperature. After 
three washing steps in TTBS, blots were incu-
bated with 1:3000 diluted goat anti-mouse IgG-
HRP conjugate (Bio-Rad). Following five washes 
with TTBS the peroxidase reaction was visual-
ized by immune-star HRP substrate (Bio-Rad). 
 
Flow cytometry 
 
Flow cytometry was used to detect the changes 
in cell-surface adhesion molecule expression in 
response to different cytokines. After each treat-
ment monolayers of HMVEC,c were detached 
with trypsin/EDTA and washed once with PBS.  
Detached cells were incubated with primary 
antibody [FITC-Psel (Abcam) diluted at 1:20 or 
PE-Esel (BD Biosciences) diluted at 1:5 or FITC-
VCAM-1 (BD Biosciences) diluted at 1:5; PE-
ICAM-1 (BD Biosciences) diluted at 1:5] for 45 
min at 40C. Cells were washed three times with 
1% BSA (in PBS) to remove the unbound anti-
bodies and fixed in 1% paraformaldehyde. Flow 
cytometry was carried out using a Guava PCA 
96 base system (Millipore, Billerica, MA) at 532 
nm excitation wavelength and using a 580 and 
673 nm emission bandpass filter.  Samples 
were analyzed with Gauva express software 
(Millipore) and 5,000 events per group were 
analyzed. Unstained cells and cells stained with 
isotype matched antibodies were included in all 
experiments. The positive cells were determined 
by linear regions that were set on double gated 
according to (1) forward scatter and side scatter 
parameters and (2) PECAM-1 staining.  A posi-
tive event is defined in relation to the isotype 
matched control. All experiments were repeated 
at least three times. 

Blocking studies on HMVEC,c using neutralizing 
agents or antibodies 
 
To determine the specificity of LPS, TNF-α and 
IL-4 in the induction of CAMs, blocking studies 
were performed using polymyxin B, anti-human 
TNF Receptor I (TNF-RI) and anti-human IL4 
Receptor (IL-4R) antibodies. To determine the 
role of downstream elements involved in the 
LPS recognition system, blocking studies were 
performed using anti-human CD14 and anti-
human TLR4 antibodies. These experiments 
were performed by preincubating the cells with 
specific cytokine blocking agents or inhibitors 
for 1 h at 370C before each experiment.  A con-
trol goat anti-human IgG (Abcam) was used to 
determine the non-specific inhibition. 
 
Results 
 
Specificity of the antibodies 
 
Western blot analyses were performed to deter-
mine the specificity and cross-reactivity of the 
antibodies based on reports of variability in 
commercial antibodies [14]. Results using re-
combinant selectin proteins showed all the 
three selectin antibodies used in this study, viz., 
anti-Psel (clone AK-6), anti-Esel (clone 5D11) 
and anti-Lsel (clone SK11) were specific to their 
corresponding protein and no cross-reactivity 
was seen with other members of the family 
(supplementary data 1). The confirmatory re-
combinant protein-ELISA also showed specificity 
and lack of cross reactivity of anti-selectin anti-
bodies towards selectin proteins. The experi-
ment was performed with other clones of anti-
Psel (clone BBIG-E6) and anti-Esel (clones 
5D11, CL2 and 68-5H11) antibodies. Among 
the clones tested, BBIG-E6 cross-reacted to 
both P-and E-selectins (data not shown). 
 
Effect of Interleukins (ILs) on CAM expression 
by cell ELISA 
 
The effect of IL family members (IL-1β, IL-4, IL-
13 and OSM) on the cell surface expression of 
CAMs was examined in cultures of HMVEC,c 
using Cell ELISA.  Very modest increases in sur-
face expression of Psel, and VCAM-1 expression 
were observed with various concentrations of IL-
1β, IL-13 and OSM (not shown). Significant in-
duction of Psel was seen with IL-4 in combina-
tion with histamine. This induction occurred in a 
concentration-dependent manner and the opti-
mum concentration for IL-4 and histamine was 
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20 ng/ml and 0.1 mM respectively 
(supplementary data 2 A,B and D). The time 
course of histamine treatment indicated the 
maximum cell surface expression of Psel oc-
curred 10’ post treatment (supplementary data 
2 C). VCAM-1 was induced by IL-4 treatment. 
Cell surface expression of Esel (supplementary 
data 2 E), PECAM-1 (supplementary data 2G) or 
ICAM-1 (not shown) did not change in response 

to various concentrations of IL-4. Similarly, no 
change in the cell surface expression of Lsel 
was seen with any of the treatments with ILs 
(data not shown).  
 
