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Abstract

Background: Direct oral factor (F)Xa inhibitors are widely used as alternatives to
conventional vitamin K antagonists in managing venous thromboembolism and non-
valvular atrial fibrillation. Unfortunately, bleeding-related adverse events remain a
major concern in clinical practice. In case of bleeding or emergency surgery, rapid-onset
reversal agents may be required to counteract the anticoagulant activity.

Objectives: The ability of FXa variants to bypass the direct oral FXa inhibitors was
assessed.

Methods: Human FXa variants were generated through substitution of phenylalanine
174 (F174) for either alanine, isoleucine, or serine. FXa variants were stably expressed
in HEK293 cells and purified to homogeneity using ion-exchange chromatography.
Results: F174-substituted human FX variants demonstrated efficacy in restoring
thrombin generation in plasma containing direct FXa inhibitors (apixaban, rivaroxaban,
edoxaban). Their ability to bypass the anticoagulant effects stems from a significantly
reduced sensitivity for the direct FXa inhibitors due to a decrease in binding affinity
determined using molecular dynamics simulations and free energy computation.
Furthermore, F174 modification resulted in a partial loss of inhibition by tissue factor
pathway inhibitor, enhancing the procoagulant effect of F174-substituted FX. Conse-
quently, the F174A- and F174S-substituted FX variants effectively counteracted the
effects of 2 widely used anticoagulants, apixaban and rivaroxaban, in plasma of atrial
fibrillation and venous thromboembolism patients.

Conclusion: These human FX variants have the potential to serve as a rescue reversal
strategy to overcome the effect of direct FXa inhibitors in case of life-threatening

bleeding events or emergency surgical interventions.
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1 | INTRODUCTION

Thromboembolic events contribute significantly to morbidity with a
global incidence rate of 2000 cases per 100 000 and have been
estimated to account for 1 in 4 deaths, representing a leading cause of
mortality worldwide [1]. Individuals with a heightened tendency to
form thrombi are at increased risk of ischemic heart disease, stroke,
deep-vein thrombosis, pulmonary embolism, and other cardiovascular
disorders. The direct oral anticoagulants (DOACs) targeting the key
coagulation protease factor (F)Xa [2-5] or thrombin [6] are widely
used in the management and prevention of thrombotic events [7].
However, major bleeding complications are observed in 1% to 5% of
DOAC-treated patients [8-10]. Considering that these anticoagulants
are prescribed to millions of people worldwide, anticoagulant-
associated bleeding is a prominent clinical concern [11,12]. Life-
threatening or uncontrollable bleeding requires the use of agents
that enable rapid reversal of the anticoagulant activity [13,14]. With
the direct FXa inhibitors representing the vast majority of DOAC
prescriptions [15,16], access to an effective reversal agent for the
direct FXa
andexanet alfa (andexanet) [17] is the only US Food and Drug

inhibitors is of critical importance. Currently,
Administration and European Medicines Agency-approved specific
reversal agent for the direct FXa inhibitors. Andexanet has proven to
be effective for the treatment of direct FXa inhibitor-related bleeding,
achieving excellent or good hemostasis in 82% of patients treated in
the Andexanet Alfa, a Novel Antidote to the Anticoagulation Effects of
FXa Inhibitors (ANNEXA)-4 study [17] and demonstrating superior
hemostatic efficacy compared with usual care in the ANNEXA-I trial
[18]. In both studies, thrombotic events occurred in 10% of the pa-
tients within 30 days following andexanet treatment [17,18]. In
contrast, fewer thrombotic events were observed following treatment
with other reversal agents, such as prothrombin complex concentrate

for reversal of the FXa inhibitors apixaban or rivaroxaban (3%-8%)

anticoagulants, antidotes, factor Xa inhibitors, hemorrhage, molecular dynamics simulation

[19-21], idarucizumab-mediated reversal of dabigatran (5%) [22],
or vitamin K antagonist reversal (4%-7%) [23,24]. The relatively high
incidence of venous thrombosis in andexanet-treated patients is
associated with the sequestering of the natural anticoagulant tissue
factor pathway inhibitor (TFPI) following interaction with andexanet
[25,26]. Although it is unlikely that andexanet interacts with TFPI
when bound to a direct FXa inhibitor, the administered high dose of
andexanet could generate a significant circulating pool of antidote in
free form that would allow for a direct interaction with TFPI, thereby
preventing TFPI from interacting with endogenous FXa.

Andexanet is one of the several FXa-based reversal agents that
have originated from bioengineering of FXa and function either by
sequestering or bypassing direct FXa inhibitors [27]. Andexanet is a
catalytically inactive gamma-carboxy glutamic acid (Gla)-domainless
FXa that functions as a decoy by stoichiometric binding of the in-
hibitors in order to restore endogenous thrombin generation [28]. Yet,
the active site residues and exosites remain available for potential
interactions with pro- and anticoagulant proteins [25,26,29,30]. To
prevent such macromolecular interactions, Jourdi et al. [31,32]
generated a Gla-domainless FXa sequestered by ay-macroglobulin
(GDFXa-a,M), which retains its affinity for the direct FXa inhibitors.
Alternatively, a zymogen-like FXa variant (FXa-116L) demonstrating
impaired binding of FXa inhibitors has been explored as prohemostatic
bypassing agent [33,34]. Recently, we reported a FX variant
comprising an extended 99-loop (FX-C) that sterically hinders in-
teractions with the direct FXa inhibitors [35]. Using molecular dy-
namics (MD) simulations, we showed that residues Y99, F174, and
W215 that form the S4 subsite region in the FXa active site
(Supplementary Figure S1) have stabilizing contacts with the bound
FXa inhibitor apixaban. Note that chymotrypsinogen residue
numbering will be used throughout the manuscript, and these 3 res-
idues are Y279, F356, and W399 in the mature FX sequence,
With partially purified FXa

respectively. preparations, we
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demonstrated that disruption of the S4 subsite through alanine-
substitution of Y99 and/or F174 resulted in a more than 10-fold
loss of apixaban sensitivity [35]. As Y99-substituted FXa showed a
dramatic loss in FXa clotting activity, F174-substituted FXa displayed
the potential to restore the anticoagulant effects of the direct FXa
inhibitors.

In this report, we explored the ability of purified F174-substituted
FX(a) variants to facilitate thrombin generation in the presence of the
direct FXa inhibitors. Our in vitro data demonstrate that these FXa vari-
ants exhibit a reduced sensitivity for the natural inhibitor TFPI and for the
direct FXa inhibitors. Using standard MD approaches, we demonstrated
that these FXa variants feature a lower binding affinity for apixaban due
to the F174 substitutions. Furthermore, the F174-substituted FX variants
restored thrombin generation in plasma derived from atrial fibrillation and
venous thrombosis patients treated with apixaban or rivaroxaban. These
studies demonstrate that F174-substituted FX variants have the potential
to serve as an alternative therapeutic option to counteract bleeding
induced by direct FXa inhibitors.

