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Amotosalen-inactivated fresh frozen plasma is comparable to solvent-detergent inactivated plasma to treat thrombotic thrombocytopenic purpura
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Introduction

Immune mediated Thrombotic thrombocytopenic purpura (iTTP) almost invariably results in death from organ failure in the absence of effective treatment; it is specifically mediated by autoantibodies to ADAMTS13, the metalloproteinase that cleaves the large multimers of von Willebrand factor [START_REF] Joly | Thrombotic thrombocytopenic purpura[END_REF][START_REF] Hovinga | Thrombotic thrombocytopenic purpura[END_REF], leading to a severe deficiency in this essential factor [START_REF] Crawley | Thrombotic thrombocytopenic purpura: basic pathophysiology and therapeutic strategies[END_REF]. The first-line therapy for acute iTTP still relies on emergent daily therapeutic plasma exchange (TPE) [START_REF] Blombery | Management of thrombotic thrombocytopenic purpura: current perspectives[END_REF] replacing ADAMTS13 and removing anti-ADAMTS13 autoantibodies and proaggregant substances [START_REF] Scott | Comparison and stability of ADAMTS13 activity in therapeutic plasma products[END_REF][START_REF] Yarranton | Comparison of von Willebrand factor antigen, von Willebrand factor-cleaving protease and protein S in blood components used for treatment of thrombotic thrombocytopenic purpura[END_REF]. In most cases, TPE is complemented by steroids [START_REF] Coppo | Treatment of thrombotic thrombocytopenic purpura beyond therapeutic plasma exchange[END_REF]. Although additional and promising bioactive compounds have been recently added to the therapeutic arsenal for iTTP [START_REF] Page | Rituximab reduces risk for relapse in patients with thrombotic thrombocytopenic purpura[END_REF][START_REF] Westwood | Rituximab prophylaxis to prevent thrombotic thrombocytopenic purpura relapse: outcome and evaluation of dosing regimens[END_REF][START_REF] Peyvandi | Caplacizumab for Acquired Thrombotic Thrombocytopenic Purpura[END_REF][START_REF] Scully | Caplacizumab treatment for acquired thrombotic thrombocytopenic purpura[END_REF], TPE remains indispensible. ADAMTS13 is thus provided in sufficient amounts by fresh plasma. In France, all forms of plasma for direct therapeutic use are fresh frozen plasma (FFP) leukoreduced, frozen at -30°C, and kept at -25°C for less than a year; FFP is thawed by a validated procedure immediately prior to use (and within 6 h) [START_REF] Garraud | Plasma for direct therapeutic use : a short critical overview[END_REF].

FFP carries moderate risk of intolerance for patients exposed to large volumes of plasma [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[END_REF][START_REF] Bost | A regional haemovigilance retrospective study of four types of therapeutic plasma in a ten-year survey period in France[END_REF][START_REF] Bost | Independent evaluation of tolerance of therapeutic plasma inactivated by amotosalen-HCl-UVA (Intercept ™) over a 5-year period of extensive delivery[END_REF][START_REF] Pandey | Adverse effects of plasma transfusion[END_REF][START_REF] Saadah | Comparing transfusion reaction rates for various plasma types: a systematic review and meta-analysis/regression[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] Roth | Quarantine Plasma: Quo vadis?[END_REF]. The risk of virus transmission by transfusion has been largely reduced by multiple additive measures [START_REF] Candotti | Multiple HBV transfusion transmissions from undetected occult infections: revising the minimal infectious dose[END_REF]; however, as emergent virus infection may still occur [START_REF] Kiely | Emerging Infectious Diseases and Blood Safety: Modeling the Transfusion-Transmission Risk[END_REF], solutions such as pathogen-inactivation have been considered a major step forward to either limit or eradicate those risks [START_REF] Garraud | How to mitigate the risk of inducing transfusion-associated adverse reactions[END_REF][START_REF] Garraud | Pathogen inactivation/reduction technologies for platelet transfusion: Where do we stand?[END_REF].

