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ABSTRACT

iskott-Aldrich syndrome (WAS) is associated with thrombocy-

topenia of unclear origin. We investigated real-time cytosolic cal-

cium dynamics, mitochondrial membrane potential and phos-
phatidylserine (PS) exposure in single fibrinogen-bound platelets using con-
focal microscopy. The WAS platelets had higher resting calcium levels,
more frequent spikes, and their mitochondria more frequently lost mem-
brane potential followed by PS exposure (in 22.9% of platelets vs. 3.9% in
controls; P<0.001) after the collapse of the last mitochondria. This phenom-
enon was inhibited by the mitochondrial permeability transition pore
inhibitor cyclosporine A, as well by xestospongin C and lack of extracellular
calcium. Thapsigargin by itself caused accelerated cell death in the WAS
platelets. The number of mitochondria was predictive of PS exposure: 33%
of platelets from WAS patients with fewer than five mitochondria exposed
PS, while only 12% did among those that had five or more mitochondria.
Interestingly, healthy donor platelets with fewer mitochondria also more
readily became procoagulant upon PAR1/PAR4 stimulation. Collapse of sin-
gle mitochondria led to greater cytosolic calcium increase in WAS platelets
if they had one to three mitochondria compared with platelets containing
higher numbers. A computer systems biology model of platelet calcium
homeostasis showed that smaller platelets with fewer mitochondria could
have impaired calcium homeostasis because of higher surface-to-volume
ratio and greater metabolic load, respectively. There was a correlation
(C=0.81, P<0.02) between the mean platelet size and platelet count in the
WAS patients. We conclude that WAS platelets readily expose PS via a
mitochondria-dependent necrotic mechanism caused by their smaller size,
which could contribute to the development of thrombocytopenia.

Introduction

Wiskott-Aldrich syndrome (WAS) is an X-linked disorder classically character-
ized by thrombocytopenia, immunodeficiency and eczema." Its pathophysiological
mechanisms relate to defective actin polymerization and abnormal signal-mediated
cytoskeleton rearrangements in hematopoietic cells as a result of deficient or dys-
regulated activity of the WAS protein that belongs to a distinct family of proteins
involved in the transduction of signals from the cell surface to the actin cytoskele-
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ton.” The severity of immunodeficiency varies between
WAS patients, whereas the platelet defect (reduced num-
ber and size) is the universal feature of the disease, and
thrombocytopenia-related bleeding contributes greatly to
mortality in untransplanted patients.® Although major
platelet functions are retained in WAS platelets, there is
evidence of defects in these platelets that could potentially
contribute additionally to bleeding.’

The specific mechanisms of thrombocytopenia in WAS
remain elusive. Studies of megakaryocytes from patients
produced evidence both in favor of defects in platelet pro-
duction’ and against them.® On the other hand, platelets
from WAS patients and murine WAS protein knockouts
had shortened lifespan and were subject to increased
phagocytosis.”” In particular, it was shown previously that
WAS platelets have increased phosphatidylserine (PS)
exposure upon storage and activation,™"" which could be
one of the mechanisms involved in their accelerated clear-
ance by splenic macrophages and possibly contribute to
thrombocytopenia. Indeed, recent evidence from diverse
eukaryotic systems suggests that the actin cytoskeleton
has a role in regulating apoptosis via interactions with
mitochondria.” Changes to the dynamics of the actin
cytoskeleton were implicated in the release of reactive
oxygen species (ROS) from mitochondria and subsequent
cell death.” Interestingly, recent studies discovered that
platelets from patients with deficiency of actin filament
branching regulator Arp2/3 have major phenotype fea-
tures similar to those observed in WAS:*** microthrombo-
cytopenia, deficiency of dense granules and spreading.

