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Abstract

Periodic recurrence of painful vaso-occlusive crisis is the defining feature of sickle cell disease.
Among multiple pathologies associated with this disease, sickle-red cell-endothelium interaction
has been implicated as potential initiating mechanism in vaso-occlusive events. This review
focuses on various interrelated mechanisms involved in human sickle red cell adhesion. We
discuss in vitro and microcirculatory findings on sickle red cell adhesion, its potential role in vaso-
occlusion, and the current understanding of receptor-ligand interactions involved in this
pathological phenomenon. In addition, we discuss the contribution of other cellular interactions
(leukocytes recruitment and leukocyte-red cell interaction) to vaso-occlusion as observed in
transgenic sickle mouse models. Emphasis is given to recently discovered adhesion molecules that
play a predominant role in mediating human sickle red cell adhesion. Finally, we analyze various
therapeutic approaches for inhibiting sickle red cell adhesion by targeting adhesion molecules, and
also consider therapeutic strategies that target stimuli involved in endothelial activation and
initiation of adhesion.

INTRODUCTION

The primary defect in sickle cell disease is hemoglobin S (HbS) polymerization and red cell
sickling under deoxygenated conditions. The unique features of this disease are recurring
painful vaso-occlusive crisis and multiple organ damage. Although HbS polymerization and
red cell sickling under deoxygenated conditions are central to the pathophysiology of this
disease, emerging evidence indicates that initial events in vaso-occlusion may involve a
complex interplay of multiple factors, both polymerization-dependent and polymerization-
independent. The presence of low hematocrit, hemolysis, red cell sickling, intense oxidative
stress and vascular endothelium activation are among the abnormalities that would
continually affect the hemodynamics and physiological processes in this disease even in the
crisis-free state resulting in an abnormal steady state. Among the multiple pathologies
associated with this disease, sickle red cell-endothelial interaction has been implicated as
one of the major potential initiating mechanisms in vaso-occlusion (27,28,41).

In this review, we will focus on in vitro and microcirculatory evidence of sickle red cell
adhesion, its pathophysiological significance and the status of its underlying mechanisms.
We will also draw attention to the role of red cell heterogeneity that is a salient feature of
sickle cell disease, and enumerate the significant contribution of leukocytes to vaso-
occlusion as observed in transgenic sickle mouse models under a unifying model of vaso-
occlusion.
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HEMOGLOBIN S (HbS) POLYMERIZATION

Under hypoxic conditions, HbS undergoes polymerization resulting in red cell sickling. An
important feature of HbS polymerization is the delay time, i.e., time required for polymer
formation upon deoxygenation (17). The delay time is an inverse function of HbS
concentration from the 30t to the 50t power (11,37). In other words, sickle red cells with
high hemoglobin concentration will be most susceptible to HbS polymerization. Extensive
studies of delay time have led to a more sophisticated understanding of the sickling
phenomenon in vivo. In vivo, sickle red cells undergo reversible sickling (oxy-deoxy cycles)
in blood circulation. However, oxy-deoxy cyles in vivo do not generally result in vaso-
occlusion. This is due to the fact that the delay time for HbS polymerization is generally
longer than the capillary transit times of red cells (<1 sec). Hence, most red cells escape
sickling during the capillary transit. This explains why sickle patients, who have sufficient
HbS in each red cell to sickle, are not sicker than they are. However, a prolonged transit
time of red cells in the exchange compartment of the microcirculation would promote HbS
polymerization and sickling resulting in the inability of sickled red cells to traverse narrow
capillary diameters. Thus, factors that increase red cell transit times (e.g., red cell and/or
leukocyte adhesion) may play a crucial role in the initiation of a vaso-occlusive episode.

SICKLE RED CELL HETEROGENEITY

Density gradient separation of blood from sickle patients reveals a marked heterogeneity of
red cells. Red cell density is determined by mean corpuscular hemoglobin concentration
(MCHC) expressed as g/dl. In a seminal study, published in 1982, Fabry and Nagel (19)
showed a bimodal distribution of sickle red cells on density gradients. One major population
comprised of discocytic red cells with MCHC similar to normal (AA) red cells (fraction 2);
the other major population was very dense (fraction 4) sickle cells and contained mainly
rigid, elongated, irreversibly sickled cells (ISCs). The red cells lighter than fraction 2
(fraction 1) contained a high percentage of reticulocytes. The fraction between 2 and 4 was
characterized by the presence of very dense and somewhat irregular shaped discocytes
(fraction 3) with high MCHC. The range of MCHC varied from ~30 g/dl for fraction 1 to
>45 g/dl for fraction 4. Hence, at a given deoxygenation level, dense sickle cells will be the
first to undergo HbS polymerization. Hemodymanic behavior of density-defined sickle red
cell populations, examined in an ex vivo microcirculatory preparation, showed that
deoxygenation caused maximal (~10-fold) increase in the vascular resistance to very dense
sickle discocytes of fraction 3 over its oxygenated counterpart (45). In contrast, the bulk
viscosity of each density gradient fraction showed a nearly uniform increase (~2-fold)
increase upon deoxygenation. The hemodynamic results indicated that a profound vaso-
occlusive behavior of dense sickle cells (fraction 3) with deoxygenation. Moreover, these
studies showed that deoxygenation of fraction 1 and 2 cells resulted in the formation of
typical sickle form, while deoxygenation had no effect on the morphology of high density
discocytes (fraction 3) and 1SCs (fraction 4) (45). The difference in the hemodynamic
behavior suggested that heterogeneous sickle red cells would contribute differently to a
vaso-occlusive event.

