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Abstract
Objective—Both platelet and neutrophil activation occur in sickle cell disease (SCD) but the
interdependence of these events is unknown. The goal of this study was to determine the role of
platelets in stimulating mouse and human neutrophil activation and pulmonary injury in SCD.

Methods and Results—Platelet activation and binding to leukocytes was measured in control
and SCD mice and patients. Relative to controls, blood obtained from SCD mice or patients
contained significantly elevated platelet-neutrophil aggregates (PNAs). Both platelets and
neutrophils found in sickle PNAs were activated. Multi-spectral imaging (ImageStream) and
conventional flow cytometry revealed a subpopulation of activated neutrophils with multiple
adhered platelets that expressed significantly more CD11b and exhibited greater oxidative activity
than single neutrophils. On average, wild type and sickle PNAs contained 1.1 and 2.6 platelets per
neutrophil, respectively. Hypoxia/reoxygenation induced a further increase in platelet-neutrophil
aggregates in SCD mice and additional activation of both platelets and neutrophils. Pretreatment
of SCD mice with clopidogrel or P-selectin antibody reduced the formation of PNAs and
neutrophil activation and decreased lung vascular permeability.

Conclusions—In sum, our findings suggest that platelet binding activates neutrophils and
contributes to a chronic inflammatory state and pulmonary dysfunction in SCD. Inhibition of
platelet activation may be useful to decrease tissue injury in SCD, particularly during the early
stages of vaso-occlusive crises.

Keywords
platelet activation; sickle cell disease (SCD); inflammation; neutrophil activation; oxidative burst;
clopidogrel; P-selectin

Corresponding author: Joel Linden, La Jolla Institute for Allergy and Immunology, La Jolla CA 92037; Phone: 858-752-65004; Fax:
858-752-6985; joel@liai.org.
Disclosures
The authors report no conflicts of interest related to this study.

NIH Public Access
Author Manuscript
Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2011 December 1.

Published in final edited form as:
Arterioscler Thromb Vasc Biol. 2010 December ; 30(12): 2392–2399. doi:10.1161/ATVBAHA.
110.211615.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



INTRODUCTION
Sickle cell disease (SCD) is the most common genetic hematological disorder in the United
States. Vaso-occlusion characteristic of SCD has been viewed historically as resulting from
deformed red blood cells (RBCs) that mechanically obstruct capillaries to produce tissue
hypoxia.1 Present therapies for SCD are geared toward decreasing the concentration or
polymerization rate of sickle hemoglobin.2 Recently, a modified paradigm has emerged
suggesting that the wide spectrum of clinical manifestations of SCD results in part from
recurrent episodes of disseminated microvascular ischemia/reperfusion (I/R) injury.3, 4 I/R
triggers vascular inflammation characterized by increased adhesion of leukocytes5–8 and
sickle RBCs9 to vascular endothelium as well as activation of coagulation,10–12 blood
platelets,13–20 neutrophils,7 monocytes8, 21–23 and NKT cells.24 Since it has seen
demonstrated that blockade of P-selectin-mediated platelet-leukocyte aggregation is
beneficial in the animal models of vascular injury,25 we reasoned that platelet-leukocyte
aggregation might contribute to the vascular inflammation and tissue injury that occurs in
SCD. While increased formation of platelet-monocyte21 and platelet-RBC15 aggregates in
SCD is well established, there are conflicting data regarding the occurrence of platelet-
neutrophil aggregates (PNAs) in patients with SCD.18, 21 The question of neutrophil
activation in SCD is an important one, since activated neutrophils play a major role in
evoking vascular injury during I/R by adhering to blood vessels and releasing reactive
oxygen species26. In vitro, binding of activated washed platelets to purified neutrophils
results in their activation27–29 and in vivo studies demonstrate increased formation of
neutrophil-platelet aggregates as a result of inflammation.30, 31

In this study, we investigated platelet-neutrophil aggregation in SCD using blood obtained
from NY1DD sickle mice32, 33 and SCD patients. We found that both mice and people with
SCD have markedly increased platelet-neutrophil aggregates (PNAs) compared to
appropriate controls. Anti-platelet agents such as clopidogrel or anti-P-selectin antibodies as
well as platelet depletion strongly suppressed formation of platelet-leukocyte aggregates and
platelet-dependent neutrophil activation and pulmonary injury in sickle mice, indicating that
anti-platelet therapy may be helpful for limiting vascular inflammation and injury in SCD.

