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Essentials

• A novel variant in the thrombomodulin gene, Pro496Argfs*10,  encoding loss of the transmembrane domain, is associated with elevated levels of soluble thrombomodulin in plasma and a bleeding phenotype.

• Thrombin generation is significantly lower in patients carrying the Pro496Argfs*10 variant, but is restored by inhibition of activated protein C.

• Plasma fibrinolysis is delayed in the Pro496Argfs*10 variant due to thrombomodulin-mediated activation of thrombin activatable fibrinolysis inhibitor  


























Abstract

Background: A novel variant in the thrombomodulin (TM) gene, c.1487delC,p.(Pro496Argfs*10), referred to as Pro496Argfs*10, was identified in a family with an unexplained bleeding disorder. The Pro496Argfs*10 variant results in loss of the transmembrane and intracellular segments of TM and is associated with an increase in soluble TM (sTM) in the plasma.

Objectives: The aim of this study was to characterise the effect of elevated sTM on thrombin generation (TG) and fibrinolysis and to evaluate therapeutic strategies to manage the patients.

Methods: Plasma samples were obtained from two patients carrying the variant. TG was triggered using 5 pM tissue factor and measured using the Calibrated Automated Thrombogram. A turbidity clot lysis assay was used to monitor fibrinolysis. TM antigen was quantified by ELISA.

Results: Patients with the Pro496Argfs*10 variant had significantly elevated plasma sTM compared to controls (372.6 vs. 6.0 ng/ml). TG potential was significantly lower in patients but was restored by inhibition of activated protein C (APC) or addition of activated Factor VII (FVIIa) or platelet concentrates. In vitro experiments suggested that activated prothrombin complex concentrates (APCC) posed a risk of thrombosis. The time to 50% lysis was significantly prolonged in patients compared to controls, 42.3 vs. 69.7 min. Clot lysis time was shortened by inhibition of activated thrombin activatable fibrinolysis inhibitor (TAFIa).

Conclusions: Our data demonstrate that increased sTM enhances APC generation and reduces TG. Simultaneously, the rate of fibrinolysis is delayed due to increased TAFI activation by sTM. Treatment with platelet or FVIIa concentrates may be beneficial to manage this rare bleeding disorder.
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Introduction

Thrombomodulin (TM) is a transmembrane glycoprotein encoded by the THBD gene and expressed ubiquitously on vascular endothelial cells[1-4]. The mature protein (557 amino acids) consists of a lectin-like domain, 6 epidermal growth factor-like modules, a serine/threonine-rich region (with associated O-linked glycans and chondroitin sulphate), a transmembrane domain and a short cytoplasmic tail (Figure 1)[2, 4-6].

TM forms a complex with thrombin, switching its function from a pro- to anti-coagulant enzyme. The thrombin-thrombomodulin (TH-TM) complex activates protein C, which in turn downregulates coagulation by cleavage of activated Factor V and VIII (FVa and FVIIIa)[7-10]. This switch in substrate specificity enhances protein C activation by 1000-fold[7]. In addition to enhancing activated protein C (APC) generation, the TH-TM complex downregulates the rate of fibrinolysis by activating thrombin activatable fibrinolysis inhibitor (TAFI)[11, 12]. Activated TAFI (TAFIa) cleaves carboxyl-terminal lysine residues from fibrin, decreasing plasminogen and tissue-type plasminogen activator (tPA) binding[13-17] and thus plasmin generation. 

[bookmark: _Hlk33475382]A soluble form of TM circulates in the plasma in health at a relatively low concentration (<10 ng/ml)[18, 19]. Soluble TM (sTM) arises from proteolytic cleavage of membrane-bound TM and is elevated in several pathological conditions associated with endothelial dysfunction in cardiovascular and metabolic diseases[20-22]. Elevated levels of sTM associated with a bleeding diathesis have previously been reported due to the variant p.Cys537stop. Here, we describe an inherited rare bleeding disorder caused by elevated sTM levels in plasma. A novel nonsense variant in THBD, c.1487delC,p.(Pro496Argfs*10), is caused by a frameshift mutation from codon 496 to 506, coupled with a stop gain at codon 506 resulting in early truncation of the TM molecule. This causes loss of the transmembrane and cytoplasmic domain and release of sTM into the plasma (Figure 1). The variant is heterozygous and referred to Pro496Argfs*10 throughout this study.

