RED CELLS

Heparin inhibits the flow adhesion of sickle red blood cellsto P-sdectin

Neil M. Matsui, Ajit Varki, and Stephen H. Embury

The adhesion of sickle erythrocytes to
vascular endothelium is important to the
generation of vascular occlusion. Interac-
tions between sickle cells and the endo-
thelium use several cell adhesion mol-
ecules. We have reported that sickle cell
adhesion to endothelial cells under static
conditions involves P-selectin. Others
have shown that sickle cell adhesion is
decreased by unfractionated heparin, but
the molecular target of this inhibition has
not been defined. We postulated that the

adhesion of sickle cells to P-selectin might
be the pathway blocked by unfraction-
ated heparin. In this report we demon-
strate that the flow adherence of sickle
cells to thrombin-treated human vascular
endothelial cells also uses P-selectin and
that this component of adhesion is inhib-
ited by unfractionated heparin. We also
demonstrate that sickle cells adhere to
immobilized recombinant P-selectin un-
der flow conditions. This adhesion too
was inhibited by unfractionated heparin,

in a concentration range that is clinically
attainable. These findings and the gen-
eral role of P-selectin in initiating adhe-
sion of blood cells to the endothelium
suggest that unfractionated heparin may
be useful in preventing painful vascular
occlusion. A clinical trial to test this hy-
pothesis is indicated. (Blood. 2002;100:
3790-3796)
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Introduction

Vascular occlusion is responsible for much of the morbidity
associated with sickle cell diseaser? Although the underlying
cause of sickle cell disease is a single nucleotide mutation that
directs the production of an easily polymerized hemoglobin
protein,3* both the erythrocyte sickling caused by hemoglobin
polymerization and the interactions between a proadhesive popul a-
tion of sickle cells and the vascular endothelium are essential to
vascular occlusion.56

The correlation between sickle cell adhesiveness and the
severity of vascular occlusion” led to extensive studies of the
molecular mechanisms of adhesion. These pathways recently have
been reviewed®12 and are briefly described here. Sickle red cells
express adhesion molecules including integrin a,B3,, CD36, band 3
protein, sulfated glycolipid, Lutheran protein, phosphatidylserine,
and integrin-associated protein. The proadhesive sickle cells may
bind to endothelial cell P-selectin, E-selectin, vascular cell adhe-
sion molecule-1 (VCAM-1), CD36, and integrins. Activation of
endothelial cells by specific agonists enhances adhesion by induc-
ing the expression of cellular adhesion molecules and by causing
cell contraction, which exposes extracellular matrix proteins, such
as thrombospondin (TSP), laminin, and fibronectin. Bridging
molecules from the plasma such as von Willebrand factor (VWF)
and TSP also participate in certain of these adhesive interactions.

Sickle cell adhesion has been studied under both static and flow
conditions.®® The relevance of both types of adhesion is suggested
by in vivo observations of laminar, intermittent, and antegrade-
retrograde flow in the microvasculature of sickle cell subjects and
sickle cell mouse models.*16 Initial events likely involve the

adhesion of sickle erythrocytes to activated endothelial cells under
laminar flow. The resultant adhesion of cells to the vascular wall
creates nonlaminar and arrested flow, which propagates vascular
occlusion by both static and flow adhesion mechanisms. It islikely
too that the distinct mechanisms of adhesion and of regulation of
endothelial cell adhesivity pertain under dissimilar types of flow.1”

The expression of adhesion molecules by endothelia cells is
affected by cell agonists such as thrombin, histamine, tumor
necrosis factor a (TNF-o), interleukin 1 (IL-1), platelet activating
factor (PAF), erythropoietin, and vascular endothelia growth
factor (VEGF), and by loca environmental factors such as
hypoxia, reperfusion, flow, as well as by sickle erythrocytes
themselves.181° An important effector in sickle cell vascular
occlusion is thrombin. Increased thrombin activity correlates with
sickle cell disease pain episodes. 22! |n addition to generating fibrin
clot, thrombin also acts on specific thrombin receptors on endothe-
lial cells and platelets.?223 Work from our laboratory has demon-
strated that thrombin treatment causes a rapid increase of endothe-
lial cell adhesivity for sickle erythrocytes under static conditions.?*

