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Abstract

Background: Upon platelet activation, a subpopulation of procoagulant platelets is
formed, characterized by the exposure of the anionic aminophospholipid phosphati-
dylserine (PS) on the surface membrane.

Objective: To evaluate procoagulant PS-exposing platelets by imaging flow cytometry.
Methods: Platelet ultrastructure was examined by transmission electron microscopy,
and a comprehensive analysis of procoagulant platelets was performed using imaging
flow cytometry; platelets were fluorescently labeled for the markers glycoprotein
(GP)IX, activated integrin allbp3, CD62P, and PS exposure.

Results: A subpopulation of platelets stimulated in suspension by the physiological
agonists thrombin+collagen, and all platelets stimulated by the calcium ionophore
A23187, had a distinct round morphology. These platelets were PS-exposing, larger
in size, had an increased circularity index, and had reduced internal complexity com-
pared with non-PS-exposing platelets. They expressed CD62P and allbp3 in an inac-
tive conformation on the surface, and demonstrated depolarized inner mitochondrial
membranes. For the first time, using imaging flow cytometry, a large proportion of
PS-exposing platelets possessing platelet-associated extracellular vesicles (EVs) was
observed, which demonstrated heterogeneous platelet marker expression that was
different from free released EVs.

Conclusions: Innovative imaging flow cytometry allowed detailed fluorescence-
based, quantitative morphometric analysis of PS-exposing platelets; in becoming
procoagulant, platelets undergo remarkable morphological changes, transforming
into spherical “balloons,” almost devoid of their normal internal architecture. Almost
all PS-exposing platelets have associated EVs that are not detectable by traditional
flow cytometry. While their functions have yet to be fully elucidated, the heteroge-
neity of platelet-associated and released EVs suggests that they may contribute to

different aspects of hemostasis and of thrombosis.
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e Upon activation, phosphatidylserine (PS) is exposed on the surface of a platelet subpopulation.

e PS-exposing platelets were evaluated in suspension by high resolution imaging flow cytometry.

e In becoming procoagulant, platelets are transformed into distinct round balloon-like structures.

o A large proportion of procoagulant PS-exposing platelets possess associated extracellular vesicles.

1 | INTRODUCTION

Platelets are physiologically heterogeneous, and platelet reactivity
and responses are diverse. As a result, following platelet stimulation,
discrete subpopulations are formed.! Procoagulant platelets are one
such subpopulation,?? the nomenclature of which varies in the lit-
erature from collagen/convulxin and thrombin-activated (COAT/
COATED) pIateIets,4'6 to necrotic platelets,7 SCIPs (sustained
calcium-induced platelet morphology),® superactivated,” and zombie
platelets.10 The procoagulant surface of activated platelets results
from loss of normal membrane phospholipid bilayer asymmetry in
resting platelets; upon stimulation, the anionic aminophospholipid
phosphatidylserine (PS) is translocated from the inner membrane
leaflet, where it is normally sequestered, to the outer leaflet.b?
Negatively charged PS facilitates assembly of the intrinsic tenase
and prothrombinase coagulation complexes on the activated platelet
surface, thereby accelerating thrombin generation.2 Impaired plate-
let PS exposure in the rare congenital disorder Scott syndrome is
associated with moderate/severe bleeding symptoms.>112 A criti-
cal role has emerged for the procoagulant platelet subpopulation in
regulating both normal hemostasis and pathological thrombus for-
mation.® Indeed, we have previously demonstrated that PS expo-
sure on activated platelets persists in vitro,'® and in vivo,'* and that
blocking the procoagulant surface inhibits platelet-mediated events
in experimentally induced arterial thrombosis.*®

Adherent procoagulant platelets have been observed, by various
imaging techniques, to adopt a unique morphology. Using phase-
contrast video imaging, Heemskerk and colleagues described plate-
lets transforminginto blebbing, balloon-like structures when adhered
to collagen, but not fibrinogen.® Similarly, transmission electron mi-
croscopy (TEM) imaging of cryo-prepared samples demonstrated the
formation of spherical to ovoid balloon-like structures, with highly
“dilute” cytoplasm and few inclusions, following platelet adhesion
to collagen/collagen-related peptide.17 Subsequently, Munnix et al'®
identified that bleb-shaped platelets adhered to collagen were PS-
exposing, as indicated by annexin A5 binding; a recent study con-
firmed this finding for ballooned platelets using four-dimensional
live-cell confocal microscopy, and described the mechanism involved
in ballooning, that of fluid entry into platelets.'”