MATERIALS AND METHODS
Human subjects

Peripheral venous blood samples were obtained from consenting adult SCD patients
(hemoglobin S homozygotes) and age and race matched healthy control subjects (normal
hemoglobin A) during a routine health examination at the Adult Hemoglobinopathy Clinic
at the Washington University. All patients were at steady state, i.e. reported no more than
typical pain at the time of phlebotomy. The human protocol was approved by the
Institutional Review Boards of the Washington University and the University of Virginia.

Mice
Transgenic NY1DD mice on a C57BL6 genetic background were obtained from Robert P.
Hebbel (University of Minnesota) and used as a model for SCD.33 NY1DD mice are
deficient in mouse β-globin and express a fused human α-βS-globin transgene. These mice
have a normal hematocrit at baseline, but exhibit multiple organ damage and leukocytosis.32

H/R evokes hemolysis associated with the development of increased inflammation.
Congenic C57BL/6 female mice 8–12 weeks old were used as wild-type (WT) sex and age
matched controls (Jackson Laboratory, Bar Harbor, ME). Experimental procedures were
approved by the University of Virginia Animal Care and Use Committee.
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Assessment of platelet activation in whole blood
Attempts to prepare platelets from sickle mice were complicated by the existence of platelet-
platelet and platelet-leukocyte aggregates. Hence, platelet function was assessed in whole
blood. Details about mouse blood collection and assessment of platelet activation in whole
blood are described in the Supplemental Methods.

Platelet-leukocyte aggregates in whole blood
For mouse studies, heparin-anticoagulated blood was incubated with rat anti–mouse CD16/
CD32 antibody to block the Fc III/II receptor. A 4-color flow cytometry assay was
developed to analyze simultaneous platelet binding to neutrophils and monocytes in whole
blood. Rat anti-mouse CD41-PE or rat anti-mouse GPIX-FITC antibodies were used to label
platelets. The combinations of rat anti-mouse CD11b-APC, CD45-PerCP-Cy5.5 and GR-1-
FITC antibodies and isotype controls (all from BD Biosciences PharMigen) were used for
labeling leukocytes. Erythrocytes were lysed with High-Yield Lysing Solution (Caltag
Labs). Neutrophils and monocytes were distinguished from other cells by their size and
granularity as well as by anti-CD11b-APC and anti-GR-1-FITC antibody binding. Within
the CD11b/CD45 double positive gate, platelet-neutrophil aggregate formation was
calculated from CD41-PE/GR-1-FITC double-positive events, and platelet-monocyte
aggregates from CD41-PE positive, GR-1-FITC negative events. The activation of platelets
bound to leukocytes was assessed by counting CD62P-PE positive events in the CD45-
PerCP-Cy5.5/GPIX-FITC double-positive gate.

Human blood samples were collected by venipuncture into Vacutainer-ACD tubes and
prepared for flow cytometry as described above. PNAs in these samples were identified as
CD14-negative and CD41+/CD16+ events and platelet-monocyte aggregates as CD16-
negative and CD41+/CD14+ events in the CD11b+/CD45+ leukocyte gate. The activation of
platelets bound to neutrophils was determined by counting CD62P+ events on PNAs.
Fluorescence intensity was measured with a CyAn™ ADP LX 9 Color Analyzer
(DakoCytomation) and data analysis performed with FlowJo software. Details about
antibodies used in human studies are given in the Supplemental Methods.

