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Abstract

Background: Milvexian (BMS-986177/JNJ-70033093) is an orally bioavailable factor
Xla (FXIa) inhibitor currently in phase 2 clinical trials.

Objectives: To evaluate in vitro properties and in vivo characteristics of milvexian.
Methods: In vitro properties of milvexian were evaluated with coagulation and en-
zyme assays, and in vivo profiles were characterized with rabbit models of electrolytic-
induced carotid arterial thrombosis and cuticle bleeding time (BT).

Results: Milvexian is an active-site, reversible inhibitor of human and rabbit FXla (K;
0.11 and 0.38 nM, respectively). Milvexian increased activated partial thromboplas-
tin time (APTT) without changing prothrombin time and potently prolonged plasma
APTT in humans and rabbits. Milvexian did not alter platelet aggregation to ADP,
arachidonic acid, or collagen. Milvexian was evaluated for in vivo prevention and
treatment of thrombosis. For prevention, milvexian 0.063 + 0.04, 0.25 + 0.17, and
1+ 0.67 mg/kg+mg/kg/h preserved 32 + 6%, 54 + 10*, and 76 + 5%* of carotid blood
flow (CBF) and reduced thrombus weight by 15 + 10* 45 + 2*, and 70 + 4%", respec-
tively (*p < .05; n = 6/dose). For treatment, thrombosis was initiated for 15 min and
CBF decreased to 40% of control. Seventy-five minutes after milvexian administra-
tion, CBF averaged 1 + 0.3, 39 + 10, and 66 + 2%* in groups treated with vehicle and
milvexian 0.25 + 0.17 and 1 + 0.67 mg/kg+mg/kg/h, respectively (*p < .05 vs. vehicle;
n = 6/group). The combination of milvexian 1 + 0.67 mg/kg+mg/kg/h and aspirin
4 mg/kg/h intravenous did not increase BT versus aspirin monotherapy.
Conclusions: Milvexian is an effective antithrombotic agent with limited impact on he-

mostasis, even when combined with aspirin in rabbits. This study supports inhibition
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of FXla with milvexian as a promising antithrombotic therapy with a wide therapeutic

window.
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1 | INTRODUCTION

Factor XI (FXI) is a component of the blood coagulation system.!
FXl is activated by factor Xlla or thrombin in response to injury of a
blood vessel, producing factor Xla (FXla).2 FXla participates in a cas-
cade of proteases by activating factor IX, a function partially redun-
dant with factor Vlla, ultimately leading to the formation of a fibrin
clot, via the action of thrombin, which along with platelets seals the
injured blood vessel. Intact, healthy blood vessels are not reactive
toward the coagulation system, but in certain disease states, such
as atherosclerosis, activation of the coagulation system can cause
thrombosis, which is the partial or total occlusion of a blood ves-
sel. When thrombosis occurs, inadequate blood flow reduces the
distribution of oxygen and nutrients to the surrounding tissue and
allows metabolic products such as carbon dioxide and lactic acid to
accumulate. Effective treatment of thrombosis requires modulation
of the pathologic process while maintaining sufficient hemostatic
function to prevent blood loss.

Deficiency of FXI, known as hemophilia C, is associated with a
mild bleeding disorder that occurs mostly in the context of surgery
or trauma.® This phenotype is distinct from hemophilia A and B,
which are deficiencies in factors VIII and IX, respectively, and where
spontaneous hemorrhage is observed. In a recent study of patients
undergoing total knee arthroplasty, a 80% reduction in circulating
FXI by an antisense oligonucleotide proved more effective than
enoxaparin in preventing postoperative venous thromboembolism
and appeared to be safe with regard to bleeding risk, providing a
proof of concept in humans for FXla inhibition.* Given the preclinical
and early clinical evidence for robust antithrombotic efficacy with
limited hemostatic liability upon genetic disruption or pharmacologic
inhibition, FXla is an attractive target for antithrombotic therapy.“’10

Milvexian (formerly referred to as BMS-986177/JNJ-70033093;
Figure 1A), an orally bioavailable small molecule that inhibits FXla
with high affinity and selectivity,** is being developed to prevent
thrombotic events in diverse patient populations. In a phase 1 study,
milvexian given orally either as a single dose or multiple ascending
doses for 14 days was orally bioavailable, and generally safe and well
tolerated in healthy volunteers.!? In addition, the pharmacodynamic
effect of milvexian, as measured by increases in activated partial
thromboplastin time (APTT), was closely correlated with milvexian
plasma concentration.!?