This study characterises the effect of increased sTM levels on thrombin generation (TG) and fibrinolysis, and explores different therapeutic strategies to manage this rare bleeding disorder.



Methods

Blood Collection
Investigations were conducted with the participants’ informed consent in agreement with the Declaration of Helsinki. Blood was drawn from two family members carrying the TM c.1487delC,p.(Pro496Argfs*10) variant and healthy volunteers (n= 23) into 3.2 % sodium citrate vacutainers (Greiner Bio-One Ltd, Kremsmünster, Austria). The family members are referred to as patient 1 (mother) and patient 2 (daughter) throughout this manuscript. 

Preparation of plasma and platelets
Platelet-poor plasma (PPP) was prepared by centrifugation of whole blood (WB) at 2000 x g for 30 min at 4 °C. Platelet-rich plasma (PRP) was obtained from WB by centrifugation at 200 x g for 10 min at ambient temperature. Platelets were collected following centrifugation of WB at 200 x g for 15 min  to collect PRP. PRP containing 0.1 U/ml apyrase and acid citrate dextrose (ACD; 5.3 mM trisodium citrate, 3.5 mM citric acid and 12.2 mM glucose) was centrifuged at 900 x g for 15 min to obtain the platelet pellet. PPP was discarded and the platelet pellet washed in HEPES buffer (10 mM HEPES pH 6.6, 136 mM NaCl, 2.7 mM KCl, 2 mM MgCl2, 0.1 % glucose and 0.1 % BSA containing ACD and 0.1 U/ml apyrase) at 900 x g for 15 min. Pelleted platelets were resuspended in HEPES buffer (10 mM HEPES pH 7.45, 136 mM NaCl, 2.7 mM KCl, 2 mM MgCl2, 0.1 % glucose and 0.1 % BSA containing 0.1 U/ml apyrase). Platelet counts were performed using a Sysmex KX-21 haematology analyser.

Thrombin generation
TG was performed on PPP and PRP samples and was triggered with 5 pM tissue factor (TF) in the presence of a fluorogenic substrate and CaCl2 (Diagnostica Stago, Asnieres, France). In PPP experiments, 4 µM phospholipids were incorporated with the TF reagent. In some experiments, samples were spiked with recombinant human sTM (6 – 100 ng/ml; Peprotech, Hamburg, Germany), synthetic phospholipids (Rossix, phosphatidylcholine 42 %, phosphatidylserine 28 % and sphingomyelin 30 %), 0.3 mg/ml HAPC157 polyclonal anti-APC antibody that inhibits APC activity (gifted from Professor Charles Esmon, Oklahoma Medical Research Foundation), 0.5 U/ml activated prothrombin complex concentrate (APCC; FEIBA, Takeda Pharmaceuticals, Tokyo, Japan), 1 µg/ml activated Factor VII (FVIIa; Novo7, Novo Nordisk, Bagsværd, Denmark) or 0.5 - 5 x 108 plts/ml from a healthy donor or patient deficient in FV. The optimum concentration of correcting reagents was calculated based on expected plasma concentration if the drug was given to the patient as a therapeutic treatment. Thrombin generation was measured using the calibrated automated thrombogram (CAT)[23] and thrombinoscope software. The peak height and endogenous thrombin potential (ETP) parameters were extracted from the thrombogram using the thrombinoscope software and exported for statistical analysis.

ELISA & Chromogenic Assays
TM and FV levels were quantified in PPP or washed platelets according to manufacturers’ instructions using a commercial enzyme-linked immunosorbent assay (ELISA) kit (Abcam, Cambridge, UK). Platelets were lysed by 3 x freeze-thaw cycles at -80 and 37 ºC to ensure release of granule contents. Protein C was quantified using a Berichrom protein C chromogenic assay.

Clot Lysis
PPP (30% total volume), phospholipids (16 µM) (Rossix, Molndal, Sweden) and tPA (90 pM) (Sigma-Aldrich, Missouri, USA) in 10 mM TRIS pH 7.4 0.01 % Tween20 were added to 96 well flat-bottom assay plates. In some cases, potato tuber carboxypeptidase inhibitor (PTCI; 25 – 100 ng/ml) or sTM (6 – 500 ng/ml) were incorporated. Clotting was initiated with 10.6 mM CaCl2 and clot formation and lysis monitored using a Labsystems iEMS plate reader. Absorbance at 405 nm was recorded every 60 s for 4 h using Ascent software (version 2.6). Data were analysed by calculating time to 50 % lysis using Shiny App software for clot lysis[24].

