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Introduction

Thrombotic thrombocytopenic purpura (TTP) is a specific form of thrombotic microangiopathy characterised by the association of a microangiopathic haemolytic anaemia, a consumptive thrombocytopenia, and organ failures of various severities, where typically the brain, the digestive tract and the heart are involved. TTP can be distinguished from other thrombotic microangiopathies by a severe deficiency (<10%) in the plasma enzyme ADAMTS13 (a disintegrin and metalloproteinase with thrombospondin type-1 repeats, 13rd member). This deficiency can be inherited, and related to ADAMTS13 biallelic mutations, or more commonly acquired (immune-mediated), in relation with the production of polyclonal autoantibodies directed against ADAMTS13. TTP is more frequent during adulthood, affecting 2 to 4 people per million per year, with a predominance for females (3 to 1 female to male ratio). The autoimmune form can be either isolated or associated with other clinical conditions such as pregnancy, connective tissue diseases, new HIV infection or the use of antiplatelets agents [START_REF] Joly | Thrombotic thrombocytopenic purpura[END_REF]. First used empirically for a disease whose pathophysiology was unknown, therapeutic plasma exchange (TPE) helped in the understanding of the disease and dramatically improved its prognosis. TPE is based on the extracorporeal separation and removal of plasma, and its replacement by a substitution fluid in order to either remove a toxic factor and/or replenish a deficient factor. This narrative review aims at presenting the main milestones in development, current standard and future of this centrepiece therapy in TTP.

History of TPE

TTP was first reported in 1924 as an acute febrile haemolytic anaemia with migratory neurologic symptoms in a 16-year-old girl. Although platelet count and schistocytes were unavailable, autopsy findings highly suggest the diagnosis, and it is likely that the haemorrhagic syndrome and anaemia described in the observation were the consequence of severe thrombocytopenia and microangiopathic hemolysis, respectively [START_REF] Moschcowitz | An acute febrile pleiochromic anemia with hyaline thrombosis of the terminal arterioles and capillaries: an unde-scribed disease[END_REF]. The disease was rapidly fatal and the necropsy showed thrombosis of the microvasculature of several organs. Interestingly, Moschcowitz added to this report that one of his colleagues, Max Lederer, had apparently observed four additional cases of this new nosologic entity, and that all these four patients had clinical improvement following blood transfusion. Much later, Rubinstein reported an "unusual" remission following whole blood exchange transfusions in an 11-yearold girl suffering from TTP. After each of two exchange transfusions, there was a clinical improvement associated with rise in platelet count and drop in reticulocytes percentage, both parameters still used nowadays to assess response to therapy (3). This observation was strengthened by the work of Bukowski who reported a small series of patients treated by exchange transfusion with up to 60 percent rate of remission for a disease that was at this time almost invariably fatal without treatment [START_REF] Bukowski | Exchange transfusions in the treatment of thrombotic thrombocytopenic purpura[END_REF]. Interestingly, a case report shed some light both on disease pathophysiology and on the mechanism by which exchange transfusion were beneficial. In 1977, Byrnes et al reported the case of a 18-year old woman suffering from TTP who received consecutively over the course of her disease several regimens of exchange transfusions. Indeed, after removal of whole blood, she received either whole blood, washed red blood cells, or fresh plasma. Only procedure implicating the administration of fresh plasma seemed to have some effect on the disease, leading Byrnes to state that "the pathogenesis of TTP in this patient involved a deficient plasma factor". Therapy was then completed using solely plasma infusion and the patient was discharged alive from the hospital [START_REF] Byrnes | Treatment of Thrombotic Thrombocytopenic Purpura with Plasma[END_REF]. This observation was corroborated by several reports and TPE became the standard of care for TTP. Further work suggested that maximum efficiency was best reached with daily TPE of at least one estimated plasma volume [START_REF] Taft | Thrombotic thrombocytopenic purpura and dose of plasma exchange[END_REF] and a randomised controlled trial demonstrated the superiority of TPE over plasma infusion in the initial treatment of TTP [START_REF] Rock | Comparison of Plasma Exchange with Plasma Infusion in the Treatment of Thrombotic Thrombocytopenic Purpura[END_REF].

