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Recommendations for the use of red blood cell exchange in sickle cell disease

Sickle cell disease (SCD) is a genetic disorder characterised by a single mutation of the beta globin gene, causing the production of an abnormal haemoglobin called sickle haemoglobin (HbS). In its deoxygenated form, HbS polymerises, causing major rheological disorders, which presents clinically as periodic vaso-occlusive crises, chronic haemolysis and chronic vascular dysfunction. Patients often resort to a background treatment, and transfusion remains the cornerstone in the management of the disease, significantly reducing morbidity and mortality. The aim of red blood cell exchange (RBCX) is to improve tissue oxygenation by increasing haemoglobin levels while lowering HbS levels. RBCX can be performed by manual or automated exchange, and each technique has its own set of advantages and disadvantages. This article will outline the transfusion indications for the main complications of SCD, as well as the most appropriate strategy to use.

Introduction

Sickle cell disease (SCD) is the most prevalent genetic disease in the world. It affects an average of 300 000 newborns per year, and this number could reach 404 200 births by 2050 [START_REF] Piel | Global burden of sickle cell anaemia in children under five, 2010-2050: modelling based on demographics, excess mortality, and interventions[END_REF]. SCD is extremely prevalent in sub-Saharan Africa, the Arabian Peninsula, India and around the Mediterranean [START_REF] Serjeant | The natural history of sickle cell disease[END_REF]. This systemic disease is caused by a single mutation of the beta globin gene, causing the production of an abnormal haemoglobin called sickle haemoglobin (HbS). In its deoxygenated form, HbS polymerises, causing a mechanical distortion of the red blood cell (RBC) into a crescent shape [START_REF] Connes | Haemolysis and abnormal haemorheology in sickle cell anaemia[END_REF]. This presents clinically as periodic vaso-occlusive crises (VOC), permanent haemolysis and organ failure [START_REF] Kato | Sickle cell disease[END_REF]. Transfusion therapy is the cornerstone of management of SCD, and it has significantly reduced morbidity and mortality [START_REF] Swerdlow | Red cell exchange in sickle cell disease[END_REF]. There are two different blood transfusion techniques commonly used: simple transfusion (ST) and RBC exchange (RBCX), of which there are two types: manual and automated.

Automated RBCX is often used because it has the capacity to limit iron accumulation without increasing the risk of alloimmunization [START_REF] Kim | Erythro cytapheresis therapy to reduce iron overload in chronically transfused patients with sickle cell disease[END_REF][START_REF] Michot | Immunohematologic tolerance of chronic transfusion exchanges with erythrocytapheresis in sickle cell disease[END_REF]. The aim of this therapy is to reduce HbS concentration and increase haemoglobin levels in order to improve tissue perfusion. We need to distinguish here between acute complications among the two types of RBCX where the goal is to rapidly reduce the post-transfusion HbS level to <30% on the one hand; and the management of chronic complications where the goal is to maintain the pretransfusion level at <30-50% on the other.

Acute complications

Acute stroke

Stroke is one of the most serious complications of SCD. It is responsible for 7-11% of deaths and there is a particularly high prevalence before 20 years [START_REF] Platt | Mortality in sickle cell disease. Life expectancy and risk factors for early death[END_REF][START_REF] Powars | Outcome of sickle cell anemia: a 4decade observational study of 1056 patients[END_REF]. In the absence of transfusion, recurrence occurs in 2/3 of patients after a first neurovascular event [START_REF] Powars | The natural history of stroke in sickle cell disease[END_REF]. It is for these reasons that the current French guidelines advocate urgent transfusion aimed at optimising cerebral perfusion [START_REF] Habibi | French guidelines for the management of adult sickle cell disease: 2015 update[END_REF]. The goal is to reduce HbS to less than 30% (or more than 50% of haemoglobin A for SCD patients) and maintain a haemoglobin concentration above 8 g/dL while avoiding hyperviscosity. Although no prospective randomised trials comparing ST and RBCX exist in the literature, the latter seems to be the most commonly used technique in this situation [START_REF] Hulbert | Exchange blood transfusion compared with simple transfusion for first overt stroke is associated with a lower risk of subsequent stroke: a retrospective cohort study of 137 children with sickle cell anemia[END_REF]. One advantage of RBCX is that it makes it possible to reach haemoglobin targets quickly while maintaining a stable blood volume. Automated RBCX can only be used if haemorrhagic stroke has been ruled out by computed tomography [START_REF] Sarode | Red blood cell exchange: 2015 American Society for Apheresis consensus conference on the management of patients with sickle cell disease[END_REF]. Indeed, the use of citrate during erythrocytapheresis prevents its use in case of cerebral bleeding. In all cases, imaging should not delay the implementation of RBCX because the chances of neurological recovery are conditioned by the speed of the transfusion; in these circumstances, manual RBCX is often preferred. In order to maintain stable blood volume, a saline infusion must be performed at the time of bleeding (the objective being to maintain satisfactory cerebral perfusion by limiting hypotension).

