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PLATELETS AND THROMBOPOIESIS

Necrotic platelets provide a procoagulant surface during thrombosis
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A subpopulation of platelets fulfills a procoagulant role in hemostasis and thrombosis
by enabling the thrombin burst required for fibrin formation and clot stability at the

e The major subpopulation of
platelets involved in thrombus
development form via
regulated necrosis involving
cyclophilin D.

* Necrotic platelets may be
targeted independent of
platelet activation.

site of vascular injury. Excess procoagulant activity is linked with pathological throm-
bosis. The identity of the procoagulant platelet has been elusive. The cell death marker
4-[ N-(S-glutathionylacetyl)amino]phenylarsonous acid (GSAO) rapidly enters a sub-
population of agonist-stimulated platelets via an organic anion-transporting polypeptide
and is retained in the cytosol through covalent reaction with protein dithiols. Labeling
with GSAO, together with exposure of P-selectin, distinguishes necrotic from apoptotic
platelets and correlates with procoagulant potential. GSAO™ platelets form in occluding
murine thrombi after ferric chloride injury and are attenuated with megakaryocyte-directed
deletion of the cyclophilin D gene. These platelets form a procoagulant surface, supporting
fibrin formation, and reduction in GSAO™ platelets is associated with reduction in platelet
thrombus size and fibrin formation. Analysis of platelets from human subjects receiving aspirin therapy indicates that these
procoagulant platelets form despite aspirin therapy, but are attenuated by inhibition of the necrosis pathway. These findings indicate
that the major subpopulation of platelets involved in fibrin formation are formed via regulated necrosis involving cyclophilin D, and

that they may be targeted independent of platelet activation. (Blood. 2015;126(26):2852-2862)

Introduction

Activated platelets have a dual role in hemostasis and thrombosis. They
aggregate to form the platelet plug and also provide the surface for
the assembly of the coagulation factors. There is increasing evidence
that these roles are performed by separate subpopulations of platelets
within the thrombus. In particular, a subset of activated platelets, which
have been termed “procoagulant platelets,” have distinct properties,
including the ability to support thrombin generation.> Procoagulant
platelets are able to assemble the soluble coagulation factors on the
membrane surface into the tenase (FIXa/FVIIIa/FX) and prothrombi-
nase (FXa/FVa/FII) complexes to generate the thrombin burst required
for fibrin formation and thrombus stability. It is theorized that these
platelets form the link between the unstable activated platelet
aggregate and the coagulation system-mediated stabilization of the
thrombus; however, the exact nature of this population remains to
be defined. Procoagulant platelets are characterized by a sustained
rise in intracellular calcium and phosphatidylserine exposure on
the outer membrane. Several reports indicate that there is imperfect
correlation between phosphatidylserine exposure and presence of
coagulation factors on the platelet surface. Thus, although phospha-
tidylserine is necessary for procoagulant activity, phosphatidylserine
exposure alone is insufficient to define the procoagulant platelet.>

Moreover, even after activation with strong agonists, only some
platelets will expose phosphatidylserine, and only a subset of these
are procoagulant.

Excess procoagulant activity can tip the balance from physiological
hemostasis to pathological thrombosis, which means that platelet
procoagulant activity is a profoundly important concept. Elevated levels
of “coated” platelets, defined as platelets with high levels of retained
procoagulant proteins, have been demonstrated in patients with
ischemic stroke and recurrent ischemic stroke, whereas low levels
correlate with hemorrhagic complications of stroke.® Identifying and
understanding this subset is particularly important. It has been
differentially proposed that the procoagulant platelet is formed via
activation of apoptosis pathways,” or necrosis pathways through
cyclophilin D-dependent mitochondrial permeability transition pore
formation.® Most studies concur that combination thrombin and
collagen stimulation is required for maximal generation of the
procoagulant phenotype.”® The study of the physiological and
pathological role of the procoagulant platelet in vivo, however,
has been thwarted by the lack of a suitable marker.'®'? Use of
annexin V or lactadherin to study phosphatidylserine-positive
platelets is problematic, as only a subset of platelets elaborating
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phosphatidylserine are procoagulant, and the labeling probes are
inhibitory to the process being studied in the doses required for in
vivo imaging.'>*

A key feature of procoagulant platelets is that their morpho-
logical features, as seen under phase and electron microscopy,
resemble features of “necrosis” in mammalian nucleated cells. For
example, there is rearrangement of the membrane phospholipid
symmetry with externalization of phosphatidylserine, microvesi-
culation, ballooning of the cell with cytoskeletal disruption, and
loss of membrane integrity. Traditional markers of loss of mem-
brane integrity that bind to nuclear material such as propidium
iodide or Sytox dyes cannot be used in the anucleate platelet.
Thus, we investigated the use of a cell death imaging agent that
complexes with cytoplasmic ligands, 4-[N-(S-glutathionylacetyl)
amino] phenylarsonous acid (GSAO),"”"7 to determine whether
we could identify the procoagulant platelet in vitro and in vivo.
Using GSAO, we show that necrotic platelets are generated within
a few seconds of agonist stimulation in vitro and are procoagulant.
They are also generated in vivo during formation of occlusive mu-
rine thrombi and provide a procoagulant surface. In addition,
analysis of platelets from human subjects receiving aspirin indicates
that procoagulant necrotic platelets form despite aspirin therapy, but
are attenuated by inhibition of the cyclophilin D-dependent necrosis
pathway.

