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Sickle cell disease (SCD) is a genetic disease caused by a single mutation in the β-globin gene, leading to the production of an abnormal hemoglobin called hemoglobin S (HbS), which polymerizes under deoxygenation, and induces the sickling of red blood cells (RBCs). Sickled RBCs are very fragile and rigid, and patients consequently become anemic and develop frequent and recurrent vaso-occlusive crises. However, it is now evident that SCD is not only a RBC rheological disease. Accumulating evidence shows that SCD is also characterized by the presence of chronic inflammation and oxidative stress, participating in the development of chronic vasculopathy and several chronic complications. The accumulation of hemoglobin and heme in the plasma, as a consequence of enhanced intravascular hemolysis, decreases nitric oxide bioavailability and enhances the production of reactive oxygen species (ROS). Heme and hemoglobin also represent erythrocytic danger-associated molecular pattern molecules (eDAMPs), which may activate endothelial inflammation through TLR-4 signaling and promote the development of complications, such as acute chest syndrome. It is also suspected that heme may activate the innate immune complement system and stimulate neutrophils to release neutrophil extracellular traps. A large amount of microparticles (MPs) from various cellular origins (platelets, RBCs, white blood cells, endothelial cells) is also released into the plasma of SCD patients and participate in the inflammation and oxidative stress in SCD. In turn, this pro-inflammatory and oxidative stress environment further alters the RBC properties. Increased pro-inflammatory cytokine concentrations promote the activation of RBC NADPH oxidase and, thus, raise the production of intra-erythrocyte ROS. Such enhanced oxidative stress causes deleterious damage to the RBC membrane and further alters the deformability of the cells, modifying their aggregation properties. These RBC rheological alterations have been shown to be associated to specific SCD complications, such as leg ulcers, priapism, and glomerulopathy. Moreover, RBCs positive for the Duffy antigen receptor for chemokines may be very sensitive to various inflammatory molecules that promote RBC dehydration and increase RBC adhesiveness to the vascular wall. In summary, SCD is characterized by a vicious circle between abnormal RBC rheology and inflammation, which modulates the clinical severity of patients.
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INTRODUCTION

Sickle cell disease (SCD) is a genetic disease caused by a single mutation in the β-globin gene, leading to the production of an abnormal hemoglobin called hemoglobin S (HbS). Under deoxygenation, the HbS polymerizes, which causes the sickling of red blood cells (RBCs). Sickled RBCs are very fragile and rigid. These abnormal features of sickle RBCs are believed to be responsible for chronic anemia and frequent and recurrent painful vaso-occlusive crises, respectively. However, although the molecular defects at the origin of the disease have been well-described, patients with SCD may exhibit various acute and/or chronic complications, which may affect several organs, such as the lungs, heart, kidney, brain, skin, bones, and eyes, for example. It is worth noting that this genetic disorder is associated with an extreme inter-individual variability of its clinical presentation (1). In addition, while it is easy to consider that rigid RBCs could obstruct the microcirculation and trigger the onset of vaso-occlusive like events, it has been demonstrated that the transit time of RBCs in deoxygenated vascular areas would be theoretically too short to allow RBCs to spend enough time to sickle (2, 3). This means that other biological mechanisms participate in the pathophysiological processes of the disease. Activation and increased adhesiveness of neutrophils, monocytes and platelets to the endothelium, mainly in post-capillary venules, may initiate vaso-occlusion (4–7). The resulting decreased blood flow induces a longer transit time of RBCs in vascular areas with poor oxygen content, hence promoting HbS polymerization and RBC sickling (6). The accumulation of rigid RBCs and adherent circulating cells into the microcirculation is responsible for vaso-occlusion (6). Mounting evidence shows that SCD is characterized by the presence of chronic inflammation and oxidative stress, participating in the development of chronic vasculopathy, endothelial dysfunction and several chronic complications. In addition, this pro-oxidative and pro-inflammatory environment further impairs the rheological properties of RBCs, hence further impacting the clinical severity of disease in patients.



THE ROLE OF HEMOLYSIS IN INFLAMMATION AND VASCULAR DYSFUNCTION

Although chronic anemia is fairly well-tolerated by SCD patients, the severity of anemia modulates their aerobic fitness and quality of life (8, 9). Moreover, levels of anemia, partly determined by the rate of intravascular hemolysis in SCD patients, influences their survival rate (9). In addition, intravascular hemolysis also plays a key role in the pathophysiology of SCD, independently of its effects on anemia. Patients with the highest rate of hemolysis are at risk of earlier mortality, compared to those with less pronounced hemolysis (10). This section will discuss the consequences of enhanced hemolysis on inflammation, oxidative stress and the vascular function in SCD (11).


Hemolysis and Nitric Oxide (NO) Bioavailability

NO produced by the endothelial NO-synthase (eNOS) is a strong modulator of vascular physiology. Through its effects on the vascular smooth cells, NO plays a key role in vasodilation. Moreover, NO has been shown to downregulate the transcription of several endothelial adhesion molecules of both the CAM (ICAM-1, VCAM-1) and selectin (E- and P-selectin) families (12) and to inhibit platelet activation (13). Accumulating evidence strongly supports a key role of hemolysis in the decrease of NO bioactivity/bioavailability in SCD (14, 15). The accumulation of hemoglobin in the plasma affects the bioavailability of nitric oxide (NO). Cell-free hemoglobin destroys NO at a rate of 1,000-fold faster than hemoglobin encapsulated in the RBCs (16). Moreover, hemolysis leads to the release of the arginase contained in erythrocytes into the plasma. The free arginase hydrolyzes arginine, which is the precursor to NO, to ornithine and urea, thereby exacerbating the decrease in NO bioavailability (11). Indeed, any decrease in NO bioactivity/bioavailability would result in vascular dysfunction.

Blood flow responses to sodium nitroprusside (a NO donor) or to L-NMMA (a NO-synthase inhibitor) are abolished in patients with SCD (17). Flow-mediated dilation response using nitroglycerin (a NO donor) is impaired in patients with SCD, compared to a control group (18). Belhassen et al. (19) reported increased diameter in the brachial artery at baseline in SCD patients, compared to a control group, but the vessel was not able to further dilate in response to a flow-mediated dilation procedure. At the microcirculatory level, Moeckesch et al. (20) reported decreased hyperemic response to skin heating localized stress in children with SCD, compared to healthy children, suggesting impaired microcirculatory NO-driven vasodilation in the former population.

The decrease in NO bioavailability could also be responsible for the enhanced platelet activation (13) observed in SCD patients, as documented by increased expression of platelet activation markers, such as P-selectin, CD63, activated glycoprotein IIb/IIIa, plasma soluble factor-3 and factor-4, β-thromboglobulin, and platelet-derived soluble CD40 ligand (21, 22). Such abnormal platelet activation has been associated with thrombosis and pulmonary hypertension, a clinical manifestation of endothelial dysfunction, in SCD patients (23). Kato et al. (24) also reported positive associations between the level of plasma soluble adhesion molecules and the severity of pulmonary hypertension.

On the whole, these studies strongly support a key role of hemolysis on endothelial/vascular dysfunction through its effects on NO bioactivity/availability.



Hemolysis, Oxidative Stress, and Inflammation

The accumulation of extracellular hemoglobin and heme in SCD, which cannot be fully neutralized by haptoglobin and hemopexin, respectively (14), is a major source of oxidative stress. Hemoglobin may react with hydrogen peroxide through the Fenton reaction to form hydroxyl free radical and methemoglobin. The rate of autooxidation of Hb is greatly enhanced when released into the plasma, where it is partially oxygenated, and more particularly when the Hb tetramer dissociates into dimers (25). In addition, the repeated episodes of ischemia-reperfusion, such as those that occur during vaso-occlusive crises, induce the release of plasma xanthine oxidase (XO) (26). The released XO can impair vascular function by binding to the luminal cells of the vessel. This oxidative milieu results in exacerbated NO scavenging via an oxygen free radical-dependent mechanism, and further affects the vascular system. Mockesch et al. (20) recently showed that the impairment of microvascular regulation in children with SCD was significantly associated with both nitrotyrosine and markers of systemic oxidative stress, confirming the important roles of oxidative stress and NO scavenging in the development of vascular dysfunction in SCD.

Excessive production of reactive oxygen species (ROS) leads to endothelial damage, through peroxidation of the lipid membrane and/or DNA fragmentation, potentially leading to cellular apoptosis (27, 28). In addition, ROS play a central role in promoting vascular inflammation and endothelial activation through the activation of redox-sensitive transcription factors in the endothelium, such as NF-κB (29). The increased expression of several vascular cell adhesion molecules, such as VCAM-1, ICAM-1, L-, P-, and E-selectins, may then facilitate the binding of sickle RBCs, platelets and white blood cells (WBCs) to endothelial cells, which would trigger the onset of vaso-occlusion (30–32). Marui et al. (30) demonstrated that the use of pyrrolidine dithiocarbamate (an antioxidant) on cultured endothelial cells (HUVEC) was able to decrease the expression of VCAM-1 induced by IL-1β. There is clearly an interplay between oxidative stress and inflammation, which participates in the pathogenesis of SCD (33). Additionally, Belcher et al. (34) demonstrated that the administration of dimethyl fumarate (a drug activating Nrf2 expression and increasing the transcription and expression of several genes involved in antioxidant defenses) for several days in sickle cell mice decreased the hepatic expression of TLR4, NF-κB activation, VCAM-1, ICAM-1 and E-selectin mRNA levels, and hepatic necrosis.

