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Abstract

Background: In hemophilia bypass therapy, a platelet-dependent mechanism is believed to be
primarily responsible for recombinant factor Vlla (rFV1la)’s hemostatic effect. rFVIla may also
possibly interact with other cells through its binding to endothelial cell protein C receptor (EPCR)
or cell surface phospholipids.

Objectives: We aim to investigate the relative contribution of platelet-dependent and platelet-
independent mechanisms in rFVIla-mediated thrombin generation in hemophilic conditions at the
injury site.

Methods: Platelets were depleted in acquired and genetic hemophilia mice using anti-platelet
antibodies. The mice were subjected to the saphenous vein injury, and the hemostatic effect of
pharmacological concentrations of rFV11a was evaluated by measuring thrombin generation at the
injury site.

Results: Administration of anti-mouse CD42 antibodies to mice depleted platelets by more than
95%. As expected, hemophilia mice, compared to wild-type mice, generated only a small fraction
of thrombin at the injury site. The depletion of platelets in hemophilia mice further reduced
thrombin generation. However, when pharmacological doses of rFVIla were administered to
hemophilia mice, substantial amounts of thrombin were generated even in the platelet-depleted
hemophilia mice. No differences in thrombin generation were detected among FVI117~, EPCR-
deficient FVIII~~, and EPCR-overexpressing FVI11~~ mice depleted of platelets or not.
Evaluation of platelets by flow cytometry as well as immunoblot analysis showed no detectable
expression of EPCR.
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Conclusions: Our data suggest that pharmacological concentrations of rFV1la generate
thrombin in hemophilia in both platelet-dependent and platelet-independent mechanisms.
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generation

11 INTRODUCTION

The recombinant factor Vlla (rFV1Ia) is approved by the US Food and Drug Administration
(FDA) as a bypassing therapeutic agent for the treatment of bleeding episodes in hemophilia
patients with inhibitors and congenital factor V1I-deficient patients. However, it is
increasingly being used to treat other congenital and acquired bleeding disorders as well as
an off-label emergency hemostatic agent in both pediatric and adult patients in trauma,
surgery, and other indications [1, 2]. The supraphysiological doses of rFVIla required for
effective bleeding control not only increase thrombotic risk but is also cost ineffective [3-5].
Despite its successful use, the mechanism by which high doses of rFV1la provide the
hemostatic effect is not entirely clear [1, 4].

A few /n vitro studies and mathematical modeling suggest a tissue factor (TF)-dependent
mechanism [6-8]. In contrast, others suggest a phospholipid-dependent and TF-independent
mechanism is responsible for the hemostatic effect of high doses of rFV1la [9, 10]. Our
earlier /n vitrowork with hemophilia patient’s plasma and recent /n vivo studies utilizing
murine hemophilia model suggest that pharmacological doses of rFVIla restore hemostasis
primarily in a TF-independent manner [11, 12]. In this mechanism, rFVIla binds to anionic
phospholipids exposed on activated platelets at the injury site and directly activates FX to
FXa. FXa generated on platelets leads to prothrombinase assembly, and thrombin burst
sufficient to achieve hemostasis [13].

However, the effective use of rFVIla in treating bleeding episodes in patients with congenital
and acquired platelet disorders such as thrombocytopenia [14, 15], uremia [16, 17], and
severe inherited platelet dysfunctions such as Glanzmann thrombasthenia (GT) and Bernard-
Soulier syndrome (BSS) pose a challenge to this hypothesis [18, 19]. A most plausible
explanation for rFVIla hemostatic effect under the above conditions is that rFVIla
potentiates activation of few platelets that are localized at the site of injury, thus resulting in
efficient thrombin generation leading to increased fibrin deposition at the site of injury [20].
This hypothesis draws support from both /n vitro static model utilizing washed platelets
from subjects with GT and of normal platelets pre-treated to induce GT with inhibitors [21]
and from ex vivo plasma-free flow models where recombinant FV1la was shown to
potentiate platelet activation [22, 23].

In conflict with the above hypothesis, an ex vivo flow model using whole blood and high
concentrations of rFVIla showed an increased fibrin deposition at the site of injury, but low
platelet adhesion [24]. These experiments show that platelets isolated from patients with GT
interacted with a more superficial layer of fibrin deposit [24]. A recent study by Ivanciu et
al. suggests that the activated endothelium plays an unexpectedly important and major role
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in supporting prothrombinase assembly and thrombin generation at the site of injury [25].
Inhibition of platelet adhesion had no significant effect on fibrin formation at the site of
injury. The above findings suggest the presence of platelet-independent mechanisms for
thrombin generation at the site injury.