Flow cytometric analysis of PS-exposing platelets in suspension
using fluorescently-labeled annexin A5, first described over two
decades ago,20 has become widely used in studies of procoagu-

lant platelets and platelet-derived extracellular vesicles (EVs). 212>

A limitation of traditional flow cytometry is the lack of images of
individual analyzed cells. Imaging flow cytometry combines the
high-throughput features of traditional flow cytometry with high
resolution images provided by a charge-coupled device (CCD) cam-
era that operates with a pixel size of 0.1 pm2 with 60x magnifica-
tion and advanced image analysis software, making it an innovative
tool for accurate quantitative analysis of standard flow cytome-
try parameters, as well as morphological characteristics of cells.?¢
Recently, imaging flow cytometry has been used to study a variety

27-30 ; 31-33

of cell types, including platelet-leukocyte aggregates, and

has been proposed as a reliable technique that can overcome the
challenges currently faced in EV research.®*

Here, using TEM, we identified that a distinct subpopulation of
platelets stimulated in suspension with a combination of the physio-
logical agonists thrombin and collagen, and most platelets stimulated
with the calcium ionophore A23187, had a unique round, balloon-like
morphology. Then, using imaging flow cytometry to examine this mor-
phologically distinct platelet population in suspension, we determined
that the round balloon-like platelets were PS-exposing, and showed,
for the first time, that the majority possessed EVs associated with the
PS-exposing platelet surface. A comprehensive characterization of the
procoagulant PS-exposing subpopulation of platelets, their associated
EVs, and EVs released from platelets was performed.

2 | MATERIALS AND METHODS

2.1 | Washed platelet preparation and stimulation

Blood was drawn from four different healthy volunteers who had not
taken medications affecting platelet function for at least two weeks
prior to blood donation. Informed consent was obtained under The
Hospital for Sick Children Research Ethics Board approval.

Blood was collected into acid-citrate-dextrose anticoagulant;
washed platelets, prepared as described previously,“’35
pended in Tyrode solution (137 mmol/L NaCl, 2.7 mmol/L KClI,
11.9 mmol/L NaHCO,, 0.42 mmol/L NaH,PO,, 1 mmol/L MgCl,,
2 mmol/L CaCIZY and 5.5 mmol/L glucose) with 5 mmol/L HEPES,
0.35% BSA (fraction V) (MP Biomedicals, LLC, Santa Ana, CA)

and apyrase (prepared from potatoes by a slight modification of

were sus-

the method of Molnar and Lorand,®® and used as described else-
where®¥), pH7.4. The platelet count was adjusted to 1 x 10°/mL
and platelets were stimulated with a combination of the physiological
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agonists thrombin (1 U/mL) (Haematologic Technologies Inc., Essex
Junction, VT) and collagen (10 pg/mL) (Horm, native type | collagen
fibrils from equine tendon) (Takeda, Munich, Germany), or the non-
physiological calcium ionophore A23187 (3 pmol/L) (Sigma-Aldrich,
St. Louis, MO) that directly increases intracellular Ca?* concentra-
tions, as described previously.*®

2.2 | Transmission electron microscopy

TEM sample preparation was followed as described previously,38
with minor modifications. Briefly, suspensions of washed platelets,
resting or stimulated as above, were pre-fixed in 0.1% glutaralde-
hyde/phosphate-buffered saline (PBS) (1:1) for 15 minutes, before
centrifuging to pellet at 800 g for 10 minutes. The platelet pellet
was fixed in 2.5% glutaraldehyde/PBS for at least 60 minutes, post-
fixed in 1% OsO,, for 60 minutes, washed twice in distilled H,0, then
dehydrated in a graded series of acetone (50%, 70%, 90% acetone:
2 x 10 minutes; 100% acetone: 2 x 15 minutes). The pellet was in-
cubated in 100% acetone/Epon resin (1:1) for 60 minutes, and then
polymerized in pure Epon resin in a BEEM embedding capsule for
1-3 days at 60°C. Blocks were sectioned, mounted on copper grids,
and stained with uranyl acetate followed by lead citrate. Electron
micrographs were obtained using a JEM-1011 (JEOL USA, Inc.,
Peabody, MA) or a Philips CM10 (Philips Analytical, Eindhoven,
the Netherlands) electron microscope. Digital images were cap-
tured using a side-mounted Advantage HR CCD camera (Advanced
Microscopy Techniques, Corp. (AMT), Woburn, MA). Platelet quanti-
tation from TEM micrographs was performed using ImageJ software
(National Institutes of Health, Bethesda, MD).

2.3 | Imaging flow cytometry

Resting, and thrombin+collagen- (T+C-) or A23187-stimulated plate-
lets (2 pL) were labeled with the platelet marker anti-CD42a-eFluor
450 (eF450) (anti-platelet glycoprotein [GP]IX) (Thermo Fisher
Scientific, Waltham, MA), and the platelet activation markers PAC1-
FITC (integrin allbp3 [GPIIb-Illa] activation) (BD Biosciences, San Jose,
CA; 2 ulL), anti-CD62P-PE (P-selectin expression) (BD Biosciences;
2 uL) and annexin A5-Alexa Fluor 647 (AF647) (phosphatidylser-
ine [PS]-exposure) (Thermo Fisher Scientific; 1 pL). Platelet inner
mitochondrial membrane potential (A¥m) was assessed with tetra-
methylrhodamine methyl ester (TMRM) (Thermo Fisher Scientific;
1 pL/100 nmol/L). Samples were incubated in a final volume of 30 uL
Tyrode solution without BSA for 30 minutes in the dark, at room tem-
perature. Samples were acquired on an Amnis ImageStreamX Mark Il
(1S¥) multispectral imaging flow cytometer using INSPIRE software
(MilliporeSigma, Seattle, WA). A minimum of 150 000 events per sam-
ple was acquired, with low flow rate/high sensitivity. Data were ac-
quired with 60x magnification, at which the I1S* charge-coupled device
(CCD) camera operates with a pixel size of 0.1 um? (or 0.3 pm pixel
diameter). Images were acquired using bright field illumination and the
excitation lasers 405, 488, 561, 642, and 785 nm. Bright field (BF) was
collected in channels (Ch) 01 and 09 (two BF channels were used to