However, in this work, patients assigned to the TPE group received 3-times more plasma (45ml/kg/day) than patients assigned to the plasma infusion group, which likely influenced the results. Indeed, it cannot be totally excluded from this work that the superiority of TPE over plasma infusion in TTP mostly comes from the larger volumes of plasma provided by TPE rather than from the removal of pro-aggregant substances. It was then accepted that the deficient factor in TTP was responsible of a platelet aggregation propensity leading to the formation of microthrombi and organ failure [START_REF] Lian | Presence of a platelet aggregating factor in the plasma of patients with thrombotic thrombocytopenic purpura (TTP) and its inhibition by normal plasma[END_REF]. The knowledge of the disease progressed when an accumulation of ultralarge von Willebrand factor (ULvWF) multimers in patient plasma was demonstrated [START_REF] Moake | Unusually Large Plasma Factor VIII: von Willebrand Factor Multimers in Chronic Relapsing Thrombotic Thrombocytopenic Purpura[END_REF]. Later it was reported that the deficient factor was an enzyme cleaving the von Willebrand factors multimers, namely ADAMTS13. In immune-mediated TTP (iTTP), severe ADAMTS13 deficiency results from autoantibodies directed against the enzyme, whereas in congenital TTP (cTTP) ADAMTS13 deficiency is caused by biallelic mutations of the encoding gene [START_REF] Tsai | Physiologic cleavage of von Willebrand factor by a plasma protease is dependent on its conformation and requires calcium ion[END_REF][START_REF] Furlan | Partial purification and characterization of a protease from human plasma cleaving von Willebrand factor to fragments produced by in vivo proteolysis[END_REF][START_REF] Tsai | Antibodies to von Willebrand Factor-Cleaving Protease in Acute Thrombotic Thrombocytopenic Purpura[END_REF][START_REF] Rieger | ADAMTS13 autoantibodies in patients with thrombotic microangiopathies and other immunomediated diseases[END_REF][START_REF] Levy | Mutations in a member of the ADAMTS gene family cause thrombotic thrombocytopenic purpura[END_REF]. The beneficial action of TPE for iTTP was then fully explained by the infusion of the deficient factor, ADAMTS13 itself, and the putative removal of deleterious substances, namely autoantibodies against ADAMTS13 as well as proagregant ULvWF multimers. Accordingly, TPE is required for iTTP whereas plasma infusion is sufficient for the management of cTTP.

TPE Best of Practice

Nowadays TPE is recommended as the first line treatment of iTTP (Category I, Grade 1A) [START_REF] Schwartz | Guidelines on the Use of Therapeutic Apheresis in Clinical Practice-Evidence-Based Approach from the Writing Committee of the American Society for Apheresis: The Seventh Special Issue: Therapeutic Apheresis-Guidelines 2016[END_REF][START_REF] Scully | Consensus on the standardization of terminology in thrombotic thrombocytopenic purpura and related thrombotic microangiopathies[END_REF]. TPE should be initiated as soon as possible because a longer delay is associated with early death [START_REF] Pereira | Thrombotic thrombocytopenic purpura/hemolytic uremic syndrome: a multivariate analysis of factors predicting the response to plasma exchange[END_REF]. If TPE is not readily available, high-dose plasma infusion (25-30mL/kg/day) might be initiated but exposes to fluid overload [START_REF] Novitzky | The treatment of thrombotic thrombocytopenic purpura: plasma infusion or exchange?[END_REF][START_REF] Coppo | High-dose plasma infusion versus plasma exchange as early treatment of thrombotic thrombocytopenic purpura/hemolytic-uremic syndrome[END_REF]. Treatment is most often started in the intensive care unit setting where all supportive measures can be undertaken, including intubation and mechanical ventilation for coma or respiratory failure, vasopressors initiation, renal replacement therapy, or even circulatory assistance for cardiogenic shock or refractory cardiac arrest [START_REF] Zafrani | Does this patient with thrombotic thrombocytopenic purpura have a cardiac involvement?[END_REF].

Two modalities of plasma separation can be used for TPE, based either on respective density (centrifugation) or size (filtration) of blood components. Centrifugation plasmapheresis is the historical modality and consists in the centrifugation of whole blood in order to separate plasma from platelets, white blood cells, and erythrocytes. This technique requires one (discontinuous flow) or two (continuous flow) peripheral venous accesses depending on the device used and only allows low blood flow rates (50 to 80mL/min).

