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Abstract

Background: Patients with hemophilia have deficiencies in intrinsic coagulation fac-
tors and can develop inhibitors that limit the effectiveness of replacement coagu-
lation factors. Marstacimab, a human monoclonal antibody, binds and inhibits the
human tissue factor pathway inhibitor. Marstacimab is currently under development
as a potential prophylactic treatment to prevent bleeding episodes in patients with
hemophilia A and B.

Objective: To assess the effects of marstacimab alone or in combination with the
bypassing agent recombinant factor FVIlla (rFVIla) or activated prothrombin complex
concentrate (aPCC) on thrombin generation and bleeding.

Methods: Marstacimab and/or rFVila or aPCC were added to hemophilic A or B
plasma or nonhemophilic plasma in vitro. Hemostatic activity was measured using the
thrombin generation assay. In vivo effects were assessed using a mouse acute bleed-
ing model. Male hemophilia A mice were dosed with marstacimab plus aPCC before
tail clip; blood loss was quantified by measuring hemoglobin.

Results: Marstacimab plus rFVlla or aPCC slightly increased peak thrombin levels com-
pared with either agent alone. This increase was within the reported range for nonhe-
mophilic plasma and did not exceed levels observed in nonhemophilic plasma treated
with marstacimab alone. Hemophilia A mice that received 200 U/kg aPCC had sig-
nificantly reduced bleeding (62%) compared with vehicle-treated mice (p < 0.05), and
marstacimab plus aPCC reduced bleeding by 83.3% compared with vehicle (p= 0.0009).
Conclusions: Marstacimab alone or with bypassing agents increased hemostasis in
hemophilia plasma without generating excessive thrombin. The hemostatic activity of

marstacimab plus aPCC was confirmed in hemophilia A mice.
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Essentials

e Marstacimab is a human monoclonal antibody targeting tissue factor pathway inhibitor (TFPI).

o Effects of marstacimab and bypassing agents on thrombin generation were tested in vitro.

e Marstacimab plus a bypassing agent increased hemostasis without inducing hypercoagulation.

e Using a mouse injury model, marstacimab and a bypassing agent reduced bleeding.

1 | INTRODUCTION

Hemophilia A and B are hereditary bleeding disorders characterized
by deficiencies in factor VIII (FVIII) or factor IX (FIX), respectively,
of the intrinsic coagulation pathway.>? Reduced activity of these in-
trinsic factors leads to inadequate generation of thrombin for the
conversion of fibrinogen to fibrin and the development of a stable
clot.> Hemophilia has been primarily managed by replacing deficient
clotting factors using recombinant protein- or plasma-derived prod-
ucts.! New nonfactor agents, such as emicizumab, were recently
approved for hemophilia A.** However, neutralizing antibodies, or
inhibitors, develop in approximately 20%-30% of patients with se-
vere hemophilia A who are receiving replacement clotting factors,
with inhibitor development more rare in patients with severe he-
mophilia B.2>® Two commonly used bypassing treatments for the
resolution of bleeding in hemophilia patients with inhibitors are re-
combinant factor Vlla (rFVlla, eptacog alfa) and activated prothrom-
bin complex concentrate (aPCC).!

Tissue factor pathway inhibitor (TFPI) is a Kunitz-type serine
protease inhibitor that negatively regulates thrombin generation
within the extrinsic coagulation pathway.” TFPI is largely found in
the microvascular endothelium and is stored in multiple pools, in-
cluding plasma and platelets.®? TFPI inhibits the functions of the Xa
(FXa) and FVIla/tissue factor (TF) complex.1%** Marstacimab (previ-
ously PF-06741086) is a fully human monoclonal antibody designed
to target the extrinsic tissue factor/FVlla pathway by binding to the
Kunitz-2 domain (3.7 nM)*213 of human TFPI, thereby neutralizing its
inhibitory activity.}* By inhibiting TFPI, FXa generation is increased,
even in the absence of FVIII or FIX, leading to increased thrombin
production and clot formation, thus bypassing the deficiencies in
the intrinsic coagulation pathway.7’15 Marstacimab, a nonreplace-
ment hemostatic agent, is in development as a potential subcutane-
ous prophylactic treatment to prevent bleeding episodes in patients
with hemophilia A or B, with or without inhibitors. By targeting the
extrinsic and common pathway, marstacimab would not be affected
by inhibitors.1¢”