Methods

GSAO labeling of platelets

Whole blood was collected from healthy volunteers into 1:9 volume of 4%
citrate and then dispensed into 20% volume of citrate-dextrose solution
(Sigma-Aldrich). Platelet-rich plasma was isolated after brake-free centri-
fugation for 20 min at 260g and left to rest for 10 minutes at room tem-
perature on a slow rocker. Platelets were pelleted at 930g for 10 minutes,
platelet-poor plasma was removed, and the pellet was gently resuspended
into phosphate-buffered saline containing 20% volume acid citrate dextrose
and 1.5 uM prostaglandin E1 (Sigma-Aldrich). Platelets were washed
once and resuspended into modified N-2-hydroxyethylpiperazine-N'-
2-ethanesulfonic acid (HEPES)/Tyrodes buffer (10 mM HEPES at pH 7.5
buffer containing 0.14 M NaCl, 1 mM MgCl,, and 5 mM glucose). Research
was carried out according to the principles of the Declaration of Helsinki and
approved by the institution’s ethics review board.

Washed human platelets were resuspended at 5 X 107/mL in modi-
fied HEPES/Tyrodes buffer supplemented with 2.5 mM CaCl,. Platelets
were left unstimulated or stimulated with ionomycin (10 wM; Sigma-
Aldrich), a-thrombin (0.1 U/mL; Sigma-Aldrich), collagen (0-10 pg/mL;
Optigen Scientific), collagen-related peptide (0-10 pg/mL; Sigma-
Aldrich), or thrombin (0.1 U/mL) plus collagen (5 wg/mL) for 10 min at
37°C. On some occasions, platelets were incubated with the cyclophilin D
inhibitor cyclosporine A (2 puM; Sigma-Aldrich) for 15 minutes before agonist
stimulation. On other occasions, platelets were incubated with the pancaspase
inhibitor ZVAD FMK (200 uM; Promega) for 1 h before stimulation with
ABT-737 (30 wM) for 2 h at 37°C. Platelets were washed once after agonist
stimulation, incubated with phycoerythrin-labeled anti-CD62P monoclonal
antibody (5% vol/vol; BD Biosciences) and GSAO-AF647 or control
GSCA-AF647 (1 pM) for 30 min at room temperature, washed once, and
analyzed immediately by flow cytometry on a BD Fortessa LSR. On some
occasions, thrombin/collagen-stimulated platelets were incubated with
4,4’ -diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS; 0-200 pM; Sigma-
Aldrich) for 10 min at 37°C before labeling. GSAO and GSCA were produced
and conjugated to Alexa Fluor 647, as described previously.'>'®'® On some
occasions, washed platelets were also labeled with annexin V-Pacific Blue
(5% vol/vol; Life Technologies).
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Methods for measurement of platelet mitochondrial membrane potential,
platelet surface FXa, platelet procoagulant potential, imaging and analysis of
murine thrombi, aspirin study participants, and protocol and statistical analysis
are found in the supplemental Methods, available on the Blood Web site.

Results
Rationale for the platelet necrosis marker

GSADO is a tripeptide trivalent arsenical that has recently been charac-
terized as an imaging agent for necrotic and late apoptotic nucleated
cells’>"7 (Figure 1A). When tagged with a reporter compound at the
v-glutamyl residue of the glutathione moiety, the compound is unable
to cross the plasma membrane of viable cells. However, when
plasma membrane permeability changes in necrosis or late apoptosis,
GSAO enters the cell and is retained in the cytoplasm by covalent
bonding to proteins containing closely spaced cysteine thiols.'> The
intracellular protein targets for trivalent arsenicals vastly outnumber
the extracellular targets. For instance, the intensity of GSAO labeling
of dying/dead nucleated cells is at least 1000-fold higher than
labeling of viable cells.'> We reasoned that GSAO might also
selectively label the anucleate necrotic/apoptotic platelet.

GSAO marking of dying/dead nucleated cells is compatible with a
number of different reporter groups, including hydrophilic fluorophores,
a biotin label, or radioisotopes.'>!” We employed conjugates of GSAO
with AF647, AF546, or Oregon Green in this study. A GSAO control
compound, GSCA [4-(N-[(S-glutathionyl) acetyl]amino)benzoic acid],
contains an inert carboxylic acid group in place of the chemically
reactive As(III) in GSAO. GSCA has the same biodistribution as GSAO
but does not react with proteins, so washes out of cells.

GSAO labels a subpopulation of activated platelets

Calcium ionophore treatment of platelets leads to a sustained rise in
intracellular calcium and surface elaboration of phosphatidylserine,
which are features of both the procoagulant and necrotic phenotype.'’
Washed human platelets were treated with calcium ionophore and
labeled with GSAO-AF647 and an antibody against the a-granule
marker, P-selectin. GSAO-AF647 was consistently retained in a sub-
population of platelets that coexpress P-selectin (Figure 1B). Resting
platelets not exposed to ionophore did not label with GSAO-
AF647. The control compound, GSCA-AF647, showed no labeling
of ionophore-treated platelets.

