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ESSENTIALS

• Factor VIIa (FVIIa) is an enzyme that has both tissue factor (TF)-dependent and TFindependent activities

• We describe a novel antibody (KB-FVIIa-004) that selectively blocks TF-independent activity of FVIIa

• KB-FVIIa-004 interferes with the action of recombinant FVIIa (rFVIIa) in Factor VIII (FVIII)-deficient mice

• Our data suggest that rFVIIa acts as a FVIII-bypassing agent predominantly in a TFindependent fashion

INTRODUCTION

Human blood coagulation factor VII is a vitamin K-dependent serine protease precursor that is secreted as a 50 kDa-protein consisting of 406 amino acid residues. Structurally, FVII is related to other vitamin K-dependent proteins, such as factor IX (FIX) and factor X (FX): it contains an N-terminal Gla domain enriched in g-carboxylated Glu-residues, two epidermal growth factor-like domains and a C-terminal serine protease domain [START_REF] Broze | Purification and properties of human coagulation factor VII[END_REF][START_REF] O'hara | Nucleotide sequence of the gene coding for human factor VII, a vitamin K-dependent protein participating in blood coagulation[END_REF]. Activation of FVII is achieved via limited proteolysis at Arg 152 , generating a two-chain derivative that is covalently linked via a disulfide bridge.

FVIIa is responsible for the activation of its cognate substrates FIX and FX. Similar to many other vitamin K-dependent serine proteases, the enzymatic activity of FVIIa towards these substrates is relatively poor [START_REF] Pedersen | Inhibition of recombinant human blood coagulation factor VIIa amidolytic and proteolytic activity by zinc ions[END_REF]. Furthermore, the notion that FVIIa also displays low intrinsic activity towards small tripeptidyl-amide substrates suggests that the active site of FVIIa is not fully developed [START_REF] Silverberg | Kinetics of the activation of bovine coagulation factor X by components of the extrinsic pathway. Kinetic behavior of two-chain factor VII in the presence and absence of tissue factor[END_REF]. Indeed, it appears that the N-terminal Ile 153 of the protease domain does not properly fold into the active site pocket, leaving the catalytic triad that consists of His 193 , Asp 242 and Ser 344 immature [START_REF] Rand | Allosteric activation of coagulation factor VIIa visualized by hydrogen exchange[END_REF]. It has been proposed that FVIIa exists in equilibrium between two states, one in which Ile 153 is inserted into the active site pocket and one that is more zymogen-like, with Ile 153 incorrectly inserted.

In order to develop physiologically relevant activity, FVIIa forms a complex with tissue factor (TF). Formation of the FVIIa/TF complex strongly promotes the insertion of Ile 153 into the active site pocket [START_REF] Banner | The crystal structure of the complex of blood coagulation factor VIIa with soluble tissue factor[END_REF]. This does not only result in a functional catalytic triad, but also induces a number of allosteric changes in FVIIa protease domain surface loops, including the S1 entrance frame (residues 365-372) [START_REF] Persson | Allosteric activation of coagulation factor VIIa[END_REF]. Consequently, TF-binding enhances amidolytic activity 20-100-fold, while proteolysis of macromolecular substrates FIX and FX are increased 10 5 -10 6 -fold.

Importantly, recombinant FVIIa is used as a therapeutic agent in the treatment of the bleeding disorder hemophilia A. Although clinically effective, its mechanism of action has been a matter of debate for many years, mainly regarding its function being TF-dependent or independent [START_REF] Giansily-Blaizot | Recombinant human factor VIIa (rFVIIa) in hemophilia: mode of action and evidence to date[END_REF]. Based on in vitro and in vivo observations, there is accumulating evidence that this FVIIa activity is localized to the platelet surface, predominantly in a TF-independent manner [START_REF] Monroe | Platelet activity of high-dose factor VIIa is independent of tissue factor[END_REF][START_REF] Feng | FVIIa as used pharmacologically is not TF dependent in hemophilia B mice[END_REF]. However, it cannot be excluded that therapeutic FVIIa also displays TFdependent activity under some conditions [START_REF] Rao | Studies of the activation of factor VII bound to tissue factor[END_REF][START_REF] Butenas | Mechanism of factor VIIadependent coagulation in hemophilia blood[END_REF][START_REF] Shibeko | Unifying the mechanism of recombinant FVIIa action: dose dependence is regulated differently by tissue factor and phospholipids[END_REF].

Soon after the development of monoclonal antibody technology, antibodies against FVII and FVIIa have been generated [START_REF] Broze | Monoclonal anti-human factor VII antibodies. Detection in plasma of a second protein antigenically and genetically related to factor VII[END_REF][START_REF] Coppola | Characterization of a Ca (II)-independent monoclonal antibody that lacks reactivity with Gla-domainless human factor VII[END_REF][START_REF] Biemond | Complete inhibition of endotoxin-induced coagulation activation in chimpanzees with a monoclonal Fab fragment against factor VII/VIIa[END_REF][START_REF] Cheung | Localization of an epitope of a calcium-dependent monoclonal antibody to the N-terminal region of the Gla domain of human factor VII[END_REF][START_REF] Andersen | Antibody-induced enhancement of factor VIIa activity through distinct allosteric pathways[END_REF]. Of note, many of them recognize both the active and zymogen form of FVII. There are nevertheless some examples of FVIIa-specific antibodies.