Our recent discovery that showed FVIla also binds endothelial protein C receptor (EPCR)
adds a new dimension to the potential mechanisms of rFVIla action [26]. Our studies
suggest that downregulation EPCR-mediated protein C activation by high doses of rFVI1la
contributes to the hemostatic effect of rFVIla in the treatment of hemophilia [27]. Recently,
it has been reported that platelets express EPCR, and suggested that FVIla binding to EPCR
on platelets could synergistically contribute to the pharmacologic effect of high doses of
rFV1la [28]. The present study was conducted to evaluate the contribution of platelet-,
EPCR-, and platelet-independent mechanisms, if any, to the hemostatic effect of rFVIla in
hemophilia treatment using murine hemophilia models.

21 MATERIALS AND METHODS
2.11 Reagents

Recombinant human FVIla was provided the Late Walter Kisiel, University of New Mexico,
Albuquerque (NM). rFVIla was expressed and purified, as described earlier [29]. rFVIla
used in the present study was essentially similar to that of a non-clinical version of
commercially available rFVIla (NovoSeven). FVIla protein concentration was determined
from the absorbance of protein at 280 nm and using the extinction coefficient (E1%,g,) of
FVIla as 13.9 [30]. The generation of monoclonal (mAb) and polyclonal antibodies against
mouse and human EPCR were described previously [31, 32]. Anti-human FVIII mAb that
cross-reacts with murine FVIII and inhibits murine FVIII activity (GMA 8015) was obtained
from Green Mountain Antibodies (Burlington, VT, USA). Rat anti-mouse GPIIb (CD41;
clone MWReg30) was obtained from e-bioscience (San Diego, CA, USA). Rat monoclonal
antibodies directed against mouse GPlba (CD42b) was from Emfret Analytics (Eibelstadt,
Germany). Rat isotype control 1gG (1gG1k) and fluorophore-conjugated secondary
antibodies were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Mouse
TAT ELISA kit was from Assaypro (St Charles, MO, USA). The source of other reagents
were: prostaglandin E1 from EMD Millipore-Sigma (St. Louis, MO, USA), apyrase from
New England Biolabs Inc, (Boston, MA, USA), human alpha-thrombin from Enzyme
Research Laboratories (South Bend, IN, USA), collagen type | from MP Biomedicals LLC
(Irvine, CA, USA).

2.21 Mice

Wild-type mice (C57BL/6J) were obtained from Jackson Laboratories (Bar Harbor, ME) or
bred in-house. Generation of hemophilia A (FVII177) mice in C57BL/6J genetic

background with normal EPCR expression levels and overexpression of EPCR (Tie2-EPCR/
FVI117"-) were described earlier [27]. The generation of EPCR deficient mice was described
earlier [33]. To generate EPCR-deficient FVIII™~ mice, first Procr’0Xfox;E\/11~~ and Procr
+/loX \eox2+/€/F V111~ mice were generated by back-crossing Procr0X/flox and Procr
+/loX peox 2+ /1€ mice with FVII1~/~ mice. EPCR-deficient FVIII™~ mice (Procr™-1 FVIIIT")
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were generated by breeding female Procr"0%/foX/E\/111~~ mice with male Procr

+/floX \eox2*/¢¢/FV/I11~ mice. Ten to 14-week old mice, both sexes weighing between 24
to 30 g, were used in our experiments. All animal studies were reviewed and approved by
the Institutional Animal Care and Use Committee and conducted according to the animal
welfare guidelines outlined in the Guide for the Care and Use of Laboratory Animals.

2.31 Platelet depletion

Blood (~50 pl) was collected from mice a day before platelet depletion via submandibular
vein puncture into EDTA (2.7 mM) anticoagulant. Platelet depletion antibodies (rat anti-
CDA41 or rat anti-CD42b) or control 1gG (1 mg/kg) was administered to mice intravenously
via the tail vein. Following the antibody administration, at varying times or a fixed interval,
blood (~50 ul) was collected via submandibular vein puncture into EDTA anticoagulant.
Blood samples were processed for platelet count using the HEMAVET-HV950FS analyzer
(Drew Scientific, Inc., CT). Percent of platelet depletion was calculated by comparing the
platelet counts before and after the administration of the antibodies.

2.41 Saphenous vein bleeding

Mice were injected with a control 1gG or anti-CD42b antibody via the tail vein 4 h prior to
the saphenous vein bleeding. In the antibody-induced hemophilia model, anti-FVII1 mAb (1
mg/kg) was injected along with control or the platelet-depleting antibody. After 4 h, rFVIla
(1 or 4 mg/kg) was given to mice via the tail vein in 100 pl volume. Five min following
FVIla administration, mice were subjected to the saphenous vein incision as described
earlier [12] with a few modifications to fit with the objective of the current study. Briefly, the
saphenous vein was punctured with a 23-G needle. After initial hemostasis, an
approximately 1 mm longitudinal distal cut was made using a Student Vannas spring scissors
by inserting one blade into the vessel using the needle hole as the entry point. Blood coming
from the injury site was collected by a capillary action using a pipette tip and added to a
microcentrifuge tube containing citrate anticoagulant. After each hemostasis incident,
bleeding was reinitiated by disrupting the clot using a blunt 30G needle, and blood was
collected throughout the bleeds. Since platelet depleted mice exhibited a high incidence of
death after 15 min of the initiation of injury due to profuse bleeding, the collection of blood
was limited to 15 min. Plasma was prepared by centrifuging the blood at 2, 000 x g for 10
min at 4°C, and immediately frozen on a dry ice bath to prevent further thrombin generation
ex vivo and stored at —80°C until TAT levels were assayed.

