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Key Points

•
superFVa, an engineered
FVa variant, reduces
bleeding associated
with both FXa and FIIa
inhibitors.

•
superFVa reduces
bleeding because of
its APC resistance,
bypassing of the FV
activation threshold,
and prothrombinase
enhancement.

Control of bleedingwithdirect-acting oral anticoagulants (DOACs) remains an unmet clinical

need. Activated superFactor V (superFVa) is an engineered activated protein C (APC)–resistant

FVa variant with enhanced procoagulant activity resulting from an A2/A3 domain disulfide

bond and was studied here for control of DOAC-induced bleeding. SuperFVa reversed

bleeding induced by FXa inhibitors (rivaroxaban, apixaban), and the FIIa inhibitor

dabigatran in BalbC mice. The blocking anti-protein C and APC [(A)PC] antibody SPC-54 also

reduced FXa inhibitor induced bleeding similar to superFVa, whereas dabigatran-induced

bleeding was not affected. This indicated that sufficient APC was generated to contribute to

bleeding in the presence of FXa inhibitors, but not in the presence of dabigatran, suggesting

that mechanisms contributing to bleeding differed for FXa and FIIa inhibitors. Despite

different mechanisms contributing to bleeding, superFVa effectively reduced bleeding for all

DOACs, indicating the versatility of superFVa’s properties that contribute to its universal

prohemostatic effects for DOAC associated bleeding. Supported by thrombin generation

assays on endothelial cells in normal plasma spiked with DOACs and patient plasma

anticoagulated with DOACs, 3 complementary mechanisms were identified by which
superFVa achieved DOAC class-independent prohemostatic efficiency. These mechanisms

are resistance to inactivation by APC, overcoming the FV activation threshold, and

maximizing the efficiency of the prothrombinase complex when the available FXa is

increased by FVIIa-based prohemostatics. In summary, it is this versatility of superFVa

that delineates it from other prohemostatic agents as a promising class-independent

rescue agent in bleeding situations associated with DOACs.

Introduction

Direct-acting oral anticoagulants (DOACs) increasingly replace warfarin for treatment and prevention of
venous thromboembolism or prevention of ischemic stroke.1-3 Anticoagulant therapy increases bleeding
risk, requiring prohemostatic agents in case severe bleeding occurs. Bleeding rates in patients on
DOACs reported from large clinical trials are ;5% per year.4-9 “Real-world experience” data from the
Dresden DOAC Registry and the Fushimi AF Registry are similar and demonstrate major bleeding in
approximately 3% to 6% per year.10,11

Specific DOAC-reversal agents, idarucizumab (Praxbind, Boehringer-Ingelheim), a specific humanized
monoclonal antibody against the direct thrombin inhibitor dabigatran (Pradaxa, Boehringer-Ingelheim),12-16

Submitted 19 February 2020; accepted 29 June 2020; published online 10 August
2020. DOI 10.1182/bloodadvances.2020001699.

*A.v.D. and V.B. contributed equally to this work.

Requests for data sharing should be e-mailed to one of the corresponding authors,
Annette von Drygalski at avondrygalski@ucsd.edu or Laurent O. Mosnier at lmosnier@
scripps.edu.
The full-text version of this article contains a data supplement.
© 2020 by The American Society of Hematology

3716 11 AUGUST 2020 x VOLUME 4, NUMBER 15

mailto:avondrygalski@ucsd.edu
mailto:lmosnier@scripps.edu
mailto:lmosnier@scripps.edu


and coagulation factor Xa (recombinant) inactivated-zhzo (Andex-
anet Alfa, Andexxa, Portola Pharmaceuticals Inc.), a decoy for direct
oral factor (F)Xa inhibitors (rivaroxaban, Bayer; apixaban, Bristol
Meyers-Squibb; edoxaban, Daiichi-Sankyo), were approved by the
US Food and Drug Administration for patients experiencing life-
threatening bleeding.17-19 Both agents have proven efficacious in
clinical trials for reversing the anticoagulant effects of DOACs,
but their effect on clinical outcomes is less clear. Andexanet-alfa is a
catalytically inactive FXa decoy20 shown to reverse the anticoag-
ulant effects of FXa inhibitors by reduction of anti-FXa activity in
healthy volunteers and patients,17-19,21 with hemostatic efficacy in
the majority of patients.21 However, andexanet alfa has a boxed
warning for thromboembolic risks, ischemic risks, cardiac arrest,
and sudden death, with these adverse events occurring in up to
18% of patients in clinical trials.22 No conclusive data are published
to gauge the contributions of idarucizumab to clinical hemostasis,
but rapid reversal of anticoagulant effects has been shown.15,16,23