More recently we have demonstrated that P-sel ectin participates
in this thrombin-enhanced adhesion of sickle cells to endothelial
cells under static conditions.?> Although P-selectin plays a major
role in the tethering, rolling, and firm adhesion of leukocytes to
activated endothelial cells,?627 its contribution to the initial stepsis
singular and essential to the overall adhesion process. Upon
stimulation of endothelial cells by thrombin, P-selectin rapidly
translocates from Weibel-Palade bodies to the lumina surface of
the cells.2 |n addition to thrombin, the agonists histamine,
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hypoxia, and reperfusion also have been documented to induce the
expression of P-selectin on human endothelial cell surfaces.?8-3t
While each of theseis germaneto the activation of endothelia cells
in sickle cell disease, we have chosen thrombin as the agonist of
P-selectin expression for our studies. In addition to our report of
sickle red cells binding to endothelial cell P-selectin, others have
shown arole for P-selectin in the adhesion of neutrophilsin sickle
cell mouse models. 3233

Heparin is known to block certain types of tumor cell adher-
ence, TSP-independent sickle cell adherence, and coagulation
processes that are active in sickle cell disease.3+38 In one uncon-
trolled study, prophylactic administration of heparin reduced the
frequency of sickle cell pain crises.® The role of P-selectin in the
endothelial adhesion of sickle red blood cells,?® the capacity of
heparin to block selected P-selectin-mediated adhesive events,3
and the effect of heparin on sickle cell adhesion suggest an
association among these findings.3>3¢ We postulated that heparin
can be used to block adhesion of sickle cells to P-selectin under
flow conditions. We tested this hypothesis by studying the adhesion
of sickle erythrocytes to thrombin-treated endothelium and to
immobilized P-selectin under flow conditions in vitro. Others have
used this approach to measure the firm adherence of sickle cells.
We, however, because of the critical importance of initial adhesive
interactions to overall cell adherence, utilized the full potentia of
the method to measure both early and late adhesive interactions.
Our studies suggest potential new therapeutic approaches to
treating sickle cell disease.

Materials and methods

Preparation of erythrocytes

Blood samples obtained from subjects with sickle cell disease and from healthy
control subjects, as approved by the Committee on Human Research a the
University of Cadlifornia-San Francisco (UCSF), were drawn into citrate. The
buffy coat was removed after the initid centrifugation and after each of 3
subsequent washes of the remaining erythrocytes in phosphate buffered sdine
(PBS) and onewashin HAH buffer (Hanks balanced sdlt solution [HBSS; UCSF
Cell Culture Fecility, San Francisco, CA], 1% bovine serum abumin [BSA,
FractionV; Sigma, St Louis, MO], 50 mM HEPES[N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid; Sigma], pH 7.40). Erythrocytes to be used in flow
adhesion studies were suspended to a 0.5% hematocrit. To assess for leukocyte
contamination, the erythrocyte preparation was exposed to 10 pg/mL rhodamine
6G, which stainsleukocytes but not erythrocytes, and washed 3 timesin HAH.40
No leukocytes were detected in the erythrocyte suspensions prepared using the
above protocol.

Cell culture

Human umbilical vein endothelia cells (HUVECS; Clonetics, San Diego,
CA) were grown in endothelial growth medium (EGM; Clonetics) at 37°C
in 5% CO, on gelatin-coated glass slides. HUVECs used for the adhesion
experiment were no more than third passage and 90% to 95% confluent. To
rid HUVECs of the heparin and fetal bovine serum, before treating the cells
or assaying for adhesivity, we washed the monolayers 3 timeswith PBS and
oncewith HAH.

Preparation of immobilized adhesion molecules

For studies of adherence to immobilized adhesion protein, 400 ng BSA,
recombinant human Siglec-6-1g chimera (hereafter referred to as recombi-
nant Siglec), or recombinant human P-selectin-lg chimera (hereafter
referred to as recombinant P-selectin) in 10 mM carbonate buffer were
applied to slides overnight.3*4! Slides were washed with carbonate buffer 3
times, then blocked with 0.5% BSA in HBSS (UCSF Cell Culture Facility).
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Parallel plate flow adhesion