monitor camera alignment), dark field (side scatter) was collected in Ch
06; fluorescence was detected in the relevant channels (see following).
Two staining panels were used: (a) PAC1-FITC (Ch 02), TMRM (Ch 03),
anti-CD42a-eF450 (Ch 07), and annexin A5-AF647 (Ch 11); and (b)
PAC1-FITC (Ch 02), anti-CD62P-PE (Ch 03), anti-CD42a-eF450 (Ch
07) and annexin A5-AF647 (Ch 11). Single-stained controls were used
for compensation matrix calculations, and relevant fluorescence minus
one (FMO) controls were used to discriminate true positive vs nega-

tive events.

2.4 | Imaging flow cytometry data analysis

2.4.1 | Platelets and released EVs

A comprehensive analysis of data acquired on the 15X was performed
using IDEAS software (MilliporeSigma); data analysis features in-
cluding their categories are described in Table S1. Appropriate com-
pensation matrices were applied to the raw data and data analysis
files were created. Fluorescence saturated, clipped, and unfocused
events were excluded from the analysis, based on raw max pixel, raw
centroid X and gradient max feature values, respectively. For rest-
ing, and T+C- or A23187-stimulated platelets, density plots of area
(BF) vs aspect ratio intensity (BF) (Figure 1A) were used to identify
and gate single platelets and released EVs (Figure 1B); each gated
population was analyzed independently. Irregularly-shaped objects
with an aspect ratio intensity <0.6, and an area >10 pmz, including
platelets with long extended filopodia, platelet doublets, small ag-
gregates and other debris, were excluded from the analysis, ie, un-
gated objects (Figure 1B). Platelets and released EVs populations
were examined according to platelet marker fluorescence intensity,
as well as features in the size, shape and texture categories (Table
S1). Default masks, ie, the sets of pixels that contain the region of
interest, which are automatically created in IDEAS, were adjusted
using the “erode” mask feature to remove the desired number of pix-
els from all edges of the default mask; tightly fitting object masks
minimize the fluorescence halo effect, which could result in artifac-
tual size measurements. Area and circularity measurements were
based on anti-CD42a-eF450 fluorescence, while bright detail inten-

sity was based on dark field/side scatter.

2.4.2 | Platelet-associated EVs

Data regarding the PS-exposing subpopulations of T+C- or
A23187-stimulated platelets were extracted from the original
data files and new data files were created. A platelet-associated
EV was visualized as a small area, or spot, on the platelet with a
fluorescence intensity greater than that of the entire platelet.
Firstly, a “truth” population, ie, a population that is a positive
representation of the phenotype of interest, of 10-20 platelets
that possessed an associated EV was identified and tagged by
visually examining fluorescent images of the platelets. For ex-
ample, a truth population that possessed CD42a+ EVs was de-
fined based on images in Ch 07 that showed the presence of
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FIGURE 1 Flow cytometric gating strategies for resting and thrombin+collagen- (T+C-) or A23187-stimulated platelets, and for released
extracellular vesicles (EVs). (A) Density plots, acquired by imaging flow cytometry, illustrating the gating of platelet and released EV
populations based on area (bright field; BF) and aspect ratio (BF), and (B) corresponding bright field images. Ungated objects were excluded
from the analysis; these included platelet doublets or small aggregates, as well as unidentified debris. Representative of n = 4 independent

experiments

small spots of high fluorescence intensity. This truth population
and the whole PS-exposing platelet population were plotted on
a scatter plot of area vs median pixel intensity (Table S1). All ob-
jects that colocalized with the truth population on the scatter
plot were gated, and identified as platelets possessing associated
EVs. The number of associated EVs per platelet was calculated
using the spot count feature (Table S1). This analysis was per-
formed for each platelet marker (PAC1, CD62P, CD42a, and an-
nexin A5), independently.

2.5 | Statistical analyses

Values reported are mean + SEM. Statistical analyses were per-
formed using GraphPad Prism 5 software (GraphPad Software

Inc., La Jolla, CA) by t tests or one-way ANOVA with a Bonferroni
post-hoc test. A value of P<0.05 was considered statistically
significant.

3 | RESULTS

3.1 | Transmission electron microscopy

3.1.1 | A subpopulation of T+C- stimulated and the
majority of A23187-stimulated platelets have an
altered morphology

The morphology of resting, and T+C- or A23187-stimulated platelets
was assessed by TEM. As expected, resting platelets were discoid
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FIGURE 2 Platelets stimulated by thrombin+collagen (T+C) or A23187 in suspension undergo dramatic morphological changes.
Transmission electron micrographs illustrating: (A) (i) Control, resting platelets, and (ii) morphological changes in platelets stimulated with
T+C, or (iii) the calcium ionophore A23187, at lower magnification (upper panels) and higher magnification (lower panels). A subpopulation
of T+C- and most A23187-stimulated platelets were transformed to round, empty balloon-like structures. Scale bars represent 2 pm;
representative of n = 3 independent experiments. (B) Extracellular vesicles (EVs) (i) released from, and (ii) associated with, round platelets
stimulated with A23187, as indicated by the arrows. Scale bars represent 0.5 pm; representative of n = 3 independent experiments.