Additional agents are being developed for reversal of FXa inhibitors
including ciraparantag (PER977; Amag Pharmaceuticals),24 which
is a synthetic molecule that binds all DOACs.24,25 In healthy
volunteers, ciraparantag demonstrated sustained reversal of anti-
coagulation after edoxaban administration based on visual in-
spection of whole blood clot formation.25 In this context, it is
important to recognize that idarucizumab,12 andexanet-alfa,20 and
ciraparantag24 are large molecules designed to absorb small
molecular weight inhibitors to correct abnormal clotting parame-
ters,26 and that these agents do not have intrinsic procoagulant
properties. Hence, their efficacy and clinical utility to rescue severe
bleeding situations without adding other procoagulants remains
somewhat uncertain.

Here we propose activated superFactor V (superFVa), an engineered
FVa-variant with improved stability, as a prohemostatic augmenta-
tion strategy rather than drug-absorbing strategy for reversal of
DOAC-associated bleeding.27 SuperFVa normalizes hemostasis in
other murine experimental bleeding models such as hemophilia or
traumatic injury.27-29 Normal FVa enhances the rate of thrombin
generation in the prothrombinase complex by approximately
10 000-fold,30 but is rapidly inactivated by activated protein C
(APC). SuperFVa is resistant to APC inactivation because of
mutations of 3 APC cleavage sites (Arg506/306/679Gln), and
has enhanced specific activity because of an engineered disulfide
bond (Cys609-Cys1691) between the A2 and A3 domains.27
SuperFVa’s ability to both enhance the DOAC-compromised
prothrombinase complex and convey APC-resistance may portend
a double advantage for inhibition of DOAC-associated bleeding. This
may be important because it is increasingly recognized that APC
contributes to bleeding in acute traumatic injury and in hemophilia.31-33

Materials and methods

Materials

Normal pooled human plasma (NHP) was purchased from George
King Bio-Medical. The following reagents were used: rivaroxaban,
apixaban, and dabigatran (all from Selleckchem), 4F-PCC (Kcentra;
CSL-Behring), recombinant human (rh) FVIIa (NovoSeven, Novo-
Nordisk), tissue factor (Dade Innovin, Dade Behring), corn trypsin
inhibitor and thrombin (both from Enzyme Research Laboratories),
thrombin calibrator (Diagnostica Stago), and Z-Gly-Gly-Arg-AMC
(Bachem). Phosphatidylcholine (PC), phosphatidylserine (PS), and

phosphatidylethanolamine (PE) were purchased from Avanti Lipids
and phospholipid vesicles containing 40% PC, 20% PS, and 40%
PE or 80% PC and 20% PS were prepared as described.34

Recombinant superFV was made and activated as described.27,35

Plasma assays

Thrombin generation on cells were performed on confluent
EA.hy926 endothelial cells (ATCC) in black-clear bottom 96-well
plates. Plasma was supplemented with corn trypsin inhibitor
(1.45 mM) and mixed 1:1 with CaCl2 (final concentration [f.c.],
10 mM), anti-thrombomodulin (RTM96, Hycult), anti-endothelial
protein C receptor (EPCR) (RCR-25236), anti-human protein C
(C137), anti-mouse protein C (SPC-5438), or nonimmune rat control
antibodies (all f.c., 50 mg/mL), z-Gly-Gly-Arg-AMC (f.c., 0.4 mM)
and/or DOACs in Hepes buffered saline (20 mM Hepes, 147 mM
NaCl, 3 mM KCl, pH 7.4) with 0.1% bovine serum albumin and
50 mL was transferred to each well. For DOAC patient plasma in the
absence of cells, thrombin generation was determined under
identical conditions but in the presence of 0.4 pM tissue factor
(Innovin) and 10 mM phospholipid vesicles (PC/PS/PE 40/20/40).

