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m Thrombin activates human platelets via 2 protease-activated receptors (PARs), PAR1 and
PAR4, both of which are antithrombotic drug targets: a PAR1 inhibitor is approved for clinical
* A human monoclonal
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variant.

use, and a PAR4 inhibitor is in trial. However, a common sequence variant in human PAR4
(rs773902, encoding Thr120 in place of Ala120) renders the receptor more sensitive to
agonists and less sensitive to antagonists. Here, we develop the first human monoclonal
function-blocking antibody to human PAR4 and show it provides equivalent efficacy against
the Ala120 and Thr120 PAR4 variants. This candidate was generated from a panel of
anti-PAR4 antibodies, was found to bind PAR4 with affinity (Kp =~ 0.4 nM) and selectivity
(no detectable binding to any of PAR1, PAR2, or PAR3), and is capable of near-complete
inhibition of thrombin cleavage of either the Ala120 or Thr120 PAR4 variant. Platelets from
individuals expressing the Thr120 PAR4 variant exhibit increased thrombin-induced

* Antibody-mediated
PAR4 inhibition is
markedly anti-thrombotic

in human blood,
independent of PAR4 the PAR4 antibody inhibited these responses equivalently (50% inhibitory concentration,

4.3 vs 3.2 pg/mL against Ala120 and Thr120, respectively). Further, the antibody significantly
impairs platelet procoagulant activity in an ex vivo thrombosis assay, with equivalent
inhibition of fibrin formation and overall thrombus size in blood from individuals
expressing the Ala120 or Thr120 PAR4 variant. These findings reveal antibody-mediated
inhibition of PAR4 cleavage and activation provides robust antithrombotic activity

aggregation and phosphatidylserine exposure vs those with the Ala120 PAR4 variant, yet

genotype.

independent of the rs773902 PAR4 sequence variant and provides rationale for such an
approach for antithrombotic therapy targeting this receptor.

Introduction
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Protease-activated receptors (PARs) are G protein-coupled receptors that are present on the surface of a
range of cells and respond to a variety of proteases.! Human platelets express 2 PARs, PAR1 and PAR4,
and these receptors are primarily responsible for mediating the platelet-activating effects of the key
coagulation protease, thrombin.? Because of this central function in platelet biology, both platelet PARs
have been the focus of antithrombotic drug development. PAR1 is the high-affinity thrombin receptor on
human platelets, responding more sensitively and rapidly to thrombin than PAR4 as a result of a thrombin-
binding domain in PAR1 that is absent in PAR4.2 On the basis of this difference, the initial clinical strategy
was to block PAR1 function. This approach yielded vorapaxar, approved for the prevention of thrombotic
events in patients with myocardial infarction or peripheral vascular disease when used in combination with
standard-of-care therapy (aspirin and a thienopyridine such as clopidogrel).*® However, this triple therapy
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is contraindicated in patients with a history of stroke or transient
ischemic attack resulting from an unacceptable increase in bleeding,®
limiting its clinical utility. We and others have recently shown that
targeting PAR4 is less likely to invoke bleeding complications than
targeting PAR1 because of its distinct mechanism of action and overall
broader safety profile.”® As a result, there is now emerging interest in
targeting PAR4 as a safer antithrombotic approach (for review, see
French and Hamilton® and Hamilton and Trejom).

There is substantial rationale for developing PAR4 inhibitors as
antithrombotics. One key point of distinction between PAR1 and
PAR4 is the different signaling kinetics of the 2 receptors and the
effect this has on the regulation of platelet function. Specifically,
PAR4 contains an anionic sequence downstream of the thrombin
cleavage site that serves to prolong the thrombin-receptor in-
teraction.'” One effect of the lower-affinity but more prolonged
interaction between thrombin and PAR4 vs PAR1 is that activation of
PAR4 induces a more sustained, albeit weaker, intracellular signal
than the robust and acute signal elicited downstream of PAR1."2 This
has been most obviously observed with the kinetics of PAR-induced
calcium signaling. In the setting of platelet function, prolonged
calcium signaling drives the procoagulant response. Indeed, selective
inhibition of PAR4, but not of PAR1, specifically impairs platelet
procoagulant function, leading to marked reductions in thrombin
generation and fibrin formation during human thrombus formation.®
This distinct antithrombotic mechanism of action suggests PAR4
inhibition is a viable alternative approach for novel therapy. Toward this
goal, a series of small molecule PAR4 inhibitors has been developed,
with at least 2 entering clinical trial. BMS-986120 afforded impressive
antithrombotic activity in cynomolgous monkeys with a safety profile
that exceeded that of the widely-used P2Y, antagonist, clopidogrel,”
and was anti-thrombotic in an ex vivo human thrombosis model in
healthy subjects in a recently completed phase 1 trial.'® Similarly,
BMS-986141 has undergone a phase 2 trial for prevention of
transient ischemic attack (NCT02671461). Together, these studies
provide a strong rationale for pursuing PAR4 antagonists as novel
antithrombotics.