2.51 Measurement of TAT levels.

Plasma isolated from blood collected at the injury site, via the sub-mandibular vein, or
cardiac puncture was analyzed for TAT levels using AssayMax mouse ELISA kit (AssayPro,
St. Charles, MO).

2.61 Isolation of human and murine platelets

Human venous blood was drawn from healthy volunteers after their consent. The human
subject protocol was approved by the Institute Review Board at the University of Texas
Health Science Center at Tyler, TX. The blood drawn was immediately mixed with an acid
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citrate-dextrose anticoagulant solution (1:6), and platelet-rich plasma (PRP) was obtained by
centrifuging the blood at 200 x g for 20 min at room temperature. Similarly, blood was
collected from 10-12 weeks old mice via sub-mandibular vein puncture into a one-sixth
volume of the acid citrate-dextrose anticoagulant, and PRP was obtained by centrifugation as
described above. PRP from 8 to 10 mice was pooled. Prostaglandin E1 was added to PRP
(both human and murine) at 1 pM final concentration to prevent platelet activation. Platelets
were pelleted by centrifuging the PRP at 900 x g for 10 min at room temperature. The
platelet pellet was re-suspended in platelet resuspension buffer (Tyrode’s buffer with 12 mM
NaHCO3, 5 mM dextrose, 2 mM MgCl,, and 0.3% BSA) containing 0.1 U/mL of apyrase.
After resting the platelets for 30 min at room temperature, they were sedimented by
centrifugation at 900 x g for 10 min at room temperature and resuspended in the
resuspension buffer. Platelet numbers were counted using the HEMAVET-HV950FS
analyzer, and the numbers were adjusted to 2x108 cells/ml before treating them with either
collagen 1 (10 pg/ml) or thrombin (10 nM) or both for 30 min. The activated platelets were
analyzed by flow cytometry or immune blot analysis with appropriate controls.

2.71 Flowcytometry

One mL of unactivated and activated platelets (both human as well as murine) were fixed
with 1% paraformaldehyde for 30 min on ice. Specific primary antibodies against EPCR or
non-specific isotype control IgG were added to the fixed platelets following blocking with
5% BSA in PBS for one hour. For analyzing human EPCR, goat anti-human EPCR
polyclonal antibody or mouse monoclonal (JRK1500) antibody was used. For murine EPCR,
the goat anti-mouse EPCR polyclonal antibody was used. Following the primary antibody
incubation, Alexa Flour 488-tagged donkey anti-goat antibody or donkey anti-mouse
antibody was used to detect the primary antibody. The labeled platelets were analyzed on the
BD-FACS Caliber flow cytometer for EPCR expression. HUVEC and bEnd.3 cells were
used as positive controls for human and mouse EPCR expression, respectively.

2.81 Immunoblot analysis

Two mL of unactivated and activated platelet suspension were pelleted down by centrifuging
at 1,250 x g for 20 min at room temperature, supernatants were discarded, and the pellets
were lysed in 1x SDS loading buffer. The samples were subjected to SDS-PAGE, followed
by immunoblot analysis.

291 Data collection and statistical analysis

Three to 9 animals were used in each experimental group. The values of each parameter
within a group were expressed as the mean £ SEM. Statistical significance between the two
groups was assessed using the Mann-Whitney test. One-way analysis of variance (ANOVA)
was used to determine statistically significant differences between more than two groups.
Where ANOVA was used, Tukey’s post hoc multiple comparison test was used to obtain
statistical significance between two treatment groups. GraphPad Prism version 8 was used
for the statistical analysis and preparation of graphs.
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31 RESULTS

3.11 Efficacy of platelet depletion in a murine model of hemophilia A

We tested two different platelet depleting antibodies - rat anti-mouse integrin alpha Ilb (anti-
mouse CD41) and rat anti-mouse GPIb (anti-mouse CD42b) - for their efficacy to deplete
platelets. Intravenous administration of anti-mouse CD41 antibodies (1 mg/kg) to wild-type
mice depleted 40-50% of platelets at 2 h following the antibody administration, and the
platelet depletion reached about 80-85% at 24 h following the antibody administration
(Figure 1A). Administration of anti-mouse CD42b antibodies (1 mg/kg) depleted 90-95% of
platelets within 2 to 4 h after the intravenous administration of the antibody in both wild-
type and FVI11=/~ mice (Figure 1B). Injection of a similar concentration of control rat IgG
did not result in any significant decrease in platelet number. Since rat anti-mouse CD42b
antibodies were more effective than rat anti-mouse CD41 antibodies in depleting platelets,
we used CD42b antibodies to deplete platelets in further experiments.