Philippou et al. generated a polyclonal antibody directed against the C-terminal part of the FVIIa light chain, which displayed >3000-fold greater reactivity to FVIIa than FVII [START_REF] Philippou | A novel specific immunoassay for plasma two-chain factor VIIa: investigation of FVIIa levels in normal individuals and in patients with acute coronary syndromes[END_REF].

Andersen et al. reported on antibodies that show preferential binding to FVIIa and stimulated FVIIa activity [START_REF] Andersen | Antibody-induced enhancement of factor VIIa activity through distinct allosteric pathways[END_REF]. Most recently, a llama-derived single domain antibody (sdAb) has been described that binds to FVIIa but not to FVII [START_REF] Hyseni | Increased mortality in systemic inflammatory response syndrome patients with high levels of coagulation factor VIIa[END_REF]. The antibody described by Philippou remains inhibitory in the presence of TF [START_REF] Philippou | A novel specific immunoassay for plasma two-chain factor VIIa: investigation of FVIIa levels in normal individuals and in patients with acute coronary syndromes[END_REF]. With regard to the FVIIa-specific sdAb, it is not reported whether it is inhibitory or, if inhibitory, if this is affected by the presence of TF.

The aim of the present study was to generate sdAbs against FVIIa that display selectivity to free FVIIa rather and TF-bound FVIIa. Such antibodies could be helpful to gain insight into the role of TF-bound and TF-free FVIIa function.

EXPERIMENTAL PROCEDURES

Animals & ethics statement-FVIII-deficient mice with an exon 16-deletion [START_REF] Bi | Targeted disruption of the mouse factor VIII gene produces a model of haemophilia A[END_REF] Two sources of relipidated recombinant full-length human TF were used during the study (Siemens-Dade, Marburg, Germany & American Diagnostica, Neuville-sur-Oise, France), giving similar results. Soluble murine TF (smTF) was obtained from Novusbio/Bio-Techne (Lille, France). Thrombin was purchased from Kordia (Leiden, the Netherlands). Control sdAb KB-VWF-006bv has been described previously [START_REF] Ayme | A Novel Single-Domain Antibody Against von Willebrand Factor A1 Domain Resolves Leukocyte Recruitment and Vascular Leakage During Inflammation-Brief Report[END_REF]. Bovine serum albumin (BSA) was from Sigma-Aldrich (Saint-Louis, MO). Polyclonal goat anti-FVII/FVIIa antibodies and peroxidase-labeled polyclonal sheep anti-FVII/FVIIa antibodies were from R&D Systems (Minneapolis, MN). Phospholipid vesicles (75% L-a-phosphatidylcholine/25% L-aphosphatidyl-L-serine) were prepared as described [START_REF] Thiec | Role of the Gla and first epidermal growth factor-like domains of factor X in the prothrombinase and tissue factor-factor VIIa complexes[END_REF]. PT and aPTT reagent were from Stago (Asnières, France). Chromogenic substrate CBS-34.47 was from Stago, and S-2222 and S-2238 were from Chromogenix (Mölndal, Sweden).

Isolation of single domain antibodies-

The sdAb repertoire was amplified from lymphocyte cDNA, isolated from llamas immunized with human recombinant FVIIa and cloned into the pHEN6-plasmid. This material was used to transform E. coli TG1 cells to generate a library containing >1x10 8 clones. Via a phage-display approach, this library was used to select sdAbs against FVIIa. From a series of >10 sdAbs, one appeared specific for FVIIa, and was named KB-FVIIa-004. KB-FVIIa-004 was cloned into the pET28-plasmid, and was expressed with an N-terminal His-tag and C-terminal haemagglutinin (HA)-tag. Expression was performed in E. coli SHuffle-C3029H cells (New England Biolabs, Evry, France). Bacteria were grown in 330 ml of LB-medium at 30°C until the culture had reached the logarithmic phase at an optical density between 0.4 and 0.6. Protein expression was then induced at 20°C via the addition of isopropyl-thiogalactoside (0.1 mM final concentration).

Twenty-four hours after induction of protein expression, cells were collected, and soluble proteins were released from the cells via sonication. His-tagged nanobodies were purified via Co 2+ -affinity chromatography using PBS/0.3 M NaCl/0.5 M imidazole as elution-reagent.

Minor contaminants were removed from the preparations via size-exclusion chromatography using 20 mM Hepes (pH7.4)/0.1 M NaCl as equilibrium-buffer. Purified KB-FVIIa-004 displayed >95% homogeneity as assessed via SDS-Page and Coomassie-staining. FVII/FVIIa ELISA-Wells were coated with polyclonal goat-anti FVII/FVIIa antibodies (10 µg/ml) and incubated with various dilutions of human plasma (1/2 to 1/128), purified human FVII (0-50 nM) or with purified FVIIa (0-5 nM) in Tris-buffered saline (pH 7.4)/0.1 % BSA for 2 h at 37˚C. Bound FVII/FVIIa was probed with peroxidase-labeled polyclonal sheep-anti FVII/FVIIa antibodies and detected via hydrolysis of 3-3'-5-5'-tetramethylbenzidine.