However, recently described single nucleotide polymorphisms (SNPs)
in PAR4 appear to affect the receptor's pharmacology and may be
clinically relevant. A SNP at rs773902 results in a sequence variant at
amino acid position 120 (Thr120 or Ala120), whereas a SNP at
rs2227346 causes a sequence variant at position 296 (Phe296 or
Val296). Initial studies have focused on the SNP at rs773902
because the Thr120 variant is expressed in 20% to 80% of individuals
(depending on the population)'*'® and renders the receptor more
sensitive to agonists and less sensitive to antagonists.'*'® Specifi-
cally, platelets from individuals expressing the Thr120 variant of PAR4
exhibit increased responsiveness to a PAR4-selective activating
peptide'*'® and resistance to the small molecule orthosteric PAR4
antagonist, YD-3, when compared with individuals expressing the
Ala120 variant.'® In both cases, individuals heterozygous for the SNP
displayed an intermediate phenotype. These surprising findings
suggest the effectiveness of current strategies to inhibit PAR4 may
vary significantly between individuals and indicate that a different
approach to receptor inhibition may be required for indiscriminate
PAR4 antagonism across the population.

To address this, we used Veloclmmune HumAb mice to generate
the first human monoclonal inhibitory antibodies against PAR4. We
targeted the thrombin cleavage site of the receptor and examined
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the activity of antibodies against the Ala120 and Thr120 PAR4
variants in cultured cells, isolated platelets, and an ex vivo whole
blood thrombosis assay. There have been a number of previous
reports of function-blocking PAR4 antibodies,®'” including our
own,® but none yet suitable for therapy. To date, the most effective
inhibitory antibodies against human PAR4 are polyclonals,®®'7 with
limited inhibitory activity observed using monoclonal antibodies.'®
However, our approach yielded a potent, specific, and highly
effective inhibitory antibody that inhibits PAR4 and provides marked
antithrombotic effects independent of the rs773902 PAR4 se-
quence variant. These findings reveal antibody-mediated inhibition
of PAR4 cleavage and activation is sufficient to provide robust
antithrombotic activity in a human thrombosis model and provide
rationale for such an approach for improved antithrombotic therapy
across the population when targeting PARA4.

Materials and methods

Materials

Antibodies used were Alexa Fluor 488-conjugated goat anti-mouse
immunoglobulin G (IgG; BD Biosciences, San Jose, CA), mouse IgG;
isotype (Santa Cruz Biotechnology, Dallas, TX), ant-CD41a (BD
Biosciences), Dylight650-conjugated anti-fibrin antibody (clone 59D8"®
gift from Vivien Chen, University of New South Wales, Sydney, Australia),
anti-CD9-PE (BD Biosciences), and Alexa Fluor 488-conjugated annexin-
V (Sigma-Aldrich, St. Louis, MO). Peptides used were hPAR4 immunizing
peptide (GGDDSTPSILPAPRGYPGQVC-KLH), hPAR4 naked pep-
tide (GGDDSTPSILPAPRGYPG QVC), hPAR4 biotinylated peptide
(GDDSTPSILPAPRGYPGQVC-GGGGSKB), hPAR3 biotinylated pep-
tide (AKPTLPIKTFRGAPPNSF-GGGGSKB), hPAR2 biotinylated pep-
tide (SCSGTIQGTNRSSKGRSL-GGGGSKB), and hPAR1 biotinylated
peptide (SKATNATLDPRS FLLRNP-GGGGSKB; all from Auspep,
Melbourne, Australia). PAR4-activating peptide (PAR4-AP; AYPGKF)
and PAR1-activating peptide (PAR1-AP; TFLLR) were synthesized by
Philip Thompson (Monash University, Melbourne, Australia). Other
reagents were vorapaxar (Axon Medchem, Reston, VA), human
a-thrombin  (Sigma-Aldrich), calcium ionophore A23187 (Sigma-
Aldrich), bovine type 1 collagen (Sigma-Aldrich), and hirudin (lepirudin,
Celgene, Summit, NJ). For thrombin measurements in whole blood, a
fluorescence resonance energy transfer-based thrombin activity sensor
(CPC Scientific, Sunnyvale, CA) was linked to the anti-CD41a antibody
via CLICK chemistry, as previously described.?

Antibody production and purification

Immunizations were undertaken in Veloclmmune HumAb mice (gen-
erously provided by Regeneron Pharmaceuticals), which have been
genetically modified by replacing the variable regions of the mouse
heavy and light chain Ig loci with the corresponding human sequence
to produce antibodies that have human variable regions with the
mouse constant regions.?'? All mouse studies were approved by the
Monash University Animal Ethics Committee. Fourteen-week-old
HumAb mice were injected subcutaneously with a KLH-coupled
peptide corresponding to a region spanning the thrombin cleavage site
of PAR4 (GDDSTPSILPAPR/GYPGQVC-KLH, where / indicates the
thrombin cleavage site; 25 pg in Freund's complete adjuvant), with 3
boosts given every 2 weeks for 6 weeks. After the final boost, primary
splenocytes were isolated and fused with myeloma Sp2/0 cells and
plated onto 96-well plates to generate antibody-producing hybrid-
omas. Supernatants from the resulting hybridomas were screened for
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high-affinity-specific hPAR4 antigen-positive lines using microarray
(Arraviet Super Marathon, Arraylet, Roslin, United Kingdom) and
standard ELISA. Cross reactivity to hPAR1, hPAR2, and hPAR3 was
also measured. Specific hPAR4 clones were subcloned to monoclonality
by limiting dilution. Specific hybridoma lines were expanded and adapted
to serum-free and suspension culture, and purified anti-hPAR4 antibody
was isolated by standard-affinity chromatography procedures, using
Protein A/G sepharose.