Because of the vital importance of tethering and rolling adhesion to overall
cell adhesion,?’#? we elected to measure the parameters of these early
adhesive events rather than firm adhesion in our studies of P-selectin.
Parallel plate flow adhesion experiments were performed as previously
described.®® Slides containing HUVECs or immobilized protein were
attached to the base of a CytoShear parallel plate chamber (CytoDyne, San
Diego, CA). All experiments were performed with cells and reagents in
HAH. A shear stress of 1 dyne/cm?, which is estimated as that of normal
postcapillary venular flow,* was maintained using a Sage syringe pump
(Orion, Beverly, MA). Temperature was maintained at 37°C using Heating
Tape (Fisher, Pittsburgh, PA) and a Temperature Controller (Cole-Parmer,
Vernon Hills, IL). Rolling cells were defined as those sickle cells that were
in the same microscopic focal plane as the immobile surface or endothelial
monolayer and moving at a distinctly slower velocity than the bulk flow.
Those cells determined to be rolling were in contact with the substrata
throughout their entire transit through the field of observation, which
excludes those cells in brief transient contact with the substrate. Data on
rolling adherence are expressed as the mean numbers of rolling red blood
cells (cellsymm?) and the mean rolling velocity of these cells (mm/s) from
multiple experiments; error is expressed as SEM. The microscopic field in
which adherent cells were measured has an area of 0.15 mm? and avolume
of 0.038 mm?. In serial assessments of adhesion under different experimen-
tal conditions, only rare firmly adherent sickle cells were encountered. In
such instances, a different microscopic field was selected randomly for
determining rolling adhesion. The velocity of rolling cells was determined
by the time required for a cell to roll across the 0.5-mm field (0.5 mm/s).
Firmly adherent cellswere defined as those cellswhose location, under flow
conditions, do not change over a 1-second (30-frame) observation time.
Data on firm adhesion are expressed as the mean numbers of firmly
adherent red blood cellsin the area described above. Statistical significance
was determined using the Student t test.

Endothelial cell activation and adhesion-blocking treatments

In some experiments, HUVECs were treated with 0.1 U/mL thrombin by
exposure for 5 minutes in the paralel plate chamber. For blocking
experiments, a 1:200 dilution of adhesion-blocking anti—P-selectin mono-
clonal antibody (mAb) 9E1 (R&D Systems, Minneapolis, MN), a 1:200
dilution of nonblocking control anti—P-selectin mAb AC1.2 (BD Pharmin-
gen, San Diego, CA), 400 p.g/mL laboratory-grade unfractionated porcine
intestine heparin (Sigma), or 400 p.g/mL |aboratory-grade |ow-molecular-
weight porcineintestinal heparin (Sigma) wasinfused into the parallel plate
chamber over thrombin-treated HUVECs or immobilized recombinant
P-selectin. This concentration of heparin is similar to published concentra-
tions used in adhesion-blocking experiments® and is equivalent to 50
U/mL. We aso compared the antiadhesion effects of |aboratory-grade
(Sigma) and clinical-grade (Elkins-Sinn, Cherry Hill, NJ) unfractionated
heparins at concentrations encompassing 4 orders of magnitude.

These interventions and the measurements of flow adhesion were made
seridly, inthefollowing order: control adhesion to unstimulated endothelial
monolayers, thrombin infusion, adhesion to activated endothelial monolay-
ers, adhesion-blocking agent (mAb and/or heparin), and adhesion to
blocked monolayers. In the case of immobilized adhesion proteins,
thrombin infusion was not used.

Results

Published work from our laboratory has demonstrated that sickle
cells are more adherent to P-selectin than nonsickle red cells under
static conditions.2> Others have shown that sickle cells also have
greater adhesivity for endothelium under flow conditions.3® Be-
cause of the vital importance of initial tethering and rolling
adhesion to overall cell adhesion,?’#2 we chose to emphasize
parameters of rolling rather than firm adhesion in our experiments.
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The flow adhesion of sickle cells is mediated by
P-selectin in vitro