Dual stimulation with thrombin and collagen is known to be
superior to either agonist alone in the generation of the procoagulant
platelet.”®?° To determine whether GSAO labeling reflects this
agonist profile, washed human platelets were stimulated with thrombin,
collagen, or both thrombin and collagen. Thrombin generated minimal
GSAO™" platelets, collagen stimulation resulted in a moderate propor-
tion, and simultaneous stimulation with thrombin and collagen resulted
in a marked increase in GSAO™ platelets (Figure 1C-D). To determine
whether signaling through the collagen receptor, GPVI, was sufficient
to generate the GSAO™ phenotype, we compared the maximal propor-
tion of GSAO™ platelets generated by collagen compared with the
GPVI-specific activator, collagen-related peptide. The majority of the
collagen effect was recapitulated with the peptide (Figure 1E).

GSAO rapidly enters the activated platelet subpopulation via an
organic anion-transporting polypeptide

The rate of GSAO™ platelet generation after agonist exposure
was measured using time-lapse flow cytometry. Results are reported
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Figure 1. GSAO labels a subpopulation of activated platelets. (A) Structure of G
platelets were stimulated with calcium ionophore (1 wM) and activation and plasma m

SAO and site of conjugation of AF647, Oregon Green, or biotin. (B) Washed human
embrane compromise measured by flow cytometry. Activated platelets were detected

from surface elaboration of P-selectin and plasma membrane compromise by labeling with GSAO-AF647 or negative control GSCA-AF647. (C) Washed human platelets were
left unstimulated or stimulated with thrombin (0.1 U/mL), collagen (5 wg/mL), or thrombin (0.1 U/mL) and collagen (5 ng/mL), and exposure of P-selectin and labeling with
GSAO-AF647 were measured by flow cytometry. (D) Platelet stimulation with both thrombin and collagen results in significantly more labeling with GSAO-AF647 than with
either agonist alone. (E) Washed human platelets were stimulated with collagen or collagen-related peptide, and labeling with GSAO-AF647 was measured by flow cytometry.

for GSAO™ events based on lead in time before agonist exposure
threshold. Resting platelets showed no increase in GSAO labeling over
the course of 10 minutes. Platelets exposed to thrombin demonstrate
little GSAO labeling compared with unstimulated platelets. Collagen
alone resulted in a gradual increase in GSAO labeling over the course of
60 seconds, whereas combination thrombin and collagen stimulation
resulted in a rapid initial rise in GSAO labeling that peaked in
12 seconds and was sustained during the 10 minutes of the experiment
(Figure 2A).

The organic anion-transporting polypeptide (OATP) family
has been implicated in transport across the plasma membrane of
organic anions in the same class as GSAO.>"**> Nine members of
the OATP family have been reported in humans,?® and plate-
lets express OATP2B1.>* DIDS is an inhibitor of OATP class B
transporters,>> so we tested its effect on GSAO labeling of agonist-

stimulated platelets. DIDS inhibited GSAO labeling of P-selectin™-
activated platelets (Figure 2B) at a half-maximal concentration
of ~30 uM (Figure 2C). GSAO is retained in the platelet cytoplasm
through covalent reaction with closely spaced protein cysteine thiols'”
(data not shown).

Labeling with GSAO and exposure of P-selectin distinguishes
necrotic from apoptotic platelets

Bcl-X; -dependent apoptosis is involved in regulation of platelet
life span, although the role of platelet apoptosis in thrombosis is
controversial. To determine whether GSAO can differentiate agonist-
induced necrotic vs apoptotic platelets, platelet apoptosis was triggered
using the BH3 mimetic ABT-737. GSAO labeled P-selectin-negative
apoptotic platelets (Figure 3A-B). The GSAO™ population also

¥20z AeN 81 uo 3sanb Aq ypd zG82/900 1 6€1/2582/92/92 | /spd-ajo1e/poojqjeusuoneoligndyse/:diy woly papeojumoq



BLOOD, 24 DECEMBER 2015 - VOLUME 126, NUMBER 26

A @ nil

# thrombin

O collagen

- thrombin+collagen

7000

GSAO-AF647, mean fluorescence

1 Time, min
agonist
B thrombin+collagen
thrombin+collagen +200pM DIDS
_z5.80% 55.18% 62.19% 2.40%
10”3 1077
[T}
o
1 10
=
=
o]
N
B 10
@
o 2 o
132] 9 103] ¢
107 7.78% 1.25% | -10 0.06%
-10° 107 10° 1t 10’ 107 10° 10° 10 10°
GSAO-AF647
Cc 70
£ 60
©
D 50
®
o 40
& 30
<
o 20
O]
2 10
0+

0 100 200 300 400 500
DIDS, uM

Figure 2. GSAO rapidly enters the activated platelet subpopulation via an
organic anion-transporting polypeptide. (A) The kinetics of labeling of stimulated
platelets with GSAO-AF647 was measured by time-lapse flow cytometry. Flow plots
are representative of n = 3 separate experiments, and bars and data points are from
n = 3 separate experiments. *P < .05; ****P < .0001. (B-C) Washed human platelets
were stimulated with thrombin (0.1 U/mL) and collagen (5 pg/mL), incubated with
0 to 200 pM DIDS for 10 minutes, and then exposure of P-selectin and labeling
with GSAO-AF647 were measured by flow cytometry. DIDS inhibited labeling of
P-selectin® activated platelets at a half-maximal concentration of ~30 wM. The data
points and errors are the mean = range of 1 to 5 experiments.

