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Introduction

Eftrenonacog-alfa (Alprolix ® ) is a recombinant factor IX-Fc fusion protein (rFIX-Fc) that consists of a single molecule of FIX covalently fused to the Fc domain of human immunoglobulin G1 resulting in an extended half-life relative to recombinant FIX. It notably reduces the frequency of infusions and maintains higher FIX trough level, improving therefore hemophilia B patients' quality of life [START_REF] Powell | Phase 3 study of recombinant factor IX Fc fusion protein in hemophilia B[END_REF][START_REF] Pasi | Long-term safety and efficacy of extended-interval prophylaxis with recombinant factor IX Fc fusion protein (rFIXFc) in subjects with haemophilia B[END_REF][START_REF] Fischer | Recombinant factor IX Fc fusion protein in children with haemophilia B (Kids B-Long): results from a multicenter, non-randomised phase 3 study[END_REF][START_REF] Keepanasseril | Association of Hemophilia Centre Directors of Canada (AHCDC), Switching to extended half-life products in Canadapreliminary data[END_REF][START_REF] Wang | Clinical use of recombinant factor VIII Fc and recombinant factor IX Fc in patients with haemophilia A and B[END_REF][START_REF] Kershaw | Evaluation of chromogenic factor IX asays by automated protocols[END_REF][START_REF] Shapiro | Real-world data on the use of rFIXFc in subjects with hemophilia B for up to 3.7 years demonstrates improved bleed control and adherence with reduced treatment burden[END_REF][START_REF] Peyvandi | Real-life experience in switching to new extended half-life products at European haemophilia centers[END_REF]. Hence, eftrenonacog-alfa is increasingly prescribed in USA and in Europe. Its pharmacodynamics (PD) has been poorly studied in real-life setting. Clinical laboratories should allow reliable monitoring of replacement therapy in order to guide physicians on appropriate dosing, without impacting costs or exposing patients to inherent risk of over-or under-dosing. Chronometric one-stage assays (OSA) are currently the recommended and most commonly used tests to measure FIX activity.

They are based on activated partial thromboplastin time, using various commercially available reagents. These differ in the contact-phase activator and phospholipid composition, leading to substantial variability in FIX activity results [START_REF] Toulon | In vitro sensitivity of different activated partial thromboplastin time reagents to mild clotting factor deficiencies[END_REF]. Chromogenic two-stage assays (CSA) are less frequently used, and accordingly fewer reagents (mainly two) are available compared to OSA. With the expanding prescription of eftrenonacog-alfa, the concern to accurately and reliably measure its recovery has risen within hemostasis laboratories. Several studies have evaluated OSA and CSA performances in samples spiked with eftrenonacog-alfa and have evidenced significant discrepancies between reagents [START_REF] Sommer | Comparative field study: impact of laboratory assay variability on the assessment of recombinant factor IX Fc fusion protein (rFIXFc) activity[END_REF][START_REF] Sommer | Real-world assay variability between laboratories in monitoring of recombinant factor IX Fc fusion protein activity in plasma samples[END_REF][START_REF] Kitchen | Factor activity assays for monitoring extended half-life FVIII and FIX replacement therapies[END_REF][START_REF] Wilmot | Recombinant factor IX: discrepancies between one-stage clotting and chromogenic assays[END_REF]. Although CSA might be more suitable for accurately monitoring this product, no definitive conclusion is presently drawn and published results obtained with spiked plasmas deserve to be confirmed in plasma samples from treated patients [START_REF] Tripodi | Advances in the treatment of hemophilia: implications for laboratory testing[END_REF]. Optimal method involves testing against a reference product composed of the same material as the one infused [START_REF] Hubbard | Factor VIII and Factor IX Subcommittee of The Scientific and Standardisation Committee of The International Society on Thrombosis and Haemostasis, Recommendations on the potency labelling of factor VIII and factor IX concentrates[END_REF]. We thus aimed to compare the two commercialized CSA to a product-specific OSA in severe hemophilia B patients supplemented with eftrenonacog-alfa. In addition, thrombin generation assay (TGA) is a promising laboratory tool for investigating hemorrhagic coagulopathies as well as monitoring replacement therapies in hemophilia patients [START_REF] Dargaud | Proposal for standardized preanalytical and analytical conditions for measuring thrombin generation in hemophilia: communication from the SSC of the ISTH[END_REF][START_REF] Tripodi | Thrombin generation assay and its application in the clinical laboratory[END_REF]. Hence, we sought to examine whether TGA would be a valuable tool to evaluate the effect of eftrenonacog-alfa on coagulation balance in hemophilia B patients. Therefore, we evaluated eftrenonacog-alfa PD using TGA and established relationships between FIX activity levels and TGA parameters.