Plasma thrombin generation assays were performed as described.39,40

The final reaction mixture contained 50% plasma, 0.725 mM corn
trypsin inhibitor, 0.2 pM tissue factor, 4 mM PC/PS 80/20 vesicles,
0.5 mM Z-GGR-AMC, 7.6 mM CaCl2 in a total volume of 100 mL.
Determination of thrombin peak height, lag time, and the endogenous
thrombin potential (ETP), defined as the area under the curve, were
performed as described.39,40

Animals

Animal research protocols were approved by the Institutional
Animal Care and Use Committee of The Scripps Research Institute.
BALB/c mice, aged $8 weeks, were used for experimentation.
Dabigatran (BIBR953) was dissolved in acidified water (1 mM
HCl) according to the manufacturer’s instructions and diluted to
0.1 mg/mL in sterile saline (Hospira Inc.) before use. Apixaban
and rivaroxaban DOAC suspensions41 were made in 10% (v/v)
glycerol, 10% (v/v) ethanol, 10% (v/v) PEG-400, and 70% (v/v) of
a 5% dextrose solution. DOACs or vehicle (100 m) were injected
into the tail vein 30 minutes before tail transection. In some
experiments, the anti-protein C antibody SPC-5438 was injected
retro-orbitally (5 mg/kg in sterile saline; 100 mL) 2 hours before
DOACs. SPC-54 blocks APC’s anticoagulant and cell signaling
activities.38 Tail bleed assays were performed by cutting the distal
portion of the tail at 2-mm diameter, after which the tail was
immersed in a predefined volume of 0.9% NaCl at 37°C for
20 minutes as described.27 Blood loss was determined by
hemoglobin content after red cell lysis with 2% acetic acid and
was expressed in mL/g body weight assuming a hematocrit of
46%.27 BalbC mice were injected retro-orbitally within 5 minutes
before the tail was cut with equal volumes (100 mL) of superFVa,
rhFVIIa, or a combination of superFVa and rhFVIIa in sterile saline.

DOAC patient plasma

The patients taking DOACs for clinical indications were identified
through the Scripps Anticoagulation Service. Blood was drawn
during routine visits and citrated plasma was stored at 280°C. The
protocol was approved by the Scripps institutional review board and
subjects provided written informed consent. DOAC levels were
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determined using the DiXal and Hemoclot Thrombin-inhibitors kits
with the appropriate reference plasmas (all from Hyphen BioMed).

Statistical analysis

Student t test, 1-way ANOVA with Holm-Sidak multiple compar-
isons test, or for bleeding, Kruskal-Wallis followed by a 2-tailed
Mann-Whitney U test, were used to assess statistical significance
(P # .05) where appropriate.

Results

Bleed reduction by
super

FVa in normal wild-type mice

treated with FXa and FIIa inhibitors

The ability of superFVa to reduce bleeding was studied for apixaban-,
rivaroxaban- and dabigatran-induced bleeding. The optimal dose of
apixaban42,43 (IV injection) to induce bleeding after tail transection
was determined to be 8 mg/kg apixaban (mean blood loss apixaban
18.5 mL/g vs vehicle 3.3 mL/g; P# .001) (supplemental Figure 1A).
SuperFVa decreased apixaban-induced bleeding in a dose-dependent
manner. Partial reduction and full reduction of mean blood loss from
18.5 mL/g to 8.1 mL/g and 4.3 mL/g was achieved at a dose of
0.16 mg/kg and 1.6 mg/kg superFVa, respectively (Figure 1A).
Dosing for rivaroxaban was based on previously published
evidence that rivaroxaban has a relatively weak affinity for
rodent FXa and, therefore, high doses (40 mg/kg) were
necessary to induce bleeding in rodent models.20,41,42,44 At
40 mg/kg, rivaroxaban induced meaningful bleeding and mean
blood loss was significantly higher compared with vehicle-
treated mice (13.8 vs 2.8 mL/g; P5 .0001). SuperFVa decreased
rivaroxaban-induced bleeding in a dose-dependent manner
(Figure 1B). Partial bleed reduction was achieved at a dose of
0.08 mg/kg superFVa (mean blood loss 8.4 mL/g vs 13.8 mL/g in
saline-injected mice; P # .03). Doubling the dose of superFVa to
0.16 mg/kg further reduced bleeding to a level seen in untreated
wild-type mice (6.1 mL/g vs 3.3 mL/g; P 5 .77) (Figure 1B). These
findings suggested that doses of superFVa needed to achieve
reasonable bleed reduction were ;10-fold lower in rivaroxaban-
treated mice compared with apixaban-treated mice. The optimal
dose of dabigatran-induced bleeding (IV injection) after tail
transection was determined to be 0.4 mg/kg dabigatran (supple-
mental Figure 1B). Treatment with superFVa resulted in effec-
tive bleed reduction of dabigatran-induced bleeding at 1.6 mg/kg
superFVa (Figure 1C).