To test whether P-selectin has arole in the adhesion of sickle cells
to thrombin-treated endothelium under flow conditionsin vitro, we
used a parallel plate chamber under ambient oxygen conditions.
Under these conditions, the polymerization of hemoglobin Sis not
induced, and the sickle cells retain their antecedent shape. In 10
replicate experiments, we found that the flow adhesion of sickle
erythrocytes was indeed increased after thrombin treatment of the
HUVECs (Figure 1A). All adherent cells had the shape of normal
biconcave discs. Treatment of HUVECs with 0.1 U/mL thrombin
for 5 minutes increases the number of rolling sickle cells by 54%
(P < .001, n = 10; Figure 1Ai) and decreases their rolling veloci-
ties by 26% (P < .001, n = 10; Figure 1Aii). P-selectin antibody
treatment of endothelial cells decreased thrombin-enhanced rolling
adhesion in vitro (Figure 1A). P-selectin mAb 9E1 reduces
thrombin-enhanced adhesion of rolling cells by 68% (P = .002,
n = 10; Figure 1Ai) and increases their rolling velocities by 72%
(P < .001, n = 10; Figure 1Aii). The nonblocking P-selectin mAb
ACL1.2 (isotype matched to 9E1) does not significantly affect the
thrombin-enhanced number of rolling sickle cells (Figure 1Bi) or
their rolling velocities (Figure 1Bii). Compared with mAb AC1.2,
mAb 9E1 reduces the thrombin effect on number of rolling cells
(P =.030, n=3) and the rolling velocity (P = .007). These
results indicate that the thrombin-enhanced component of rolling
adhesion of sickle cells to endothelial cells primarily involves
P-selectin.

Firm adhesion of sickle cellsto HUVECs was also enhanced by
thrombin treatment. Compared with the 95.4 sickle cellsrolling per
millimeters squared on untreated HUVECs, only 5.0 sickle cells
were firmly adhered (n = 10). Thrombin treatment of HUVECs
increases the number of firmly adhered cells by 130% (P < .001,
n = 10; Figure 1C). Treatment with mAb 9E1 causes no statisti-
caly significant change in the number of cells firmly adhered to
thrombin-treated HUVECs. These results indicate that thrombin-
enhanced firm adhesion involves molecular pathwaysin addition to
P-selectin.

We independently verified that sickle cell flow adhesion in-
volves P-selectin in studies with immobilized recombinant P-
selectinin vitro (Figure 2). Immobilized BSA supported therolling
of 148 sickle cellsmm? (1.17% of the tota sickle cells) at a
velocity of 254 mm/s, as well as 0.81 firmly adhered sickle
cellssmm?. This level of adhesion to BSA reflects the innate
adhesivity of proadhesive sickle cells. Immobilized recombinant
Siglec (which does not recognize ligands on erythrocytes and has a
human Ig-Fc tail) gives similar results, supporting the rolling of
157 sickle cellsymm? (1.24%) at a velocity of 2.48 mm/s. Immobi-
lized recombinant P-selectin supports 50% morerolling sickle cells
than does the immobilized recombinant Siglec control (P = .005,
n = 5) and 59% more than does the immobilized BSA control
(P = .009, n = 5; Figure 2A). The rolling velocity of sickle cells
on recombinant P-selectin is 21% slower than on immobilized
recombinant Siglec (P = .004, n = 5) and 23% slower than on
BSA (P = .026, n = 5; Figure 2B). Sickle erythrocyte rolling on
immobilized recombinant Siglec is not significantly different than
erythrocyte rolling on immobilized BSA. The number of rolling
nonsickle erythrocytes increased by only 14.8% on immobilized
recombinant P-selectin compared with BSA (P = .019, n = 4);
there was no statistically significant change in their velocities. The
firm adhesion to immobilized recombinant P-selectin compared
with BSA was not significantly different for either sickle or
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Figure 1. P-selectin is important in the flow adhesion of sickle erythrocytes to
thrombin-stimulated endothelium in vitro. The number of sickle cells adhering to
HUVECS (i) and the rolling velocities of the adhering cells (ii) were examined. (A) In
10 experiments, the rolling adhesion of sickle cells to HUVECs was examined prior to
and after treatment of HUVECs with thrombin. The rolling adhesion of sickle cells to
thrombin-treated HUVECs was then examined in the presence of anti—P-selectin
mAb 9E1. Statistically significant differences compared with untreated HUVECSs (*)
and to thrombin-treated HUVECSs (1) are indicated. (B) In 3 experiments the rolling
adhesion of sickle cells to thrombin-treated HUVECs also was examined in the
presence of nonblocking anti—P-selectin mAb AC1.2. Statistically significant differ-
ences compared with untreated HUVECs (*) and to thrombin-treated HUVECs (1) are
indicated. (C) In 10 experiments the firm adhesion of sickle cells to HUVECs was
examined prior to and after treatment of HUVECs with thrombin. Statistically
significant differences (*) are indicated.

nonsickle erythrocytes. This lesser level of firm adherence on
recombinant P-selectin, compared with that observed on thrombin-
treated HUV ECs, again reflects the participation of endothelial cell
adhesion mechanisms other than P-selectin. These results confirm
that P-selectin can mediate specifically the rolling adhesion of
sicklered cells.