In this study, the in vitro properties and in vivo profiles of milvex-
ian were characterized. The in vivo antithrombotic efficacy of mil-
vexian was characterized in a rabbit model of electrically mediated
carotid arterial thrombosis (ECAT), focusing on both the prevention

Essentials

e Milvexian is a high affinity and selective factor Xla (FXla)
inhibitor.

e |n vitro studies and antithrombotic and bleeding studies
in rabbits were conducted with milvexian.

e Milvexian had robust efficacy in preventing and treating
thrombosis.

e Milvexian preserved hemostasis at the doses studied.

of thrombosis and the treatment of preformed thrombus. In addi-
tion, therapeutic index of milvexian was examined in vivo by evalu-
ating the antihemostatic effect in a rabbit model of cuticle bleeding
time (BT). Because aspirin (ASA) is widely used in patients for the
prevention and treatment of acute and chronic arterial diseases, it is
likely that milvexian will be combined with ASA in the clinical setting.
Therefore, the BT effects of the combination of ASA and milvexian
were studied in rabbits. These rabbit models have been well charac-

terized with reference agents.**%”

2 | MATERIALS AND METHODS

Full details on the methods and materials used can be found in the
Appendix S1.

2.1 | |Invitro affinity assays

The affinity of milvexian for human FXla (Haematologic Technologies)
was determined using purified human enzyme and synthetic sub-
strate from commercial sources. The affinity of milvexian for vari-
ous enzymes in preclinical animal species was determined using
recombinant enzymes, enzymes purified from plasma, or plasma
kallikrein activated in situ and synthetic substrates from commer-
cial sources. Rabbit thrombin and factor Xa were obtained from
Enzyme Research Laboratories. Recombinant cynomolgus monkey
thrombin was obtained from Cambridge Protein Works. Assays were
conducted with simultaneous measurement of enzyme activities in
control and inhibitor-containing solutions. The inhibition constant
(K;) for milvexian was evaluated for FXla under a range of substrate
and inhibitor concentrations in both human and preclinical species.
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FIGURE 1 (A) Chemical structure of the FXla inhibitor milvexian. (B) Milvexian competitive inhibition of human FXla peptide substrate
hydrolysis. (C) Dissociation of human FXla-milvexian complex following 2000-fold dilution into 2 mM S-2366. FXla, factor Xla

Milvexian inhibition of human FXla was evaluated to calculate

an observed association rate constant (k_. ). Association (kon) and

obs
dissociation (k) rates were fitted by linear regression from a sec-
ondary plot of k.. versus inhibitor concentration at multiple sub-
strate concentrations. The association rate constant for binding of
milvexian to human FXla was also calculated from nonlinear time
courses of inhibition in the presence of S-2366 using stopped-flow

spectrophotometry.

2.2 | Invitro coagulation assays

The anticoagulant activity of milvexian in pooled human plasma
(Affinity Biologicals) as measured by APTT was conducted against
several different reagents (Table S1). FXI clotting activity, prothrom-
bin time (PT), and thrombin time (TT) were measured. The anticoag-
ulant activity of milvexian in preclinical species plasma as measured
by APTT was also examined, as well as PT and ecarin clotting time.
Cynomolgus monkey plasma was obtained from Affinity Biologicals.
Blood was drawn from male New Zealand white rabbits, male beagle

dogs, and male Sprague-Dawley rats.

2.3 | Invitro platelet aggregation

In vitro platelet aggregation was measured in hirudin-treated rabbit
platelet-rich plasma with a platelet aggregometer, and peak platelet
aggregation response to adenosine 5'-diphosphate (ADP), arachi-
donic acid, and collagen was assessed.

2.4 | Invivo assays

241 | Animals and ethics

For in vivo characterization studies, male New Zealand white rab-
bits were obtained from Covance. Animal experiments were con-
ducted in accordance with the National Institutes of Health Guide

for the Care and Use of Laboratory Animals and the regulations of

the Animal Care and Use Committee of the Bristol Myers Squibb
Company.