3.21 Thrombin is generated in a localized manner at the injury site

Since platelets are essential for clot formation, the hemostatic effect of rFVIla in platelet-
depleted mice was assessed by measuring the amount of thrombin generated in the blood.
TAT complex levels in the plasma were used as the indicator of the amount of thrombin
generated in the blood. In initial experiments, wild-type mice were subjected to the
saphenous vein injury, and the blood was collected directly from the injury site into citrate
anticoagulant. Blood was also collected from the same mice via a submandibular vein or
cardiac puncture at 15 min post-injury. Thrombin generated in the blood collected from
different sites flowing the injury was compared with that of pre-injury collected blood. As
shown in Figure 2, no significant increase in TAT levels was found in the plasma isolated
from the blood collected from the submandibular vein or cardiac puncture, 8.03 + 2.84 and
9.77 £ 4.82 ng/ml, respectively, compared to TAT levels in the plasma obtained from the
blood collected before the injury (8.08 +1.16 ng/ml).

In contrast, TAT levels were markedly higher in the plasma collected at the injury site (154
35.2 ng/ml). We also found that the rate of TAT generation at the injury site was constant
during the 30 min-bleeding period as we measured similar TAT levels in the blood collected
over the different time courses (0-10 min; 10-20 min; and 20-30 min, data not shown). These
results clearly indicate that injury was required for thrombin generation and that thrombin
generation was limited strictly to the injury site and did not diffuse. These data suggest that
the measurement of TAT levels in the systemic circulation does not reveal the extent of
thrombin generated at the injury site.

3.31 Pharmacological doses of rFVlla generate thrombin in platelet-dependent and
platelet-independent mechanisms in the antibody-induced murine hemophilia models

Next, to investigate the contribution of platelet-dependent and -independent mechanisms to
the restoration of hemostasis by pharmacological concentrations of rFVIla in hemophilia
with inhibitors, wild-type mice were either administered with anti-FVI11, anti-CD42b, or
both. Then, rFVI1la was administered to mice, and mice were subjected to the saphenous
vein injury. TAT levels in the blood collected at the injury site were measured. As reported
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earlier [27], the administration of anti-FV111 antibodies neutralized factor FVIII activity by
about 95%. As shown in Figure 1, the administration of anti-CD42b antibodies depleted
about 95% of platelets in the circulation. Wild-type mice that did not receive either anti-
FVIII or anti-CD42b antibodies generated the highest TAT complex levels in the blood
collected at the injury site (249.7 £ 40.65 ng/ml). Administration of isotype control 1gG had
no significant effect on thrombin generation (216 £ 30.8 ng/ml). Wild-type mice that
received anti-CD42b antibodies to deplete platelets showed a marked decrease in TAT levels
(50.9 + 17.62 ng/ml) following the injury. Administration of FVIII antibodies also markedly
decreased the generation of TAT (17.2 + 4.09 ng/ml) at the injury site. The depletion of
platelets in FVIII antibodies-administered mice further reduced the TAT levels to the lowest,
4.7 £ 0.58 ng/ml. These mice bled profusely, compared to mice administered with either
anti-FVIII or anti-CD42b antibodies, and died within 15 to 20 min following the saphenous
vein injury. Administration of rFVIla (1 or 4 mg/kg) partially restored thrombin generation
in all groups of mice to varying extents (Figure 3). For example, administration of 4 mg/kg
rFV1la to mice administered with anti-FVI11 antibodies increased TAT levels 133.8 + 26.06
ng/ml, approximately 60% of the TAT levels observed in wild-type mice. More importantly,
the administration of rFV1la (4 mg/kg) also increased TAT levels significantly in mice
administered with FVI1I antibodies and depleted of platelets (58.7 £ 5.39 ng/ml). These TAT
levels constitute about 45% of the TAT levels observed in rFVI1la-treated acquired
hemophilia A mice, in which platelets were not depleted. These data clearly illustrate that
pharmacological concentrations of rFV1la can generate significant amounts of thrombin in a
platelet-independent mechanism in hemophilia with inhibitors.