labeled with a polycaspase marker and annexin V, both indicators of
apoptotic cells. The pancaspase inhibitor, ZVADFMK, reduced
ABT-737-induced GSAO™ /P-selectin~ platelets but had no effect
on GSAO labeling of thrombin and collagen-stimulated platelets
(Figure 3C), confirming that the agonist-induced platelets are not
undergoing apoptotic cell death. These results indicate that apoptotic
platelets are GSAO™/P-selectin~, whereas necrotic platelets are
GSAO™/P-selectin* (supplemental Table 1). Washed platelets from
healthy donors were untreated or stimulated with thrombin, collagen,
or thrombin and collagen and examined for apoptosis (GSAO™/
P-selectin~) and necrosis (GSAO*/P-selectin™) (Figure 3D). These
agonists trigger platelet necrosis, but not apoptosis.
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GSAO marks platelets undergoing cyclophilin
D-dependent necrosis

The cyclophilin D-dependent regulated necrosis pathway is character-
ized by agonist stimulation, raised intracellular calcium, formation of
the mitochondrial transition pore, and loss of mitochondrial mem-
brane potential. Dual agonist stimulation of platelets results in
loss of mitochondrial transmembrane potential (Figure 4A). The
onset of mitochondrial depolarization (Figure 4B) and phospha-
tidylserine exposure (Figure 4C) are coincident with GSAO la-
beling. Direct mitochondrial membrane depolarization using
m-chlorophenylhydrazone does not result in GSAO labeling, indicating
that GSAO entry into necrotic platelets is not triggered by direct
mitochondrial perturbation (supplemental Figure 1).

Cyclophilin D is involved in formation of the mitochondrial per-
meability transition pore, and inhibition of this protein blunts pore
formation and necrosis. Inhibiting cyclophilin D with cyclosporine
A reduced GSAO labeling and procoagulant potential of agonist-
stimulated platelets (Figure 4D). Increases in cytosolic calcium
levels are an important event in cell necrosis, leading to a chain of
molecular events resulting in bioenergetics failure.?” As anticipated,
addition of calcium promoted GSAO™ agonist-stimulated platelets
(Figure 5F).

GSAO™ platelets form in occluding murine thrombi and are
attenuated with megakaryocyte-directed deletion of the
cyclophilin D gene

It is important that GSAO not interfere with thrombus formation for
it to be used as an in vivo marker of procoagulant necrotic platelets.
GSAO-AF647 or unconjugated GSAO does not trigger platelet
apoptosis or necrosis (supplemental Figure 2). GSAO-Oregon Green
(1 wM) also had no effect on in vitro platelet aggregation in re-
sponse to collagen, thrombin, adenosine 5'-diphosphate, or epineph-
rine, and there was no effect on coagulation in a 1-step clotting assay
(data not shown). GSAO-AF750 (0.1 pg/g mouse) had no effect on
platelet accumulation or fibrin formation in the murine laser injury
model of thrombosis (data not shown).

Two methods of initiation of thrombosis in the murine cremaster
arteriolar circulation were compared and contrasted to explore the
functional relevance of GSAO™ platelets in vivo: the endothelial
stimulation laser injury model that is primarily dependent on throm-
bin for thrombus formation and not dependent on extravascular
collagen exposure,?®* and the FeCl; chemical injury model.*
Dylight-conjugated antiplatelet CD42b antibody, GSAO-Oregon
Green, GSAO-AF546, GSAO-AF647, or appropriately labeled
control compound GSCA were introduced to the murine circulation,
and arterioles were injured and thrombi imaged within 10 to 30
minutes. Thrombus formation was imaged in real time by 3 laser
confocal intravital microscopy. Two-dimensional orthogonal sec-
tions and 3-dimensional high resolution images were reconstructed.
GSAO-AF750 is detectable in the murine circulation up to 3 hours
after intravenous injection and persists within necrotic lesions for at
least 6 hours,'” so thrombi are imaged well before GSAO is cleared
from the circulation. A 3000-Da dextran tracer has been shown to
permeate the shell and core of laser-induced platelet thrombi.>'
GSAO-fluorophore has a molecular mass of ~1500 Da and is
expected to readily diffuse within thrombi.

GSAO-Oregon Green labeled a subset of platelets within thrombi
induced by FeCl; injury (Figure SA), whereas control GSCA-Oregon
Green was not retained (Figure 5B). There were minimal GSAO™
platelets in the nonoccluding thrombi induced by laser injury
(Figure 5C). Approximately 1% of the platelet signal in the laser
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injury model co-occurred with the GSAO signal compared with 44%
in the occlusive platelet aggregates of the FeCl; injury model (range,
11%-80%) (Figure 5D-E). There were reduced GSAO™ platelets in
thrombi initiated by FeClj injury in cyclophilin D-deficient mice,
which associated with reduced platelets and fibrin (Figure 5F;
supplemental Figure 3). GSAO™ platelets were also characterized
by high intracellular calcium levels, which is consistent with necrosis
(Figure 5G).