Amidolytic activity-FVIIa amidolytic activity was measured via hydrolysis of substrate CBS-34.47 (1.5 mM, unless indicated otherwise). FVIIa amidolytic activity in the absence of TF was performed using 75 nM FVIIa. In the presence of relipidated TF (10 nM), FVIIa concentrations were 7.5 nM. Concentrations of KB-FVIIa-004 were 0-600 nM in the absence of TF, and 0-750 nM in the presence of TF. Substrate hydrolysis was monitored by measuring absorbance at 405nm. FXa (5 nM) and thrombin (5 nM) amidolytic activity were measured in a similar fashion, except that substrates S-2222 (1 mM) and S-2238 (1 mM) were used. All amidolytic activities were measured in 30 mM Hepes (pH 7.4), 125 nM NaCl, 6.5 mM CaCl2, BSA 0.125%.

Schild regression analysis-

The initial rates of CBS-34.47 (0-4 mM) hydrolysis by FVIIa (75 nM) in the presence of KB-FVIIa-004 (0-112.5 nM) were determined. Initial velocity values were then plotted versus log [CBS-34.47], and the pre-programmed EC50-Shift equation (GraphPrism-6, GraphPad Software, San Diego, Ca) was used to determine the dose ratio (dr) for each sdAb concentration. These values were subsequently used for Schild regression analysis [START_REF] Arunlakshana | Some quantitative uses of drug antagonists[END_REF], in which log (dr-1) is plotted versus log [KB-FVIIa-004]. The shape of the curve represents the nature of the inhibitor (a linear curve represents a competitive inhibitor, whereas an exponential curve represents non-competitive inhibition). For a competitive inhibitor, the x-axis intercept of the linear fit corresponds to the Ki of the interaction.

FX activation in absence of TF-FVIIa was preincubated for 60 min in the absence or presence of KB-FVIIa-004, and added to FX and phospholipids. Final concentrations were 25 nM FVIIa, 0.5 µM FX, 40 µM phospholipids and 0-250 nM KB-FVIIa-004. FX activation was terminated after 15 min by the addition of EDTA (50 mM), and samples were analyzed for FXa formation by assessing hydrolysis of substrate S-2222. Assays were performed in 30 mM Hepes (pH 7.4), 125 nM NaCl, 6.5 mM CaCl2, BSA 0.125%.

FX activation in presence of TF-FVIIa and relipidated TF were preincubated for 60 min in the absence or presence of KB-FVIIa-004, and added to FX. Final concentrations were 1 nM FVIIa, 2 nM TF, 0.2 µM FX, 10 µM phospholipids and 0-1 µM KB-FVIIa-004. FX activation was terminated after 15 min by the addition of EDTA (50 mM), and samples were diluted 100-fold. The amount of FXa formed was determined via hydrolysis of substrate S-2222.

Assays were performed in 30 mM Hepes (pH 7.4), 125 nM NaCl, 6.5 mM CaCl2, BSA 0.125%.

Inactivation of FVIIa by PPACK-FVIIa (0.1 µM) was incubated with various concentrations of PPACK (0-10 µM) for 60 min at 37˚C. Samples were then analyzed in parallel for binding to KB-FVIIa-004 and for amidolytic activity.

Bleeding time-Mouse tail-bleeding time was performed using the tail clip-bleeding assay.

Briefly, immediately after tail vein-injection, mice were anesthetized using ketamine (100 mg/kg)/xylazine (10 mg/kg) solution. Once anesthetized, the 3 mm of the distal tip of the tail was amputated. The amputated tail was immersed in prewarmed physiological saline (37˚C) and blood was collected for 30 min. After 30 min, the mixture of blood and physiological saline was centrifuged at 1500g. The red blood cell pellet was then lysed in H2O and the amount of hemoglobin was obtained by reading the absorbance at 416 nm. The volume of blood lost in each sample was calculated from a standard curve, which is obtained by lysing defined volumes (20 µl, 40 µl, 60 µl, 80 µl and 100 µl) of mouse blood in H2O to extract hemoglobin.

Statistical analysis-Statistical analysis was performed using One-way ANOVA with

Dunnett's or Tukey's correction for multiple comparisons. P-values below 0.05 were considered significant.

RESULTS

Selection of FVIIa specific sdAb KB-FVIIa-004-sdAb libraries were constructed from lymphocytes obtained from a llama immunized against FVIIa. FVIIa-specific sdAbs were selected via phage-display screening using purified recombinant FVIIa. After two rounds of panning, 18 unique sequences were obtained. Following expression in E. coli SHuffle cells, one sdAb was identified that seemed specific in interacting with human FVIIa. This nanobody, designated KB-FVIIa-004, was chosen for further analysis in this study. We first analyzed the capacity of KB-FVIIa-004 to recognize FVII/VIIa in plasma. Serial dilutions of normal plasma were added to immobilized polyclonal anti-FVII/FVIIa antibodies or KB-FVIIa-004. Whereas a dose-response was observed when plasma samples were incubated with polyclonal anti-FVII/VIIa antibodies, no signal above background levels could be detected for sdAb KB-FVIIa-004 (Fig. 1A). In a second series of experiments, binding to purified FVII to KB-FVIIa-004 was tested. FVII efficiently bound to polyclonal anti-FVII/FVIIa antibodies, whereas no binding to KB-FVIIa-004 was observed for FVII concentrations up to 50 nM (Fig. 1B). In contrast, binding of FVIIa to KB-FVIIa-004 was already detected at 300-fold lower concentrations 0.16 nM, and a dose-dependent binding was established using FVIIa concentrations up to 5 nM (Fig. 1C). Apparently, KB-FVIIa-004 displays preferential binding to FVIIa over FVII.

