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Sickle cell disease (SCD) is the most common hemoglobinopathy worldwide. It is characterized by an impairment of shear

stress-mediated vasodilation, a pro-coagulant, and a pro-adhesive state orchestrated among others by the depletion of

the vasodilator nitric oxide, by the increased phosphatidylserine exposure and tissue factor expression, and by the

increased interactions of erythrocytes with endothelial cells that mediate the overexpression of adhesion molecules such

as VCAM-1, respectively. Extracellular vesicles (EVs) have been shown to be novel actors involved in SCD

pathophysiological processes. Medium-sized EVs, also called microparticles, which exhibit increased plasma levels in this

pathology, were shown to induce the activation of endothelial cells, thereby increasing neutrophil adhesion, a key process

potentially leading to the main complication associated with SCD, vaso-occlusive crises (VOCs). Small-sized EVs, also

named exosomes, which have also been reported to be overrepresented in SCD, were shown to potentiate interactions

between erythrocytes and platelets, and to trigger endothelial monolayer disruption, two processes also known to favor

the occurrence of VOCs.
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1. Physiological Hemostasis and Inflammation

The pathophysiology of SCD relies on the disturbance of several physiological processes, among which coagulation,

vasoregulation, and inflammation are crucial. “Hemostasis” comprises all the processes permitting to prevent excessive

blood loss following injury, including vasoregulation, which refers to the mechanisms allowing to modulate blood vessels

diameter. The term “inflammation” corresponds to the reactions to fight against a pathogen. However, in SCD these

reactions can occur in the absence of microorganisms and are associated with hemolysis-mediated release of DAMPs

(damage-associated molecular patterns)  and MPs, among others.

1.1. Normal Hemostasis

When a blood vessel is severed or punctured, a three-step process occurs to prevent further loss of blood: vascular

spasm (a vasoconstriction step to reduce blood losses), platelet plug formation and finally coagulation. In vascular spasm,

the smooth muscle regulating the vessel diameter contracts to reduce blood losses. Moreover, owing to the injury, the

vessel wall conjunctive tissue is exposed, and platelets adhere to its collagen fibers. Platelets begin to clump together and

to release molecules from their granules to maintain vasoconstriction and expand the platelet plug, by activating nearby

platelets. The last step to ensure hemostasis, is called coagulation, and consists in forming a blood clot. Coagulation

factors contained in the plasma, or produced by aggregated platelets and damaged endothelial cells, are activated

sequentially. This  coagulation cascade leads to the conversion of prothrombin into its active form called thrombin, and

ends to the thrombin-mediated conversion fibrinogen into fibrin, which forms a mesh in which red blood cells and platelets

are trapped.

Coagulation cascade comprises 12 known factors, which bear a subscript “a” to indicate their activated state. This

cascade can start by an extrinsic or an intrinsic pathway, which merge into a third one called common final pathway. The

extrinsic pathway, also known as the tissue factor pathway, lasts only few seconds, and is initiated due to a trauma

undergone by extravascular cells, which provokes the exposure of tissue factor, the coagulation factor III. The intrinsic

pathway, also called contact activation pathway, typically begins by the activation of factor XII, when it encounters anionic

molecules of the damaged vessel wall, and is completed within a few minutes. The extrinsic and intrinsic pathways lead to

the formation of complex that is able to activate factor X, and is so called “tenase complex”. After factor X activation by an

extrinsic or an intrinsic tenase complex, the complex called “prothrombinase complex”, composed of factors Xa and Va,

converts prothrombin (factor II) into thrombin (Factor IIa). Once produced, thrombin amplifies the cascade by activating

factors XI, VIII, V and VII to trigger the production of even more thrombin, and so even more fibrin. Importantly, both the

intrinsic tenase and the prothrombinase complexes assemble on negatively charged phospholipids, it is to say on

phosphatidylserine.
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Nitric oxide (or NO) is the main vasodilator . It inhibits the action of the most potent vasoconstrictor, endothelin-1 , by

acting at the transcriptional and translational levels, but also by impeding its release . NO was also shown to inhibit the

expression of adhesion molecules by erythrocytes and leukocytes , and to prevent platelet aggregation . The

production of this vasodilator gas by NO synthase (NOS), from arginase, is stimulated by shear stress, platelet

aggregation, and thrombin; whereas hypoxia and some pro-inflammatory cytokines increase endothelin-1 concentration.