The resistance of superFVa to inactivation by APC

contributes to bleed reduction in vivo

Following a dose titration of rivaroxaban, apixaban, or dabigatran
into NHP, a concentration of 200 nM for the FXa inhibitors and
1 mM for dabigatran resulted in ;60% to 80% suppression of the
ETP (supplemental Figure 2). These concentrations approxi-
mate peak plasma concentrations achieved in humans after oral
administration,45-47 and were therefore used for in vitro experimen-
tation in human plasma. Addition of superFVa to the DOAC-treated
plasma resulted in a very modest increase of ETP for apixaban
and rivaroxaban, whereas superFVa had no effect on the ETP in
dabigatran-treated normal plasma (Figure 1D). The discrepancy
between efficient bleed reduction by superFVa in the presence of
DOACs in vivo and rather inefficient improvement of the ETP
of thrombin generation in vitro may be explained by resistance

of superFVa to APC. To test if APC generation contributes to
DOAC-induced bleeding in vivo, despite potentially suboptimal
activation of PC from inhibition of thrombin generation by FXa
and FIIa inhibitors, a monoclonal antibody that inhibits all APC
activities, SPC-54,38 was infused before tail clip. Inhibition of
APC significantly reduced apixaban- and rivaroxaban-induced
blood loss but had no effect on dabigatran-induced blood loss
(Figure 1E). These observations suggest that APC contributed
meaningfully to increase bleeding induced by FXa inhibitors,
and that FXa inhibitors do not completely suppress thrombin
generation, which is necessary to activate PC. These observations
also suggest that inhibition of thrombin generation by dabigatran
did not result in sufficient generation of APC, such that inhibition
of APC generation could diminish bleeding.

Improvement of endothelial cell thrombin generation

by superFVa

Thrombin generation assays were performed on adherent endo-
thelial cells to better understand the contributions of APC to
inhibition of thrombin generation in DOAC-treated normal plasma
and the ability of superFVa to blunt APC’s anticoagulant effects. The
endothelial cells in this assay provide both tissue factor and
the phospholipid surface required for coagulation, in addition to
thrombomodulin and EPCR required for the generation of APC. To
validate the assay, thrombin generation on endothelial cells was first
performed in the absence of DOACs. Inhibition of protein C,
thrombomodulin, or EPCR by blocking antibodies (50 mg/mL)
increased ETP values by;30%, whereas a control antibody had no
effect (Figure 2A), indicating APC’s anticoagulant effect. Similarly,
superFVa (100 nM) increased the ETP by ;30% (Figure 2A). When
DOACs were added to the endothelial thrombin generation assay,
a consistent left-shift in the DOAC IC50 of seven- to eightfold was
observed compared with thrombin generation in the absence
of cells (Figure 2B). The addition of blocking antibodies to
protein C, thrombomodulin or EPCR markedly improved the ETP
in apixaban (Figure 2C), rivaroxaban (Figure 2D), but not
in dabigatran (Figure 2E)-treated plasma, whereas a noninhibi-
tory control antibody had no effect. Altogether, these observa-
tions revealed a major contribution of APC to the inhibition of
thrombin generation in the presence of FXa inhibitors and
uncovered a major difference between DOACs targeting FXa or
FIIa with regard to the contributions of APC. SuperFVa (200 nM)
improved thrombin generation on cells in DOAC-treated normal
plasma for both the FXa and FIIa inhibitors (Figure 2C-E).
Analysis of the thrombin generation curves revealed that superFVa
not only increased the total thrombin generation (ETP value)
but also shortened the lag time of the thrombin generation curve
for apixaban-, rivaroxaban-, and especially dabigatran-treated
plasma (Figure 2F). The shortening of the lag time appeared less
with the blocking protein C antibody compared with superFVa.
This observation may suggest that the activation of FV is a limiting
factor, which may be overcome by the presence of a stabilized
activated FVa.