The generation of dense sickle cells is mainly attributed to cell dehydration caused by
abnormal membrane transport (10,40). Since the rate of HbS polymerization is extremely
sensitive to intracellular hemoglobin concentration (i.e., MCHC), there is always a
possibility of transient occlusion by dense red cells since these cells will be the first to
undergo polymerization as they traverse capillaries. However, dense sickle red cells, present
in varying proportions in the blood of sickle patients, may be more of a participant than a
causative factor. This line of argument has been supported by the observations that patient to
patient variation in the percentage of dense red cells shows no correlation with the disease
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severity (1,5). In contrast, red cell deformability index is positively correlated with severity
of painful crisis as patients with high deformability index experience more crises and crisis
days (1). Moreover, results obtained on an animal model show that animals tolerate some
degree of ischemia following the infusion of dense sickle cells. As suggested by Ferrone
(21), transient occlusive events caused by intravascular sickling are not rare, but cannot be
equated with a vaso-occlusive crisis. Nevertheless, dense sickle cells, because of their ability
to polymerize rapidly, are likely to contribute importantly to the propagation of vaso-
occlusion in which adhesion of deformable sickle red cells plays a predominant role.

SICKLE RED CELL ADHESION AND VASO-OCCLUSION

As noted above, sickling is necessary but not sufficient to initiate a vaso-occlusive episode.
Abnormal adhesion of human sickle red cells to vascular endothelium has drawn intense
attention as a potential initiating factor in vascular obstruction in sickle cell disease.

a) In vitro studies

The introduction of in vitro cell adhesion assays using cultured endothelial cells was
instrumental in drawing attention to the involvement of vascular factors in the
pathophysiology of this disease. This new perspective was evident in two landmark papers
published independently and consecutively by Hoover et al. (39) and Hebbel et al. (35).
Both these studies suggested that abnormal adhesion of sickle red cells to cultured human
endothelium was a potential contributing factor to vaso-occlusion in sickle cell disease.
Although Hebbel et al. found that adhesion of sickle red cells obtained from individual
sickle patients showed a correlation with the disease severity, this relationship was
apparently based on adhesion of dense red cell populations (32,33). As discussed later,
subsequent studies revealed that under shear flow conditions sickle cell adhesion to vascular
endothelium was dependent on the differences in the deformability characteristics of
heterogeneous sickle red cell populations, and that deformable sickle red cells showed a
greater propensity for adhesion.

In another approach, Mohandas and Evans employed a micropipette technique to measure
the amount of force required to detach a single sickle red cell from adhesive contact with
cultured endothelium. In a paper published in 1984, these authors concluded “that alterations
in membrane surface that accompany cellular dehydration may render sickle cells more
adhesive.” However, in a follow-up study, Mohandas and Evans reported that the ability of
ISCs (dense sickle red cells) to adhere was surprisingly poor, but found irregular deformable
discocytes to be more adherent (59). They suggested that the irregular shape of 1SCs
prevented sufficient membrane contact area with the endothelium, thus inhibiting their
ability to form attachments.

Development of the parallel plate flow chamber represented an important step forward for in
vitro study of sickle red cell adhesion under defined shear stress. Endothelial cell monolayer
on a glass slide formed the base of a modified Richardson flow chamber (3). A fundamental
characteristic of the parallel plate flow chamber is that fluid behavior within it can be clearly
defined. The straight, parallel streamlines of laminar flow ensure that the fluid velocity and
shear stress conditions are known at the surface of the endothelial monolayer, where cell-
cell adhesive interactions occur. The parallel plate flow chamber allowed control of a
variable or a set of variables of interest (a specific cell, protein, shear stress, etc.). Such a
device was first applied to the study of sickle red cell adhesion in sickle cell disease by
Barabino, et al. (3,4). These authors applied a controlled-flow rate to give a venular wall
shear stress of 1 dyne/cm?. Pressure-driven flow of a dilute suspension of sickle red cells
(1% v/v) at this shear stress resulted in markedly greater adhesion of these cells to HUVEC
as compared to normal (AA) red cells. These studies revealed an inverse relationship
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between sickle red cell adhesion and shear stress. Sickle red cell adhesion to HUVEC was
negligible above a shear rate of 200 sec™1 (corresponding to a shear stress of 2 dynes/cm?)
in a parallel plate flow chamber, which is relevant to low shear regimes in the
microcirculation.