Materials and methods

Patient samples collection

This non-interventional study was conducted at Cochin university hospital (AP-HP.Centre-Université de Paris, France) in accordance with the ethical standards as laid down in the 1964 Declaration of Helsinki and its later amendments. Male patients with severe hemophilia B treated with eftrenonacog-alfa at the regional center for hemophilia treatment were enrolled. They gave written informed consent to allow further testing on the remaining volume of their plasma samples initially drawn for the regular follow-up of their treatment. Blood samples were collected into 0.109 M buffered trisodium citrate (9:1 v/v) tubes (Greiner Bio One, Courtaboeuf, France).

Platelet-poor plasma was obtained after a double centrifugation at 2500 g for 15 min at room temperature and was frozen at -80 °C until use. Just prior to experiments, PPP was thawed at 37 °C for 5 min then processed within 2 h.

One-stage clotting and chromogenic assays

Assays were performed on STAR Max analyzer (Stago, Asnières-sur-Seine, France) according to the manufacturers' instructions. STA-CK Prest (Stago) and immunodepleted FIX plasma (Deficient FIX, Siemens Diagnostics, Saint-Denis, France) were used for OSA. Calibrator consisted of the Deficient FIX reagent supplemented with eftrenonacog-alfa (Alprolix ® , Swedish Orphan Biovitrum, Puteaux, France) at a fixed nominal concentration (100 IU/dl; 1 IU/dl corresponds to 1% or 0.01 IU/ml) based on the potency of the product. This product-specific calibrator was validated using OSA performed with Dade Actin reagent (Siemens Diagnostics) which was employed for eftrenonacog-alfa vials titration by the manufacturer. 14 The percentage of recovery was estimated at 92.1 % with mean intra-and inter-assay CV values of 3.8 % and 2.6 %, respectively. This OSA performed with product specific calibrator was considered as the reference method (LLOD 0.13 IU/dl; LLOQ 0.42 IU/dl; inter-run CV 9.5 % at 60 IU/dl and 23.0 % at 6 IU/dl). Two CSA reagents were evaluated: Biophen FIX (Hyphen BioMed, Neuville-sur-Oise, France; LLOD 0.5 IU/dl; LLOQ 0.8 IU/dl; inter-run CV 13.7 % at 80 IU/dl and 25 % at 4 IU/dl) and Rox FIX (Rossix AB, Cryopep, Montpellier, France; LLOD 0.1 IU/dl; LLOQ 0.5 IU/dl; inter-run CV 9.9 % at 80 IU/dl and 13.8 % at 4 IU/dl). Standard Human Plasma (Siemens), which is tested against the World Health Organization plasma international standards (WHO 09/172), was used as a calibrator for both CSA. Samples were tested at a minimum of 2 dilutions (among 1/5, 1/10, 1/20, 1/40 and 1/80) and mean values were reported.

Thrombin generation assay

TGA was performed on Calibrated Automated Thrombogram system [START_REF] Hemker | Calibrated automated thrombin generation measurement in clotting plasma[END_REF] They are illustrated in supplementary Fig. 1. Samples were run in duplicate. Average of the duplicates was used for analysis. Intra-assay CV values were 4.5 % for LT and TTP, 2.8 % for ETP, 6.8 % for PH, and 11.4 % for the velocity.