Multi-spectral Imaging Flow Cytometry (MIFC)
Platelet-neutrophil aggregates were imaged by MIFC using an ImageStream flow cytometer
(Amnis Corporation, Seattle, WA). At least 5,000 cells were collected from each sample and
data were analyzed using IDEAS image analysis software (Amnis Corp, Seattle, WA).
Platelets were labeled using anti-CD41-PE antibody. Neutrophil images were identified as
GR-1-FITC+/HI scatter and CD11b+ events. Neutrophil-bound platelets were identified
using a GR-1 membrane mask and the Small Spot Intensity feature of the IDEAS software.
The number of platelets bound per neutrophil was determined using the Spot Count and
Peak Intensity algorithms of the IDEAS software and confirmed by examination of images
positive for CD41and GR-1.

H2O2 production by neutrophils
We developed a new 5-color flow cytometry assay to assess oxidative burst simultaneously
in platelet-neutrophil aggregates and single neutrophils in whole blood. Respiratory burst
was monitored by dihydrorhodamine (DHR) 123 which produces fluorescent rhodamine123
after oxidation by hydrogen peroxide (H2O2). Heparinized whole blood (0.5 mL) from WT
or sickle mice treated for 3 days with clopidogrel or vehicle and then subjected to H/R was
incubated for 30 minutes with a cocktail of DHR 123 and appropriate fluorescent antibodies
at 37°C and then transferred to ice. DHR 123 fluorescence was identified in both CD45+/
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CD11b+/GR1+/CD41+ and CD45+/CD11b+/GR1+/CD41− regions and analyzed with a
CyAn™ADP LX9 Color Analyzer.

Hypoxia/reoxygenation and drug treatment of mice
Mice were placed in a hypoxia chamber (8% O2 -92% N2; Coy Laboratory Products, Inc) for
3 h and then reoxygenated for 3 h in ambient air. The number of platelet-leukocyte
aggregates did not change during hypoxia (data not shown) but increased to a maximum 3 h
after reoxygenation. Some mice received carotid artery injections of 100 μg of blocking anti-
P-selectin antibody (RB40.34, BD Biosciences) or control IgG just before the reoxygenation
period. In other experiments, vehicle or clopidogrel (30 mg/kg/day) were administrated to
mice by oral gavage for 3 days before H/R.

Platelet depletion effects on pulmonary neutrophil accumulation and vascular permeability
Platelets were depleted by a single intravenous injection of anti-GPIbα antibody (2μg/g;
Emfret Analytics).34 After 24 hours circulating platelets were reduced in sickle mice by 85
% (from 950 ± 40 × 103/μL to 142 ± 8 × 103/μL). Subsequently, mouse lungs were
harvested and neutrophils/lung counted by flow cytometry as described.24 Pulmonary
vascular permeability was assessed by Evans blue dye (EBD) extravasation as described in
the Supplemental Methods.

Data analysis
Representative data shown in the figures are typical of 3 or more replicate experiments.
Where applicable, results are presented as means ± SD. WT and NY1DD mice, or African-
American healthy controls and SCD patients were compared using the Student’s t test.

RESULTS
Activation of αIIbβ3 integrin and increased membrane expression of CD40L and P-selectin
on sickle platelets