Surface plasmon resonance binding studies

The binding kinetics of purified antibody were determined via surface
plasmon resonance, using a Bio-Rad ProteOn XPR36 array system.
Analysis was performed using ProteOn NLC biosensor chips
containing a NeutrAvidin surface bound to the alginate polymer for
capture of biotinylated proteins and peptides. The NLC chip was
conditioned with 50 mM NaOH, followed by 1 M NaCl, both at a flow
rate of 30 pL/min. Biotinylated hPAR1, hPAR2, hPARS, or hPAR4
peptides (25 wg/mL) were captured on the chip in the vertical
channels at a flow rate of 30 pL/min. The chip was then rotated
horizontally, and varying antibody concentrations (6.25-100 nM) were
injected across channels at a flow rate of 100 wL/min. The data were
analyzed using Proteon Manager software with a Langmuir interaction
model that assumes a 1:1 binding interaction between the peptide and
antibody.

Human blood samples

All human studies were approved by the Monash University Human
Research Ethics Committee. Blood was collected after informed
consent from healthy adults (21-50 years old, of both sexes) who
had not taken antiplatelet medications in the last 10 days. Blood
was drawn from the antecubital vein, using a 19-gauge butterfly
needle, into syringes containing either one-seventh acid citrate
dextrose (7:1 vol/vol, final concentration) for platelet isolation or
one-tenth volume trisodium citrate (0.32% wt/vol, final concentra-
tion) for whole blood flow experiments and DNA extraction.

PAR4 genotyping

Genomic DNA was extracted from the buffy coat of blood samples
collected in citrate, using the DNEasy Blood and Tissue Kit (Qiagen) as
per manufacturer’s instructions. Samples were genotyped for the PAR4
SNP at rs773902 only, using a TagMan Assay (Thermo Fisher Scientific).

Flow cytometry

Antibody binding to native PAR4 on the platelet surface was
determined using flow cytometry. Platelets were isolated from
human whole blood collected in acid citrate dextrose, as previously
described.® Isolated platelets (1 X 10° cells) were then incubated
with anti-PAR4 antibody (10 pwg/mL), anti-human CD41a (10 wg/mL),
or isotype control (mouse IgGy, 10 pg/mL) for 30 minutes at 37°C.
Cells were then fixed with paraformaldehyde (2% final concentra-
tion) for 30 minutes at room temperature. The suspension was
centrifuged at 1000g for 2 minutes to obtain the platelet pellet,
which was then resuspended in modified Tyrode's buffer (12 mM
NaHCOg3, 10 mM HEPES at pH 7.4, 137 mM NaCl, 2.7 mM KCI,
5.5 mM D-glucose, 1.8 mM CaCly, 5% bovine serum albumin)
containing 10 pg/mL Alexa488-conjugated anti-mouse IgG. After
30 minutes at 37°C, the samples were centrifuged again and the
platelet pellet was resuspended in modified Tyrode's buffer and
analyzed using a flow cytometer (FACSCalibur; BD Biosciences).
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PARA4 cleavage assay

FLAG-tagged Ala120-PAR4 or Thr120-PAR4 expression vec-
tors (PBJ-FLAG-PAR4-120A-296F and pBJ-FLAG-PAR4-120T-
296F) were transiently transfected into HEK293T cells using
Lipofectamine 2000 (Thermo Fisher Scientific), as per the
manufacturer’s instructions. Note that both constructs contained
the 296F sequence and varied only at position 120 (Ala120 vs
Thr120). Cells were harvested 48 hours after transfection, washed
twice with PBS, and resuspended to 1 X 10° cells/mL. Cells were
then pretreated with either anti-PAR4 antibody (1-100 wg/mL) or
matched isotype control (mouse IgG1; 100 wg/mL) for 15 minutes
at 37°C, before being stimulated with thrombin (2 U/mL) for 10
minutes. The reaction was stopped with hirudin (8 U/mL). Samples
were then incubated with FITC-conjugated anti-FLAG antibody
for 1 hour at room temperature and analyzed by flow cytometry
(FACSCalibur).