However, wall shear stress (WSS), the dragging frictional force generated by blood flow and blood viscosity, is the main

physiological NOS stimulus . Moreover, both increase  and decrease  in arterial caliber in response to increases

or decreases in WSS, respectively, and have been shown to involve endothelial release of NO. These results highlight the

key role of NO, to allow vessels to adapt their diameter variations in WSS.

1.2. Normal Inflammation

In case of infection, neutrophils are the first recruited leukocytes. Circulating neutrophils have a diameter of 7-10µm and

represent 50-70% of circulating leukocytes. When they encounter a pathogen, they can phagocytose it, release granules

containing antibacterial proteins into the extracellular milieu to kill it, or in case of a high activation level, release neutrophil

extracellular traps (NETs) to trap the microorganism  and facilitate its phagocytosis. The notion that NETs could not only

trap, but kill pathogens thanks to their decorating antimicrobial proteins , is still a matter of debate.

Typically, neutrophil recruitment to an infected site requires its tethering, rolling, firm adhesion, crawling, and

transmigration to reach the infected site. Tissue-resident leukocytes release inflammatory mediators to change the

endothelium adhesive properties, or endothelial cells can be activated following the detection of pathogens by means of

pattern-recognition receptors (PRRs). Therefore, endothelial cells express P-selectin at their membrane, within minutes.

Indeed, P-selectin is pre-stored in Weibel-Palade bodies. P-selectin interaction with neutrophil P-selectin glycoprotein

ligand-1 (PSGL-1), allow the tethering (that is, the capture) of the free-circulating leukocyte. Neutrophil rolling occurs at

shear stress of 1-10 dynes/cm and involves, to resist to shear stress, the formation of long tethers at the rear, supported

by P-selectin-PSGL-1 interactions. Endothelial cell activation also triggers de novo synthesis and as such upregulation of

E-selectin, within about 90 min . E-selectin, which preferentially binds neutrophil L-selectin, projects less further

above the endothelial surface of endothelial surface than P-selectin, and have partially overlapping functions with this last

protein, allows to slow neutrophil rolling . After disconnection of the tether at the rear, it arrives at the front of the rolling

neutrophil, where it will act as a sling that can subsequently wrap around the leukocyte to slow it down. Additionally, firm

adhesion stems from interaction of integrins with intercellular adhesion molecule-1 (ICAM-1) and ICAM-2 endothelial

molecules. Lymphocyte function-associated antigen-1 (LFA-1, also called CD11a-CD18) and macrophage-1 antigen

(MAC-1, also known as CD11b-CD18) are constitutively expressed by neutrophils but, to allow adhesion they require

activation by a combination of mechanisms involving: positively charged chemokines , MRP8/14 secretion , talin,

and kindlin-3 binding to the β chain of LFA-1, which, respectively, also cause conformational changes to further decrease

rolling velocity and to allow neutrophil arrest . The leukocyte then begins a MAC-1 dependent crawling step towards the

exit site . It is worthwhile noting that neutrophils recruitment in other tissues, where high shear stress is encountered,

such as the brain for instance: platelets which can express more P-selectin than endothelial cells, first adhere to the

endothelium, and then allow neutrophils recruitment . However, after firm adhesion and crawling, it generally takes 2–5

min for the neutrophils to cross the endothelium through the preferential paracellular process, or 20-30 minutes using the

transcellular pathway, and then 5–15 min to cross the basement membrane . Subsequently, neutrophils are directed by

a gradient of two types of chemo-attractants. The first type is released by intermediary sites, whereas the second one

emerges closer to the pathogen and has a higher chemotactic impact . This entry focuses on intravascular adhesive

mechanisms, and only briefly deals with extravasation given that this process is less relevant to SCD pathophysiology; but

for more specific details readers are encouraged to refer to excellent research by Ley et al., 2007, and Vestweber, 2015

.