There are several mouse models of SCD.35 One frequently used model is the Berkeley sickle
mouse, which expresses exclusively human sickle hemoglobin and develops severe SCD.36,
37 However, these mice exhibit marked thrombocytopenia38 which does not parallel the
increase in platelet number usually noted in human SCD at baseline.39 Hence, we focused
our studies on the NY1DD mouse model of SCD that develops moderate SCD.32, 33 Like
SCD patients, NY1DD mice exhibit a pro-inflammatory phenotype with leukocytosis and
increased platelet number.24 Since platelet activation is well established in human SCD,19,
20 we first determined if platelet activation is replicated in NY1DD mice by employing the
JON/A antibody that recognizes the activated conformation of the murine fibrinogen
receptor, αIIbβ3.40 The percentage of JON/A-positive platelets was significantly greater in
sickle (6.4%) compared to WT mouse blood (3%), (p < 0.01) and was increased
significantly more in SCD than in WT mice after stimulation for 10 seconds with ADP
(Figure 1A). Surface expression of CD40L was used as additional marker of platelet
activation. Compared to WT, unstimulated sickle blood contained more CD40L+ platelets (P
< 0.001, Figure 1B). Stimulation of heparinized blood for 15 seconds with the strong platelet
agonist convulxin (50 nM), induced a rapid increase in CD40L in WT platelets, but a
significantly greater activation in sickle platelets. Convulxin triggered a 2.3 ± 0.3 and a 3.5 ±
0.2 fold increase in surface expression of CD40L in WT and SCD mice, respectively, based
on the geometric mean of fluorescence intensity (GMFI).

P-selectin on activated platelets is a major mediator of adhesion to leukocytes.41 In
unstressed mice, the percentage of P-selectin positive platelets was very low (<1%) in both
WT and sickle mice (Figure 2A). The percentage of P-selectin positive-platelets increased in
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response to convulxin to 34% in WT mice and to 50% in SCD mice (Supplemental Figure
Ia). By contrast, platelets aggregated with leukocytes were partially P-selective positive, 5.8
± 0.3% in WT mice, and 16.0 ± 1.8% in SCD mice (Figure 2B). Convulxin treatment
increased the percentage of P-selectin positive platelets in platelet–leukocyte aggregates to
44% in WT mice and to 71% in sickle mice (p<0.005, Supplemental Figure Ib).

Increased platelet-leukocyte aggregation in SCD
The percentage of platelets found in PNAs or platelet-monocyte aggregates in mouse
peripheral blood was assessed by 4-color flow cytometry. At baseline, about 2.5-fold more
sickle than WT neutrophils and 1.7-fold more sickle than WT monocytes had adhered
CD41+-platelets (Figure 3A and 3B). Neutrophils aggregated with platelets were more
activated in sickle than WT blood based on higher expression of CD11b (MFI 459 ± 39 vs
233 ± 50, p< 0.001, n = 10). We also detected eosinophil-platelet aggregates that were also
significantly increased in sickle mice compared to WT (Supplemental Figure II). Once
formed, platelet-leukocyte aggregates were stable and did not change in number for up to 4
hours following addition of heparin or anti-P-selectin blocking antibody, RB40.34 to blood
(data not shown).

Since the number of PNAs in blood from children with SCD was previously reported to be
similar to controls,18 we studied platelet-neutrophil interactions in adults with SCD using 5-
color flow cytometry. The percentage of neutrophils and monocytes found aggregated with
platelets in blood obtained from SCD patients vs. controls was, 2.5-fold and 2.1-fold higher
(Figure 3C). Human neutrophils in PNAs were more activated in SCD patients than in
control subjects based on the expression of CD11b (MFI 311 ± 80 vs 210 ± 57, p<0.05, n
=7). The number of P-selectin+ platelets in blood of SCD patients was not different from
controls. However, the surface expression of P-selectin given as MFI on PNAs was
significantly greater in SCD patients than controls 63.2 ± 13.3 vs 24.8 ± 2, p<0.05, n = 7. In
sum, as in mice, patients with SCD were found to have increased numbers of PNAs, and
aggregation resulted in activation of both platelets and neutrophils.