3.41 FVlla-EPCR interaction does not directly contribute to thrombin generation at the

injury site

The relevance of FVIla-EPCR interactions in hemostasis in the context of FVIla therapy in
disease is not completely understood. It has been suggested that FVIla binding to EPCR on
the vascular endothelium [34] or platelets [28] could enhance FVIla activation of factor X,
which could lead to enhanced thrombin generation in hemophilia patients treated with
rFVI1la. To investigate the role of EPCR in platelet-dependent and platelet-independent
rFVIla-induced thrombin generation in hemophilia, FVI117/~, Tie2-EPCR/FVIII™~, and
EPCR™=/FVI117/~ mice were administered with anti-CD42b antibodies to deplete platelets
or control 1gG. These mice were administered with rFVIla (4 mg/kg), subjected to the
saphenous vein injury, and thrombin generation at the injury site was assessed by measuring
TAT levels in the blood collected at the injury site. As shown in Figure 4, in the absence of
any treatment, very low levels of TAT were generated in all three genotypes at injury site
following the saphenous vein incision (FVII17~, 18.8 + 4.8 ng/ml; EPCR™-/FVIII/~, 16.7 +
2.6 ng/ml; and Tie2-EPCR/FVIII~/~, 17.5 + 4.1 ng/ml). Administration of control isotype
IgG had no significant effect on TAT generation in these mice. The depletion of platelets
with CD42b antibodies further reduced TAT levels, but the reduction is not statistically
significant compared to hemophilia mice administered with saline or control IgG (Figure 4).
Administration of rFVI1la to FVIIIT=, Tie2-EPCR/FVIII™=, or EPCR™-/FVII17/~ mice that
were administered with control 1gG markedly increased TAT levels (FVIII™~, 202 + 24.0
ng/ml; EPCR™-/FVII17/=, 208 + 32.8 ng/ml; and Tie2-EPCR/FVIII~/~, 129 + 26.1 ng/ml).
The differences in TAT levels among the genotypes were not statistically significant.
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Administration of rFVI1la to platelet-depleted FVIII~/~, Tie2-EPCR/FVIII~/~, and EPCR™~/
FVII1™~ mice also led to a significant increase in TAT levels, although to a lower extent
compared to the corresponding genotype administered with control IgG (FVIII7~, 54 +9.8
ng/ml; EPCR™=/FVIII~/~, 53 + 7.5 ng/ml; and Tie2-EPCR/FVIII~/-, 42 + 3.5 ng/ml; Figure
4). These data indicate, as observed in acquired hemophilia model (Figure 3), rFVlla
generates about 30% of thrombin in a platelet-independent mechanism. The above data also
suggest that FVIla binding to EPCR does not directly contribute to thrombin generation.

3.51 Neither murine not human platelets express EPCR

Recent studies reported that human platelets express EPCR, and FVlla binding to platelet
EPCR may contribute to the hemostatic effect of rFVIla in hemophilia therapy [28]. There is
no information at present on whether murine platelets express EPCR. Therefore, we next
evaluated the status of EPCR expression in murine platelets. Washed platelets isolated from
platelet-rich plasma of wild-type C57BL/6J mice were activated with thrombin (10 nM),
collagen I (10 pg/ml), or both for 30 min, stained with murine EPCR-specific polyclonal
antibodies, and subjected to flow cytometry. As shown in Figure 5A, we found no detectable
staining of EPCR on either unactivated or activated platelets. Annexin V binding shows
increased externalization of PS in thrombin- and collagen-stimulated platelets, indicating the
activation of platelets by these treatments. In a positive control, bEnd.3 murine endothelial
cells were stained positive for the EPCR. In additional studies, platelet lysates were
subjected to immunoblot analysis. As shown in Figure 5B, we found no detectable EPCR
band even when the lysate from 4 x 108 platelets was used for the immunoblot analysis.
EPCR antibodies could detect EPCR from endothelial cell lysates, as low as from 1.5 x103
endothelial cells. To address whether the absence of EPCR in platelets is specific to murine
EPCR, we next examined for the presence of EPCR in human platelets. As observed with
murine platelets, we found no detectable signal to EPCR in human platelets too, either
unactivated or activated (Figure 5C and 5D).

41 DISCUSSION

Data from experimental models and clinical observations strongly support the concept that
high doses of rFVIla provide the hemostatic effect in hemophilia and other bleeding
disorders through platelet-dependent and TF-independent mechanism (see rev [35]). Binding
of FVIla to anionic phospholipids expressed on activated platelets and the anionic
phospholipid-mediated FVIla activation of FX to FXa on activated platelets were thought to
be responsible to the generation of sufficient thrombin to correct the bleeding disorder in
hemophilia patients with inhibitors [11, 36, 37]. Binding of FVIla to glycoprotein 1b/IX/V
complex on platelets was also shown to contribute to TF-independent thrombin generation
by rFVIla on the activated platelet surface [38]. In addition to activated platelets, other blood
cells and the damaged vascular endothelium at the injury site may also provide anionic
phospholipid procoagulant membrane surface [39]. However, at present, there is no
information on whether high doses of rFVIla can generate thrombin in the platelet-
independent mechanism in hemophilia. Data presented in the manuscript provide strong
evidence that pharmacological doses of rFV1la generate substantial amounts of thrombin in
platelet-independent mechanism in hemophilia animal model systems. Our data show that
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pharmacological doses of rFV1la generate about 30% of thrombin in the platelet-
independent mechanism. Our present data also show that rFVI1la-induced thrombin
generation is strictly limited to the site of injury. In contrast to published data [28], in the
present study, we found no evidence for detectable expression of EPCR in platelets.