2.4.2 | Pharmacokinetics

Pharmacokinetics were assessed as described by Zhang et al.®
Briefly, milvexian was administered intravenously and orally and
blood samples were collected at the following time intervals: pre-
dose and then 10, 15, 30, and 45 min and 1, 2, 4, 6, and 8 h relative
to the start of the infusion; predose and then 1, 2, 3, 4, 8, and 24 h

after administration of the oral dose.

2.4.3 | Rabbit ECAT

The rabbit ECAT model as described by Wong et al'® was used in
this study to assess the effects of vehicle and milvexian on carotid
blood flow after thrombus induction. For the prevention ECAT
study, plasma concentrations of milvexian at 30 and 120 min after
the start of the infusion were determined. The average value of
plasma concentrations of milvexian at 30 and 120 min after the
start of infusion in each animal was then used for the analysis of
the concentration-response curve and the determination of an-
tithrombotic the concentration that gives 50% maximal response
(Ecso)~ Integrated blood flow, thrombus weight, APTT, TT, and
PT were also measured. In the treatment ECAT study, only the
plasma concentrations of milvexian at the end of the study were
determined.

2.4.4 | Rabbit cuticle BT model

The rabbit cuticle BT model as described by Wong et al** was used
in this study. BT was defined as the time after cuticle transection
when bleeding ceased. Milvexian or its vehicle and ASA or its vehicle
(saline) were given at 30 and 60 min before cuticle transection, re-
spectively. BT was measured before and after treatment in opposite

hind limbs and was expressed as a ratio of treated over the control



WONG ET AL.

“ | jth

value. The dose of ASA used in this study was a maximal effective

antiplatelet dose in rabbits.*’

2.4.5 | Exvivo coagulation assays

Arterial blood samples for the determination of ex vivo APTT, TT,
and PT were collected before the start of the infusion of milvexian
and at 120 min after the start of the infusion. Clotting times were

measured as previously described by Wong et al.1®

2.5 | Bioanalytical assays

Concentrations of milvexian in plasma samples were determined by
the BMS Bioanalytical Research group and were measured by a spe-
cific and sensitive liquid chromatographic tandem mass spectrom-
etry method.

2.6 | Statistical analyses

Statistical analyses used were analysis of variance and Tukey's mul-
tiple comparison test using the GraphPad Prism version 5.0 for
Windows (GraphPad Software). A value of p < .05 was considered
statistically significant. All data are mean + SEM.

For human and preclinical species in vitro affinity assays, data
were analyzed using linear and nonlinear fitting routines from GraFit
(Erithracus Software).

For in vitro anticoagulant activity in plasma, the plasma milvexian
concentration required to cause a specified increase in relative clot-
ting time or a specified decrease in clotting activity was calculated

by interpolation.

3 | RESULTS

3.1 | Invitro affinity for human enzymes

Because milvexian exhibited high affinity for FXla, determination of
the inhibition constant, or K, was conducted using a range of sub-
strate and inhibitor concentrations. Competitive inhibition of human
FXla by milvexian is shown in Figure 1B as a representative plot of
steady-state reaction velocity versus synthetic peptide substrate
concentration. The K; of milvexian for human FXla is 0.11 nM, as
determined from the average of three independent experiments
(Table S2).

3.1.1 | Microscopic association rate constant

Nonlinear time courses for milvexian inhibition of FXla were ob-

served at several concentrations of the peptide substrate used to

generate the competitive inhibition plot illustrated in Figure 1C. An
example of the curved time courses at one substrate concentration
is depicted in Figure S1. These data were fitted to the slow binding
inhibition equation to obtain k_,  values.

A representative plot of k .. versus milvexian concentration at
different fixed concentrations of substrate is shown in Figure S2.
The k. data were fit to an equation modified for competitive in-
hibition to obtain values for the milvexian k_, and k. From three
independent experiments, the average value for k_ was 2 pM’1 st
and the average value for k ,, was 0.0002 s (Table S3).

The milvexian association rate with FXla was also determined in
rapid mixing, stopped-flow experiments to confirm the association
rate derived from the 2-h, 96-well microtiter plate time course data.
A plot of k. versus milvexian concentration at different fixed con-
centrations of substrate is shown in Figure S3. The k . data was fit
to an equation modified for competitive inhibition to obtain values
for the milvexian k, and k. Results from triplicate experiments are
shown in Table S4.