Heparin inhibits the thrombin-enhanced flow adhesion of sickle
erythrocytes to endothelial cell P-selectin in vitro

Heparin has been suggested to reduce the morbidity of sickle cell
disease.®® In 6 replicate experiments, we tested the efficacy of
heparin in blocking the thrombin-enhanced component of rolling
adhesion of sickle cellsto HUVECsin vitro (Figure 3). Unfraction-
ated |aboratory-grade heparin reduces the number of sickle cells
rolling on thrombin-treated HUVECs by 93% (P = .004; Figure
3A) and increases the velocity of these cells by 113% (P < .001;
Figure 3B). Thereis no significant difference between inhibition by
mAb 9E1 and unfractionated heparin for either the number of
rolling cellsor their rolling velocities, which is consistent with each
eliciting its inhibitory effect on P-selectin. We also found that the
combination of anti—P-selectin mAb 9E1 and heparin is not more
effective than either agent alone (data not shown). These results
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Figure 2. Sickle cells adhere to immobilized P-selectin under flow conditions in
vitro. The number of sickle cells adhering to immobilized protein and the rolling
velocities of the adhering cells were examined. In 5 experiments the rolling adhesion
of sickle cells to BSA, immobilized recombinant Siglec, or immobilized recombinant
P-selectin were examined. Statistically significant differences compared to immobi-
lized BSA (*) and to immobilized recombinant Siglec (1) are indicated.

indicate that heparin is blocking primarily the P-selectin—mediated
in vitro flow adhesion and is not blocking P-selectin-independent
mechanisms.

We also found that unfractionated heparin reduces the thrombin-
enhanced number of rolling cells by 110% and increases their
velocities by 78%, but that low-molecular-weight heparin reduces
the thrombin-enhanced number of rolling cells by only 58% and
increases their velocities by just 10%. Thisresult is consistent with
unfractionated heparin having a greater effect than low-molecular-
weight heparin on the flow adhesion of sickle red cells to
P-selectin, as also is true for the binding of P-selectin to immobi-
lized sLeX.34

The low level of firm adherence of sickle cells to thrombin-
treated HUV ECsisreduced by either P-selectin blocking mAb 9E1
(n=3; P=.058) or unfractionated heparin (n=3; P = .057,
Figure 3C). Thesimilar levels of inhibition suggest that both agents
are blocking P-selectin. However, neither of theseinhibitory effects
achieved statistical significance.

We also directly verified that sickle cell adhesionto P-selectinis
inhibited by unfractionated laboratory-grade heparin by testing for
in vitro flow adhesion to immobilized recombinant P-selectin
(Figure 4). In 3 replicate experiments, we tested the efficacy of
heparin in blocking the flow adhesion of sickle cell to immobilized
recombinant P-selectin in vitro (Figure 4). Unfractionated heparin
reduces the number of rolling cells by 29% (P = .051; Figure 4A)
and increased the velocity by 34% (P = .045; Figure 4B). Aswith
rolling adhesion to thrombin-activated endothelial cells, we found
that the combination of unfractionated heparin and anti—P-selectin
mAb 9E1 decreased the number and increased the velocity of
rolling cells on immobilized recombinant P-selectin to a similar
extent (by 27% and by 57% respectively). These results are similar
to those with heparin alone, which decreased the number of rolling
cells by 35% and increased their rolling velocity by 30%, and to

Figure 3. Heparin inhibits the flow adhesion of sickle
erythrocytes to thrombin-stimulated endothelium in
vitro. (A,B) The number of sickle cells adhering to
HUVECs and the rolling velocities of the adhering cells
were examined. In 6 experiments the rolling adhesion of
sickle cells to thrombin-treated HUVECs was examined
in the presence of anti—P-selectin mAb 9E1 or in the
presence of unfractionated heparin. Statistically signifi-
cant differences compared to thrombin-treated HUVECs
(t) are indicated. (C) In 3 experiments the firm adhesion
of sickle cells to thrombin-treated HUVECs was exam-
ined in the presence of anti—P-selectin mAb 9E1 or in the
presence of unfractionated heparin. Statistically signifi-
cant differences (1) are indicated.
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Figure 4. Heparin inhibits the flow adhesion of sickle erythrocytes to immobi-
lized P-selectin in vitro. The number of sickle cells adhering to immobilized protein
and the rolling velocities of the adhering cells were examined. In 3 experiments the
rolling adhesion of sickle cells to immobilized recombinant P-selectin was examined
in the presence and absence of unfractionated heparin. Statistically significant
differences compared with immobilized recombinant P-selectin () are indicated.