Anticoagulation is most often performed by using citrate-dextrose solution which is almost completely eliminated along with plasma. The loss of volume is then compensated by administration of the substitution fluid. The filtration technique is newer and uses high permeability filters to separate plasma from other blood components. The substitution fluid is then added to the remaining cells before restitution to the patient. This technique requires high blood flow rates (superior to 100mL/min), usually via a central venous access or a preexisting arterio-venous fistula. To avoid filter clotting, anticoagulation can be achieved by different modalities including administration of heparin or regional anticoagulation using citrate and calcium infusion. Theoretically, the use of heparin exposes to an increased risk of bleeding and to the occurrence of heparin-induced thrombocytopenia, whereas the close, almost automated, monitoring allowed by the most recent devices of citrate regional anticoagulation, allows to avoid these pitfalls. However, in a series of critically ill patients undergoing TPE by filtration, the absence of anticoagulation has surprisingly not led to a rise in filter clotting's incidence which nevertheless remains a frequent event, involving more than a fifth of all procedures [START_REF] Lemaire | Plasma exchange in the intensive care unit: Technical aspects and complications[END_REF]. There is no demonstrated benefit of one modality of TPE compared to the other and the choice should be based on team's experience and availability of the technique. Indeed, filtration is more frequently available for TPE in the intensive care unit context. The use of immunoadsorption in rescue therapy has been seldom reported for iTTP and is limited to case reports [START_REF] Knöbl | Immunoadsorption for the treatment of a patient with severe thrombotic thrombocytopenic purpura resistant to plasma exchange: kinetics of an inhibitor of ADAMTS13: Letters to the editors[END_REF]. TPE is performed on a daily basis until platelet count recovers (i.e. > 150 G/L for at least two days), lactate dehydrogenase (LDH) decreases, and clinical status improves. After complete response has been achieved (i.e., platelet count normalization (>150G/L for at least two days) with clinical recovery), TPE used to be gradually tapered over 3 weeks to prevent exacerbations of the disease. Nevertheless, with the increasing use of B-cell depleting therapies and more recently anti-vWF agents (detailed below) this attitude has been abandoned by most teams and TPE are now being discontinued abruptly without any adverse event.

The volume of plasma exchange during each procedure ranges between 1.5X estimated patient plasma volume at the beginning of the therapy, and 1.0X subsequently.

There is a strong rationale to use exogenous plasma as the sole replacement fluid. First of all, it seems logical to maximize the quantity of ADAMTS13 infused. Moreover, the use of other replacement fluids such as 5% albumin or synthetic colloids is associated with coagulation disorders since depleted coagulation factors are not replenished. Together with severe thrombocytopenia, this situation might lead to life-threatening hemorrhages. Nevertheless, the use of 50% albumin 5% and 50% plasma as replacement fluid provided results that were comparable to those described with 100% plasma replacement [START_REF] O'brien | The use of 50% albumin/plasma replacement fluid in therapeutic plasma exchange for thrombotic thrombocytopenic purpura: Fifty Percent Albumin/Plasma Fluid for TPE in TTP[END_REF].

Platelets transfusion, especially before central venous catheter insertion, should be avoided at all costs. Indeed, such attitude may expose to precipitated life-threatening thrombotic manifestations [START_REF] Riviere | Platelet transfusion and catheter insertion for plasma exchange in patients with thrombotic thrombocytopenic purpura and a low platelet count: PLT Transfusion for Catheter Insertion in TTP[END_REF]. In case of severe hemorrhage or urgent surgical intervention, platelets administration should be accompanied by plasma infusion and followed by TPE in as short a time as possible [START_REF] Coppo | Effectiveness of platelet transfusions after plasma exchange in adult thrombotic thrombocytopenic purpura: a report of two cases[END_REF].

In addition to disease-driven complications, patients are exposed to complications directly resulting from TPE, and related to vascular access, and to the volume of the extracorporeal circuit and/or the replacement fluid (Table 1). It is noteworthy that the frequency of TPE-related complications decreases over time as a result of both experience of teams and the progressive decrease in the number of TPE sessions [START_REF] Som | Decreasing frequency of plasma exchange complications in patients treated for thrombotic thrombocytopenic purpura-hemolytic uremic syndrome, 1996 to 2011[END_REF].