GSAO marks functionally procoagulant platelets

The relationship between the activated and procoagulant phenotype of
platelets remains controversial.**>* Procoagulant platelets are charac-
terized by the presence of phosphatidylserine on the platelet surface,
surface binding of plasma-derived activated clotting factors, ability
to generate thrombin, and promotion of fibrin formation. Regardless
of the agonist stimulus, 100% of GSAO™ platelets were positive
for a-granule P-selectin, which implies that a-granule release is a
prerequisite for GSAO labeling after agonist stimulation (Figure 1).
Effectively all GSAO™ platelets bound annexin V, indicating exter-
nalization of phosphatidylserine (Figure 6A-B), which is a hall-
mark of necrosis.*® Of note, a subpopulation of GSAO ™ platelets also
bound annexin V, so platelet necrosis is not required for exposure of
phosphatidylserine.
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P-selection were measured by flow cytometry. The
percentage of GSAO™ platelets are graphed with
respect to P-selectin exposure. (C) Washed human
platelets were preincubated with 200 uM ZVADFMK
or vehicle control for 15 minutes and then incubated
ns with 30 .M ABT-737 for 2 hours (part F), or stimulated
with thrombin (0.1 U/mL) and collagen (5 pg/mL) for
10 minutes (part G). Labeling with GSAO-AF647 and
exposure of P-selection were measured by flow
cytometry. (D) Washed human platelets from healthy
donors (n = 5-11) were untreated or stimulated with
thrombin (0.1 U/mL), collagen (5 pg/mL), or thrombin
(0.1 U/mL) and collagen (5 pg/mL) for 10 min. Labeling
with GSAO-AF647 and exposure of P-selection was
o4 measured by flow cytometry, and the results were
expressed as GSAO™ platelets that are P-selectin™ or
P-selection®. The error bars are mean = standard
,ﬁv‘ deviation.

thrombin+collagen

The synthetic covalent inhibitor of factor Xa (FXa), fluorescein
isothiocyanate-labeled Glu-Gly-Arg chloromethyl ketone, was used to
detect this activated coagulation factor on the platelet surface. There was
a high correlation (x> = 15793; P < .000) between GSAO labeling
and FXa on the agonist-activated platelet surface (Figure 6C). The
sensitivity and specificity for detection of FXa on the platelet surface by
GSAO labeling are 99% and 91 %, respectively. To assess the functional
procoagulant potential of the GSAO™ agonist-stimulated platelets,
peak thrombin values were measured using the global coagulation
assay, Calibrated Automated Thrombogram. There was an expo-
nential correlation between the percentage change in peak thrombin
and percentage change in GSAO™ platelets (Figure 6D). These
results demonstrate that GSAO™* necrotic platelets are functionally
procoagulant.

To determine whether GSAO™ platelets support coagulation in
vivo, we looked for localization of GSAO™ platelets with fibrin within
thrombi induced by FeCl; injury in murine cremaster arterioles. Fibrin
is the end product of activation of the coagulation factors. Fibrin
strands are shown adjacent to GSAO™ platelets in the 2-dimensional
cross-sectional sections (Figure 6E). The triple localization of
platelets, GSAO, and fibrin is demonstrated by the white in the
3-dimensional reconstruction of an occlusive thrombus (Figure 6F;
supplemental Methods). These findings demonstrate that GSAO
identifies procoagulant platelets in vitro and in vivo. Together, these

¥20z AeN 81 uo 3sanb Aq ypd zG82/900 1 6€1/2582/92/92 | /spd-ajo1e/poojqjeusuoneoligndyse/:diy woly papeojumoq



BLOOD, 24 DECEMBER 2015 - VOLUME 126, NUMBER 26

NECROTIC PLATELETS IN THROMBOSIS = 2857

A : B
mm resting : : S
: onset of mitochondrial membrane depolarization
mm depolarized I R
5 nil Q v
(&)
10 &
4 2
10 b
o
3 o
0 o
-10° L } - r T
10% 05 1 15 2 25
1054 thrombin+collagen f Time, min
i collagen
[oe) 2
oM . 3 c
— 1 ]
<ol ff :
LL -10 2 c
-10° @
e ——— 2
s GSAO-0G
10°] CCCP control g 10°7 onset of PS exposure
5 S .
10°1 } \ T Annexin V -APC,
7 ) 2
4 -10 v v v 1] v v v T v v v 1] v v v
10° 6‘ 0.5 T 1 1.5 2 2.5
23 . .
= | .
_133, collagen/thrombin Time, min
A0° -10° 10t 10°
FL2 B530
D 100+ 3004 — E 804 "
» dededek 1 o
% 80 — = % ol
® £ 200 I
o 60 _g 5
+ s + 40+
Q 0] & 2
g —E‘u 1004 8
= 20, g = 20
0- 5 0- 0- < @
IR A N A N
Oa;Qo R 2
& P
S o)

Figure 4. GSAO marks platelets undergoing cyclophilin D-dependent necrosis. (A) Washed human platelets were untreated or stimulated with thrombin (0.1 U/mL)
and collagen (5 wg/mL) or the mitochondrial membrane disrupter m-chlorophenylhydrazone (4 wM). Mitochondrial transmembrane potential was measured using the
cationic dye, JC-1. The ratio of distribution of JC-1 between the mitochondria (red fluorescence) and cytosol (green fluorescence) reflects mitochondrial
transmembrane potential. Results are representative of n = 3 separate experiments. (B-C) The correlation between loss of platelet mitochondrial transmembrane
potential (JC-1 loss of B585 fluorescence) or phosphatidylserine exposure (annexin V labeling) and labeling with GSAO-AF647 after collagen (5 wg/mL) or thrombin
(0.1 U/mL) and collagen (5 p.g/mL) stimulation was measured by time-lapse flow cytometry. (D) Washed human platelets were untreated or preincubated with the
cyclophilin D inhibitor, cyclosporine A (CysA, 2 uM), for 15 minutes before stimulation with thrombin (0.1 U/mL) and collagen (5 ng/mL). Labeling with GSAO-AF647
was measured by flow cytometry and procoagulant potential assessed using the Calibrated Automated Thrombogram (n = 3-6; ****P < .0001). (E) Washed human
platelets were preincubated with CaCl, for 15 minutes and then untreated or stimulated with thrombin (0.1 U/mL) and collagen (5 pg/mL). Labeling with GSAO-AF647

was measured by flow cytometry (n = 8; *P < .05).