3.1.2 | Microscopic dissociation rate constant
Reversibility of FXla inhibition is demonstrated by the recovery of
FXla activity upon 2000-fold dilution of a FXla:milvexian complex
into 2 mM peptide substrate as shown in Figure 1C. Analysis of the
nonlinear time course of this reaction revealed a milvexian k  of
0.00041 + 0.000001 s, This value is only 2-fold higher than the
ko¢¢ derived from the y-intercept of k . versus inhibitor concen-
tration from the 96-well microtiter plate time course experiments
described previously. By either measurement, the milvexian dis-
sociation rate from FXla is slow with a half-life for dissociation of
28-58 min.

3.2 | Invitro affinity for preclinical species enzymes
Competitive inhibition was also observed for milvexian inhibition
of recombinant FXla catalytic domain from cynomolgus monkeys,

dogs, rats, and mice, and the results are summarized in Table 1.

3.2.1 | Activated plasma kallikrein, thrombin, and
factor Xa (FXa)

Milvexian inhibits purified human plasma kallikrein with a K; of
44 nM. For comparison with activated plasma kallikrein from non-
clinical species, in situ activated human plasma kallikrein was as-
sessed using the same method. The results are summarized in
Table S5.

Milvexian does not bind to rabbit FXa (K;: >18 000 nM) and has
4000-fold selectivity for rabbit FXla (K;: 0.38 nM) over rabbit throm-
bin (K;: 1700 nM). Milvexian inhibits cynomolgus monkey thrombin
with a K; of 670 + 40 nM.
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3.3 | Invitro anticoagulant activity in
human plasma

The anticoagulant activity of milvexian in pooled human plasma as
measured by APTT using different reagents is depicted in Figure 2.
The graphs demonstrate the reagent-dependent differences in
APTT as a function of milvexian concentration. The upper left panel
is Actin FS, a reagent with high relative sensitivity to milvexian. The
upper right panel is Actin FSL, a reagent with low relative sensitivity
to milvexian. The milvexian plasma concentrations required to pro-
duce specified increases in APTT relative to baseline are summarized
in Table Sé6.

Extended contact activation time assays decreased the milvex-
ian plasma concentration required to produce changes in the APTT.
The results for the extended contact activation assays are summa-
rized in Table S7.

Milvexian causes an apparent reduction in FXI clotting activ-
ity, as assessed by the standard specialty coagulation assay, with

TABLE 1 Affinity of milvexian for recombinant FXla from
nonclinical species

j.l.j.‘ | 403

lower percentages of normal FXI clotting activity occurring at higher
milvexian concentrations (Table 2). The reduction is classified as
apparent because milvexian does not change the FXI protein con-
centration in this in vitro test, but rather inhibits the FXla enzymatic
activity produced by the contact activation phase of the assay. As
expected for a FXla inhibitor, the fold-dilution of plasma affected the
observed FXI clotting activity with dilutions >1:10 producing higher
FXI clotting activity and dilutions <1:10 producing lower FXI clotting
activity (data not shown).

In pooled human plasma, baseline PT values averaged
10.3 £ 0.1 s. At a total plasma concentration of 40 pM milvexian, PT
values averaged 12.9 + 0.4 s and the international normalized ratio
was <1.3. Thrombin clotting time baseline values averaged 16.6 s.
At total plasma concentrations of 20 pM and 40 uM milvexian, TT
values averaged 24.8 and 28.4 s, respectively. For comparison, at
20 pM milvexian total plasma concentration the PT and TT are in-
creased <50% relative to baseline and the aPTT is increased more
than 3 times the baseline value.

TABLE 2 Apparent reduction of FXI clotting activity by
milvexian in pooled normal human plasma

Species K; (nM)
Cynomolgus monkey 0.15+0.01 Milvexian plasma
Rabbit 0.38 + 0.01 Percentage of normal FXI clotting activity concentration (nM)
Dog 0.64 +0.03 50 540
Rat 490 + 40 20 1800
Mouse 350 + 15 10 3600
Abbreviations: FXla, factor Xla; K;, inhibitory constant. Abbreviation: FXI, factor XI.
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3.4 | Invitro anticoagulant activity in preclinical
species plasma

Milvexian was associated with concentration-dependent prolon-
gation of the APTT in plasma from cynomolgus monkeys, rab-
bits, and dogs, with reduced potency in plasma from rats. The
milvexian plasma concentrations required to produce 1.5x, 2x,
and 2.5x increases on APTT relative to baseline are summarized
in Table S8.

