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Background
Pharmacological approaches to inhibit increased leukocyte adhesive interactions in sickle cell
disease may represent important strategies for the prevention of vaso-occlusion in patients
with this disorder. We investigated, in vitro, the adhesion molecules involved in endothelial-
sickle cell disease neutrophil interactions and the effect of simvastatin on sickle cell disease neu-
trophil adhesion to tumor necrosis factor-α-activated endothelial monolayers (human umbilical
vein endothelial cells), and neutrophil chemotaxis. 

Design and Methods
Sickle cell disease patients in steady state and not on hydroxyurea were included in the study.
Endothelial cells treated, or not, with tumor necrosis factor-α and simvastatin were used for
neutrophil adhesion assays. Neutrophils treated with simvastatin were submitted to inter-
leukin 8-stimulated chemotaxis assays. 

Results
Sickle cell disease neutrophils showed greater adhesion to endothelial cells than control neu-
trophils. Adhesion of control neutrophils to endothelial cells was mediated by Mac-1 under
basal conditions and by the Mac-1 and LFA-1 integrins under inflammatory conditions. In con-
trast, adhesion of sickle cell disease neutrophils to endothelium, under both basal and tumor
necrosis factor-α-stimulated conditions, was mediated by Mac-1 and LFA-1 integrins and also
by VLA-4. Under stimulated inflammatory conditions, simvastatin significantly reduced sickle
cell disease neutrophil adhesion, and this effect was reversed by inhibition of nitric oxide syn-
thase. Furthermore, intercellular adhesion molecule-1 expression was significantly abrogated
on tumor necrosis factor-α-stimulated endothelium incubated with simvastatin, and statin
treatment inhibited the interleukin-8-stimulated migration of both control and sickle cell dis-
ease neutrophils. 

Conclusions
The integrins Mac-1, LFA-1 and, interestingly, VLA-4 mediate the adhesion of sickle cell disease
leukocytes to activated endothelial cell layers, in vitro. Our data indicate that simvastatin may
be able to reduce endothelial activation and consequent leukocyte adhesion in this in vitro
model; future experiments and clinical trials may determine whether simvastatin therapy could
be employed in patients with sickle cell disease, with beneficial effects on vaso-occlusion.
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Introduction 

Sickle cell disease (SCD) is characterized by red blood
cell sickling and hemolysis; however, inflammatory mech-
anisms and other types of cells, including leukocytes, also
appear to participate in the vaso-occlusive process. Sickle
cell crises are often associated with infection. Neutrophil
counts are higher in SCD individuals, and polymorphonu-
clear leukocytosis has been correlated with an increased
rate of early death, acute chest syndrome and stroke.1
Data provided by in vitro investigations and in vivo studies
of murine models of SCD indicate that the recruitment of
large, less deformable, adherent leukocytes to the vascular
endothelium, and their interaction with circulating ery-
throcytes, may impair blood flow and therefore propa-
gate, or even initiate, the vaso-occlusive process.2-4
Neutrophils of SCD individuals are more able to adhere

to fibronectin, recombinant intercellular adhesion mole-
cule 1 (ICAM-1) and to endothelial monolayers than are
neutrophils from healthy individuals.5,6 A variety of sur-
face adhesion molecules are required for transendothelial
migration; the L- and P-selectins are believed to mediate
tethering and rolling on the endothelium, while firm adhe-
sion is mediated by the b2 integrins, macrophage 1 (Mac-
1; CD11b/CD18) and lymphocyte function associated 1
(LFA-1; CD11a/CD18).7 Expression of Mac-1, an integrin
that can bind several extracellular matrix and endothelial
proteins, has been shown to be increased on stimulated
SCD neutrophils.8,9 Conversely, the very late antigen 4
(VLA-4; CD49d/CD29) integrin is generally thought to be
expressed only by eosinophilic leukocytes; however there
is evidence to suggest that expression of this adhesion
molecule is increased on neutrophils during chronic
inflammatory processes.10 Numerous inflammatory mark-
ers have been reported to be elevated in the circulation of
SCD individuals, including tumor necrosis factor (TNF)-α,
C-reactive protein, and interleukins 1b and 8.11-14
Inflammation is hypothesized to contribute to the
increased adhesive properties of neutrophils, with the
consequent participation of these cells in the vaso-occlu-
sive process.
As such, pharmacological approaches to inhibit