Various plasma preparations can be used as the replacement fluid. They are characterized by the technique used to ensure the absence of transmissible pathogens and donor's white blood cells, and may differ in their vWF content while ADAMTS13 activity remains constant (27) (Table 2). Overall, quarantine fresh frozen plasma, solvent-detergent or amotosalen-inactivated plasma seem as equally effective, on the basis of mostly retrospective studies with low levels of proof [START_REF] Toussaint-Hacquard | Type of plasma preparation used for plasma exchange and clinical outcome of adult patients with acquired idiopathic thrombotic thrombocytopenic purpura: a French retrospective multicenter cohort study: THERAPEUTIC PLASMA AND TTP OUTCOME[END_REF][START_REF] Guignier | Amotosaleninactivated plasma is as equally well tolerated as quarantine plasma in patients undergoing large volume therapeutic plasma exchange[END_REF][START_REF] Mintz | A randomized, controlled Phase III trial of therapeutic plasma exchange with fresh-frozen plasma (FFP) prepared with amotosalen and ultraviolet A light compared to untreated FFP in thrombotic thrombocytopenic purpura[END_REF][START_REF] Herbrecht | Characterization of efficacy and safety of pathogen inactivated and quarantine plasma in routine use for treatment of acquired immune thrombotic thrombocytopenic purpura[END_REF][START_REF] De La Rubia | Role of methylene blue-treated or fresh-frozen plasma in the response to plasma exchange in patients with thrombotic thrombocytopenic purpura[END_REF][START_REF] Alvarez-Larran | Methylene blue-photoinactivated plasma vs. fresh-frozen plasma as replacement fluid for plasma exchange in thrombotic thrombocytopenic purpura[END_REF][START_REF] Del Río-Garma | Methylene blue-photoinactivated plasma versus quarantine fresh frozen plasma in thrombotic thrombocytopenic purpura: a multicentric, prospective cohort study[END_REF]. A cryosupernatant plasma can be made after depletion of the cryoprecipitate formed after slow thawing of a frozen plasma secured by any method. The theoretical superiority of this cryoprecipitate-poor plasma lies into its low residual content in vWF which is removed with other "cryofactors" (XIII, VIII, I, fibronectin). However, this superiority did not translate in any significant clinical benefit in randomized clinical trials [START_REF] Rock | Does cryosupernatant plasma improve outcome in thrombotic thrombocytopenic purpura? No answer yet[END_REF][START_REF] Röthele | Design of the prospective randomized study for the treatment of patients with thrombotic microangiopathy. PRODROMI Study Group[END_REF][START_REF] Zeigler | Cryoprecipitate poor plasma does not improve early response in primary adult thrombotic thrombocytopenic purpura (TTP)[END_REF].

Finally, TPE is associated with the removal of a variable fraction of any drug administered to the patient, depending on the plasma exchange technique, the exchanged volume, as well as the volume of distribution of the considered drug and the plasma protein to which it binds.

Adjunctive frontlines therapies

Nowadays, TPE are integrated in an overall management strategy of iTTP (Figure 1).

The autoimmune nature of iTTP has led to the implementation of immunomodulation strategies. Notably, corticosteroids are empirically used despite a low level of evidence. In a recent study, corticosteroids were superior to cyclosporine with regard to the restauration of ADAMTS13 activity and the reduction of ADAMTS13 inhibitor titer [START_REF] Cataland | Cyclosporine or steroids as an adjunct to plasma exchange in the treatment of immune-mediated thrombotic thrombocytopenic purpura[END_REF]. Intravenous or oral prednisone is often initiated at 1 to 1.5mg/kg/day but high doses of methylprednisolone (10mg/kg/day for 3 days followed by 2.5mg/kg/day) have been shown to be superior to this standard dosage in a multicentric randomized controlled trial, and could be used in the most severe patients [START_REF] Italian | High versus standard dose methylprednisolone in the acute phase of idiopathic thrombotic thrombocytopenic purpura: a randomized study[END_REF].