Here we investigated the mechanism underlying cell
death in platelet samples from a cohort of 35 WAS
patients. The main conclusion is that the platelets are
prone to PS exposure upon minor stimulation, which
occurs as a result of mitochondrial permeability transition
pore opening. We provide evidence for the two major
mechanisms responsible for this: (i) an increased surface-
to-volume ratio of these micro-platelets leading to dysreg-
ulation of calcium homeostasis; (ii) a decreased number of
mitochondria per platelet, which results in a dramatic
increase of cytosolic calcium upon opening of the mito-
chondrial permeability transition pores in a single mito-
chondrion. Platelet size correlated with platelet count in
the untreated WAS patients.

Methods

A full description of the methods and reagents is available in the
Online Supplementary Material.

Patients and healthy donors

A total of 35 patients with WAS were included in the study
(Table 1). The diagnosis was made according to the diagnostic cri-
teria of the European Society for Immunodeficiencies and geneti-
cally confirmed by identification of WAS mutations. Romiplostim
was administered off-label at a dose of 9 ug/kg weekly, according
to an institutional protocol. Twelve of 35 patients had a Zhu score
of 1 or 2. Control samples included blood from children and
healthy adults, as indicated in the experimental descriptions.

Blood collection and platelet isolation

Investigations were performed in accordance with the
Declaration of Helsinki under approval of the Children's Center for
Hematology Ethical Committee, and written informed consent was

obtained from all patients (or their parents) and donors. Washed
platelets were prepared essentially as described previously.”

Confocal microscopy experiments: general design

Glass coverslips were cleaned and coated with 1 mg/mL fibrino-
gen or monafram in phosphate-buffered saline. Washed platelets
were attached to the protein-coated surface by incubating them at

Table 1. Characteristics of the patients with Wiskott-Aldrich syndrome.

Patient # Age WAS gene Disease  Romiplostim Platelet
(years) mutation severity  treatment  count
score*
1 12 c.TTT+1G>A 5 After 114
2 13 ¢.1453G>A, p.D485N Before 52
4 After 337
3 0.9 ¢.929_931+9del Before 30
(c.929_931+ 5 After 24
9delAGGgtgagacce)
4 2 ¢.223G>A, p.VTisM 3 Before 38
After 82
5 11 ¢1201_1205dupCCACC, 5 After 34
p.P403HfsTer44
6 0.8 c.777+1G>A 3 After 27
7 4 c4A>T, p.S2C 1 Before 38
After 145
12 ¢.560-1G>A 5 After 53
0.6 ¢.631C>T, p.R211Ter 4 After 12
10 10 ¢.116T>C, p.L39P 2 Before 7
11 17 ¢.223G>A, VI5M 2 After 34
12 12 ¢.134C> , p.T45M 2 Before 20
13 14 c4A>T p.S2C 2 Before 31
14 10 cAA>T, p.S2C 2 Before 32
15 0.5 cAA>T, p.S2C 2 Before 7
16 1 ¢.961 >T, p.R321Ter 3 After 170
17 0.6 ¢.107_108delTT, 5 After 42
p.F36Ter
18 5 cA413G>A, p.R138Q 1 Before 54
19 0.9 ¢.37C>T, p.R13Ter 3 Before 19
20 7 ¢.961C>T, p.R321Ter 3 Before 11
21 2 €.559+5G>A 5 Before 55
22 1 ¢.631C>T, p.R211Ter 5 After 192
23 1 c273+2T>C 5 Before 20
24 2 ¢.281G>C, p.R94P 1 After 81
25 2 ¢.777+2del4 (GAGT) 5 After 73
26 2 c.2T>C, p.MIR 4 Before 16
After 60
27 7 ¢.961 CT, p.R321Ter 3 After 20
28 11 €.559+5G>A 4 Before 17
29 7 ¢.107_108delTT, 5 After 16
p. F36Ter

30 0.5 ¢.314T>C, p.L105P 1 Before 36
31 9 c.143 >, pATI>T 3 After 72
32 8 223 G>A, VI5M 3 After 37
33 3 ¢.1430G>A, p.R4TTK 2 After 147
34 17 €.559+5G>A 5 Splenectomy 170
35 2 ¢.267 G>A, .R86H 2 After 30

* Scoring as suggested by Ochs et al.*



1.3x10°/uL (or the maximal concentration attainable for WAS
under conditions of thrombocytopenia) for 20 min and rinsing
with buffer A with 1.5 mM CaCl,. The PS* fraction was counted
after incubation for a further 30 min.