Platelet aggregation

Platelet aggregation was measured by light transmission aggregometry
in a 96-well plate format, as previously described.?® Human isolated
platelets (2 X 10%mL) were stimulated with varying concentrations
of thrombin (0.0178-1 U/mL), PAR4-AP (10-100 wM), or PAR1-AP
(38-30 wM). The plate was analyzed at 37°C in a FLUOstar OPTIMA plate
reader (BMG Labtech, Ortenberg, Germany), using a 595-nm excitation
filter, for a period of 50 min (10 read cycles with a 5-minute double orbital
shake period between each read). Aggregation was calculated as
[OD(No Agonist) — OD(Agonist)]/[OD(No Agonist) — OD(blank)] X 100
at the time point at which aggregation was at a maximum. Optical
density was normalized against the blank (maximum) and unstimu-
lated platelets (minimum) and expressed as percentage maximum.
For antagonist studies, platelets were pretreated for 15 minutes at
37°C with anti-PAR4 antibody (1-100 wg/mL), vorapaxar (90 nM),
a combination of both, or their vehicle controls (mouse IgG; and
0.1% vol/vol dimethyl sulfoxide, respectively).

Phosphatidylserine exposure

Phosphatidylserine (PS) exposure on the platelet surface was used as
a measure of platelet procoagulant activity. Here, isolated platelets
(1 X 10° cells) were stimulated with increasing concentrations of
PAR4-AP (0.1-3 mM), thrombin (0.1-3 U/mL), or calcium ionophore
(20 M) for 30 minutes at 37°C. Alexa Fluor 488-conjugated annexin V
(1:100 dilution) was added after agonist stimulation for PS detection.
After the 30-minute stimulation, samples were fixed with paraformal-
dehyde (2% final concentration) and resuspended in a modified
Tyrode's buffer for flow cytometry analysis, as earlier (FACSCalibur).

Whole-blood thrombosis assay

Human whole blood collected in citrate (3.2%) was preincubated for
15 minutes at 37°C with PE-conjuated anti-CD9 antibody (4 w.g/mL),
thrombin activity sensor (5 wM), and a Dylight650-conjugated anti-
fibrin antibody (5 .g/mL), plus either the anti-PAR4 antibody (0.1 mg/mL)
or hirudin (800 U/mL). Whole blood was recalcified with
CaCl, (10 mM final concentration) to initiate coagulation, and drawn
over glass microslides (1 X 0.1 mm internal diameter; Vitrotubes,
Vitrocom, Mountain Lakes, NJ) coated with bovine type 1 collagen
(250 wg/mL), using a Harvard pump (Instech Laboratories, Plymouth
Meeting, PA) at a fixed flow rate of 0.06 mL/min, resulting in a wall
shear rate of 600 s~ '. Tricolor confocal fluorescence images
were recorded at 488, 561, and 647 nm excitation, collected through
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Figure 1. Development of a human monoclonal function-blocking antibody against human PAR4. (A) HumAb mice were immunized with a KLH-coupled peptide
corresponding to a region in the N-terminus of hPAR4 spanning the thrombin cleavage site (GDDSTPSILPAPRGYPGQVC-KLH; bold font indicates thrombin cleavage site). (B) Initial
ELISA-based antigen screening showed clone mAb-RC3-bound native human PAR4 peptide (hPAR4) with a 16-fold selectivity over human PAR1, PAR2, or PAR3 peptides; another
clone (mAb-RB4) bound all 4 peptides similarly. Note the lack of binding of mAb-6RC3 to any of hPAR1, hPAR2, or hPAR3 peptides above control (media only). (C) Binding was
confirmed by surface plasmon resonance analysis, which showed that mAb-RC3 bound native PAR4 peptide with a Kp ~0.4 nM. (D) mAb-RC3 (10 pg/mL) binding to human PAR4 on

the platelet surface was confirmed by flow cytometry. Data are mean + standard error of the mean in panel B and are representative traces (C-D) of n = 3 independent experiments.

a 25X water immersion objective. Thrombi were formed over the
course of 3 minutes of blood flow, after which calcium-free Tyrode's
buffer was flowed over the thrombi. Confocal z-stacks encompassing
the entire height of the thrombus field were continuously recorded over
a period of 10 minutes (Z step, 2 um; Nikon A1r, with NIS software).
Offline analysis of thrombi parameters was performed using NIS
software. Image series were initially thresholded empirically, and then
the same threshold applied to all subsequent experiments, as
identical experimental and confocal settings were used throughout.
Platelet thrombi were defined using anti-CD9-PE, and thrombin activity
and fibrin volume were quantified using average fluorescence of the
thrombus field. Data were normalized against the hirudin baseline and
expressed as a percentage of the control.

Statistical analyses

Statistical analyses were performed using GraphPad Prism software
(v6.0). Significance was defined at P < .05 as determined by either
unpaired, 2-tailed, Student t test or 1-way ANOVA with Dunnett's
post hoc test for multiple comparisons, as indicated in the relevant
figure legends.
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Results