Thrombotic events have been associated with concomitant use
of a bypass agent (an aPCC: FEIBA) for treatment of breakthrough
bleeding episodes during prophylaxis of patients with inhibitors with
the nonfactor treatment emicizumab. Nonfatal thrombotic events
were also observed in two studies with anti-TFPI monoclonal anti-
bodies in development, resulting in either termination or interrup-
tion of the study.18 Patients with inhibitors receiving treatment with
marstacimab may concomitantly receive treatment with rFVlla or

t.19

aPCC after a breakthrough bleeding event.”” Therefore, there is a

potential concern for excessive thrombin generation with the use of
marstacimab in combination with rFVlla or aPCC. To investigate this
consideration, we studied the effects of marstacimab on thrombin
generation in the presence or absence of rFVlla or aPCC in hemo-
philic plasma with or without inhibitors. In addition, an acute tail clip
injury model in hemophilia A mice was used to evaluate the hemo-

static activity of marstacimab with or without aPCC in vivo.

2 | METHODS

2.1 | Materials and reagents

Marstacimab was produced by Pfizer Inc. rFVlla (eptacog alfa) was
obtained from Novo Nordisk and aPCC (FEIBA) was obtained from
Baxalta Inc.?® and reconstituted according to the package insert.
Citrated platelet-poor severe hemophilia A (FVIII deficient), severe
hemophilia A with an inhibitor, severe hemophilia B (FIX deficient),
and human normal (nonhemophilic) pooled plasma were obtained
from George King Biomedical (Overland Park, KS). Severe hemo-
philia B inhibitor plasma (FIX immune-depleted with FIX inhibitory
antibody) was obtained from Affinity Biologicals. All hemophilia
plasma had less than 1% coagulation factor activity.?! The throm-
bin generation reagents, PPP-Reagent LOW, thrombin calibrator,
and Flu-Ca kit (comprising Fluo-Buffer and Fluo-Substrate con-
taining the fluorogenic substrate solubilized in dimethyl sulfoxide)
were obtained from Diagnostica Stago. The calibrated automated
thrombogram (CAT), including the Fluoroskan Ascent fluorescent
plate reader (Thrombinoscope BV, Maastricht, the Netherlands),
and Thrombinoscope software (version 5) were also obtained from

Diagnostica Stago.

2.2 | Thrombin generation assays

The effect of marstacimab alone and in combination with rFVlla
or aPCC was evaluated in citrated, platelet-poor plasma from indi-
viduals with severe hemophilia A or B, with or without inhibitors.
Control reactions included (1) vehicle-treated hemophilic plasma,
(2) untreated nonhemophilic plasma, and (3) nonhemophilic plasma
dosed with 16 pg/ml of marstacimab. Thrombin generation in
platelet-poor human nonhemophilic plasma was evaluated in each
thrombin generation assay (total number of assays = 15). The effect
of marstacimab on thrombin generation was also measured in non-

hemophilic plasma, which has the full complement of coagulation
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factors. Marstacimab was added to the plasma samples at a concen-
tration of 16 pug/ml to approximate the maximum plasma concentra-
tion following steady state for a 2-mg/kg subcutaneous dose based
on modeling or a single 300-mg subcutaneous dose.'?2 The throm-
bin generation assay is a global assay that measures multiple phases
of thrombin generation, including the lag time (initiation phase), ac-
tivation phase, and inactivation phase.?®> Thrombin generation was
evaluated using the CAT. Buffers used in the rFVlla procedure in-
cluded 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer (pH 7.4, including 20 mM HEPES, 150 mM sodium chloride,
and 1% bovine serum albumin) and phosphate buffered saline (PBS;
containing 137 mM sodium chloride, 2.7 mM potassium chloride,
8.1 mM disodium phosphate, 1.47 mM monopotassium phosphate).
The vehicle comprised 50% PBS/50% HEPES buffer, rFVIla (5 pl in
HEPES buffer), or HEPES buffer (5 pl) added to 70 pl of hemophilic
plasma samples. A total of 5 pl of marstacimab (diluted in PBS) or PBS
(5 ul) were added to the rFVlla-dosed hemophilic plasma samples
(75 pl) and to the HEPES buffer-treated hemophilic plasma (75 pl).
In addition, 5 pl of marstacimab (at 16 pg/ml) was assayed in HEPES
buffer-treated nonhemophilic plasma (75 pl). Control untreated non-
hemophilic plasma (80 pl) was included in the analysis.