It is unlikely that the platelet-independent generation of thrombin by rFVIla at the
saphenous vein injury site comes from the TF-dependent mechanism. Our earlier studies
using the same injury model system showed that pharmacological concentrations of rFV1la
restore hemostasis independent of TF in an antibody-induced murine hemophilia model.
This study documented that rFVIla administration reduced the bleed times and blood loss to
similar extents in hemophilic mice expressing very low levels (1%) or normal levels of
human TF (HTF) [12]. /n vivo studies, using a rFV1la mutant that is completely devoid of
TF binding also provides strong evidence that the TF-dependent mechanism does not play a
role in rFVIla-mediated hemostasis in hemophilia [10]. Consistent with the above data, we
found that the administration of neutralizing TF mAb did not attenuate rFVIla-induced
thrombin generation in platelet-depleted FVI11~/~ mice (data not shown).

rFV1la binds very weakly to phospholipids, including anionic phospholipid, PS [40, 41].
Studies of Tavoosi et al. [42] showed that rFV1la binds to phosphatic acid substantially
better than to PS, but still with a low affinity (Kg = 1. 7 uM). Under these conditions,
rFVIla-mediated FX activation will linearly correlate with the amount of phospholipids
available to interact with rFVIla. Therefore, a tiny fraction of platelets left in the circulation
(<5%) following the platelet depletion in our studies could not be responsible for the
substantial amount of thrombin generated in hemophilia mice following rFVIla
administration.

In addition to platelets, other peripheral blood cells and the vascular endothelium interact
with coagulation proteins, provide phospholipid membrane surface, and promote
coagulation reactions leading to thrombin generation [43-45]. Therefore, it is possible that
rFV1la binding to membrane lipids on other cell surfaces may also lead to thrombin
generation. This may account for a substantial amount of thrombin generated when high
doses of rFVIla were administered to hemophilia patients. Our present data do not identify
the cellular source of platelet-independent thrombin generation. Given the large surface area
provided by the vascular endothelium [46], the endothelium could be the major procoagulant
source for the generation of thrombin by pharmacological concentrations of rFVIla,
independent of platelets. However, an injury to the endothelium appears to be necessary to
trigger rFVIla-mediated thrombin generation. It is possible that extracellular vesicles (EVS)
originated from other cell types may also provide the phospholipid surface in platelet-
depleted hemophilia mice to support the platelet-independent thrombin generation upon
administration of pharmacological concentrations of rFVIla. A recent study showed that
about 50% of EVs were originated cells other than platelets, including a small fraction from
activated endothelial cells, in healthy humans [47]. Although these EVs appear to lack
procoagulant activity when analyzed in a fibrin generation assay /n vitro [47], it is possible
that these EVs could possess traces of procoagulant activity, and they could still support
thrombin generation at the site of injury. It is possible that platelet-derived MVs, generated
before depleting platelets, might contribute to rFVIla-induced hemostasis in platelet-
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depleted hemophilia mice. However, it is unlikely as any such platelet-derived MVs would
have been cleared from the circulation in a 4 h time period between the administration of
platelet-depleting antibody and subjecting the mice to rFV1la treatment and saphenous vein
incision.

We found no evidence for systemic activation of coagulation with the administration of
pharmacologic doses of rFVIla. Thrombin generated at the injury site by rFVIla is limited to
the injury site and does not enter into the systemic circulation. Our data that suggest
damaged endothelium and possibly other cells play an important role in providing a
procoagulant membrane surface for FVI1la activation of FX, and the subsequent thrombin
generation is consistent with the findings of lvanciu et al. [25], who showed elegantly that
prothrombinase bound in the vicinity of vascular damage is largely localized to activated
endothelium, away from adherent activated platelets. In these studies, the reduction of
adherent platelets to the site of injury did not substantially diminish prothrombinase
assembly or thrombin formation. In this aspect, the importance of platelets in supporting
rFVI1la activation of FX and prothrombinase assembly may differ. Although our studies
suggest that cells other than platelets provide substantial amounts of rFVIla-mediated
thrombin generation at the injury site, platelets appear to play a major role in rFVIla-induced
thrombin generation.