ImageStream analysis of platelet-neutrophil aggregates
We used ImageStream fluorescence imaging to confirm the existence of platelet-neutrophil
aggregates and determine the number of platelets attached to each neutrophil (Figure 4). The
percentage of neutrophils with adherent platelets was significantly higher in SCD mice than
in WT (15.3 ± 2.4 % vs. 5.8 ±0.9 %). These numbers varied with age, sex and handling of
mice, so it was important to use age and sex-matched mice. In this experiment, the average
number of adherent platelets per neutrophil-platelet aggregate was about 2.4-fold as high in
SCD compared to WT mice (Figure 4C and 4D). This was confirmed by measuring the
mean fluorescence intensity of anti-CD41 on adhered platelets, indicative of the number of
platelets per neutrophil, which was 2.3-fold higher in sickle mice compared to WT. The
expression of CD11b was 1.7-fold higher in neutrophils aggregated with platelets compared
to single neutrophils in sickle mice. There was no significant difference in CD11b
expression between platelet-free and platelet+-neutrophils in WT mice. In SCD, 40% of
platelet-neutrophil aggregates included more than 2 (up to 6) platelets, while in WT mice,
only 20% of aggregates had more than 1 adhered platelet.

Hypoxia/reoxygenation enhances P-selectin-dependent formation of platelet-neutrophil
aggregates

H/R has been shown to exacerbate the inflammatory response in sickle mice.4, 42 To
investigate whether H/R has an effect on the formation of platelet-neutrophil aggregates,
WT and SCD mice were placed in a hypoxia chamber and exposed to 8% O2 and 92% N2
for 3 h followed by 3 h of reoxygenation in ambient air. Flow cytometric analysis revealed
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that H/R elicited a significant increase in platelet-neutrophil aggregates in blood from sickle
mice (Figure 5A). The injection of anti-P selectin antibody just before reoxygenation led to a
significant reduction in platelet-neutrophil aggregates following H/R. Treatment of SCD
mice with clopidogrel or platelet depletion also resulted in significant suppression of
CD41+-neutrophils both at baseline and following subsequent H/R in sickle mice (Figure
5A). Platelet binding to neutrophils has been reported to increase neutrophil adhesion to
endothelium and may be responsible for endothelial activation.43, 44 To test the hypothesis
that activated platelets contribute to endothelial dysfunction in SCD, platelets were depleted
and pulmonary microvascular permeability was measured with Evans blue dye (EBD).
Platelet depletion was associated with a decreased number of pulmonary neutrophils, from
1.71 ± 0.18×105/lung to 0.32 ± 0.11×105/lung (n=10, p<0.05), and with decreased
pulmonary vascular leakage (Figure 5B) in sickle mice. These findings implicate platelet
activation and exposure of platelet P-selectin as functionally important events mediating
platelet-neutrophil aggregate formation that may contribute to vaso-occlusive crisis in SCD.

Adherent platelets promote neutrophil oxidative activity
We investigated whether platelet binding to neutrophils influences neutrophil activation in
SCD mice by measuring oxidative burst and expression of CD11b adhesive receptors using
5-color flow cytometry. The oxidative burst that results in production of hydrogen peroxide
(H2O2) was detected from the intracellular oxidation of the fluorescent dye DHR 123
(Figure 6). In SCD mice, PNAs (Figure 6A, CD41+) produced substantially more H2O2
(more oxidative burst; Figure 6B) and had significantly higher expression of CD11b (Figure
6C) than single neutrophils (Figure 6A, CD41-free), suggesting that platelet binding
activates neutrophils in vivo.

DISCUSSION
Circulating blood leukocytes in SCD, particularly neutrophils,7, 45, 46 display an activated
phenotype that may predispose them to endothelial adhesion and amplification of vascular
inflammation and vaso-occlusion. In this study, we sought to determine if platelet activation
that occurs in SCD15, 16, 47 actively contributes to SCD-associated neutrophil activation.
Our data reveal for the first time an increased formation of PNAs in blood obtained from
SCD-patients and from NY1DD sickle mice. In both sickle patients and NY1DD sickle mice
the most activated neutrophils were those with adhered platelets as assessed by oxidative
burst and increased expression of CD11b adhesive receptors (Figure 3). In sickle mice the
formation of PNA was exacerbated following hypoxia/reoxygenation, suggesting that
platelet activation and adhesion to neutrophils might occur as a result of H/R during vaso-
occlusive crisis. Since, the most activated neutrophils were those with adhered platelets we
hypothesized that it may be possible to reduce neutrophil activation in SCD by inhibiting
platelet activation. Indeed, treatment of SCD mice with the anti-platelet drug clopidogrel,
which blocks P2Y12 ADP receptors,48, 49 or with anti-P-selectin antibody significantly
reduced the number of platelet-neutrophil aggregates and lowered overall neutrophil
activation. Depletion of platelets with anti-GPIbα antibody also reduced the number of
platelet-neutrophil aggregates and decreased pulmonary neutrophil infiltration and vascular
permeability in sickle lung. This novel link between platelet and neutrophil activation in
SCD provides a new perspective into SCD pathology and treatment.