Similarly, to evaluate the effect of marstacimab on thrombin
generation in combination with aPCC, assays were performed ei-
ther as individual treatments with increasing concentrations of
aPCC (0.063, 0.125, 0.5, and 1 U/ml), marstacimab (0.5, 1, 2, 4, 8,
and 16 pug/ml), and vehicle, or as combination studies where the final
plasma concentrations of aPCC and marstacimab were 1 U/ml and
16 pg/ml, respectively. A concentration of 1 U/ml aPCC was used
to approximate plasma levels achieved with routine aPCC dosing at
100 U/kg. For all assays, the plasma volume was 70 pl. Buffers used
in this study included PBS, aPCC diluent (trisodium citrate dihydrate
13.6 mM, sodium chloride 136.9 mM with pH 7.4) and vehicle (50%
PBS/50% aPCC diluent). Test reagents were added to the respec-
tive plasma as follows: (1) 10 pl of marstacimab alone or aPCC alone
(in 50% PBS/50% aPCC diluent); (2) for combination studies: 5 pl of
marstacimab (PBS) and 5 ul of aPCC (aPCC diluent); (3) for vehicle-
treated hemophilic control plasma (baseline): 10 pl of vehicle; (4) for
control untreated nonhemophilic plasma: 10 ul of vehicle; and (5) for
nonhemophilic plasma dosed with 5 pl of marstacimab and 5 pl of
aPCC diluent.

For all thrombin generation assays, 20 pl of PPP-Reagent LOW
reagent (final concentration 4 uM and 1 pM TF) was added manu-
ally to the plasma and each reaction was run in duplicate. Duplicate
reference-calibrated reactions (20 pl thrombin calibrator with 80 pl
of vehicle-dosed hemophilic or nonhemophilic plasma or 80 pl
of untreated nonhemophilic plasma) were run in parallel. Samples
were incubated at 37°C for 5 min, and reactions were then ini-
tiated by the addition of 20 pl of FluCa buffer, containing calcium
chloride and fluorogenic substrate, for a total reaction volume of
120 pl. Fluorescence of plasma reactions was read at 37°C at 20-s
intervals on a Fluoroskan Ascent fluorometer and compared with
the reference thrombin calibrator reactions to determine throm-
bin concentrations. The intensity of the fluorescence signal was

sssssssssssssssssss

continuously monitored at 37°C using the CAT. Data generated by
Thrombinoscope software was exported to Microsoft Excel (version
2010). Thrombograms (nM thrombin vs time) were plotted using
Excel (rFVIla only) or GraphPad Prism.

2.3 | Acute tail clip injury in hemophilia A mice
Marstacimab binds to and inhibits TFPI activity with broad species
cross-reactivity, including mouse TFPI with a 6-fold higher affin-
ity than human TFP1.2 The thrombin generation assays were con-
ducted in platelet-poor plasma that lacked many of the components
necessary for in vivo coagulation, including platelets, which are also
a source of TFPL.Y?* A model of acute bleeding in hemophilia A mice
(i.e., the acute tail clip injury model) was used to evaluate the com-
bined hemostatic activity of marstacimab and aPCC in vivo. In the
mouse, acute injury induces blood loss and is indicative of coagula-
tion function. Hemophilia A mice have been used to assess hemo-
static agents in vivo. The tail clip is a severe injury model in mice
with hemophilia in which a small portion of the tail (3 mm) is tran-
sected, resulting in significant blood loss. Small studies have been
performed to investigate the effects of rFVIla and marstacimab in
the mouse bleeding model. Studies investigating these effects re-
main a challenge given that high levels of human rFVlla are needed
to reduce blood loss following tail injury.?> An approximate 50% re-
duction in bleeding events with the combination of marstacimab and
rFVlla has been observed (Figure S1).

Male hemophilia A mice, aged 9-27 weeks old and each weigh-
ing 20-50 g, were obtained from Charles River Laboratories
(Wilmington, MA) and acclimated for at least 3 days before the
experimental procedure. Each mouse received a single intrave-
nous dose of marstacimab (0.5 mg/kg) 30 minutes before tail clip
alone or in combination with various concentrations of aPCC (50,
100, and 200 U/kg), which were administered via the tail vein 5 min
before tail clip. The suboptimal dose of marstacimab used in this
model was based on previous studies of marstacimab in the hemo-
philia A mouse model, which showed little to no hemostatic effect
at doses of marstacimab <1 mg/kg.26 The doses of aPCC (50, 100,
and 200 U/kg) were chosen based on a previously reported study of
aPCC, where minimal blood loss was observed at 100 and 200 U/kg
and at clinically used doses.?” Control mice received PBS. Mice were
anesthetized with a cocktail of ketamine 100 mg/kg and xylazine
10 mg/kg delivered intraperitoneally and were placed on a heated
platform before the tail clip injury. The tails were immersed in 50 ml
of prewarmed PBS at 37°C for 2 min. A 3-mm tail transection was
made, and blood was collected into PBS for 10 min. The hemostatic
effect was determined by measuring the volume of blood loss as de-
scribed later.