2 | MATERIALS AND METHODS

2.1 | Materials

Apixaban (Adooq Bioscience) was dissolved to 5 mg/mL (10.9 mM)
in a vehicle (10% ethanol, 10% glycerol, 10% PEG400, 3.5% dextrose
[v/v]). Rivaroxaban and edoxaban (10 mM in dimethyl sulfoxide)
Diagnostika. The  peptidyl
methoxycarbonylcyclohexyl-Gly-Gly-Arg-pNA  (SpecXa) was from

were from  Holzel substrate
Sekisui Diagnostics, and N-a-benzyloxycarbonyl-D-Arg-Gly-Arg-pNA
(52765) and H-D-Phe-Pip-Arg-pNA (52238) were from Instrumenta-
tion Laboratories. All tissue culture reagents were from Life Tech-
nologies. Calibrator (Thrombin Calibrator) and fluorescent substrate
(FluCa) were from Thrombinoscope. FX-depleted human plasma,
prothrombin time (PT) reagent (Neoplastine CI Plus), and activated
partial thromboplastin time (APTT) reagent (Triniclot) were from
Stago. Normal pooled plasma was from Sanquin. Unfractionated
heparin (UFH) was from LEO Pharma. Small unilamellar phospholipid
vesicles (PCPS) composed of 75% (wt/wt) hen egg L-phosphatidyl-
choline and 25% (wt/wt) porcine brain L-phosphatidylserine (Avanti
Polar Lipids) were prepared and characterized as described [36]. All
functional assays were performed in HEPES-buffered saline (HBS; 20
mM HEPES, 0.15 M NaCl, pH 7.5) supplemented with 5 mM CaCl,,
0.1% PEG8000 filtered over a 0.2 pm filter (assay buffer).

2.2 | DOAC patient plasma

Blood samples from 89 patients (male/female, 56%/44%; mean age, 62 +
8 years) treated with direct FXa inhibitors were collected from Cochin
and Lariboisiére University Hospitals (Assistance Publique - Hopitaux
de Paris, Paris, France). Forty-seven patients were treated for non-

valvular atrial fibrillation (23 with apixaban; 24 with rivaroxaban) and 54
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for venous thromboembolic disease (27 with apixaban; 27 with rivar-
oxaban). Patients gave their written informed consent, and the investi-
gation was conducted according to the Declaration of Helsinki. Blood
was collected in 0.109 M buffered trisodium citrate (9:1 v/v; Greiner
Bio-One), and platelet-poor plasma was prepared following 2 sequential
centrifugation steps at 2500 g for 15 minutes at room temperature and
stored at -80 °C. Plasma was briefly thawed at 37 °C immediately prior
to analysis; all assays were performed in a blinded manner and according
to the manufacturers’ assay instructions. Plasma concentrations of
direct FXa inhibitors were assessed using a specific anti-Xa assay (STA
Liquid Anti-Xa, Stago) on STAR Analysers (STAR evolution analyser,
Stago) using dedicated calibrators and controls with a lower limit of
quantification of 18 ng/mL. Fibrinogen levels were measured by the
Clauss method (Dade Thrombin). PT results were expressed as inter-

national normalized ratio.

2.3 | Proteins

Human plasma-derived FV, FVlla, FIXa, prothrombin, «-thrombin,
antithrombin (AT), the inhibitor
pentanediyl)amide (DAPA), Russell’s viper venom-X activator, and

dansylarginine-N-(3-ethyl-1,5-

corn trypsin inhibitor were from Prolytix. r-TFPI (Tifacogin) was ob-
tained from Novartis. Monoclonal inhibitory antibodies against the
TFPI Kunitz 1 domain, the TFPI Kunitz 2 domain, or a mix of anti-
Kunitz 1 domain, anti-Kunitz domain 2, and anti-TFPI C-terminus
were obtained from Sanquin. Human tissue factor (TF, Innovin) was
obtained from Siemens, and recombinant (r-)FVIII (NovoEight) was
from Novo Nordisk. Recombinant constitutively active B-domainless
human FV (FV-810) [37] was large-scale expressed in baby hamster
kidney cells, conditioned media was collected, and the protein was
purified as described [35].

2.4 | Construction, expression, and partial
purification of FX variants

DNA constructs encoding FX variants comprising the Phe174Ala (FX-
F174A) or Phel74Ser (FX-F174S) substitution were prepared from
the pCMV4 vector carrying wild-type human FX [38] by site-directed
mutagenesis using the Q5 Mutagenesis Kit (New England Biolabs).
Transfection of the plasmids encoding the FX constructs into HEK293
cells, the selection of stable clones, and the expression and purification
of the FX variants were performed as described previously [35].
Partially purified FX variants were obtained by expanding the stable
cell line into three 175 cm? cell flasks and conditioning for 24 hours in
FX-specific expression media. Conditioned media was collected for 3
consecutive days, centrifuged at 4000 g, filtered over a 0.45 pm pol-
yethersulfone membrane, and supplemented with 1 mM benzamidine
prior to storage at -20 °C. Following thawing of the conditioned
media, the media was ultrafiltrated employing Amicon Ultra-15
centrifugal filter units (Merck) with 30 kDa molecular weight cutoff
to ~2 mL in HBS, 50% (v/v) glycerol, and stored at -20 °C.
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2.5 | Purification of FXa

Purified r-FX and FX variants (FX-F174A and FX-F 174S) were activated
with Russell’s viper venom-X (1.15 pg/mL FX), applied to a benzamidine
sepharose 6B column (Cytiva) equilibrated in HBS and eluted using HBS
supplemented with 4 mM benzamidine. Fractions were analyzed for
FXa activity employing peptidyl substrate hydrolysis (SpecXa). Frac-
tions containing FXa activity were pooled and precipitated by addition
of 0.516 g/mL ammonium sulfate (Sigma Aldrich) by stirring and over-
night incubation at 4 °C. The following day, samples were centrifuged at
10 000g for 30 minutes at 4 °C, and the supernatant was removed.
Precipitate was dissolved to ~3 mg/mL in HBS containing 50% (v/v)
glycerol and stored at -20 °C. Purified products were visualized by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis employing
Coomassie Brilliant Blue staining.