increased leukocyte adhesive interactions may represent
important strategies for the prevention of SCD vaso-occlu-
sion. Recent reports suggest that statins (HMG-CoA

reductase inhibitors) may have clinical applications for the
treatment of inflammatory disease states.15 Statins are
potent modulators of endothelial cell nitric oxide synthase
function and have been shown to upregulate levels of
endothelial cell nitric oxide synthase and nitric oxide syn-
thesis.16,17 Statin therapy has been reported to significantly
inhibit leukocyte-endothelial cell interactions, independ-
ently of any lipid-lowering actions, in normocholes-
terolemic rats.18 Furthermore, in an experimental SCD
mouse model, statin therapy was found to prolong sur-
vival following pneumococcal challenge.19
Since leukocyte adhesion to the endothelium may par-

ticipate in SCD inflammation and, therefore, vaso-occlu-
sion, the first objective of this study was to identify those
adhesion molecules involved in endothelial-SCD neu-
trophil interactions, under in vitro conditions. In addition,
we tested the hypothesis that simvastatin may reduce
SCD neutrophil adhesion, in vitro, to TNF-α-activated
human umbilical vein endothelial cells (HUVEC) and also
looked at the effect of this drug on neutrophil chemotaxis,
in vitro.

Design and Methods

Patients
A total of 31 SCD patients, diagnosed as homozygous for HbS

(using hemoglobin electrophoresis methods and high pressure liq-
uid chromatography), in steady state and cared for at the
Hematology and Hemotherapy Center, participated in this study.
The patients’ clinical characteristics are presented in Table 1.
Patients were not in crisis, were not on hydroxyurea therapy and
had not received blood transfusions in the preceding 3 months.
Healthy individuals (aged 23-56 years) were used as controls.
Informed written consent was obtained from all patients and con-
trols and the ethics committee of the University of Campinas
approved the study.

Materials
Ham’s F12K, Gibco-Invitrogen (Carlsbad, CA, USA) medium,

penicillin, streptomycin, gentamycin, heat-inactivated fetal bovine
serum, glutamine, trypsin/EDTA solution, N-nitroso-L-arginine
methyl ester (L-NAME) and Ficoll-Paque were obtained from
Sigma Chemical (Saint Louis, MO, USA). Simvastatin was from
Calbiochem (San Diego, CA, USA) and recombinant TNF-α and
interleukin-8 (IL-8) were from R&D Systems (Minneapolis, MN,
USA). Tissue culture plates were supplied by Costar (USA).
Function-inhibiting monoclonal antibodies, anti-CD11a (clone 38),
anti-CD11b (clone ICRF44), anti-CD18 (clone YFC118.3), anti-
CD49d (clone HP2/1) and anti-CD29 (clone 12G10) and non-spe-
cific control monoclonal antibody were purchased from Serotec
Ltd. (Oxford, UK) and antibodies used for flow cytometry, anti-
CD54-phycoerythin (ICAM-1, clone HA58) and anti-CD106-
fluorescein isothiocyanate (VCAM-1, clone 5110C9) were bought
from BD Pharmingen (San Diego, CA, USA).