Seminal work from Wagener et al. (35) showed that in vitro incubation of endothelial cells with heme led to a rise in adhesion molecule expression. Furthermore, the same group (36) reported that injection of heme in mice increased vascular permeability, adhesion molecule expression and leucocyte extravasation. Another group reported that incubation of endothelial cells with hemin (i.e., heme oxidized in its ferric form) increased the production of IL-8 (37). Although most of these inflammatory effects could be partly driven by the resulting enhanced oxidative stress caused by heme accumulation, heme would also directly activate the immune innate system (38).

Ghosh et al. (39) showed that hemin administration in sickle mice enhanced intravascular hemolysis, which further increased the amount of extracellular hemin, caused lung injuries typical of acute chest syndrome and decreased their survival rate. However, TLR4 inhibition (by the use of TAK-242) and hemopexin replacement therapy, prior to hemin infusion, protected sickle mice from developing acute chest syndrome. Chimeric sickle cell mice, knocked out for TLR4, did not develop extensive lung injury and were able to survive after infusion of hemin. Belcher et al. (40) investigated the role of heme in SCD vaso-occlusion and showed that administration of heme to SCD mice caused increased endothelial P-selectin and vWF expression, enhanced leucocyte rolling and adhesion and blood flow stasis. When treated with TAK-242 (an inhibitor of TLR4), blood stasis, leucocyte rolling and adhesion were decreased in mice injected with heme.

Adisa et al. (41) reported an association between plasma free heme concentration and the incidence of vaso-occlusive crises, in children with SCD. More recently, Pitanga et al. (42) reported a 4-fold higher level of circulating IL-1β in SCD patients at steady state, compared to healthy individuals. The authors also observed higher mRNA expressions of NLRP3 and IL-1β in the peripheral blood mononuclear cells (PBMC) of SCD patients, suggesting the activation of the NLRP3 inflammasome. Subsequently, they showed that incubation of PBMC with sickle RBCs induced higher mRNA expression of the genes encoding IL-1β, leukotriene, TLR9, NLRP3, caspase 1, and IL-18 in the supernatant, as compared to PBMC that were incubated with healthy RBCs. The authors did not look for the RBC element/molecule that could trigger the activation of the inflammasome and one could suggest that RBCs may contain several molecules that can act as eDAMPs. Hemolysis-related products are now considered as important eDAMPs that could trigger inflammasome activation in the context of SCD and participate in the pathophysiology of several complications (15, 43). Collectively, these findings suggest that hemolysis-related products could play a major role in the pathophysiology of several complications in SCD, through their binding to TLR4 and the activation of NF-κB and NLRP3 pathways and the enhanced production of pro-inflammatory cytokines, such as IL1β and IL18 (15). Other potent eDAMPs that may be released by RBCs during hemolysis include heat shock proteins (Hsp), such as Hsp70, IL-33, and adenosine 5′ triphosphate (43).



Hemolysis, Neutrophil Extracellular Traps (NETs), and Inflammation

Heme/hemin have also been shown to activate neutrophils (44) and promote the release of NETs in SCD (45). Schimmel et al. (46) reported higher nucleosome levels in SCD patients at steady state, compared to healthy individuals, with a further increase during crisis. In addition, the authors reported a correlation between the levels of nucleosomes and the length of hospital stay in patients developing acute chest syndrome. NETs are composed of decondensed chromatin fibers coated with antimicrobial granular and cytoplasmic proteins, such as myeloperoxidase (MPO), neutrophil elastase, and alpha defensin. These NETs are able to promote endothelial activation, thus increasing VCAM-1 and ICAM-1 expression (47). It has also been suggested that NETs could promote vessel occlusion by providing a scaffold for platelets, RBCs and pro-coagulant molecules (48). Recent studies also demonstrated that NETs induced the activation of the NLRP3 inflammasome in macrophages through TLR4/TLR9 signaling pathways, leading to higher production of IL-1β in the context of diabetes and atherosclerosis (49, 50). Indeed, one may suspect a role of NETs in SCD pathogenesis through an activation of the immune innate system (15).



Hemolysis and the Alternative Complement Pathway

Hemolysis activates the alternative complement pathway. In atypical uremic hemolytic syndrome, heme has been shown to activate the complement system in plasma and on endothelial cells (51). Heme-induced exocytosis of Weibel-Palade bodies from endothelial cells induces the expression of P-selectin, which is known to bind C3b and trigger complement activation (51). In addition, heme can trigger the release of C5a and C5b9, leading to the activation and permeabilization of endothelial cells (51). The attachment of membrane attack complexes to the endothelial cells may promote inflammation through NF-κB signaling (52).

Increased soluble C5b-9 levels have been reported in SCD patients (53, 54). Vercellotti et al. (55) demonstrated increased C3 activation fragments and C5b-9 in the kidneys, lungs and liver of sickle cell mice, compared to control mice, and Lombardi et al. (56) found increased microvascular deposition of C5b-9 on skin biopsies in SCD patients. Increased alternative pathway Bb fragments have also been reported in the plasma of both sickle cell mice and sickle cell patients (55, 57). The infusion of recombinant C5a has been shown to cause blood stasis and inflammation in the liver of sickle cell mice (through NF-κB activation and increased expression of TLR4 and several adhesion molecules), but this response was reversed by an anti-C5a receptor IgG (55). The increased externalization of phosphatidylethanolamine and phosphatidylserine at the membrane of sickle RBCs is also suspected to induce complement activation with increased C3 and C3b binding (56, 57). A very recent work investigated the role of heme on complement activation in the context of SCD (58). The authors showed increased C3 and C9 deposition in the kidneys of both sickle cell mice and SCD patients and demonstrated that C3 fragment deposition was increased in the kidney of normal mice receiving phenylhydrazine to promote intravascular hemolysis. The effects of hemin were tested on endothelial cells and it was shown that heme triggered rapid P-selectin, C3aR and C5aR expression, C3 and C5b9 deposition, and downregulated CD46, a transmembrane protein able to bind and inactivate C3b and C4b. The use of hemopexin with hemin reduced the deposition of C3 and C5b9 on endothelial cells. Merle et al. (59) demonstrated that P-selectin drives complement attack on endothelial cells during intravascular hemolysis in a TLR-4/heme-dependent manner. Altogether, these studies support a key role for hemolysis in endothelial dysfunction in SCD with implications for the participation of the alternative complement pathway.



Hemolysis, Microparticles, Inflammation, and Oxidative Stress

Circulating extra-cellular vesicles (EV), such as microparticles (MPs, 0.1–1 μm) and exosomes (30–100 nm), are thought to play a role in the pathogenesis of SCD (60, 61). Several groups reported a 3- to 4-fold increase of plasma MPs (mainly originating from platelets and RBCs) in SCD patients at steady-state compared to healthy individuals (62–66), with a further rise during vaso-occlusive crises (62, 67, 68). Khalyfa et al. (69) reported increased levels of circulating exosomes in SCD patients compared to healthy individuals, with the most severe patients (i.e., with the highest rate of painful vaso-occlusive crises) exhibiting the highest levels.

MPs and exosomes carry diverse cargoes including proteins, RNA species, such as mRNA and miRNA and lipids that can be transported and exchanged between cells, strongly suggesting that EV play key roles in cell-cell communication at both paracrine and systemic levels (61, 70). Not specific to SCD, these EV may promote inflammation, oxidative stress, coagulation, and endothelial activation. The high amount of externalized phosphatidylserine at the surface of most of the MPs is responsible for their pro-coagulant property while others express tissue factor (60, 61). Various blood cell-derived MPs have also been shown to regulate the production of reactive oxygen species and promote endothelial activation (61, 71). MPs shed by endothelial cells (71), monocytes (72), and lymphocytes (73) induce endothelial [image: image] and H2O2 production in cultured endothelial cells through processes involving different enzymatic systems, and thus may lead to apoptosis (74). Treatment of endothelial cells with platelet- and endothelial cell-derived MPs were associated with increased expression of cell adhesion molecules and monocyte-endothelial cell interactions (74, 75).