The use of the anti-CD20 humanized monoclonal antibody rituximab has been reported initially in retrospective studies of patients refractory to, or with suboptimal response to initial therapy associating TPE and corticosteroids [START_REF] Jasti | Rituximab as an adjunct to plasma exchange in TTP: A report of 12 cases and review of literature[END_REF][START_REF] Ling | Sustained response with rituximab in patients with thrombotic thrombocytopenic purpura: A report of 13 cases and review of the literature[END_REF][START_REF] De La | Efficacy and safety of rituximab in adult patients with idiopathic relapsing or refractory thrombotic thrombocytopenic purpura: Results of a Spanish multicenter study[END_REF][START_REF] Page | Rituximab reduces risk for relapse in patients with thrombotic thrombocytopenic purpura[END_REF]. In this setting, the addition of up to four doses of rituximab 375mg/m2 weekly led to remission rates of 82% to 100%. These results were supported by two prospective studies [START_REF] Scully | Remission in acute refractory and relapsing thrombotic thrombocytopenic purpura following rituximab is associated with a reduction in IgG antibodies to ADAMTS-13[END_REF][START_REF] Froissart | Efficacy and safety of first-line rituximab in severe, acquired thrombotic thrombocytopenic purpura with a suboptimal response to plasma exchange. Experience of the French Thrombotic Microangiopathies Reference Center[END_REF]. In one of these, rituximab regimen was slightly intensified and increased to 4 doses of 375mg/m2 within two weeks to take into account the partial drug removal by TPE [START_REF] Froissart | Efficacy and safety of first-line rituximab in severe, acquired thrombotic thrombocytopenic purpura with a suboptimal response to plasma exchange. Experience of the French Thrombotic Microangiopathies Reference Center[END_REF][START_REF] Mcdonald | Rituximab pharmacokinetics during the management of acute idiopathic thrombotic thrombocytopenic purpura: PK of rituximab in TTP[END_REF]. Nevertheless, the kinetics of B-cell depletion proved to be similar to that observed in other autoimmune diseases that do not require TPE and are treated with standard rituximab regimens. These encouraging results prompted the evaluation of rituximab as part of frontline treatment of newly diagnosed iTTP with once again impressive results. The addition of rituximab to TPE and corticosteroids led to a reduction in TPE duration, intensive care unit and whole hospital length of stay, as well as to a striking improvement in 1-year relapse free survival. However, relapses were observed later [START_REF] Page | Rituximab reduces risk for relapse in patients with thrombotic thrombocytopenic purpura[END_REF][START_REF] Froissart | Efficacy and safety of first-line rituximab in severe, acquired thrombotic thrombocytopenic purpura with a suboptimal response to plasma exchange. Experience of the French Thrombotic Microangiopathies Reference Center[END_REF][START_REF] Scully | A phase 2 study of the safety and efficacy of rituximab with plasma exchange in acute acquired thrombotic thrombocytopenic purpura[END_REF]. Thus, several teams have now integrated frontline rituximab to the initial management of iTTP from these results. However, this attitude remains debated in line with two arguments: first B-cell depletion is only effective 10 days to 2 weeks after the first infusion, and the addition of rituximab thus does not prevent early death that typically occurs in the first 10 days. Second, a significant proportion of patients (about 50%) achieve remission with TPE and corticosteroid alone, without the need of any second line therapy.

These arguments are counterbalanced by the need to ensure a durable suppression of anti-ADAMTS13 autoantibodies production to prevent relapses. In this way, the administration of preemptive rituximab infusions in patients in clinical remission but who experience a severe ADAMTS13 deficiency proved to remarkably prevent long term relapses [START_REF] Hie | Preemptive rituximab infusions after remission efficiently prevent relapses in acquired thrombotic thrombocytopenic purpura[END_REF][START_REF] Jestin | Preemptive rituximab prevents long-term relapses in immune-mediated thrombotic thrombocytopenic purpura[END_REF].

Treatment of refractory iTTP

Patients with unresponsive iTTP, as defined by the absence of rise in platelet count to more than twice the initial count and persistence of LDH elevation after 4 days of initial treatment, need to be intensified. Rituximab should be added if not already administrated. In case of new or persistent organ failure, TPE should be performed twice-daily. This strategy is based on an old observation that the highest cumulative volumes of plasma exchange were associated with the highest rate of response [START_REF] Taft | Thrombotic thrombocytopenic purpura and dose of plasma exchange[END_REF]. Such strategy has been used and reported in two retrospective studies [START_REF] Soucemarianadin | Twice-daily therapeutical plasma exchange-based salvage therapy in severe autoimmune thrombotic thrombocytopenic purpura: the French TMA Reference Center experience[END_REF][START_REF] Nguyen | Twice-daily plasma exchange for patients with refractory thrombotic thrombocytopenic purpura: the experience of the Oklahoma Registry, 1989 through 2006[END_REF]. Despite a very severe presentation, the implementation of such strategy to treat refractory iTTP led to survival rates of almost 95%. However, these impressive results should be nuanced as most of these patients received concomitant salvage therapies, making definitive conclusions about the specific role of twice-daily TPE difficult.