Kinetics of cell surface Psel expression 
 
To determine the maximum cell surface expres-
sion of Psel in HMVEC,c experiments were per-

Figure 1. Differential expression of Psel and Esel by inflammatory mediators: Post-confluent HMVEC,c were treated 
with IL-4 (20 ng/ml) or LPS (10 ug/ml) for 24 h. The concentration of proinflammatory mediators that induced maxi-
mal response was determined in preliminary experiments.  At the end of the incubation period, IL-4 treated cells were 
exposed to histamine (0.1 mM).  Cell surface expression of PECAM-1, Psel and Esel were measured by cell ELISA as 
described in materials and methods.  All experiments were repeated at least three times and each experiment was 
done in triplicate wells.  Each data point is mean ± SD (n=3).  Also shown are representative figures (ICC) correspond-
ing to each treatment. 
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formed with different doses, frequency and du-
ration of hIL-4 and /histamine treatment. The 
results showed maximum Psel expression was 
dependent on dose, frequency and duration of 
IL-4/histamine treatment (supplementary data 
2 H).  A 3-day treatment of 20ng/ml twice per 
day IL-4 followed by 0.1mM histamine induced 
the maximum Psel over any other type of treat-
ment or combination.  
 
Effect of TNF-α and LPS on CAM expression by 
cell ELISA 
 
To determine whether TNF-α or LPS affected the 
cell surface expression of selectins, ICAM-1 and 
VCAM-1 in HMVEC,c, we treated post-confluent 
monolayers with different concentration of LPS 
and TNF-α. The amount of cell surface selectins 
along with VCAM-1, ICAM-1 and PECAM-1 were 
measured using cell-ELISA. The basal level ex-
pression of Psel, Esel, Lsel, ICAM-1 and VCAM-1 
was negligible while LPS and TNF-α up-
regulated Esel expression (supplementary data 
3 A-C) as well as VCAM-1 and ICAM-1 (not 
shown). The up-regulation of Esel by LPS and 
TNF-α was concentration dependent with maxi-
mum expression observed with 10 µg/ml of LPS 
and 12.5 ng/ml of rhTNF-α for 24 h.  In con-
trast, no changes were seen with cell surface 
expression of Psel or Lsel.  
 
Differential expression of CAMs by LPS and IL-
4/histamine 
 
To explore the differential effect of inflammatory 
mediators on selectin expression, we treated 
HMVEC,c with IL-4, IL-4/histamine or LPS.  The 
Immunocytochemistry (ICC) and cell-ELISA 
showed hIL-4/histamine significantly increased 
cell surface expression of Psel but not Esel. In 
contrast, LPS specifically up-regulated cell sur-
face expression of Esel but not Psel (Figure 1). 
Immunofluorescence studies confirmed the 
selective up-regulation of Psel by IL-4 and Esel 
by LPS and showed that subsequent histamine 
treatment prompted expression of Psel on the 
cell surface (Figure 2). Constitutive levels of 
PECAM-1 expression were unchanged during 
the treatment. Both ICAM-1and VCAM-1 were up
-regulated by LPS treatment, while VCAM-1 was 
up-regulated by both LPS and IL-4 treatment. 
The effect of IL-4 and LPS on cell surface ex-
pression of Psel, Esel, VCAM-1 and ICAM-1 on 
HMVEC,c was also analyzed by flow cytometry. 
Data shown in Figure 3 demonstrate that un-

stimulated HMVEC,c expressed undetectable 
amounts of Psel, Esel and VCAM-1 but did ex-
press ICAM-1.  An increase in the fluorescence 
staining for Psel and VCAM-1 was observed with 
IL-4 and IL-4/histamine treatment.  Similarly an 
increase in fluorescence staining for Esel, VCAM
-1 and ICAM-1 was seen with the treatment of 
LPS.  
 