2.6 | Specific FX activity

The specific extrinsic clotting activity was determined using a modified
FX-specific PT-based assay. FX-depleted plasma (45 pL) was mixed with
a 5 pL FX'sample, followed by a 60-second incubation period at 37 °C.
Coagulation was initiated with the addition of 50 uL PT reagent, and the
coagulation time was monitored using a Start4 coagulation instrument
(Stago). The specific intrinsic clotting activity was determined using a
modified FX-specific APTT-based assay. FX-depleted plasma (45 pL) was
mixed with FX sample (5 pL) and APTT reagent (50 pL), followed by a
180-second incubation period at 37 °C. Coagulation was initiated with
the addition of 50 pL of 25 mM CaCls,, upon which the coagulation time
was monitored. Reference curves consisted of serial dilutions of normal
pooled plasma that were employed to convert clotting times to U/mg,

assuming 1 U/mL FX in normal pooled plasma equals 9 pg/mL FX.

2.7 | Macromolecular substrate activation
Steady-state initial velocities of macromolecular substrate cleavage
were determined discontinuously at 25 °C in assay buffer as described
[39,40]. Briefly, progress curves of prothrombin activation were ob-
tained by incubating PCPS (50 uM), DAPA (10 uM), and prothrombin
(1.4 pM) with r-FV-810 (20 nM), and the reaction was initiated with
0.1 to 0.4 nM of r-FXa, FXa-F174A, or FXa-F174S upon which the rate
of prothrombin conversion was measured. The kinetic parameters and
equilibrium binding constants for prothrombin and cofactor Va (FV-
810) were determined using increasing concentrations of respective
proteins [39]. Prothrombin conversion was assayed in the absence or
presence of the direct FXa inhibitors apixaban, rivaroxaban, or
edoxaban (1 pM to 100 pM) in order to determine the half maximal
inhibitory ~ concentration  (ICsq)  concentrations  for  each
prothrombinase-assembled FXa variant.

Inhibition by TFPI was assessed using O to 10 nM TFPI incubated
with PCPS (50 pM), DAPA (10 pM), prothrombin (1.4 pM), and FV-810 (2

nM). Reactions were initiated with 0.05 nM FXa, and at selected time

points (5-60 minutes), aliquots were taken and quenched in HBS sup-
plemented with 50 mM EDTA buffer. The rate of prothrombin con-
version was measured as described above and corrected for substrate
consumption according to a previously established model system [41].
Inhibitory constant values were determined using normalized thrombin
values at 30 minutes and subsequent analysis by linear regression.

The rate of FX (9.1-2500 nM) activation by the TF-FVIla complex
(TF 0.1 nM; FVlla 0.5 nM) was determined in the presence of PCPS
(50 pM) in assay buffer at 25 °C. At selected time points (0.5-4 mi-
nutes), aliquots were taken and quenched in EDTA buffer. The ami-
dolytic activity of each sample was determined by SpecXa conversion
(250 pM), and the initial rates of chromogenic substrate hydrolysis
were converted to nanomolar of product by reference to a standard
curve. The apparent Ky and kc.: values for substrate activation were
calculated from the Michaelis-Menten equation. For FX activation by
the FVIlla-FIXa complex (FVIlla 5 nM; FIXa 0.5 nM; PCPS 50 pM), a
similar approach was used. FVIII (NovoEight; 40nM) was activated by
thrombin (100 nM) for 30 seconds at 25 °C, and the reaction was
stopped by the addition of a 10-fold molar excess of hirudin. FXa
formation was assessed as described above.

2.8 | Chromogenic substrate hydrolysis

The kinetics of peptidyl substrate hydrolysis were measured in assay
buffer using increasing concentrations of SpecXa (10-600 pM) or
$2765 (1.2-1200 uM) and initiated with 5 nM of the FXa variants. The
chromogenic conversion was assayed in the absence or presence of
the direct FXa inhibitors apixaban, rivaroxaban, or edoxaban (0.0001-
100 pM; SpecXa 250 pM) in order to determine ICsq concentrations

for each free FXa variant.

2.9 | Inhibition of FXa by antithrombin

The rate of inactivation of FXa by AT was measured in assay buffer
under pseudo-first-order rate conditions at ambient temperatures.
Uncatalyzed reactions were prepared in assay buffer containing 0.1 to
0.8 uM AT and 7.5 nM FXa. At O to 110 minutes, residual enzyme
activity was determined with the addition of 250 pM SpecXa. Re-
actions in the presence of UFH were prepared in assay buffer con-
taining 0.5 to 6 mIE/mL UFH, 0.5 pM AT and initiated with 5 nM FXa.
At 0.5 to 10 minutes, residual enzyme activity was determined with
the addition of 250 pM SpecXa. The rate of AT inhibition was deter-
mined by fitting the obtained values to an exponential decay function
(k1) and subsequent analysis by linear regression (k2) using GraphPad
Prism software suite (GraphPad Software).

2.10 | Calibrated automated thrombography

Thrombin generation curves were obtained by supplementing normal

pooled plasma with TF (2 or 6 pM), corn trypsin inhibitor (70 pg/mL),



SCHREUDER ET AL.

PCPS (20 pM), and 15 to 45 pg/mL FX variant in the absence or
presence of the direct FXa inhibitors apixaban, rivaroxaban, or
edoxaban. Thrombin formation was initiated by addition of substrate
buffer (FluCa), calcium, and the fluorogenic substrate (Z-Gly-Gly-Arg-
AMC) to the plasma. The final reaction volume was 120 pL, of which
80 pL was plasma. Thrombin formation was determined every 15
seconds for 30 to 60 minutes and corrected for the calibrator using
Thrombinoscope software (Thrombinoscope BV). The lag time, mean
endogenous thrombin potential (ETP), thrombin peak height, and ve-
locity index were calculated from at least 3 individual experiments

performed in duplicate.

2.11 | MD simulations

MD simulations were performed using Amber2020 [42,43], starting
from the 3-dimensional structure of the FXa-apixaban complex (Pro-
tein Data Bank [PDB] ID: 2P16). The protein, apixaban, and solvent
(water) topologies were generated using tLeAP [43], as described in
Supplementary Table S4. Following 2 energy minimization steps, 2
equilibration MD simulations were run at constant temperature and
volume (NVT) and at constant pressure and temperature (NPT)
equilibration steps, respectively. Subsequently, the production MD
simulation extended over 1 ps (of which the first 2 ns were discarded
for additional equilibration) with coordinates written out to disk every
0.2 ns. Detailed simulation settings and Amber input files for MD can
be found in Supplementary Table S5. The PDB preparation setup for
each MD step is described in the Supplementary Materials and
Methods.