2. Dysregulated Mechanisms in SCD

SCD is a complex, evolutive, and clinically heterogeneous disease. In deoxygenated vascular areas, HbS forms polymers,

which makes sickled red blood cells (RBCs) less deformable and more fragile. The resulting hemolysis stimulates the

bone marrow and accounts for the elevated count of stress reticulocytes of SCD patients. Whereas the transit time of

RBCs in deoxygenated territories should be insufficient to cause their sickling ; platelets, neutrophils, and endothelium

pro-adhesive phenotypes observed in SCD, may decrease microvascular blood flow, thereby increasing RBC transit time

and allowing their sickling before leaving the microcirculation . These sickled RBCs, but also activated neutrophils,

platelets, endothelial cells are the main actors in SCD. Therefore, although SCD results from a single point mutation, its

pathophysiology relies on the disturbance of several pathways, owing to abnormalities such as elevated hemolysis level

and stress undergone by the vascular endothelium.
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2.1. Pro-Coagulant State

A procoagulant state is one of SCD pathophysiology hallmark . SCD hypercoagulable state has been associated

with increased risks of pulmonary hypertension , in situ thrombosis of small vessels and venous thrombosis . SCD

patients exhibit low protein C and S levels, suggesting their chronic consumption due to a constantly activated coagulation

cascade . Tissue factor (TF) was reported to be elevated on SCD patients’ monocytes , neutrophils , and

circulating endothelial cells . Heme has been shown to promote TF expression by mononuclear and endothelial cells

. This is consistent with the constant detection in SCD patients’ plasma, of high levels of coagulation markers such

as D-dimers, plasmin-antiplasmin (PAP) complexes, thrombin-antithrombin (TAT) complexes, and prothrombin fragment

1.2 (F1.2) .

The hyperactivity of the coagulation system in SCD is also caused by reticulocytes or RBCs exhibiting externalized

phosphatidylserine (PS). Owing to intravascular and extravascular hemolysis, SCD patients exhibit erythropoiesis

expansion and, therefore, increased reticulocytosis. Although PS exposure by immature reticulocytes seems to be normal

during hematopoiesis, hyposplenia, or functional asplenia observed in SCD due to abnormal RBCs trapping, increases

the count of PS-exposing circulating mature reticulocytes . Moreover, increased intracellular calcium concentration due

to sickling and dehydration, but also oxidative stress, account for elevated counts of PS-exposing sickle RBC and

reticulocytes . These cells may promote the activation of the coagulation cascade, since PS is known to provide a

docking site for tenase and prothrombinase complexes, which activates the intrinsic pathway. This correlates with reports

of correlations between F 1.2, D-dimers and PAP complexes, and PS-bearing sickle RBCs .

2.2. Decreased Nitric Oxide Bioavailability

SCD patients are known for having a 50% increase in cardiac output , and a lack of RBC deformability . These two

altered parameters contribute to the increased WSS observed by Belhassen et al. in SCD patients . Intriguingly, this

augmented level was accompanied by an unchanged vessel diameter, when compared to healthy controls; thereby

suggesting an impaired capacity to adjust vessel caliber to WSS in SCD. This failure to adjust arteries diameter could

result from defects in the transduction of the shear stress signal, from impairments in the synthesis or the release of NO,

or from an accelerated degradation of NO. The results of this group excluded the two first hypothesis, in the favor of the

last one. Consistently, NO bioavailability is known to be drastically reduced in SCD owing to the elevated hemolytic rate

. Indeed, hemolysis allows the release of arginase, which impedes NO production by using L-arginine to produce

ornithine. Hemolysis also induces the release of hemoglobin in the plasma, which reacts with NO to form methemoglobin

and nitrate. Consistently, decreased L-arginine concentration, coinciding with high arginase plasma levels, were reported

in SCD patients , but also elevated concentrations of free hemoglobin and methemoglobin , which all account for

a decreased NO bioavailability  and, therefore, a reduced WSS-mediated vasodilation. The decreased bioavailability of

NO and the resulting endothelial dysfunction have been associated with an increased risk of pulmonary hypertension ,

legs ulcers , stroke  and priapism . Besides, NO being an inhibitor of endothelin-1 (ET-1), the decrease of its

bioavailability accounts for the high level of ET-1 observed in SCD. ET-1 binding to its receptor, has been shown to

increase calcium concentration inside erythrocytes and to facilitate Gardos channel opening, thereby potentiating

erythrocyte dehydration and so increasing HbS concentration and its propensity to polymerize . Moreover, since NO is

an inhibitor of the expression of adhesive proteins by the vascular endothelium , NO-scavenging by free heme and

arginase-mediated decrease in NO production both have a role in the pro-adhesive phenotype of endothelial cells in SCD.