Development of a human monoclonal
function-blocking antibody against PAR4

Veloclmmune HumAb mice were immunized with a KLH-linked peptide
corresponding to a region of hPAR4 spanning the thrombin cleavage
and activation site (Figure 1A). Serum titers from routine bleeds were
monitored, and spleens from the highest-producing mice were
harvested. Splenocytes were then fused with Sp2/0 cells, and the
resulting hybridomas (~5000) were screened for binding to the naked
version of the immunizing peptide by microarray and confirmed
secondarily by ELISA. ELISA-based antigen screening showed that
clone mAb-5A-RC3 (mAb-RC3) bound naked hPAR4 peptide with
a 16-fold selectivity over any of hPAR1, hPAR2, or hPARS peptides
(Figure 1B). Indeed, there was no detectable binding of mAb-5RC3
to any of hPAR1, hPAR2, or hPARS peptides above the media-only
control (Figure 1B). Surface plasmon resonance confirmed binding
of clone mAb-RC3 to the target antigen and estimated it bound the
immunizing peptide with a Kp of ~0.4 nM (Figure 1C). We also
confirmed mAb-RC3 bound native PAR4 on human platelets. Here,
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Figure 2. mAb-RC3 inhibits thrombin cleavage of both Ala120 and Thr120 PAR4 variants. Thrombin cleavage of PAR4 was assessed in HEK293T cells transiently
transfected with either Ala120-PAR4 or Thr120-PAR4 variants with an N-terminal FLAG tag. (A) Cells were stimulated with increasing concentrations of thrombin and receptor

cleavage measured as a loss of FLAG-epitope by flow cytometry. (B) Preincubation of transfected cells with mAb-RC3 before thrombin stimulation provided equivalent

concentration-dependent inhibition of thrombin cleavage of either PAR4 variant. Note near-complete inhibition of thrombin cleavage with higher concentrations of mAb-RC3.

Data are mean * standard error of the mean of n = 3 individual experiments each performed in duplicate.

mAb-RC3 (10 pg/mL) bound to a purified human platelet preparation,
with a rightward shift in fluorescence intensity over that produced by a
mouse IgG; isotype (Figure 1D).

mAb-RC3 inhibits thrombin cleavage of both Ala120
and Thr120 PAR4 variants

We next examined the function-blocking activity of the clone mAb-RC3
in a bioassay of thrombin-induced cleavage of PAR4. In HEK293Ts
transfected with plasmids containing either Ala120-PAR4 or Thr120-
PAR4 with an N-terminal FLAG-tag, thrombin caused a similar
concentration-dependent loss of FLAG epitope, with a maximum
cleavage of receptor of approximately 60% in both cases (Figure 2A).
Under conditions of maximum PAR4 cleavage, mAb-RC3 inhibited
receptor cleavage in a concentration-dependent manner (Figure 2B).
This effect was not different between the Ala120 and Thr120 PAR4
variants (Figure 2B). Pretreatment with the highest concentration of
mAb-RC3 examined (100 wg/mL) almost completely prevented
thrombin cleavage of either PAR4 variant, with only ~5% residual loss
of the FLAG epitope detected (Figure 2B).

mAb-RC3 inhibits the enhanced platelet aggregation
elicited by the Thr120-PAR4 variant

To date, the heightened PAR4 response in platelets from individuals
expressing the Thr120 PAR4 variant has only been demonstrated in
response to the PAR4-specific agonist peptide, PAR4-AP.'* We first
confirmed this phenotype in our local (Australian) cohort. In line with
previous observations,'* we observed a significant increase in platelet
aggregation induced by PAR4-AP in individuals expressing the Thr120
variant vs those expressing the Ala120 variant (Figure 3A). Platelets from
heterozygous individuals displayed a similar increase in responsiveness
to PAR4-AP (Figure 3A). We next determined whether this hyperreac-
tivity in platelets from individuals with the Thr120 allele also occurred in
response to the physiological PAR4 agonist, thrombin, as this has not
been previously reported. Although thrombin-induced aggregation was
increased in platelets from Thr120 individuals (homozygous or
heterozygous) vs those from Ala120 individuals, this effect was less
obvious than that observed in response to PAR4-AP (Figure 3B). To
isolate the PAR4-dependant effects of thrombin in this assay, platelets
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were treated with the PAR1 antagonist vorapaxar at a concentration
(90 nM) we have previously shown sufficiently blocks PAR1 activation
under these conditions.>® Here, we observed a further dampening of the
PAR4 genotype-dependent difference in platelet aggregation (Figure
3C). Regardless, mAb-RC3 caused a concentration-dependent inhibition
of this thrombin-induced, PAR4-dependent, platelet aggregation. mAb-
RC3 almost abolished aggregation at the highest concentrations
examined (30 or 100 wg/mL), with indistinguishable effects across
donors expressing the various PAR4 variants (Figure 3D; 50% inhibitory
concentration [ICgo] of 4.3 pg/mL for Ala120, 3.2 p.g/mL for Thr120, and
6.8 pg/mL for heterozygotes) and with a combined ICsp of 5.1 pg/mL
(Figure 3E). The inhibitory effect of mAb-RC3 in platelets was specific to
PAR4, with no observable effects on PAR1 activation (supplemental
Figure 1A-B) or cleavage (supplemental Figure 1C-D) in these cells.

mAb-RC3 inhibits the enhanced platelet procoagulant
response elicited by the Thr120-PAR4 variant