(C) Organelles remaining in round platelets stimulated with T+C or A23187 include mitochondria. Inset shows the double membrane and
cristae characteristic of mitochondria. Scale bars represent 0.2 pm; representative of n = 3 independent experiments

with intact internal structures (Figure 2A [i]), while the majority
of T+C-stimulated platelets had lost their discoid shape and had
extended filopodia (Figure 2A [ii]). However, the shape and ultra-
structure of a subpopulation of T+C- and the majority of A23187-
stimulated platelets were dramatically transformed; they were
spherical and balloon-like, with the cytoplasm almost completely

devoid of granules, organelles or other typical internal ultrastructure
components (Figure 2A [ii] and [iii]).

Small EVs ranging in diameter from 0.1 to 1 pm were observed in
the vicinity of stimulated platelets (Figure 2B [i]) or, in some cases,
associated with the surface membrane of the balloon-like platelets
(Figure 2B [ii]).
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FIGURE 3 PS-exposing (PS+) balloon-like platelets produced upon stimulation by thrombin+collagen (T+C) or A23187 are significantly
larger in size and have increased circularity index compared with PS-negative (PS-) platelets. (A) Bright field images, acquired by imaging
flow cytometry, illustrating that round balloon-like platelets, similar to those observed by TEM, were present in T+C- or A23187-stimulated
platelets. (B) Round balloon-like platelets produced upon stimulation by T+C or A23187 exposed phosphatidylserine (PS) on the surface.
Platelets were identified with the platelet marker anti-CD42a-eF450 that binds platelet GPIX; PS exposure was measured by the binding
of annexin A5-AF647. Overlay shows a merged image of the anti-CD42a and annexin A5 fluorescent images. (C) T+C (PS+) and A23187
(PS+) platelets were (i) significantly larger (area; pmz), and (ii) more circular than resting (PS-) or T+C (PS-) platelets. Data are mean + SEM,
**P < 0.01, ***P < 0.001, compared with T+C (PS-) or resting (PS-) platelets. Images are representative of n = 4 independent experiments

3.1.2 | Mitochondria are among the
remaining organelles/granules in the morphologically
unique platelets

The round balloon-like platelets were further examined to gain
insight into the nature of the remaining ultrastructural features.
63.6 £5.8% and 28.0 + 2.7% of the balloon-like platelets activated
by T+C and A23187, respectively, appeared empty except for amor-
phous cytoplasm. Of the remainder, essentially all T+C-stimulated
platelets and 90% of A23187-stimulated platelets had granules/
organelles located at the periphery only, with 10% of the A23187-
stimulated platelets having granules/organelles distributed through-
out the cytoplasm. Some of these structures were identified as
mitochondria, distinguished by the presence of characteristic double

membranes and cristae (Figure 2C).

3.2 | Imaging flow cytometry

3.2.1 | APS+ subpopulation of T+C- or
A23187-stimulated platelets is significantly larger in
size and has a significantly higher circularity index
than PS- platelets

Imaging flow cytometry was used as a novel technique to further
examine and quantitate the size and shape of T+C- or A23187-
stimulated platelets. Distinct round balloon-like platelets were
detected by bright field in T+C- or A23187-stimulated plate-
lets, similar to those observed by TEM (Figure 3A). Annexin
A5-AF647 labeling demonstrated that only this subpopulation
had the aminophospholipid PS exposed on the platelet surface
(Figure 3B). The PS+ population was divided into a PS+ (inter-
mediate) subpopulation and a PS+ (high) subpopulation, based
on the intensity of annexin A5-AF647 binding (Figure S1). In
this study, we focused on this PS+ (high) subpopulation that ac-
counted for 9.1 £4.0% and 31.1 + 1.2% of T+C- and A23187-
stimulated platelets, respectively. Essentially all resting platelets
(98.0 £ 0.2%) were PS-. Analysis of resting and stimulated plate-
lets demonstrated that T+C (PS+) or A23187 (PS+) platelets
were slightly, but significantly, larger in area (pmz) compared
with T+C (PS-) or resting (PS-) platelets (P < 0.01) (Figure 3C [i]).
As measured using the circularity feature (Table S1), T+C (PS+)
and A23187 (PS+) platelets had a significantly higher circular-
ity index than T+C (PS-) or resting (PS-) platelets (P < 0.001)
(Figure 3C [ii]).