Acute chest syndrome (ACS)

Acute chest syndrome is an extremely serious and potentially life-threatening complication: it is the primary cause of death in SCD patients, and the second highest cause of hospitalisation after VOC [START_REF] Platt | Mortality in sickle cell disease. Life expectancy and risk factors for early death[END_REF]. It can occur independently or it can develop during another complication (VOC, infection, postoperative complications, prolonged hospitalisation etc.).

The aetiologies of ACS are often multifactorial: alveolar hypoventilation, thrombosis, infection, pulmonary fat embolism and infarction [START_REF] Vichinsky | Causes and outcomes of the acute chest syndrome in sickle cell disease. National Acute Chest Syndrome Study Group[END_REF]. ACS is defined as the combination of a radiological infiltrate associated with one or more of the following symptoms: expectorate cough, fever, polypnea, chest pain and auscultatory abnormality [START_REF] Vichinsky | Acute chest syndrome in sickle cell disease: clinical presentation and course. Cooperative Study of Sickle Cell Disease[END_REF]. Management of ACS is based on the assessment of the severity, the implementation of rapid treatment and close monitoring. Maintaining optimal blood volume and oxygenation, analgesics, incentive spirometry, antibiotics and transfusion therapy are key to preventing clinical deterioration [START_REF] Habibi | French guidelines for the management of adult sickle cell disease: 2015 update[END_REF]. Moreover, ACS can rapidly progress to acute respiratory distress syndrome and heart failure. In a multicentre prospective study of 671 cases of ACS in 538 SCD patients, 72% had received a transfusion, resulting in a clear improvement in their level of oxygenation (based on the partial pressure of arterial oxygen and oxygen saturation), with no significant difference between ST and RBCX. Only 2.4% of all patients had a new red cell antibody, decreasing to 1% when phenotypically matched units were used [START_REF] Vichinsky | Causes and outcomes of the acute chest syndrome in sickle cell disease. National Acute Chest Syndrome Study Group[END_REF]. In another albeit less powerful prospective study (40 cases of ACS in 36 children), transfusion was also associated with better oxygenation, with no additional benefit in duration of hospital stay [START_REF] Emre | Effect of transfusion in acute chest syndrome of sickle cell disease[END_REF]. In a French single-centre study of 107 cases in 77 adult patients with SCD, there were more deaths in the transfused group than in the non-transfused group (n = 5 and n = 0 respectively).

However, it should be noted that these deaths have been attributed to the severity of the disease and not to the transfusion itself. Moreover, in this study, transfusion was only performed in the most severe patients (n = 50) [START_REF] Maitre | Acute chest syndrome in adults with sickle cell disease[END_REF]. The indication of transfusion therapy should therefore be limited to patients with signs of severity (including the onset of a neurological deficit or pulmonary embolism) or with high risk of complications (history of heart disease and severe pain), to patients already following a transfusion exchange program, in cases of anaemia with RBC count <6 g/dL, in the absence of improvement after 72 h of treatment and under certain conditions (pregnant women, immediately postpartum, postoperative etc.) [START_REF] Habibi | French guidelines for the management of adult sickle cell disease: 2015 update[END_REF]. The debate regarding the choice between ST and RBCX is still ongoing, and the study of Turner et al. about 40 patients with ACS has not answered this question definitively [START_REF] Turner | Exchange versus simple transfusion for acute chest syndrome in sickle cell anemia adults[END_REF]. To date, there have been no prospective randomised controlled trials to demonstrate the efficacy of chronic transfusion for ACS prevention, although we have the impression that transfused patients are not developing ACS for other reasons [START_REF] Miller | Impact of chronic transfusion on incidence of pain and acute chest syndrome during the Stroke Prevention Trial (STOP) in sickle-cell anemia[END_REF][START_REF] Kalff | The impact of a regular erythrocytapheresis programme on the acute and chronic complications of sickle cell disease in adults[END_REF].

As a result, hydroxyurea (HU) remains the reference treatment for preventing relapses.