those with anti—P-selectin mAb 9E1 aone, which decreased the
number of rolling cells by 39% and increased the rolling velocity
by 58%. The low level of firm adherence of sickle cells to
recombinant P-selectin is not significantly altered by mAb 9E1 or
unfractionated heparin. Neither the rolling nor the firm adhesion of
nonsickle erythrocytes on recombinant P-selectin is significantly
affected by mAb 9E1 or unfractionated heparin. Overall, these
findings indicate that the main role of P-selectin is to mediate the
initial tethering and rolling adhesion of sickle cells, rather than
their firm adhesion.

We also compared the effects of laboratory-grade unfraction-
ated and low-molecular-weight heparins to immobilized recombi-
nant P-selectin. We found that unfractionated heparin reduces the
number of rolling cellsby 27% and increasestheir velocity by 24%,
whereas low-molecular-weight heparin reduces the number of
rolling cells by only 6% and increases their velocity by just 6%.
These results confirm that heparin can block P-selectin—mediated
in vitro flow and are consistent with unfractionated heparin having
a greater effect than low-molecular-weight heparin on the flow
adhesion of sickle red cells to recombinant P-selectin. However, in
this experiment we tested only one of the many types of low-
mol ecular-weight heparins currently available.

The background adherence seen in al experiments could
represent other biologically relevant adhesion systems that are not
affected by thrombin activation. The background adhesion detected
in studies using pure molecules (including BSA), suggests that
much of the baseline adhesion is due to nonspecific stickiness of
sickle erythrocytes. Regardless, the thrombin-dependent compo-
nent with HUVECsis clearly shown to be dueto P-selectin and this
is confirmed by the studies with recombinant P-selectin. Likewise,
the inhibitory effects of heparin can be explained by P-selec-
tin blockade.
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In the above studies, we had used high concentrations of
unfractionated |aboratory-grade heparin, similar to those described
in the literature.3® To assess the clinical relevance for heparin
therapy, we also compared the capacity of several concentrations of
clinical-grade (Elkins-Sinn) and laboratory-grade (Sigma) unfrac-
tionated heparin to block the adhesion of sickle erythrocytes to
immobilized recombinant P-selectin. Both types of heparin reduce
the adhesion of sickle cells to immobilized recombinant P-selectin
(Figure 5). Both also cause adecrease in the number of rolling cells
and an increase in their rolling velocities at all concentrations
tested, including concentrations attained in the plasma during
clinical administration (ie, 0.2-0.4 U/mL).3” At 5 U/mL to 50
U/mL, rolling adhesion was approximately the same as that of the
basal adhesion to BSA. These results indicate a similarity in the
effects of laboratory and clinical grades of heparin with regard to
the inhibition of P-selectin—dependent sickle cell-endothelial cell
adhesion and indicate their potential therapeutic relevance.

Discussion

In this report, we demonstrate that P-selectin mediates the flow
adhesion of sickle erythrocytes to thrombin-activated endothelial
cells in vitro. Furthermore, this thrombin-enhanced adhesion can
be inhibited by antibodies to P-selectin or by unfractionated
heparin. We reported previously that thrombin causes a rapid
increase in endothelial cell adhesivity for sickle erythrocytes.
Within 5 minutes of thrombin stimulation, the adhesion of sickle
cells to endothelial cells markedly increases.?* Upon thrombin
stimulation, P-selectin in Weibel-Pal ade bodies rapidly translocates
and is rapidly expressed on the luminal surface of the endothelial
cell. Previoudly, we have shown that P-selectin mediates thrombin-
enhanced static adhesion of sickle erythrocytes to endothelial cells
in vitro.?> This static adhesion is mediated by an unknown ligand
on sickle erythrocytes. The susceptibility of this adhesion to
sialidase treatment of erythrocytes indicates that the unknown
ligand bears critical sialic acid residues. The lack of inhibition by
trypsin treatment of erythrocytes suggests that the unknown ligand
may not be a protein. Furthermore, the variable detection of sLeX
on some samples of sickle cells (discussed in Matsui et al?%) also
suggests that in some cases asLeX moiety may have arole.