Isolation of human neutrophils from peripheral blood
Whole blood, collected into heparin-containing vacutainer tubes

(BD Biosciences, New Jersey, USA), was placed over two layers of
Ficoll-Paque of densities of 1.077 and 1.119 g/L. After separation of
monocytes and granulocytes by centrifugation at 700 g for 30 min,
the granulocyte layer was washed once in phosphate-buffered
saline (PBS; pH 7.4), before lysis of contaminating red cells (10
min, 4°C, lysis buffer; 155 mM NH4Cl, 10 mM KHCO3). Cells
were washed once again in RPMI medium before resuspension in
RPMI medium. Cells were counted using the Advia Hematology
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Table 1. Clinical details of steady-state SCD patients participating in
the study.
Parameter                                                          Mean
                                                                (Median, Min, Max)

Number of patients                                                         31
Males/females                                                                 7/24
Age (years)                                                             39 (39, 23, 56)
Red blood cells (¥1012/L)                              2.56 (2.44, 1.68, 4.54)
Hemoglobin (g/dL)                                           7.57 (7.3, 3.2, 11.7)
Hematocrit (%)                                              23.63 (22.0, 15.2, 35.2)
Leukocytes (¥109/L)                                      9.88 (9.66, 5.80, 15.82)
Reticulocytes (%)                                        13.84 (12.16, 2.89, 31.45)
Reticulocytes (absolute number)          327.7 (323.1, 110.4, 794.8)
Platelets (¥109/L)                                            461.4 (454, 200, 820)



System (Bayer, Tarrytown, NY, USA), cytospun onto slides and a
cell differential count performed. Neutrophil suspensions were uti-
lized immediately in assays and only when their purity was
greater than 92%; contaminating cells were mainly lymphocytes
and eosinophils. 

Endothelial cell culture
HUVEC were acquired from the American Type Culture

Collection (Manassas, VA, USA) and cultured in 25 cm2 flasks, and
96-well tissue culture plates with Ham’s 12K medium supple-
mented with endothelial cell growth-stimulating factor, 20 mM
HEPES, 100 U/mL penicillin, 100 U/mL streptomycin, 2.5 μg/mL
fungisone, 2 mM glutamine and 10% fetal bovine serum. Cells
were used after the fourth to sixth passage and cultures were
maintained at 37°C under a humidified 5% CO2 room air atmos-
phere; the medium was replaced every 2 days until confluence (3-
5 days). 

Pretreatment of human umbilical vein endothelial cells
Confluent HUVEC were treated with 10 ng/mL TNF-α in medi-

um for 3 h before adhesion assays. In the experiments involving
treatment with simvastatin, medium containing simvastatin (1
μM, in 0.05% dimethylsulfoxide vehicle) was added to confluent
cells, in culture for 4 h before performance of the assays. Control
values were obtained by adding 0.05% (v/v) dimethylsulfoxide
only. Under all conditions, cell viability was greater than 90%, as
judged by trypan blue exclusion.

Neutrophil adhesion assay
HUVEC, grown to confluence in 96-well plates, were pretreat-

ed, or not, with simvastatin (1 μM) and/or L-NAME (1 mM) for 4
h in the absence or presence of a 10 ng/mL TNF-α stimulus (3 h).
Briefly, neutrophils (50 μL; 2¥106 cells/mL) were seeded onto the
plate wells and cells were allowed to adhere to HUVEC for 30 min
at 37ºC in 5% CO2. Following incubation, non-adhered cells were
discarded and the wells were washed once with PBS. Ham’s F12k
(50 μL) was added to each well and varying concentrations of the
original cell suspension (0-100 %) were added to empty wells to
form a standard curve. Percentage cell adhesion was calculated by
measuring the myeloperoxidase content of each well and compar-
ing it to the standard curve for each individual study subject. In
some assays, isolated neutrophils were co-incubated with adhe-
sion molecule-blocking monoclonal antibodies, anti-CD11a, anti-
CD11b, anti-CD18 anti-CD49d and negative control IgG during
adhesion assays.