3.2.2 | PS+ platelets express CD62P and integrin
allbp3 in an inactive conformation on the surface,
demonstrate depolarized inner mitochondrial
membranes, and have significantly reduced internal
complexity compared with PS- platelets

The physiological characteristics of PS+ platelets were further evalu-
ated with a number of fluorescent platelet markers. Stimulation by T+C
or A23187 significantly increased the percentage of CD62P-expressing
platelets compared with resting (PS-) platelets (P < 0.05-0.001); how-
ever, there was no significant difference between T+C (PS+) or A23187
(PS+) and T+C (PS-) platelets (Figure 4A, D [i]). A significantly higher
percentage of T+C (PS-) (94.8 + 1.6%) or resting (PS-) (96.4 + 1.9%)
platelets were TMRM+, compared with T+C (PS+) (16.0 £ 0.9%) and
A23187 (PS+) (6.2 £ 0.7%) platelets, indicating that PS+ platelets dem-
onstrated depolarized inner mitochondrial membranes (Figure 4B, D
[ii]). The percentage of PAC1+ platelets was lower in T+C (PS+) and
A23187 (PS+) platelets compared with T+C (PS-) (7.3 +0.9% and
6.6 +2.3%vs 19.2 + 6.2%) (Figure 4A, B and D [iii]). Furthermore, using
texture features based on dark field intensity and dark field bright de-
tail intensity (Table S1), T+C (PS+) and A23187 (PS+) platelets demon-
strated significantly decreased internal complexity compared with T+C
(PS-) or resting (PS-) platelets (P < 0.001) (Figure 4A, B, C).

3.2.3 | Alarge proportion of PS+ platelets possess
associated EVs, which demonstrate heterogeneity in
platelet marker expression

Respectively, 92.0 + 1.6% and 97.1 £ 0.7% of T+C (PS+) and A23187
(PS+) platelets, possessed at least one associated EV (Figure 5A [i]). In
contrast, the percentage of resting (PS-) and T+C (PS-) with associ-
ated EVs was negligible. The number of associated EVs per PS+ platelet
ranged from one to eight, with the majority of PS+ platelets possessing
one or two associated EVs (T+C: 80.2 + 1.0%; A23187: 72.8 + 2.5%)
(Figure 5A [ii]). Platelets tended to possess multiple CD62P+ EVs,
while usually only possessing one or two CD42a+, PS+ or PAC1+ EVs
(Figure 5B). Interestingly, platelet-associated EV size (area; pm?) varied
depending on marker expression. PAC1+ only or PS+ only associated
EVs were smaller than those that were CD42a+ only or CD62P+ only;
for example, 0.4 0.1 pm? vs 1.2 + 0.1 um? for PAC1+ and CD42a+
associated EVs (T+C), respectively (Figure 5A [iii]). Platelet-associated
EVs were heterogeneous in platelet marker expression, binding mark-
ers in various combinations of up to all four (Table 1 A and B, and S2).

A large proportion of platelet-associated EVs, 57%-77% were CD42a+,
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FIGURE 4 PS-exposing (PS+) platelets produced upon stimulation by thrombin+collagen (T+C) or A23187 express CD62P and integrin allbp3
in an inactive conformation on the surface, have decreased internal complexity, and demonstrate depolarized inner mitochondrial membranes.
(A) Images, acquired by imaging flow cytometry, of resting (PS-), T+C (PS-), T+C (PS+) and A23187 (PS+) platelets illustrating bright and dark
field views, as well as PAC1-FITC, anti-CD62P-PE (or (B) TMRM), anti-CD42a-eFluor450 and annexin A5-AF647 binding. (C) T+C (PS+) and
A23187 (PS+) platelets were significantly less internally complex (as measured by both (i) dark field intensity, and (ii) dark field bright detail
intensity) than resting (PS-) or T+C (PS-). (D) (i) The percentages of T+C (PS+) or A23187 (PS+) platelets expressing CD62P on the surface
were significantly increased compared with resting (PS-) platelets, but were similar compared to T+C (PS-) platelets. (i) The percentages of
T+C (PS+) and A23187 (PS+) platelets that were TMRM+ were significantly lower compared with resting (PS-) or T+C (PS-) platelets, indicating
a decrease in mitochondrial membrane potential (A¥m) in the PS+ platelet subpopulations. (iii) The percentages of T+C (PS+) and A23187
(PS+) platelets that were positive for PAC1, a marker of activated integrin allbp3, tended to be lower compared with T+C (PS-) platelets. Data
are mean + SEM,*P < 0.05, **P < 0.01, ***P < 0.001, compared with T+C (PS-) or resting (PS-) platelets. Images are representative of n = 4

independent experiments

CD62P+ or PS+, while only 22.9+4.8% (T+C) and 22.0+5.2%
(A23187) of associated EVs were PAC1+ (Table 1A). Platelets with as-
sociated EVs positive for three markers (CD42a, CD62P, and PS) were
in the highest proportion: 23.1 + 5.2% (T+C) and 29.4 + 4.0% (A23187),
while only 9.7 + 3.1% (T+C) and 9.0 £ 1.2% (A23187) possessed EVs
that were positive for all four markers (Table 1B and S2).