Our results show that the number of rolling sickle cells
increases and that their velocity decreases as a result of thrombin
treatment of HUVECs. Studies with blocking and nonblocking
anti—P-selectin mAb confirm that this enhancement is P-selectin—
mediated under flow conditions.
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Figure 5. Clinically obtainable concentrations of clinical-grade heparin inhibit
the adhesion of sickle cells to P-selectin. The number of sickle cells adhering to
immobilized protein (A) and the rolling velocities (B) of the adherent sickle cells on
immobilized P-selectin were examined in the presence of 0.05, 0.5, 5, or 50 U/mL of
laboratory-grade heparin (Sigma) or clinical-grade heparin (Clinical). Adherent sickle
cells also were examined for number of cells rolling on BSA (B) or on immobilized
P-selectin (P) and their velocities in the absence of heparin.
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Our findings that both unfractionated heparin and anti—P-sdlectin
mAb 9E1 reduce thrombin-enhanced rolling adhesion of sickle cellsto
HUVECs and adhesion to immobilized recombinant P-selectin indicate
that heparin is acting on P-sdectin in this capacity. Low-molecular-
weight heparin also causes a decrease in P-sdlectin-dependent sickle
cell adheson to HUVECs, but to a much lesser extent than does
unfractionated heparin. The limited inhibition of sickle cell adhesion by
low-molecular-weight heparin that we report hereis based on the use of
only one of the many types of low-molecular-weight heparins currently
available. Given the generdly more favorable pharmacology and
toxicity profiles of low-molecular-weight heparin, these preparations
till deserve further evaluation.

Our data are condstent with published findings that adhesive
mechanisms other than P-sdectin areinvolved in sickle cell adhesion to
activated endothelium.824 |n the current mode of neutrophil adhesion
to endothelium, sdlectins mediate theinitial steps asthey arewel| suited
for tethering rapidly flowing cdls and dowing them down as they
associate with the vascular wall.# According to this model, activated
endothelium expressing intercellular adhesion molecule-1 (ICAM-1)
can then mediate firm adhesion by binding neutrophil B, integrins. We
postulate thet, in a manner smilar to that seen for neutrophil adhesion,
P-sdlectin may play arolein the tethering and rolling adhesion of sickle
cdls (Figures 1 and 2). Aswith neutrophils, integrins may then mediate
the firm adhesion of rolling sickle erythrocytes. The integrin ayf; is
expressed on sickle reticulocytes and can mediate adhesion to endothe-
lid cels, possibly via endothelid VCAM-4.4-4° The endothelia inte-
grin, ayPs, dso mediates sickle cell adhesion to endothelid cells>
Other B, and B3 integrins may aso fulfill this role5! A more thorough
investigation of cooperation between multiple adheson mechanisms
will be required to confirm our prediction thet, like neutrophils, sickle
erythrocytestoo utilizeamultistep model of adhesion toinitiate vascular
occlusion.

In addition to the above-mentioned pathways, other sickle
cell-endothelial cell adhesion mechanisms have been described.
Recently, integrin-associated protein (CD47) has been demon-
strated to activate adhesivity in sickle reticulocyte as well as
mediate adhesion to TSP5258 Whereas CD36 (GPIV) has been
implicated in earlier studies to mediate adhesion of sickle cells, the
presence or absence of CD36 on sickle reticulocytes and erythro-
cytesdoes not affect the clinical course.>55 Band 3 protein also can
mediate sickle cell-endothelial cell adhesion.5

Heparin has traditionally been used as an anticoagulant.?” Its effects
against P-selectin—mediated tumor cell adhesion and inflammation aso
have been described 3457 The TSP-mediated adhesion of sickle cells to
endothelid cdllsand to the mesoceca vasculature of rats can be blocked
by heparin or heparan sulfate.3>36 We found that heparin also can inhibit
adhesion in the absence of plasma or added soluble ligands (Figures 3
and 4). These effects of heparin gain pergpective from the suggestion
that heparin therapy is beneficid as prophylaxis for patients with
recurrent painful sickle cell crises®

In addition to its anticoagulant, TSP-blocking, and selectin-
blocking effects, heparin has numerous other actions.® It is known
to bind to and inhibit the action of IL-8 and other chemokines,
which, in effect, reduces endothelial integrin activation. It also
competes with hyaluronate binding of CD44. Damage by reactive
oxygen speciesisreduced by heparin; this may indirectly affect the
expression of endothelial adhesion molecules.