The generation of procoagulant platelets is important for thrombus
growth and stability,**® and thrombin-induced procoagulant platelet
production is mediated predominantly by PAR4.2 Therefore, we next
examined the sensitivity of thrombin-induced procoagulant platelet
production (assessed by annexin V binding to surface-exposed PS) in
donors expressing the Ala120 vs Thr120 PAR4 variant, and the ability of
mAb-RCS3 to inhibit this response. We observed a strikingly similar trend
to the aggregation studies in Figure 3. First, PAR4-AP induced a greater
increase in PS on platelets expressing the Thr120 PAR4 variant
(heterozygous or homozygous) than on those expressing the Ala120
PAR4 variant (Figure 4A). Second, the same but less obvious trend was
observed in response to thrombin (Figure 4B). Third, mAb-RC3
concentration-dependently inhibited thrombin-induced PS exposure
independent of PAR4 genotype, again nearly abolishing the response
at the highest concentrations examined (100 pg/mL) in platelets
expressing either of the PAR4 rs773902 sequence variants (Figure 4C).

mAb-RC3 inhibits human thrombus formation
independent of PAR4 variant expression

Finally, the antithrombotic activity of mAb-RC3 was assessed in a
human whole blood thrombosis assay in which coagulation occurs.®

ANTIBODY-BASED PAR4 INHIBITION IS ANTITHROMBOTIC 1287

20z dunf 80 uo 3sanb Aq jpd GGG 1 0SaoUBADE/GE L L 88/EBT L/ | L/Z/iPd-B]oIlE/SEOUBAPEPOO|q/AU"SUOHEDgNdYsE//:djly WOl papeojumog



1004 4+ Vorapaxar
80 A
60 o

40 4

Aggregation (%)

20 A

[Thrombin] U/mL

7| Thrombin + Vorapaxar

0.1 1 0.01 0.1 1
[Thrombin] U/mL

IC50="5.1 pg/mL

rs773902:
@ Ala120

@ Het
@ Thr120

A B
80 4 100 4
80 -
60 - _
S g
5 £ 7
g 40 s
[=F]
s S 401
= =
20 A 90 4
0 +—ar—sr—r—r—rrrrr 0 T
10 100 0.01
[PAR4-AP] (M)
D E
1209 Thrombin + Vorapaxar 120
100 A 100 -
= =
§ 80 A "% 80 -
< 60- < 60
S 5
S 40 = i
2 £
20 A 20 +
0 T T T T 0
0.1 1 10 100
[RC3] pg/mL

0.1 1 10

il ul T

100
[RC3] pa/mL

Figure 3. mAb-RC3 inhibits the enhanced platelet aggregation elicited by the Thr120-PAR4 variant. Aggregation of human isolated platelets from donors

subsequently genotyped as homozygous at rs773902 for Thr120, Ala120, or as heterozygous. Shown are concentration-response curves to (A) PAR4-AP, (B) thrombin, and

(C) thrombin in the presence of the PAR1 inhibitor vorapaxar (90 nM). (D) Also shown are concentration-inhibition curves to mAb-RC3 on responses to thrombin (0.1 U/mL) in

the presence of vorapaxar (90 nM), indicating antibody-mediated PAR4 inhibition is equally effective across all genotypes (ICsos for Ala120, Thr120, and heterozygotes = 4.3,

3.1, and 6.8 pg/mL, respectively). (E) An ICso for mAb-RC3 of 5.1 pg/mL was determined from the pooled data from all individuals shown in panel D. All data are mean =

standard error of the mean from n = 3 to 6 experiments per genotype. *P < .05 (1-way ANOVA with Dunnett's test for multiple comparisons between each genotype).

Specifically, we measured platelet deposition, thrombin generation,
and fibrin formation in real time in blood from individuals expressing
the Ala120 or Thr120 PAR4 variant (Figure 5A). Perhaps
surprisingly, there was no significant difference in the extent of
any of platelet deposition, thrombin generation, or fibrin deposi-
tion between donors expressing the various PAR4 variants
(Figure 5B-C). Importantly, and in support of the procoagulant
platelet response experiments of Figure 4, pretreatment of blood
with mAb-RC3 alone was sufficient to significantly reduce
thrombin generation (~40%) and fibrin formation (~60%) in
formed thrombi (Figure 5D-E). As in the in vitro experiments, this
reduction in thrombin and fibrin occurred independent of PAR4
genotype, as it was evident in blood taken from individuals
expressing the Ala120 or Thr120 PAR4 sequence variant and
in individuals who genotyped as heterozygous at the allele
(Figure 5B-C). As predicted from the in vitro experiments in
Figure 4, the effect of mAb-RC3 on fibrin formation (~60%
reduction; Figure 6C) was more pronounced than that on platelet
deposition (~30% reduction; Figure 6B). Together, the overall
effect of mAb-RC3 pretreatment was a marked reduction in total
thrombus volume (>50%; Figure 6D). Again, the antithrombotic
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effect of mAb-RC3 was independent of PAR4 genotype, occurring
in 16 of 18 individuals examined (Figure 6E). Indeed, mAb-RC3
only failed to provide an antithrombotic effect in the 2 individuals
with the lowest baseline thrombotic response (Figure 6E). These
studies indicate that PAR4 inhibition with the function-blocking
monoclonal antibody developed here affords equally effec-
tive antiplatelet and antithrombotic effects in individuals, re-
gardless of their expression of the sequence variant of PAR4 at
rs773902.