Effect of Passage number on IL-4 and LPS in-
duced expression of Psel and Esel 
 
Using the cell ELISA, we found that the cell sur-
face expression of Psel and Esel protein stimu-
lated with IL-4/histamine and LPS respectively 
varies significantly in HMVEC,c with passage 
number. There was a significant reduction 
(P<0.01) in the induction of both Psel and Esel 
expression in cells from passage 12 compared 
to 7 (supplementary data 3 D-F). The experi-
ments were repeated using other passage num-
bers and the results showed there is a gradual 
reduction in the inducibility/cell surface expres-
sion by IL-4 and LPS with higher passage num-
bers. Consequently, further experiments were 
performed on cells from passage 7 to 9. 
 
Regulation of Psel in HMVEC,c in vitro 
 
To further characterize the up regulated Psel 
expression in HMVEC,c we measured the sur-
face as well as total Psel by cell ELISA. As 
shown in supplementary data 3 G-H, treatment 
of cells with IL-4 alone significantly increased 
the total Psel but no increase was seen in sur-
face Psel. In contrast, no increase in total Psel 
was seen with histamine alone but there was a 
significant increase in cell surface Psel. As ex-
pected, significant increases in total and cell 
surface Psel were seen in cells treated with IL-4 
and histamine. To reveal the localization of Psel, 
monolayers of permeabilized HMVEC,c were 
immunostained using Psel antibody. Immunoflu-
roscence studies (supplementary data 4) 
showed baseline Psel expression seen in un-
treated cells was distributed mostly in the cyto-
plasm. This pattern of Psel staining was similar 
to the staining pattern for vWF, a marker for 
Weibel-Palade (WP) bodies. The histamine treat-
ment alone mobilized most of the Psel towards 
the cell surface (data not shown). Treatment 
with IL-4 for 24 h increased the cytoplasmic 
Psel, while IL-4 treatment along with histamine 
treatment results in mobilization of upregulated 
Psel towards the cell surface. In resting cells, 
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Psel was co-localized with vWF, while IL-4 plus 
histamine treatment results in increased cell 
surface expression of Psel.   
 
Effect of donor on the induced expression of 
CAMs 
 
To determine the inherent endothelial diversity 
relative to the donor source of HMVEC,c, pas-
sage matched cells from three different donors 
were compared for their inducible cell surface 
expression of CAMs. As shown in supplementary 
data 5, constitutive expression of Psel, Esel, 
Lsel and VCAM-1 and ICAM-1 was negligible for 
all donors. A combination of IL-4/histamine 
treatment induces Psel and VCAM-1 cell surface 
expression by all three donors. However, the 
induction of VCAM-1 varied among the three 
donors with the highest amount seen in cells 
from a 12-year-old male (P<0.05). Upon activa-

tion of all three HMVEC,c with LPS, two of them 
(12- and 45-year -old males) consistently 
showed a 4-fold induction of Esel while the cells 
from the 18-year-old female showed less than a 
2 fold induction. This disparity was also seen in 
the expression of ICAM-1, where the cells from 
both 12- and 45- year-old males showed more 
than 4 fold inductions, while the cells from the 
18-year-old female showed less than a 2 fold. 
None of the cells showed any significant level of 
expression of Lsel. 
  