Using the parallel plate flow chamber, Barabino et al. found that the greatest adhesion was
exhibited by cells from the least dense fraction, the reticulocytes, and the least by the densest
red cells (e.g., ISCs) (3). As demonstrated in Figure 1, adhesion of sickle red cells to
HUVEC under flow was maximal for reticulocyte-rich fraction (top fraction) while it
showed a marked decrease for ISC-rich dense sickle red cell fraction (bottom fraction).

b) Intrvital studies

In vitro assay did not indicate whether sickle cell adhesion occurred in a living
microcirculatory beds under shear flow conditions, and if so, whether there were arteriolar
versus venular differences in adhesion. Microvascular sites of human sickle red cell
adhesion and the relative contribution of heterogeneous sickle cell populations in adhesive
and obstructive events were investigated under shear flow conditions using an ex vivo
microvascular bed. Infusion of oxygenated sickle red cells resulted in adhesion of these cells
exclusively in postcapillary venules. The adhesion showed an inverse correlation with the
venular diameter with maximal adhesion occurring in small-diameter immediate
postcapillary venules (44). Postcapillary venules are also the primary sites of adhesion in
transgenic sickle mouse models, as well as in the nude mice infused with human sickle red
cells (42,47,84). Moreover, the relationship between sickle red cell adhesion and the venular
diameter has recently been corroborated by Telen and coworkers in vivo (84). Adherent
sickle red cells are able to withstand the prevalent wall shear rates encountered in
postcapillary venules (~200 to 600 sec™1) (42), indicating pathophysiological relevance of
sickle cell adhesion. In fact, some studies have reported human sickle red cells adhering to
endothelial cells at shear stress values ranging from 10 to 55 dyne/cm? (24,54,67).

In ex vivo studies, selective fluorescent labeling of sickle red cell populations revealed
unusually high concentration of dense sickle red cells in the areas of vaso-occlusion (44). In
vessels with adherent sickle red cells but no obstruction, there was almost a total absence of
dense cells. Based on these intravital microscopic observations, Kaul et al. presented a two-
step model of adhesion-induced vaso-occlusion (Figure 2 A,B) in which preferential
adhesion of deformable sickle red cells (reticulocytes and discocytes) in postcapillary
venules is followed by selective trapping of dense sickle red cells (dense discocytes and
ISCs) that can lead to vessel obstruction (43). The effect of deformability on the adhesive
behavior of heterogeneous sickle red cell populations was essentially in accord with the
studies of Barabino et al. (3). The results of the ex vivo studies (44) support the concept that
preferential adhesion of deformable sickle red cells increases microvascular red cell transit
times, induces hypoxia and facilitates entrapment of dense and sickled red cells in
postcapillary venules bedecked with adherent deformable red cells (43). This view has been
supported by microscopic examination of the vascular bed and by higher peripheral
resistance caused by sickle red cell adhesion (50,51). As pointed out later in this review,
leukocyte recruitment may also contribute to the selective trapping of sickled and dense red
cells (Figure 2C).

Human sickle red cell adhesion has been confirmed by a wide variety of assay systems
involving both static and dynamic flow conditions. Transgenic sickle mouse models have
provided an opportunity to examine in vivo red cells adhesion using intravital microscopy.
Studies using the cremaster muscle microcirculation of transgenic sickle mice expressing
HbS and HbS-Antilles (S+S-Antilles mice) showed frequent red cell adhesion exclusively in
postcapillary venules (42). In contrast, red cell adhesion is less frequent in transgenic-

Microcirculation. Author manuscript; available in PMC 2011 March 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kaul et al.

Page 5

knockout sickle (BERK) mice that express exclusively HbS. In fact, Turhan et al. (79) did
not find any evidence of red cell adhesion in BERK bone marrow transplanted C57BL mice.
Moreover, in contrast to S+S-Antilles mice, BERK mice show fewer dense red cells, and
their thalassemic features (B-globin:a-globin ratio, 0.79) are associated with the presence of
microcytic red cells with low mean corpuscular hemoglobin (MCH) (20). However, BERK
mice show intravascular sickling, significant hemolysis and oxidative stress. These features
render these mice more suitable for studying the role of hemolysis and inflammation (i.e.,
leukocyte recruitment) (48,79) rather than evaluating the contribution of heterogeneous red
cells (a salient feature of this disease) to adhesive and obstructive events. Also, the mouse
red cells have much smaller mean diameter (~4.5-5.0 um) than human red cells (~8.0 um)
(14), and may not express similar adhesion receptors as reported for human sickle red cells.
Such differences should be kept in mind while applying findings in BERK mice to sickle
cell disease.