Data Analysis
Results are represented by the mean ± standard deviation (SD). Statistical analysis was performed using Graph Pad Prism 8.3 (California, USA) and normality assessed using a D’Agostino-Pearson omnibus test. A non-parametric Mann-Whitney t-test was used to analyse the data. p < 0.05 was considered significant.









Results

The index case (patient 1- mother) was referred for investigation of a history of increased bleeding, particularly in relation to surgical intervention. Her ISTH bleeding assessment score (BAT) score was 7 (where normal is 5 or less) and she had experienced significant bleeding following a dental extraction requiring suturing. She also bled unexpectedly after cervical laser therapy and again needed sutures to stem bleeding several days after the initial intervention. Patient 1 also suffered with heavy menstrual bleeding. Of note, patient 1 had a provoked deep venous thrombosis whilst taking the combined oral contraceptive pill. All coagulation factor levels and platelet aggregation  tests were normal (Supplementary Figure 1), but genotyping revealed a nonsense variant in the TM gene, Pro496Argfs*10 (Figure 1). Patient 2, daughter of the index case, identified with the same variant, has evidence of increased bleeding as well. Her  history includes heavy menstrual bleeding from the menarche which has led to iron deficiency in the past, a post-partum haemorrhage of 1.2 litres after her first delivery and increased bleeding following a dental extraction as a child. Her ISTH BAT score was 8, which is comparable to patient 1 and reflects the similarity of bleeding episodes between the two patients. Both patient 1 and 2 were tested for Factor V Leiden mutation, which was not detected. 

Therefore, we proceeded to measure plasma TM levels by ELISA.  We found healthy volunteers to have sTM concentrations between 3.1 – 8.9 ng/ml (Figure 2A). sTM was significantly elevated in patient 1 (495.6 ng/ml) and patient 2 (372.6 ng/ml) by 83- and 62- fold, respectively, compared to healthy controls (Figure 2A). Protein C activity was measured in PPP using a chromogenic assay. Protein C  activity was within the normal range (0.7-1.5 IU/ml) for both patient 1 and 2, 1.46 and 1.15 IU/ml, respectively (Supplementary Figure 1). 

[bookmark: _Hlk32402800]Both patients had decreased peak thrombin in PPP when compared to controls (Figure 2B). This results in a significant decrease in the ETP parameter (Figure 2C). In healthy individuals the ETP ranges from 1510.2 – 2238.8 nM.min (Figure 2C). Patient 1 and 2 had significantly decreased ETP compared to controls; 989.3 ± 139.6 and 618.8 ± 72.2 nM.min, respectively (Figure 2C; p < 0.0001). This represents a 51.5 and 67% reduction in ETP when compared to controls.). The lag time and time to peak were also significantly prolonged compared to the control (p < 0.01), and peak height was markedly reduced (p < 0.0001).

In PRP a 24.8 and 20.8 % reduction in ETP was observed for patient 1 and 2, respectively, when compared to controls (Figure 2D p < 0.001). Again, both the lag time and time to peak were significantly prolonged compared to the control (p < 0.01). The peak height was reduced in PRP (15.7 and 7.4 % reduction in patient 1 and 2, respectively, p < 0.01).

To demonstrate that the reduction in TG was the result of PC activation by the elevated levels of sTM we used a polyclonal anti-APC antibody to neutralise APC activity. This resulted in peak thrombin concentration in PPP being fully restored for patient 1 (Figure 3A).  Inhibition of APC increased the ETP of patient 1 from  989.7 ± 139.2 nM.min to 2328.8 ± 125.7 nM.min, which was not significantly different from the control (Figure 3A; p < 0.01). Neutralising APC also improved the ETP in patient 2; from 868.4 ± 435.4 nM.min to 1889.4 ± 9.5 nM.min (Figure 3B). For both patients, all TG parameters were within the normal range when APC was inhibited. Inhibition of APC did not alter thrombin generation in healthy controls.