The most studied plasma categories used in iTTP series are: (i) Solvent-Detergent-(SD) FFP, produced by industrial pooling of plasma sources from pools of 100 to 1.500 individual plasma collections or more, depending on the manufacturer, with pathogen inactivation by solvent and detergent treatment; and (ii) Quarantine-(Q) FFP, that has not been modified apart from freezing, thawing and retesting for a limited number of pathogens [START_REF] Roth | Quarantine Plasma: Quo vadis?[END_REF][START_REF] Marietta | Is solvent/detergent plasma better than standard fresh-frozen plasma? A systematic review and an expert consensus document[END_REF]. More recently, new forms of FPP have been made available, including individual or mini-pools of therapeutic plasma pathogen inactivated by Amotosalen-UVA [START_REF] Ravanat | In vitro quality of amotosalen-UVA pathogen-inactivated mini-pool plasma prepared from whole blood stored overnight[END_REF]. Uses of different plasma categories in France has varied over time as recentmly discussed in [START_REF] Garraud | The plasma supply in France[END_REF].

We thus aimed to evaluate the efficacy and tolerance of Amotosalen-pathogen inactivated FFP in iTTP patients undergoing TPE, in comparison with SD-plasma which has been used previously as a standard of care in France, and in many other countries. Due to the low frequency of iTTP, we designed a retrospective study using data acquired from routine practice in multiple centers prospectively entered into a national reference center database (French National Network for TMAs/French National Reference Center Registry: CNR-MAT, Paris: http://www.cnr-mat.fr).

Patients and Methods

Patients, study design and objectives

This non-randomized, retrospective, multi-center, cohort study compared the clinical outcomes in adult patients supported with AI-or SD-FFP for TPE in iTTP cases prospectively reported to the CNR-MAT over a period of 4 years (2010 to 2013); subsequent cases were disregarded as TPE were principally processed with one type of plasma only (AI-plasma up to 2017, or Quarantine plasma or imported SD plasma after that period). The considered period was the only one when either type of plasma (AI or SD) was used to treat [similar] patients, allowing comparisons as adjunctive therapies were also similar [START_REF] Coppo | Treatment of thrombotic thrombocytopenic purpura beyond therapeutic plasma exchange[END_REF]. Patient cohorts were identified in the national reference center database for TMA study centers within the collaborative network.

Inclusion criteria were those of the French Register [START_REF] Coppo | Treatment of thrombotic thrombocytopenic purpura beyond therapeutic plasma exchange[END_REF]: a diagnosis of iTTP and TPE treatment with ≥70% of either AI-or SD-FFP, both licensed plasma products, during this period. All patients had a severe acquired ADAMTS13 deficiency (activity < 10%; anti-ADAMTS13 antibodies present or ADAMTS13 recovery after the acute episode). Patients with multifactorial causes of thrombocytopenia were excluded as previously defined [START_REF] Scully | Consensus on the standardization of terminology in thrombotic thrombocytopenic purpura and related thrombotic microangiopathies[END_REF].

The study identified patients treated by TPE with predominantly (≥70% of the total volume used) of AI-FFP (Test) or SD-FFP (Control). As FFP was issued by the blood bank based upon availability, a bias of selection was not relevant. All FFP components were adjusted to 200-210 mL each by the manufacturer (regional EFS: AI-plasma; Aquitaine-EFS: SD-plasma). The primary endpoint was the time to sustained remission, measured by platelet count recovery (> 150 x 10 9 /L for 2 days), defined as the time elapsed from the first session to a complete response [START_REF] Blombery | Management of thrombotic thrombocytopenic purpura: current perspectives[END_REF][START_REF] Coppo | French Reference Center for Thrombotic Microangiopathies. Management of thrombotic thrombocytopenic purpura[END_REF]. We also assessed secondary endpoints: sustained remission proportions and survival, exacerbations and refractoriness, plasma volumes needed to achieve remission, relapse rate, and adverse reactions.