Priapism

Priapism is defined by a persistent and painful erection of the penis that can occur even in the absence of sexual stimulation. It is a frequent complication in SCD patients, with an estimated prevalence of between 26% and 42% [START_REF] Emond | Priapism and impotence in homozygous sickle cell disease[END_REF]. In SCD, priapism is secondary to a vaso-occlusive phenomenon in cavernous bodies. This results in a blockage of venous drainage, stasis and ischaemia that can progress, in the absence of treatment, to necrosis and then fibrosis. Priapism can be either intermittent (<1 hour) or acute (>1 hour), the latter constituting an emergency because of the risk of permanent impotence [START_REF] Fowler | Priapism associated with the sickle cell hemoglobinopathies: prevalence, natural history and sequelae[END_REF]. The treatment of acute priapism relies on the use of an oral α-agonist, etilefrine, in intermittent priapism [START_REF] Okpala | Etilefrine for the prevention of priapism in adult sickle cell disease[END_REF], or intracavernous injection in acute complication [START_REF] Mantadakis | Outpatient penile aspiration and epinephrine irrigation for young patients with sickle cell anemia and prolonged priapism[END_REF]. If this treatment proves ineffective, drainage is performed, followed by an injection of etilefrine. If both of these treatments fail, an ST or RBCX (depending on haemoglobin levels) should be discussed. In fact, the results regarding the benefits of transfusion in priapism vary greatly across the literature, from resolution within a few hours [START_REF] Rifkind | RBC exchange pheresis for priapism in sickle cell disease[END_REF] to no resolution at all [START_REF] Mccarthy | Do automated red cell exchanges relieve priapism in patients with sickle cell anemia?[END_REF]. Furthermore, case reports of children with acute neurological events following a transfusion have been described in the literature [START_REF] Siegel | Association of sickle cell disease, priapism, exchange transfusion and neurological events: ASPEN syndrome[END_REF][START_REF] Rackoff | Neurologic events after partial exchange transfusion for priapism in sickle cell disease[END_REF], although it should be noted that all of these cases had significantly raised post-exchange haematocrit (Hct) levels. However, current guidelines recommend the use of a transfusion exchange in case of failure of conventional treatment, with a target HbS level <30% and a post-exchange Hct <30% (to avoid neurological complications) [START_REF] Walker | Automated erythrocytopheresis for relief of priapism in sickle cell hemoglobinopathies[END_REF]. Despite these guidelines, there remains an absence of controlled trials comparing transfusion with conventional therapy in the treatment of priapism.

Liver complications

Hepatic disorders are common during SCD, with an estimated prevalence of 10% [START_REF] Schubert | Hepatobiliary system in sickle cell disease[END_REF].

We have concentrated on two specific disorders due to their severity: 1) Intrahepatic cholestasis This is a rare but often fatal complication that usually occurs in pre-existing chronic liver disease. It results in painful febrile hepatomegaly with jaundice. Lab tests reveal a serious impairment of liver function (cytolysis and cholestasis), acute liver failure (collapse of prothrombin time) and acute kidney injury [START_REF] Khan | Reversal of hepatic and renal failure from sickle cell intrahepatic cholestasis[END_REF][START_REF] Malik | Rare but Lethal Hepatopathy-Sickle Cell Intrahepatic Cholestasis and Management Strategies[END_REF]. Emergency transfusion exchange (target HbS <30%) and transfer to a hepatology intensive care unit are required. The mortality rate remains very high (approximatively 60%), but this seems to decrease in cases where transfusion is performed [START_REF] Ahn | Sickle cell hepatopathy: clinical presentation, treatment, and outcome in pediatric and adult patients[END_REF]. No randomised control trials assessing optimum treatment have been conducted to date [START_REF] Martí-Carvajal | Interventions for treating intrahepatic cholestasis in people with sickle cell disease[END_REF].

2) Hepatic sequestration

Another rare but potentially fatal complication, hepatic sequestration is equivalent to splenic sequestration, which causes the sudden onset of very painful hepatomegaly associated with a significant drop in haemoglobin and platelet concentrations [START_REF] Norris | Acute hepatic sequestration in sickle cell disease[END_REF][START_REF] Jeng | Resolution of chronic hepatic sequestration in a patient with homozygous sickle cell disease receiving hydroxyurea[END_REF]. Patients with hepatic sequestration require urgent transfusion (often 6 to 8 pellets repeatedly over a 24-48-hour period) as demonstrated by the case reports listed in the bibliography [START_REF] Norris | Acute hepatic sequestration in sickle cell disease[END_REF][START_REF] Singh | Hepatic sequestration crisis presenting with severe intrahepatic cholestatic jaundice[END_REF][START_REF] Sarma | Hepatic sequestration of red cells in sickle cell anaemia[END_REF].