To provide further insight into the effect of elevated sTM on TG, plasma from healthy controls was spiked with increasing concentrations of sTM; 6, 150, 250 and 500 ng/ml; to model the Pro496Argfs*10 variant (Figure 3C). We observed decreasing TG potential with increasing concentrations of TM in the control plasma sample (Figure 3C). We found that 250 ng/ml TM provided a TG profile similar to that of our patients, despite their plasma sTM levels being much higher (Figure 2A, 3C). The ETP for our Pro496Argfs*10 variant model, where 250 ng/ml sTM was added to control plasma, was 701.4 ± 340.4 nM.min, which was comparable to the ETP for patient 1 (908.7 ± 1.01 nM.min) and 2 (618.8 ± 72.2 nM.min) (Figure 2C, 3C). Inhibition of APC activity in our Pro496Argfs*10 variant model restored TG to the level of the control (Figure 3D). This was observed as an increase in the ETP; 701.4 ± 340.4 and 1957 ± 160.5 nM.min with and without the anti-APC antibody (Figure 3D).

[bookmark: _Hlk32402941]The optimal strategy to reduce bleeding complications developing in patients with elevated sTM is not clear. We therefore examined three different therapeutic strategies; rFVIIa, washed human platelets or APCC; to determine the best approach to treat our patients (Figure 4 A-C). Addition of rFVIIa concentrates significantly improved TG potential in both patient 1 and 2 (Figure 4 A-C). This was observed as a 1.4- and 1.6-fold increase in ETP in patient 1 and 2, respectively (Figure 4 A-C; p < 0.05). Washed human platelets isolated from healthy controls also improved TG in our patients and was more effective than FVIIa concentrates (Figure 4 A-C). In patient 1, addition of washed platelets increased their ETP from 908.7 ± 1 nM.min to 1504.2 nM.min (Figure 4 A,C; p < 0.05). A more pronounced increase in ETP was observed in patient 2, 618.8 nM.min to 1306.1 nM.min; a 2.1-fold increase due to the presence of washed platelets (Figure 4 B,C; p < 0.01). Addition of APCC produced an ETP above the upper limit of our controls (1510.2 – 2238.8 nM.min), 2385.2 and 2807.6 nM.min for patient 1 and 2, respectively (Figure 2C, Figure 4 A-C; p < 0.001), which may represent an increased thrombotic risk.
Addition of washed human platelets significantly improved TG potential in our patients, and further investigation was carried out to identify the platelet protein or component responsible. Previous research has demonstrated that platelet FV is structurally and functionally different to plasma FV, and that it is partially resistant to APC-mediated inhibition[25-29]. To test our hypothesis that platelet FV was responsible for restoring TG in our Pro496Argfs*10 patients, we isolated platelets from a FV deficient (FV-/-) donor, following written informed consent.  Plasma and platelet samples from controls were found to have 12.9 – 16.8 and 7.1 – 8.5 ng/ml FV, respectively (Figure 5 A) whereas only trace amounts of FV were detected in the   FV-/- plasma (0.3 ± 0.4 ng/ml),and no FV was detected in the platelets (Figure 5A). FV-/- and control platelets (5 x 108 plt/ml) were added to patient plasma to determine if platelet FV was restoring TG (Figure 5B). Both sets of platelets significantly improved TG potential in the Pro496Argfs*10 variant and were not significantly different from one another (Figure 5B). The ETP recorded for patient plasma alone was 908.7 nM.min, which was significantly increased by addition of FV-/- (2249 nM.min) or control (2063.5 nM.min) platelets (Figure 5B).

As platelet FV was not responsible for restoring TG in the Pro496Argfs*10 variant, we hypothesised that it may be due to an increase in the pro-coagulant, phospholipid surface provided by the platelets. Increasing concentrations of washed human platelets (0.5 – 5 x 108 plt/ml; Figure 5C) or synthetic phospholipids (2.5 – 20 µM; Figure 5D) were added to plasma. We found that increasing concentration of platelets or synthetic phospholipid improved TG at a similar rate (Figure 5D). This suggests that the improvement in TG observed in our Pro496Argfs*10 patients by addition of washed human platelets is due to an increase in the phospholipid surface available for TG to take place.