Cytosolic calcium signaling and mitochondrial
membrane potential change

The methodology for these investigations was essentially as
described elsewhere.”® Calibration for ratiometric measurements
was performed separately for healthy and WAS platelets. Calcium
concentrations were calculated using an equation for ratiometric
indicators.” Tetramethylrhodamine methyl ester (TMRM) was
used to detect mitochondrial potential dynamics.

Characterization of platelet response to TRAP-6 in
platelet-rich plasma

Samples of platelet-rich plasma were diluted with platelet-poor
plasma to a final concentration of 20,000/uL and buffered with
HEPES at pH 7.4 (100 mM final concentration). The irreversible
thrombin inhibitor Phe-Pro-Arg chloromethyl ketone (PPACK)
was added to the final concentration of 100 wM in order to block
spontaneous thrombin generation upon recalcification. Platelets
were recalcified by addition of calcium chloride (final concentra-
tion 20 mM, which corresponds to 2 mM of free calcium™) and
activated by 25 uM TRAP-6 (thrombin receptor agonist peptide-6)

for 5 min at room temperature.

ATP measurement in platelets

In brief, platelets of the samples were lyzed (by addition of 90
uL dimethylsulfoxide to 10 uL platelet suspension) and analyzed
by luciferase-luciferin assay as described previously”” while the
other part was stained with CD61-FITC and annexin V-Alexa
Fluor 647 and analyzed by flow cytometry.

Flow cytometry characterization of platelet functional
activity

The experiments were performed essentially as described previ-
ously®* with minor modifications.
Transmission electron microscopy

The protocol was essentially as described elsewhere.”

Statistics

Data are presented as means + standard deviations. The statis-
tical significance of the differences between groups was deter-
mined with the non-parametric Mann-Whitney U-test (P) or
Wilcoxon signed-rank test (P*) for paired samples. Differences
were considered to be statistically significant when the P-value
was <0.05.

Computational modeling of platelet calcium homeostasis

A systems biology model of platelet calcium signaling was
based on one developed previously." In contrast to its predecessor
pure calcium signaling/homeostasis models,”” it had several mito-
chondrial compartments and included equations describing
dependence of ATP production and calcium pump activity on
mitochondrial inner membrane potential.

Results

Phosphatidylserine exposure by fibrinogen-immobilized
Wiskott-Aldrich syndrome platelets

In order to gain insight into the mechanisms of
increased/accelerated PS exposure of WAS platelets, we

investigated dynamics of status change by the single fib-
rinogen-bound cells (Figure 1A). Unexpectedly, this rela-
tively mild method of platelet immobilization produced
massive spontaneous PS exposure in the WAS platelets
during 30 min without any additional stimulation com-
pared with PS exposure on platelets from either healthy
adults (n=18) or children without WAS (n=6, aged 0-7
years, median 2.5 years) (Figure 1B). The smaller num-
ber of adherent platelets in some of the WAS patients
could lead to some underestimation of their PS*
platelets, so that the effect could be even greater. Taking
into account that some of the patients received romi-
plostim, previously shown to potentially affect platelet
function.”” it was reasonable to evaluate its effect on
platelets separately.**® However, there was no statisti-
cally significant difference between PS externalization
by platelets from untreated WAS patients and from
those on romiplostim (Figure 1C): in both groups,
approximately 20% of platelets, on average, exposed PS.
The phenomenon was not fibrinogen-specific, as
platelets attached to the oyB; antagonist monafram pro-
duced the same results (Figure 1D).