However, only a few studies have investigated the effects of EV in the context of SCD, and more particularly the effects of RBC-derived MPs. It seems that the amount of circulating RBC-derived MPs is directly related to the degree of hemolysis (64, 76, 77). Several authors reported strong associations between various markers of hemolysis, such as heme, lactate dehydrogenase, plasma hemoglobin, serum bilirubin, reticulocyte count, fetal Hb or hemoglobin concentration, and RBC-MPs (76, 77). Camus et al. (78, 79) previously demonstrated that ex-vivo generated sickle RBC-MPs, when infused in sickle cell mice, promoted kidney vaso-occlusions. The authors further demonstrated that these RBC-MPs delivered toxic heme to endothelial cells, which increased the production of reactive oxygen species and the expression of endothelial cell adhesion molecules, and promoted apoptosis. Interestingly, heme-loaded MPs were also shown to activate the alternative and terminal complement pathway at the surface of the endothelial cells (58). Khalyfa et al. (69) demonstrated that exosomes isolated from SCA patients with frequent vaso-occlusive crises, for which RBC-derived exosomes being the most abundant, decreased endothelial permeability and promoted P-selectin expression on cultured endothelial cells. These exosomes also significantly increased the adhesion of monocytes to the vascular wall in mice, compared with exosomes isolated from SCA patients with a less severe phenotype.

Taken together, these findings suggest that the accumulation of RBC-MPs, consecutive to enhanced hemolysis, in SCD could cause serious damage to the vascular system and modulate clinical severity.




HOW DO SICKLE RBCS REACT TO THIS PRO-INFLAMMATORY AND PRO-OXIDATIVE ENVIRONMENT?

Because RBCs are very fragile and prone to lysis, SCD patients are characterized by chronic anemia. We previously discussed the consequences of enhanced hemolysis in SCD on the reduction of NO bioavailability, the increase in oxidative stress and inflammation, the production of NETs, the activation of the alternative complement pathway and the release of RBC-derived MPs, which all lead to endothelial activation and vascular dysfunction. However, this pro-inflammatory and pro-oxidative environment may further damage the RBCs, which could further alter their rheological properties and increase their fragility.


Nitric Oxide and RBCs

The effects of NO on the vascular system have been well-described in the literature, but NO may also affect the mechanical properties of RBCs. One of the first reports suggesting that NO could affect RBC deformability was the study of Starzyk et al. (80), which demonstrated that intravenous infusion of L-NAME (an eNOS inhibitor) in rats caused a reduction in RBC deformability. Bor-Kucukatay et al. (81) then demonstrated that several eNOS inhibitors decreased RBC deformability. A recent work conducted in SCD showed that in vitro incubation of RBCs with sodium nitroprusside (a NO donor) decreased the amount of intracellular reactive oxygen species and increased RBC deformability (82). This study also demonstrated that, in addition to its effects on HbF production and the reduction of HbS polymerization, the positive effects of hydroxycarbamide treatment on SCD RBC deformability could be related to the increased NO delivery from the drug to sickle RBCs.

It has been suggested that the effect of NO on RBC deformability could be partially mediated by soluble guanylyl cyclase (sGC) (83), but studies by Bor-Kucukatay et al. (81) and Baskurt et al. (84) also support a role for NO in potassium permeability. In addition, NO could decrease the risk for hemolysis and increase RBC survival rate through its effects on eryptosis since NO is able to down-regulate caspase 3 activity through S-nitrosylation (85). More recently, another group demonstrated that the NO donor, sodium nitroprusside, inhibited the decrease in RBC deformability induced by ionophore A23187-mediated calcium influx in RBC (86). Increased intracellular calcium concentration activates calcium-sensitive K+ (Gárdos) channels, resulting in potassium-efflux and decreased cell volume, which in turn increases the stiffness of RBC; however, the presence of sodium nitroprusside abolished this calcium-induced impairment in RBC deformability (86). Barodka et al. (86) suggested that sodium nitroprusside may have limited calcium influx, thereby inhibiting the activation of Gárdos channels, and thus, maintaining cell volume and RBC deformability. However, the effects of NO on RBC rheology may not be limited only to its effects on RBC deformability. For instance, Bor-Kucukatay et al. (87) demonstrated that incubation of RBC with sodium nitroprusside decreased RBC aggregation, while giving L-NAME to rats resulted in a rise in their RBC aggregation. The underlying mechanisms at the origin of these findings are unclear, but might involve membrane/cytoskeletal protein nitrosylation or oxidative stress modulation. In conclusion, the reduction of NO bioavailability in SCD probably plays a role in the modulation of RBC rheology (82, 88).



Oxidative Stress and RBCs

As previously discussed, oxidative stress is increased in SCD, both in plasma and RBC (15, 82, 89–92), with a further rise during painful vaso-occlusive crises (68). Through its effects on the membrane of RBCs (i.e., lipid peroxidation and protein oxidation) and caspase 3 activation (93, 94), oxidative stress is a key modulator of RBC rheological properties. Moreover, oxidative stress is able to activate Ca2+-permeable non-selective cation channels in the RBC membrane, leading to the accumulation of Ca2+ within RBCs, which can trigger RBC membrane scrambling, resulting in phosphatidylserine exposure and possibly in membrane bubbling and emission of MPs (95). In addition, the activation of Ca2+-sensitive K+ channels can lead to K+ exit, hyperpolarization, Cl− exit and cell shrinkage (95).

Baskurt et al. (96) demonstrated that superoxide anion caused a decrease in RBC deformability, a slight decrease in RBC aggregation and a large increase in RBC aggregates strength, meaning that the RBC aggregates formed are more robust upon oxidative stress. Depending on the concentration used, hydrogen peroxide may decrease RBC deformability (high concentration) or increase RBC adhesion to endothelial cells (low concentration) (97). Using atomic force microscopy, Sinha et al. (98) demonstrated the deleterious effects of several oxidant molecules (hydrogen peroxide, diamide, primaquine bisphophate, and cumene hydroperoxide) on RBC cytoskeletal architecture and membrane stiffness. All these changes may affect the fragility of RBCs. For instance, McNamee et al. (99) recently showed that phenazine methosulfate (an agent that generates superoxide anion within RBCs) decreased RBC deformability and increased the sensitivity of RBCs to shear-mediated damage. Hierso et al. (100) compared the biophysical response of healthy and SCD RBCs to in-vitro oxidative stress, using t-butyl hydroperoxide (TBHP). TBHP increased the production of ROS and decreased GSH content within the RBCs of both SCD and healthy individuals. In addition, the molecule decreased RBC deformability and RBC aggregation, and increased the strength of RBC aggregates in the two populations. However, the magnitude of changes in RBC rheology was 2- to 3-fold higher in SCD patients than in healthy individuals, indicating that RBC from SCD patients are more susceptible to oxidative stress than RBC from healthy individuals. The decrease in RBC antioxidant defenses in SCD could account for these differences (100).



Inflammation and RBCs

SCD is characterized by a pro-inflammatory state leading to high plasma cytokines levels. Karsten et al. (101) recently showed that 46 cytokines can be detected in RBCs lysates of healthy individuals, and their median concentrations in RBCs were 12-fold higher than in plasma. Among them, the authors reported the presence of IFN-γ, IL-1β, IL-18, TNF-α as well as several chemokines, such as IL-8 and RANTES. The mean IL-1β and IL-18 concentrations in whole blood were 0.5 and 13.3 pg/ml, respectively, but the concentrations reached 4.2 and 657.6 pg/ml in RBCs, respectively (after correction for white blood cell contamination). When incubated in a protein-free media, the authors demonstrated that RBCs were able to release TNF-α, RANTES, IL-6, IL-8, and other molecules. It was also demonstrated that RBCs were able to capture various recombinant cytokines by using a recombinant standard cytokine mix. This study concluded that RBCs are dynamic reservoirs of cytokines, preventing chemokine clearance and thereby prolonging chemokine half-life in the blood. One major locus for cytokines binding is the Duffy Antigen receptor for chemokines (DARC) (102). Instead of acting as a reservoir, Darbonne et al. (102) proposed that RBCs act as a sink for IL-8, thereby inactivating the IL-8-dependent gradient and preventing neutrophil recruitment. DARC may also capture other chemokines of the CXC and CC families (103). Lee et al. demonstrated that patients lacking erythroid DARC expression exhibited higher plasma chemokine levels following LPS exposure, suggesting that DARC could act as chemokine scavengers to decrease immune-activating signals (sink hypothesis). The two models for RBC regulation of cytokines and chemokines levels could appear contradictory, but they may be not mutually exclusive. Fukuma et al. (104) proposed that RBCs would scavenge chemokines/cytokines from sites of inflammation, but could eventually release them in response to a reduction of plasma levels, effectively maintaining homeostasis. The degree of rupture of this homeostasis is unknown in SCD, but some studies have investigated the consequences of various inflammatory molecules on RBC properties. Bester et al. (105, 106) recently demonstrated that IL-8 affects the shape of healthy RBCs with morphological changes typical of those occurring during eryptosis. Circulating extracellular histones (i.e., a marker of NETosis) have recently been reported to promote eryptosis in healthy donors, ending with increased RBC phosphatidylserine externalization and RBC shrinkage (107). Test et al. (108) demonstrated increased binding of C5-b7 and of C9 to dense sickle RBCs, increasing the susceptibility of these cells to C5b-9-mediated reactive lysis initiated by C5b6. George et al. (109) tested the effects of transforming growth factor β1 and endothelin-1 (two cytokines known to be elevated in the context of SCD) on healthy RBCs. They demonstrated that these two inflammatory molecules stimulated RBC NADPH oxidase activity, leading to the accumulation of reactive oxygen species, which are known to damage the membrane of RBCs and increase their rigidity when produced in excess. In addition, endothelin-1 has been shown to promote dehydration of sickle RBCs through an activation of the Gárdos Channel, leading to a rise in RBC density (110). Durpes et al. (111) showed that the percentage of RBCs with densities higher than 1.12 (i.e., irreversibly sickle dehydrated RBCs) was 17-fold higher in sickle cell patients expressing DARC, compared to Duffy-negative patients. Since chemokines and cytokines would be able to bind to DARC, these results suggest a link between inflammation and sickle RBC dehydration. Furthermore, the authors demonstrated that both IL-8 and RANTES promoted dehydration in sickle RBC expressing DARC, through an activation of the Gárdos pathway. The same group (112) reported an effect of these two chemokines on the activation of α4β1 integrin in sickle reticulocytes expressing DARC, resulting in a greater adhesion of sickle RBCs to immobilized VCAM-1 and fibronectin. These findings could partly explain why Drasar et al. (113) reported that SCD patients with RBCs expressing DARC could be more prone to developing leg ulcers and kidney disease than Duffy-negative SCD patients, although this association between Duffy phenotype and SCD clinical severity is still debated (114, 115). Nebor et al. (116) failed to find an association between Duffy phenotype and the clinical severity in a large cohort of SCD patients, but they reported higher plasma IL-8 and RANTES levels in Duffy-positive vs. Duffy-negative patients, suggesting that RBCs can clearly modulate the level of inflammation in SCD. Although the exact mechanisms by which RBCs can modulate inflammation in SCD are not fully understood, these findings support the fact that pro-inflammatory molecules may promote sickle RBC dehydration and increase RBC density/rigidity through increased Gárdos channel activity, as well as increase RBC adhesiveness to endothelial cells through α4β1 clustering.