¢) Red cell deformability, adhesion and clinical severity

Although under flow conditions, deformable sickle red cells are most adhesive to vascular
endothelium, the greater adhesion of dense sickle red cells in static assays has been
attributed by Hebbel (26) to low affinity mechanisms, which could form stable contacts in
static assay system, and plausibly in vessels of limiting diameters or under flow stagnation.
In fact, the reported correlation between sickle red cell adhesiveness and vaso-occlusive
severity in sickle patients was based on findings in a static assay system wherein dense
sickle red cells showed greater adhesion to endothelium as compared with less dense
deformable populations of sickle red cells (29,31). On the contrary, under shear flow
conditions, adhesion characteristics are determined by the ability of red cells to deform and
establish sufficient areas of contact with endothelial cell surface, as well as by differences in
membrane mechanical and surface characteristics (59). For instance, controlled dehydration
of deformable sickle red cell population (using nystatin-sucrose to elevate MCHC to ~45 g/
dl) resulted in reduced adhesion as compared to the unperturbed cells. However, the
decrease in adhesion was less marked compared with native dense sickle red cells (MCHC,
44 to 46 g/dl), indicating that red cell density, shape and membrane characteristics are play
an important role in adhesion of sickle red cells during flow conditions.

Thus, the role of adhesion in clinical severity of sickle cell disease needs to be reexamined
using a dynamic system designed to evaluate the effect of red cell deformability.

LEUKOCYTES

Sickle cell patients show an elevated leukocyte count in the peripheral circulation, and
infections are often followed by the occurrence of vaso-occlusive episodes (6,62). Pro-
inflammatory state in this disease can be ascribed to episodes of reperfusion injury caused
by vaso-occlusive events. Reperfusion injury in sickle cell disease is evidenced by
endothelial damage/activation, detachment of endothelial cells, oxidant generation, elevated
cytokines and tissue factor (34,68,69). Under these conditions, increased recruitment of
leukocytes and their potential interaction with sickle red cells in the microcirculation can
lead to sluggish flow, increased transit times, hypoxia and sickling. Also, leukocyte-sickle
red cells interactions have been reported in transgenic sickle mice (79) and under in vitro
flow conditions (23). Since the two-step model, described above under intravital studies,
was first proposed, it has become quite apparent that not only sickle red cell adhesion, but
also leukocyte recruitment would influence in vivo microcirculatory flow. Studies in
transgenic sickle mice have indicated that intermittent vaso-occlusive events (ischemia/
reperfusion) in sickle cell disease may induce an inflammatory endothelial phenotype
resulting in enhanced leukocyte-endothelium interactions (46). Thus, it is reasonable to
propose that trapping of dense or sickled red cells is likely to occur in a similar manner in
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the event of red cell and/or leukocyte adhesion to postcapillary endothelium (Figure 2C). In
fact, studies by Frenette and co-workers (79) in transgenic-knockout mice (expressing
exclusively HbS) indicate that adherent leukocytes might similarly facilitate mechanical
trapping of elongated sickled red cells.

In normoxic conditions, transgenic sickle mice show endothelial expression of P-selectin
and increased leukocyte rolling (46,82), indicating endothelial activation. Greater leukocyte
recruitment caused by hypoxia/reoxygenation in transgenic sickle mice is ameliorated by
antibodies to P-selectin (46). Similarly, P- and E-selectin double knockout mice transplanted
with bone marrow from transgenic-knockout (BERK) mice show absence of inflammatory
response (79). Frenette and co-workers have used the BERK bone marrow transplanted
C57BL mice to further focus on the role of leukocytes in vaso-occlusive events in the
recipient mice wherein intravenous human gamma globulin (IVIG) administration was
followed by an inflammatory stimulus (i.e., TNF-o) (78). Pretreatment with IVIG caused a
marked reduction in leukocyte recruitment and associated red cell trapping in the recipient
mice. In a follow-up study, these authors pre-treated the BERK marrow recipient C57BL
mice with TNF-o followed by IVIG administration and reported a reversal of vaso-occlusion
induced by TNF-a (12). Possibly, immunoglobulin may express multiple epitopes to various
adhesion molecules. Detailed mechanistic studies are needed before using IVIG in sickle
patients although this approach may have a therapeutic potential. The above studies also
reinforce the notion that BERK mice (or C57BL recipients of BERK bone marrow) are a
suitable model for investigating the role of inflammation and leukocyte recruitment in vaso-
occlusive processes.