2.3. Pro-Inflammatory State

Blood flow obstruction during VOCs, causes severe pain, and repeated VOCs can lead to organ failure. A substantial

proportion of the knowledge regarding the adhesive processes leading to VOCs was acquired thanks to murine models of

the disease  or to microfluidics . The etiology of the main SCD-associated complication, VOC, involves the

capture of neutrophils by the activated endothelium. Upon rolling, these neutrophils exhibit active integrin that allow their

full arrest. This adhesion in post-capillary venules causes trapping of platelets, other neutrophils, and above all RBCs,

which lead to the occurrence of a vascular occlusion . The key role of neutrophils is highlighted by the absolute

contraindication of myeloid growth factors such as granulocyte macrophage colony-stimulating factor (GM-CSF) or

granulocyte colony-stimulating factor (G-CSF) in SCD patients . Aged neutrophils , which are

overrepresented in SCA patients , present a 70% increase in the adhesive molecule MAC-1 . This last integrin

appears to have a crucial role in SCD since it allows neutrophils to adhere to endothelial ICAM-1, but also to capture

circulating RBCs .

The RBC lifespan, which is normally of 120 days, is reduced in SCD to about 12 days. Hemolysis favors the release from

the bone marrow, of reticulocytes; reaching a tenfold increase in their count, compared to normal conditions. These
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reticulocytes express high levels of adhesion molecules, among which intercellular molecule-4 (ICAM-4), a molecule

shown to bind to MAC-1 and so allow RBC-neutrophil interactions . Sickle patient RBCs commonly exhibit externalized

PS, what promotes their adhesion . Sickle red cells also exhibit alterations leading to the abnormal activation of

erythroid adhesion molecules such as Lu/BCAM, ICAM-4 and CD44 . As a consequence, erythrocytes interactions

with the endothelium or with circulating of adherent platelets and neutrophils are facilitated . In addition, the pro-

adhesive phenotype of RBCs of SCD patients and the reduced vasodilatory capacity account for an increased number of

interactions between RBCs and endothelial cells, which was shown to upregulate the expression of VCAM-1 and ICAM-1

genes .

Besides, enhanced oxidative stress, partly due to HbS auto-oxidation, which induces superoxide anion, hydrogen

peroxide, and hydroxyl radical production , is associated with vascular alterations in SCD patients . Free heme

promotes the secretion of pro-inflammatory cytokines by activating monocytes/macrophages , platelets , endothelial

cells , and neutrophils . Moreover, NETs released by the latter cell type, were detected at high concentration in the

plasma of SCD patients at steady state, with a further increase during crisis .

3. EVs as Novel Biomarkers in SCD

Circulating EV concentration has been shown to be increased in several cardiovascular diseases . Since plasma

EVs concentration and composition reflects specific signatures of cellular activation and injury, EVs characteristics may

represent in the future, a useful diagnostic and prognostic tool in several diseases.

In SCD, the concentration of the two most commonly identified MPs subtypes, RBC-, and platelet-MPs is increased,

compared to healthy controls . HU treatment impact on MPs concentration is controversial, since several reports

showed decreases , unchanged , or increased  levels. These conflicting results could be accounted

for by the large interindividual variation in MPs concentration in SCD. However, a longitudinal study reported no change in

MPs concentration in patients receiving HU for 24 months . To further characterize the biomarker status of MPs, an

observational study with an estimated enrollment of 360 participants has also been initiated (NCT012422878). A positive

history of osteonecrosis of the femoral head , leg ulcers , acute chest syndrome, and pulmonary hypertension 

has been associated with elevated concentration of MPs from various cell types. During VOC, the concentration of PLT-

and RBC-MPs was also reported to be increased in cross-sectional settings , and in longitudinal studies including

17 SCD patients  or 32 SCA patients . The group reported that SCA patients with frequent VOCs had increased

levels of PLT-MPs, compared to SCA patients with rare crises . In SCA patients, researchers showed using two

longitudinal cohorts, that circulating PLT- and RBC-MPs PS exposure level was increased during VOC, but decreased

after two years under HU treatment, when compared to steady-state conditions . Therefore, PS exposure by

these MPs subtypes seems to be a promising marker of clinical severity and of HU treatment efficacy. Further studies

based on large cohorts are warranted to determine if MPs PS exposure is a prognosis marker. Moreover, it seems

important to determine if the cost effectiveness of such a test is favorable, above all for the medical monitoring of patients

having frequent VOCs or patients who cannot be treated with HU. Moreover, the 2-year long HU treatment provoked an

increase in the size of RBC-MPs, probably resulting from the improved RBC hydration provided by this drug .