Super
FVa improves thrombin generation on cells in

patient plasma with DOACs

To further support the role of APC’s anticoagulant activity in DOAC-
mediated inhibition of thrombin generation and to identify the
mechanism(s) by which superFVa restores hemostasis, plasmas from
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patients taking DOACs (apixaban, rivaroxaban, or dabigatran) were
tested side by side in the endothelial cell thrombin generation assay
and in a regular thrombin generation assay without cells in the
presence of tissue factor and phospholipid vesicles. Patient and
sample characteristics are shown in supplemental Table 1 and
supplemental Figure 3.

In plasma from patients on apixaban, ETP values for thrombin
generation on cells improved significantly when APC’s anticoag-
ulant effects were inhibited by a blocking protein C antibody or by
superFVa (Figure 3A). In contrast, superFVa had no effect on ETP
when thrombin generation was initiated by tissue factor in the
absence of cells. SuperFVa also significantly reduced the lag time
of the thrombin generation curve in plasma from patients on
apixaban, regardless of whether endothelial cells were present
(Figure 3B). The blocking antibody to protein C did not shorten lag
times of thrombin generation, which suggests that the effect of

superFVa on lag time is inherent to overcoming the activation of FV
as the rate-limiting step, independent of its resistance to APC.
Similar results were obtained in plasma samples from patients on
rivaroxaban (Figure 3C-D). Notably, inhibition of APC’s anticoag-
ulant activity or treatment with superFVa had little effect on the
ETP with or without cells in plasma samples from patients on
dabigatran (Figure 3E), but superFVa did reduce the lag time of
initiation of thrombin generation in these plasmas (Figure 3E-F).
ETP values and lag times were generally higher and more
extended (Figure 3E-F) compared with samples from patients on
apixaban or rivaroxaban (Figure 3A-D). Thus, resistance to
inactivation by APC seems to be the main mechanisms by which
superFVa improves thrombin generation in plasma samples from
patients on apixaban or rivaroxaban, while overcoming the FV
activation threshold seems to be the dominant mechanisms
by which superFVa accelerates thrombin generation in plasma
samples from patients on dabigatran.
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Figure 1. Inhibition of DOAC-induced bleeding by
super

FVa and an anti-protein C antibody. Mice were treated with apixaban (8 mg/kg) (A), rivaroxaban (40 mg/kg)

(B), or dabigatran (0.4 mg/kg) (C) by IV tail vein injection and bleeding was measured for 20 minutes after tail clip. Blood loss was expressed in microliters of blood per gram

(g) mouse. (D) Human plasma with and without apixaban, rivaroxaban (both 200 nM) or dabigatran (1 mM) were treated with superFVa (100 nM) and endogenous thrombin

potential was assessed. (E) Mice were injected retro-orbitally with the blocking anti-protein C and APC [(A)PC] antibody SPC-54 (5 mg/kg) 2 hours before IV treatment with

apixaban (8 mg/kg), rivaroxaban (40 mg/kg), or dabigatran (0.4 mg/kg). Bleeding was measured for 20 minutes after tail clip. Blood loss was expressed in microliters of blood

per gram (g) mouse. Error bars represent SEM (n 5 7-14 per group). P values were determined by Kruskal-Wallis followed by a 2-tailed Mann-Whitney U test and values #.05

were considered statistically significant.
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Effects of superFVa and rhFVIIa on thrombin

generation in NHP in the presence of FXa inhibitors

To determine the extent to which superFVa can enhance the
efficiency of the prothrombinase complex, tissue factor-induced
thrombin generation assays were performed in the absence of cells
but in the presence of other prohemostatic molecules that are
commonly used to arrest bleeding, such as rhFVIIa and KCENTRA
(prothrombin complex concentrate [4F-PCC]). The rhFVIIa at
40 nM (2 mg/mL), which is the expected peak plasma concentration
following IV administration in humans at the maximum approved
dose for hemophilia patients with inhibitors (90 mg/kg), or superFVa
at high concentration (400 nM) increased the ETP of NHP by 8% to
37% in the presence of either apixaban or rivaroxaban (200 nM)
(Figure 4A-D). In addition, increasing concentrations of superFVa
(6.25 to 400 nM) in combination with rhFVIIa (40 nM) enhanced
ETP even further in the presence of apixaban or rivaroxaban, and

restored ETP to 84% to 87% of normal. A plateau was reached at
a concentration of 25 to 50 nM superFVa and 40 nM rhFVIIa, with no
further increases in ETP with higher concentrations of superFVa
(Figure 4B,D). Similarly, a dose-dependent increase in the peak
height and reduction of lag time of the apixaban or rivaroxaban
treated NHP was observed when superFVa was combined with
rhFVIIa (40 nM) (supplemental Figure 4). Although effects on peak
height appeared less pronounced compared with effects on the
ETP, an approximate twofold increase over baseline was observed
when the concentration of superFVa was increased to 100 to
400 nM in combination with rhFVIIa.