ADHESION AND ENDOTHELIAL INJURY/ACTIVATION

It is well recognized that postcapillary venules are the primary sites of blood cell-
endothelium interactions and inflammation. In sickle cell disease, red cell rheological
abnormalities, presence of dense red cells and adhesive interactions between sickle red cells
and endothelium are potential source of endothelial injury. Endothelial injury in this disease
may lead to the reported sloughing off of the injured endothelial cells into the peripheral
circulation, and apoptosis of the affected endothelium (60,68). In addition, generation of
oxygen radicals by sickle red cells will contribute to endothelial activation. Sickle red cells
generate excessive amounts of reactive oxygen species due to the presence of unstable HbS
and spontaneous autooxidation of iron in heme (25,30). Enhanced sickle red cell adhesion
induces oxidant stress in cultured endothelium as evidenced by increased peroxidation,
activation of the transcription factor nuclear factor-xB (NF-kB), and increased expression of
intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1)
and E-selectin (76). In vivo reversible sickling, red cell membrane loss and endothelial
injury caused by adhesion are likely to release substances (e.g., hemoglobin and adenosine
diphosphate [ADP]) into blood circulation that would promote platelet activation and
aggregation. NO inactivation by cell-free plasma heme (a consequence of hemolysis) is
accompanied by platelet activation (80). Also, damaged endothelium itself is known to
release ADP (38), which is a potent activator of platelets and leads to their aggregation.
Thus, it is likely that red cell adhesion itself can activate endothelium and lead to the
activation and involvement of platelets and leukocytes in vaso-occlusive processes.

ADHESION MOLECULES

Previous studies have implicated multiple adhesion molecules in sickle red cell adhesion to
endothelium, but little information is forthcoming on the up-regulation of specific adhesive
molecules that initiate sickle red cell adhesion in vivo. Contrary to leukocyte-endothelium
interactions in which rolling, firm adhesion and emigration of leukocytes occur via fairly
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well-defined sequence of receptor-ligand interactions, sickle red cell adhesion apparently
follows no such paradigm (41). Recent reviews by Hebbel et al. (34), and Stuart and Nagel
(73) have provided excellent accounts of various adhesion mechanisms involved in sickle
red cell adhesion. Here, we will focus on the most pertinent adhesion molecules that
predominantly determine these interactions, while briefly reviewing various other proposed
adhesion mechanisms.

The adhesion molecules implicated in sickle red cell adhesion are broadly categorized as 1)
Red cell receptors, 2) Adhesive bridging proteins, and 3) Endothelial receptors (Figure 3).
Sickle red cell adhesion molecules/receptors include CD36 and integrin o4B1 expressed on
stress sickle reticulocytes, as well as exposed sulfated glycolipids in the red cell memberane
(2,34). asBy integrin and CD36 expressed on stress reticulocytes can mediate adhesion of
these cells by interacting, respectively, with thrombospondin (TSP) and vascular cell
adhesion molecule-1 (VCAM-1) (8,75,77). Also, a new category of adhesion molecules on
sickle red cells has been described that require activation via signal transduction; these
include basal cell adhesion molecule-1/Lutheran (B-CAM-1/Lu), integrin-associated protein
(IAP) and intercellular adhesion molecule-4 (ICAM-4) (9,36,50,83). Other described
mechanisms include exposed phosphatidyl serine (PS) on sickle red cells (66), but the
tenacity of PS-mediated adhesion has not been evaluated.

Adhesive bridging proteins include TSP and von Willebrand factor (vWf) that are
synthesized in endothelium (and platelets) and can exist in soluble state in the plasma, as
well as expressed on the endothelial surface (56,81). Endothelial P-selectin is also
implicated to play a role in sickle red cell adhesion (58). The integrin ay/B3 is the most
prominent endothelial receptor (51,83) (Figure 3).

Plausibly, depending on the wall shear rates both low and high affinity adhesion
mechanisms may participate. For example, under low wall shear rates, P-selectin expressed
on activated endothelium may facilitate a weak adhesion via interaction with red cell sialyl
Lewis moieties (57). Embury and coworkers have shown that antibodies to P-selectin can
partially inhibit sickle red cell adhesion to human endothelial cells in a flow system (58). In
addition, these authors showed inhibition of P-selectin mediated sickle red cell adhesion by
unfractionated heparin. Notably, heparin and other anionic polysaccharides are also known
to inhibit TSP-mediated adhesion of sickle cells in the ex vivo mesocecum preparation, as
well as to human endothelial cells under flow conditions (2), suggesting that inhibitory
effect of anionic polysaccharides is not limited to P-selectin-mediated adhesion. Embury et
al. (18) have shown that an agonist peptide for murine protease-activated receptor-1
(PAR-1), which selectively activates mouse endothelial cells, but not platelets, results in
flow stoppage of infused BERK sickle red cells in the microcirculation, but not in mice
lacking P-selectin. However, the contribution of leukocytes was not confirmed, and it was
not readily apparent whether the adhesion of sickle red cells was indirectly through
leukocyte adhesion. Also, endothelial activation by PAR-1 could concomitantly release
VWEF as both P-selectin and VW are stored in endothelial Weibel-Palade bodies. Future
studies will be needed to clarify the relative roles of P-selectin and extra-large forms of
endothelial vWF in sickle red cell adhesion.