IMPAIRED RBC RHEOLOGY IS INVOLVED IN THE PATHOPHYSIOLOGY OF SCD

As previously discussed, enhanced hemolysis, due to the decreased deformability and increased fragility of sickle RBC, disturbs NO metabolism and promotes oxidative stress and inflammation through various mechanisms. In turn, this pro-inflammatory and pro-oxidative environment may further impair the rheological properties of RBCs and increase their fragility, further impacting on the clinical expression of the disease. For instance, SCD patients with the lowest RBC deformability have been reported to be at higher risk of developing priapism, leg ulcers and glomerulopathy than those with the highest RBC deformability (117–119). There is a clear relationship between RBC deformability, RBC fragility and the extent of hemolysis in SCD (120). Patients with the lowest deformability have higher hemolytic rates, which may increase their risk of developing hemolytic-like complications, such as those cited above (14, 121, 122). Moreover, abnormal RBC aggregation properties may also play a role in SCD pathogenesis and are modulated by both oxidative stress and inflammation. Lamarre et al. (123) found an association between increased RBC aggregation strength and the occurrence of acute chest syndrome. More recently, Lapouméroulie et al. (124) observed a rise of RBC aggregation and of the robustness of RBC aggregates in SCD patients during vaso-occlusive crisis compared to the steady-state condition. Abnormal RBC aggregation may both disturb blood flow in the microcirculation and microcirculation (125). In the microcirculation, increased RBC aggregate strength may increase vascular resistance and decrease blood flow at the entry of capillaries (88). In the macrocirculation, the different hemodynamic re-arrangements between flowing RBC aggregates and single flowing RBCs create a situation where the width of the cell free layer close to the vascular wall is larger when RBC aggregates are flowing, leading to a decrease in wall shear stress, and reductions in eNOS activation and NO production, thus impacting on the ability of the vessels to adapt their diameters (125–127).



CONCLUSION

While SCD is the first disease for which the molecular basis has been identified (128), the pathophysiology of this disorder remains not fully understood despite decades of extensive studies dedicated to decipher these complex mechanisms. While the consequences of the polymerization of abnormal hemoglobin S were originally described to result in RBC deformability impairment and increased fragility, a large number of abnormalities have been described more recently, such as: the consequences of enhanced hemolysis on decreased NO bioactivity/bioavailability, the consequences of hemolysis and other factors on oxidative stress, the activation of inflammation, the release of NETosis products into the blood, the activation of the alternative complement pathway and the production of deleterious extracellular vesicles. All these biological abnormalities modulate and reflect the clinical severity of the patients. But, during the last years, accumulating evidence shows that each of these abnormalities impacts on RBC physiology and biophysical behavior: NO modulates directly the rheology of RBCs, increased oxidative stress may cause damage to the RBC membrane, accumulation of cytokines in the RBCs may further promote their dehydration and increase their adhesiveness to the vascular wall, accumulation of NETs could participate in hetero-cellular aggregation and accumulation of fragments of the alternative complement pathway may fragilize RBCs. Indeed, one may assume that these recent data suggest a new vicious circle in SCD, starting with impaired RBC rheology and increased RBC fragility and ending with further impairment of RBC, which would further worsen the clinical condition of SCD patients (Figure 1). As our understanding of the complex pathophysiological scheme of SCD has clearly improved during the last decade, further studies are warranted to better describe the relationships between the various abnormalities associated with the most frequently encountered genetic disease worldwide.
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FIGURE 1. The red blood cell—inflammation vicious circle in sickle cell disease. From RBC alterations to oxidative stress, inflammation and endothelial dysfunction: Sickled RBC are very fragile and prone to hemolyze. Hemolysis leads to the release of heme, iron, Hb and arginase into the plasma, which interfere with the metabolism/bioavailability of NO: (I) free arginase may hydrolyze the NO precursor Arginine; (II) free Hb scavenges NO at a rate of 1,000-fold faster than Hb encapsulated in the RBCs; (III) heme and iron increase ROS generation, which lead to the production of peroxynitrite. ROS production is also enhanced by Xanthine Oxidase activation, caused by the repetition of ischemic/reperfusion events. Decreased NO bioavailability and increased ROS activate endothelial cells, which in turn express adhesion molecules of both the CAM and Selectin families, promoting cell-cell interactions. Free heme is able to activate endothelial TLR4, which promotes inflammasome activation and cytokines production through NF-κB activation. Heme may also activate neutrophils, which would release NETs that can also affect endothelial cells and act as a scaffold for platelets and RBCs. Recent evidence also showed that free heme could stimulate the complement pathway with potential consequences at the endothelial cell level. From inflammation and oxidative stress to RBC alterations: This pro-inflammatory and pro-oxidative environment, resulting from sickle RBCs alterations, also impacts on RBC rheology and physiology. Increased ROS production may lower RBC deformability and increase RBC aggregation. Decreased NO bioavailability could also participate in the decrease of RBC deformability and promote eryptosis. NETs could also promote RBC eryptosis. Circulating inflammatory molecules, such as ET-1 and TGF-β, may activate RBC NADPH Oxidase, which in turn would produce ROS and further alter RBC. ROS and ET-1 are known to activate the RBC Gárdos channel, which could favor RBC dehydration and further promote HbS polymerization. The enhanced release of MP by sickled RBCs could further exacerbate inflammation and oxidative stress. Increased RBC phosphatidylserine exposure may favor the binding of complement proteins at the surface of RBCs, which can induce their lysis. RBCs also act as a reservoir and/or a sink for pro-inflammatory cytokines/chemokines. IL-8, TNF-α, and RANTES promote RBC dehydration through Gárdos channel activation in RBCs expressing DARC. IL-8 and RANTES can also lead to the activation of α4β1 integrin in sickle reticulocytes expressing DARC, contributing to the adhesion of these cells to the endothelium.




AUTHOR CONTRIBUTIONS

EN, MR, and PC reviewed the literature, wrote the manuscript, and drew the figure. All authors approved the final version of the manuscript.