Effect of KB-FVIIa-004 on coagulation assays-

To further characterize KB-FVIIa-004, we tested the effect of this sdAb on FVIIa-dependent and FVIIa-independent clotting assays, the prothrombin time (PT) and activated partial prothrombin time (aPTT), respectively. Plasma was incubated with varying concentrations of KB-FVIIa-004, control sdAb KB-VWF-006bv (which is directed against von Willebrand factor; ( 22)) or affinity-purified polyclonal goat anti-FVII/FVIIa antibodies (PT only). As expected, control sdAb KB-VWF-006bv left both PT and aPTT unaffected (Figs. 2A-B). Furthermore, no changes in clotting time were observed when KB-FVIIa-004 was tested in the aPTT, which functions independently of FVIIa (Fig. 2A).

Polyclonal anti-FVII/FVIIa antibodies efficiently prolonged PT clotting time, in agreement with the FVIIa-dependent nature of this assay. The clotting time was prolonged from 12.4±0.5 sec to 29.3±0.5 sec and 48.3±1.0 sec at concentrations of 0.05 µM and 0.15 µM polyclonal antibodies, respectively (n=3-6; Fig. 2B). A prolongation of the PT clotting time was also observed for KB-FVIIa-004, with the longest clotting time being prolonged less than 10 sec (from 13.1±0.6 sec to 22.7±1.6 sec (n=9)) in the presence of 10 µM KB-FVIIa-004 (Fig. 2B).

These data suggest that KB-FVIIa-004 partially reduces the activity of FVIIa in the PT-assay. However, it is doing so in a rather inefficient manner compared to polyclonal anti-FVII/FVIIa antibodies, since even a 200-fold higher sdAb concentration (10 µM sdAb compared to 0.05 nM polyclonal antibody) is unable to achieve a similar prolongation of the clotting time.

Inhibition of FVIIa amidolytic activity by KB-FVIIa-004-

To better understand the inhibitory capacity of KB-FVIIa-004 towards FVIIa, we next performed inhibition assays using purified FVIIa. First, the effect of KB-FVIIa-004 on the amidolytic activity of FVIIa was assessed.

Whereas control sdAb KB-VWF-006bv did not interfere with substrate conversion, KB-FVIIa-004 efficiently inhibited amidolytic activity of FVIIa (Fig. 3A-B). When plotted as residual FVIIa activity versus molar ratio sdAb/FVIIa, half-maximal inhibition was obtained at a molar ratio of 0.7±0.2 (Fig. 3B). Of note, no inhibition of thrombin or FXa amidolytic activity could be detected in control experiments (Fig. 3C). To analyze the nature by which KB-FVIIa-004 inhibits FVIIa amidolytic activity, a Schild regression analysis was performed [START_REF] Arunlakshana | Some quantitative uses of drug antagonists[END_REF]. When the log (dose ratio-1) was plotted against log [KB-FVIIa-004] in this analysis, a straight line was obtained (Fig. 3D), compatible with KB-FVIIa-004 acting as competitive inhibitor. In addition, the intercept of this line on the X-axis at Y=0 corresponds to the log (Ki) of the interaction, and the ensuing Ki was found to be 45±2 nM in this analysis.

Given the competitive nature of KB-FVIIa-004, we were also able to calculate a Ki-value from the half-maximal inhibition value of the data presented in Fig. 3A-B Effect of active site inhibitors on the interaction between FVIIa and KB-FVIIa-004-We next investigated whether binding of KB-FVIIa-004 is affected by the presence of the irreversible inhibitor D-Phe-Pro-Arg-chloromethyl ketone (PPACK). To this end, FVIIa was incubated with PPACK, and samples were subsequently tested in two separate assays. One portion of the sample was used to measure residual FVIIa activity, while a second portion of the sample was used to determine binding to immobilized sdAb KB-FVIIa-004. As expected, incubation with PPACK resulted in a dose-dependent loss of amidolytic activity (>90% loss at 10 µM PPACK; Fig. 4, right Y-axis), compatible with PPACK forming a covalent bond with the active-site serine. When simultaneously tested for binding to immobilized KB-FVIIa-004, a similar dose-dependent decrease in binding to this sdAb was observed (Fig. 4; left Y-axis).

This indicates that inhibition of the FVIIa active site by PPACK coincides with a loss of binding to KB-FVIIa-004. It seems possible that the epitope for KB-FVIIa-004 is close to or within the active site of FVIIa.

Effect of KB-FVIIa-004 on FX activation-Having observed that KB-FVIIa-004 interferes with

FVIIa amidolytic activity, we were interested to analyze the effect of this antibody on FVIIamediated activation of the macromolecular substrate FX. FX was incubated with FVIIa and phospholipids and varying concentrations of KB-FVIIa-004. Activation was stopped by the addition of EDTA and FXa activity was monitored by following S-2222 proteolysis. Using this approach, we observed a dose-dependent inhibition of FXa formation in the presence of KB-FVIIa-004 (Fig. 5A). Half-maximal inhibition was obtained at a sdAb/FVIIa molar ratio of 1.9±0.7 (Fig. 5C). Also for this inhibition, a Ki could be calculated from the Cheng-Prusoff equation, by using a KM of 0.6 µM for FVIIa-mediated FX activation [START_REF] Nielsen | Engineering of a membrane-triggered activity switch in coagulation factor VIIa[END_REF]. This approach generated a Ki value of 26±10 nM. Apparently, KB-FVIIa-004 displays a similar efficacy in blocking FVIIa activity towards small and macromolecular substrates.