IL-4 induced expression of Psel requires de 
novo protein synthesis  
 
In order to determine whether IL-4 induced ex-
pression of Psel required protein synthesis, we 
treated HMVEC,c with IL-4 in the presence or 
absence of cycloheximide. The cycloheximide 
treatment inhibits the IL-4/histamine induced 

Figure 2. Inflammatory mediators up-regulates Psel, Esel, VCAM-1 and ICAM-1.  HMVEC,c were cultured and treated 
with of IL-4, IL4/histamine or LPS.  At the end of each treatment cells were fixed and cells were triple stained for nu-
clear stain DAPI (blue), PECAM-1 (green) and Psel or Esel or VCAM-1 or ICAM-1 (red) as described in materials and 
methods. Ctrl=indicate no treatment, bar=20µm.  These experiments were repeated three times with nearly identical 
results. 
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expression of Psel in HMVEC,c (Figure 4, upper 
panel). Correspondingly, treatment of actinomy-
cin D also inhibits the IL-4/histamine induced 
expression of Psel, indicating de novo protein 
synthesis is involved in the induction (Figure 4, 
lower panel).  In contrast, cycloheximide or ac-
tinomycin D treatment had no effect on the 
basal level expression of Psel. 
 
Specificity of IL-4 in the induction of CAMs 
 
To explore off receptor effects of IL-4 on the 
induction of Psel in HMVEC,c, blocking experi-
ments were performed using a specific IL4-R 
antibody. A goat anti-human IL4-R antibody di-
rected against human IL-4Rα reduced the IL-4 
induced expression of Psel and VCAM-1 in a 
dose dependent manner. Conversely, anti-IL-4R 
antibody treatment had no effect on PECAM-1 
expression (Figure 5).  

Effects of polymyxin B on LPS induced expres-
sion of Esel, VCAM-1 and ICAM-1 
 
 As an inhibitor of LPS, polymyxin B blocked or 
significantly decreased LPS-induced cell surface 
expression of Esel, VCAM-1 and ICAM-1 proteins 
in HMVEC,c (Figure 6, A-D). Cell ELISA showed 
the 200μg/mL of polymyxin B completely abro-
gated LPS induced expression of Esel and ICAM-
1, while only a modest but statistically signifi-
cant reduction is seen with VCAM-1 expression. 
As expected, polymyxin B treatment had no ef-
fect on PECAM-1 expression.   
 
LPS mediated induction requires LPS recogni-
tion system 
 
To investigate whether the LPS-mediated up-
regulation of CAMs depends on an LPS recogni-
tion system, we employed antibody inhibitors to 

Figure 3. Differential expression of cell surface Psel, Esel, VCAM-1 and ICAM-1by HMVEC, c in response to distinct 
inflammatory mediators.  Monolayers of HMVEC,c were incubated with LPS (10 µg/ml) or IL-4 (20 ng/ml) for 24 h 
and/or followed by 0.1 mM histamine.  After each treatment cells were detached with EDTA and used for staining and 
flow cytometric analyses as described in materials and methods.  Flow cytometric histograms of HMVEC,c stained for 
Psel, Esel, VCAM-1 and ICAM-1 (red).  Isotype matched control are shown (open blue).  Unstimulated control cells 
were similar to isotype control (data not shown). Results are from a single representative of three separate experi-
ments.    
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interrupt this pathway. Pretreatment of 
HMVEC,c with anti-CD14 and anti-TLR4 alone or 
in combination suppressed the LPS-induced 
Esel, VCAM-1 and ICAM-1 expression. Cell ELISA 
showed pretreatment of HMVEC,c with anti-
CD14 and anti-TLR4 resulted in a modest de-
crease in LPS induced Esel, VCAM-1 and ICAM-
1. However in combination, the pretreatment 
resulted in a statistically significant reduction in 
LPS induced cell surface expression of Esel, 
VCAM-1 and ICAM-1 (Figure 6 E-H).  
    
Specificity of TNF-α in the induction of CAMs 
 
To determine the specificity of TNF-α induced 
expression of cell adhesion molecules, blocking 
studies were performed using an antibody di-
rected against the human TNF-Receptor 1 (TNF-
R1). Pre-treatment of HMVEC,c with anti-TNF-R1 
antibody resulted in a dose dependent reduc-

tion in TNF-α induced Esel, VCAM-1 and ICAM-1 
(Figure 6 I-L).  
 