Nevertheless, due to their simplicity, our use is to propose twice-daily TPE as the first step of intensification. In the more severe patients unresponsive to twice-daily TPE, pulses of cyclophosphamide, vincristine, cyclosporine or even a splenectomy are proposed, despite severe thrombocytopenia [START_REF] Sayani | How I treat refractory thrombotic thrombocytopenic purpura[END_REF].

The use of anti-plasma cell agents such as bortezomib could be useful to target longlived plasma cells supposedly responsible of a persistent autoantibodies production despite effective B-cell depletion, although this strategy requires further evaluation [START_REF] Patriquin | Bortezomib in the treatment of refractory thrombotic thrombocytopenic purpura[END_REF]. Other agents targeting plasma cells such as anti-CD38 monoclonal antibodies (daratumumab) could be of particular interest in this context.

The next future of iTTP treatment

A better understanding of the physiopathological mechanisms at work during iTTP has led to the development of molecules aimed at inhibiting the interaction between ULvWF multimers and platelets. During the last years, 3 new drugs of this therapeutic class have been evaluated: caplacizumab, ARC1779 [START_REF] Knöbl | Antivon Willebrand factor aptamer ARC1779 for refractory thrombotic thrombocytopenic purpura[END_REF][START_REF] Cataland | Initial experience from a double-blind, placebo-controlled, clinical outcome study of ARC1779 in patients with thrombotic thrombocytopenic purpura[END_REF] and GBR600 [START_REF] Feys | Inhibition of von Willebrand factor-platelet glycoprotein Ib interaction prevents and reverses symptoms of acute acquired thrombotic thrombocytopenic purpura in baboons[END_REF]. Caplacizumab, formerly known as ALX-0081 (intravenous) or ALX-0681 (subcutaneous), is a humanized single variable domain bivalent antibody derived from camelidae (nanobody) which is the most advanced in development. So far it has been evaluated in a phase II study, the TITAN trial, and a phase III study, the HERCULES trial. In the TITAN trial, 75 patients were randomly assigned to received 10mg of caplacizumab or placebo daily from the start of therapy and for 30 days after the last TPE [START_REF] Peyvandi | Caplacizumab for Acquired Thrombotic Thrombocytopenic Purpura[END_REF]. The primary end-point was the time to complete response defined by platelet count recovery, which was significantly reduced in the caplacizumab arm versus placebo (39% reduction). Additionally, patients in the caplacizumab arm experienced a greater proportion of complete remission at one month, with fewer exacerbations. However, after cessation of the study drug, patients in the caplacizumab group who still displayed a persistent undetectable ADAMTS13 deficiency at this time point showed a greater frequency of relapse. Indeed, while caplacizumab is able to rapidly suppress the formation of microthrombi, it has no activity on the autoimmune mechanism at work in the formation of antibodies against ADAMTS13. A post-hoc study of the TITAN trial showed that caplacizumab treatment resulted in a lower proportion of a composite endpoint associating major thromboembolic events or death [START_REF] Peyvandi | Caplacizumab reduces the frequency of major thromboembolic events, exacerbations and death in patients with acquired thrombotic thrombocytopenic purpura[END_REF]. The HERCULES trial confirmed these results in a larger cohort. Caplacizumab compared to placebo allowed a significant reduction in the incidence of a primary composite endpoint including iTTP-related death, recurrence or major thromboembolic events (12.7% vs 49.3%, respectively). When compared to placebo, caplacizumab also allowed a significant reduction in TPE duration (mean, 5.8 days vs 9.4 days, respectively), as well as a decrease in the intensive care unit stay (3.4 days vs. 9.7 days, respectively) and in the whole hospital stay (9.9 days vs. 14.4 days, respectively) [START_REF] Scully | Caplacizumab Treatment for Acquired Thrombotic Thrombocytopenic Purpura[END_REF]. Thus, by its suspensory mechanism of action on microthrombi formation, caplacizumab might fill the gap and succeed in reducing early death occurring before the sustained improvement of ADAMTS13 activity by rituximab. A phase IIIb study (post-HERCULES study) is currently ongoing in order to assess the long-term efficacy and tolerance of caplacizumab (NCT02878603); in the meantime, the drug was already approved by the European Medicines Agency for adult patients with iTTP as a frontline treatment in association with TPE/corticosteroids and rituximab. It is also under review by the Food and Drug Administration.