Effect of TF on KB-FVIIa-004 mediated FVIIa inhibition-In view of the notion that FVIIa activity is strongly enhanced by its cofactor TF, it was of interest to reassess both amidolytic and FX-activating activity of FVIIa in the presence of relipidated TF and varying concentrations of KB-FVIIa-004. Little inhibition of FXa generation (<15%) was detected at a 1000-fold molar excess of KB-FVIIa-004 over FVIIa (Fig. 5B). With regard to amidolytic activity, some minor reduction in FVIIa activity was observed, that reached a maximum of 20-25% at a 50 to 100-fold molar excess of KB-FVIIa-004 (Fig. 6A-B). These data suggest that the presence of TF eliminates or strongly reduces the inhibitory activity of KB-FVIIa-004. This was also explored in another experiment, in which the ability of TF to reverse KB-FVIIa-004-mediated inhibition of FVIIa was investigated. FVIIa (7.5 nM) was incubated with the amidolytic substrate CBS-34.47 and various concentrations of KB-FVIIa-004. Despite the inefficient hydrolysis of CBS-34.47 under these conditions, a clear dose-dependent inhibition of FVIIa activity was observed, with >85% inhibition at a 100-fold molar excess of KB-FVIIa-004 over FVIIa (Fig. 6C-D). Upon the addition of relipidated TF, a rapid increase of substrate conversion was observed both in the absence and presence of KB-FVIIa-004 (Fig. 6C-D).

Although some residual inhibition remained under these conditions, this was less than 15% at the highest concentration tested (i.e. a 100-fold molar excess of KB-FVIIa-004 over FVIIa). Finally, we tested the direct effect of TF on binding of FVIIa to immobilized KB-FVIIa-004 in an immunosorbent assay (Fig. 6E-F). The presence of relipidated TF dosedependently interfered with binding of FVIIa to KB-FVIIa-004 (Fig. 6E). Interestingly, also recombinant soluble ectodomain of murine TF (smTF) reduced FVIIa binding to this antibody, albeit to a lesser extent (20±5%; p<0.0001) and at higher concentrations (Fig. 6F).

Effect of KB-FVIIa-004 on in vivo activity of FVIIa in FVIII-deficient mice-To apply KB-FVIIa-

004 in vivo, we generated a variant in which this sdAb was fused to human albumin. KB-FVIIa-004 has a molecular weight of approximately 15 kDa, and will thus be rapidly eliminated via renal clearance. Fusion to albumin was anticipated to improve its circulatory half-life. This fusion-protein, designated 004-HSA, was identical to KB-FVIIa-004 in its inhibitory action towards FVIIa, both in terms of efficacy and specificity to inhibit free FVIIa but not TF-bound FVIIa. For the in vivo experiments, FVIII-deficient mice were divided in 5 groups: one group receiving vehicle, one group receiving low-dose FVIIa (0.6 mg/kg), one group receiving high-dose FVIIa (3 mg/kg), one group receiving high-dose FVIIa (3 mg/kg) with a 3-fold molar excess of 004-HSA (5.3 mg/kg) and one group receiving high-dose FVIIa (3 mg/kg) with a 10-fold molar excess of 004-HSA (16 mg/kg). Five minutes following intravenous injection, the distal 3 mm of the tail was amputated, and blood was collected for 30 min. Blood loss in vehicle-treated mice was 805±83 µl (mean±SD; n=7; Fig. 7). Mice treated with low-dose FVIIa alone had mildly reduced blood loss (634±71 µl (n=5; p=0.0325 vs vehicle), while those treated with high-dose FVIIa had strongly reduced blood loss (139±79 µl; n=7; p<0.0001 vs vehicle). Interestingly, the presence of low-dose 004-HSA increased blood loss in mice treated with high-dose FVIIa to the same amount as found for low-dose FVIIa: 546±168 µl (n=4; p=0.0016 vs vehicle and p=0.62 vs 0.6 mg/kg FVIIa).

Moreover, high-dose FVIIa in combination with high-dose 004-HSA resulted in blood loss that was indistinguishable from vehicle-treated mice (773±42 µl; n=4; p=0.80 vs vehicle).

Apparently, the activity of FVIIa in vivo is inhibited by the presence of 004-HSA, suggesting that its functioning under these conditions is predominantly independent of TF.