Statistical analyses

Results are expressed as median (min;max) unless otherwise specified. CSA were compared to the reference method using Bland-Altman plots. Agreement was considered acceptable if the difference between methods was less than 30 %, a commonly tolerated threshold supposed not to alter patient clinical management [START_REF] Sommer | Comparative field study: impact of laboratory assay variability on the assessment of recombinant factor IX Fc fusion protein (rFIXFc) activity[END_REF][START_REF] Kitchen | Factor activity assays for monitoring extended half-life FVIII and FIX replacement therapies[END_REF][START_REF] Peyvandi | A critical appraisal of one-stage and chromogenic assays of factor VIII activity[END_REF][START_REF] Tiefenbacher | Qualification of a select one-stage activated partial thromboplastin time-based clotting assay and two chromogenic assays for the post-administration monitoring of nonacog beta pegol[END_REF]. In case of apparent bias, a correction function was searched, using inverse linear regression. Errors on concentrations were obtained using error propagation, based on the assay CV. When appropriate, results are given with 95 % confidence intervals (CI), obtained assuming a log-normal distribution. Methods were also compared based on the confidence interval width, directly related to the assay precision.

"Normal" values of TGA parameters were defined as 95 % prediction intervals, assuming a log-normal distribution, derived from values obtained with the pooled normal plasma. For patients, values outside these prediction intervals were classified as "increased" or "decreased". Relationship between FIX activity concentration (X) and TGA parameters (Y) was modeled based on the classical Hill model, = + . However, this model was overcomplicated for the available data since a full range of FIX activity was not available. Hence, we made the additional assumption that FIX activity was low compared to , and Y0 was small. Consequently, we fitted the using a mixed-effects linear model with the formulation: log Yij = α + Ui + β log Xij + εij, where i identifies the patient, j the measurement, α the population intercept ("baseline value"), Ui the random effect associated with patient i, β the population slope and εij the error term. Ui was assumed to be a centered Gaussian random variable, independent from the error term, of standard deviation σP; εij was assumed to be a centered Gaussian of standard deviation σ. σP parameter represents interindividual variability of the "baseline" TGA parameter, whereas σ accounts for other sources of uncertainties. Model validity, including the applicability of this simplified Hill model to the data, was checked graphically. Model parameters were fitted using maximum likelihood. Relationship between FIX activity or TGT parameters (Y) and time since last injection (t) was also modeled, for the terminal part, with a monoexponential decay model and a random intercept. Terminal part was defined as time for which the points were aligned on a semi-logarithmic scale. All analyses were done using R software, version 3.6.2 (R Core Team, accessed 2020) and additional package lme4, version 1.1.21 [START_REF] Bates | Fitting Linear Mixed-Effects Models Using lme4[END_REF].

Results

Patients

Fifteen severe hemophilia B male patients treated with eftrenonacog-alfa were included in the study. Median age was 50 years (13;68) and median weight 67 kg (52;113). None of the patients had inhibitors; two were known to be hepatitis C carriers and 6 HIV carriers. Sixty samples were analyzed with a median of 3 samples

(1;11) per patient. Median dose of eftrenonacog-alfa infused was 52 IU/kg (37;77).

Median time period between rFIX-Fc injection and blood sampling was 42 h (0.5;336). Sixty-one percent of the samples were collected from patients under prophylactic treatment, 27 % from patients treated on demand and 12 % from patients in perioperative period.

FIX activity measurement using product-specific OSA

Using the reference method, mean trough level was estimated at 4.64 (± 1.50) IU/dl and the recovery following eftrenonacog-alfa administration at 0.78 (± 0.16) IU/dl per 1 IU/kg injected dose in 11 patients under prophylaxis. FIX activity ranged from 1 to 86 IU/dl with a median value of 21.5 IU/dl (Table 1). Thirty out of 60 samples had FIX activity below 20 IU/dl. The distribution of FIX activity values is detailed in supplementary Table 1.