3.2.4 | Free EVs released from platelets upon
stimulation with T+C or A23187 are heterogeneous,
but differ from platelet-associated EVs in their
expression of platelet markers

EVs released from platelets stimulated by T+C or A23187 were

also characterized using imaging flow cytometry, examining

their binding of anti-CD42a, PAC1, anti-CD62P, and annexin A5
(Figure 6). Bright field images illustrate the size and shape of re-
leased EVs (Figure 6). One hundred percent were positive for the
platelet marker CD42a. In contrast with the platelet-associated
EVs, in which only 3.3 £ 0.5% and 3.8 £ 0.6% of EVs associated
with T+C- and A23187-stimulated platelets, respectively, were
CD42a+ alone (Table 1A), 55.5 + 8.0% and 58.9 + 7.1% of EVs re-
leased from T+C and A23187-stimulated platelets, respectively,
were CD42a+ only, and negative for PAC1, CD62P, or PS (Table 2).
A large proportion of the remaining released EVs (38.7 + 9.0%
from T+C, and 38.2 +7.2% from A23187-stimulated platelets)
were CD62P+, with a small percentage of PAC1+ EVs (1.3 £ 0.4%
from T+C- and 0.5+0.1% from A23187-stimulated platelets)
(Table 2). Interestingly, the percentage of PS+ released EVs was
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FIGURE 5 A large proportion of PS-exposing platelets produced upon stimulation by thrombin+collagen (T+C) or A23187 possess
extracellular vesicles (EVs), which demonstrate heterogeneity in platelet marker expression. (A) (i) Almost all T+C (PS+) or A23187 (PS+)
platelets had EVs associated with the platelet surface; (i) T+C and A23187 (PS+) platelets had between one and eight associated EVs

per platelet; (iii) Annexin A5+ (PS+) or PAC1+ platelet-associated EVs were smaller in size (area; pmz) compared with CD42a+ or CD62P+
associated EVs. (B) The number of EVs per platelet was assessed for each platelet marker individually. The majority of platelets that
possessed associated EVs positive for CD42a, annexin A5 or PAC1 had just one or two EVs per platelet, while platelets tended to possess

multiple CD62P+ EVs. Data are mean + SEM, n =4

significantly less than the percentage of PS+ platelet-associated 4 | DISCUSSION
EVs;11.4 +1.8% (T+C)and 6.5 + 1.7% (A23187) released EVs were
PS+ (Table 2), compared with 72.9 + 5.2% (T+C) and 76.9 + 6.2%

(A23187) of platelet-associated EVs (Table 1A).

Adherent procoagulant platelets have been morphologically

described as blebbing'®'® or fragile balloon-like structures.*”*?
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TABLE 1 EVsassociated with T+C- or A23187-stimulated PS+ platelets

Platelet-associated T+C (PS+
EV marker platelets)

(A) Percentages binding specific platelet markers

CD42a+ 60.1+1.6%
(*3.3 £ 0.5%)
PAC1+ 229 +4.8%
(*1.7 £0.9%)
CD62P+ 56.8 £9.9%
(?4.0 £ 2.3%)
PS+ 729 +52%
(*12.0 £ 4.0%)

A23187 (PS+

platelets)

67.8+3.4%

(*3.8 £0.6%)

22.0+52%

(*1.1 £ 0.5%)

67.0+2.1%

(*3.2 + 1.0%)

769 £6.2%

(*8.6 = 0.6%)

9

anti-CD42a-eF450

a7 UM

PAC1-FITC

301

wmma 7 UM

anti-CD62P-PE

(B) Percentages binding specific combinations of platelet markers (values >5% are presented)

CD42a+ 12.2 +4.5%
and PS+

CD42a+ 6.5+2.4%
and CD62P+

PS+ 8.0+2.2%
and CD62P+

11.8 +3.6%

6.6+1.2%

11.7 £1.9%

8

anti-CD42a-eF450 Annexin A5-AF647 Overlay

== 7 UM

9

anti-CD42a-eF450 Annexin A5-AF647 Overlay

— Jm

anti-CD42a-eF450 Annexin A5-AF647 Overlay

Overlay

Overlay

o

Overlay

3 @)

anti-CD62P-PE Annexin A5-AF647  Overlay

anti-CD62P-PE Annexin A5-AF647  Overlay

anti-CD62P-PE Annexin A5-AF647  Overlay
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(Continues)



REDDY ET AL. rp " 747

esearch & practice
thrombosis & haemost tasis

TABLE 1 (Continued)

Platelet-associated T+C (PS+
EV marker platelets)

A23187 (PS+
platelets)

CD42a+,
CD62P+,
and PS+ -~

23.1+52%  294+4.0%

anti-CD42a-eF450 anti-CD62P-PE Annexin A5-AF647

Overlay

CD42a+, 9.7 £3.1% 9.0+1.2%

PAC1+ anti-CD42a-eF450 PAC1-FITC anti-CD62P-PE  Annexin A5-AF647
CD62P+, 608

and PS+ ¢ @
=7 M

Overlay

Images are representative of PS+ platelets stimulated by T+C or A23187 in n = 4 independent experiments. (A) All images show anti-CD42a-eF450
fluorescence (to illustrate the platelet with which the EV is associated), as well as the marker for associated EVs as indicated.

(B) Overlay is a merged image of each of the fluorescent images shown. As illustrated, platelets may have one associated EV positive for multiple markers,
ie, colocalized, or multiple EVs positive for one or more markers. EV, extracellular vesicle; PS+, phosphatidylserine positive; T+C, thrombin+collagen.
?EVs positive for only the marker stated and negative for all other markers.

Data are mean + SEM.