P-selectin-mediated transient interaction may affect local wall shear rates and followed by
more tenacious adhesion via high affinity adhesion mechanisms. Recent evidence shows that
ay/B3 integrin, expressed on activated endothelium, is likely to play a predominant role in
stable sickle red cell adhesion. ay/B3 integrin is a receptor to both VWF and TSP (Figure 3).
Antibodies to ay/B3 inhibit sickle RBC adhesion-induced vaso-occlusion in inflamed venules
suggesting that ay/B3 may be an endothelial cell integrin functioning in vaso-occlusion
(51,52).
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Recent evidence shows that ay/B3 integrin interacts directly with activated red cell ICAM-4
(Landsteiner-Weiner blood group glycoprotein) (Figure 3) (83). We have shown that
peptides based on ay/-binding domains of ICAM-4 markedly decrease sickle cell adhesion
and vaso-occlusion in the ex vivo mesocecum vasculature under shear flow conditions (50).
In these studies, we tested the effect of synthetic peptides, V(16)PFWVRMS (FWV) and
T(19)RWATSRI (ATSR), based on ay/-binding domains of ICAM-4 and capable of
inhibiting ICAM-4 and aV-binding in vitro (55). Ex vivo mesocecum vasculature was
perfused with platelet-activating factor (PAF), which induces endothelial oxidant generation
(49,74) and causes endothelial activation (53), both of which characterize sickle cell disease.
PAF is elevated twofold in sickle patients, and it enhances sickle cell adhesion in the ex vivo
mesocecum preparation. Infusion of sickle red cells in PAF-treated vasculature resulted in
pronounced adhesion of these cells: small diameter vessels were sites of maximal adhesion
and frequent blockage (Figure 4). Both FWV and ATSR markedly decreased adhesion, and
no vessel blockage was observed with either of the peptides, resulting in improved
hemodynamics (Figure 4). In marked contrast, control peptide A(76)WSSLAHC (AWSS)
had minimal effect (Figure 4 and 5). ATSR also inhibited adhesion in unactivated
vasculature. Although infused fluoresceinated ATSR colocalized with vascular endothelium,
pretreatment with function-blocking antibody (7E3) to ay/f3 markedly inhibited this
interaction (Figure 6). These studies showed that ICAM-4 on sickle red cells binds
endothelium via ay/B3 and that this interaction contributes to vaso-occlusion. Thus, peptides
or small molecules based on ay-binding domains of ICAM-4 may have therapeutic
potential.

ICAM-4 is unique in its expression on erythroid cells. ICAM-4 can bind diverse array of
integrins including several oy, integrins, B2 integrins (expressed on leukocytes), and o471
integrin, suggesting a multiple function of this adhesion molecule. Hence, future studies will
be required to further explore the role of this molecule in sickle vaso-occlusion.

To further ascertain the role of ay/pB3 integrin as a pivotal molecule in sickle cell adhesion,
Finnegan et al. (22) tested the efficacy of two RGD-containing cyclic pentapetides,
cRGDEV (EMD 66203) and cRGDE-ACHA (a-amino cyclohexyl carboxylic acid) (EMD
270179), based on their known ability to selectively bind a3 (61;72). An inactive peptide
cRB-ADEV (EMD 135981) was used as control. Cyclization and the introduction of D-Phe
(F) results in marked increase in the ability of cyclic peptides to selectively bind oy/B3
receptor. As shown in Figure 7, both EMD 66203 and EMD 270179 inhibited PAF-induced
enhanced sickle red cell adhesion, and postcapillary blockage; the latter was evidenced by
inhibition of adhesion in small-diameter venules. The inhibition of adhesion was
accompanied by significantly improved hemodynamic behavior. Also, pretreatment of
HUVEC with either ay/B3 antagonist resulted in a significant decrease in sickle red cell
adhesion (Figure 8). Because of their metabolic stability (72), the use of these small-
molecule cyclic pentapeptides may constitute an additional therapeutic approach to block
sickle red cell adhesion and associated vaso-occlusion under flow conditions.