Although EPCR on the endothelium specifically interacts with FVIla, relatively with a high
affinity [26], and localizes FVIla to the endothelium [48], it does not play a direct role in
rFVI1la-mediated thrombin generation. Our earlier studies showed that FV1la binding to
EPCR does not enhance FVlla activation of FX [26]. Consistent with these data, in the
current study, we found no differences in thrombin generation between hemophilia A mice
expressing normal levels of EPCR and EPCR-deficient hemophilia A mice at the injury site
following administration of high doses of rFVIla. On the face value, the current data may
appear contrary to the data reported in our recent article in which we showed that rFVIla is
more efficient in restoring the hemostasis in EPCR-deficient acquired hemophilia A mice
due to the absence of EPCR-mediated activation of protein C [27]. However, the effect of
EPCR deficiency on the efficacy of rFVIla in restoring hemostasis in hemophilia is only
discernible with the use of a lower dose of rFVI1la (0. 25 mg/kg). At higher doses of rFVI1la
(1 and 4 mg/kg), there were no significant difference in rFVI1la’s effect in restoring
hemostasis in EPCR-expressing and EPCR-deficient hemophilia mice [27]. The current
study employed rFV1la doses of 1 and 4 mg/kg. A slightly lower thrombin generation
observed in EPCR-overexpressing hemophilia mice could be due to the enhanced
anticoagulation in these mice and consistent with our earlier findings [27].

Recently, Fager et al. [28] demonstrated that human platelets express EPCR, and suggested
that modulation of EPCR binding to platelets could be utilized to enhance the efficacy of
rationally designed rFV1la analogs. In the current study, we found no evidence for the
presence of EPCR in murine platelets. It is possible that the murine platelets may differ from
that of human platelets for the expression of EPCR. However, we also did not detect EPCR
in human platelets too. At present, the reason for the differing results between these two
studies is unknown. However, we speculate that trace contamination of leukocytes in platelet
preparation may be responsible for detecting EPCR mRNA in platelets and EPCR protein in
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platelet lysates in the earlier study. Flow cytometry and microscopic studies that document
the presence of EPCR in human platelets utilized commercially available EPCR antibodies
that had no proven record of the specificity. In the current study, we employed both
polyclonal and monoclonal EPCR antibodies generated in-house by one of the authors’ (Dr.
Esmon) laboratory that were characterized extensively and used routinely in our laboratories
over the past two decades [32, 48-52]. It is conceivable that human platelets express EPCR
that is below the detection limit in our analyses. However, this seems unlikely as we could
easily detect EPCR from as low as 1.0 x 103 endothelial cells in our immunoblot analysis. In
contrast, no EPCR band was detected even when the lysate from 4 x 108 platelets was used
for immunoblot analysis.

Our current observation that pharmacological concentrations of rFVIla can generate
thrombin independent of platelets provides an additional explanation on how rFVl1la
treatment is effective in correcting bleeding disorders in patients with various platelets
disorders, including GT, BSS, and severe thrombocytopenia, where thrombin generation is
severely impaired [19, 53-56]. Although the mechanism by which rFVIla corrects bleeding
in these patients is not rigorously elucidated, it has been attributed that high concentrations
of rFVIla can generate sufficient thrombin via activation of FX by the platelet-bound rFVIla
and restoration of platelet aggregation by polymeric fibrin [19, 57]. Here, we suggest that
thrombin generated by pharmacological doses of rFV1la on the injured vascular endothelium
promotes platelet activation and generates polymerized fibrin that facilitates adherence of
activated platelets at the injured site.

In summary, our data indicate that, although the platelet-dependent mechanism plays a
major role in achieving hemostasis by pharmacological concentrations of rFVlla in
hemophilia treatment, platelet-independent mechanisms may also contribute to rFVlla-
mediated hemostasis in hemophilia and other bleeding disorders. In addition to binding
EPCR on the endothelium and down-regulating the EPCR-mediated anticoagulation
pathway, rFV1la, when administered in pharmacological concentrations, can also bind the
membrane surface of damaged endothelium, in addition to activated platelets. The activated
endothelium also supports the binding and assembly of other coagulation proteins [25, 43].
Thus, FVIla activation of FX on the activated endothelium could lead to thrombin
generation. Accumulating evidence indicates that pharmacological concentrations of rFVIla
generate thrombin by multiple mechanisms, and the combined effect may be responsible for
the hemostatic effect of rFVIla and correcting the bleeding disorder (Figure 6). Our current
findings may have implications in designing and the development of new rFVI1la variants in
treating bleeding disorders. Furthermore, a thorough understanding of the mechanism of
rFVI1la action will allow us to reduce some of the risks associated with off-label use of
rFVila.
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Essentials
. rFVlla is believed to provide hemostasis in hemophilia in a platelet-dependent
mechanism.
. We show now rFVlla also induces thrombin generation independent of

platelets in hemophilia mice.
. rFVIla-induced thrombin generation is localized strictly to the site of injury.