Milvexian was associated with only minimal increases in PT at
concentrations up to 40 pM in plasma from rats, rabbits, and dogs.
In cynomolgus monkey plasma, milvexian was associated with
concentration-dependent increases in PT, with an approximately
2x increase over baseline at a plasma concentration of 40 pM. The
effects on PT, expressed as fold-increase over baseline, are summa-
rized in Table S9.

In cynomolgus monkey plasma, milvexian prolonged the ecarin
clotting time in a linear, concentration-dependent manner with a

1.9x increase over baseline observed at a concentration of 40 uM.

3.4.1 | |Invitro platelet aggregation

In vitro platelet aggregation responses to ADP (10 uM), arachidonic
acid (250 uM), and collagen (10 pg/ml) averaged 59 + 1%, 67 + 1%,
and 66 + 1%, respectively, in rabbit platelet-rich plasma (n = 4 per
group). These platelet responses were not significantly altered by
milvexian at 1 uM (58 + 2%, 65 + 1%, and 67 + 2%, respectively)
and 10 uM (55 + 2%, 66 + 2%, and 69 + 1%, respectively; n = 4
per group). We showed previously that these platelet aggregation

responses were almost completely inhibited by the GPIllb/llla an-
tagonist DMP802 at 3uM.13

100

>

Milvexian

[=]
o

(mg/kg + mg/kg/h IV)

3.5 | Invivo characterization studies

3.5.1 | Pharmacokinetics studies

Figure S4 shows a plot of milvexian concentration versus time fol-
lowing an IV (0.8 mg/kg) or PO (20 mg/kg) dose in rabbits. Milvexian
at 0.8 mg/kg IV produced average plasma concentrations of 2000
and 100 nM at 10 min and 8 h after dosing, respectively. Milvexian at
20 mg/kg PO produced average plasma concentrations of 2000 and
40 nM at 1 and 24 h after dosing, respectively. The pharmacokinetic
parameters for the IV and PO studies are shown in Table S10.

3.5.2 | Rabbit ECAT model
Figure 3A shows the effects of vehicle and milvexian on carotid
blood flow after thrombus induction in the prevention ECAT rabbit
model. Following electric current stimulation, thrombus formation
was induced, blood flow was decreased to zero, and the artery was
occluded in about 40-45 min in vehicle-treated animals. Milvexian
was associated with a dose-dependent increase in duration of the
patency of the carotid artery. Figure 3B shows the effects of vehicle
and milvexian on integrated blood flow in the prevention ECAT rab-
bit model. Integrated blood flow averaged 11 + 2% in vehicle-treated
animals following thrombus induction. By blocking the formation of
thrombus, milvexian was associated with a dose-dependent increase
in integrated blood flow. At the highest dose, integrated blood flow
was 76 + 5% of the control level.

Milvexian was associated with a dose-dependent reduction
in thrombus weight. At the highest dose, thrombus weight was
reduced by 70 + 2% of the control level. Figure 3C shows the

concentration-response curve for milvexian in the prevention
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FIGURE 3 (A) Effects of vehicle and milvexian given IV on carotid blood flow after thrombus induction in ECAT rabbits. Means + SEM
and n = 6 per group. (B) Effects of vehicle and milvexian on integrated blood flow expressed as % control carotid blood flow (i.e., preinjury
blood flow) in ECAT rabbits. *p < .05 compared with vehicle. Means + SEM and n = 6 per group. (C) Relationship between total plasma
concentrations of milvexian and antithrombotic effects expressed as % reduction of thrombus weight in prevention ECAT rabbits. ECAT,
electrically mediated carotid arterial thrombosis; 1V, intravenous; SEM, standard error of the mean
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ECAT model. Milvexian was associated with a concentration-
dependent antithrombotic effect with a 20% maximal effective
concentration of 55 nM (95% confidence interval [CI], 23-128),
a EC;, of 375 nM (95% Cl, 250-561), and a Hill slope of 0.7 (95%
Cl, 0.4-1).