Plasma preparations

Both types of FFP were produced and provided by the French Blood Establishment (Établissement Français du Sang; EFS). (i) AI plasma consisted of individual apheresis plasma collections (using different apheresis devices as previously reported [START_REF] Garraud | Blood and Blood Components: From Similarities to Differences[END_REF]); plasma was leukodepleted to a level below 10 4 leukocytes/L, and then subjected to the inactivation process as prescribed by the supplier (Cerus, Amersfoort, NL). AI-FFP units were processed by regional blood establishments into ~200-210 mL components and frozen (-30°C) within 8 h after collection (before 2013) or within 18 h (after 2013). AI plasma was stored for up to one year at ≤-25°C. (ii) SD-plasma was obtained from apheresis collections leukodepleted to below 10 4 residual leukocytes/L, frozen to -30°C before 6 h following collection, and subsequently manufactured in one regional blood establishment with the solvent detergent process by pooling 100 units with processing into individual plasma components (200 mL). SD-FFP was stored for up to one year at ≤-25°C. (iii) Quality control for both types of plasma was performed by the EFS according to specifications of the notified body ANSM (Agence Nationale de Sécurité du Médicament et des Produits de Santé), the French Drug Agency.

The affect of safety chemical and physical treatment on fresh plasma was evaluated by Hacquart et al. [START_REF] Hacquart | Evaluation of the hemostatic potential including thrombin generation of the three different therapeutic pathogen reduced plasmas[END_REF], showing that either Amotosalen or SD interventions did not alter ADAMTS13 activity even minimally. Further, Amotosalen treatment was shown to preserve the vWF-Ag and vWF activity for as long as 12 months [START_REF] Ravanat | In vitro quality of amotosalen-UVA pathogen-inactivated mini-pool plasma prepared from whole blood stored overnight[END_REF][START_REF] Osselaer | Coagulation function in fresh frozen Reference Centre. Preemptive rituximab infusions after remission efficiently prevent relapses in acquired thrombotic thrombocytopenic purpura[END_REF]. SD-inactivated plasma was found having reduced levels of the highest molecular weight vWF multimers [START_REF] Yarranton | Comparison of von Willebrand factor antigen, von Willebrand factor-cleaving protease and protein S in blood components used for treatment of thrombotic thrombocytopenic purpura[END_REF] compared to untreated or MB-treated plasma; Amotosalen has not been documented-to our knowledge-for the highest molecular weight vWF multimer distribution.

Therapeutic plasma exchange regimens

The recommended treatment was in conformity with the French guidelines [START_REF] Coppo | Treatment of thrombotic thrombocytopenic purpura beyond therapeutic plasma exchange[END_REF].

Briefly, patients received daily TPE with therapeutic plasma units, starting as soon as possible after the diagnosis of iTTP was established. The daily FFP exchange volume targeted 1.5 times the predicted patient plasma volume, approximately 60 mL/kg, until remission. TPE sessions were then usually tapered over 3 weeks (maintenance treatment: 3 TPEs on week one, then 2 TPEs on week 2 and 1 TPE on week 3) and finally stopped. Exacerbation or relapse led to resumption of daily TPE sessions. Patients without active infection received corticosteroid therapy (prednisone), 1 mg/kg daily for 3 weeks. For patients who met the criteria for a suboptimal response to the above-described standard treatment, 4 infusions of Rituximab were prescribed within 15 days (day 1, day 4, day 8 and day 15) [32]. Patients with an undetectable ADAMTS13 activity (< 10%) and otherwise in remission were usually treated preemptively with rituximab [33,[START_REF] Jestin | Preemptive rituximab prevents long-term relapses in immune-mediated thrombotic thrombocytopenic purpura[END_REF].

Definitions

Response criteria followed the definitions provided elsewhere [7; 28,33].

Definitions for imputability and severity of adverse reactions and events were based on the International Haemovigilance Network Database ISTARE [START_REF] Politis | The International Haemovigilance Network Database for the Surveillance of Adverse Reactions and Events in Donors and Recipients of Blood Components: technical issues and results[END_REF].

Statistical comparisons

The data from the CNR-MAT database were extracted and transferred in an Excel file format to Cerus, Concord, CA for data analysis. Patients' characteristic and plasma usage data were summarized descriptively by patient cohort (AI plasma vs. SD plasma).