(i) Bright field

(ii) Bright field
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(vii) Bright field

PAC1-FITC

PAC1-FITC

PAC1-FITC

PAC1-FITC

PAC1-FITC

PAC1-FITC

PAC1-FITC

anti-CD62P-PE

anti-CD62P-PE

anti-CD62P-PE

anti-CD62P-PE

anti-CD62P-PE

anti-CD62P-PE

anti-CD62P-PE

anti-CD42a-eF450

anti-CD42a-eF450

anti-CD42a-eF450

anti-CD42a-eF450

anti-CD42a-eF450

anti-CD42a-eF450

anti-CD42a-eF450

Annexin A5-AF647

Annexin A5-AF647

Annexin A5-AF647

Annexin A5-AF647

Annexin A5-AF647

Annexin A5-AF647

Annexin A5-AF647

Overlay

Overlay

Overlay

.

Overlay

Overlay

Overlay

Overlay

FIGURE 6 Free extracellular vesicles (EVs) released from platelets stimulated by thrombin+collagen (T+C) or A23187 express platelet
markers heterogeneously, but differ from platelet-associated EVs. Images of EVs released from platelets stimulated by thrombin+collagen
(T+C) or A23187 acquired by imaging flow cytometry, showing bright field views, as well as PAC1-FITC, anti-CD62P-PE, anti-CD42a-
eFluor450, and annexin A5-AF647 binding. 100% of released EVs were CD42a+. Some released EVs were (i) CD42a+ and PAC1+,

(ii) CD62P+, or (iii) annexin A5+ (PS+), while others (iv-vi) were CD42a+ and positive for two of the markers, or (vii) all three of the markers.
The overlay is a merged image of each of the fluorescent images shown. Images are representative of n = 4 independent experiments



REDDY ET AL.

I ;esean:h & practice X
in thrombosis & haemostasis

TABLE 2 Characterization of free EVs released upon platelet stimulation by T+C or A23187

Released EV marker T+C A23187

CD42a+ 100% (55.5 + 8.0%) 100% (58.9 + 7.1%)

PAC1+ 1.3+0.4% (°0.4 + 0.2%) 0.5 +0.1% (°0.2 + 0%)
CD62P+ 38.7 £ 9.0% (*30.9 + 8.2%) 38.2+7.2% (°33.3 £ 6.2%)
PS+ 11.4 + 1.8% (°4.3 + 0.8%) 6.5+ 1.7% (*2.2 + 0.4%)
PAC1+ and PS+ 0.1+0% 0%

PAC1+ and CD62P+ 0.5+ 0.3% 0.2 +0%

CD62P+ and PS+ 6.6 +1.5% 42+ 14%

PAC1+, CD62P+, and PS+ 0.2+0.1% 0.1+0%

100% of released EVs were CD42a+. 55.5 + 8.0% and 58.9 + 7.1% of EVs released from T+C- and A23187-stimulated platelets, respectively, were
CD42a+ only, and negative for all other markers. EV, extracellular vesicle; PS+, phosphatidylserine positive; T+C, thrombin+collagen.
?Released EVs were CD42a+ and positive for the marker stated and negative for all other markers. Data are mean + SEM, n = 4,

Based on the ultrastructural appearance of platelets adherent
to surfaces such as collagen or collagen-related peptide, Hess
and Siljander!’” subdivided the balloon-like structures into those
that possessed a highly “dilute” cytoplasm with few inclusions,
and those that possessed a moderately dense cytoplasm with a
higher number of recognizable organelles, which occurred less fre-
quently. The morphology of procoagulant platelets in suspension
has been studied less closely. In this study, we examined procoagu-
lant platelets formed in response to the physiologically-relevant
combination of agonists, thrombin and collagen (T+C), and the non-
physiological calcium ionophore A23187 that directly increases in-
tracellular Ca2* levels. The observations with A23187 are relevant
to platelet responses in vivo because the formation of procoagu-
lant platelets relies on sustained increases in intracellular Ca?".
Using TEM, we observed that a subpopulation of platelets stim-
ulated with T+C, and most platelets stimulated with A23187, in
suspension, formed round balloon-like structures. The majority of
T+C-stimulated round balloon-like platelets were empty, while the
remainder, as well as the majority of A23187-stimulated platelets,
contained few granules/organelles, usually localized peripherally.
Some of these internal structures were identified as mitochondria
based on their characteristic membrane appearance. Gerrard et al®’
observed similarly altered ultrastructure of A23187-stimulated
platelets in suspension by electron microscopy, and reported that
platelets exposed to high A23187 concentrations lost their alpha and
dense granules, and often had the cytoplasmic gel concentrated in
a dense mass, with swollen membranes that were pulled away from
the cell contents. We observed extracellular vesicles (EVs) in T+C- or
A23187-stimulated conditions; in some cases, these EVs appeared to
be associated with or blebbing from the platelet surface, similar to the
EVs budding from platelets incubated in the presence of fibroblast-

like synoviocytes observed by Boilard et al*°

and from platelets ac-
tivated with thrombin observed by Ponomareva et al,** suggesting
that the free EVs had been released from the balloon platelets.
While traditional flow cytometry has been successfully used to
study procoagulant platelets, imaging flow cytometry has unique
features that also allow detailed morphological analysis. In this study,