Figure 4A shows ex vivo effects of milvexian on APTT, TT, and PT.
Milvexian elevated APTT significantly at the highest two doses and
did not alter TT and PT significantly, consistent with the mechanism
of FXla inhibition. Figure 4B shows a good correlation (r* = 0.83) be-
tween the antithrombotic effect of milvexian in the rabbit ECAT and
its ex vivo APTT activity. Figure 4B also shows that a 1.6-fold pro-
longation of APTT may be needed to achieve 50% thrombus weight
reduction in this model.

j.l.j.‘ | 405

Figure 5A shows antithrombotic effects of vehicle and milvexian
in the treatment ECAT. After the initiation of thrombosis, blood flow
was gradually decreased to similar levels at 15 min among different
groups. Administration of milvexian at 15 min improved the patency
of the injured artery in a dose-dependent manner, and blood flow at
90 min averaged 1+ 0.3, 39 + 10, and 66 + 2%* in the groups treated
with the vehicle and with milvexian 0.25 + 0.17 and 1 + 0.67 mg/
kg + mg/kg/h, respectively (*p < .05 vs. vehicle; Figure 5A). It also
produced a significant dose-dependent reduction in thrombus
weight by 25 + 7% and 61 + 6% at doses of 0.25 + 0.17 and 1 + 0.67
(mg/kg +mg/kg/h, respectively). EC,, of milvexian in the treatment
ECAT is 1.06 pM (95% CI =0.76-1.47), which was about 2.8-fold
higher than the EC,, obtained in the prevention ECAT (Figure 3).
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FIGURE 4 (A) Effects of vehicle and milvexian on APTT, TT, and PT in ECAT rabbits. *p < .05 compared with vehicle. Means + SEM and
n = 6 per group. (B) Tracking antithrombotic activity of milvexian with ex vivo APTT in rabbit ECAT. APTT, activated partial thromboplastin
time; ECAT, electrically mediated carotid arterial thrombosis; PT, prothrombin time; TT, thrombin time; SEM, standard error of the mean
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group. (B) Effects of ASA, milvexian, and combination of ASA and milvexian on CBT model in rabbits. ASA (4 mg/kg/h 1V), milvexian (1 mg/
kg + 0.67 mg/kg/h V). Means + SEM and n = 6 per group. ASA, aspirin; CBT, cuticle bleeding time; SEM, standard error of the mean
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3.5.3 | Rabbit model of cuticle bleeding time

Figure 5B shows the effects of ASA (4 mg/kg/h V), milvexian (1 mg/
kg + 0.67 mg/kg/h 1V), and the combination of ASA (4 mg/kg/h
IV) and milvexian (1 mg/kg + 0.67 mg/kg/h 1V) on BT in the rabbit
model of cuticle BT. BT in the vehicle group averaged 250 + 13 s.
At the doses studied, ASA alone increased BT by 1.8-fold, whereas
milvexian did not prolong BT. The combination of ASA and milvexian
increased BT by 1.7-fold, approximately the same BT as ASA alone
(Figure 5B).

4 | DISCUSSION

This study shows that milvexian is a selective, reversible, orally ac-
tive FXla inhibitor. Milvexian demonstrated robust efficacy in both
the prevention and treatment of arterial thrombosis in rabbit mod-
els. Limited impact on hemostasis was observed even when com-
bined with ASA in rabbits.

Milvexian binds rapidly and reversibly to FXla and exhibits com-
petitive inhibition versus a peptide substrate. Milvexian inhibits
human FXla with a K; of 0.11 nM and has >5000-fold selectivity
over FXla-related serine proteases, except chymotrypsin and plasma
kallikrein where the K, values are 35 nM and 44 nM, respectively.'!
The in vitro FXla affinity and selectivity over related serine proteases
support evaluation of milvexian as an antithrombotic agent.

The enzyme most closely related to FXl is plasma pre-kallikrein, a
zymogen of the protease a-kallikrein.?° Plasma kallikrein participates
in the contact activation pathway of coagulation through reciprocal
activation of factor Xll. Plasma kallikrein releases the vasodilator
bradykinin from high molecular weight kininogen. Milvexian was
found to have considerable in vitro potency against plasma kallikrein
in humans and rabbits. Recent animal studies reported that inhibition
of plasma kallikrein activity might contribute to the antithrombic ef-
ficacy.22"2% Reductions in either venous or arterial thrombosis have
been observed in plasma kallikrein-deficient mice?! and in response
to pre-kallikrein knock-down by either antisense oligonucleotide??
or by short-chain interfering RNA.?