During post-MD data analysis, root-mean-square SD analysis was
performed using AmberTools cpptraj [44]. The Gibbs free energy of
apixaban binding (AGbind) was computed using a single-trajectory
molecular mechanics Poisson-Boltzmann surface area (MM/PBSA)
approach [45]. Prior to MM/PBSA binding free energy calculations,
the topology of FXa and apixaban was extracted from the complex
topology file using an ante-MMPBSA.py script in AmberTools with
default Bondi radii settings [46]. The binding free energy of apixaban
for FXa variants was calculated using the MMPBSA.py script in
AmberTools [46] using default settings with an ionic strength set to
0.15 mM.

2.12 | Statistical analysis

All statistical analyses were computed using GraphPad Prism soft-
ware. Kinetic data were analyzed by nonlinear regression using a 3-
parameter logistic function. Parameters of calibrated automated
thrombography in patient plasma and in the absence vs presence of
TFPI-inhibiting antibodies were compared by 1-way analysis of vari-
ance. Statistical significance was accepted for a P value of <.05. All
data are presented as mean + 1 SD and are the result of at least 2 to 3
experiments unless stated otherwise.
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3 | RESULTS

3.1 | Characterization of F174-substituted FX
variants

In addition to the previously reported alanine replacement of the
hydrophobic S4 subsite F174 in a partially purified FXa variant [35],
here F174 was also substituted by a hydrophobic isoleucine or a hy-
drophilic serine residue, thereby generating FX-F174l and FX-F174S,
respectively. Following stable FX expression in HEK293 cells, initial
analysis of partially purified FXa variants using chromogenic substrate
hydrolysis to evaluate FXa inhibition revealed a reduced apixaban
inhibition (8- to 13-fold increased ICsq relative to wild-type r-FXa;
Supplementary Figure S2), consistent with previous reports [35].
Given that all F174-substituted variants displayed similar ICsq values
for apixaban inhibition, we next subjected FX-F174A and FX-F174S, in
which F174 was replaced by an amino acid with substantially different
properties in terms of side-chain dimensions or charge/hydrophobic-
ity, respectively, to further characterization following purification.
Sodium dodecy! sulfate-polyacrylamide gel electrophoresis analysis
showed each FX(a) variant to migrate similar to wild-type r-FX(a)
(Figure 1A, B, Supplementary Figure S3) [47]. Analysis of PT- or APTT-
based fibrin clot formation initiated by the extrinsic (Figure 1C) or
intrinsic (Figure 1D) coagulation pathway revealed FX-specific clotting
activities in the same order of magnitude as those of r-FX, indicating
that substitution of F174 by either alanine or serine does not severely

impact FXa procoagulant function.

3.2 | F174 substitution in FX reduces the sensitivity
for the direct FXa inhibitors

In concordance with a reduced apixaban inhibition in partially purified
FXa variants (Supplementary Figure S2), assessing FXa inhibition by
the direct FXa inhibitors through evaluation of chromogenic substrate
hydrolysis in a purified system demonstrated a 2- to 5-fold reduced
sensitivity for purified free FXa-F174 variants relative to r-FXa
(Table 1). Assembly of FXa-F174 variants into prothrombinase resul-
ted in a 5- to 10-fold decreased sensitivity for inhibition by either
apixaban or edoxaban compared with r-FXa (Table 1). These results
confirm our initial observations and suggest that F174-substituted
FXa variants support thrombin generation in the presence of the
direct FXa inhibitors.

To determine the capacity of the purified F174-substituted FX
variants to overcome inhibition by the direct FXa inhibitors in a
plasma system, their thrombin-forming potential was assessed using
calibrated automated thrombography with a 6 pM TF-trigger resulting
in direct FX activation by TF-FVIla. Similar dose-response curves were
obtained when determining the thrombin peak with increasing con-
centrations of FXa inhibitor in normal pooled plasma vs supplemen-
tation with r-FX at 3-fold the FX plasma concentration (30 pg/mL) [48]
(Figure 2, Supplementary Table S1) [49]. With r-FX added, apixaban
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dose-dependently decreased the thrombin peak with half-maximum
inhibition at 0.14 pM apixaban (Figure 2A, Supplementary Table S1).
The latter was markedly higher than the half-maximum values of free
FXa inhibition in a purified system (Table 1) [3], which may be due to
the plasma setting and supraphysiologic amounts of FX in this system.
Conversely, supplementation of normal pooled plasma with FX-F174A
or FX-F174S demonstrated a 15- to 30-fold reduction in apixaban
sensitivity relative to r-FX (Figure 2A, Supplementary Table S1).
Similarly, the F174-substituted FX variants demonstrated a 10- to 15-
fold reduced sensitivity to inhibition by rivaroxaban or edoxaban
compared with r-FX (Figure 2B, C, Supplementary Table S1). Next, the
ability of the FX variants to support thrombin generation was
explored under conditions when FX activation is mainly driven by FIXa
[50,51] via the so-called “Josso loop” using a low amount of TF (2 pM).

3
2 30
201
10-
6 -
0

F174A

(APTT)-based assay as described in
Materials and Methods. Briefly, FX variants
were added to platelet-poor FX-depleted
plasma, and coagulation was initiated using
PT- or APTT-specific reagents. The
coagulation time was monitored, and the
specific activity was determined using
reference curves of normal pooled

plasma, assuming 1 U/mL FX equals 9 pg/
mL FX. Mean values are given + 1 SD.
Data are representative of 3 independent
experiments. *P < .05; ***P < .001;

****P <.,0001 according to 1-way analysis of
variance.

F174S

Similar to previous observations, supplementation with either
FX-F174A or FX-F174S demonstrated a 10- to 40-fold reduced
sensitivity for apixaban, rivaroxaban, or edoxaban relative to r-FX
(Supplementary Figure S4 and Supplementary Table S1).

3.3 | F174-substituted FX variants bypass the direct
FXa inhibitors and restore thrombin generation

To establish clinical relevance, we assessed whether the reduced
sensitivity for the direct FXa inhibitors allowed FX-F174A and FX-
F174S to overcome therapeutic peak inhibitor levels [52-54] using
calibrated automated thrombography in response to a TF-trigger (6

pM). Following supplementation of normal pooled plasma with
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Inhibition and kinetic constants for free or prothrombinase-assembled factor Xa.