DISCUSSION

Single-domain antibodies (sdAbs) have been shown to be useful tools for research, diagnostic and therapeutic applications, partially because they can associate with epitopes that are inaccessible to regular monoclonal antibodies. For example, we have previously identified sdAbs that specifically recognize the active, platelet-binding conformation of Von Willebrand factor, while others have developed sdAbs to monitor conformation changes of G Protein-coupled receptors [START_REF] Hulstein | A novel nanobody that detects the gain-of-function phenotype of von Willebrand factor in ADAMTS13 deficiency and von Willebrand disease type 2B[END_REF][START_REF] Groot | The presence of active von Willebrand factor under various pathological conditions[END_REF][START_REF] Manglik | Nanobodies to Study G Protein-Coupled Receptor Structure and Function[END_REF]. In this study, we have generated a sdAb, designated KB-FVIIa-004, that interferes with the enzymatic activity of FVIIa in the absence but not presence of its cofactor TF. KB-FVIIa-004 was isolated from a sdAb-library isolated from a FVIIa-immunized llama via standard procedures. Binding experiments using human plasma, purified FVII or FVIIa revealed that the antibody recognizes FVIIa but not FVII (Fig. 1). Interestingly, the ability of FVIIa to hydrolyze the small synthetic substrate CBS-34.47 was inhibited in a dosedependent manner by KB-FVIIa-004 (Fig. 3). By using the Schild-regression analysis, we determined that KB-FVIIa-004 inhibited FVIIa activity in a competitive manner. The efficacy by which KB-FVIIa-004 inhibits activity of FVIIa was determined via two independent approaches. First, the Schild regression analysis, which is based on activity assays in which the concentration of the substrate CBS-34.47 is varied. Second, by varying the KB-FVIIa-004 concentration at a fixed substrate concentration, which allows the calculation of the halfmaximal inhibition, and subsequently the Ki by applying the Cheng-Prusnoff equation.

Ultimately, three Ki values were obtained (two for amidolytic activity and one for proteolytic activity), which were all in the same range: 45±2 nM, 28±8 nM and 26±10 nM.

As mentioned, FVIIa requires interactions with TF to achieve full enzymatic activity, and this cofactor enhances both amidolytic activity and proteolytic activity of FVIIa [START_REF] Lawson | The evaluation of complex-dependent alterations in human factor VIIa[END_REF][START_REF] Neuenschwander | Importance of substrate composition, pH and other variables on tissue factor enhancement of factor VIIa activity[END_REF]. When KB-FVIIa-004 was tested for its inhibitory capacity towards FVIIa in the presence of TF, little if any inhibitory potential was observed (Figs. 5 &6). Even at a 100 to 1000-fold molar excess over FVIIa, inhibition was less than 15% towards FX and less than 25% towards CBS-34.47. The poor inhibitory capacity towards TF-bound FVIIa was confirmed in two control experiments. First, TF was added to KB-FVIIa-004-inhibited FVIIa, resulting in the reappearance of FVIIa amidolytic activity (Fig. 6). Second, a prolongation of the clotting time in the plasma-based PT assay (which depends on FVIIa/TF activity to initiate coagulation) was only observed when using a >300-fold molar excess of KB-FVIIa-004 over the endogenous FVIIa concentration (Fig. 2). It seems conceivable therefore that the binding of FVIIa to TF relieves FVIIa from the inhibitory effect of KB-FVIIa-004. To our knowledge, this is the first antibody that displays specific inhibition of FVIIa in the absence of TF. Several antibodies specific for FVIIa in comparison to FVII, with or without the capacity to modify FVIIa activity have been reported. However, none of these interferes with FVIIa activity in the absence but not presence of TF.

Considering the specificity of KB-FVIIa-004 for FVIIa in combination with its capacity to block FVIIa activity in a competitive manner, it is likely that this sdAb binds within or close to the active site of FVIIa. This would be compatible with the observation that inhibition of FVIIa by the active site-inhibitor PPACK, which covalently interacts with the active site serine-residue, coincides with loss of FVIIa binding to KB-FVIIa-004 (Fig. 4). However, at first sight this may seem incompatible with the notion that TF competes with the sdAb for FVIIa binding (Fig. 6E). A reasonable explanation for this finding is that KB-FVIIa-004 binds to a cryptic epitope close to the active site that is exposed only in the zymogen-state of FVIIa. When FVIIa engages in binding either to a substrate or to TF, it undergoes structural changes to adopt the active protease conformation. In this active conformation, the cryptic epitope for KB-FVIIa-004 is no longer exposed, and results in loss of antibody binding. This mode of action (illustrated in Fig. 8) would be compatible with the mutually exclusive binding of TF and the antibody to FVIIa, and would appear to be competitive inhibition in conventional binding assays. Definitive insight into the binding epitope for KB-FVIIa-004 will be obtained via cocrystallization studies, which have been initiated recently in our laboratory.