results demonstrate that the GSAO™ platelets generated during
thrombus formation form via the cyclophilin D-dependent necrosis
pathway and are procoagulant.

Aspirin ingestion sensitizes platelets to cyclophilin D inhibition
in human subjects

The standard pharmacological means for prevention of cardiovascular
events is by inhibiting platelet cyclooxygenase-1 with aspirin, which
suppresses platelet activation. To explore the possibility of targeting

platelet activation (cyclooxygenase-1) and necrosis (cyclophilin D)
pathways in combination, we compared the effect of ex vivo cyclo-
sporine A treatment on thrombin and collagen activation of platelets
from healthy volunteers before and after 7 days of aspirin ingestion.
Aspirin ingestion resulted in no change in the GSAO™/P-selectin™
necrotic (Figure 7A) or procoagulant (Figure 7B) potential of activated
platelets. However, cyclosporine A treatment of preaspirin platelets
resulted in significant decrease in GSAO ™ /P-selectin® necrotic
platelets and corresponding procoagulant function, and this effect
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was significantly more pronounced in the postaspirin platelets.
These results indicate that targeting of platelet activation by aspirin
alone does not affect formation of procoagulant platelets, but
aspirin treatment sensitizes platelets to cyclophilin D blockade,
thereby increasing the degree to which thrombin production can
be inhibited.

Discussion

The concept of the “procoagulant” platelet is central to our current
model of hemostasis. It localizes coagulation activation and fibrin
formation to the activated platelet clot. However, although there
is agreement with regard to the functional importance of the

with platelet signal

£
o
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Figure 5. GSAO™ platelets form in occluding murine
thrombi and are attenuated with megakaryocyte-
directed deletion of the cyclophilin D gene. (A-B)
Dylight 649-conjugated antiplatelet CD42b antibody
and GSAO-Oregon Green or control compound
GSCA-Oregon green were injected into the murine
circulation and thrombus initiated in the cremaster
muscle arterioles by FeClz injury. Thrombi were
captured by confocal intravital video microscopy, and
images are displayed as 3-dimensional reconstruc-
tions (maximum intensity projection mode). Occlusive
thrombi incorporate GSAO-Oregon green, but not the
control compound. (C-E) Dylight 649-conjugated anti-
platelet CD42b and GSAO-Oregon Green were injected
into the murine circulation and thrombus initiated in the
cremaster muscle arterioles by either laser (C) or
FeCls (D) injury. Thrombi were captured by confocal
intravital video microscopy and images displayed as
cross-sectional orthogonal views for single-plane colocal-
ization. There was minimal GSAO signal in the non-
occlusive thrombus initiated by laser injury, but extensive
signal in the occlusive thrombus initiated by FeCls injury
(C; n = 6-8 in 6-8 different mice; Manders correlation
coefficient, **P < .01). (F) Dylight 649-conjugated anti-
platelet CD42b antibody, GSAO-AF546, and AF488-
0- conjugated anti-fibrin antibody were injected into the
.Qﬂ‘\ murine circulation of wild-type (WT) or platelet-specific

> cyclophilin D-deficient (PF4Cre* CypD™™) mice and
«@ thrombus initiated in the cremaster muscle arterioles
by FeCls injury. Thrombi were captured by confocal

— intravital video microscopy and images analyzed

for integrated GSAO, platelet, and fibrin fluorescence
(WT n = 4, 29 thrombi; PF4Cre* CypD™™ n = 3,
" 15 thrombi; *P < .05; **P < .001). (G) Dylight
649-conjugated anti-platelet CD42b antibody, GSAO-
Oregon Green, and calcium-sensing dye rhodamine
2 were injected into the murine circulation and thrombus
initiated in the cremaster muscle arterioles by FeCls
injury. Thrombus was visualized 10 minutes after injury.
Images are represented as cross-sectional orthogonal

4

=3
o

o
o

()
o

views of single confocal plane displaying platelets and
GSAO (left) with rhodamine signal (right). Persistence
of high calcium signal is demonstrated in the GSAO™
platelets consistent with necrotic cell death.

WT Cre+ CypD™"!

procoagulant platelet phenotype, there remains much debate about
its identity. There have been a number of candidates proposed by
different groups.