In vitro neutrophil chemotaxis
Cell migration assays were performed using a 96-well chemo-

taxis chamber (Chemo Tx; Neuro Probe, Gaithersburg, MD,
USA). Twenty-five microliters of cell suspension (4¥106 cells/mL in
RPMI) were added to the upper compartment of the chamber and
separated from the lower chamber, which contained 29 μL of
RPMI or IL-8 (100 ng/mL). The upper and lower chambers were
separated by a polycarbonate filter (5 μm pore). The chambers
were incubated (37ºC, 5% CO2) for 120 min. The wells of the
upper compartment were emptied by aspiration and then disas-
sembled; cells attached to the upper side of the filter were
removed by gentle scraping. To detach adherent neutrophils from
the lower surface of the filter, the microtiter plate with attached
filter was centrifuged at 1200 rpm for 5 min at room temperature.
Plates were then stored frozen overnight before measuring the
myeloperoxidase content as described elsewhere.20 The number of
migrated neutrophils was calculated by comparing absorbance
changes of unknown samples with those of the standard curve,
which was formed by measuring the myeloperoxidase values of

different neutrophil numbers. For inhibitor incubation, purified
neutrophils were pre-incubated with simvastatin (1 μM) before
assays for 20 min at 37ºC.

Flow cytometry assays
Confluent HUVEC layers were incubated, or not, with simvas-

tatin (1 mM for 4 h) in the absence or presence of a 10 ng/mL TNF-
α stimulus (for 3 h). Cells were then washed with PBS (pH 7.4) and
detached from 12-well plates with trypsin/EDTA (3 min, 37°C).
After washing twice in PBS, cells were incubated with anti-CD54-
phycoerythin and anti-CD106-fluorescein isothiocyante mono-
clonal antibodies (30 min, at room temperature, in the dark;
Becton Dickinson, CA). After washing twice with PBS, cell fluo-
rescence (10,000 cells) was determined immediately with a
FACScalibur (Becton Dickinson, CA, USA) and analyzed using
FACS Diva software. Results are expressed as mean cell fluores-
cence intensity values compared to those of isotype controls.

Statistical analysis
Results for non-parametric data, comparing control and patient

populations, are depicted in graphs as medians and ranges.
Differences across groups were determined by the Friedman test
(repeated measures) and, when the P value was less than 0.05, spe-
cific groups were compared by Dunn’s multiple comparison test.
Parametric data (HUVEC cultures) were analyzed by ANOVA
(repeated measures), followed by Bonferroni’s test. Statistical sig-
nificance was established as P values less than 0.05.

Results

Adhesion of control and sickle cell disease 
neutrophils to non-stimulated and tumor necrosis 
factor-α-stimulated endothelial cells

Neutrophils from SCD patients showed significantly
greater spontaneous adhesion to HUVEC than control
neutrophils in static adhesion assays. Pre-treatment of
HUVEC with 10 ng/mL TNF-α (3 h, 37ºC, 5% CO2) was
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Figure 1. Adhesion of control and SCD neutrophils to non-stimulated
(basal) and TNF-α-stimulated HUVEC. Neutrophils (2x106 cells/mL)
from control (n=13) or SCD patients (n=16) were allowed to adhere
to HUVEC for 30 min at 37ºC, 5% CO2. Results are expressed as per-
centage of cells adhered (median and range). ***P<0.001, TNF-α-
stimulated HUVEC compared to basal; Wilcoxon’s matched pairs
test. #P<0.05, Median values differ significantly for SCD and to con-
trol cells; Mann-Whitney test.
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used to reflect adhesion to activated, inflamed endotheli-
um. Adhesion of control and SCD neutrophils to TNF-α-
activated HUVEC was significantly higher than that of
adhesion to non-activated HUVEC (Figure 1).

Effect of adhesion molecule-blocking monoclonal 
antibodies on control and sickle cell disease 
neutrophil adhesion to endothelial cells
Adhesion of control neutrophils to HUVEC was signifi-

cantly inhibited by a CD11b function-blocking monoclon-
al antibody, but not by monoclonal antibodies against
CD11a, the VLA-4-integrin subunit, CD49d, or a non-spe-
cific negative control monoclonal antibody (Figure 2A). In
contrast, the adhesion of SCD neutrophils to HUVEC was
significantly inhibited by the anti-CD11a, the anti-CD11b
and anti-CD49d monoclonal antibodies, while a negative
control monoclonal antibody did not significantly affect
the adhesion of SCD neutrophils (Figure 2B). 