The unique characteristic of KB-FVIIa-004 to block FVIIa activity in the absence but not presence of TF could be helpful to better understand the physiology of FVIIa activity under various conditions. In particular, it has been a matter of debate whether the activity of FVIIa to restore hemostasis in FVIII-deficient plasma involves a TF-dependent or a TFindependent process. However, relatively high concentrations of FVIIa are required to achieve efficient hemostatic activity in humans and even more in mice: therapeutic dosing in humans is 90-270 µg/kg, resulting in FVIIa plasma levels of about 25-70 nM when assuming 50% in vivo recovery. Final plasma levels in mice are about 600 nM, when dosing 3 mg/kg and assuming 50% recovery. These concentrations exceed FVII plasma concentrations 2.5-7-fold and 60-fold, respectively. It was thought therefore that high FVIIa concentrations are needed to compete with endogenous FVII for binding to TF [START_REF] Rao | Studies of the activation of factor VII bound to tissue factor[END_REF][START_REF] Augustsson | In vitro evidence of a tissue factor-independent mode of action of recombinant factor VIIa in hemophilia[END_REF]. The need for FVIIa for TF-binding was further compatible with the observation that thrombin generation in FVIIainfused primates could be neutralized in the presence of TF-inhibitors [START_REF] Ten Cate | The activation of factor X and prothrombin by recombinant factor VIIa in vivo is mediated by tissue factor[END_REF]. However, other studies have contradicted these results, finding that FVIIa restores hemostasis in the absence of FVIII in a TF-independent manner. Evidence included efficient thrombin generation on TF-deficient platelets and the restoration of hemostasis in mice expressing minimal amounts of TF [START_REF] Monroe | Platelet activity of high-dose factor VIIa is independent of tissue factor[END_REF][START_REF] Hoffman | Human monocytes support factor X activation by factor VIIa, independent of tissue factor: implications for the therapeutic mechanism of high-dose factor VIIa in hemophilia[END_REF][START_REF] Lisman | Recombinant factor VIIa enhances platelet adhesion and activation under flow conditions at normal and reduced platelet count[END_REF][START_REF] Keshava | Pharmacological concentrations of recombinant factor VIIa restore hemostasis independent of tissue factor in antibody-induced hemophilia mice[END_REF]. We therefore used KB-FVIIa-004 to further gain insight into the in vivo mode of action of FVIIa in FVIII-deficient mice. As expected, a dose of 3 mg/kg FVIIa efficiently corrected bleeding in FVIII-deficient mice (Fig. 7). Correction was less efficient in mice receiving 0.6 mg FVIIa/kg, a dose corresponding to 20% of the efficacious 3 mg/kg dose. Pre-incubation of FVIIa with a 3-fold molar excess of KB-FVIIa-004 was anticipated to result in a 80%-inhibition of FVIIa. Indeed, mice receiving 3 mg/kg FVIIa in the presence of KB-FVIIa-004 displayed similar blood loss as mice that received 0.6 mg/kg (Fig. 7). In addition, a 10-fold molar excess of 004-HSA over FVIIa resulted in full reversion of FVIIa activity, with FVIII-deficient mice having similar blood loss as vehicle-treated mice (Fig. 7). It is important to mention that human FVIIa interacts poorly with murine TF [START_REF] Fang | Activation of factor X by factor VIIa complexed with human-mouse tissue factor chimeras requires human exon 3[END_REF][START_REF] Petersen | Characterization of recombinant murine factor VIIa and recombinant murine tissue factor: a human-murine species compatibility study[END_REF], suggesting that the contribution of murine TF in this FVIII-mouse model is limited.

Nevertheless, the high concentration of FVIIa (600 nM) would allow for some interaction with murine TF. In experiments using smTF, we did observe some inhibition (15-20%) of the FVIIa-antibody interaction by this protein. It seems plausible therefore that the in vivo data are compatible with the view that FVIIa generates its therapeutic effect in the absence rather than presence of TF.

All together, we have isolated a novel sdAb that interferes with FVIIa in the absence but not presence of its cofactor. This sdAb could be used to investigate the TF-independent activities of FVIIa in vitro and in vivo. Following conversion of FVII into FVIIa, the activated derivative exists in equilibrium between an inactive zymogen-like state and an active conformation (enzyme-like state). This equilibrium is forced into the active conformation upon binding of FVIIa to TF or via the incorporation of a substrate into the FVIIa active site. KB-FVIIa-004 does not interact with FVII or with TF-bound or PPACK-inactivated FVIIa. It seems possible therefore that KB-FVIIa-004 selectively binds to the zymogen-like state of FVIIa, and that its binding impairs conversion of FVIIa into the active conformation. Additional studies are needed to determine the exact binding epitope for this antibody.

LEGENDS

  have been backcrossed (>10 times) on a C57Bl/6 background. Males and females were used throughout the study (8-12 weeks old, 20-25g). Housing and experiments were performed in accordance with French regulations and the experimental guidelines of the European Community. This project was approved by the local ethical committee of Université Paris-Sud (comité d'éthique en experimentation animale n˚26) under the APAFIS number #4400-2016021716431023-V5. Materials-D-Phe-Pro-Arg-chloromethyl ketone (PPACK) was obtained from Santa Cruz Biotechnology (Dallas, TX). Purified recombinant FVIIa was from NovoNordisk (Malov, Denmark). Purified plasma-derived FVII was from Haematologic Technologies, Inc (Essex Junction, VT), and traces of FVIIa (less than 2%) were inactivated by incubation with PPACK and benzamidine. Purified plasma-derived FX was from Haematologic Technologies, Inc.

  , by applying the Cheng-Prusoff equation (Ki=IC50/(1+[S]/[KM]); (25)). Using a KM of 1.6 mM for FVIIa-mediated hydrolysis of CBS-34.47 (determined in separate experiments), the resulting Ki was 28±8 nM, which is in the same order of magnitude as the Ki value obtained from the Schild regression analysis.