Comparisons between the two patient cohorts (AI plasma vs. SD plasma) were performed using 2-sample t test with unequal variances for continuous variables, Fisher's exact test for binary outcome, and Cochran-Mantel-Haenszel Row Mean Scores Differ test for ordinal categorical variables. For continuous variables with skewed distributions (e.g., baseline platelet count), the Wilcoxon rank-sum test was also conducted. For time-to-event variables (e.g. time from the first AI or SD plasma transfusion to platelet count recovery), the median time was estimated by Kaplan-Meier curves, and the log-rank test (with or without adjusting for patient age at admission and baseline platelet count as covariates) was used to assess the differences between the two patient cohorts. All statistical analyses were performed using SAS® software (Version 9.4) and/or the R programming language.

Results

Patient Demographics

To avoid confounding events, of the 48 cases having benefitted PE with AI-plasma, for whom data were recorded by the Reference Center, 30 were considered for the present survey, that were treated with AI-plasma during the period when other patients [START_REF] Ganju | Non-inferiority versus superiority drug claims: the (not so) subtle distinction[END_REF] were treated by SD-plasma. The demographics and clinical presentation of patients, 30 in the test (AI) group compared to 40 in the control (SD), were comparable and not statistically significantly different between the groups with respect to the duration between admission and diagnosis and prognostic factors such as age, LDH level and neurological and cardiac involvement (including cardiac failure and increased cardiac troponin). The mean baseline platelet count was close in Control patients and in Test patients (13.3 vs 16.0 x 10 9 /L respectively) (Table 1).

Overall exposure to plasma (therapeutic plasma exchange)

All patients received TPE: 100% of patients in the Test group (AI-FFP) were treated with AI-FFP; and 100% of patients in the Control (SD-FFP) group were treated with SD-FFP.

However, 6 patients in the Test (AI-FFP) group received small amounts of SD-FFP; and 2 patients within the Control (SD-FFP) group received small amounts of AI-FFP in (<30% of the total plasma volume used). In addition, 11 patients in the SD-FFP group received Methylene Blue (MB)-FFP in small amounts (<15% of the total plasma volume used). Lastly, 15 patients within the AI-FFP group received small amounts of Q-FFP (<15% of the total plasma volume used), compared to 6 in the SD group. Volumes of off-protocol plasma types in all combinations ranged from 5% to 22.5% (mean, ≤15%; Table 2).

The duration between admission and first TPE was comparable between both groups (Table 3a). iTTP patients in the Test (AI-FFP) group were exposed to a lower number of units, than patients in the SD-FFP group to achieve sustained remission (p=0.012 from the t test).

The total volume exchanged paralleled this finding: iTTP patients in the AI-FFP group received an inferior volume of plasma than the SD-FFP group (p=0.013 from the t test) (Table 3a).

Adjunctive therapies

27 patients in the Test group (AI-FFP) received corticosteroids (90%), and 35 in the control (SD-FFP) group (90%). The mean dose was slightly higher in the AI-FFP group (p=0.008 from the t test; 0.010 from the Wilcoxon rank-sum test); the duration of corticotherapy could not be validly compared as many data were actually missing, respectively and numbers were too low to allow valid comparison. Numbers of patients in each group received rituximab (46.7% and 67.5% for Test and Control cohorts, respectively) were non significantly different; Table 3b).

Patient outcomes

Median time to sustained platelet count recovery (the primary efficacy endpoint) tended to be shorter in the AI-FFP group compared to the SD-FFP-group: 11.0 vs 16.0 days, respectively, though non significantly (p=0.099 by log-rank test, without any covariate adjustment). Consistent results were observed with or without age group and/or baseline platelet count included in the model as covariate adjustments (p≤0.029 for treatment effect from the Cox proportional hazards model). Survival, exacerbation, refractoriness and relapse, were comparable between both groups (Table 4). Causes of deaths in the control group were reported to be consequent to neurovascular stroke; in the test group, they all occurred in complex situations: one severe bleeding; two pneumopathies and sepsis; one cardiogenic shock (perhaps after neurovascular stroke); and one myocardial infaction and cardiogenic shock. None died at the onset of the treatment in either group and they received highly variable amounts of plasma, allowing no statistical comparison at this stage.