Elevated levels of sTM in the plasma can also influence the function of the fibrinolytic pathway by accelerated activation of TAFI to attenuate plasmin generation. Fibrinolysis in our Pro496Argfs*10 patient was significantly prolonged compared to the healthy controls (Figure 6 A-B). This was observed in the time to 50 % lysis; 42.3 ± 8.2 vs. 69.7 ± 1.5 min for the control and Pro496Argfs*10 patient, respectively (Figure 6B; p < 0.0001). Inhibition of TAFIa with PTCI abolished the difference in lysis time between the patient and control (Figure 6 A-B). Spiking control plasma with increasing concentrations of TM, 6 - 250 ng/ml, delayed clot lysis time and mimicked the profile of our patient (Figure 6C). Interestingly, plasma spiked with 6 ng/ml TM produced a 50 % lysis time equivalent to the Pro496Argfs*10 patient (67.3 ± 2.7 vs. 71 ± 1.6 min, respectively) (Figure 6D). When PTCI was incorporated into our Pro496Argfs*10 model plasma, the increase in clot lysis time mediated by elevated sTM levels was abolished (Figure 6 E-F).




























Discussion

[bookmark: _Hlk33475534]We have investigated a family with an undiagnosed bleeding disorder whose routine coagulation tests were normal (Supplementary Figure 1). Patients with unclassified bleeding disorders are common in the haemostasis clinic. The availability of next generation sequencing panels has enabled some of this patient group to be offered a definitive genetic diagnosis which facilitates decisions on clinical management. In this case, a novel variant in THBD  was identified, encoding Pro496Argfs*10 within the transmembrane domain. This variant is similar to previously reported cases of an autosomal dominant bleeding disorder due to a premature stop codon in THBD, p.Cys537stop[30-35]. In the p.Cys537 stop variant, the last three C-terminal residues of the transmembrane helix and the entire cytoplasmic domain are lost. Our Pro496Argfs*10 variant terminates at amino acid 506 due to a frameshift mutation, resulting loss of the entire transmembrane and increased levels of sTM in plasma. The study by Jourdy et al suggests that release of this shorter molecule may be mainly spontaneous, due to weak anchorage of the protein, and is independent of shear stress or the effect of natural proteinases, whereas release of p.Cys537Stop is largely dependent on metalloprotease cleavage[34].  Both variants result in elevated sTM with similar effects on TG, but the location of the Pro496Argfs*10 mutation, within the serine/threonine rich domain and close to O-glycosylation sites, may have the potential to alter glycosylation and allow additional thrombin molecules to bind. 

The range of sTM levels measured in the plasma were higher in the p.Cys537Stop variant than in our Pro496Argfs*10 variant; 364-1120 vs. 372-495 ng/ml, respectively[30, 31, 33].  Elevated sTM altered TG in vitro and both PPP and PRP samples produced a significantly reduced ETP compared to controls. Interestingly, TG potential was poorer in patient 2 than patient 1, despite patient 1 having 1.3-fold higher plasma sTM (Figure 2 A,B).  This may be due to many factors, such as age or FV susceptibility to APC inhibition[27]. However, the ETP was comparable to TG profiles for the previously reported p.Cys537stop variant, despite these patients having higher plasma sTM levels[30, 33] suggesting that saturation occurs at high plasma concentrations of sTM. Similarly, we found that addition of only 250ng/ml sTM was sufficient to reproduce the reduction in TG seen at 400-500ng/ml in our patients. Although we show that thrombin generating potential continues to decrease when increasing sTM to 500 ng/ml, the thrombogram was much lower than those observed for our patients. Inhibition of APC restored TG in our patients and in the sTM model to a normal level, confirming that the sTM is functional and that the low ETP was due to enhanced APC activity, which downregulates coagulation by cleavage of FVa and FVIIIa.   

Although patients with the p.Cys537stop variant have a more severe bleeding history reported than our patients with the Pro496Argsfs*10 variant[30, 33] , the haemostatic challenges for our patients in Oxford have not been so great. Clinically, our next step was to determine the most effective therapeutic strategy to manage bleeding in these patients. In day-to-day life, our two patients with the Pro496Argfs*10 variant do not experience spontaneous bleeding, despite significantly elevated levels of sTM. However, during situations of trauma or invasive surgical procedures, increased bleeding out of proportion to the inciting injury can arise and may be difficult to control. We investigated several therapeutic strategies to determine how to best manage these patients when bleeding episodes do occur. Patient plasma samples were spiked with rFVIIa, platelet or APCC concentrates in TG experiments. We found rFVIIa and platelet concentrates improved TG and may be beneficial to the patient, however, APCC generated supranormal ETP levels and may therefore increase the risk of thrombosis. Langdown et al[30] found post-operative bleeding and extensive hematomas occurred despite their patient receiving APCC prior, during and post-procedure. Burley et al[31] reported that rFVIIa infusions were sufficient to resolve bleeding in their p.Cys537stop variant after muscle and joint bleeding following minor trauma. In contrast, Dargaud et al[32] reported life-threatening bleeding after surgery for removal of an ovarian cyst in their p.Cys537stop patient, despite normal pre-operative routine coagulation tests. Multiple red blood cell, fresh frozen plasma (FFP), desmopressin and tranexamic acid were not effective in stopping haemorrhage, and bleeding was stopped by transfusion of platelet concentrates concomitantly with FFP[32]. 