TABLE 1

Antithrombin®
k2, UFH

Antithrombin® k2,
uncatalyzed

TFPI” K,
(nM)

Edoxaban®
ICso (M)
53+0.6

Rivaroxaban®
|C50 (nM)
1.6 +0.2

Apixaban”
ICso (nM)
92+10

Edoxaban®

Rivaroxaban®
|C5o (nM)
25+0.1

Apixaban®
IC5o (M)
59+0.3

Factor Xa
variants

M1s?tx 109

20+0.2

M1stx 109
53+0.1

ICso (nM)
7.9 +0.2

0.8 + 0.04

r-FXa

26+0.1 1.3 +0.25

4.7 +05

40.6 + 4.3¢

14.3 + 0.2° 28.5 + 0.4 57.5 +7.4° 121+ 19

20.9 + 1.1°

FXa-F174A

38 +0.2 3.3 £0.48°

55.6 + 5.4° 162+ 1.7 242 + 2.6° 50+ 0.5

16.5 £ 0.4°

24.6 + 1.5° 9.6 + 0.3¢

FXa-F174S

FX, factor FX; 1Csq, half maximal inhibitory concentration; K|, inhibitory constant; k2, rate constant of FXa-antithrombin formation; r-FX, recombinant FX; TFPI, tissue factor pathway inhibitor; UFH,

unfractionated heparin.

2 The constants for free FXa were obtained as described in Materials and Methods. Fitted values + 1 SD of the induced fit are the means of 2 to 3 independent experiments.

b The constants for prothrombinase-assembled FXa were obtained as described in Materials and Methods. Fitted values + 1 SD of the induced fit are the means of 2 to 3 independent experiments.

¢ P < .05 according to 1-way analysis of variance in comparison with r-FXa.

4P < .01 according to 1-way analysis of variance in comparison with r-FXa.

€ P < .001 according to 1-way analysis of variance in comparison with r-FXa.

fP < .0001 according to 1-way analysis of variance in comparison with r-FXa.
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apixaban, rivaroxaban, or edoxaban (1 uM), r-FX (60 pg/mL) only
minimally improved the thrombin generation (up to 20% of normal
pooled plasma peak height; Figure 3A). In contrast, supplementation of
apixaban-treated normal pooled plasma with 30 pg/mL FX-F174A or
FX-F174S fully restored the thrombin generation in the presence of
apixaban, whereas 15 pg/mL improved the thrombin peak height to
75% of nontreated normal pooled plasma (Figure 3B). Similarly, the
anticoagulant activity of rivaroxaban was completely reversed by the
FX-F174 variants (Figure 3C) and improved up to 60% to 75% of
normal pooled plasma in edoxaban-treated plasma (Figure 3D). This is
consistent with the initially observed 11-fold increase in ICsq for
edoxaban compared with the 15- to 35-fold increase for apixaban or
rivaroxaban (Supplementary Table S1). Of note, supplementation with
the FX-F174 variants prolonged both the lag time and time to peak up
to 2-fold in the presence (Figure 3) but not in the absence of an in-
hibitor (Supplementary Figure S5). This delay in thrombin generation
was not induced by a diminished FX activation, as activation by the
intrinsic or extrinsic tenase complexes was unperturbed
(Supplementary Table S2). Furthermore, no delay in the activation of
FV was observed since FXa-F174A activated FV in an identical manner
to r-FXa (Supplementary Figure Sé). Assessment of the thrombin-
forming potential under conditions of a limited TF-trigger (2 pM)
revealed that the anticoagulant activity of the direct FXa inhibitors
was largely reversed via supplementation with FX-F174A or FX-F174S
(15-30 pg/mL; Supplementary Figure S7). Consistent with the results
in the presence of a high TF-trigger (6 pM), the FX-F174 variants
maintained an increased lag time relative to normal pooled plasma in

the absence of an inhibitor.

3.4 | MD simulations show a decrease in affinity of
apixaban binding to FX-F174A and FX-F174S

We performed MD simulations of the FXa variants to characterize
the mechanisms of their reduced sensitivity to the FXa inhibitors. As
a model for the latter, the interaction with apixaban, one of the more
commonly used FXa inhibitors [55], was studied. The substitutions
F174A, F174S, and F174F (wild-type control) were modeled into
apixaban-bound FXa (PDB ID 2P16) [3], upon which 3 independent 1
ps MD simulation trajectories of the FXa-apixaban complexes were
propagated. Calculation of the free energy of binding (AGp;,g) to FXa
using the MM/PBSA approach [45] indicated diminished binding of
apixaban to FXa-F174A and FXa-F174S. Specifically, the average
AGping for FXa-F174A and FXa-F174S was elevated (-2.3 + 0.1
and -2.5 + 0.1 kcal mol™%, respectively) compared with wild-type FXa
(-3.7 % 0.1 kcal mol™%; Figure 4) [56]. While being an approximation
given the empirical nature of this approach, a 1.2 to 1.4 kcal mol™*
increase in AGp;nq Would be predictive of a 10-fold decrease in af-
finity. A residue-based analysis of apixaban-binding site interactions
indicated a significantly reduced contribution to apixaban binding of
residue 174 following substitution to Ala or Ser (Supplementary
Figure S8). While this may be compensated to some extent by an
increased contribution to AGy,g of Trp215 in FXa-F174A
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FIGURE 2 F174-substituted factor (F)X variants facilitate thrombin generation in the presence of direct FXa inhibitors. Thrombin
generation was measured for 60 minutes at 37 °C in normal pooled plasma either without FX supplementation (endogenous FX only; end-FX,
dark grey circles) or supplemented with 30 pug/mL of recombinant FX (r-FX; light grey diamonds), FX-F174A (blue triangles), or FX-F174S
(orange squares) and increasing concentrations (1 nM to 100 pM) of apixaban (A), rivaroxaban (B), or edoxaban (C). Thrombin formation was
triggered by the addition of 6 pM tissue factor in the presence of 20 pM small unilamellar phospholipid vesicles and initiated with CaCl, and a
thrombin fluorogenic substrate as detailed in Materials and Methods. The thrombin peak height was normalized to the peak height in the
absence of an inhibitor, and the lines were drawn by fitting the data to a 3-parameter logistic function upon which the half maximal inhibitory
concentration (ICsp) £ 1 SD of the induced fits was obtained (Supplementary Table S1), which are shown in the insert. The grey dotted areas
represent therapeutic peak inhibitor levels (apixaban, 0.15-0.55 uM; rivaroxaban, 0.10-0.57 pM; edoxaban, 0.16-0.43 pM) [49]. Data are

representative of 3 independent experiments.

(Supplementary Figure S8), the diminished interaction with residue
174 observed in our MD simulations offers an explanation for the
reduced inhibitor sensitivity when replacing F174. Interestingly, in the
trajectory of the FXa wild-type model that featured a weaker AGp; g
(-2.0 £ 0.1 kcal mol™®; replicate 3), we observed partial dissociation of
apixaban. This dissociation is reflected by the increase in root-mean-
square displacement of apixaban during the simulation
(Supplementary Figure S9). Notably, the partial dissociation of apix-
aban was accompanied by a loss in contact between its lactam moiety
and FXa residue F174 (Supplementary Figure S10), further high-

lighting the relevance of F174 in inhibitor association.