A quantitative assessment of blood loss was determined by mea-
suring the hemoglobin content of the blood collected in PBS. To col-
lect erythrocytes, sample tubes were centrifuged, and the pelleted
erythrocytes were suspended in 10 ml of lysis buffer (8.3 g/L ammo-
nium chloride, 1.0 g/L potassium bicarbonate, and 0.037 g/L EDTA).
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TABLE 1 Peak thrombin levels and lag time parameter from thrombin generation assay for marstacimab and rFVIla

Nonhemophilic plasma

Marstacimab (16 pg/ml)

rFVila (2 pg/ml)

Marstacimab
(16 pg/ml)

marstacimab (16 pg/ml)

Nonhemophilic plasma®

rFVila 2 pg/ml

Vehicle?

Group
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Peak thrombin levels, nM

1)°

198 (n

128-135
130-132
143

102-178
99-157

167
117

82-172
88-166
174

72

45-113

46-89
131
60

26-76
24-66

81

6)

Hemophilia A with inhibitor 3-261 BU (n = 3)

HemophiliaB(n=1)

Hemophilia A (n

198-199
171
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228

133

32

Hemophilia B with inhibitor 14 BU (nh = 1)

Lag time, min

2.33

3.08-4.33
3.08-3.25

2.92
4.09

1.00-2.33
1.00-1.50

0.83
1.17

1.67-4.10
1.67-2.50

2.00
2.84

0.83-2.88

2.50-4.66
2.50-3.50

2.33
3.01

Hemophilia A (n = 6)

2.00-2.33
2.33
2.84

1.67-1.83

0.83
1.00

Hemophilia A with inhibitor 3 -1261 BU (n = 3)

1)
Hemophilia B with inhibitor 14 BU (n = 1)

Hemophilia B (n

Note: Thrombin generation was measured in the presence of 1 pM tissue factor and 4 uM phospholipid. Nonhemophilic plasma was derived from a pool and analyzed with each hemophilia plasma sample.

Vehicle = 50% phosphate buffered saline/50% HEPES buffer.

Abbreviation: BU, Bethesda unit; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; rFVlla, recombinant factor Vlla.

*The ranges of peak thrombin from each plasma type are provided.

N

1 for the nonhemophilic plasma marstacimab (16 ug/ml).

The absorbance of the sample was measured at 575 nm using a spec-
trophotometer. The absorbance values were converted to total vol-
ume of blood loss (ul) using a standard curve. All experiments were
performed within guidelines and were reviewed and approved by
the Pfizer Institutional Animal Care and Use Committee.

3 | RESULTS

Thrombin generation was evaluated in a total of 15 plasma sam-
ples, 13 with hemophilia A and two with hemophilia B. Consistent
with the TFPI inhibitory activity of marstacimab, the addition
of marstacimab to human nonhemophilic platelet-poor plasma
shortened the lag time and resulted in increased thrombin gen-
eration, ranging from 160 to 257 nM (Tables 1 and 2). These peak
thrombin levels are within the range reported in an earlier study
of nonhemophilic plasmas (287 + 61 nM).?8 In untreated human
nonhemophilic plasma, peak thrombin ranged from 90 to 143 nM
(Tables 1 and 2).

3.1 | Effects of marstacimab in combination with
rFVlla on thrombin generation

Hemophilia leads to the inadequate generation of thrombin, and
this was markedly reduced in vehicle-treated hemophilia A and B
plasmas with or without inhibitors compared with human nonhe-
mophilic plasma (Tables 1 and 2). The concentration of rFVlla in
the plasma was 2 pg/ml and approximated the plasma levels that
could be observed following dosing of rFVIla 90 and 180 pg/kg
body weight.?’