Dargaud et al[32] suggested that platelets may have been effective in their patient due to supply of APC-resistant FV because it has been reported that platelet FV is structurally and functionally different to plasma FV[25-29] and is partially resistant to APC-mediated inhibition, although the extent of resistance to APC varies between individuals[27, 28]. However, we were able to demonstrate that platelet FV was not responsible for restoring TG in our Pro496Argfs*10 patient because the same effect was seen with control and FV-/- platelets.

Despite platelet number and function tests being normal in our patients (Supplementary Figure 1), platelet supplementation increased thrombin generation. Further analysis revealed that this was due to the increase in phospholipid surface provided by the additional platelets, and could be replicated with synthetic phospholipids. Platelet exposure of anionic phospholipids, namely phosphatidylserine and phosphatidylinositol, provides a surface for Factor X activation and the prothrombinase complex[36-39]. Upon activation, platelets release their secretory granules by fusion with the plasma membrane or open canalicular system to release more than 300 proteins[40]. This includes a plethora of pro- and anti- coagulant and fibrinolytic proteins which could influence TG[41-48]. However, there are significant risks to the patient associated with platelet transfusion[49-53] and synthetic phospholipid or platelets are being developed as an alternative[54-57]. 

Protein C can also inactivate FVIIIa and accelerated FVIIIa cleavage may contribute to the bleeding phenotype associated with Pro496Argfs*10 , although FVIIIa activity is also lost by spontaneous dissociation of the heterotrimer. This was not pursued further because FVIII is not present in platelets. However, it is possible that elevated FVIII may be able to ameliorate the effect of increased APC generation and this warrants future investigation.

We found that fibrinolysis was significantly delayed in our Pro496Argfs*10 patients and was dramatically increased by inclusion of a TAFIa inhibitor, indicating that the changes in lysis could be attributed to TM-induced TAFI activation. Likewise, in clot lysis experiments with control plasma, fibrinolysis was delayed by the addition of TM and corrected by incorporation of a TAFIa inhibitor. The data obtained from our Pro496Argfs*10 model plasma further validates our results obtained using the patient samples. Interestingly, spiking control plasma with a TM concentration of 6 ng/ml was sufficient to reproduce the effect on clot lysis observed for our Pro496Argfs*10  patients. This is in contrast to the high concentration (250 ng/ml) required for TG experiments and, interestingly, comparable to the levels measured in plasma from trauma patients (8.2 ± 6.5 ng/ml, n= 61). Despite delayed fibrinolysis due to TM-induced TAFI activation, our patients with the Pro496Argfs*10 variant display a bleeding phenotype. This may be explained by previous studies which found that increased levels of plasma sTM favour Protein C as the primary substrate, whereas low concentrations favour TAFI[58, 59]. Therefore the significantly elevated levels of plasma sTM in our Pro496Argfs*10 patients may favour the anti-coagulant role of APC.

A recent phase III clinical trial investigated the efficacy and safety of recombinant human soluble thrombomodulin (ART-123) in disseminated intravascular coagulation (DIC)[60]. DIC is characterised by a hypercoagulable state that results in fibrin deposition in micro-vessels, and is treated with anti-coagulant therapy, namely heparin[60]. However, severe bleeding complications are common. In the study, it was demonstrated that ART-123 significantly improves DIC and alleviates bleeding symptoms, highlighting the efficacy of sTM as a potent anti-coagulant[60]. The results from this study complement the high concentrations of sTM that circulate the plasma in our Pro496Argfs*10 patients but elicit no effect in normal daily routine. Together, this suggests that the safety profile of sTM is amenable for therapeutic interventions such as DIC. 