In vitro evidence indicates that platelet binding to leukocytes likely changes both platelet
and leukocyte activation.28, 50 Thrombotic processes associated with enhanced platelet
activation and formation of platelet-leukocyte aggregates have been observed in several
chronic inflammatory diseases.51, 52 Despite the fact that activation of platelets,15, 16, 17, 19

monocytes,21 neutrophils7, 46 and eosinophils53 have been observed in human SCD, the
only previously reported increases in heteroaggregates that contain platelets are those
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formed between platelets and monocytes or platelets and sickle RBCs.21, 15 The analysis of
platelet function in SCD is complicated by the fact that severe chronic inflammation may
result in platelet depletion, margination and desensitization.54 Moreover, previous studies
have not attempted to measure in vivo the ratio of platelets bound per neutrophil or the effect
of platelet binding on the oxidative activity of individual neutrophils.16, 18, 21, 46 In a study
of severe SCD in children with nocturnal hypoxia, the fraction of platelet-neutrophil
aggregates was not significantly changed compared to controls.18 The discrepancy with our
findings could be due partly to difference in the patient age and duration of the disease/or
different techniques of blood sample preparation and analysis. We used 5-color flow
cytometry of cell markers with confirmation by ImageStream analysis to define platelet-
neutrophil aggregates in ACD-anticoagulated blood while Inwald et al18 used specific light
scatter characteristic of neutrophils and CD61+-platelets in citrate-anticoagulated blood. In
NY1DD mice with mild SCD we were able to consistently demonstrate that platelet binding
to neutrophils has a significant impact on the overall activation of neutrophils which likely
promotes adhesion to endothelial cells and induction of pulmonary vascular injury in SCD.5,
46, 50 This is in agreement with previous studies showing that ligation of the P-selectin
glycoprotein ligand 1 (PSGL-1) on neutrophils by P-selectin Ig chimera leads to production
of reactive oxygen intermediates and increased neutrophil expression of cell-surface CD11b.
55 The anlaysis of platelet-leukocyte aggregates revealed higher numbers of platelets bound
to neutrophils in SCD: on average, about 2.6 platelets/neutrophil in platelet-neutrophil
aggregates in SCD vs. about 1.1 platelet/neutrophil in WT mice. Thus, the binding of
multiple platelets associated with increase neutrophil adhesive and oxidative activities may
represent a newly recognized mechanism contributing to neutrophil activation in peripheral
blood in vivo.