REFERENCES

 1. Lettre G. The search for genetic modifiers of disease severity in the beta-hemoglobinopathies. Cold Spring Harb Perspect Med. (2012) 2:a015032. doi: 10.1101/cshperspect.a015032

 2. Ferrone FA. The delay time in sickle cell disease after 40 years: a paradigm assessed. Am J Hematol. (2015) 90:438–45. doi: 10.1002/ajh.23958

 3. Coates TD, Chalacheva P, Zeltzer L, Khoo MCK. Autonomic nervous system involvement in sickle cell disease. Clin Hemorheol Microcirc. (2018) 68:251–62. doi: 10.3233/CH-189011

 4. Kaul DK, Fabry ME, Nagel RL. Microvascular sites and characteristics of sickle cell adhesion to vascular endothelium in shear flow conditions: pathophysiological implications. Proc Natl Acad Sci USA. (1989) 86:3356–60. doi: 10.1073/pnas.86.9.3356

 5. Belcher JD, Marker PH, Weber JP, Hebbel RP, Vercellotti GM. Activated monocytes in sickle cell disease: potential role in the activation of vascular endothelium and vaso-occlusion. Blood. (2000) 96:2451–9. doi: 10.1182/blood.V96.7.2451

 6. Zhang D, Xu C, Manwani D, Frenette PS. Neutrophils, platelets, and inflammatory pathways at the nexus of sickle cell disease pathophysiology. Blood. (2016) 127:801–9. doi: 10.1182/blood-2015-09-618538

 7. Koehl B, Nivoit P, El Nemer W, Lenoir O, Hermand P, Pereira C, et al. The endothelin B receptor plays a crucial role in the adhesion of neutrophils to the endothelium in sickle cell disease. Haematologica. (2017) 102:1161–72. doi: 10.3324/haematol.2016.156869

 8. Connes P, Machado R, Hue O, Reid H. Exercise limitation, exercise testing and exercise recommendations in sickle cell anemia. Clin Hemorheol Microcirc. (2011) 49:151–63. doi: 10.3233/CH-2011-1465

 9. Elmariah H, Garrett ME, De Castro LM, Jonassaint JC, Ataga KI, Eckman JR, et al. Factors associated with survival in a contemporary adult sickle cell disease cohort. Am J Hematol. (2014) 89:530–5. doi: 10.1002/ajh.23683

 10. Taylor JGT, Nolan VG, Mendelsohn L, Kato GJ, Gladwin MT, Steinberg MH. Chronic hyper-hemolysis in sickle cell anemia: association of vascular complications and mortality with less frequent vasoocclusive pain. PLoS ONE. (2008) 3:e2095. doi: 10.1371/journal.pone.0002095

 11. Kato GJ, Gladwin MT, Steinberg MH. Deconstructing sickle cell disease: reappraisal of the role of hemolysis in the development of clinical subphenotypes. Blood Rev. (2007) 21:37–47. doi: 10.1016/j.blre.2006.07.001

 12. De Caterina R, Libby P, Peng HB, Thannickal VJ, Rajavashisth TB, Gimbrone MA, et al. Nitric oxide decreases cytokine-induced endothelial activation. Nitric oxide selectively reduces endothelial expression of adhesion molecules and proinflammatory cytokines. J Clin Invest. (1995) 96:60–8. doi: 10.1172/JCI118074

 13. Radomski MW, Moncada S. The biological and pharmacological role of nitric oxide in platelet function. Adv Exp Med Biol. (1993) 344:251–64. doi: 10.1007/978-1-4615-2994-1_20

 14. Kato GJ, Steinberg MH, Gladwin MT. Intravascular hemolysis and the pathophysiology of sickle cell disease. J Clin Invest. (2017) 127:750–60. doi: 10.1172/JCI89741

 15. Kato GJ, Piel FB, Reid CD, Gaston MH, Ohene-Frempong K, Krishnamurti L, et al. Sickle cell disease. Nat Rev Dis Primers. (2018) 4:18010. doi: 10.1038/nrdp.2018.10

 16. Rother RP, Bell L, Hillmen P, Gladwin MT. The clinical sequelae of intravascular hemolysis and extracellular plasma hemoglobin: a novel mechanism of human disease. JAMA. (2005) 293:1653–62. doi: 10.1001/jama.293.13.1653

 17. Reiter CD, Wang X, Tanus-Santos JE, Hogg N, Cannon RO III, Schechter AN, et al. Cell-free hemoglobin limits nitric oxide bioavailability in sickle-cell disease. Nat Med. (2002) 8:1383–9. doi: 10.1038/nm1202-799

 18. Eberhardt RT, Mcmahon L, Duffy SJ, Steinberg MH, Perrine SP, Loscalzo J, et al. Sickle cell anemia is associated with reduced nitric oxide bioactivity in peripheral conduit and resistance vessels. Am J Hematol. (2003) 74:104–11. doi: 10.1002/ajh.10387

 19. Belhassen L, Pelle G, Sediame S, Bachir D, Carville C, Bucherer C, et al. Endothelial dysfunction in patients with sickle cell disease is related to selective impairment of shear stress-mediated vasodilation. Blood. (2001) 97:1584–9. doi: 10.1182/blood.V97.6.1584

 20. Mockesch B, Charlot K, Jumet S, Romana M, Divialle-Doumdo L, Hardy-Dessources MD, et al. Micro- and macrovascular function in children with sickle cell anaemia and sickle cell haemoglobin C disease. Blood Cells Mol Dis. (2017) 64:23–9. doi: 10.1016/j.bcmd.2017.02.001

 21. Pakbaz Z, Wun T. Role of the hemostatic system on sickle cell disease pathophysiology and potential therapeutics. Hematol Oncol Clin North Am. (2014) 28:355–74. doi: 10.1016/j.hoc.2013.11.011

 22. Noubouossie D, Key NS, Ataga KI. Coagulation abnormalities of sickle cell disease: Relationship with clinical outcomes and the effect of disease modifying therapies. Blood Rev. (2016) 30:245–56. doi: 10.1016/j.blre.2015.12.003

 23. Villagra J, Shiva S, Hunter LA, Machado RF, Gladwin MT, Kato GJ. Platelet activation in patients with sickle disease, hemolysis-associated pulmonary hypertension, and nitric oxide scavenging by cell-free hemoglobin. Blood. (2007) 110:2166–72. doi: 10.1182/blood-2006-12-061697

 24. Kato GJ, Martyr S, Blackwelder WC, Nichols JS, Coles WA, Hunter LA, et al. Levels of soluble endothelium-derived adhesion molecules in patients with sickle cell disease are associated with pulmonary hypertension, organ dysfunction, and mortality. Br J Haematol. (2005) 130:943–53. doi: 10.1111/j.1365-2141.2005.05701.x

 25. Zhang L, Levy A, Rifkind JM. Autoxidation of hemoglobin enhanced by dissociation into dimers. J Biol Chem. (1991) 266:24698–701.

 26. Aslan M, Ryan TM, Adler B, Townes TM, Parks DA, Thompson JA, et al. Oxygen radical inhibition of nitric oxide-dependent vascular function in sickle cell disease. Proc Natl Acad Sci USA. (2001) 98:15215–20. doi: 10.1073/pnas.221292098

 27. Radi R, Beckman JS, Bush KM, Freeman BA. Peroxynitrite-induced membrane lipid peroxidation: the cytotoxic potential of superoxide and nitric oxide. Arch Biochem Biophys. (1991) 288:481–7. doi: 10.1016/0003-9861(91)90224-7

 28. Pohlman TH, Harlan JM. Adaptive responses of the endothelium to stress. J Surg Res. (2000) 89:85–119. doi: 10.1006/jsre.1999.5801

 29. Lavrovsky Y, Chatterjee B, Clark RA, Roy AK. Role of redox-regulated transcription factors in inflammation, aging and age-related diseases. Exp Gerontol. (2000) 35:521–32. doi: 10.1016/S0531-5565(00)00118-2

 30. Marui N, Offermann MK, Swerlick R, Kunsch C, Rosen CA, Ahmad M, et al. Vascular cell adhesion molecule-1 (VCAM-1) gene transcription and expression are regulated through an antioxidant-sensitive mechanism in human vascular endothelial cells. J Clin Invest. (1993) 92:1866–74. doi: 10.1172/JCI116778

 31. Gee BE, Platt OS. Sickle reticulocytes adhere to VCAM-1. Blood. (1995) 85:268–74. doi: 10.1182/blood.V85.1.268.bloodjournal851268

 32. Sultana C, Shen Y, Rattan V, Johnson C, Kalra VK. Interaction of sickle erythrocytes with endothelial cells in the presence of endothelial cell conditioned medium induces oxidant stress leading to transendothelial migration of monocytes. Blood. (1998) 92:3924–35. doi: 10.1182/blood.V92.10.3924

 33. Conran N, Belcher JD. Inflammation in sickle cell disease. Clin Hemorheol Microcirc. (2018) 68:263–99. doi: 10.3233/CH-189012

 34. Belcher JD, Chen C, Nguyen J, Zhang P, Abdulla F, Nguyen P, et al. Control of oxidative stress and inflammation in sickle cell disease with the Nrf2 activator dimethyl fumarate. Antioxid Redox Signal. (2017) 26:748–62. doi: 10.1089/ars.2015.6571

 35. Wagener FA, Feldman E, De Witte T, Abraham NG. Heme induces the expression of adhesion molecules ICAM-1, VCAM-1, and E selectin in vascular endothelial cells. Proc Soc Exp Biol Med. (1997) 216:456–63. doi: 10.3181/00379727-216-44197

 36. Wagener FA, Eggert A, Boerman OC, Oyen WJ, Verhofstad A, Abraham NG, et al. Heme is a potent inducer of inflammation in mice and is counteracted by heme oxygenase. Blood. (2001) 98:1802–11. doi: 10.1182/blood.V98.6.1802

 37. Natarajan R, Fisher BJ, Fowler AA III. Hypoxia inducible factor-1 modulates hemin-induced IL-8 secretion in microvascular endothelium. Microvasc Res. (2007) 73:163–72. doi: 10.1016/j.mvr.2007.01.002

 38. Dutra FF, Bozza MT. Heme on innate immunity and inflammation. Front Pharmacol. (2014) 5:115. doi: 10.3389/fphar.2014.00115