We reasoned that the contribution of plasma kallikrein inhibition
to the antithrombic effect of milvexian may be minimal in the rab-
bit ECAT. We showed that the antithrombic EC,, of milvexian was
achieved at 375 nM. With the plasma protein free fraction of ap-
proximately 0.05 in rabbits, the free plasma concentration of milvex-
ian relative to rabbit plasma kallikrein K; is ~1 or less. In comparison,
the ratio of free plasma concentration of milvexian to rabbit FXla
K. is ~50, which is many folds higher than the plasma kallikrein K.
We therefore hypothesized that the contribution of FXla inhibition
was higher than that of plasma kallikrein inhibition because of the
antithrombic effect of milvexian. Further studies are needed to eval-
uate this hypothesis. The plasma kallikrein disruption as reported

in the animal studies??®

were associated with low impact on BT.
Deficiency of plasma pre-kallikrein in humans is also not associated

with bleeding or manifested in other phenotypes.?°

Milvexian is a high-affinity inhibitor of FXla in cynomolgus mon-
keys, rabbits, and dogs. Milvexian exhibits 2100-fold selectivity for
FXla over activated plasma kallikrein in cynomolgus monkeys and
rabbits, species used in toxicologic and pharmacologic studies, re-
spectively. Milvexian does not inhibit FXa in rabbits and is a weak
inhibitor of thrombin in rabbits and cynomolgus monkeys. Milvexian
has affinity for activated plasma kallikrein in rats that is comparable
to other species but is a weaker inhibitor of FXla in rats. Because mil-
vexian has weak affinity for FXla in rats and mice, it is anticipated to
exhibit lower potential to produce FXla-mediated pharmacologic or
toxicologic effects in rats and mice unless the milvexian exposures
are very high.

Milvexian produced a concentration dependent prolongation of
the APTT, with potency dependent on the composition of the APTT
reagent. The concentration of milvexian in human plasma that pro-
duced a 1.5-fold (50%) increase in APTT relative to baseline ranged
from 0.16 uM to 0.43 uM. The concentration of milvexian in human
plasma that produced a 2-fold (100%) increase in APTT relative to
baseline ranged from 0.44 uM to 2.1 uM. Extending the contact ac-
tivation time within the APTT assay resulted in improved sensitivity
to plasma concentrations of milvexian as low as 0.03 uM. The PT
and TT were minimally increased at milvexian plasma concentrations
that produced a doubling of the APTT, indicating high specificity for
FXla inhibition. These in vitro studies show that the effects of mil-
vexian on standard coagulation assays in human plasma are consis-
tent with specific inhibition of FXla. In the clinical setting, assuming
no pharmacologically active metabolites are formed, the ex vivo an-
ticoagulant activity for milvexian is anticipated to correlate with the
in vitro anticoagulant activity.

Consistent with its mechanism of action as an FXla inhibitor,
milvexian increased plasma clotting times, which are known to be
dependent on FXla functional activity. The APTT, where initiation
of coagulation occurs via the intrinsic (contact activation) pathway,
which includes FXla, was increased in a milvexian concentration-
dependent manner. The milvexian concentration, which produced
a 2x increase in APTT relative to baseline, ranged from 0.5 uM to
2.4 uM in plasma from cynomolgus monkeys, rabbits, and dogs. In
rat plasma, higher concentrations of milvexian were required to
increase APTT, but even at 40 uM, the APTT was <2x increased
relative to baseline. Milvexian had minimal effects on APTT in rats,
likely because of a >1000-fold reduced affinity for rat FXla versus
cynomolgus monkey, rabbit, and dog FXla. As shown in experiments
with milvexian in human plasma, some differences in the sensitivity
of APTT reagents to milvexian were observed.