To conclude, we have identified a novel TM variant, Pro496Argfs*10, that results in excess shedding of TM from the endothelial cell surface to the plasma. We observed in vitro a decrease in TG due to enhanced APC activity mediated by TM, and found fibrinolysis was delayed as a result of TM-induced TAFI activation. Platelet and rFVIIa concentrates may be beneficial to manage the bleeding phenotype induced by TM in these patients.
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Figure Legends

Figure 1- Structure of the thrombomodulin molecule
 A schematic diagram illustrating the TM molecule. TM is a 557 amino acid transmembrane glycoprotein consisting of a lectin-like domain, 6 epidermal growth factor-like modules, a serine/threonine-rich region, a transmembrane domain and a short cytoplasmic tail. The location of the Pro496Argfs*10 variant is denoted with an asterix (*), illustrating where cleavage of the sTM molecule occurs. This results in release of sTM into the plasma, with the entire cytoplasmic and transmembrane membrane lost.

Figure 2- An increase in soluble thrombomodulin levels caused by the Pro496Argfs*10 variant reduces thrombin generation potential
(A) TM antigen in PPP from patient 1, patient 2 and healthy controls (n= 23; mean value for 23 healthy individuals) were measured using a commercial TM ELISA (Abcam). (B,C) TG  was initiated with 5 pM TF and measured using the CAT in PPP (B) and the ETP extracted from the thrombogram (C). (D) TG was initiated with 5 pM TF in PRP and measured using the CAT. Data expressed as mean ± SD. n=3. ** p < 0.01, *** p < 0.001, **** p < 0.0001

Figure 3- Neutralising activated protein C activity restores thrombin generation in patients with the Pro496Argfs*10 variant
(A, B) TG was initiated with 5 pM TF and measured using the CAT in PPP from healthy controls (n= 15), patient 1 (A) and patient 2 (B) ± 0.3 mg/ml HAPC1575 polyclonal anti-APC antibody to neutralise APC activity. (C,D) TG was initiated with 5 pM TF and measured using the CAT in PPP from healthy controls (n= 3) ± increasing concentrations of TM (6- 500 ng/ml). In some cases, 0.3 mg/ml HAPC1575 polyclonal anti-APC antibody was incorporated (D). Data expressed as mean (n=3).

Figure 4- Addition of Factor VIIa, platelet or activated prothrombin complex concentrates improves thrombin generation in patients with the Pro496Argfs*10 variant
(A,B) TG was initiated with 5 pM TF and measured using the CAT in PPP samples from patient 1 and patient 2. In some cases, samples were spiked with 1 µg/ml rFVIIa, 5 x 108 plt/ml or 0.5 U/ml APCC. (C) The ETP was extracted from the thrombogram. Data expressed as mean ± SD. n= 3. * p < 0.05, ** p < 0.01, *** p < 0.001.

Figure 5- Platelet Factor V is not responsible for restoring thrombin generation in patients with the Pro496Argfs*10 variant
(A) FV antigen was measured using a commercial ELISA kit (Abcam) in PPP and washed platelets from a healthy control and a FV-/- patient. (B) TG was initiated with 5 pM TF and measured using the CAT in PPP samples from patient 2 ± 5 x 108 plt/ml washed platelets from a healthy control or FV-/- patient. (C,D) TG was initiated with 5 pM TF and measured using the CAT in PPP samples from a healthy control ± increasing concentrations of platelets (C; 0.5 – 5 x 108 plt/ml) or synthetic phospholipids (D; 2.5 – 20 µM). Data expressed as mean ± SD. n= 3.

Figure 6- The rate of fibrinolysis is prolonged due to elevated activated thrombin activated fibrinolysis inhibitor levels in the Pro496Argfs*10 variant
Clot lysis was measured in PPP (30 %) and clotting was initiated with CaCl2 and 90 pM tPA was added to the edge of the well to induce fibrinolysis. Time to 50 % lysis was calculated using Shiny App software[24]. (A,B) Clot lysis trace showing lysis profile and 50 % lysis time for controls (n=23; mean value for 23 healthy individuals), patient 1 ± 50 µg/ml PTCI to neutralise TAFIa activity. Data expressed as mean ± SD. (n= 9). **** p < 0.0001.  (C-F) Control plasma was spiked with 6-250 ng/ml TM ± 50 µg/ml PTCI. Data is expressed as mean ± SD. ** p < 0.01.

Supplementary Figure 1
Table detailing routine coagulation and platelet screen results for patient 1 and 2. 
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