Effects of superFVa and 4F-PCC on thrombin

generation in NHP in the presence of FXa inhibitors

4F-PCC is approved and effective for reversal of warfarin-induced
bleeding48 and recommended off-label for DOAC-induced bleeding
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Figure 2. The role of
super

FVa and APC’s anticoagulant activity on the DOAC mediated inhibition of thrombin generation on endothelial cells. Thrombin

generation was performed on EA.hy926 endothelial cells using human plasma in the absence of exogenously added tissue factor or phospholipids. (A) Thrombin generation on

EA.hy926 endothelial cells in the presence of antibodies (a) against (A)PC (C1), TM, or EPCR (all 50 mg/mL) or superFVa (200 nM). (B) Thrombin generation in the presence

and absence of EA.hy926 endothelial cells with different concentrations apixaban, rivaroxaban, or dabigatran. Thrombin generation in the absence of cells was initiated by

0.2 pM tissue factor and 4 mM phospholipid vesicles (PC/PS 80/20). (C) Panel A in the presence of apixaban (200 nM). (D) Panel A in the presence of rivaroxaban (200 nM).

(E) Panel A in the presence of dabigatran (200 nM). (F) Lag time of thrombin generation on EA.hy926 endothelial cells was determined in the presence of all 3 direct oral

anticoagulants (200 nM) with and without antibodies against (A)PC (50 mg/mL) or superFVa (200 nM). ns, not significant; TM, thrombomodulin.
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by some authorities.49We compared the effect of 4F-PCC alone and
in combination with superFVa using thrombin generation assays in
NHP in the presence of either apixaban or rivaroxaban. When 4F-
PCC was added to NHP at a concentration that approximates the
expected plasma concentration (1.35 U/mL) after IV infusion of the
highest recommended dose (50 U/kg), 4F-PCC did not increase
thrombin generation suppressed by either apixaban or rivaroxaban at
their therapeutic concentrations of;200 nM (Figure 5). However, in
the presence of superFVa (50 nM), increasing concentrations of
4F-PCC (0.08 to 1.35 U/mL) restored the ETP of NHP treated with
apixaban or rivaroxaban (200 nM) up to 110% to 114% of normal
(NHP with 4F-PCC but no FXa inhibitors) (Figure 5A-B,D-E).
Similarly, increasing concentrations of superFVa (1.25 to 400 nM) in
the presence of 4F-PCC (1.35 U/mL) into NHP treated with either
apixaban or rivaroxaban (200 nM) enhanced ETP up to approximately
fourfold over baseline (Figure 5C,F) and restored ETP up to 105% to
125% of normal (NHP with 4F-PCC but no FXa inhibitors). Similar
effects were observed for peak height and the reduction of the lag
time in the presence of either apixaban (supplemental Figure 5) or
rivaroxaban (supplemental Figure 6).

Effects of superFVa and rhFVIIa on thrombin

generation in NHP in the presence of dabigatran

A dose titration in NHP demonstrated that a concentration of 1 mM
dabigatran suppressed the ETP by;80% (supplemental Figure 2E-F).

This concentration was therefore used to investigate the potential to
correct the ETP in NHP with addition of rhFVIIa (40 nM), superFVa at
increasing concentrations (0.1 to 100 nM) alone, or in combination
with rhFVIIa (40 nM) (supplemental Figure 7A). Neither superFVa
nor rhFVIIa alone nor in combination corrected the ETP. However,
a concentration-dependent reduction of time to peak thrombin
generation was observed with superFVa, which was further
enhanced to normal values in the presence of 40 nM rhFVIIa
(supplemental Figure 7B).