Figure 1 :

 1 Figure 1: Binding of KB-FVIIa-004 to FVIIa. Microtiter wells coated with polyclonal anti-FVII/FVIIa antibodies (red symbols) or KB-FVIIa-004 (blue symbols; both 10 µg/ml) were incubated with various dilutions of human plasma (panel A) or various concentrations of purified FVII or FVIIa (panels B and C, respectively). Bound FVII/FVIIa was probed with peroxidase-labeled polyclonal anti-FVII/FVIIa antibodies and detected via hydrolysis of 3-3'-5-5'-tetramethylbenzidine. Plotted is the absorbance at 450nm versus FVII/FVIIa concentration. Data represent mean±SD of three experiments.

Figure 2 :

 2 Figure 2: Prolongation of PT clotting time by KB-FVIIa-004. Panels A-B: Human plasma spiked with various concentrations of KB-FVIIa-004 (blue symbols), control sdAb KB-VWF-006 (red symbols; both 0-10 µM) or polyclonal anti-FVII/FVIIa antibodies (0-0.4 µM; panel B only) was analyzed in an aPTT (panel A) or PT (panel B). Plotted is clotting time versus antibody concentration. Data represent mean±SD of three experiments.

Figure 3 :

 3 Figure 3: Inhibition of FVIIa amidolytic activity by KB-FVIIa-004. Panel A: FVIIa (75 nM) was incubated in the absence (red line) or presence (blue lines) of various concentrations of KB-FVIIa-004 (19-600 nM) for 60 min at 37°C. CBS-34.47 (1.5 mM) was added and its hydrolysis was monitored for 30 min by measuring absorbance at 405 nm. A typical experiment is shown in which absorbance at 405 nm is plotted versus time (s). Panel B: Presented is the percentage of residual FVIIa amidolytic activity relative to activity in the absence of sdAb as function of the molar ratio sdAb/FVIIa. Data representing mean±SD of 3-10 experiments is shown for KB-FVIIa-004 (blue symbols) or KB-VWF-006bv (grey symbols). Panel C: Hydrolysis of substrates S-2222 by FXa (5 nM; black symbols) or S-2238 by thrombin (5 nM; green symbols) in the absence or presence of KB-FVIIa-004 was determined. Shown is percentage residual FVIIa amidolytic activity relative to activity in the absence of KB-FVIIa-004 versus the molar ratio KB-FVIIa-004/FVIIa. Data represent mean±SD of three experiments. Panel D: Schild regression analysis of KB-FVIIa-mediated inhibition of FVIIa amidolytic activity. Plotted is the log [dr -1] versus log [KB-FVIIa-004]. dr = dose ratio. Data represent mean±SD of three experiments. X-axis intercept (Y=0) was calculated to be 1.65, corresponding to 44 nM KB-FVIIa-004.

Figure 4 :

 4 Figure 4: PPACK-mediated inhibition of FVIIa coincides with loss of binding to KB-FVIIa-004. FVIIa (0.1 µM) was incubated with various concentrations of PPACK (0-10 µM) for 60 min at 37°C. Samples were then analyzed in parallel for residual binding to immobilized KB-FVIIa-004 (left Y-axis, red symbols) and residual amidolytic activity (right Yaxis; blue symbols). The percentage residual binding and activity relative to the absence of PPACK is plotted versus PPACK concentration. Data represent mean±SD of 3-4 experiments.

Figure 5 :Figure 6 :

 56 Figure 5: Inhibition of FVIIa-mediated FX activation by KB-FVIIa-004. Panels A-B: FVIIa was incubated in the absence (red line) or presence (blue lines) of KB-FVIIa-004 for 60 min at 37°C, and samples were then added to a mixture containing relipidated TF, FX and phospholipids. FX activation was stopped after 15 min by the addition of EDTA. The presence of FX was measured by monitoring hydrolysis of substrate S-2222 (1 mM) for 5 min. Concentrations used were: Panel A: FVIIa: 25 nM, KB-FVIIa-004: 0-2.5 µM, FX: 0.5 µM, phospholipids: 40 µM. Panel B: FVIIa: 1 nM, relipidated TF: 2 nM, KB-FVIIa-004: 0-1 µM, phospholipids: 10 µM. Depicted are hydrolysis curves of a typical experiment in the absence or presence of relipidated TF. Hydrolysis curves were generated using undiluted samples for panel A, and samples diluted 100-fold for panel B. Panel C: Presented is percentage residual FVIIa activity relative to activity in the absence of KB-FVIIa-004 as function of the molar ratio sdAb/FVIIa. Shown are data representing mean±SD of 3-5 experiments.

Figure 7 :

 7 Figure 7: KB-FVIIa-004/albumin fusion protein interferes with FVIIa activity in FVIIIdeficient mice. FVIII-deficient mice were given vehicle or FVIIa (0.6 or 3 mg/kg) via intravenous tail vein injection. Two series of mice received FVIIa (3 mg/kg) that was preincubated with a 3-or 10-fold molar excess of KB-FVIIa-004 fused to human albumin (004-HSA; 5 and 16 mg/kg, respectively) prior to infusion. Five minutes after injection, the distal 3 mm segment of the tail of anesthetized mice was removed. The tail was immersed in a prewarmed physiological salt solution (37°C), and blood was collected for 30 min. Plotted is the amount of blood loss for each group. Bars represent mean±SD, and symbols individual mice. Statistical analysis was performed by one-way ANOVA with Tukey's multiple comparison test.

Figure 8 :

 8 Figure 8: Possible mode of action of KB-FVIIa-004.
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