Several investigators have reported that only activated platelets expressing surface P-selectin
bind to leukocytes.41 To test the hypothesis that P-selectin is required for neutrophil
activation in SCD we studied the effects of the anti-platelet drug clopidogrel and anti-P-
selectin antibody on platelet-neutrophil aggregate formation in sickle mice at baseline and
following H/R. H/R triggers vascular inflammation in transgenic sickle mice.4 We found
that in NY1DD mice H/R enhances platelet activation and formation of platelet-neutrophil
aggregates. Clopidogrel decreased the number of circulating platelet-neutrophil aggregates
and suppressed oxidative burst in neutrophil- platelet aggregates in sickle mice at baseline
and following H/R. Injection of P-selectin blocking antibody to H/R-treated sickle mice
prior to reoxygenation almost completely prevented formation of new platelet-neutrophil
aggregates, suggesting that H/R leads to P-selectin-dependent platelet-neutrophil binding.
The inability of anti-P-selectin to dissociate already preexisting platelet-neutrophil
aggregates in SCD is consistent with the idea that P-selectin bound to PSGL-1 is not
accessible for anti-P-selectin antibody or that the initial platelet adhesion to neutrophils
occurs via surface P-selectin, but stabilization of aggregates requires additional adhesive
interactions such as binding of neutrophil CD11b to platelet GPIb.56 These observations
provide strong evidence that platelets play a role to enhance neutrophil activation in vivo in
SCD. The physiological significance of increased formation of platelet-leukocyte aggregates
in peripheral blood in inflammatory diseases is unknown. Previous studies of P-selectin+-
platelet-leukocyte aggregates indicate that leukocytes with attached platelets tether and roll
on endothelial cells with higher avidity than single leukocytes, thereby exacerbating
endothelial inflammation.57–59

Recently, we showed that NY1DD mice display baseline pulmonary injury.24 In the current
study, we found that platelet depletion reduced the number of circulating platelet-neutrophil
aggregates, significantly suppressed neutrophil migration to the lung and reduced lung
vascular permeability, suggesting that platelets contribute to acute lung injury in SCD.43

Activated platelets with surface expression of P-selectin have been shown to be essential for
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neutrophil recruitment into kidney in acute post-ischemic renal failure60 and for leukocyte
extravasation into airways after allergen challenge.61 Thus targeting platelet activation and
membrane expression of P-selectin may be a useful strategy to reduce lung injury in SCD,
particularly at the onset of vaso-occlusive crisis. In previous studies, chronic anti-platelet
drug therapy (ticlopidin, low dose aspirin) and anticoagulant treatment (low dose heparin,
warfarin) have not been effective in the prophylaxis of acute vaso-occlusive events in human
SCD.62–64 However, these studies have not evaluated dose ranging, nor measured the levels
of platelet activation or the extent of vascular damage before and after treatment. Hence it is
not known if these treatments were sufficiently aggressive to reduce platelet activation and
platelet-leukocyte aggregation.

Our findings suggest that in addition to their procoagulant role, platelets may contribute
directly to ongoing vascular inflammation in SCD by activating neutrophils. Consequently,
therapies targeting platelet function and platelet interactions with other blood cells may help
to control inflammation. The contribution of platelet activation to SCD pathophysiology
should be further investigated using newly available anti-platelet agents with the evaluation
of biomarkers, including P-selectin expression and platelet-leukocyte aggregate formation.
The fact that H/R induces an increase in platelet-leukocyte interaction, which decreases to
baseline levels after administration of clopidogrel or anti-P-selectin antibody, suggests that
platelet-leukocyte cross-talkcontributes to vaso-occlusive events in SCD. Further studies
will be required to revisit anti-platelet therapy for SCD with emphasis on inhibiting P-
selectin-mediated platelet-leukocyte interactions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Increased activated αIIbβ3 integrin and CD40L on platelets in SCD mouse blood
(A) Activation of the αIIbβ3 integrin in platelets at rest and following stimulation with 1 μM
ADP were measured by binding of JON/A-PE antibody. Following stimulation, blood
samples were diluted and immediately analyzed by flow cytometry. The percentages of the
total platelet population that is activated (JON/A+) in resting and ADP-stimulated WT and
SCD blood are plotted as means ± SD, n = 5 for all groups. (B) Expression of platelet
CD40L in resting and convulxin-stimulated blood was determined from binding of anti-
CD40L-PE antibody. Platelets were identified by FSC and SSC characteristics and by
GPIX-FITC binding. The percentages of the total platelet population that is CD40L+ in
blood from WT and SCD mice are plotted as means ± SD from 3–4 independent
experiments.
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Figure 2. Increased P-selectin on platelet-leukocyte aggregates in sickle mice
Platelets and leukocytes were recognized by their forward and side scatter characteristics.
Platelet singlets were further identified with anti-GPIX-FITC. Platelet-leukocyte complexes
were identified by anti-CD45-PerCP-Cy5.5 and anti-GPIX-FITC positive fluorescence. P-
selectin expression was assessed using anti-CD62P-PE. Representative histograms showing
P-selectin expression on (A) platelet singlets and (B) platelet-leukocyte heteroaggregates, n
≥ 5. Data are expressed as means ± SD.