 39. Ghosh S, Adisa OA, Chappa P, Tan F, Jackson KA, Archer DR, et al. Extracellular hemin crisis triggers acute chest syndrome in sickle mice. J Clin Invest. (2013) 123:4809–20. doi: 10.1172/JCI64578

 40. Belcher JD, Chen C, Nguyen J, Milbauer L, Abdulla F, Alayash AI, et al. Heme triggers TLR4 signaling leading to endothelial cell activation and vaso-occlusion in murine sickle cell disease. Blood. (2014) 123:377–90. doi: 10.1182/blood-2013-04-495887

 41. Adisa OA, Hu Y, Ghosh S, Aryee D, Osunkwo I, Ofori-Acquah SF. Association between plasma free haem and incidence of vaso-occlusive episodes and acute chest syndrome in children with sickle cell disease. Br J Haematol. (2013) 162:702–5. doi: 10.1111/bjh.12445

 42. Pitanga TN, Oliveira RR, Zanette DL, Guarda CC, Santiago RP, Santana SS, et al. Sickle red cells as danger signals on proinflammatory gene expression, leukotriene B4 and interleukin-1 beta production in peripheral blood mononuclear cell. Cytokine. (2016) 83:75–84. doi: 10.1016/j.cyto.2016.03.016

 43. Mendonca R, Silveira AA, Conran N. Red cell DAMPs and inflammation. Inflamm Res. (2016) 65:665–78. doi: 10.1007/s00011-016-0955-9

 44. Graca-Souza AV, Arruda MA, De Freitas MS, Barja-Fidalgo C, Oliveira PL. Neutrophil activation by heme: implications for inflammatory processes. Blood. (2002) 99:4160–5. doi: 10.1182/blood.V99.11.4160

 45. Chen G, Zhang D, Fuchs TA, Manwani D, Wagner DD, Frenette PS. Heme-induced neutrophil extracellular traps contribute to the pathogenesis of sickle cell disease. Blood. (2014) 123:3818–27. doi: 10.1182/blood-2013-10-529982

 46. Schimmel M, Nur E, Biemond BJ, Van Mierlo GJ, Solati S, Brandjes DP, et al. Nucleosomes and neutrophil activation in sickle cell disease painful crisis. Haematologica. (2013) 98:1797–803. doi: 10.3324/haematol.2013.088021

 47. Folco EJ, Mawson TL, Vromman A, Bernardes-Souza B, Franck G, Persson O, et al. Neutrophil extracellular traps induce endothelial cell activation and tissue factor production through interleukin-1alpha and cathepsin G. Arterioscler Thromb Vasc Biol. (2018) 38:1901–12. doi: 10.1161/ATVBAHA.118.311150

 48. Thalin C, Hisada Y, Lundstrom S, Mackman N, Wallen H. Neutrophil extracellular traps: villains and targets in arterial, venous, and cancer-associated thrombosis. Arterioscler Thromb Vasc Biol. (2019) 39:1724–38. doi: 10.1161/ATVBAHA.119.312463

 49. Warnatsch A, Ioannou M, Wang Q, Papayannopoulos V. Inflammation. Neutrophil extracellular traps license macrophages for cytokine production in atherosclerosis. Science. (2015) 349:316–20. doi: 10.1126/science.aaa8064

 50. Liu D, Yang P, Gao M, Yu T, Shi Y, Zhang M, et al. NLRP3 activation induced by neutrophil extracellular traps sustains inflammatory response in the diabetic wound. Clin Sci (Lond). (2019) 133:565–82. doi: 10.1042/CS20180600

 51. Frimat M, Tabarin F, Dimitrov JD, Poitou C, Halbwachs-Mecarelli L, Fremeaux-Bacchi V, et al. Complement activation by heme as a secondary hit for atypical hemolytic uremic syndrome. Blood. (2013) 122:282–92. doi: 10.1182/blood-2013-03-489245

 52. Jane-Wit D, Surovtseva YV, Qin L, Li G, Liu R, Clark P, et al. Complement membrane attack complexes activate noncanonical NF-κB by forming an Akt+ NIK+ signalosome on Rab5+ endosomes. Proc Natl Acad Sci USA. (2015) 112:9686–91. doi: 10.1073/pnas.1503535112

 53. Chapin J, Terry HS, Kleinert D, Laurence J. The role of complement activation in thrombosis and hemolytic anemias. Transfus Apher Sci. (2016) 54:191–8. doi: 10.1016/j.transci.2016.04.008

 54. Gavriilaki E, Mainou M, Christodoulou I, Koravou EE, Paleta A, Touloumenidou T, et al. In vitro evidence of complement activation in patients with sickle cell disease. Haematologica. (2017) 102:e481–2. doi: 10.3324/haematol.2017.174201

 55. Vercellotti GM, Dalmasso AP, Schaid TR Jr, Nguyen J, Chen C, et al. Critical role of C5a in sickle cell disease. Am J Hematol. (2019) 94:327–37. doi: 10.1002/ajh.25384

 56. Lombardi E, Matte A, Risitano AM, Ricklin D, Lambris JD, De Zanet D, et al. Factor H interferes with the adhesion of sickle red cells to vascular endothelium: a novel disease-modulating molecule. Haematologica. (2019) 104:919–28. doi: 10.3324/haematol.2018.198622

 57. Wang RH, Phillips G Jr, Medof ME, Mold C. Activation of the alternative complement pathway by exposure of phosphatidylethanolamine and phosphatidylserine on erythrocytes from sickle cell disease patients. J Clin Invest. (1993) 92:1326–35. doi: 10.1172/JCI116706

 58. Merle NS, Grunenwald A, Rajaratnam H, Gnemmi V, Frimat M, Figueres ML, et al. Intravascular hemolysis activates complement via cell-free heme and heme-loaded microvesicles. JCI Insight. (2018) 3:96910. doi: 10.1172/jci.insight.96910

 59. Merle NS, Paule R, Leon J, Daugan M, Robe-Rybkine T, Poillerat V, et al. P-selectin drives complement attack on endothelium during intravascular hemolysis in TLR-4/heme-dependent manner. Proc Natl Acad Sci USA. (2019) 116:6280–5. doi: 10.1073/pnas.1814797116

 60. Hebbel RP, Key NS. Microparticles in sickle cell anaemia: promise and pitfalls. Br J Haematol. (2016) 174:16–29. doi: 10.1111/bjh.14112

 61. Romana M, Connes P, Key NS. Microparticles in sickle cell disease. Clin Hemorheol Microcirc. (2018) 68:319–29. doi: 10.3233/CH-189014

 62. Shet AS, Aras O, Gupta K, Hass MJ, Rausch DJ, Saba N, et al. Sickle blood contains tissue factor-positive microparticles derived from endothelial cells and monocytes. Blood. (2003) 102:2678–83. doi: 10.1182/blood-2003-03-0693

 63. Van Beers EJ, Schaap MC, Berckmans RJ, Nieuwland R, Sturk A, Van Doormaal FF, et al. Circulating erythrocyte-derived microparticles are associated with coagulation activation in sickle cell disease. Haematologica. (2009) 94:1513–9. doi: 10.3324/haematol.2009.008938

 64. Nebor D, Romana M, Santiago R, Vachiery N, Picot J, Broquere C, et al. Fetal hemoglobin and hydroxycarbamide moduate both plasma concentration and cellular origin of circulating microparticles in sickle cell anemia children. Haematologica. (2013) 98:862–7. doi: 10.3324/haematol.2012.073619

 65. Tantawy AA, Adly AA, Ismail EA, Habeeb NM, Farouk A. Circulating platelet and erythrocyte microparticles in young children and adolescents with sickle cell disease: Relation to cardiovascular complications. Platelets. (2013) 24:605–14. doi: 10.3109/09537104.2012.749397

 66. Nebor D, Bowers A, Connes P, Hardy-Dessources MD, Knight-Madden J, Cumming V, et al. Plasma concentration of platelet-derived microparticles is related to painful vaso-occlusive phenotype severity in sickle cell anemia. PLoS ONE. (2014) 9:e87243. doi: 10.1371/journal.pone.0087243

 67. Van Tits LJ, Van Heerde WL, Landburg PP, Boderie MJ, Muskiet FA, Jacobs N, et al. Plasma annexin A5 and microparticle phosphatidylserine levels are elevated in sickle cell disease and increase further during painful crisis. Biochem Biophys Res Commun. (2009) 390:161–4. doi: 10.1016/j.bbrc.2009.09.102

 68. Hierso R, Lemonne N, Villaescusa R, Lalanne-Mistrih ML, Charlot K, Etienne-Julan M, et al. Exacerbation of oxidative stress during sickle vaso-occlusive crisis is associated with decreased anti-band 3 autoantibodies rate and increased red blood cell-derived microparticle level: a prospective study. Br J Haematol. (2017) 176:805–13. doi: 10.1111/bjh.14476