First, in hemophilia A plasma without inhibitors, the addition
of rFVIla 2 pg/ml resulted in an increase in peak thrombin genera-
tion (45-113 nM) compared with vehicle-treated hemophilia A (26-
76 nM) (Table 1). In hemophilia B plasma treated with rFVlla 2 pg/
ml, peak thrombin levels reached 131 nM compared with 81 nM in
vehicle-treated hemophilia B plasma. A shortening of the lag time
was also observed after the addition of rFVlla. The addition of
marstacimab (16 pg/ml) alone resulted in an increase in peak throm-
bin in both hemophilia A (82-172 nM) and hemophilia B (174 nM)
plasma. Combining marstacimab (16 pg/ml) and rFVlla (2 pg/ml)
resulted in higher peak thrombin concentration (102-178 nM)
and shortening of lag time in hemophilia A plasma compared with
vehicle-treated plasma, perhaps suggesting a minimal additive ef-
fect. Peak thrombin concentrations after combined treatment with
marstacimab and rFVlla were comparable with those observed in
nonhemophilic plasma and did not exceed the level observed in non-
hemophilic plasma dosed with marstacimab (228 nM; Table 1).

In hemophilia A plasma samples with inhibitors (3, 102, and
1261 Bethesda units [BU]) or hemophilia B plasma with an in-
hibitor (14 BU), marstacimab 16 pg/ml alone also increased peak
thrombin concentrations (88-166 nM and 72 nM, respectively),
compared with vehicle treatment (24-66 and 32 nM, respectively;
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Figure 1; Table 1). A minimal additive effect in peak thrombin gen-
eration may be observed with the combination of marstacimab
16 pg/ml plus rFVlla 2 pg/ml in severe hemophilia A or B plasma
with inhibitors. The midpoint peak thrombin levels achieved with
marstacimab 16 pg/ml alone or in combination with rFVlla were
similar to those observed in nonhemophilic plasma and did not

Nonhemophilic plasma
marstacimab 16 pg/ml*

182-257
3.00-3.51
3.00

160

exceed the level observed in nonhemophilic plasma dosed with
marstacimab (228 nM).

3.2 | Effects of marstacimab in combination with
aPCC on thrombin generation

Nonhemophilic
plasma?®
95-135

90

4.00-4.85

4.00

Concentration-dependent increases in peak thrombin levels were
observed after the addition of aPCC alone to hemophilia A plasma
with inhibitors or to hemophilia B plasma with an inhibitor (Figure 2,
Table 2). The lag time decreased at 0.063 U/ml, with no further de-
crease observed at concentrations >0.063 U/ml. The addition of

marstacimab alone to hemophilia plasma increased peak thrombin

Marstacimab 16 ug/ml

aPCC 1 U/ml
209-241
254
2.00-2.34
217

at >0.5 pg/ml in all hemophilia plasmas tested. An additive effect
was observed with the addition of aPCC 1 U/ml to marstacimab at
a concentration of 0.5 pg/ml in all hemophilia plasmas, with an in-
crease in the peak thrombin parameter. The peak thrombin reached
a plateau at marstacimab concentrations >0.5 pg/ml in combination
with aPCC 1 U/ml.

The addition of aPCC 1 U/ml resulted in an increase in thrombin
generation in hemophilia A (75-110 nM) and B (163 nM) inhibitor
plasmas compared with vehicle treatment (15-19 nM and 31 nM,

Marstacimab 16 ug/ml

73-110
3.67-4.35
3.83

70

respectively) (Table 2). A shortening of the lag time was also ob-
served after treatment with aPCC. The addition of marstacimab

16 pug/ml alone also resulted in an increase in thrombin generation,

aPCC 1 U/ml
2.17-2.51

75-110
2.17

163

including higher peak thrombin concentration (73-110 nM in he-
mophilia A and 70 nM in hemophilia B) and a shortening of lag time
compared with vehicle-treated hemophilic plasma. An additive ef-
fect on thrombin generation of 2.1-3.6 times was observed after
cotreatment with marstacimab 16 pg/ml and aPCC 1 U/ml com-
pared with either agent alone (Figure 2A). The peak thrombin levels
(209-254 nM) observed with this combination were within the re-
ported range for nonhemophilic plasmas (287 + 61 nM).28 Although

3.50-5.18

Vehicle?
15-19
4.67

31

marstacimab 16 pg/ml and aPCC 1 U/ml as individual treatments
both decreased the lag time in hemophilia plasma, no additive ef-
fect on lag time was observed when marstacimab and aPCC were

=1)

used in combination (Figure 2B).