Discussion

We have generated the first human monoclonal function-blocking
antibody against the platelet thrombin receptor, PAR4. We used
Veloclmmune HumAb mice to generate human monoclonal
antibodies directed against the thrombin cleavage site of PAR4, a
strategy similar to one we have used previously to generate a
specific antagonist of thrombin-induced PAR4 activation.® One
clone (mAb-RC3) demonstrated specific and high-affinity binding to
PAR4, and effective inhibition of thrombin-induced PAR4 cleavage
and activation that markedly improves on previous antibody-based
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Figure 4. mAb-RC3 inhibits the enhanced platelet procoagulant response elicited by the Thr120-PAR4 variant. Production of procoagulant (annexin V-binding)

platelets in human isolated platelet preparations from donors subsequently genotyped as homozygous at rs773902 for Thr120 or Ala120, or as heterozygous. Shown are

concentration-response curves to (A) PAR4-AP and (B) thrombin. (C) Also shown are concentration-inhibition curves to mAb-RC3 on responses to thrombin (1 U/mL),

indicating antibody-mediated PAR4 inhibition is equally effective across all genotypes. All data are mean *+ standard error of the mean from n = 3 to 6 experiments per

genotype. *P < .05 (1-way ANOVA with Dunnett’s test for multiple comparisons between each genotype).

approaches.®'”"'® Importantly, mAb-RC3 inhibits the Ala120 PAR4
variant and the hyperreactive Thr120 PAR4 variant equally well in
isolated platelets and provides equivalent antithrombotic effects in
blood from individuals regardless of their PAR4 genotype. These
studies thereby provide a new agent for PAR4 inhibition that may
have broad clinical utility.

Despite the development of a number of PAR4 inhibitors,”'326:27

including 2 small molecule agents that have been evaluated in early
clinical trials (BMS-986120 and BMS-986141), specificity and
efficacy have proven especially challenging. Binding analyses
performed here indicate mAb-RC3 binds PAR4 with high affinity
(Kp ~0.4 nM) and with no detectable cross reactivity to other PARs.
Furthermore, mAb-RC3 appears significantly more effective than
previous antibodies.>®'”'® In addition to the usual challenges
of specificity and efficacy, the recent discovery of a clinically
significant PAR4 variant (rs773902) has raised further issues
for PAR4 antagonism, with the Thr120-PAR4 variant exhibiting
increased sensitivity to agonists and an apparent insensitivity to
at least 1 small molecule antagonist."* The mAb-RC3 antibody
developed here appears to completely overcome this. Given the
prevalence of the Thr120-PARA4 variant (20%-80%, depending on
the population),’*'® these studies suggest antibody-based in-
hibition of PAR4 may be required for effective and well-controlled
antithrombotic activity across the population.

The Thr120-PAR4 variant has previously been associated with
upregulated platelet responses to a PAR4 activating peptide.'*
Our findings extend on this to indicate the heightened response
also occurs in response to PAR4's physiological agonist, thrombin,
with platelets from individuals expressing the Thr120 PAR4
variant exhibiting increased thrombin-induced aggregation. The
mechanism by which the amino acid change at position 120
(located in the second transmembrane domain) affects PAR4
function remains unknown. Our data suggest it is not a result of
changes in receptor cleavage, as the cleavage-site spanning mAb-
RC3 was equally effective at inhibiting PAR4 cleavage and
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activation in Thr120 and Ala120 PAR4 variants. Whether or not
interactions at the ligand binding domain within the second
extracellular loop are involved remain untested, but are consistent
with the findings from us and others'® showing differences in
responses to PAR4 activating peptides and small molecule
antagonists that act at this site.

We have previously shown that PAR4 activation via thrombin drives
procoagulant platelet activity.® Here, we extended on these studies
to provide the first evidence for a heightened production of
procoagulant platelets in individuals expressing the Thr120-PAR4
variant. That this response was also inhibited by mAb-RC3 provides
further rationale for its use as an antithrombotic approach. Although
a similar trend of increased platelet procoagulant activity in
response to PAR4-AP was observed with thrombin, consistent
with our experiments examining platelet aggregation, the extent of
any increase with thrombin was far less apparent than with PAR4-
AP. This observation may explain the lack of correlation between
PAR4 genotype and ex vivo thrombus formation observed here. We
observed no differences in any of platelet deposition, thrombin
generation, fibrin formation, or total thrombus volume between
donors of different PAR4 genotypes. Whether the increased
platelet sensitivity to thrombin is truly insufficient to cause effects
in the more involved whole blood system will require a more
thorough examination; for example, in a greater number of individ-
uals and across a range of thrombogenic conditions. On this point,
it is worth noting that the human ex vivo thrombosis assay we have
used for these studies reveals considerable interindividual variation,
which presumably reflects an individual's multiple contributing pro-
and antithrombotic factors. We did not measure an individual's
platelet count, hematocrit, coagulation factors, or cholesterol, nor
did we genotype for anything other than the SNP at rs773902.
Whether or not this intrinsic variation has masked any effect on
human thrombus formation of the PAR4 sequence variant at
position 120 remains to be seen and will require the study of a
sizeable cohort.
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Figure 5. mAb-RC3 inhibits platelet procoagulant activity during ex vivo human whole blood flow. (A) Representative images and (B-E) quantitation of human