Polanowska-Grabowska et al. Page 13

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Increased platelet interactions with leukocytes in NY1DD sickle mice and SCD patients
(A) Representative FACS analysis of whole blood platelet-neutrophil (N) and platelet-
monocyte (M) aggregates in WT and SCD mice. CD45+ leukocytes: neutrophils (N) and
monocytes (M) were gated by forward and side light scatter (not shown) and the differential
expression of GR-1-FITC, and CD11b-APC. The percentage of neutrophils and monocytes
that are found in heteroaggregates with platelets (CD41+) is greater in SCD than WT mice.
(B) Quantitative analysis of CD41+ neutrophils, monocytes and eosinophils in WT and
sickle mice blood. Results are presented as means ± SD, n=10 for both groups, ***p<0.001,
*p<0.05. (C) Increased formation of platelet-neutrophil and platelet-monocyte aggregates in
blood obtained from the adult SCD patients compared to healthy controls. Results are
presented as means ± SD, n=7 for both groups, ** p<0.005, *p<0.05.
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Figure 4. Images of platelet-neutrophil aggregates (PNAs)
(A) Peripheral blood cells were labeled with CD11b-Cy5-PE, GR-1-FITC and CD41-PE.
Platelet-neutrophil aggregates were identified as GR-1 HI/CD11b+/CD41+ events and
analyzed using the IDEAS™ software (AMNIS). (B) Quantitative analysis of CD41+
neutrophils in WT and SCD mouse blood shown in panel (D). Results are presented as
means ± SD, n =3, *** p<0.001. (C) The number of platelets bound per neutrophil was
determined by the Spot Count and Peak Intensity features of IDEAS software and calculated
as the number of total platelets attached to CD41+ neutrophils divided by the number of
CD41+ neutrophils in WT or SCD blood. Data are presented as means ± SD from 3 separate
experiments, ** p<0.005 (D) Images of platelet-neutrophil aggregates are shown as Bright-
Field illumination images (gray) and as composite images for six representative CD41+
neutrophils (of 21 WT and of 59 sickle neutrophils imaged). The composite images
represent an overlay of the images from the 3 fluorescent channels (FITC, PE, and Cy5-PE)
and demonstrate platelets (red/yellow) bound to neutrophils (green).
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Figure 5. Anti-platelet treatments suppress H/R-induced formation of platelet-neutrophil
aggregates, neutrophil activation and lung vascular permeability in SCD mice
(A) WT and SCD mice were subjected to 3 h hypoxia (8% O2 -92% N2) followed by 3 h
reoxygenation (H/R). Prior oral treatment with clopidogrel (3 days), injection of 100 μg of
anti-P-selectin antibody or platelet depletion with anti GPIbα antibody prevented formation
of platelet-neutrophil aggregates in SCD mice. (B), Platelet depletion with anti-GPIbα-
antibody (24 hrs) reduced pulmonary vascular leak measured with Evans blue dye (EBD).
Data are expressed as means ± SD (n=3). **p<0.005, ***p<0.001.
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Figure 6. Neutrophils with attached platelets (CD41+) have increased oxidative burst and CD11b
expression in sickle mice
(A) Gating strategy for evaluation of oxidative-burst in platelet+ or platelet-free neutrophils.
Quantitative analysis in neutrophils of: (B) oxidative burst; and (C) CD11b expression.
Results are expressed as means ± SD, n=5, *p<0.05, ***p<0.001.
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