The PT, where initiation of coagulation occurs via the extrinsic
(tissue factor) pathway, was not significantly increased compared
with baseline in plasma from rabbits, dogs, and rats, even at a mil-
vexian concentration of 40 uM. In cynomolgus monkey plasma,
milvexian at a concentration of 40 uM increased PT approximately
2x relative to baseline. Although milvexian is a selective FXla inhib-
itor, it does exhibit weak affinity for cynomolgus monkey throm-
bin where the K; is 670 nM; at milvexian plasma concentrations of
10 uM or greater, it is plausible that thrombin inhibition leads to an
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increase in the PT. To substantiate this hypothesis, ecarin clotting
time was performed. Ecarin directly activates prothrombin to throm-
bin, bypassing other coagulation enzymes, to cleave fibrinogen and
form a fibrin clot. Milvexian increased the ecarin clotting time in a
concentration-dependent manner that paralleled increases in PT.
Therefore, it is likely that increases in PT are due solely to thrombin
inhibition at these high milvexian concentrations. These results may
be used to aid the interpretation of experiments conducted in cyno-
molgus monkeys, rabbits, dogs, and rats for purposes of pharmacol-
ogy or toxicology evaluations.

Milvexian exhibited robust antithrombotic efficacy in the pre-
vention of arterial thrombosis in the rabbit ECAT model. It was also
effective in the treatment of existing arterial thrombosis, suggesting
a potential clinical utility of FXla inhibitors for treatment of arterial
thrombosis. It is not likely that the antithrombotic activity of milvex-
ian is related to direct antiplatelet effects because the platelet ag-
gregation responses to several platelet agonists were not altered by
milvexian in vitro. However, by inhibiting FXla, milvexian is expected
to inhibit thrombin generation in vivo, thus reducing thrombin-
induced platelet activation and producing an indirect antiplatelet
effect.

The increase in APTT provided a reasonable biomarker for the
antithrombotic activity of milvexian, whereas PT and TT were un-
affected, consistent with the mechanism of FXla inhibition. A 1.6-
fold prolongation of APTT was shown to be needed to achieve 50%
thrombus weight reduction in in the rabbit ECAT model.

This study demonstrates that at a full antithrombotic dose of mil-
vexian there were no changes in BT in the rabbit cuticle BT model.
In contrast, at equivalent antithrombotic doses, anticoagulants such
as warfarin and antiplatelet agents such as clopidogrel and prasugrel
produced 4- to 6-fold increases in BT in the same model.*>'* We
also reported similar results in the ECAT model in nonhuman pri-
mates, showing that a small-molecule FXla inhibitor, BMS-724296, at
doses with equivalent antithrombotic efficacy produced no changes
in kidney BT, whereas apixaban and dabigatran were associated with
moderate to greater increase in kidney BT.2* Theses result confirms
and extends previously published findings, showing robust anti-
thrombotic effects of FXla inhibitors with a lower risk of bleeding.

ASA is widely used to prevent cardiovascular events in patients
with established coronary artery disease. In some clinical states, mil-
vexian may be combined with ASA; therefore, the BT effects of the
combination of ASA and milvexian were evaluated in rabbits. This
study showed that ASA alone resulted in a 1.8-fold increase in BT.
When ASA was combined with the highest antithrombotic dose of
milvexian, the increase in BT was only 1.7-fold and similar to ASA
alone. Together, these results suggest that milvexian has a wide ther-
apeutic index in rabbits. People with FXI deficiency are cautioned
to avoid ASA use because of a perceived increased risk of bleeding.
One study in patients with FXI deficiency concluded that antithrom-
botic therapy, including ASA, was not associated with an increased
risk of major bleeding.25 Clinical studies are needed to explore the

therapeutic index of milvexian when combined with ASA.
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In summary, this study showed that milvexian prevented ar-
terial thrombosis, demonstrated antithrombotic efficacy without
an increase in BT, and was efficacious in the treatment of ex-
isting arterial thrombosis in rabbit models. Taken together, this
study supports inhibition of FXla with milvexian as a promising
antithrombotic therapy with a wide therapeutic index. Milvexian
may provide an improved risk/benefit profile compared with cur-
rent antithrombotic agents by preventing and treating thrombo-
sis while preserving hemostasis. Milvexian is currently in phase
2 clinical trials for the secondary prevention of major cardiovas-
cular events in patients with acute ischemic stroke and for the
prevention of total venous thromboembolism events in patients
undergoing total knee replacement surgery.?®?’ Antisense oligo-
nucleotides targeting FXI synthesis and antibodies targeting ei-
ther FXI or FXla are in clinical development. These agents offer
exquisite selectivity for their target but the parenteral route of
administration and long duration of action may impact their clin-
ical utility. Orally administered FXla inhibitors may be more con-
venient for patients and offer a rapid onset and offset of action as

compared to an ASO or an antibody.
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