Functional activity of the Wiskott-Aldrich syndrome
platelets

To thoroughly characterize the status of the WAS
platelets involved in the study, we analyzed them by
diluted whole blood flow cytometry using a comprehen-
sive set of functional markers (Figure 2 and Ounline
Supplementary Figure S1). Platelets were either left in the
resting state or subjected to potent dual stimulation with
TRAP-6 and collagen-related peptide (CRP). As a control,
we used a group of 20 healthy children (9 boys and 11
girls, aged 0-13 years, median 5 years). The WAS platelets
had significantly decreased forward scatter and levels of
major surface glycoproteins (Figure 2A-C) reflecting their
decreased size. There were two interesting exceptions:
patients 5 and 18 had normal forward scatter. Patient 5
was splenectomized, which could be a plausible explana-
tion of his larger platelets, while patient 18 had an excep-
tionally mild WAS phenotype. The size-independent
parameter of shape change evaluated as the light scatter-
ing ratios for the resting/stimulated platelets (Online
Supplementary Figure S1A, B) was significantly decreased in
WAS. In order to take into account the difference in
platelet size and surface area, we evaluated integrin ou.ps
activation and a-granule release by either the percentage
of PAC1" (Figure 2D) or CD62P* (Figure 2E) platelets, or by
normalizing the data on CD61 fluorescence intensity, as
described elsewhere™ (Online Supplementary Figure S1). In
both cases, the response to activation was somewhat
decreased in WAS platelets compared with healthy
platelets. However, there was a relative increase in base-
line platelet activation in the WAS patients compared with
the controls, as judged by integrin (Online Supplementary
Figure S1D) and P-selectin (Online Supplementary Figure
S1F) surface expression of resting platelets. Dense granule
release in WAS was essentially lower than in healthy chil-
dren (Figure 2F). Interestingly, the completely size-inde-
pendent response of procoagulant platelet formation eval-
uated as a percentage of annexin V* cells was also clearly
decreased (Figure 2G). Neither of these phenomena
changed in the romiplostim-treated patients compared
with untreated ones. Analysis with TRAP stimulation in
diluted platelet-rich plasma revealed a minor increase in
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PS* platelets under resting conditions and normal PS
expression upon stimulation (Online Supplementary Figure
S2). In summary, WAS platelets were small and demon-
strated some decreased preactivation features in the rest-
ing state but they did not appear to have any drastic func-
tional differences from normal platelets in an activated
state.

Signaling events in single fibrinogen-attached
Wiskott-Aldrich syndrome platelets

To identify the mechanisms of the PS externalization of
the WAS platelets, we simultaneously examined dynam-
ics of calcium in the cytosol, mitochondrial membrane
potential and PS exposure in WAS and control platelets
(Figure 3). The mean intracellular cytosolic calcium level
in the WAS platelets was 4-fold greater than that in the
control platelets at the beginning, and the average differ-

WAS

ence increased with time (Figure 3A). While healthy
unstimulated platelets, in line with previous reports,'®®
had only occasional calcium spikes when bound to fib-
rinogen (Figure 3B), unstimulated platelets from WAS
patients had frequent oscillations with longer spike dura-
tion (Figure 3C, D). The mitochondria in the WAS
platelets lost their membrane potential one after another
and, if all of them became TMRM-negative, the cell
began to bind annexin V within 10 s (Figure 3D), exactly
as reported before for the PS* platelet formation induced
in healthy donors with TRAP-6 or thrombin."*” This is in
agreement with the scenario of mitochondrial calcium-
overloading-induced necrosis of procoagulant platelet for-
mation.'®**

Importantly, time lapse imaging revealed that mito-
chondrial collapse in WAS platelets with few mitochon-
dria in turn led to a rapid cytosolic calcium increase