Combinatorial effects of superFVa and rhFVIIa on

DOAC-induced bleeding in vivo

Dose response titration of rhFVIIa showed that mean blood loss was
significantly reduced at 6 mg/kg in apixaban-treated mice and
at 0.1 mg/kg rhFVIIa in rivaroxaban-treated mice (supplemental
Figure 8). Thus, similar to superFVa, much lower doses of rhFVIIa were
needed to decrease bleeding induced by rivaroxaban compared with
apixaban. To determine potential synergistic effects between superFVa
and rhFVIIa to reduce apixaban- and rivaroxaban-induced bleeding,
superFVa and rhFVIIa were combined at doses that individually only
partially reduced bleeding. Indeed, the combination of superFVa and
rhFVIIa provided an additional reduction of mean blood loss to
;5mL/g (allP, .01; n5 8-12 per group), which was similar to mean
blood loss in untreated wild-type mice (3.3 mL/g; P 5 .85; n 5 8-12
per group) (Figure 6A-B). Dabigatran-induced bleeding could not be
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Figure 3. Improvement of endothelial thrombin generation in DOAC patient plasma by
super

FVa. Thrombin generation was performed in plasma from patients on

chronic anticoagulation with DOACs in the presence of EA.hy926 endothelial cells (○) and in the absence of cells (N). Thrombin generation in the absence of cells was

initiated by 0.4 pM tissue factor and 10 mM phospholipid vesicles (PC/PS/PE 40/20/40). Shown are the endogenous thrombin potential (ETP) (A,C,E) and the lag time (B,D,F)

of thrombin generation in the presence or absence of antibodies (50 mg/mL) against (A)PC (aPC; C1) or superFVa (20 nM) of patients on chronic anticoagulation with apixaban

(A-B), rivaroxaban (C-D) , and dabigatran (E-F).
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reversed by high-dose rhFVIIa (4 mg/kg, ;40-fold higher dose
approved for human use) alone. However, the combination of rhFVIIa
(4 mg/kg) with a dose of superFVa (0.4 mg/kg), previously shown to
not affect dabigatran-induced bleeding (Figure 1C), resulted in partial
bleed correction (Figure 6C).

In summary, these results indicated that superFVa was able to
reverse bleeding associated with FXa and FIIa inhibitors in vivo
and that effective bleed reduction could also be achieved by
combination of low-dose superFVa and rhFVIIa that each individually
provided only partially reduced bleeding.

Discussion

“FVa activity augmentation” by means of the engineered molecule
superFVa is a novel way to improve coagulation and rescue bleeding.

Previously, superFVa demonstrated efficient normalization of com-
promised hemostasis in hemophilic mice and hemophilic plasma
with and without inhibitors27,29 and superFVa ablated traumatic
bleeding in wild-type mice because of APC.27-29 Here, we report
the efficacy of superFVa to reverse anticoagulation and bleeding
associated with DOACs. At the optimized dose of each DOAC
(rivaroxaban, apixaban, and dabigatran) for murine in vivo studies,
blood loss following tail clip injury in wild-type mice was pronounced
and comparable to blood loss previously observed in hemophilic
mice or in wild-type mice treated with APC.27,28

SuperFVa efficiently reversed FXa inhibitor-induced bleeding in mice
injected with the direct FXa inhibitors (rivaroxaban or apixaban)
and the direct FIIa inhibitor dabigatran. The hemostatic efficacy of
superFVa in vivo in the presence of FXa or FII inhibitors contrasted with
only modest correction of thrombin generation in vitro by superFVa. This
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discrepancy arose as the anticoagulant contribution of APC is not
routinely measured in coagulation assays because these assays
typically do not include the cellular cofactors (eg, thrombomodulin,
EPCR), required for protein C activation. This underlines the clinical
paradigm that prediction of in vivo hemostasis based on in vitro
routine coagulation assay results is imperfect. Indeed, the injection
of an APC-inactivating antibody into mice in the presence of
FXa inhibition, reduced bleeding to the same extent as superFVa,
demonstrating that APC contributes substantially to bleeding with
this class of DOACs. Thrombin generation studies performed on
endothelial cells with human plasma spiked with DOACs, as well as
plasma from patients chronically anticoagulated with DOACs and in
the presence of antibodies against APC, thrombomodulin, or EPCR
demonstrated that the prohemostatic effect of superFVa in the
presence of FXa inhibition in vivo was also observed in vitro as long
as the assay incorporated the anticoagulant contributions of APC.
This implied that, despite suppression by FXa inhibitors, sufficient
thrombin was generated to activate protein C to the extent that APC
contributed to bleeding, and that the APC resistance of superFVa
provides a major mechanism for the prohemostatic efficacy of
superFVa in the presence of FXa-targeting DOACs.