Effect of co-incubation with adhesion molecule-blocking
monoclonal antibodies on adhesion of control and 
sickle cell disease neutrophils to tumor necrosis 
factor-α-stimulated endothelial cells
Under inflammatory conditions, following stimulation of

HUVEC with TNF-α (10ng/mL) (3 h, 37°C, 5% CO2), adhe-
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Figure 2. Neutrophil adhesion to HUVEC in the presence of integrin-
specific blocking monoclonal antibodies. Neutrophils (2x106

cells/mL) from controls (A, n=6) or from SCD individuals (B, n=8)
were allowed to adhere to HUVEC for 30 min at 37ºC, 5% CO2, in the
presence or absence of integrin-blocking monoclonal antibody, as
indicated. *P<0.05; **P<0.01; ***P<0.001, compared to basal
adhesion; Friedman’s test, followed by Dunn’s multiple comparison
between selected groups and basal adhesion.

Figure 4. Adhesion of control (A) and SCD (B) neutrophils to HUVEC
in the presence of simvastatin. Neutrophils from control individuals
(n=8) or SCD patients (n=11) were allowed to adhere to HUVEC or to
TNF-α-stimulated HUVEC cells in the presence or not of 1 μM simvas-
tatin (SIM) or 1 μM simvastatin and 1 mM L-NAME (SIM+L-N, n=6).
***P<0.001, TNF-α compared to basal adhesion; ••P<0.01 com-
pared to TNF-α alone; ≈≈P<0.01 compared to TNF/SIM; Friedman’s
test, followed by Dunn’s multiple comparison.

Figure 3. Neutrophil adhesion to TNF-α-stimulated HUVEC in the
presence of integrin-specific blocking monoclonal antibody.
Neutrophils (2x106 cell/mL) from control individuals (A, n=4) or from
SCD patients (B, n=5) were allowed to adhere to TNF-α-stimulated
HUVEC for 30 min at 37ºC, 5% CO2, in the presence or absence of
integrin-blocking monoclonal antibody, as indicated. *P<0.05;
**P<0.01; ***P<0.001, compared to basal adhesion; Friedman’s
test, followed by Dunn’s multiple comparison between selected
groups and basal adhesion.
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sion of control neutrophils to HUVEC was significantly
inhibited by anti-CD11a and anti-CD11b monoclonal anti-
bodies (Figure 3A). In contrast, adhesion of SCD neu-
trophils to HUVEC was significantly inhibited by mono-
clonal antibodies to CD11a, CD11b and anti-CD49d, but
not the negative control monoclonal antibody (Figure 3B).

Effect of simvastatin treatment of endothelial layers 
on control and sickle cell disease neutrophil adhesion
to tumor necrosis factor-α-stimulated and 
non-stimulated endothelial cells 
Treatment of non-stimulated HUVEC cells with simvas-

tatin did not alter the adhesion of either control or SCD
neutrophils to HUVEC (Figure 4). In contrast, when
HUVEC were pretreated with TNF-α (10 ng/mL), simulta-
neous pre-treatment of endothelial cells with simvastatin
significantly reduced SCD neutrophil adhesion, compared
to non-simvastatin-treated HUVEC. In contrast, simvas-
tatin did not alter the adhesion of control neutrophils to
TNF-α-stimulated HUVEC (Figure 4).
Importantly, co-incubation of TNF-α-stimulated

HUVEC with both simvastatin and the nitric oxide syn-
thase inhibitor, L-NAME (1 mM), reversed the decrease in
SCD neutrophil adhesion observed when HUVEC were
incubated with simvastatin alone, indicating a role for
nitric oxide synthesis in the effect of simvastatin (Figure
4B). L-NAME had no significant effect on neutrophil adhe-
sion to non-TNF-α-stimulated HUVEC, nor to TNF-α-

stimulated HUVEC in the absence of simvastatin (P>0.05,
data not shown).