THE EFFECT OF HYDROXYUREA (HU) AND NITRIC OXIDE (NO)

Hydroxyurea (HU) is the only FDA approved drug for sickle patients to reduce the
frequency of painful vaso-occlusive episodes. HU induces fetal hemoglobin (HbF)
production in sickle cell disease. In the presence of HbF (ayy,), polymer formation is
efficiently prevented (20). HU may exert its therapeutic effect both by generation of NO
(anti-inflammatory) and by increasing the level of antisickling fetal hemoglobin (HbF)
(13,16,71). Setty et al. (65) have reported an inverse relationship between percent CD36
positive cells (reticulocytes) and percent F cells (HbF containing red cells) in sickle patients.
These authors have shown that sickle patients with higher levels of F cells have a
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concomitant decrease in the number of reticulocytes expressing CD36 and a41 resulting in
their reduced adherence. HU therapy also decreases sickle red cell adhesion and down-
regulates endothelial adhesion molecules such as sSVCAM-1 and sSICAM-1 (7,64). Recent
studies of Schechter and co-workers (15,16) have shown that NO donor properties of HU
determine the induction of HbF by NO-dependent activation of soluble guanylate cyclase
(cGMP). Notably, human sickle cell adhesion to TNF-a-activated human endothelial
monolayers is markedly reduced by a NO donor DETA-NO (70). Future studies will be
needed to differentiate the relative roles of HbF and NO in the therapeutic efficacy of HU.

FUTURE THERAPEUTIC CONSIDERATIONS

In addition to the above therapeutic approaches, it would be important to ascertain under in
vivo conditions the predominant stimuli involved in the initiation of adhesion and vaso-
occlusion. This would help design therapeutic strategies to inhibit sickle red cell adhesion
and related vaso-occlusion. Because of anti-inflammatory properties of NO, NO
supplementation may be of therapeutic value since NO is effectively inactivated by cell-free
plasma heme and excessive oxidant generation in sickle cell disease (48,63). The resulting
NO deficiency may lead to inflammatory effects and up-regulation of endothelial adhesive
molecules. Hence, therapies designed to reduce hemolysis and intravascular sickling (e.g.,
hydroxyurea and fetal hemoglobin elevation) may have beneficial effects. Finally,
quenching endothelial oxidant generation results in amelioration of sickle red cell adhesion
and vaso-occlusion in an ex vivo preparation (49). Thus, targeting the stimuli that cause
endothelial activation, red cell adhesion and leukocyte recruitment will constitute novel
therapeutic strategies to inhibit vaso-occlusion.
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Figure 1.

Adhesion of sickle red cells to HUVEC under flow conditions is maximal for reticulocyte-
rich fraction (top fraction), while it shows a marked decrease for ISC-rich dense sickle red
cell fraction (bottom fraction). Modified from Barabino et al. (3).
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Figure 2.

Models of vaso-occlusion in sickle cell disease. (A) Initial adhesion of deformable sickle red
cells in small-diameter postcapillary venules. (B) Adhesion of deformable sickle cells is
followed by selective trapping of dense or sickled red cells among adherent red cells. (C)
Alternatively, recruitment of leukocytes in inflamed venules may trigger selective trapping
of sickled and dense red cells. Modified from Kaul et al. (43).
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Potential Mechanisms in Sickle Red Cell
Adhesion to Endothelium

Sickle red cell Bridging protein Endothelium
¢ CD36 TSP B,
¢ Sulfated glycolipid TSP ayBs,
¢ Sulfated glycolipid vWif oBs
* IAP TSP oBs
¢ ICAM-4/ LW oyBs
® PS CD36
¢ B, VCAM-1
¢ Sialyl Lewis P-selectin

Figure 3.

Potential mechanisms in sickle red cell adhesion to endothelium. IAP = integrin-associated
protein; ICAM-4/LW = intercellular adhesion molecule-4/Landsteiner-Weiner protein; PS =
phosphatidy! serine.
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Figure 4.

Videomicrographs showing inhibition of PAF-induced sickle erythrocytes adhesion in the ex
vivo mesocecum microvasculature in the presence of ICAM-4 peptide ATSR. (A-D) Ex vivo
preparation treated with PAF. (A) Clear vessel lumen (a = arteriole, v = venule) during
perfusion with Ringer-albumin solution; (B and C) sickle erythrocytes bolus (arrows in B
indicate flow direction) is followed by adhesion of these cells exclusively in the venule but
not in the arteriole; (D) Maximal adhesion is observed in small-diameter postcapillaty
venules (arrow-heads), frequently resulting in occlusion. (E-H) Ex vivo preparation treated
with PAF and an ICAM-4 F strand control peptide AWSS; (E and F) Infusion of sickle
erythrocytes bolus results in adhesion in the venules (v), but not in the arteriole (b); (G)
adherent sickle erythrocytes in venules; (H) adhesion results in frequent blockage of small-
diameter venules (arrow-head). (I-L) Ex vivo preparation treated with PAF and ICAM-4
peptide ATSR,; (I) clear vessel lumens during perfusion with Ringer-albumin; (J and K)
after a bolus infusion of sickle erythrocytes, rapid flow is observed in both arteriole and
venules (arrows indicate flow direction), resulting in no adhesion; (L) scanning of the
vasculature revealed little or no adhesion in venules. From Kaul et al. (50).
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PAFIFWVISS

Figure 5.