Normal
A B P<0.001
1
80+ P<0.01
f
P=0.44
x 60
=
) 2
en B 404 LS4
3 & .
2 + *
(%2 AR &
o 204 | o* o |
L o . i %
. 'l % ¢ ”
>
0 22 Santeey) T —
WAS Healthy donors Children
C
80 P=0.94
o 60
> e
= s
: Y
a +
(2]
< Q
*
0 T T T |
WAS w/o treatment Treated WAS
D
80
P=0.86
— X 60+
O =
A S
) g 40 .
=
+
(2]
o 201 "
I *

WAS FG WAS Monafram

Figure 1. Exposure of phosphatidylserine by Wiskott-Aldrich syndrome platelets upon fibrinogen binding. (A) Confocal microscopy images of healthy (left) and
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(C) PS* fraction of WAS platelets on the fibrinogen surface, showing a comparison of romiplostim-treated and untreated WAS patients, P=0.94. (D) Monafram-coated
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(Online Supplementary Figure S3A, time point 116 s). If it
was reversed, calcium concentration also decreased
(Online Supplementary Figure S3A, time point 146 s). This
is drastically different from healthy donors' activated
platelets, in which calcium was not so sensitive to the col-
lapse of a single mitochondrion.”® Interestingly, WAS
platelets with large numbers of mitochondria had
increased background cytosolic calcium and frequent
oscillations, but were not sensitive to the collapse of sin-
gle mitochondria either (Online Supplementary Figure S3B).

Phosphatidylserine exposure on Wiskott-Aldrich
syndrome platelets is mediated by mitochondrial
permeability transition pore opening

The critical element of mitochondrially driven necrosis
is mitochondrial permeability transition pore opening. To
check this, we added several inhibitors of different cell
death-regulating signaling pathways during platelet incu-
bation on fibrinogen (cyclosporine A, necrostatin-1, Z-
VAD-FMK) or spreading (calpeptin). The mitochondrial
permeability transition pore inhibitor cyclosporine A (5

TMRM
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wM) significantly diminished the PS* fraction formed by
the WAS platelets on fibrinogen (Figure 4A). Other
inhibitors, including necroptosis inhibitor necrostatin-1,
calpain inhibitor calpeptin and pan-caspase inhibitor Z-
VAD-FMK; had no significant effect on PS exposure (Figure
4B). These data strongly suggest that it is indeed the
necrotic mechanism of mitochondrial permeability transi-
tion pore opening that is responsible for increased PS expo-
sure in WAS platelets.

Role of calcium homeostasis, cellular energetics, and
reactive oxygen species in phosphatidylserine exposure
by Wiskott-Aldrich syndrome platelets

In order to get further insight into the necrosis of the sur-
face-attached WAS platelets, they were treated with
xestospongin C (an inositol trisphosphate receptor block-
er), or thapsigargin (a sarco-endoplasmic reticulum Ca*
ATPase inhibitor), or in buffer A without addition of calci-
um chloride (Figure 4C). Xestospongin C inhibited PS
exposure suggesting involvement of inositol trisphosphate
signaling, while thapsigargin potently boosted platelet
necrosis. In contrast, the effects were drastically decreased
in the absence of extracellular calcium.

Importantly, thapsigargin caused accelerated cell death in
the WAS platelets compared with platelets from healthy
controls in suspension as well without any surface attach-
ment (Figure 4D), which suggests that the WAS platelets’
propensity to necrosis is caused by dysregulation of their
calcium homeostasis. The same experiment with lactad-
herin and without addition of extracellular calcium did not
show an increased PS* fraction of WAS platelets (Figure
4E). For an additional check of the effect of outside-in sig-
naling on thapsigargin-induced PS exposure in this design,
we pre-treated platelets with the integrin ou,p; antagonist
monafram which did not affect the thapsigargin-induced
PS exposure (Online Supplementary Figure S4). Pre-incuba-
tion of the WAS platelets with the mitochondrial ATPase
inhibitor oligomycin or with the mitochondrial uncoupler
CCCEP increased the formation of PS* platelets at thapsigar-
gin treatment in the case of WAS platelets, while the mito-
chondrial respiratory chain complex I inhibitor rotenone
had less effect on the thapsigargin-induced PS exposure
(Figure 4F); none of these three drugs caused platelet necro-
sis by themselves. These data indicate that an energy defi-
ciency could be a factor contributing to platelet necrosis
but not the defining one. In line with this, although the lev-
els of ATP in cells were decreased in parallel with the
increase of the PS* platelets upon thapsigargin treatment,
the same decrease of ATP was caused by CCCP without
PS exposure indicating that the observed phenomenon is
not purely caused by an energy collapse (Figure 4G, H).
ROS production in the WAS platelets was not essentially
different from that in healthy donor platelets, and was only
mildly increased upon stimulation with CRP (Ounline
Supplementary Figure S5). The morphology of the mito-
chondria in WAS platelets was not apparently different
from that of normal ones, as judged by transmission elec-
tron microscopy (Online Supplementary Figure S6).