these features were used to identify T+C- or A23187-stimulated

platelets that had transformed into round balloon-like structures, as
observed by TEM. These distinct round balloon-like platelets were
confirmed to be PS-positive (PS+). Cell size is often measured by for-
ward scatter in traditional flow cytometry, though it can be affected
by cell refractive index (RI). Size features, based on bright field or fluo-
rescence, in imaging flow cytometry overcome this issue, which is par-
ticularly pertinent in our study where the composition, and thus the
RI, of procoagulant platelets is dramatically altered. Indeed, we found
that PS+ platelets were significantly larger in size than PS-negative
(PS-) platelets, though previous studies using traditional cytometry
reported PS+ platelets to be smaller.*>"#* Furthermore, quantitation
of platelet internal complexity showed that PS+ platelets were signifi-
cantly less internally complex than PS- platelets. Interestingly, despite
releasing the contents of their granules (as determined by CD62P ex-
pression), activated T+C (PS-) platelets displayed internal complexity
similar to that of resting platelets. Thus, while the ultrastructure of
T+C (PS-) platelets was altered compared to that of resting platelets
(as observed by TEM), some intact structures that could be measured
by dark field were still present, unlike in PS+ platelets. We found that
the percentage of PS+ platelets expressing CD62P on the surface was
similar to that of activated (T+C) PS- platelets. In agreement with our
previous studies,*® almost all resting and T+C- stimulated PS- platelets
had intact inner mitochondrial membrane potential, while the majority
of PS+ platelets had depolarized mitochondria. PAC1 binding was de-
creased in PS+ platelets compared with T+C (PS-) platelets, confirming
that integrin allbf3 is in a resting conformation on procoagulant plate-
lets, and differentiating this procoagulant platelet subpopulation from
pro-aggregatory platelets.?82%

It has been reported that the protein “coat” on procoagulant
platelet surface is not uniformly distributed, but rather that adhe-
sive proteins, PS and bound coagulation factors are predominantly
localized in a small convex region or “cap”?>**; 85% of procoagulant

t.22 However,

platelets possess a “cap,” with strictly one per platele
recently, it has been shown that the procoagulant activity initially
located on the “cap” on the remnant platelet body moves to the bal-
loon platelets.*® Using imaging flow cytometry, we observed that
more than 90% of procoagulant PS-exposing platelets possessed

what we termed here, a platelet-associated EV. Forty to fifty percent
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of procoagulant platelets possessed only one platelet-associated EV,
while the remaining platelets possessed multiple associated EVs.
Interestingly, marker expression heterogeneity between platelets
and their associated EVs was observed. Indeed, there was also
heterogeneity among EVs associated with the same platelet, ie, a
platelet may possess one EV that is positive for only one marker, and
another EV that is positive for multiple markers.

Imaging flow cytometry overcomes some of the challenges tradi-
tionally associated with studying platelet-derived free EVs by allowing
visual interrogation of each event passing through the flow cell; flu-
orescent signals of particles below optical resolution that would be
otherwise undetectable can be detected by imaging flow cytometry.3*
Since EVs are formed from procoagulant platelets following activa-
tion, it is anticipated that EVs should retain the properties of the ac-
tivated platelet membrane. Recent studies have challenged this view,
demonstrating diversity among platelet-derived EVs.** In keeping
with these reports, we observed heterogeneity within the released EV
population. Additionally, while released EVs were similar to activated
PS+ platelets in terms of expression of activated integrin allbp3, the
majority of released EVs were PS-. Furthermore, CD62P expression
on released EVs differed from that of activated PS+ platelets; fewer
released EVs expressed CD62P compared with PS+ platelets (38% vs
80% [T+C] and 70% [A23187], respectively). The characteristics of re-
leased EVs were also different from platelet-associated EVs; a smaller
percentage of released EVs expressed CD62P and activated integrin
allbp3, and, most noticeably, the percentage of PS-exposing released
EVs was considerably lower compared with platelet-associated EVs
(7%-11% vs 72%-77%, respectively).

In summary, we have demonstrated by TEM that, in becoming pro-
coagulant in suspension, platelets undergo remarkable morphological
changes, transforming into spherical “balloons,” almost devoid of their
normal internal architecture; this could be quantitated by imaging flow
cytometry analysis. These procoagulant platelets are PS-exposing,
express CD62P and integrin allbp3 in an inactive conformation, and
have depolarized inner mitochondrial membranes. Furthermore, we
found that a large proportion of PS-exposing platelets have associated
EVs that are heterogeneous with respect to expression of CD42a and
CD62P, binding of PAC1 and PS exposure, and have a phenotype that
differs from platelet-derived free EVs. Platelet-associated EVs are not
detectable by traditional flow cytometry, but could be evaluated in
the present study by the high resolution imaging power of the imaging
flow cytometer. Though their exact function has yet to be determined,
these platelet-associated EVs may promote and support platelets to
mount and sustain a procoagulant response. Similarly, while the mech-
anisms underlying EV generation are not fully understood, our findings
clearly demonstrate the heterogeneity of released EVs, suggesting that
distinct EV subpopulations may contribute to different aspects of he-

mostasis and of thrombosis.
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