3.5 | Reduced TFPI inhibition of F174-substituted
FXa augments the direct FXa inhibitor bypassing
effect

We next assessed the kinetic parameters of the FXa-F174 variants to
examine the effects of F174 substitution on the FXa active site.
Evaluation of the ability of the FXa variants to hydrolyze the FXa-
specific chromogenic substrates SpecXa and S2765 revealed an
altered k.,: of FXa-F174S relative to r-FXa (Table 2). Conversely, the
binding affinities for the substrates were significantly altered in both
FXa-F174 variants, indicative of a modified substrate binding cleft.
This suggests that chromogenic substrates either engage the FXa S4
subsite [57] or F174 substitution induces conformational changes in
the substrate binding region. Importantly, the kinetic parameters of
prothrombin conversion by the FXa-F174 variants, as well as the
apparent binding affinity for the FVa-like cofactor FV-810, were
similar to those of r-FXa (Table 2). This demonstrates that the F174

modification does not significantly impact the assembly of the

prothrombinase complex or the catalytic efficiency toward FXa’'s
natural substrate prothrombin.

To examine the effects of F174 substitution on FXa inhibition, we
assessed the second-order rate constants of the natural active site
inhibitor AT. Inhibition of FXa-F174 variants proceeded at an identical
rate relative to r-FXa in the absence or presence of UFH (Table 1),
consistent with previous reports [35,58,59]. These observations might
reflect the interaction of AT with the FXa S1 subsite rather than the
S4 subsite, as shown by X-ray structures [60,61]. Interestingly,
assessment of prothrombinase-assembled FXa inhibition by the nat-
ural active site inhibitor TFPI in a purified system revealed that FXa-
F174S displayed a significant 4.5-fold reduced TFPI sensitivity relative
to r-FXa, whereas no significant difference was observed for FXa-
F174A (Figure 5, Table 1). These assessments were conducted
employing FV-810 to assemble the prothrombinase complex. Given
that FV-810 encompasses the acidic region (1493-1537) capable of
binding to the basic region in the C-terminal domain of TFPI, these
assays integrate the impact of TFPI binding to FV-810 [62]. To gain
more insight into the TFPI resistance, we next explored the thrombin-
forming potential of FX-F174 variants using calibrated automated
thrombography in FX-depleted plasma supplemented with 10 pug/mL
FX variant and monoclonal antibodies that specifically block the
function of individual TFPI domains. In the absence of TFPI antibodies,
FX-F174 variants displayed a 2-fold increase in thrombin peak relative
to r-FX (Supplementary Figure S11). In contrast, similar thrombin
peaks were observed for all FX variants with TFPI-inhibiting anti-
bodies. This indicates that the heightened thrombin-forming potential
of FX-F174A and FX-F174S is induced by a partial loss of TFPI inhi-
bition. As such, these results suggest an additional mode of action by
which the F174-substituted FX variants bypass the direct FXa
inhibitors.
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FIGURE 3 F174-substituted factor (F)X variants restore thrombin generation in inhibitor-spiked plasma. Thrombin generation was
measured for 60 minutes at 37 °C in normal pooled plasma supplemented with (A) 1 uM apixaban, rivaroxaban, or edoxaban in the absence
(yellow, light blue, or light green diamonds, respectively) or with the addition of 60 pg/mL recombinant FX (r-FX; orange, dark blue, or dark green,
respectively), (B) 1 pM apixaban with the addition of 15 to 30 ug/mL FX-F174A (light blue-dark blue diamonds) or 15 to 30 pg/mL FX-F174S
(yellow-orange diamonds), or (C) 1 uM rivaroxaban with the addition of 15 to 45 ug/mL FX-F174A (light blue-dark blue diamonds) or 15 to 45 pg/
mL FX-F174S (yellow-orange diamonds), or (D) 1 uM edoxaban with the addition of 15 to 45 pg/mL FX-F174A (light blue-dark blue diamonds) or
15 to 45 pg/mL FX-F174S (yellow-orange diamonds). Thrombin formation was triggered by the addition of 6 pM tissue factor in the presence of
20 pM small unilamellar phospholipid vesicles and initiated with CaCl, and a thrombin fluorogenic substrate as detailed in Materials and
Methods. The thrombin generation curves of normal pooled plasma in the absence (A-D; light grey area under the curve) or presence (B-D;
dark grey area under the curve) of the inhibitors are shown. Data sets are representatives of 3 independent experiments.

3.6 | F174-substituted FX reverses the
anticoagulant activity of apixaban and rivaroxaban in
atrial fibrillation and venous thromboembolism
patient plasma

The ability of the FX-F174 variants to bypass the direct FXa inhibitors
was validated in plasma derived from nonvalvular atrial fibrillation or
venous thromboembolic disease patients who were treated with
apixaban or rivaroxaban (Supplementary Table S3) using calibrated
automated thrombography in response to a high TF-trigger (6 pM). As
FX-F174A and FX-F174S displayed similar activities in previous ex-
periments, we selected FX-F174A for assessment in patient plasma.
Assessment of the thrombin-forming potential demonstrated that
supplementation of patient plasma with FX-F174A increased the

thrombin peak in all individual patient samples (Figure 6A, B,
Supplementary Figure S12). In atrial fibrillation patient plasma, the
thrombin peak increased to near-normal pooled plasma conditions
(290-330 nM). While plasma from patients with atrial fibrillation or
venous thromboembolic disease displayed a prolonged lag time rela-
tive to normal pooled plasma (Figure 6C), this was markedly shortened
by supplementation with FX-F174A in all individual patient samples
(Figure 6C, D). Additional assessment revealed that FX-F174A
reversed the anticoagulant effect on the thrombin generation veloc-
ity in a similar manner as described for the thrombin peak and lag time
(Supplementary Figure S13A, B). In contrast, the ETP in atrial fibril-
lation and venous thromboembolic disease patient plasma was
modestly reduced in the absence of FX-F174A relative to normal
pooled plasma (Supplementary Figure S13C, D) as a result of the
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FIGURE 4 Calculated free energy of
apixaban binding to factor (F)Xa variants.
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inhibitor-induced extension of the thrombin generation curves over
time. Despite this, FX-F174A supplementation elevated the ETP in all
patient groups, demonstrating that F174-substituted FX variants have
the ability to reverse the anticoagulant activity of the direct FXa in-

hibitors in patient plasma.