 69. Khalyfa A, Khalyfa AA, Akbarpour M, Connes P, Romana M, Lapping-Carr G, et al. Extracellular microvesicle microRNAs in children with sickle cell anaemia with divergent clinical phenotypes. Br J Haematol. (2016) 174:786–98. doi: 10.1111/bjh.14104

 70. Colombo M, Raposo G, Thery C. Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular vesicles. Annu Rev Cell Dev Biol. (2014) 30:255–89. doi: 10.1146/annurev-cellbio-101512-122326

 71. Burger D, Montezano AC, Nishigaki N, He Y, Carter A, Touyz RM. Endothelial microparticle formation by angiotensin II is mediated via Ang II receptor type I/NADPH oxidase/Rho kinase pathways targeted to lipid rafts. Arterioscler Thromb Vasc Biol. (2011) 31:1898–907. doi: 10.1161/ATVBAHA.110.222703

 72. Essayagh S, Xuereb JM, Terrisse AD, Tellier-Cirioni L, Pipy B, Sie P. Microparticles from apoptotic monocytes induce transient platelet recruitment and tissue factor expression by cultured human vascular endothelial cells via a redox-sensitive mechanism. Thromb Haemost. (2007) 98:831–7. doi: 10.1160/TH07-02-0082

 73. Yang C, Mwaikambo BR, Zhu T, Gagnon C, Lafleur J, Seshadri S, et al. Lymphocytic microparticles inhibit angiogenesis by stimulating oxidative stress and negatively regulating VEGF-induced pathways. Am J Physiol Regul Integr Comp Physiol. (2008) 294:R467–476. doi: 10.1152/ajpregu.00432.2007

 74. Distler JH, Akhmetshina A, Dees C, Jungel A, Sturzl M, Gay S, et al. Induction of apoptosis in circulating angiogenic cells by microparticles. Arthritis Rheum. (2011) 63:2067–77. doi: 10.1002/art.30361

 75. Barry OP, Pratico D, Savani RC, Fitzgerald GA. Modulation of monocyte-endothelial cell interactions by platelet microparticles. J Clin Invest. (1998) 102:136–44. doi: 10.1172/JCI2592

 76. Nouraie M, Lee JS, Zhang Y, Kanias T, Zhao X, Xiong Z, et al. The relationship between the severity of hemolysis, clinical manifestations and risk of death in 415 patients with sickle cell anemia in the US and Europe. Haematologica. (2013) 98:464–72. doi: 10.3324/haematol.2012.068965

 77. Olatunya OS, Lanaro C, Longhini AL, Penteado CFF, Fertrin KY, Adekile A, et al. Red blood cells microparticles are associated with hemolysis markers and may contribute to clinical events among sickle cell disease patients. Ann Hematol. (2019) 98:2507–21. doi: 10.1007/s00277-019-03792-x

 78. Camus SM, Gausseres B, Bonnin P, Loufrani L, Grimaud L, Charue D, et al. Erythrocyte microparticles can induce kidney vaso-occlusions in a murine model of sickle cell disease. Blood. (2012) 120:5050–8. doi: 10.1182/blood-2012-02-413138

 79. Camus SM, De Moraes JA, Bonnin P, Abbyad P, Le Jeune S, Lionnet F, et al. Circulating cell membrane microparticles transfer heme to endothelial cells and trigger vasoocclusions in sickle cell disease. Blood. (2015) 125:3805–14. doi: 10.1182/blood-2014-07-589283

 80. Starzyk D, Korbut R, Gryglewski RJ. The role of nitric oxide in regulation of deformability of red blood cells in acute phase of endotoxaemia in rats. J Physiol Pharmacol. (1997) 48:731–5.

 81. Bor-Kucukatay M, Wenby RB, Meiselman HJ, Baskurt OK. Effects of nitric oxide on red blood cell deformability. Am J Physiol Heart Circ Physiol. (2003) 284:H1577–84. doi: 10.1152/ajpheart.00665.2002

 82. Nader E, Grau M, Fort R, Collins B, Cannas G, Gauthier A, et al. Hydroxyurea therapy modulates sickle cell anemia red blood cell physiology: Impact on RBC deformability, oxidative stress, nitrite levels and nitric oxide synthase signalling pathway. Nitric Oxide. (2018) 81:28–35. doi: 10.1016/j.niox.2018.10.003

 83. Simmonds MJ, Detterich JA, Connes P. Nitric oxide, vasodilation and the red blood cell. Biorheology. (2014) 51:121–34. doi: 10.3233/BIR-140653

 84. Baskurt OK, Uyuklu M, Meiselman HJ. Protection of erythrocytes from sub-hemolytic mechanical damage by nitric oxide mediated inhibition of potassium leakage. Biorheology. (2004) 41:79–89.

 85. Chowdhury KD, Sen G, Biswas T. Regulatory role of nitric oxide in the reduced survival of erythrocytes in visceral leishmaniasis. Biochim Biophys Acta. (2010) 1800:964–76. doi: 10.1016/j.bbagen.2010.05.008

 86. Barodka V, Mohanty JG, Mustafa AK, Santhanam L, Nyhan A, Bhunia AK, et al. Nitroprusside inhibits calcium-induced impairment of red blood cell deformability. Transfusion. (2014) 54:434–44. doi: 10.1111/trf.12291

 87. Bor-Kucukatay M, Yalcin O, Gokalp O, Kipmen-Korgun D, Yesilkaya A, Baykal A, et al. Red blood cell rheological alterations in hypertension induced by chronic inhibition of nitric oxide synthesis in rats. Clin Hemorheol Microcirc. (2000) 22:267–75.

 88. Tripette J, Alexy T, Hardy-Dessources MD, Mougenel D, Beltan E, Chalabi T, et al. Red blood cell aggregation, aggregate strength and oxygen transport potential of blood are abnormal in both homozygous sickle cell anemia and sickle-hemoglobin C disease. Haematologica. (2009) 94:1060–5. doi: 10.3324/haematol.2008.005371

 89. Nur E, Brandjes DP, Teerlink T, Otten HM, Oude Elferink RP, Muskiet F, et al. N-acetylcysteine reduces oxidative stress in sickle cell patients. Ann Hematol. (2012) 91:1097–105. doi: 10.1007/s00277-011-1404-z

 90. Silva DGH, Belini Junior E, De Almeida EA, Bonini-Domingos CR. Oxidative stress in sickle cell disease: an overview of erythrocyte redox metabolism and current antioxidant therapeutic strategies. Free Radic Biol Med. (2013) 65:1101–9. doi: 10.1016/j.freeradbiomed.2013.08.181

 91. Mockesch B, Connes P, Charlot K, Skinner S, Hardy-Dessources MD, Romana M, et al. Association between oxidative stress and vascular reactivity in children with sickle cell anaemia and sickle haemoglobin C disease. Br J Haematol. (2017) 178:468–75. doi: 10.1111/bjh.14693

 92. Van Beers EJ, Van Wijk R. Oxidative stress in sickle cell disease; more than a DAMP squib. Clin Hemorheol Microcirc. (2018) 68:239–50. doi: 10.3233/CH-189010

 93. Suzuki Y, Ohkubo N, Aoto M, Maeda N, Cicha I, Miki T, et al. Participation of caspase-3-like protease in oxidation-induced impairment of erythrocyte membrane properties. Biorheology. (2007) 44:179–90.

 94. Nur E, Biemond BJ, Otten HM, Brandjes DP, Schnog JJ, Group CS. Oxidative stress in sickle cell disease; pathophysiology and potential implications for disease management. Am J Hematol. (2011) 86:484–9. doi: 10.1002/ajh.22012

 95. Bissinger R, Bhuyan AAM, Qadri SM, Lang F. Oxidative stress, eryptosis and anemia: a pivotal mechanistic nexus in systemic diseases. FEBS J. (2019) 286:826–54. doi: 10.1111/febs.14606

 96. Baskurt OK, Temiz A, Meiselman HJ. Effect of superoxide anions on red blood cell rheologic properties. Free Radic Biol Med. (1998) 24:102–10. doi: 10.1016/S0891-5849(97)00169-X

 97. Kaul DK, Koshkaryev A, Artmann G, Barshtein G, Yedgar S. Additive effect of red blood cell rigidity and adherence to endothelial cells in inducing vascular resistance. Am J Physiol Heart Circ Physiol. (2008) 295:H1788–1793. doi: 10.1152/ajpheart.253.2008

 98. Sinha A, Chu TT, Dao M, Chandramohanadas R. Single-cell evaluation of red blood cell bio-mechanical and nano-structural alterations upon chemically induced oxidative stress. Sci Rep. (2015) 5:9768. doi: 10.1038/srep09768

 99. McNamee AP, Horobin JT, Tansley GD, Simmonds MJ. Oxidative stress increases erythrocyte sensitivity to shear-mediated damage. Artif Organs. (2018) 42:184–92. doi: 10.1111/aor.12997

 100. Hierso R, Waltz X, Mora P, Romana M, Lemonne N, Connes P, et al. Effects of oxidative stress on red blood cell rheology in sickle cell patients. Br J Haematol. (2014) 166:601–6. doi: 10.1111/bjh.12912