FIX activity measurement using CSA

The median percentage of differences of FIX activity values was -10 % with Biophen FIX and -16 % with Rox FIX compared to the reference method (Fig. 1A and1B, values measured with Biophen FIX and Rox FIX, respectively (Fig. 2A and2B).

Predicted values were outside the ± 30 % intervals of the reference FIX levels in 37 % (11 out of 30) and 23 % (7 out of 30) of the cases, respectively (Fig. 2A and2B).

This remained true even though the errors on measured concentrations using the reference method were also taken into account (supplementary Fig. 2A and2B).

Thrombin generation assays

To refine our PD study of eftrenonacog-alfa, we performed TGA in 56 out of the 60 samples. The volume of the 4 remaining samples was insufficient. The 95 % prediction interval for each TGA parameter was estimated along with the corresponding inter-assay CV: [6.0-9.0] min, 9.6 % for LT, [8.5-13.2] min, 10.4 % for out of these 39 samples had decreased ETP and lengthened LT, respectively (Fig. 3, Table 2). Of the 7 samples with FIX activity levels above 60 IU/dl, 2 had lengthened LT and TTP while 5, 3 and 5 samples had decreased PH, ETP and velocity, respectively (Fig. 3, Table 2). Samples from patients treated on demand (n=15) had decreased thrombin generation with PH and velocity even below the 50 % of the normal values (Fig. 3). Six of these samples had a FIX activity level below 10, 6 between 10 and 40, 2 between 40 and 60 and 1 above 60 IU/dl.

In order to characterize the relationship between FIX activity and TGA parameters independently of time, we developed PD models using mixed-effects linear relationships (Fig. 3). The characteristics of the 5 models are given in supplementary FIX activity level halving the velocity since its 95 % prediction interval was too large, including both the mean normal value and its half, and almost all values of the patients' samples were outside this interval. Velocity was therefore the most sensitive TGA parameter to FIX activity level followed by PH in hemophilia B patients receiving eftrenonacog-alfa.

Changes of TGA and FIX levels over time following eftrenonacog-alfa injection

FIX activity levels, measured with the reference method, as well as TGA parameters were plotted against time following eftrenonacog-alfa injection. Times to halving each of these parameters in the terminal phase of the FIX pharmacokinetics (time from injection higher than 50 h; Fig. 4) were therefore determined. In our cohort, half-life of eftrenonacog-alfa was estimated around 99.4 h (95% CI [65.3; 233.5]). 

Discussion

Here we report the first PD study of eftrenonacog-alfa in severe hemophilia B treated patients. Its originality lies in two main features: 1/ex vivo eftrenonacog-alfa PD was analyzed in a substantial number of samples; 2/-relevant PD models were constructed characterizing the relationships between FIX activity levels and TGA parameters.

While numerous studies on FIX activity measurement in eftrenonacog-alfa spiked samples have been published [START_REF] Sommer | Comparative field study: impact of laboratory assay variability on the assessment of recombinant factor IX Fc fusion protein (rFIXFc) activity[END_REF][START_REF] Sommer | Real-world assay variability between laboratories in monitoring of recombinant factor IX Fc fusion protein activity in plasma samples[END_REF]Kitchen et al., 2017), a single one has evaluated the performance of CSA reagents in 22 samples from five patients and concluded a better reliability of Rox FIX compared to Biophen FIX [START_REF] Bowyer | Measurement of extended half-life recombinant factor IX products in clinical practice[END_REF]. Our study included a larger number of samples drawn from three-fold more patients, including 30 samples with FIX activity levels below 20 IU/dl among which 23 were even below 10 IU/dl. While some physicians currently prefer to adjust FIX dosage to clinical features rather than laboratory results, others are interested in individualized pharmacokinetic assessments allowing dosage adjustment [START_REF] Collins | International Prophylaxis Study Group Pharmacokinetics Expert Working Group, Implications of coagulation factor VIII and IX pharmacokinetics in the prophylactic treatment of haemophilia[END_REF]. Trough level may thus be used to tailor patient dosing regimens. It is therefore important that low levels (i.e. below 20 IU/dl) be accurately determined in order to allow adequate recovery assessment without increasing the cost of medical management of hemophilia B patients due to unnecessary dose corrections [START_REF] Srivastava | Treatment Guidelines Working Group on Behalf of The World Federation Of Hemophilia. Guidelines for the management of hemophilia[END_REF]. Neither Biophen FIX nor Rox FIX allowed reliable measurement at these low ranges of FIX level. Would have bias be constant throughout the full range of FIX activity levels, a correction factor could have been proposed. However bias varied with FIX activity level, making a single correction factor not applicable. Correction functions might be proposed to predict "real" FIX values from those measured whenever needed. However, calculated value might also be unreliable (outside the ± 30 % intervals of the reference FIX level) as were the cases of 37 and 23 % of samples tested with Biophen FIX and Rox FIX, respectively, having FIX < 20 IU/dl and needing correction. Moreover, these correction functions would not be systematically interchangeable from one laboratory to another or within the same laboratory from one bench of reagent to another.