4 | DISCUSSION

In this study, we present FX variants that could act as prohemostatic
bypassing agents by supporting coagulation in the presence of direct
FXa inhibitors. We showed that the FX variant FX-F174A comprising a

single substitution in the S4 subsite effectively counteracted the

anticoagulant effects of apixaban or rivaroxaban in plasma from
nonvalvular atrial fibrillation and venous thromboembolic patients.
While FX-F174A is inhibited by rivaroxaban and apixaban to some
extent, FX-F174A is nonetheless capable of promoting thrombin for-
mation in the presence of therapeutic concentrations of FXa in-
hibitors. Unfortunately, we were unable to obtain plasma samples
from the same individual patients before treatment initiation. As
thrombin generation profiles of individual plasmas can vary substan-
tially, such samples would provide valuable information on the level of
anticoagulant reversal in these patients [63]. Nevertheless, FX-F174A
successfully restored the thrombin-forming potential within the
therapeutically useful inhibitor range (>100 nM), at which patients are
likely at an increased risk of bleeding [54].

TABLE 2 Kinetic parameters for peptidyl substrate and macromolecular substrate conversion.
SpecXa® SpecXa® $2765°
Factor Xa variants K (M) keat (min) K (M)
r-FXa 113+ 9 239+ 0.6 85+ 10
FXa-F174A 251+ 7¢ 25.8 + 0.3 360 + 33°
FXa-F174S 186 + 9° 30.6 £ 0.6° 217 £ 17¢

$2765° Prothrombin® Prothrombin® Cofactor Va®
kcat (min-l) Km (FM) kcat (min-l) Kd, app (nM)
343+ 1.1 0.52 £ 0.10 960 + 83 08 +0.2
326+ 1.2 0.70 £ 0.23 1041 + 163 1.2 +0.1°
21.9 + 0.6° 0.69 + 0.08 1152 £+ 73 09 +0.2

FX, factor FX; keat, turnover number of enzyme; Ky app, apparent dissociation constant; K., michaelis constant; r-FX, recombinant FX; SpecXa, peptidyl

substrate methoxycarbonylcyclohexyl-Gly-Gly-Arg-pNA.

2 The kinetic constants for free FXa were obtained as described in Materials and Methods. Fitted values + 1 SD of the induced fit are the means of 2 to 3

independent experiments.

b The kinetic constants for prothrombinase-assembled FXa were obtained as described in Materials and Methods. Fitted values + 1 SD of the induced fit

are the means of 2 to 3 independent experiments.

€ P < .05 according to 1-way analysis of variance in comparison with r-FXa.
4P < 01 according to 1-way analysis of variance in comparison with r-FXa.

€ P < .0001 according to 1-way analysis of variance analysis in comparison with r-FXa.
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Inhibition of factor (F)Xa variants by tissue factor pathway inhibitor (TFPI). The inhibition of FXa by TFPI was assessed by

measuring the prothrombinase-dependent conversion of prothrombin. Reaction mixtures containing 1.4 uM prothrombin, 2 nM FV-810, 50 uM
small unilamellar phospholipid vesicles, and 10 uM dansylarginine-N-(3-ethyl-1,5-pentanediyl)amide were initiated with 0.05 nM recombinant
FXa (r-FXa; A), FXa-F174A (B), or FXa-F174S (C) in the presence of 0 to 10 nM TFPla (r-TFPI, Tifacogin, Novartis). At selected time intervals,
samples were removed, and thrombin formation was assessed by S2238 (250 pM) conversion. The data were corrected for substrate
consumption as described in Materials and Methods. The data sets are representative of 2 independent experiments. (D) Thrombin formed at
30 minutes in the presence of TFPI was normalized to the value obtained in the absence of an inhibitor. The lines were drawn after fitting all
datasets to a 1-phase decay equation, and the fitted inhibition constants are shown in the inset. Mean values + 1 SD of 2 independent

experiments are provided.

In the presence of therapeutic peak concentrations of FXa in-
hibitor, we were able to restore thrombin generation by supplemen-
tation with purified FX-F174A or FX-F17S (15-45 pg/mL), requiring a
1.5- to 4.5-fold higher plasma level of FX-F174 variant relative to
endogenous FX (~10 pg/mL) [64] to bypass the direct FXa inhibitors.
We propose that these required concentrations arise from competi-
tion for FX activation by the intrinsic and extrinsic tenase coagulation
complexes. The role of competitive activation is further supported by
the similar kinetic constants for the intrinsic or extrinsic activation of
FX and FX-F147 variants. Similarly, we observed identical kinetics for
the activation of FV by either FXa-F174A or r-FXa. While it is possible
that FV activation is delayed in the presence of the direct FXa in-
hibitors, which may explain the up to 2-fold prolonged lag time
observed for FX-174 variants, we surmise that the direct FXa in-

hibitors are acting on the small quantities of FXa formed during the

initial phase of coagulation. The differences in the affinity of these
inhibitors for FXa may therefore induce the observed inhibitor-
dependent prolongation in lag time in thrombin generation.
Interestingly, we observed a reduced sensitivity of FXa-F174
variants for the natural FXa inhibitor TFPI. Previous studies have
shown that the inhibition or sequestration of TFPI could restore he-
mostasis in hemophilic plasma and patients [25,26,65-67], thus
providing evidence for an additional mode of action by which the FX-
F174 variants are able to bypass direct FXa inhibitors. Despite the 3-
fold reduction in TFPI sensitivity of FXa-F174S relative to FXa-F174A,
these minor functional differences may be explained by the relatively
low plasma concentration of free TFPla (~0.3 nM) [68,69]. The partial
resistance for TFPI displayed by FX-F174A and FX-174S is concurrent
to the elevated ICsq values of direct FXa inhibitors observed in plasma

relative to the inhibition of free or prothrombinase-assembled FXa.



SCHREUDER ET AL.

2222 | jﬂ1

A dekkk S
500+ Fekkk Fedekk
| — | | p— |
E 4004 B
£
x  eeogliiiieeee
S 3004
o
=
£ 2004
2
E
1004
0

* kK
*% kK
7

- = NN
paoa

-
o
1

Lag time (min)
<

c L]
APX RVX APX RVX
e—— ——
AF VTE

500+
g 4004
£
X
8 300+
o
£
€ 2004
[]
S
=
100+
0
D * *kk
25+ L i
20" Fkkk (i
154 . f 1
10 (|
<
E
(]
E
(=]
5]
-
0 L] L L] L]
APX RVX APX RVX
— —
AF VTE

FIGURE 6 Reversal of the anticoagulant activity of apixaban (APX) or rivaroxaban (RVX) in atrial fibrillation (AF) and venous
thromboembolism (VTE) patient plasma. Thrombin generation was measured for 60 minutes at 37 °C in plasma from AF or VTE patients
treated with APX or RVX in the absence (pink dots) or supplemented with 30 pg/mL factor (F)X-F174A (grey squares). Thrombin formation was
triggered by the addition of 6 pM tissue factor in the presence of 20 uM small unilamellar phospholipid vesicles and initiated with CaCl, and a
thrombin fluorogenic substrate as detailed in Materials and Methods. Box plots of the thrombin peak (A) and lag time (C) are shown for the
different patient groups, and in panels (B) and (D), the thrombin peak and lag time values in the absence or presence of FX-F174A are shown
for the individual patients. Grey dotted areas represent normal pooled plasma values (n = 13; thrombin peak, 290-330 nM; lag time, 1.7-2
minutes). *P < .05; **P < .01; **P < .001; ****P < .0001 according to 1-way analysis of variance. Each data point represents a measurement

performed in duplicate for each patient sample.