 101. Karsten E, Breen E, Herbert BR. Red blood cells are dynamic reservoirs of cytokines. Sci Rep. (2018) 8:3101. doi: 10.1038/s41598-018-21387-w

 102. Darbonne WC, Rice GC, Mohler MA, Apple T, Hebert CA, Valente AJ, et al. Red blood cells are a sink for interleukin 8, a leukocyte chemotaxin. J Clin Invest. (1991) 88:1362–9. doi: 10.1172/JCI115442

 103. Lee JS, Wurfel MM, Matute-Bello G, Frevert CW, Rosengart MR, Ranganathan M, et al. The Duffy antigen modifies systemic and local tissue chemokine responses following lipopolysaccharide stimulation. J Immunol. (2006) 177:8086–94. doi: 10.4049/jimmunol.177.11.8086

 104. Fukuma N, Akimitsu N, Hamamoto H, Kusuhara H, Sugiyama Y, Sekimizu K. A role of the Duffy antigen for the maintenance of plasma chemokine concentrations. Biochem Biophys Res Commun. (2003) 303:137–9. doi: 10.1016/S0006-291X(03)00293-6

 105. Bester J, Pretorius E. Effects of IL-1beta, IL-6 and IL-8 on erythrocytes, platelets and clot viscoelasticity. Sci Rep. (2016) 6:32188. doi: 10.1038/srep32188

 106. Bester J, Matshailwe C, Pretorius E. Simultaneous presence of hypercoagulation and increased clot lysis time due to IL-1beta, IL-6 and IL-8. Cytokine. (2018) 110:237–42. doi: 10.1016/j.cyto.2018.01.007

 107. Yeung KW, Lau PM, Tsang HL, Ho HP, Kwan YW, Kong SK. Extracellular histones induced eryptotic death in human erythrocytes. Cell Physiol Biochem. (2019) 53:229–41. doi: 10.33594/000000132

 108. Test ST, Woolworth VS. Defective regulation of complement by the sickle erythrocyte: evidence for a defect in control of membrane attack complex formation. Blood. (1994) 83:842–52. doi: 10.1182/blood.V83.3.842.842

 109. George A, Pushkaran S, Konstantinidis DG, Koochaki S, Malik P, Mohandas N, et al. Erythrocyte NADPH oxidase activity modulated by Rac GTPases, PKC, and plasma cytokines contributes to oxidative stress in sickle cell disease. Blood. (2013) 121:2099–107. doi: 10.1182/blood-2012-07-441188

 110. Rivera A, Jarolim P, Brugnara C. Modulation of Gardos channel activity by cytokines in sickle erythrocytes. Blood. (2002) 99:357–603. doi: 10.1182/blood.V99.1.357

 111. Durpes MC, Nebor D, Du Mesnil PC, Mougenel D, Decastel M, Elion J, et al. Effect of interleukin-8 and RANTES on the Gardos channel activity in sickle human red blood cells: role of the Duffy antigen receptor for chemokines. Blood Cells Mol Dis. (2010) 44:219–23. doi: 10.1016/j.bcmd.2010.02.001

 112. Durpes MC, Hardy-Dessources MD, El Nemer W, Picot J, Lemonne N, Elion J, et al. Activation state of alpha4beta1 integrin on sickle red blood cells is linked to the duffy antigen receptor for chemokines (DARC) expression. J Biol Chem. (2011) 286:3057–64. doi: 10.1074/jbc.M110.173229

 113. Drasar ER, Menzel S, Fulford T, Thein SL. The effect of Duffy antigen receptor for chemokines on severity in sickle cell disease. Haematologica. (2013) 98:e87–89. doi: 10.3324/haematol.2013.089243

 114. Afenyi-Annan A, Kail M, Combs MR, Orringer EP, Ashley-Koch A, Telen MJ. Lack of Duffy antigen expression is associated with organ damage in patients with sickle cell disease. Transfusion. (2008) 48:917–24. doi: 10.1111/j.1537-2995.2007.01622.x

 115. Araujo NB, Domingos IF, Medeiros FS, Hatzlhofer BL, Mendonca TF, Vasconcelos LR, et al. Lack of association between the Duffy antigen receptor for chemokines (DARC) expression and clinical outcome of children with sickle cell anemia. Immunol Lett. (2015) 166:140–2. doi: 10.1016/j.imlet.2015.05.015

 116. Nebor D, Durpes MC, Mougenel D, Mukisi-Mukaza M, Elion J, Hardy-Dessources MD, et al. Association between Duffy antigen receptor for chemokines expression and levels of inflammation markers in sickle cell anemia patients. Clin Immunol. (2010) 136:116–22. doi: 10.1016/j.clim.2010.02.023

 117. Connes P, Lamarre Y, Hardy-Dessources MD, Lemonne N, Waltz X, Mougenel D, et al. Decreased hematocrit-to-viscosity ratio and increased lactate dehydrogenase level in patients with sickle cell anemia and recurrent leg ulcers. PLoS ONE. (2013) 8:e79680. doi: 10.1371/journal.pone.0079680

 118. Lamarre Y, Romana M, Lemonne N, Hardy-Dessources MD, Tarer V, Mougenel D, et al. Alpha thalassemia protects sickle cell anemia patients from macro-albuminuria through its effects on red blood cell rheological properties. Clin Hemorheol Microcirc. (2014) 57:63–72. doi: 10.3233/CH-131772

 119. Cita KC, Brureau L, Lemonne N, Billaud M, Connes P, Ferdinand S, et al. Men with sickle cell anemia and priapism exhibit increased hemolytic rate, decreased red blood cell deformability and increased red blood cell aggregate strength. PLoS ONE. (2016) 11:e0154866. doi: 10.1371/journal.pone.0154866

 120. Connes P, Lamarre Y, Waltz X, Ballas SK, Lemonne N, Etienne-Julan M, et al. Haemolysis and abnormal haemorheology in sickle cell anaemia. Br J Haematol. (2014) 165:564–72. doi: 10.1111/bjh.12786

 121. Connes P, Alexy T, Detterich J, Romana M, Hardy-Dessources MD, Ballas SK. The role of blood rheology in sickle cell disease. Blood Rev. (2016) 30:111–8. doi: 10.1016/j.blre.2015.08.005

 122. Connes P, Renoux C, Romana M, Abkarian M, Joly P, Martin C, et al. Blood rheological abnormalities in sickle cell anemia. Clin Hemorheol Microcirc. (2018) 68:165–72. doi: 10.3233/CH-189005

 123. Lamarre Y, Romana M, Waltz X, Lalanne-Mistrih ML, Tressieres B, Divialle-Doumdo L, et al. Hemorheological risk factors of acute chest syndrome and painful vaso-occlusive crisis in children with sickle cell disease. Haematologica. (2012) 97:1641–7. doi: 10.3324/haematol.2012.066670

 124. Lapoumeroulie C, Connes P, El Hoss S, Hierso R, Charlot K, Lemonne N, et al. New insights into red cell rheology and adhesion in patients with sickle cell anaemia during vaso-occlusive crises. Br J Haematol. (2019) 185:991–4. doi: 10.1111/bjh.15686

 125. Nader E, Skinner S, Romana M, Fort R, Lemonne N, Guillot N, et al. Blood rheology: key parameters, impact on blood flow, role in sickle cell disease and effects of exercise. Front Physiol. (2019) 10:1329. doi: 10.3389/fphys.2019.01329

 126. Baskurt OK, Yalcin O, Meiselman HJ. Hemorheology and vascular control mechanisms. Clin Hemorheol Microcirc. (2004) 30:169–78.

 127. Yalcin O, Meiselman HJ, Armstrong JK, Baskurt OK. Effect of enhanced red blood cell aggregation on blood flow resistance in an isolated-perfused guinea pig heart preparation. Biorheology. (2005) 42:511–20.

 128. Pauling L, Itano HA, Singer SJ, Wells IC. Sickle cell anemia a molecular disease. Science. (1949) 110:543–8. doi: 10.1126/science.110.2865.543

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Nader, Romana and Connes. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Red Blood Cell—Inflammation Vicious Circle in Sickle Cell Disease



		Introduction



		The Role of Hemolysis in Inflammation and Vascular Dysfunction



		Hemolysis and Nitric Oxide (NO) Bioavailability



		Hemolysis, Oxidative Stress, and Inflammation



		Hemolysis, Neutrophil Extracellular Traps (NETs), and Inflammation



		Hemolysis and the Alternative Complement Pathway



		Hemolysis, Microparticles, Inflammation, and Oxidative Stress







		How do Sickle RBCs React to This Pro-Inflammatory and Pro-Oxidative Environment?



		Nitric Oxide and RBCs



		Oxidative Stress and RBCs



		Inflammation and RBCs







		Impaired RBC Rheology Is Involved in the Pathophysiology of SCD



		Conclusion



		Author Contributions



		References

















OPS/images/cover.jpg
, frontiers
in Immunology

The Red Blood Cell—Inflammation
Vicious Circle in Sickle Cell Disease





OPS/images/fimmu-11-00454-g001.gif





OPS/images/inline_1.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