Discussion 
 
During the inflammation process, the activation 
of endothelium by proinflammatory cytokines is 
a critical step, as it is directly responsible for the 
recruitment and extravasation of the circulating 
leukocytes at the site of inflammation. This 
process is facilitated by the coordinated expres-
sion and functioning of adhesion molecules on 
endothelial cells as well as on the leukocytes. 
To initiate the inflammatory process circulating 
leukocytes, while withstanding the shear force 
of the blood stream have to establish contact 
(tethering) with the endothelial cells.  The teth-
ering and rolling of leukocytes over the endothe-
lium is largely mediated by selectins and their 
ligands [15]. Endothelial Psel is stored in Weibel

Figure 4. hIL-4 induced expression of 
Psel requires protein synthesis: Repre-
sentative figures from localization stud-
ies of Psel (red) and PECAM-1 (green) in 
HMVEC,c, treated with IL-4/histamine 
and histamine alone in presence or ab-
sence of cycloheximide.  After treatment, 
the cells were permeabilized and double 
IF were done as described in material 
and methods.  PECAM-1 is constitutively 
expressed on the lateral borders of the 
cell.  Cell nuclei are stained with DAPI 
(blue). Lower panel showing dose-
dependent inhibition of cell surface Psel 
induction by actinomycin D.  Monolayer 
of HMVEC,c were stimulated with indi-
cated IL-4 and/or histamine along with 
actinomycin D for 24 h.  Cell surface Psel 
was measured by cell-ELISA as described 
in materials and methods.  Data are from 
one experiment representative of at least 
three independent experiments per con-
dition.    
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-Palade (WP) bodies and after activation with 
inflammatory mediators such as histamine, 
thrombin, WP bodies fuse with the plasma 
membrane and Psel is rapidly mobilized to the 
endothelial apical surface [16]. The tethering 
slows the speed of leukocytes and permits them 
to roll over the endothelial surface, allowing 
further interactions mediated by integrin and 
their ligands [17]. The members of the immu-
noglobulin superfamily, VCAM-1 (CD54) and 
ICAM-1 (CD106) are the main endothelial adhe-
sion molecules implicated in binding to integrins 
which are  expressed on leukocytes [18, 19]. 
VCAM-1 binds to integrins α4β1 or Very Late Anti-
gen-4 (VLA-4) while ICAM-1 binds to integrins 
αLβ2 or lymphocyte Associate Antigen-1 (LFA-1). 
Previous studies indicate that ICAM-1 is scarcely 
expressed on the quiescent endothelium sur-
face, however expression of both ICAM-1 and 
VCAM-1 was induced after cell activation by 
proinflammatory mediators such as interleukin 
(IL)-1 and TNF-α [20-22]. PECAM-1, another 
member of the immunoglobulin superfamily is a 
130-kD type I transmembrane adhesion glyco-
protein and its expression is limited to cells of 
the vascular system [23]. In endothelial cells, 
PECAM-1 is localized to cell-cell borders and is 
known to be involved in adhesion [24] and tran-
sendothelial migration of leukocytes [25].   
 
Endothelial cells are remarkably heterogeneous 
in terms of morphology, protein expression and 