3.3 | Effects of marstacimab and aPCC in a mouse
acute bleeding model

As expected, the hemophilia A mice treated with a suboptimal dose
of marstacimab (0.5 mg/kg) exhibited no reduction in blood loss

compared with vehicle-treated control mice (Figure 3). aPCC doses

Hemophilia A with inhibitor 88-160 BU (n = 4)

Hemophilia B with inhibitor 14 BU (n = 1)
Hemophilia A with inhibitor 88-160 BU (n = 4)

of 50 and 100 U/kg were chosen to correspond to clinical doses of

Peak thrombin levels, nM
Hemophilia B with inhibitor 14 BU (n

Lag time, min

Group
Note: Thrombin generation was measured in the presence of 1 pM tissue factor and 4 uM phospholipid. Nonhemophilic plasma was derived from a pool and analyzed with each hemophilia plasma sample.

The ranges of peak thrombin parameters from each plasma type are provided. Vehicle = 50% phosphate buffered saline/50% aPCC diluent.

TABLE 2 Peak thrombin levels and lag time parameter from thrombin generation assay for marstacimab and aPCC
Abbreviations: aPCC, activated prothrombin complex concentrate; BU, Bethesda unit; U, unit.

@Ranges of controls included with each analysis.

aPCC,*° and the dose of 200 U/kg was chosen to represent a high
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3BU

- Vehicle hemophila A plasma/inhibitor
1FVIIa 2 pg/mL

Marstacimab 16 pg/mL

+ Marstacimab 16 pg/mL + rFVIIa 2 pg/mL
Nonhemophilic plasma

Nonhemophilic + marstacimab 16 pg/mL

Time (min)

1261 BU

- -+ Vehicle hemophilia A plasma/inhibitor
--- FVIIa2 pg/mL

— Marstacimab 16 pg/mL

==+ Marstacimab 16 pg/mL + FVIIa 2 ng/mL
— Nonhemophilic plasma

— Nonhemophilic plasma + marstacimab 16 pg/mL

20 30 10
Time (min)

102 BU
225 -~ Vehicle hemophilia A plasma/inhibitor
S 200+ =+= 1FVIla 2 pg/ml,
R izg_ — Marstacimab 16 pg/mL
._.E lﬁS— ==+ Marstacimab 16 pg/mL + 1FVIla 2 pg/mL
g 100 —— Nonhemophilic plasma
_i:[_“ 757 — Nonhemophilic plasma + marstacimab 16 pig/mL
50
254
0 u T 1
0 20 30 40
Time (min)
14 BU
250
225 -~ Vehicle hemophilia B plasma/inhibitor
< 2004 ==+ FVIla2 pg/mL
2 175
g 150 — Marstacimab 16 pg/mL
=]
& 12549 i ’\\ ==+ Marstacimab 16 pg/mL + FVIla 2 pg/mL
g 1004 i / i\ ~—— Nonhemophilic plasma
S 751 / S i :
= e — Nonhemophilic plasma + marstacimab 16 pg/mL
= s0d ’:’/ - \\:‘“ 2 p 4
254 ol o= TN
2 e
T T T 1
0 10 20 30 40

Time (min)

FIGURE 1 Effect of marstacimab and/or rFVIla on thrombin generation in nonhemophilic plasma and severe hemophilia A and B

human plasma with inhibitors. Thrombin generation was measured in the presence of 1 pM TF and 4 uM phospholipids. Shown are the
thrombograms from each donor hemophilia A plasma with an inhibitor (3, 102, and 1261 BU) and hemophilia B with an inhibitor (14 BU). The
following were added to each individual hemophilia A plasmas: vehicle (50% PBS/50%HEPES); rFVIlla (2 pg/ml), marstacimab alone (16 pg/
ml); and marstacimab (16 pg/ml) in combination with rFVIla (2 pg/ml). Thrombin generation was also measured in nonhemophilic plasma
alone and with marstacimab (16 pg/ml). Abbreviations: BU, Bethesda unit; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; PBS,
phosphate buffered saline; rFVIla, recombinant factor Vlla; TF, tissue factor

dose of aPCC.3° Concomitant use of low-dose marstacimab (0.5 mg/
kg) and 100 U/kg aPCC showed a slight trend toward improve-
ment in hemostasis: a 49.7% decrease in bleeding compared with
vehicle-treated mice (p > 0.05). Hemophilia A mice that received
200 U/kg aPCC had significantly reduced bleeding (62.0%) com-
pared with vehicle-treated mice (p < 0.05). An additive effect was
observed for the combination of marstacimab 0.5 mg/kg plus high-
dose aPCC 200 U/kg, exhibiting a significant reduction in blood loss
(83.3%) compared with vehicle-treated mice (p = 0.0009) (Figure 3).
Variability in the volume of blood loss was observed in the vehicle-

treated mice (Figure 3).