Several approaches to interfering with P-selectin-mediated
adhesion are under study or development. Experiences with
blocking selectin-ligand binding using antibodies against P-
selectin such as 9E1, recombinant selectin-1g chimeras, oligosaccha-
ride components of natural selectin ligands such as sLeX or the
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amino-terminal domain of PSGL-1, or oligopeptides derived from
P-selectin sequences have been reviewed.®® A powerful new
strategy for developing polyvalent synthetic selectin-binding li-
gands that are orders of magnitude more potent than their
monosaccharide components has capitalized on the much greater
binding strength of polyvalent cell surface glycoprotein structures
compared with their monomeric oligosaccharide constituents.5°
Another suggested strategy relies upon small synthetic oligosaccha-
rides, glycoconjugates, glycomimics, and unnatural substrates to
modulate metabolically the biosynthesis, processing, assembly, or
structure of adhesive glycoconjugates on cell surfaces.®!

In addition to these elegant new molecular strategies, heparin
has much to recommend it as an agent for inhibiting P-selectin—
mediated sickle cell binding. The extensive clinical experience
with its use, side effects, and dosing® make it a compelling
candidate for clinical trials of the prevention of painful vascular
occlusion in sickle cell disease. The potential role of P-selectin as
the initial adhesive process that initiates vascular occlusion sug-
gests that heparin therapy would be more effective as prophylaxis
than as treatment for established pain crises. We found that
clinical-grade unfractionated heparin can inhibit partially P-selectin—
dependent adhesion of sickle cells at concentrations attained in the
plasma during clinical use (Figure 5). Significant concerns with
prolonged heparin therapy are abnormal bleeding, heparin-induced
thrombocytopenia, and inconvenience of administration. While the
risk of bleeding is to some degree circumvented by the substantial
clinical experience with heparin dosing, the issues of thrombocyto-
penia and convenience of administration remain. The use of
subcutaneous low-molecular-weight heparin would permit more
convenient administration and is associated with alower incidence
of heparin-induced thrombocytopenia, but its potential for prevent-
ing vascular occlusion may be diminished by itslimited efficacy in
blocking P-selectin binding, peculiar inability to increase tissue
factor pathway inhibitor levels in sickle cell disease, and require-
ment for parenteral administration.346263 The discomfort and
inconvenience associated with long-term parenteral therapies less-
ens enthusiasm for the prophylactic administration of heparin.
Despite assertions of the lack of absorption of orally administered
heparin because of its large molecular weight, strong negative
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charge, and hydrophilicity,37%* there are published reports that
unfractionated heparin administered orally to laboratory animalsis
absorbed, binds avidly to the endothelium, and has antithrombotic
activity.5567 One particular formulation of heparin with an agent
that promotes its oral absorption has been reported to have
antithrombotic activity and possibly to be associated with a lower
incidence of heparin-associated thrombocytopenia.®® These issues
taken together with the findings we have presented herein indicate
that the time has come for a clinical trial of the of unfractionated
heparin, possibly administered by the oral route, for the prevention
of painful vascular occlusion in sickle cell disease.

The use of heparin to inhibit the adhesive events important to
sickle cell vascular occlusion may affect also multicellular events,
such as those described for carcinoma emboli.®® There is evidence
that both platelets and leukocytes facilitate carcinoma cell metasta-
sis, that both P- and L-selectin participate in the process, and that
heparin can inhibit both selectin molecules.”®7 Regarding multicel-
lular interactions in sickle cell vascular occlusion, it has been
reported that the addition of platelets enhances the static adhesion
of sickle cells to the vascular endothelium in vitro’? and that in
mouse models of sickle cell disease, leukocyte adhesion may
precede that of sickle erythrocytes. It also has been reported that
in sickle cell disease platelets express P-selectin and adhere to
sicklered cellsin circulating clumps.”7* Additionally, neutrophils
are found in increased numbers in sickle cell disease, are often
activated, and have been reported to bind to both endothelial cells
and sickle erythrocytes.”"® These findings are consistent with
multicellular adhesion involving endothelial cells, sickle cells,
platelets, and neutrophils in vascular occlusion, with a potential
role for P- and/or L-selectin in such processes. These proposed
interactions provide further support for a therapeutic trial of
heparin in sickle cell disease.
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