. We found no evidence that either human or murine platelets express EPCR.
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Depletion of platelets in wild-type and hemophilia A mice. (A) Wild-type mice were
administered with control IgG or rat anti-murine CD41 antibody (1 mg/kg) intravenously via
the tail-vein. A small aliquot of blood was drawn into EDTA anticoagulant at 2 and 24 h
following the antibody administration. Platelets were counted using Hemavet. Percent of
platelet depletion was calculated by comparing the platelet count after the antibody
administration with the platelet count before the administration of the antibodies. (B) Wild-
type or FVIII~ mice were injected with control IgG or rat anti-murine CD42b antibodies.
Blood was drawn 4 h after the antibody administration, and percent platelet depletion was

calculated as described above (n =4 to 10 mice/group).
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FIGURE 2.
TAT levels in blood collected from different sites following the saphenous vein injury.

Bleeding in wild-type mice was induced by the saphenous vein incision. Following the
injury, blood from the injury site was collected directly into the citrate anticoagulant for 15
min (SV). At the end of 15 min, blood was also drawn into citrate anticoagulant via the sub-
mandibular vein (SM) or intracardiac (IC) puncture. A small aliquot of blood (50 pl or less)
was drawn from mice a day before the injury via the sub-mandibular vein (SM) puncture to
serve as pre-injury control. TAT levels in the plasma were measured in ELISA. ***
p<0.001; **** 1p<0.0001 (n = 3 to 7 mice/group).
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Pharmacological doses of rFV11a generate thrombin in platelet-dependent and platelet-
independent mechanisms in the antibody-induced murine hemophilia model. Wild-type mice
were injected with anti-FV111 and/or platelet-depleting anti-CD42b antibodies or control 19G
(1 ma/kg). After 4 h, rFVIla was administered to mice at two different doses (1 mg/kg or 4
mg/kg) intravenously. Immediately, mice were subjected to the saphenous vein injury, and
blood was collected from the injury site. TAT levels in the plasma were measured in ELISA.
** p<0.01 *** p<0.001 (n = 6 to 9 mice/group).
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FIGURE 4.
FVIla-EPCR interaction does not directly contribute to thrombin generation. FVII17/~,

EPCR-deficient FVIII~~ mice, and Tie2-EPCR FVII1™/~ mice were injected with platelet-
depleting antibody (CDA42 antibody) or control 1gG (1 mg/kg). After 4 h, rFVIla (4 mg/Kg)
was injected via the tail vein, and immediately, bleeding was induced by the saphenous vein
incision. Blood was collected from the injury site for 15 min following the injury, and TAT
levels were measured. TAT levels in mice depleted of platelets + rFV1la treatment within the
same genotype or TAT levels among various genotypes were compared. to determine
statistical significance, ns, not statically significant difference; **, p<0.01 (n = 4 to 6 mice/

group).
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FIGURE 5.
Analysis of murine and human platelets for EPCR expression. Washed platelets were

prepared from murine (C57BL/6J wild-type mice) and human (healthy volunteers) blood
using standard procedures. The washed platelets were activated with either collagen 1 (10
pg/ml) or thrombin (10 nM) or both for 30 min. Murine unactivated and activated platelets
were stained with polyclonal goat anti-mouse EPCR antibodies or annexin V and subjected
to flow cytometry (A). Lysates of murine platelets (from 4 x108 platelets) were subjected to
immunoblot analysis and probed with goat anti-mouse EPCR antibodies (B). As a control,
cell lysates from 1.5 x 104, 0.75 x104, and 0.15 x10% murine endothelial cells (bEnd3) were
used for immunoblot analysis. Human platelets were labeled with polyclonal goat anti-
human EPCR antibodies or annexin V and subjected to flow cytometry (C). Lysates of
human platelets (4 x 108 platelets) and HUVEC (from 4.0 to 0.1 x 10* cells) were subjected
to immunoblot analysis and probed with goat anti-human EPCR antibodies. For probing B-
actin in platelets as a loading control, 10 times less protein was used in immunoblot analysis
compared to probing for EPCR.
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FIGURE 6.
Mechanisms of thrombin generation by pharmacological doses of rFVIla. When

pharmacological doses of rFVIla are administered, it generates traces of thrombin initially
by binding to TF at the injury site and activating FX to FXa in the TF-dependent mechanism
(1). This thrombin activates platelets. rFVIla binds to activated platelets, and the platelet-
bound rFVIla generates the majority of thrombin by activating FX to FXa in a platelet
phospholipid-dependent mechanism (2). rFV1la also binds to the damaged endothelium at
the injury site or other blood cells, and this leads to the generation of substantial amounts of
thrombin in platelet-independent and TF-independent mechanism (3). rFV1la also competes
with protein C for EPCR binding, and displacement of protein C from the EPCR leads to
down-regulation EPCR-mediated anticoagulation pathway, which indirectly contributes to
thrombin generation (4).
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