Unlike for MPs, only a few reports regarding exosomes in SCD have been published, and none dealing with apoptotic

bodies. Researchers collaborated with a group who showed that circulating exosome concentration was increased in SCD

patients, compared to the controls . They also reported associations between the severity of the disease and the

counts of exosomes produced by monocytes, lymphocytes, and endothelial cells . Of note, the same group reported a

signature of microRNAs contained into circulating exosomes, which distinguished severe from mild clinical profile between

SCA patients . These results suggest that circulating exosomes could become useful diagnostic and prognostic tools

used in clinical settings.

4. Effects of EVs in SCD

The externalization of PS is a key feature of MPs. Indeed, as stated before, MPs PS provides a docking site for the

intrinsic tenase and the prothrombinase complex . In line with the pro-coagulant role of MPs due to their PS and

TF , Scott syndrome, characterized by a defect in platelet-derived MPs production, has been associated with increased

bleeding . MPs generated ex vivo by platelets or erythrocytes, have also been shown to trigger thrombin generation via

factor XIIa . However, whether circulating MPs have similar biological properties remains unknown. Moreover, although

PLT-MPs are known to represent the commonest MPs subtypes in the circulation, most studies in SCD, report

associations between the concentration of RBC-MPs and coagulation cascade activation. This paradox may be explained
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by the higher exposure of PS by RBC-MPs, compared to PLT-MPs observed at steady state, in HU-treated or untreated

patients, and even during crisis .

PS was shown to allow MPs binding to endothelial cells . Consistently, increased PS exposure was associated to

increased fusion with these cells . These results are supported by the report of the expression of a PS receptor

(PSR) by endothelial cells , thereby allowing MPs to bind to these cells, and to modify their phenotype. Moreover, PS

was shown to allow MPs to retain heme, which was hereafter transferred to endothelial cells . RBC-MPs were shown

to be internalized by myeloid cells and to promote inflammatory cytokine secretion along with adhesion to endothelial cells

. Barry and colleagues reported that PLT-MPs induced endothelial ICAM-1 expression , and Wang et al. showed

that monocyte-derived MPs increased ICAM-1, VCAM-1, and E-selectin expression, also in endothelial cells . These

results may partly explain why the infusion of MPs was shown to trigger vaso-occlusion mice kidney . Since the

content of MPs is known to be influenced by the stimuli triggering their production and by their cell type of origin, the group

used circulating MPs, instead of MPs generated ex vivo. The results showed that MPs circulating during VOC, triggered a

PS-dependent ICAM-1 overexpression, compared to MPs from the same patients but at steady state . On the contrary,

ICAM-1 expression was reduced when MPs were isolated from the plasma of SCA patients under HU treatment.

Moreover, the adhesion of SCD neutrophils to MPs-stimulated endothelial cells was decreased when using MPs from HU-

treated patients, and increased in an ICAM-1 dependent manner using MPs from patients in VOC. Researchers also

showed that RBC-MPs from SCA patients at steady state, increased ICAM-1 expression and cytokines production in a

TLR-4-dependent manner, compared to MP from healthy controls .

Exosomes generated ex vivo by mesenchymal stem cells, multipotent progenitors found in various tissues and having

tissue-repair functions, were recently shown to have procoagulant activities thanks to their PS and TF . If such

exosomes are found in sufficient levels in the blood of SCD patients, they could play a crucial procoagulant role in this

disease. Vats et al. showed that pretreatment of platelets with LPS induced inflammasome activation and the production

of EVs richly packaged with IL-1β . These EVs had a size corresponding to the one of exosomes, between 50 and

100µm for most of them. Injection of such EVs from SCD platelets, was sufficient to induce lung vaso-occlusion in SCD

mice. Moreover, this deleterious effect of platelet-derived exosomes was reduced using an IL-1 receptor antagonist. Their

results suggest that drugs preventing platelet exosomes production may be of benefit in SCD. Contrary to the previous

group, which used exosomes generated ex vivo, another one used circulating exosomes. The mode of the size

distribution curve for their EVs was 95nm, and these EVs were rich in exosomal proteins (CD63 and flottilin-1). This group

showed that SCD exosomes cause endothelial monolayer disruption . Importantly, the extent of the endothelial

disruption was even greater using exosomes circulating during acute chest syndrome  or during VOC , compared

to exosomes purified from the plasma of patients at steady state.
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