The “coated” population of platelets originally described by
Dale are characterized by surface-bound serotonin-derived
a-granule proteins including factor Va, which naturally led to
speculation that coated platelets were the proteins that support
coagulation.>® However, investigation in flow-based ex vivo
models indicated that the coated platelet population did not fully
correlate with phosphatidylserine-positive platelets, nor were
they spatially associated with fibrin strands.®’ Platelets with a
sustained intracellular calcium signal have been labeled “SCIP”
platelets and are known to generate fibrin, but again, measuring
SCIP platelets during thrombus formation is difficult. Schoenwaelder
and colleagues identified that “apoptotic” platelets support thrombin

¥20z AeN 81 uo 3sanb Aq ypd zG82/900 1 6€1/2582/92/92 | /spd-ajo1e/poojqjeusuoneoligndyse/:diy woly papeojumoq



BLOOD, 24 DECEMBER 2015 - VOLUME 126, NUMBER 26

A

thrombin thrombin+collagen
5 |33.48% 20.01% 5 [16.95% 39.92%
w 1077 10"} <
o
< 10°] " - L B G
c ) -l v ’
g 10’1 4 - 10°1 v
= =
10°] S
m-}gz 46.98%, 0.38% mz] 08 p 2.07%
4010° 10 10 10’ a0t 100 100 10°
GSAO-AF647
C .
O thrombin+collagen
'-":.- oo 6.10% , - [.36% 0.42%
¥
(:() 103 101
o
(9_ 10’3
©
>
6 1
-3 oz - 3 E 0,
S L 1.55% "10: Jo ™99, 0.02%
k- -10° 10°  10° 10° 10100 10°  10* 10°
GSAO-AF647 GSCA-AF647

E
FeCl; injury

orthogonal view

15000

10000

5000

annexin V, MFI

NECROTIC PLATELETS IN THROMBOSIS

GSAO-

B GSAO+

T

0 4
thrombin+collagen

6007

400+

200+

% peak thrombin change

.

ot

S e
° ,9'
» °
% .

T T T u

20 40 60 80
% GSAO+ platelets

F
FeCl, injury
3D reconstruction

Platelets/GSAQO
Platelets/GSAOQ/fibrin

2859

Figure 6. GSAO marks functionally procoagulant platelets. (A-B) Washed human platelets were stimulated with thrombin (0.1 U/mL) or thrombin (0.1 U/mL) and collagen
(5 pg/mL), and phosphatidylserine externalization was assessed by annexin V binding. The mean fluorescence intensity of annexin V binding to GSAO ™~ and GSAO™ platelets
is shown in B. Flow plots and bars are representative of n = 3 separate experiments. (C) Platelet-rich plasma was recalcified and stimulated with thrombin (1 U/mL) and
collagen (5 pg/mL) with fibrin polymerization inhibition. FXa on the platelet surface was detected using the small molecule inhibitor, Glu-Gly-Arg chloromethyl ketone-
fluorescein isothiocyanate. Of the FXa" platelets, 93% were co-labeled with GSAO. (D) Washed human platelets were stimulated with thrombin (0.1 U/mL) or thrombin
(0.1 U/mL) and collagen (5 pg/mL), and their procoagulant potential was assessed using the Calibrated Automated Thrombogram. Correlation between peak thrombin time
and the percentage of GSAO™ platelets in the preparation (n = 18). The dotted line is the nonlinear least squares fit of the data to a single exponential ( = 0.77; P < .001).
(E) Dylight 649-conjugated anti-platelet CD42b antibody, GSAO-AF546, and AF488-conjugated anti-fibrin antibody were injected into the murine circulation and thrombus
initiated in the cremaster muscle arterioles by FeClj injury. Images are represented as cross-sectional orthogonal views of single confocal plane separately displaying GSAO
and fibrin signal (left) and platelet signal (right). Fibrin signal preferentially localized with the GSAO™ platelets (representative image, n = 9 images in 3 independent mice).
(F) 3D reconstruction of an occlusive thrombus.
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A . B . Figure 7. Aspirin ingestion sensitizes platelets to
th romb|n+CO”agen th romb[n+00”agen cyclophilin D inhibition in human subjects. Plate-
lets from healthy volunteers were examined before and
after 7 days of aspirin ingestion. Washed platelets were
B * ** activated with thrombin (0.1 U/mL) and collagen (5 pg/mL)
1007 ns 1 3004 ns [ ] and GSAO*/P-selectin® necrotic platelets measured by
-9-'2 — - — flow cytometry (A) and procoagulant potential assessed
c_g_  — = 250 % using the Calibrated Automated Thrombogram (B). Aspirin
80+ c — ingestion resulted in no change in the GSAO*/P-selectin*
E - necrotic or procoagulant potential of activated plate-
= 60- _g 200 lets. CysA treatment of preaspirin platelets resulted in
8 [= a decrease in GSAO™/P-selectin® necrotic platelets
© o 150+ (n = 5* P < .05) and procoagulant function (n = 5;
tnl') 40- E **P < .01), and this effect was more pronounced in the
o = 100- postaspirin platelets (n = 5; *P < .05).
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generation in vitro’; however, inhibition of the Bcl-X;_ proapoptotic
pathway using BH3 mimetics resulted in reduced thrombus forma-
tion in murine studies.® Increasingly, it has been proposed that the
procoagulant platelet is undergoing a form of necrosis.>'? Jobe and
colleagues identified a cyclophilin D-dependent, mitochondrial
permeability transition pore-dependent platelet subpopulation
with distinct biochemical features that could be considered “necrotic.”
These platelets appear to support prothrombinase and are another good
candidate for the procoagulant platelet.® The functional importance
of the cyclophilin D-dependent pathway in thrombus formation has
been strengthened by the recent finding that platelets from Pfif "/~
mice that lack cyclophilin D show reduction in collagen-dependent
thrombus formation.” The way these different populations may
relate to one another or may overlap remains unclear. Another
persistent difficulty in this field is identifying whether these
platelet populations, largely characterized in vitro, have distinct
roles in vivo. High-resolution optical and fluorescence micros-
copy in murine models of thrombosis has produced insights.
Structurally different platelet subpopulations have been identified
in different thrombosis models.>” GSAO has allowed resolution
of some of these questions.