Calibrating assays using product-specific calibrator (i.e. our reference method) could be the logical solution however this practice is challenging due to its difficult implementation in a routine hemostasis laboratory in addition to the fact that such calibrator might over-estimate FIX activity levels in moderate and minor hemophilia B patients receiving eftrenonacog-alfa. This rFIX-Fc potency was assigned by OSA using Dade Actin reagent. Ideally, same reagent should be used to monitor it. Any other one should be locally evaluated before its implementation in clinical laboratories.

Patients with comparable FIX activity levels may present variable phenotypic characteristics in terms of clinical bleeding [START_REF] Aledort | A longitudinal study of orthopaedic outcomes for severe factor-VIII deficient haemophiliacs. The Orthopaedic Outcome Study Group[END_REF][START_REF] Pavlova | Defining severity of hemophilia: more than factor levels[END_REF].

Interestingly, [START_REF] Santagostino | Severe hemophilia with mild bleeding phenotype: molecular characterization and global coagulation profile[END_REF] showed that patients with mild bleeding tendency generated more thrombin than those with severe bleeding tendency despite having equal levels of missing factors. Hence, the utility to evaluate the hemostasis balance in hemophilia patients using global coagulation tests. Among these tests, Our study has some limitations. First, alike CSA, product-specific OSA had a large 95 % CI at low FIX activity levels (below 20 IU/dl) that exceeded the ± 30 % of the measured value. However, 95 % CI of the corrected values, initially measured with CSA, clearly exceeded that of the reference method as shown in the supplementary Fig. 2. Second, FIX activity levels were corrected, when necessary, using functions established by inverse linear regression analysis. Validity of the latters was subsequently tested on the same values due to the limited number of available samples. Even though, these functions were not validated since significant number of corrected values remained unreliable minimizing therefore the limit of our approach.

Of note, validation with different samples would lead to worse outcome. Third, blood samples were collected in citrate tubes without Corn Trypsin Inhibitor even though it might be important to inhibit kallikrein-kinin system especially when TGA is triggered with low tissue factor concentrations (≤ 1 pM) [START_REF] Dargaud | Standardisation of thrombin generation test -which reference plasma for thrombin generation test?: an international multicenter study[END_REF][START_REF] Dargaud | Evaluation of a standardized protocol for thrombin generation measurement using the Calibrated Automated Thrombogram: an international multicentre study[END_REF]. However, the need of Corn Trypsin Inhibitor remains controversial [START_REF] Dielis | Thrombomodulin-modified thrombin generation after in vivo recombinant factor VIII treatment in severe hemophilia A[END_REF][START_REF] Tripodi | Thrombin generation assay and its application in the clinical laboratory[END_REF].

In conclusion, Biophen FIX and Rox FIX allowed eftrenonacog-alfa reliable monitoring in samples with FIX levels above 20 IU/dl. However, they did not in samples with FIX levels below 20 IU/dl even though correction functions were applied to predict "real" values. Consequently, clinical laboratories should test the performance of any reagent used to monitor eftrenonacog-alfa replacement therapy.