Regression plots for the number of adhered sickle erythrocytes (SS RBC)/100 um? relative
to venular diameters in ex vivo preparations treated as follows: (A) PAF alone, (B) PAF and
peptide FWV, (C) PAF and peptide ATSR and (D) PAF and control peptide AWSS. The
regression lines represent the multiplicative equation of the form Y = aX™® for the best fit. In
preparations treated with PAF alone, adhesion of sickle erythrocytes showed a strong
correlation with the venular diameter. Preparations treated with peptide FWV or ATSR
showed a marked inhibition of sickle erythrocyte adhesion in venules of all diameters, with
ATSR having the maximal inhibitory effect, especially in small-diameter venules, the sites
of frequent blockage. In contrast, in the presence of the control peptide AWSS, the resulting
adhesion was essentially similar to that observed in PAF-treated preparations. Modified
from Kaul et al. (50).
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7E3 + ATSR VWF Merge

Figure 6.
Top panel: Colocalization of fluoresceinated ATSR peptide with vascular endothelium of

the ex vivo preparation pretreated with PAF (A-C). (A) The presence of the fluorescent
peptide is shown in green. (B) Blood vessels were identified by a polyclonal primary
antibody to VWF and a secondary TRITC-conjugated antibody (red). (C) Merged image
signals showed colocalization (yellow) of ATSR with the endothelial lining. No
fluorescence staining was noted when the control peptide was infused (images not shown).
Middle panel: The effect of a control antibody OC125 (D-F) on the colocalization of
fluoresceinated ATSR peptide with vascular endothelium of the ex vivo preparation
pretreated with PAF. (D) The presence of the fluorescent peptide is shown in green. (E)
Blood vessels were identified by a polyclonal antibody to VWF as in B (red). (F) Merged
image signals showed colocalization (yellow) of ATSR with the vessel wall. Bottom panel:
The effect of 7E3 antibody to aVVB3 (G-1) on the colocalization of fluoresceinated ATSR
peptide with vascular endothelium in PAF treated ex vivo preparation. (G) In the presence of
7E3 antibody, there was a marked decrease in ATSR localization with the vessel wall.
ATSR infusion resulted in weak green staining likely attributable to autofluorescence or a
low level of binding of ATSR peptide. (H) Vessel was identified by immunofluorescent
staining for VWF (red). (1) No colocalization of ATSR with vessel wall in the presence of
7E3. From Kaul et al. (50).
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Figure 7.

Regression plots for the number of adherent SS RBC/100 :m? relative to venular diameter in
the ex vivo mesocecum treated as follows: (A) PAF alone, (B) PAF and peptide EMD
270179 (cRGDE-ACHA [a-amino cyclohexyl carboxylic acid]), (C) PAF and peptide EMD
66203 (cCRGDEV), (D) PAF and control peptide EMD 135981 (cRB-ADEV). The regression
lines represent the multiplicative equation of the form Y = aX™® for the best fit. In
preparations treated PAF alone, adhesion of SS RBCs showed a strong correlation with the
venular diameter. Preparations treated with a\VB3 antagonist EMD 270179 or EMD 66203
showed a marked inhibition of SS RBC adhesion in venules of all diameters, with EMD
66203 having a greater inhibitory effect, especially in small-diameter venules, the site of
frequent blockage. In contrast, in the presence of the control peptide EMD 135981, the
resulting adhesion was essentially similar to that observed with PAF alone. Modified from
Finnegan et al. (22).

Microcirculation. Author manuscript; available in PMC 2011 March 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kaul et al.

Page 21

160

P<0.018
1
140 | P<0.015

120

100

80
60 |
40

I T
20

Adherent SS RBC/mm?

Untreated EMD EMD EMD
control 135981 66203 270179

Figure 8.

The effect of V33 antagonists (EMD 66203 and EMD 270179) on SS RBC adhesion to
HUVEC. The human endothelial monolyers were incubated with either peptide (100 :g/ml)
for 30 min before the perfusion of the endothelialized flow chamber with SS RBC
suspension (Hct 1%) at 1 dyne/cm?2. The HUVEC treated with control peptide (n=7) showed
no significant difference in adhesion of SS RBC/mm? as compared to the baseline adhesion
of these cells to untreated control HUVEC (n=6) (P>0.51). In contrast, both EMD 66203
(n=6) and EMD 270179 (n=4), caused marked inhibition of adhesion (i.e., 55% and 62%,
respectively) of SS RBCs to HUVEC as compared with the control peptide group (P<0.018
and P<0.015, respectively). Modified from Finnegan et al. (22).
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