GSAO, in conjunction with the a-granule marker, P-selectin,
can identify a population of platelets with features of cyclophilin
D-dependent necrosis that have a functionally procoagulant phe-
notype. The GSAO " /P-selectin™ population has properties of the
coated platelet, including phosphatidylserine exposure and loss
of mitochondrial membrane potential.>**° The GSAO™ popula-
tion is likely to contain “coated” platelets; however, this “coat”
may be formed secondary to phosphatidylserine exposure, rather
than representing a separate physiologically discrete population.'
The lack of complete overlap between annexin V positivity and
procoagulant platelets is well described*'?*° and is reflected in
our findings, which show that only a subset of the annexin V™
platelets are GSAO™. GSAO" platelets also show sustained
high-level intracellular calcium, which is characteristic of SCIP
platelets. In addition, GSAO™ platelets undergo cyclophilin D-
dependent opening of the mitochondrial permeability transition
pore, which are the platelets described by Jobe and colleagues.®**°
The time course studies indicate that the appearance of the necrotic
platelet occurs within a few seconds after agonist stimulation. Indeed,

a transition from the activated platelet to the necrotic platelet was not
apparent. This suggests that platelets going down the cyclophilin D-
dependent necrotic pathway are committed early after stimulation and
are less likely to be merely the end stage of prolonged exposure to
strong agonists. Furthermore, the observation that entry of GSAO-
AF647 appears to be via a specific anion channel suggests that the
formation of this platelet subset is via a regulated process.

The formation of GSAO™ platelets within the developing thrombus
has been visualized in real time in murine arterioles. The GSAO™
platelets are spatially associated with sites of fibrin formation
in the platelet aggregate, and attenuation of GSAO™ platelets in
megakaryocyte-specific CypD ' -deficient mice is associated with
decreased fibrin formation. Together, these results imply they are
providing a procoagulant surface during thrombus formation. Further-
more, not all agonists initiating formation of the platelet aggregate result
in platelet necrosis. The FeCl; injury model resulting in an occlusive
thrombus was associated with GSAO™ platelets, whereas very few
GSAO" platelets were generated in the laser injury nonocclusive
thrombus model. There is minimal FXa and FVa in the laser-induced
platelet thrombus,*' which supports our observation of a minimal
GSAO" procoagulant surface and helps explain why fibrin generation is
independent of platelet thrombus formation in this model.** The role of
the mitochondrial-depolarized platelet in thrombus formation is
controversial. Abaeva and colleagues argued that these platelets form
a fibrin(ogen) cap on the surface of the thrombus to limit growth.>* Liu
and colleagues demonstrated that platelets dependent on cyclophilin D-
mediated mitochondrial depolarization have impaired aggregation
potential as a result of secondary inactivation of the auyy,[35 integrin and
found increased thrombus size in cyclophilin D-deficient platelets after
rose Bengal injury to murine mesenteric arterioles.”’ In contrast, we
observed a marked decrease in GSAO™ platelets, thrombus size, and
fibrin formation in cyclophilin D-deficient platelets after FeCl; injury to
murine cremaster muscle arterioles. These findings suggest the
cyclophilin D-dependent procoagulant platelet may alter the balance
between aggregation and thrombus stabilization, depending on the
thrombus stimulus.

The necrotic platelet has implications for potential therapeutic
intervention in thrombotic diseases. Our ex vivo analysis of plate-
lets from human subjects receiving aspirin therapy indicates that
procoagulant necrotic platelets form despite aspirin therapy, but their
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numbers are reduced by inhibition of the mitochondrial necrosis
pathway. This finding indicates that formation of the procoagulant
platelet is not directly dependent on platelet activation pathways, and
that this functional population can be targeted separately. Furthermore,
aspirin appeared to enhance the effect of necrosis inhibition on
thrombin generation. This suggests that future therapies directed
against procoagulant platelets could be combined with antiplatelet
agents. Notably, the propensity for formation of “coated” platelets
after exogenous GPVI agonist and thrombin stimulation has been
observed to decrease after platelet inhibition using aspirin or the
adenosine 5'-diphosphate receptor antagonist, clopidogrel.**** The
assay used for “coated” platelets measures the capture of fibrinogen on
the platelet surface, which is likely to reflect all activated o3
platelets, rather than the procoagulant platelet subset. This provides
further evidence of the imperfect overlap between “coated” and
“procoagulant” platelets.

Blocking the procoagulant platelet is attractive in thrombosis, as
it would not affect the platelet aggregate required for hemostasis,
and unlike systemic anticoagulant therapy, the effect would be
localized to those lesions that are more likely to be pathological. For
example, patients who have persistent ischemic events when
receiving antiplatelet therapy may benefit.*’ In addition, testing
peripheral blood for propensity to generate GSAO™ necrotic
platelets may be a useful biomarker for prediction of recurrent
ischemic events, particularly for patients already receiving aspirin
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