Effect of simvastatin treatment on the expression 
of adhesion molecules on the surface of non-stimulated
and tumor necrosis factor-α-stimulated 
endothelial cells
Flow cytometry assays demonstrated that non-stimulat-

ed HUVEC cells had high surface expression of ICAM-1
(Figure 5A); 90.4±0.5% of cells expressed ICAM-1, with a
mean fluorescence intensity (MFI) of 13,949±244 units
(n=4). Following stimulation of HUVEC with TNF-α (10
ng/mL for 3 h), the surface expression of ICAM-1 was
considerably increased to 74,567±6,791 MFI (P<0.001;
with 97.4±0.06% cells expressing this adhesion molecule);
conversely, when cells were pre-treated with simvastatin
(1 µM) for 1 h before the TNF-α stimulation, a significant
inhibition of ICAM-1 surface expression was observed
(39,352±4,559 MFI; P<0.01; 94.9±0.91%; Figure 5A). In
contrast, the level of VCAM-1 expression on resting
HUVEC was very low (0.93±0.05%; 125.0±3.4 MFI, n=4).
TNF-α stimulation slightly, but significantly, increased
VCAM-1 expression on HUVEC (4.23±1.19%; 169.8±10.1
MFI, P<0.01), while pretreatment with simvastatin was
able to prevent this TNF-α-induced increase in VCAM-1
(1.08±0.11%; 132.3±5.3 MFI, P<0.01) (Figure 5B).

Effects of simvastatin on the chemotaxis of control 
and sickle cell disease neutrophils
The spontaneous in vitro migration (without the pres-

ence of a chemotactic stimulus) of neutrophils from con-
trol individuals and SCD patients was similar, although
SCD neutrophils demonstrate a tendency, which was not
statistically significant, to greater migration (Figure 5). In
contrast, when neutrophils were allowed to migrate
towards an IL-8 chemotactic stimulus (100 ng/mL), the
migration of both control and SCD neutrophils was
increased compared to spontaneous migration.
Importantly, co-incubation of neutrophils with simvas-
tatin (1 μM) significantly reduced both control and SCD
neutrophil chemotaxis towards IL-8 (Figure 6).

Discussion 

Leukocyte adhesion to the microvascular endothelium
and the formation of leukocyte-red blood cell aggregates
may make an important contribution to the initiation and
propagation of vaso-occlusion in SCD4,21 and, thus, thera-
peutic options aimed at inhibiting leukocyte adhesive
mechanisms could be valuable for preventing vaso-occlu-
sive processes. In vitro studies have demonstrated that
SCD neutrophils have an increased capacity to adhere to
HUVEC, in vitro, compared to control neutrophils5 and
similar studies showed that SCD neutrophils also display
augmented adhesion to integrin ligands such as
fibronectin and ICAM-1.6 Pre-stimulation of HUVEC with
TNF-α, in an assay to mimic inflammatory conditions,
resulted in the increased adhesion of both SCD and con-
trol leukocytes to stimulated endothelial cells,22 a finding
that may be of physiological relevance since increased cir-
culating levels of TNF-α have been reported in a number
of SCD populations, both during steady-state14,23 and
painful crises.24 Furthermore, plasma TNF-α levels may
correlate with bronchial hyperreactivity, lung inflamma-
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Figure 5. Effect of simvastatin on TNF-α-stimulated expression of
ICAM-1 (A) and VCAM-1 (B) on HUVEC. HUVEC were stimulated, or
not, with TNF-α (10 ng/mL; for 3 h) following their pre-incubation (or
not) with 1 μM simvastatin (Sim). Surface ICAM-1 and VCAM-1
expression was determined by flow cytometry using an anti-CD54
phycoerythrin antibody and anti-CD106 fluorescein isothiocyanate,
respectively. Data are expressed as mean MFI±SEM (n=4) for ICAM-
1 (A) and % positive cells ± SEM (n=4) for VCAM-1 (B). *P<0.05;
**P<0.01, ***P<0.001, compared to basal adhesion. ##P<0.01
compared to TNF-α alone. Repeated measures analysis, followed by
Bonferroni’s test.
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tion and polymorphonuclear leukocyte recruitment to air-
ways.25 As such, TNF-α and other inflammatory molecules
may play a role in the endothelial activation that appears
central to the inflammatory mechanisms of SCD26 and this
activation probably contributes to increase the adhesion
of leukocytes to the vascular wall. 
While the role of leukocyte-endothelial interactions in