Adverse reactions

Approximately one fourth of patients in each group had adverse reactions (imputability score of 2 to 3) during of after the procedure: 11 patients (36.7%) in the AI-FFP group and 15 patients (37.5%) in the SD-FFP group. A comparable number of adverse reactions that were actually attributable to plasma (imputability 2 and 3) were found in either group: 5 patients (16.7%) in the AI-FFP group and 7 patients (17.5%) in the SD-FFP group (p=1.000) (Table 5). Of note, only severe cases scored 2 (immediate intervention required) or 3 (vital threat) were reported; no lethal cases attributable to either type of FFP were recorded. Transfusion complications all comprised allergic-type reactions (rashes, urticaria, bronchospasm); according to the French procedures, patients having manifested a severe allergic reaction (score 3) clearly attributable to plasma (scores 2-3) were exchanged with another type of plasma thenafter.

Discussion

Based on the primary outcome for efficacy evaluation of plasma types (time to platelet count recovery), the main findings of this study were: (i) an equivalent time to platelet count recovery and a trend to shorter recovery though non significant, (ii) a lower plasma volume for patients in the Test cohort (AI-FFP) compared to the Control cohort (SD-FFP) and (iii) otherwise comparable outcome parameters including survival, exacerbation, refractoriness, long-term outcome and relapse in the acute phase between groups. Although the study was retrospective and not designed as a non-inferiority study [START_REF]Non-Inferiority Clinical Trials to Establish Effectiveness Guidance for Industry[END_REF][START_REF] Althunian | Methods of defining the non-inferiority margin in randomized, double-blind controlled trials: a systematic review[END_REF][START_REF] Ganju | Non-inferiority versus superiority drug claims: the (not so) subtle distinction[END_REF], the data indicate that the test plasma (AI-FFP) compares well to SD-FFP [START_REF] Hellstern | The Use of Solvent/Detergent Treatment in Pathogen Reduction of Plasma[END_REF][START_REF] Lee | Solvent-Detergent Plasma for the Treatment of Thrombotic Microangiopathies: A Canadian Tertiary Care Centre Experience[END_REF][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[END_REF]. Two and half times more Test group patients than Control group patients received another type of plasma; in spite of these numbers, unique patients in a given group received maximum volumes of reciprocal plasma (15.8% of total exchanged plasma in the test group and 27.2% of total exchanged plasma in the control group); the vast majority of either Test or Control patients received small amounts of any other type of plasma in total. This situation was unavoidable for two reasons: the main one was due to inventory management limitations within a national blood service, but calls for caution in concluding that AI-FFP was superior to SD-FFP; the other one-as was specified-was related to the plasma type change in case an adverse reaction was reported.

Our study is confirmatory of other two studies evaluating the safety of AI-plasma in TPE for TTP: one compared AI-FFP to unmanipulated FFP in a small (17 in the test versus 18 in the control) group TTP patients, with no clinically significant differences in safety and efficacy (bearing in mind the low number of test and control patients). This study was part of the Phase III clinical development program for AI-FFP registration [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]. Another recent study carried out by our group reported comparable efficacy between AI-FFP and Q-FFP in iTTP [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].

Of note, the frequency of refractoriness, exacerbation and relapses (Table 4) appears quite large; hovewer, it seems consistent with data from others considering the treatment period; since then, regimens with preemptive Rituximab have allowed a reduction in complications; the new era of Caplacizumab will likely give a new twist in the iTTP outcome.

Death occurrences could not be further explored in this restrospective, multisite survey; they were ascribed to as the most likely cause; though they were all strokes in the the test group and more diversified in the control group. Death aetiology would perhaps be of interest to better care patients and set ut preventive strategies, and that particular issue would deserve specific examination in an prospective study.

The tolerance of AI-FFP was excellent in all studies, including the present one, as it is consistent with the extended surveillance surveys of plasma transfusions (>100.000 components in one study [START_REF] Bost | A regional haemovigilance retrospective study of four types of therapeutic plasma in a ten-year survey period in France[END_REF], including AI-plasma [START_REF] Bost | Independent evaluation of tolerance of therapeutic plasma inactivated by amotosalen-HCl-UVA (Intercept ™) over a 5-year period of extensive delivery[END_REF] and including TPE in TMA patients [18;46]).