Bone marrow necrosis (BMN)

Bone marrow necrosis is defined by necrosis of more than 50% of the myeloid tissue and stromal haematopoietic marrow. BMN has a specific clinical picture with fever, spinal pain, and haematologic abnormalities (non-regenerative anaemia, thrombocytopenia, and erythroblastosis) [START_REF] El Hachem | Bone Marrow Necrosis: An Unusual Initial Presentation of Sickle Cell Anemia[END_REF][START_REF] Shafiq | Bone marrow necrosis -initial presentation in sickle cell anemia[END_REF]. The pathophysiology of BMN is disputed, but ischaemia secondary to intramedullary microthrombi could be involved. This disease is also often associated with parvovirus B19 infection, which must be investigated [START_REF] Eichhorn | Sickle cell-like crisis and bone marrow necrosis associated with parvovirus B19 infection and heterozygosity for haemoglobins S and E[END_REF]. Diagnosis is made from a myelogram, and transfusion therapy should be commenced as early as possible [START_REF] Shafiq | Bone marrow necrosis -initial presentation in sickle cell anemia[END_REF][START_REF] Godeau | Aplastic crisis due to extensive bone marrow necrosis and human parvovirus infection in sickle cell disease[END_REF]. In acute cases, the risk of mortality is correlated with the depth of pancytopenia and the risk of fat embolism [START_REF] Tsitsikas | Bone marrow necrosis and fat embolism syndrome in sickle cell disease: increased susceptibility of patients with non-SS genotypes and a possible association with human parvovirus B19 infection[END_REF].

Chronic complications

Stroke prophylaxis

A transfusion program remains the treatment of choice for the primary prevention of stroke in patients with cerebral vasculopathy, or in secondary prevention in those who have already suffered a stroke with concurrent discovery of cerebrovascular vasculopathy [START_REF] Sarode | Red blood cell exchange: 2015 American Society for Apheresis consensus conference on the management of patients with sickle cell disease[END_REF]. In children, transcranial doppler (TCD) makes it possible to identify sickle cell patients at risk of cerebral vasculopathy (mean blood-flow velocity in the internal carotid or middle cerebral artery >200 cm/s) [START_REF] Bernaudin | Impact of early transcranial Doppler screening and intensive therapy on cerebral vasculopathy outcome in a newborn sickle cell anemia cohort[END_REF], whereas brain angio-MRI (magnetic resonance imaging) is currently used in adults. The goal of these transfusions is always to maintain HbS <30 % (i.e. the level of HbS before the next transfusion must be less than 30%). The STOP I study demonstrated that children who met this target significantly reduced the annual incidence of first stroke (10 cerebral infarctions and one intracerebral hematoma in the standard-care group compared with one infarction in the transfusion test group) [START_REF] Adams | Prevention of a first stroke by transfusions in children with sickle cell anemia and abnormal results on transcranial Doppler ultrasonography[END_REF]. The STOP II study showed that transfusions had to be maintained in the long term because stopping them was correlated with a high rate of stroke and reversion to abnormal blood-flow velocities on TCD [START_REF] Adams | Optimizing Primary Stroke Prevention in Sickle Cell Anemia (STOP 2) Trial Investigators. Discontinuing prophylactic transfusions used to prevent stroke in sickle cell disease[END_REF]. Unfortunately, these long-term transfusions can often cause complications such as infection, alloimmunization and iron overload. Moreover, patients following a transfusion program often experience iron overloads that cause hepatic [START_REF] Brown | Hepatic iron overload in children with sickle cell anemia on chronic transfusion therapy[END_REF], endocrine and cardiac (48) complications. To reduce iron overload, doctors are increasingly using RBCX plus chelation [START_REF] Fasano | Effectiveness of red blood cell exchange, partial manual exchange, and simple transfusion concurrently with iron chelation therapy in reducing iron overload in chronically transfused sickle cell anemia patients[END_REF]. Another solution would be to limit transfusions by including concomitant treatment with HU [START_REF] Ware | Hydroxyurea as an alternative to blood transfusions for the prevention of recurrent stroke in children with sickle cell disease[END_REF] or increasing the HbS target at 50% [START_REF] Cohen | A modified transfusion program for prevention of stroke in sickle cell disease[END_REF], but robust studies are needed to confirm this.