4 | DISCUSSION

Hemophilia leads to an inadequate generation of thrombin. The
TFPI inhibitory activity of marstacimab on thrombin generation
alone or in combination with rFVIla or aPCC was studied in plasma
from donors with severe hemophilia as well as nonhemophilic
plasma, which contains the full complement of coagulation fac-
tors, including FVIII and FIX. Marstacimab improved thrombin
generation parameters in all hemophilia plasmas studied. A po-
tential safety concern is excessive thrombin generation with the
use of marstacimab in combination with rFVlla or aPCC. The ad-
dition of rFVIlla to marstacimab resulted in a minimal increase in

thrombin generation compared with marstacimab alone. The peak
thrombin levels achieved with the combination of the anti-TFPI
antibody marstacimab plus rFVllain all hemophilic plasma samples
did not exceed those achieved in nonhemophilic plasma that was
treated with vehicle.

Activated prothrombin complex concentrates, such as FEIBA,
also contain both the coagulation zymogens and activated proteins;
the cofactors FVIII, factor V; and protein S, and the coagulation in-
hibitors protein C and TFPI.3! In vitro mechanism of action stud-
ies with FEIBA showed that the thrombin-FXa complex was a key
component of FEIBA, but other plasma factors contribute to the
mechanism.’”%! In addition, the reported levels of total TFPI in 1 U
of FEIBA are between 10 and 30 ng/ml. In patients with hemophilia,
TFPI levels did not accumulate after 3 months of prophylaxis or on-
demand treatment with FEIBA.1%3!

TFPI negatively regulates thrombin generation within the ex-
trinsic pathway of coagulation by rapidly inactivating the prote-
ase functions of FXa and the FVIla/TF (FXa/FVlla/TF) complex.
Mechanistically, marstacimab binds to the TFPI Kunitz-2 domain
and increases FXa and thus hemostasis. In our studies, we added
aPCC and marstacimab at concentrations corresponding to plasma
levels that could be achieved clinically after dosing. This resulted
in increased thrombin generation in hemophilia A and hemophilia
B inhibitor plasmas, including higher peak thrombin concentration
compared with either agent alone. However, thrombin levels were
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FIGURE 2 Effect of marstacimab alone or in combination with aPCC on (A) peak thrombin level and (B) thrombin generation assay

lag time in human hemophilia A and B plasma with inhibitors. Thrombin generation was measured in the presence of 1 pM TF and

4 uM phospholipids. Marstacimab or aPCC were added to the plasma for assay as indicated. Thrombin generation was also measured

in nonhemophilic plasma alone and with marstacimab (16 pug/ml) and was included in each thrombin generation assay. Vehicle = 50%
phosphate-buffered saline (PBS)/50% aPCC diluent. Abbreviations: aPCC, activated prothrombin complex concentrate; BU, Bethesda unit;
TF, tissue factor

within the range reported in studies of nonhemophilic plasma28

The administration of either marstacimab or aPCC decreased
and marstacimab in nonhemophilic plasma (this study), alleviat- the thrombin generation assay lag time parameter in hemophilia

ing concerns of excessive coagulation with combined treatment. plasma, but no further decrease was observed in the lag time
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FIGURE 3 Hemostatic activity of marstacimab in combination with ascending doses of aPCC in hemophilia A mice. Marstacimab and
aPCC were administered to hemophilia A mice alone or in combination at the indicated doses before the tail clip injury. All measurements
are presented as mean + SEM. Kruskal-Wallis test with Dunn's multiple comparison correction used for comparison to vehicle control mice.
*p < 0.05; **p, 0.0009; U, Unit. Abbreviations: aPCC, activated prothrombin complex concentrate; SEM, standard error of the mean

with the combination of marstacimab plus aPCC. To summarize,
the combined treatment with marstacimab and rFVlla or aPCC
in vitro increased thrombin generation in hemophilia A and he-
mophilia B inhibitor plasmas without inducing excessive coagu-
lation. The findings of the current study support evidence from
an in vitro study with platelet-rich and platelet-poor plasma from
patients with hemophilia in which marstacimab, at concentrations
ranging from 1 to 100 nM (0.16-16 pg/ml) improved in thrombin
generation.’® In platelet-rich plasma, the effect of marstacimab
on decreasing thrombin generation assay lag time was more pro-
nounced. The differences observed in platelet-rich plasma could
be attributable to the assay conditions with the presence of plate-
let membrane phospholipids or could potentially reflect the con-
tribution of platelet factor V(a).