However, superFVa also rescued bleeding in the presence of FIIa
inhibition, whereas the APC-inactivating antibody did not reduce
bleeding for this class of DOACs, indicating that additional
mechanisms, independent of APC resistance, contributed to the
hemostatic potential of superFVa. In thrombin generation assays,
superFVa caused a universal shortening of the lag time, which was
the most notable difference in the presence of FIIa inhibition. This

shortening of the thrombin generation lag time was not observed
in the presence of the APC-inactivating antibody, suggesting that
this effect of superFVa was independent of its resistance to APC.
Inherent to the lag time is overcoming the threshold for activation of
FV as the rate-limiting step for FVa’s availability in the prothrombi-
nase complex. Thus, overcoming the FV activation threshold
provides a second major mechanism for the hemostatic effect of
superFVa in the presence of DOACs; this likely is the predominant
mechanism by which superFVa exerts its hemostatic effect in the
face of FIIa-induced bleeding.

Notwithstanding, augmentation of prothrombinase is a third mech-
anism by which superFVa can improve hemostasis, as was
demonstrated previously in hemophilia mice and plasma.27,29

However, effects of superFVa in standard thrombin generation
assays in the presence of FXa-inhibition were modest, in line with
the fact that superFVa is a nonenzymatic cofactor whose activity is
regulated by the presence of functional FXa. In comparison, other
prohemostatic products, such as rhFVIIa or 4F-PCC, induced
similar modest effects on thrombin generation. In contrast, large
improvement in all parameters of thrombin generation in the
presence of FXa inhibitors were observed when superFVa and either
rhFVIIa or 4F-PCC were combined at low concentrations. Pre-
sumably, the improved generation of FXa by the FVII-based
prohemostatic permits more efficient enhancement of prothrombi-
nase by superFVa resulting in a remarkable synergistic effect.

Recent studies demonstrated that superFVa did not show apparent
signs of thrombogenicity in a model of pulmonary embolism in
hemostasis competent wild-type mice.50 Although the human

Figure 5. (continued) increasing concentrations of 4F-PCC (0-1.35 U/mL) in the absence (∎) or presence (○) of superFVa (50 nM) in NHP spiked with apixaban (200 nM)

(B) or rivaroxaban (200 nM) (E). (C,F) Enhancement of ETP by increasing concentrations of superFVa (0-50 nM) in the absence (D) or presence (○) of 4F-PCC (1.35 U/mL) in

NHP spiked with apixaban (200 nM) (C) or rivaroxaban (200 nM) (F). Peak height and lag time of (B-C) are shown in supplemental Figure 5 and of (E-F) in supplemental

Figure 6. Additional controls shown are NHP with (N) and without ()) apixaban or rivaroxaban or NHP with 1.35 U/mL 4F-PCC (=). Error bars represent standard error of the

mean (n $ 3).
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circulating half-life of superFVa is not yet known, superFVa has a short
circulating half-life of 26 minutes in BalbC mice,50 and one may
assume that it will be similarly short in humans. These properties
appear advantageous for use of superFVa in bleeding situations in
which patients suffer from underlying prothrombotic conditions, and
where a rapid switch on and off effect is desired. Immunogenicity is
always a potential concern of engineered recombinant proteins,
but this risk seems relatively low in the current application where
superFVa is administered as a single bolus followed by rapid
clearance from the circulation (T1/2 5 26 minutes), and in silico
modeling predicts that immunogenicity of superFVa is not noticeably
increased compared with human FVa.50

In summary, the DOAC class-independent prohemostatic efficiency
of superFVa can be explained by 3 different mechanisms. These
are resisting inactivation by APC, overcoming the FV activation
threshold, and maximizing the efficiency of the prothrombinase
complex when the available FXa is increased by FVIIa-based
prohemostatics.30,51 That the mechanisms of bleeding differ for
FXa- and FIIa-targeting DOACs, and, that superFVa relies on different
properties to improve hemostasis, is noteworthy. These observa-
tions are in agreement with a growing awareness that FXa- and FIIa-
targeting DOACs affect downstream pathways differently, including
the activation of protein C,52 regulation of fibrinolysis,53,54 and
protease activated receptor signaling.55-57 Our results are also
in line with the increasing recognition that disproportional APC
generation may contribute to bleeding, as shown in acute traumatic
coagulopathy and in hemophilia.27,32,58-60 Thus, the versatility of
prohemostatic effectiveness delineates superFVa as a promising
class-independent rescue agent in bleeding situations associated
with DOACs.
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