function. The evidence emerging from the analy-
ses of microvascular endothelial cells from dif-
ferent organs, as well as endothelial cells ob-
tained from different vessels from the same 
organ show the heterogeneity is at multiple lev-
els [13, 26-32]. Hence it has become an impor-
tant issue to study the response to specific in-
flammatory mediators of the relevant endothe-
lial cells in vitro and in vivo. An earlier in vitro 
study [13], determined the changes in the ex-
pression of Esel, VCAM-1 and ICAM-1 in re-
sponse to TNF-α and IL-1β in human cardiac 
microvasculature. The finding of the present 
study was that human microvascular endothe-
lial cells derived from cardiac tissues although 
largely alike in overall CAM expression profiles, 
still exhibit heterogeneous patterns for some 
proteins. These cells in culture respond differen-
tially to different inflammatory markers. Among 
the inflammatory mediators used in this study, 
IL-4/histamine treatment differentially up-
regulated Psel expression, while LPS induced 
Esel expression. IL-4 is a pleiotropic T cell-
derived cytokine that is known to invoke B cell 
proliferation and to induce Ig class switching in 
activated B cells, thus playing a major role in 
the inflammatory responses. By activating endo-
thelial cells to express Psel and VCAM-1, the IL-
4 is also responsible for the adhesion of PSGL 
and VLA-4-expressing leukocytes, viz., neutro-
phils, monocytes and eosinophils. The fact that 
neither Esel nor ICAM-1 is enhanced in re-

Figure 5. Effect of anti-human IL-4Rα on IL-4 induced expression of Psel, VCAM-1 and PECAM-1 in HMVEC,c .  Cells 
were preincubated for 1 hour with increasing concentrations of neutralizing antibody to IL-4Rα and were then incu-
bated for 24 hours in the presence of IL-4 (20 ng/ml) followed by histamine (0.1 mM).  The amount of cell surface 
Psel (A), VCAM-1 (B) and PECAM-1 (C) was measured by Cell-ELISA as described in materials and methods. Ctrl, indi-
cates unstimulated cells.  **P<0.01 compared with IL-4 stimulated in the absence of antibody. The data presented 
are representative of three experiments.  
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sponse to IL-4 may indicate selective adhesion 
[33] and may facilitate selective entrance of 
different leukocyte subsets into the vessel walls 
and underlying tissues. Previous studies in HU-
VEC showed both IL-4 and IL-13 equally effec-
tive in inducing Psel and VCAM-1 expression 
[34, 35]. There is experimental evidence sug-
gesting that these similar biological activities 
are due to a shared receptor component [36-
38]. However, in our experiments with HMVEC,c 
IL-13 treatment up-regulated Psel and VCAM-1 
at only marginal levels above non-treated con-

trols. Similarly, unlike many other cell types that 
respond to both cytokines equally, T cells only 
respond to IL-4 not to IL-13 [39]. LPS and TNF-α 
differentially up-regulated expression of Esel, 
VCAM-1 and ICAM-1, not Psel or Lsel. At various 
concentrations, LPS significantly induced higher 
amounts of cell surface Esel than TNF-α. As sug-
gested by earlier studies, this is probably due to 
the synergistic effect of LPS and the endoge-
nous TNF-α, which is produced in response to 
LPS [40, 41]. LPS stimulates endothelial cells 
through the LPS recognition systems, binding 

Figure 6. Effect of polymyxin 
B, anti-CD14, anti-TLR4 and 
anti-TNF-α on the LPS and 
TNF-α induced expression of 
cell adhesion molecules in 
HMVEC,c.  Dose response of 
polymyxin B presence in the 
induction of Esel (A), VCAM-
1 (B), ICAM-1 (C) and PE-
CAM-1 (D).  Dose response 
of anti-CD14 or anti-TLR4 
alone or in combination 
(lane 1, unstimulated; lanes 
2-7, 20-1.25 ug/ml of anti-
CD14 antibody, lanes 8-13, 
9.0-0.5 ug/ml of anti-TLR4 
antibody, lanes 14-19, com-
bination of anti-CD14 and 
anti-TLR4 antibodies)  on 
LPS induced expression of 
Esel (E), VCAM-1 (F), ICAM-1 
(G) and PECAM-1 (H). Effect 
of anti-TNF-α antibody on 
TNF-α induced expression of 
Esel (I), VCAM-1 (J), ICAM-1 
(K) and PECAM-1 (L).  Statis-
tical difference with respect 
to the group treated with 
LPS or TNF-α alone, 
**p<0.01 and *P<0.05. 
The experiment was re-
peated three times and 
yielded similar results. 
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with CD14 and transfer to Toll Like Receptor 
(TLR)-4 which in turn result in the production of 
downstream adhesion molecules by the activa-
tion of NF-kB- and AP-1-dependent transcrip-
tional pathways. Antibody blocking studies indi-
cate that LPS mediates these effects on 
HMVEC,c through CD14 and TLR4.   
 