In conclusion, this study has validated, on a larger scale than the previous ones, the safe and effective use of AI-plasma for TPE in iTTP patients. AI-plasma is as safe as SDplasma, which is comparable to unmanipulated plasma according to our previous investigation [START_REF] Lee | Solvent-Detergent Plasma for the Treatment of Thrombotic Microangiopathies: A Canadian Tertiary Care Centre Experience[END_REF]. In France, AI-plasma has been delivered on a large basis after 2016 andretrospectively, as newer diagnosed iTTP have been exchanged with AI-plasma-it can be considered that those patients received an appropriate regimen, comparable to the state of the art type of plasma used to TPE those patients. Moreover, TPE with AI-plasma trends to show superior performance; this would deserve prospective investigation before concluding superiority. Eigteen more cases have been investigated since then, all enduring TPE with AI-FFP, with excellent performance (not shown); cases were not included in this survey as the comparators (TPE with SD-plasma) were not overlapping regarding timeframe, which might affect other parameters in the overall healthcare (time to treatment, adjunctive therapy etc.). This is encouraging data as blood banks producing only one type of plasma due to national regulations-and having not access to commercial SD-FFP-can safely issue it for TPE programs, with no need of a separate inventory. 
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Table 1 :

 1 Demographics of Test and Control patients

	Test group:	Control group:	P value (test
	Amotosalen-	Solvent-	versus control)
	inactivated	Detergent	
	plasma	plasma (n=40)	
	(n=30)		

of patients presenting with renal involvement (%) based on creatinine levels***

  

	7 (23.3)	10 (25.0)	1.000
	N		

of patients presenting with cerebral lesions (clinical reports)****(%)

  

	15 (50.0)	26 (65)	0.230
	*: For LDH levels, data were available from 45 out of 48 test patients and 32 out of 40
	control patients. **: n=8 patients for the Test group and n=10 patients for the Control group
	with measured troponin levels ***: Serum/plasma creatinine levels were assessed from
	gender adapted abacuses. ****Cerebral lesions were determined either from clinical
	symptoms or MRI-CAT scans upon availability.		

Table 2 :

 2 Volume of alternative exchanged therapeutic plasma among patients with use of a given type of plasma

	Groups Variable:	Number of	Mean SD	Median Minimum	Maximum
	Type of	individuals				(L)	(L)
	therapeutic						
	plasma						
	Control Amotosalen-	2	5.5	3.5	5.5	3.0	8.0
	inactivated						
	(AI)						
	Solvent-	40	71.1	52.9 58.0	4.8	236.0
	Detergent						
	(SD)						
	Methylene	11	8.9	5.9	8.4	0.8	18.0
	Blue (MB)						
	Quarantine	6	16.6	23.8 7.0	2.0	64.2
	(Q)						
	Test Amotosalen-	30	50.3	32.5 49.8	3.2	187.6
	inactivated						
	(AI)						
	Solvent-	6	6.0	3.3	5.8	1.6	11.0
	Detergent						
	(SD)						
	Methylene	0	0.0	0.0	0.0	0.0	0.0
	Blue (MB)						
	Quarantine	15	7.8	7.7	5.2	0.4	29.8
	(Q)						

Table 3 :

 3 Therapeutic interventions : 375 mg/m 2 , 3 injections within 4 days followed by a 4 th injection 15 days after[START_REF] Garraud | Blood and Blood Components: From Similarities to Differences[END_REF] 

	Test (n=30)	Control (n=40)	P value

*

Table 5 :

 5 Tolerance to plasma and reported adverse transfusion reactions of Thrombotic Thrombocytopenic Purpura patients undergoing Therapeutic Plasma exchange with either Amotosalen-or Solvent-Detergent-inactivated plasma Severity and imputability were scored according to the International Haemovigilance Network Database[33].

	Test group:	Control group:	Test versus
	Amotosalen-	Solvent-	Control
	inactivated plasma	Detergent	
	(n=30)	plasma (n=40)	
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