thrombi formed after 3 minutes of a whole blood thrombosis assay using donors subsequently genotyped as homozygous at rs773902 for Thr120 or Ala120, or as

heterozygous. (A) Shown are thrombin (green, thrombin probe), fibrin (purple, anti-fibrin), and brightfield image of thrombi. Note that the direct thrombin inhibitor, hirudin
(800 U/mL), abolished thrombin activity and fibrin accumulation despite continued platelet deposition. Scale bars, 20 um. No differences in (B) thrombin activity or (C)

fibrin volume were observed between thrombi formed in individuals expressing the indicated PAR4 genotypes. Pretreatment with mAb-RC3 (100 wg/mL) significantly

inhibited both (D) thrombin activity and (E) fibrin formation. Note that all blood donors were pooled in panels D and E with the different genotypes highlighted by the

colors as indicated. Data are mean * standard error of the mean of N = 3 to 8 per genotype and was analyzed by 1-way ANOVA (B-C) or unpaired Student t test

(D-E). *P < .05.

Despite the lack of effect of the rs773902 SNP in PAR4 on thrombus
formation, mAb-RC3 alone was sufficient to provide a marked
antithrombotic effect in almost all donors examined. As predicted by
our in vitro studies, this effect was largely driven by a reduction in platelet
procoagulant activity and subsequent fibrin formation, although some
contribution by impaired platelet deposition was also apparent. The
marked antithrombotic effect provided by mAb-RC3 in blood from
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donors of all PAR4 genotypes suggests directly targeting the thrombin
cleavage site may be required for effective and consistent PAR4
inhibition across the population. Given the efficacy and relative safety of
PAR4 inhibition in animal models,” determining the antithrombotic
effects of mAb-RC3 in human blood in combination with other
antiplatelet agents that target distinct aspects of thrombus formation
(eg, aspirin, P2Y 4, receptor antagonists) will be of interest.

12 JUNE 2018 - VOLUME 2, NUMBER 11 & blood advances

20z dunf 80 uo 3sanb Aq jpd GGG 1 0SaoUBADE/GE L L 88/EBT L/ | L/Z/iPd-B]oIlE/SEOUBAPEPOO|q/AU"SUOHEDgNdYsE//:djly WOl papeojumog



A B
Control 60000 A
E
= 40000
2
=
=]
£ 20000
=
[,
0 -
D
__ 100000 4
E
= 80000 -
£
S 60000 1
£ 40000 -
S
=
S 20000 1
=2
0 -
E
___ 100000 A 100000 4
E
= 80000 4 80000
g
S 60000 A 60000 -
]
£ 40000 A 40000 -
= 20000 A 20000
]
0 0 -
Control RC3

C
* ns
N 30000 4
— °
= o o
3‘ ® o d
L) = 20000 A °e
° = % oo
° 4] ®
[ ] = o®
° L) °
% = 10000 4 ° =
= ° L)
°® = ° DY
—_,'g a- °® ®q0
° e
o0 ode 0 -
Control RC3 Control RC3
°
rs773902:
° ® Ala120
® o
é.- o® ® Het
(X ® Thr120
® ()
°
R
Control RC3
100000 A
80000 A
60000 - \
40000 -
20000 -
0 -
Control RC3 Control RC3

Figure 6. mAb-RC3 inhibits human thrombus formation independent of PAR4 variant expression. (A) Representative 3-dimensional reconstructions and (B-E)

quantitation of human thrombi formed after 3 minutes of a whole blood thrombosis assay, showing platelets (red, anti-CD9), thrombin (green, thrombin probe), and fibrin

(purple, anti-fibrin). (B,C) Pretreatment of blood with mAb-RC3 (RC3, 100 pg/mL) significantly inhibited fibrin formation, but the effect on platelet deposition did not reach

significance. (D) This translated to a significant reduction in total thrombus volume. Individual data points are shown. Bars are mean =+ standard error of the mean of all

N = 18 experiments. *P < .05; not significant (ns) (unpaired Student t test). (E) Pairwise analysis for all individuals, separated by PAR4 genotype, showing a reduction in total

thrombus volume in all individuals except the 2 with the lowest baseline response.

In summary, we have developed a human monoclonal PAR4
antibody that is a highly selective and effective inhibitor of PAR4
cleavage and activation. This function-blocking PAR4 antibody
impairs thrombin-induced PAR4 cleavage, platelet activation, and
prothrombotic activity equivalently in the face of expression of
either the Ala120 or the Thr120 PAR4 sequence variant. These
findings reveal an approach to PAR4 inhibition that overcomes
the impaired sensitivity of existing small molecule approaches
targeting the second extracellular domain of the commonly
expressed Thr120-PAR4 variant. These studies provide rationale
for antibody-mediated blockade of PAR4 cleavage and activation
for effective antithrombotic therapy in all individuals, regardless of
PAR4 genotype.
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