TGA could be an additional valuable tool to evaluate hemostasis balance in treated patients. Association between TGA parameters and bleeding or thrombotic events in severe hemophilia B patients receiving eftrenonacog-alfa needs further investigation.
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  using a microplate fluorometer (Fluoroskan Ascent™, ThermoLab systems, Helsinki, Finland). Platelet-poor-plasma samples were run using 20 μl Low PPPreagent (1 pM tissue factor and 4 μM phospholipid vesicles; Stago) or 20 μl Thrombin Calibrator (Stago). Assay was initiated by autodispensing 20 μl of FluCa solution (Stago) containing calcium ions and fluorogenic substrate, Z-Gly-Gly-Arg-7-amino-4methylcoumarin. Generated thrombin cleaved the substrate and fluorescence increase was monitored at 37 °C for 60 min with a measurement every 20 s. Thrombinoscope software (Thrombinoscope® BV, version 5.0.0.742, Maastricht, Netherlands) was used to calculate the amount of thrombin generated over time taking into account for each sample the calibrator activity. Pooled normal plasma (Cryocheck ® , Cryopep) was used as a control in each series. Parameters recorded and analyzed were lag time (LT; in min), time to peak (TTP; in min), peak height (PH; in nM), endogenous thrombin potential (ETP; in nM•min) and velocity (in nM/min).

  TGA has been proposed to evaluate thrombin generation following coagulation activation, well beyond clot formation. In TGA, the addition into plasma of a fluorescent substrate cleaved by thrombin allows measuring fluorescence signal over time, which is not disturbed by the turbidity of a forming clot, conversely to optical density. TGA has been shown to accurately evaluate coagulation disorders associated with bleeding or thrombosis. Here we show that all samples drawn from patients treated with eftrenonacog-alfa on demand had decreased PH and velocity. It was also the case of a sample having FIX activity level above 60 IU/dl. Whether an association exists between TGA parameters and bleeding complications in hemophilia B subjects receiving eftrenonacog-alfa remains to be established in a large multicenter clinical study.

Fig. 1 .Fig. 2 .Fig. 3 .Fig. 4 .
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Table 1 )

 1 . However, these biases varied according to FIX activity level. Bland-Altman plot revealed that while both CSA reagents could reliably measure FIX activity in samples with FIX activity levels superior to 20 IU/dl, they significantly underestimated it when it was below 20 IU/dl (Fig.1A and 1B) with biases above the ± 30 % of the reference FIX values in 43 % and 37 % of the samples, respectively. We sought to investigate whether mathematical functions might be used to correct measured values that were above the aforementioned tolerated threshold. Using inverse linear regression, the formulas [FIX]predicted = ([FIX] measured + 0.964) / 0.678 and [FIX]predicted = ([FIX] measured + 0.836) / 0.767 were established to predict "real" FIX activity from

Table 2 .

 2 All TGA parameters were significantly associated with FIX activity levels measured with specific OSA, as demonstrated by significantly non-null slopes in the models (supplementary Table2). Mean FIX activity levels that halved PH and ETP baseline values were estimated at 66.8 and 21.1 IU/dl, respectively. These values declined to 0.2 and 4.5 IU/dl for doubling LT and TTP. No estimation was possible for

  ), respectively. Consequently, following the peak of FIX activity level after eftrenonacog-alfa injection, TGA velocity decreased as quickly as FIX activity level, followed by PH, then ETP. More time was needed to double TTP and LT.

	doubling LT and TTP were 1201.0 h (95% CI [396; 1513.0]) and 672.1 h (95% CI
	[319; 6796]

Times to halving velocity, PH and ETP, were 95.0 h (95% CI [64.0; 164.5]), 115.3 h (95% CI [77.2; 212.0]), and 129.0 h (95% CI [89.7; 229.5]), respectively while times to

Table 2

 2 Overview of TGA parameters as a function of FIX activity ranges 1
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