Thus, using comparable concentrations of in-
flammatory mediators used with other celllines 
[13, 26, 30], we were able to selectively upregu-
lates specific CAMs. However, by increasing the 
treatment time and frequency we were able to 
exacerbate the cell surface expression of spe-
cific CAMs. This was essential for achieving 
maximum expression of CAMs in subsequent in 
vivo studies using HMVEC,c to better reflect the 
chronic exposure seen in vivo. The present 
study also demonstrated passage- and organ-
matched cardiac endothelial cells from different 
donors have different CAM expression profiles, 
although the number of individual donors used 
in this study was low (n=3). The different ex-
pression patterns between male and female 
donors is interesting and worthy of follow up. 
These cell and organ-specific differences should 
be considered when interpreting findings de-
rived from studies using endothelial cells de-
rived from different donors and organs. 
 
A thorough understanding of these innate differ-
ences in expression pattern of the microvascu-
latures of cardiac tissues might allow us the 
opportunity to target these tissues selectively. 
Understanding the molecular mechanisms that 
underlie leukocyte adhesion and the extravasa-
tion cascade has allowed molecular targets to 
be identified for antiadhesion therapy. The 
emerging possible therapeutic targets in human 
include the blockade of selectins using selectin 
antagonists to prevent damage caused during 
ischemic-reperfusion processes such as trans-
plantation, myocardial infarction and thrombo-
sis [42].  Similarly, immunoblockade of ICAM-1 
reduces ischemic brain injury and neutrophil 
accumulation in rat [43] and rabbit [44] models 
of cerebral ischemia.  Monoclonal antibodies 
against α4 and αL integrin chains have shown a 
clear beneficial effect in animal models as well 
as in human diseases [1]. Humanized anti-VLA-
4 [45] and anti-LFA-1 [46] antibodies have 
shown a significant therapeutic effect in inflam-
matory and autoimmune diseases in human. 
Although the synthesis of new drugs able to 
targets CAMs and/or their receptors is challeng-
ing, convincing results obtained in animals mod-