Collectively, our findings reveal that FX-F174A and FX-F174S bypass
direct FXa inhibitors via a unique mechanism compared with previ-
ously described reversal agents and indicate that modulation of FXa
inhibition by TFPI is a promising strategy to overcome the anticoag-
ulant effects of direct FXa inhibitors.

Previously, Qu et al. [70] used MD simulations to identify desta-
bilized binding of rivaroxaban to similar FXa variants. In our setup, a
destabilized inhibitor binding is an indication of the bypassing qualities
of the variants. Following this idea, we employed longer MD simula-
tions to investigate the bypassing qualities of FXa-F174A and FXa-

F174S by comparing the free energy of apixaban association of
these variants to a wild-type FXa model. Using the MM/PBSA
approach, we found that diminished interaction between apixaban and
the F174 residue led to a decrease in inhibitor binding affinity.
Interestingly, in a single MD trajectory, we observed the partial
dissociation of apixaban initiated by the displacement of the F174
residue that highlights the importance of this residue and suggests a
further mechanistic role for later in silico investigation. Naturally, the
diminished association of apixaban for the S4 subsites of FXa-F174A
and FXa-F174S found in our MD simulations arises from the
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reduced interaction of the smaller, nonaromatic 174 residues with the
lactam moiety of apixaban. We surmise that the diminished associa-
tion gives rise to the experimentally observed bypassing qualities of
FX-F174A and FX-F174S for apixaban as well as other FXa inhibitors
(ie, rivaroxaban and TFPI).

In addition to inhibitor bypassing activity, FXa-F174A and FXa-
F174S exhibit reduced catalytic activity toward FXa-specific chro-
mogenic substrates. As this effect is not seen in plasma clotting and
kinetic assays, we infer that prothrombin does not engage in pro-
ductive interactions with the S4 subsite of FXa. Interestingly, these
results might suggest that exosites in FXa and prothrombin drive the
proteolytic cleavage at the prothrombin activation residues R271 and
R320 [71,72]. Although our data do not provide any indication, it
should be noted that the FXa-F174 variants might have potential off-
target interactions that have not been uncovered by the in vitro
experimental systems.

Unfortunately, we were unable to assess the efficacy of FX-F174
variants in vivo. Preliminary data obtained using a mouse tail clip
model indicated significant bleeding following administration of 10
mg/kg apixaban. In similar fashion, previous studies made use of 1 to
10 mg/kg direct FXa inhibitor for in vivo reversal experiments
[28,33,73,74], equating to supraphysiological plasma concentrations of
~0.2 to 2 mM and representing a >1000-fold increase relative to peak
inhibitor concentrations observed in patients [52-54]. While the FX-
F174 variants effectively counteracted the anticoagulant effects at
inhibitor concentrations of <1 pM, they would be completely inhibited
using in vivo FXa inhibitor concentrations >1 pM. Furthermore, in
contrast to antidote-based reversal agents, our FX-F174 variants rely
on proteolytic activation by interacting with endogenous coagulation
factors. Previously, we revealed significantly reduced -calibrated
automated thrombography parameters and higher anti-FXa activity in
murine plasma relative to human plasma [75], pointing to striking
differences between rodent and human plasma systems. In contrast to
the human system, in mice, full-length TFPI does not circulate in
plasma but is expressed at the endothelial surface and is present in
platelets [76]. Furthermore, murine full-length TFPI exhibits an
insertion in the basic region of the TFPI C-terminal domain [69], of
which the effect on the interaction with FV remains to be determined.
As such, preclinical assessment of prohemostatic agents in murine
models may prove difficult to reliably extrapolate to a human system.
As an alternative, we have validated the ability of FX-F174 variants to
revert the anticoagulant effects in plasma samples of apixaban- and
rivaroxaban-treated patients, providing valuable evidence for their
potential as specific reversal agents.

A limitation of our approach may be the use of a recombinant
protein variant that could elicit an immunogenic response, thereby
limiting the efficacy of repeated use. Since our FX variants comprise a
single amino acid substitution, the risk of immunogenicity might be
minimal. Thus far, neutralizing antibody responses against
andexanet alfa have not been reported, nor have antibodies with
cross-reactivity to FX(a) been detected [17,77]. Nonneutralizing an-

tibodies have been developed, albeit with generally low antibody
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titers [77]. Importantly, only a few cases of patients with acquired
inhibitors against therapeutic FX have been reported in the setting of
FX deficiency [78], suggesting that either FX (or its derived variants)
have little immunogenic potential. It is also important to note that
prohemostatic bypassing agents may significantly increase the risk of
thrombotic complications and therefore require intensive evaluation
in clinical practice. For safety purposes, here we have employed F174-
substituted FX variants in an inactive zymogen form to prevent po-
tential macromolecular interactions. Upon the initiation of secondary
hemostasis, the FX-F174 variants are activated through the intrinsic
and extrinsic pathways similar to endogenous FX. As such, major
disturbances that could fail to stop bleeding or otherwise induce
pathological thrombosis may be prevented.

In conclusion, our findings show that via a single residue substi-
tution at F174, we have created FX variants that bypass direct FXa
inhibitors while remaining partially sensitive to inhibition by TFPI.
These results further highlight the role of the S4 subsite interactions
for the direct inhibition of direct FXa inhibitors (ie, apixaban, rivar-
oxaban, and TFPI) [35]. Results from MM/PBSA binding free energy
analyses revealed that FX-F174A and FX-F174S have a decreased
affinity for apixaban, providing insight into the mechanism for direct
inhibitor bypassing. The potential of FX-F174 variants was further
established by reversing the anticoagulant activity of apixaban and
rivaroxaban in plasma of atrial fibrillation and venous thromboembolic
patients. As such, FX-F174A and FX-F174S variants have the potential
to serve as a rapid-onset prohemostatic bypassing strategy to coun-
teract life-threatening bleeding complications as a result of direct FXa

inhibitors.
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