In a hemophilia A mouse, severe tail transection model, ad-
ministration of a suboptimal dose of marstacimab in combination
with aPCC 200 U/kg restored hemostasis. Compared with vehicle-
treated mice, aPCC 200 U/kg alone significantly reduced bleed-
ing by 62.0%, whereas the combination of marstacimab plus aPCC
reduced bleeding by 83.8%. This is consistent with the additive
effects observed with the addition of aPCC plus marstacimab to
hemophilia plasma. The hemophilia mouse model provides a tool
to study the effect of hemostatic compounds in vivo, though there
are limitations to the model. In the mouse, the levels of plasma TFPI
are approximately 20 times higher compared with humans.®? The
properties of the human isoforms TFPlaand TFPIp are similar in the
mouse, including platelet TFPla. However, the predominant form in
mouse plasma, TFPly, is an isoform not found in humans.? The TFPI
Kunitz-2 domain is found in all mouse isoforms and marstacimab,
which binds to the Kunitz-2 domain of TFPI, would bind to all mouse
TFPI isoforms.2 In our assays, the addition of aPCC alone restored
hemostasis at 200 U/kg; this effect was enhanced in combination
with marstacimab in our mouse model. This in vivo mouse study

was designed to look at the effect of concomitant administration

of marstacimab and aPCC on hemostasis alone, excluding other he-
mostatic parameters.

In addition to the plasma pool of TFPla, which was investigated in
these in vitro studies, the TFPIB isoform is expressed on the surface
of endothelial cells.®? An important limitation of the in vitro study
is that it did not address the TFPI pool associated with endothelial
cells, the inhibition of which may potentially contribute to a throm-
botic event. Another potential limitation is that this was an in vitro
thrombin generation study in which marstacimab and bypassing
agents were added to the hemophilia plasma. This may be a differ-
ent environment from the plasma of patients in vivo, and, therefore,
extrapolating this to humans should be done with caution. In a phase
1 clinical trial, following the subcutaneous administration of a single
dose of marstacimab at 300 mg, the peak thrombin observed in par-
ticipants was around 200 nM and the maximum plasma concentra-
tion was 16.5 pg/ml,14 These values are similar to the peak thrombin
observed in our study after the addition of marstacimab 16 pg/ml to
nonhemophilic plasma, suggesting that in vitro assays are capturing
aspects of thrombin generation observed in vivo.** The number of
donor patient plasmas with inhibitors studied was small but plasmas
contained a wide range of inhibitors, from a very low-titer inhibitor
of 3 BU to a high-titer inhibitor of 1261 BU, and all showed similar
thrombin generation responses after the addition of marstacimab
and bypassing agents.

The nonclinical studies provide support for the combined use
of marstacimab and bypass agents, rFVlla or aPCC, in patients with
inhibitors who may have a breakthrough bleeding event. Although
the in vitro thrombin generation assay has some limitations, stud-
ies have shown a correlation of the assay with thrombosis.>® In a
study using a sequence-identical analog of emicizumab with aPCC,
the peak thrombin level was increased up to 17-fold.3* The in vitro
spike in studies of hemophilia plasma treated with marstacimab in
combination with bypass agents, rFVlla or aPCC, showed increased
thrombin generation without excessive coagulation. Finally, in
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nonclinical 10-day studies, the cumulative and potential additive
pharmacodynamic effects of the combined repeat-dose intrave-
nous administration of marstacimab plus rFVlla or of subcutaneous
marstacimab plus intravenous FEIBA, were evaluated in hemostat-
ically normal male rats.®> The marstacimab systemic exposures ex-
ceeded the predicted exposure at the clinical dose of subcutaneous
300 mg/week. These nonclinical studies in rats with normal levels
of FIX and FVIII provide additional rationale for the concomitant
use of marstacimab and rFVlla (90 pg/kg) or aPCC (100 U/kg) for
the treatment of breakthrough bleeding events in patients with he-
mophilia A or B with inhibitors in the phase 3 trial.>®> Marstacimab
is currently in clinical development, with an ongoing phase 3 study
investigating its prophylactic efficacy in patients with severe he-
mophilia A or B with or without inhibitors (clinicaltrials.gov identi-
fier NCT03938792).

5 | CONCLUSION

Results of in vitro and in vivo assays support increased hemostasis
through combined use of the anti-TFPI antibody marstacimab and
the bypassing agents rFVlla or aPCC, without inducing excessive
coagulation.
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