els of diseases together with the fact that some 
approaches targeting CAMs led to promising 
results in humans, suggests that more efforts 
are needed to definitely validate this potentially 
effective therapeutic approach. 
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Supplementary data 1  Specificity and cross reactivity of selectin antibodies against members of selectin family of 
proteins: All the selectin antibodies used in this study were tested for their specificity and cross-reactivity to the mem-
bers of the selectin protein family using recombinant Psel, Esel and Lsel.  After electrophoresis of selectin proteins, 
western blots were performed using specific antibodies as described in material and methods. Representative 
coomassie blue stained gels and western blots are shown (upper panel).  Specificity and cross reactivity of the anti-
bodies were also determined in cell ELISA using recombinant selectin proteins (P=Psel; E=Esel, L=Lsel and N=no 
protein) as described in materials and methods.  Representative figures of the ELISA plate and OD650 readings are 
shown (lower panel).  Each experiment was repeated at least two times and each data point represents means ± SD 
from triplicate wells. 
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Supplementary data 2.  Kinetics of IL-4/histamine induced Psel expression in HMVEC,c by Cell ELISA (A-C): (A) A rep-
resentative figure showing the dose-dependent Psel expression induced by hIL-4 for 24 h followed by histamine. 
HMVECc were incubated with various concentrations of hIL-4 for 24 h followed by histamine (0.1mM) for 10 min.  (B), 
A representative figure showing the effect of histamine on the mobilization to the membrane of hPsel induced IL-4. 
HMVECc were incubated with hIL-4 (20 ng/ml) for 24 h followed by different concentrations of histamine for 10 min. 
(C) Figure showing the time course of histamine treatment on the expression of Psel in HMVEC,c. Post confluent 
HMVEC,c were treated with IL-4 for 24 h followed by histamine (0.1 mM). Figure showing dose response of hIL-4 and 
histamine on the surface expression of cell adhesion molecules in HMVEC,c.  Post-confluent HMVECc were treated for 
24 h with increasing concentrations of hIL-4.  At the end of the incubation period, cells were treated with different 
concentrations of histamine (0, 0.1 and 1 mM) or medium alone and cell surface expression of Psel (D), Esel (E), 
VCAM-1 (F), and PECAM-1 (G) was measured by ELISA.  In the negative control the primary antibody was replaced 
with isotype matched mouse IgG (not shown).  Note no differences were seen in the cell surface expression of Esel, 
PECAM-1 and ICAM-1 (not shown).  Each point is the mean of triplicate well ± SD and experiment was repeated at 
least three times with identical results.  (H) Figure showing a robust induction of Psel can be achieved by changing 
the dose and frequency of IL-4 in HMVEC,c.  A representative figure showing Psel expression in HMVEC,c treated 
twice a day with IL-4 alone [hIL-4 (bid)] or with histamine [hIL-4 (bid)+hist] or once a day with IL-4 [hIL-4 (qd)+hist] 
over a 3-day period.  These experiments were repeated at least three times and each data point is mean ± SD (n=3). 
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Supplementary data 3. Differential Expression of Psel and Esel in response to TNF-α, LPS and IL-4: Representative 
figures showing the dose-dependent up-regulation of cell surface cell adhesion molecules in HMVEC,c.  Monolayers of 
HMVEC,c were stimulated with various concentrations of LPS (A), TNF-α (B) and cell surface expression of Psel, Esel, 
and PECAM-1 were measured using Cell ELISA. (C) Time dependent cell surface expression of Esel by LPS and TNF-α. 
Representative figures showing the effect of passage number on the induction of CAMs in HMVEC,c. Cell surface ex-
pression of Psel (D), Esel (E) and PECAM-1 (F) in HMVEC,c from passage 7 (closed) and 12 (hatched) in response to 
hIL-4/histamine and LPS. In negative controls (ctr), the primary antibody was replaced with isotype matched mouse 
IgG. Representative figures showing the subcellular distribution of Psel in stimulated HMVEC,c.  Monolayer of 
HMVEC,c were stimulated with IL-4, histamine or IL-4/histamine combinations.  Cell surface (G) and total (H) Psel 
expression was measured by Cell ELISA. In negative controls (ctr), the primary antibody was replaced with isotype 
matched mouse IgG. These experiments were repeated three times with nearly identical results. 
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Supplementary data 4. Cellular distribution of Psel on HMVEC,c by immunofluroscence. Representative figures from 
co-localization studies of Psel (red) and vWF (green) in naïve HMVEC,c and cells treated with IL-4/histamine.  After 
treatment the cells were permeabilized and incubated with mouse anti-human Psel antibody and rabbit anti-human 
vWF antibody.  Bound antibodies were detected using goat anti-mouse Qdot 800 (red) and goat anti-rabbit Qdot 655 
(green). In naive cells Psel co-localized with vWF, while IL-4/histamine treatment significantly increased the mem-
brane Psel expression which was not co-localized with vWF. Cell nuclei were stained with DAPI (blue), (bar=10µm). 

Supplementary data 5.  Effect of donor on the 
induced expression CAMs: Passage-matched 
HMVEC,c from three different donors, 12-year-old 
male (12y,M), 18-year-old female (18y,F) and 45-
year-old male (45y,M) were treated with IL-4/
histamine and LPS.  Cell surface expression of 
Psel, Esel, Lsel, VCAM-1 and ICAM-1 were meas-
ured as described in materials and methods.  Left 
panel shows the representative figures of ELISA 
plate corresponding to each treatment. Right 
panel shows the OD650 reading from each treat-
ment.  Each data point is mean ± SD from three 
independent experiments and each experiment 
was done in triplicate (**=P<0.01). 
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