vaso-occlusive processes has been clearly indicated by evi-
dence from in vitro and sickle cell mouse models,3,4,9,21,22,27
confirmation of these findings has yet to be found in vivo
in humans with SCD. Earlier intravital procedures, per-
formed in the nailfold capillaries of human SCD volun-
teers, established the participation of red cell-endothelium
interactions in red cell entrapment and decreased flow in
microcapillaries and the authors of this study further sug-
gested that leukocyte-endothelium adhesive mechanisms
may also contribute to such occlusion.28 More recently,
computer-assisted intravital microscopy has been used to
examine the conjunctival microcirculation of SCD individ-
uals;29,30 however, the studies were restricted to observa-
tions of dynamic and morphometric alterations. The diffi-
culty in performing in vivo assays in humans with SCD is
a limitation in the field of characterizing the cellular inter-
actions that occur during the vaso-occlusive process, but it
is hoped that the development of modern intravital tech-
niques may provide better resolution of the microvascular
circulation in humans thus helping to overcome such lim-
itations. We used an in vitro model to study the molecules
that may participate in neutrophil-endothelial cell interac-
tions under inflammatory conditions and to investigate
the potential that statins (namely, simvastatin) may have
to diminish such interactions. Although this in vitro model
has some limitations in that it is a static assay and does not
account for the presence of other types of cells, endoge-
nous cytokines and other inflammatory mediators, it may
be useful for identifying molecules that could represent
possible drug targets worthy of future investigation. The
possible use of a flow adhesion approach, to afford slight-
ly more physiological conditions to this assay, may be

important for confirmation of the findings. 
Our data indicate that the adhesion of control neu-

trophils to endothelial cells, in vitro, is mediated mainly by
the Mac-1 integrin (CD11b/18) with a contribution from
the LFA-1 integrin (CD11a/18), under inflammatory condi-
tions. In contrast, the adhesion of SCD neutrophils to
endothelium (under both basal and TNF-α-stimulated
conditions), at least in vitro, appears to be mediated by the
Mac-1 and LFA-1 integrins and also by VLA-4
(CD49d/CD29), an integrin expressed at low levels on
neutrophils during certain inflammatory conditions.31
Previous studies from our laboratory have indicated that,
under experimental conditions similar to those used here-
in, neither Mac-1 (CD11b/CD18) nor LFA-1
(CD11a/CD18) surface expression is significantly altered
on non-stimulated SCD neutrophils.6,9 Integrins, including
Mac-1 and LFA-1,32,33 are known to mediate adhesive inter-
actions via conformational changes that result in increased
ligand affinity and data consistently indicate that increases
in integrin affinity, rather than significant changes in sur-
face protein expression, bring about the observed increase
in adhesive properties of SCD neutrophils. The Mac-
1/LFA-1 integrin ligand, ICAM-1, was found to be highly
expressed on resting endothelial cells and further
increased by TNF-α, suggesting that this adhesion mole-
cule may be the major ligand for neutrophil adhesion on
HUVEC. Interestingly, we found evidence for a role of the
b1 integrin, VLA-4 (CD49d/CD29), in SCD neutrophil
adhesion to endothelium. Previous data from individuals
of the same SCD population indicated a low level of
expression of CD49d on the surface of SCD neutrophils.6
Involvement of this b1 integrin has been implicated in the
recruitment of neutrophils during chronic inflamma-
tion,10,34 and it can be postulated that the inflammatory
state that is associated with SCD may stimulate an
increased function of this adhesion molecule on neu-
trophils. Both the resting and TNF-α-stimulated endothe-
lial cells used in this study were found to express extreme-
ly low levels of VCAM-1, a primary ligand for the VLA-4
integrin. However, HUVEC are known to express other
VLA-4 ligands, such as fibronectin (found in association
with the cell surface) and Lu/BCAM, particularly after
TNF-α stimulation.35-37 It is, therefore, possible that the
VLA-4-mediated interactions of SCD neutrophils
observed in this study are mediated by these adhesion
molecules, although future studies are necessary to clarify
this point. 
Treatment of HUVEC with simvastatin appears to pro-