Because ADAMTS13 deficiency is directly involved in the occurrence of the disease, a treatment based on a specific ADAMTS13 supply is an attractive perspective. This strategy has been highlighted in mice knock-out for adamts13 gene in which clinical and hematological features of TTP can be reproduced after the administration of human recombinant vWF. Interestingly, the features of the disease could be reverted by the administration of recombinant human (rh)ADAMTS13 [START_REF] Schiviz | A new mouse model mimicking thrombotic thrombocytopenic purpura: correction of symptoms by recombinant human ADAMTS13[END_REF], opening the way to clinical trials in patients with cTTP. Moreover, the addition of rhADAMTS13 to iTTP patients plasma was able to restore ADAMTS13 activity with a linear correlation between the inhibitory titer and the requirement in rhADAMTS13 [START_REF] Plaimauer | Recombinant ADAMTS13 normalizes von Willebrand factor-cleaving activity in plasma of acquired TTP patients by overriding inhibitory antibodies: rADAMTS13 overrides inhibitors in TTP plasma[END_REF]. A rhADAMTS13 has been developed and so far, and a phase I study assessed its tolerance and pharmacokinetics cTTP. In this trial, the administration of a single dose of rhADAMTS13 (5, 20 or 40U/kg) to 15 patients was well tolerated and showed efficacy as attested by the detection of ADAMTS13-mediated vWF cleavage products, a rise in platelet count, and a drop in LDH level. The half-life of rhADAMTS13 was comparable to this of the wild-type enzyme present in therapeutic plasma.

Importantly, there was no evidence of immunogenicity, as no neutralizing antibodies were detected up to 28 days after rhADAMTS13 administration. A phase 3 study is now ongoing to assess rhADAMTS13 efficacy in cTTP (NCT03393975). As a perspective, such replacement strategy could significantly reduce the volume of plasma required to maintain patients in remission, or even replace plasmatherapy, allowing a decrease of plasma-related side effects: fluid overload, allergic reactions, transfusions-related acute lung injury and alloimmunisation. Lastly, the adaptation of rhADAMTS13 to patient weight, inhibitor titer and response to therapy would be part of a more personalized medicine. In the next future, the development of inhibitor-resistant recombinant ADAMTS13 proteins with enhanced vWFcleaving activity should still refine this new approach [START_REF] Jian | Gain-of-function ADAMTS13 variants that are resistant to autoantibodies against ADAMTS13 in patients with acquired thrombotic thrombocytopenic purpura[END_REF].

N-acetylcysteine (NAC) is a small molecule commonly used to treat acetaminophen poisoning or as a mucolytic agent. Its ability to reduce disulfide bounds and thereby reducing the length of soluble ULvWF multimers raised interest for the treatment of TTP. Interestingly, it seems that NAC quite particularly disrupts the disulfide bound located in the A1 domain of vWF, preventing its binding to the platelets receptor Gp1b [START_REF] Chen | Nacetylcysteine reduces the size and activity of von Willebrand factor in human plasma and mice[END_REF]. Despite a strong biologic rationale and an encouraging case report [START_REF] Li | Treatment of refractory thrombotic thrombocytopenic purpura with N -acetylcysteine: a case report: Treatment of TTP with N-Acetylcysteine[END_REF], definitive clinical evidence is still lacking, and its efficacy has been recently called into question in a mouse and baboon pre-clinical study [START_REF] Tersteeg | Nacetylcysteine in preclinical mouse and baboon models of thrombotic thrombocytopenic purpura[END_REF]. In this work, albeit effective as a prophylaxis, high-dose NAC was unable to reverse established TTP manifestations despite a reduction in ULvWF multimers length. NAC is currently evaluated as an adjunction to initial therapy with TPE in a randomized pilot trial (NCT01808521). However, due to partially overlapping mechanisms of action, NAC position in the future therapeutic strategy is questionable given the recent success of caplacizumab. Initial treatment with TPE and corticosteroids should be initiated as soon as the diagnosis is made or even suggested. Of utmost importance, to avoid a delay in the optimal management, TTP diagnosis should be suspected on the basis of clinical scores aimed at predicting a severe ADAMTS13 deficiency (67,68) ( £ Supplemental Table ). If the clinical probability of TTP is high the anti-vWF agent caplacizumab as well as frontline rituximab should also be associated with TPE and corticosteroids. Response to therapy should be assessed at least daily by repeated platelet count, LDH and clinical assessment. Patients experiencing refractoriness after 4 days or an exacerbation of the disease should be intensified. There is no consensual recommendation; our use is to propose twice-daily TPE. For the more severe patients, pulses of cyclophosphamide, vincristine, cyclosporine, splenectomy or bortezomib should be considered (*). TTP: thrombotic thrombocytopenic purpura. TPE: therapeutic plasma exchange. Quarantine fresh frozen plasma Plasma stored in quarantine while waiting for donor retesting to ensure the absence of infectious pathogens after a window period.