Prevention of recurrent pain

It is not uncommon for patients on a transfusion program to be monitored for just one reason: the recurrence of VOC. These patients are often non-compliant or contraindicated for HU treatment. This indication should be limited and made as transient as possible considering the significant complications related to transfusion, even if the efficacy of this therapeutic strategy is undeniable. Indeed, some studies have shown that such a transfusion program can drastically reduce VOC, chronic complications, the frequency of hospitalisations and morbidity [START_REF] Kalff | The impact of a regular erythrocytapheresis programme on the acute and chronic complications of sickle cell disease in adults[END_REF][START_REF] Driss | Regular automated erythrocytapheresis in sickle cell patients[END_REF][START_REF] Tsitsikas | A 5-year cost analysis of automated red cell exchange transfusion for the management of recurrent painful crises in adult patients with sickle cell disease[END_REF].

Transplantation

Sickle cell disease is not a contraindication to transplantation, however this should be discussed using a multidisciplinary approach in order to assess the risk/benefit profile.

Transplantation should be considered as early as possible (even before dialysis for kidney transplantation). Indeed, higher levels of mortality have been observed in SCD patients undergoing dialysis compared to those not undergoing dialysis [START_REF] Mcclellan | High one year mortality in adults with sickle cell disease and end-stage renal disease[END_REF]. The current guidelines recommend the introduction of a transfusion program before a liver or kidney transplantation in order to obtain a HbS level <30% before surgery [START_REF] Sarode | Red blood cell exchange: 2015 American Society for Apheresis consensus conference on the management of patients with sickle cell disease[END_REF]. This transfusion program must be continued for 6 months after transplantation (55-58), with the concomitant and subsequent use of HU [START_REF] Allen | Hydroxyurea, sickle cell disease and renal transplantation[END_REF]. Indeed, there is an increased risk of infection [START_REF] Ojo | Renal transplantation in end-stage sickle cell nephropathy[END_REF] and VOC (60) posttransplantation. There is currently no indication for maintaining exchange after 6 months, except in cases of severe anaemia and lack of efficacy of or intolerance to HU.

Pulmonary hypertension (PH)

The prevalence of pre-capillary PH-defined by the measurement at right heart catheterisation (RHC) of a pulmonary arterial pressure higher than 25 mmHg-has been estimated at between 2.8% and 3.75% [START_REF] Fonseca | Pulmonary hypertension diagnosed by right heart catheterisation in sickle cell disease[END_REF]. Annual transthoracic echocardiography can detect this complication by measuring the tricuspid regurgitation velocity (TRV). Despite a recent French study showing that only 25% of patients with suspected PH on an ultrasound were confirmed at RHC [START_REF] Parent | A hemodynamic study of pulmonary hypertension in sickle cell disease[END_REF], detecting this complication remains important because some studies have shown that high TRV rates are associated with a high mortality risk [START_REF] Cabrita | The association between tricuspid regurgitation velocity and 5-year survival in a North West London population of patients with sickle cell disease in the United Kingdom[END_REF][START_REF] Damy | Haematological determinants of cardiac involvement in adults with sickle cell disease[END_REF]. The two main treatment strategies are based on the use of PH-targeted therapies and the optimisation of SCD treatment using HU and/or chronic transfusion therapy, although there is a lack of supporting data for this second treatment option. In 2014, Tsitsikas et al. briefly described the benefit of transfusion in two patients on clinical (dyspnoea), laboratory (brain natriuretic peptide levels) and ultrasound data (decrease of TRV) [START_REF] Tsitsikas | Regular automated red cell exchange transfusion in the management of pulmonary hypertension in sickle cell disease[END_REF]. Furthermore, Turpin et al. confirmed the short-and long-term benefits of chronic transfusion, especially with RBCX, on temporal haemodynamic data (56).

Conclusion

Thanks to the considerable progress made in understanding the pathophysiology and management of SCD, the population affected by this disease is ageing, resulting in new chronic complications. The indication for RBCX remains very high, even if the use of this treatment has decreased since the introduction of HU. Erythrocytapheresis, which is becoming increasingly effective, is currently the most commonly used transfusion technique for treating acute and chronic complications; its use makes it possible to limit iron overload and wide haemodynamic variations. However, the efficacy and safety of this technique have not been substantially demonstrated in clinical trials (especially compared with ST and manual RBCX) and should therefore be used with caution. Furthermore, it should be remembered that these different transfusion techniques also expose patients to a risk of infection and alloimmunization. Finally, the need for experienced staff and vascular access can also be an obstacle to their use.