tect the endothelium from an inflammatory stimulus,
leading to a significant reduction in the adhesion of SCD
neutrophils to TNF-α–stimulated HUVEC. Recent studies
suggest that statins have anti-inflammatory properties in
the atherosclerotic plaque.38 The mechanisms involved in
inhibiting inflammation have been related to the inhibi-
tion of the expression of endothelial adhesion molecules,
such as ICAM-1.39 Accordingly, the surface presentation of
ICAM-1 on TNF-α-stimulated endothelial cells was found
to be significantly diminished by simvastatin pretreatment
under the conditions utilized in our assays. Interestingly,
we demonstrated that, under TNF-α-stimulated inflam-
matory conditions, simvastatin significantly reduced SCD
neutrophil adhesion, compared to non-simvastatin-treated
HUVEC; in contrast, simvastatin did not alter the adhe-
sion of control neutrophils to HUVEC. These results indi-
cate that, under marked inflammatory conditions, simvas-
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Figure 6. Effect of simvastatin on spontaneous and IL8-stimulated
neutrophil chemotaxis. Spontaneous chemotaxis (Spont) and IL-8
(100 ng/mL)-stimulated chemotaxis of neutrophils from control
(n=6) and SCD individuals (n=6) was measured following the pre-
incubation (or not) of neutrophils with simvastatin (SIM) (1 μM).
***P<0.001, compared with spontaneous chemotaxis; #P<0.05
compared with IL-8-stimulated control neutrophil chemotaxis;
+P<0.05, compared with IL-8-stimulated SCD neutrophil chemo-
taxis; Friedman’s test, followed by Dunn’s multiple comparison.
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tatin may reduce the ability of endothelial cells to interact
with leukocytes. This effect may be partly explained by
some of the properties of statins, which appear to be able
to restore endothelial function, and increase the produc-
tion of endothelial nitric oxide, by endothelial stimulation
and sub-regulation of endothelial nitric oxide synthase.40
Importantly, co-incubation of TNF-α-stimulated HUVEC
with both simvastatin and the nitric oxide synthase
inhibitor, L-NAME, reversed the decrease in SCD neu-
trophil adhesion to HUVEC observed for simvastatin
alone, indicating that the stimulation of nitric oxide syn-
thase in HUVEC may play a role in the protective effects
of simvastatin on the endothelial layer. A preliminary
study investigating the effect of short-term simvastatin
administration on markers of vascular dysfunction in
patients with SCD, related increased nitric oxide availabil-
ity and anti-inflammatory effects in treated individuals.41
Finally, chemotaxis assays indicated a tendency (P>0.05)

towards higher migratory properties in SCD neutrophils,
compared to control neutrophils, as previously reported.42
Interestingly, IL-8-stimulated migration of both control
and SCD neutrophils was significantly inhibited by pre-
treatment of the neutrophils with simvastatin. These data
are of interest, since they indicate that simvastatin may
also have an anti-inflammatory effect on the neutrophils

themselves and not just on the endothelium. The chemo-
tactic properties of neutrophils are central to their inflam-
matory response function and inhibition of neutrophil
chemotaxis by simvastatin indicates another potential
beneficial effect of this drug in SCD.38,43
In summary, our data illustrate that the Mac-1 and LFA-

1 integrins and, interestingly, VLA-4 may mediate the
adhesion of leukocytes to activated endothelial cell layers,
at least in vitro. Our data indicate that simvastatin reduces
endothelial activation and consequent leukocyte adhesion
in this in vitro model; future experiments and clinical trials
are required to determine whether simvastatin therapy
and other anti-inflammatory approaches could be
employed in patients with SCD, with beneficial effects on
vaso-occlusion.
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