Conclusion

Historical replacement fluid

Solvent detergent plasma Pathogen and leukocytes inactivation by addition of solvent and detergent, followed by ultrafiltration.

Reduced content in vWF due to ultrafiltration.

May be better tolerated than quarantine fresh frozen plasma [START_REF] Toussaint-Hacquard | Type of plasma preparation used for plasma exchange and clinical outcome of adult patients with acquired idiopathic thrombotic thrombocytopenic purpura: a French retrospective multicenter cohort study: THERAPEUTIC PLASMA AND TTP OUTCOME[END_REF]. Reported to be less effective than quarantine fresh frozen plasma in small retrospective and prospective studies [START_REF] Herbrecht | Characterization of efficacy and safety of pathogen inactivated and quarantine plasma in routine use for treatment of acquired immune thrombotic thrombocytopenic purpura[END_REF][START_REF] De La Rubia | Role of methylene blue-treated or fresh-frozen plasma in the response to plasma exchange in patients with thrombotic thrombocytopenic purpura[END_REF][START_REF] Alvarez-Larran | Methylene blue-photoinactivated plasma vs. fresh-frozen plasma as replacement fluid for plasma exchange in thrombotic thrombocytopenic purpura[END_REF].

Methylene blue-inactivated plasma has been withdrawn from the list of authorized blood components in France as allergic reactions were more prevalent. [START_REF] De La Rubia | Role of methylene blue-treated or fresh-frozen plasma in the response to plasma exchange in patients with thrombotic thrombocytopenic purpura[END_REF][START_REF] Alvarez-Larran | Methylene blue-photoinactivated plasma vs. fresh-frozen plasma as replacement fluid for plasma exchange in thrombotic thrombocytopenic purpura[END_REF][START_REF] Del Río-Garma | Methylene blue-photoinactivated plasma versus quarantine fresh frozen plasma in thrombotic thrombocytopenic purpura: a multicentric, prospective cohort study[END_REF] vWF: von Willebrand Factor; UVA: ultraviolet A.

  TPE have transformed iTTP management, allowing both the understanding of mechanisms at work in disease pathophysiology as well as a dramatic improvement in survival. They still nowadays represent an essential and urgent treatment of iTTP. Nonetheless, recent therapeutic advances gradually lead to a reduction in TPE treatment duration and the associated complications. As a promising perspective for the next future, a combination of rhADAMTS13 and caplacizumab with corticosteroids and B-cell depletion could even call into question the absolute requirement of TPE. Disclosure of interest: AP and FP have no competing interest. PC is a member of the advisory board for Alexion, Octapharma, Shire and Ablynx part of Sanofi-Genzyme.
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 1 Figure 1. Current management of immune-mediated thrombotic thrombocytopenic purpura (adapted from (66))

31 )

 31 Amotosalen-inactivated plasma Pathogen and leukocytes inactivation by addition of amotosalen; exposition to UVA followed by removal of amotosalen by adsorption No significative difference in efficacy or tolerance in comparison with quarantine fresh frozen plasma (29-Methylene blue-inactivated plasma Pathogen and leukocytes inactivation by addition of methylene blue and exposition to visible light.

Table 1 . Complications of TPE for iTTP (adapted from (26))

 1 

	Microangiopathic haemolytic anemia and
	thrombocytopenia
	± Organ failure

Table 2 . Classification of therapeutic plasmas according to securisation procedure Plasma Description Evaluation in TTP
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