Platelet necrosis correlates directly with the number of
mitochondria

During examination of the images, it became apparent
that the WAS platelets undergoing PS exposure and mito-
chondrial membrane potential loss rarely had more than
two mitochondria per cell. We, therefore, performed exper-

iments to count the number of mitochondria in each
platelet and correlated this with the outcome (i.e. PS expo-
sure) (Figure 5). For both WAS patients and healthy donors,
the number of mitochondria was significantly lower in the
platelets that became PS* (Figure 5A). This number affected
the fate of platelets in a dose-dependent manner: about
33% of the WAS platelets exposed PS if they had one to
four mitochondria per platelet, and only about 11% if they
had more than five mitochondria (Figure 5B). A similar
dependence was observed for platelets from healthy donors
(Figure 5B), although they exposed PS more rarely. The his-
togram in Figure 5C shows the distributions of mitochon-
dria number for platelets from WAS patients and healthy
donors side by side. Importantly, although the mean num-
ber of mitochondria in WAS platelets was not much lower
than that in the control platelets, there was significant
skewing to the left of the curve: a total of 27+12% of WAS
platelets had fewer than three mitochondria, compared to
only 8.7+4.4% of healthy platelets. In order to check if the
number of mitochondria has a wider significance in platelet
necrosis, we performed experiments with fibrinogen-
attached healthy platelets stimulated with TRAP-6 or
thrombin, revealing the same pattern (Figure 5D, E).

Systems biology simulations reveal critical roles of
mitochondrial number and surface-to-volume ratio in
programmed cell death in Wiskott-Aldrich syndrome

In order to dissect the mechanisms of mitochondria-
dependent necrosis in WAS, we developed a computation-
al systems biology model of calcium signaling (Figure 6). In
the model, which incorporated all compartments and
major calcium signaling mechanisms, we investigated
dependence of the platelet calcium response on two major
variables that differ for the WAS platelets, the number of
mitochondria and platelet size.

The model demonstrated that a decrease in the number
of mitochondria should make platelets more sensitive to
mitochondrial collapse and result in a higher increase in
calcium because the remaining mitochondria could not
bear the ATP production load (Figure 6A, B), which agrees
well with the experimental observations. We also simulat-
ed platelets of different sizes; when scaling them, the ratio
between surface and volume molecules was naturally
changed (Figure 6), as volume is proportional to the size to
the third degree, while surface is proportional to the size to
the second degree. Upon stimulation, the virtual platelets
with a smaller size had comparable active phospholipase C
per volume (Figure 6C), but more inositol trisphosphate
and ultimately much more calcium (Figure 6E) because
they had more inositol trisphosphate receptors per volume
(as these were assumed to be proportional to the surface).
This is again in line with the experimental data presented
above that showed increased calcium levels in WAS even
prior to mitochondrial permeability transition pore open-
ing, and with the sensitivity of the phenomenon to
xestospongin C.

The model, therefore, predicted that the size of platelets
from untreated WAS patients would negatively affect the
platelets’ ability to expose PS spontaneously and (if this is
the mechanism underlying thrombocytopenia) positively
affect the patients’ platelet count. Interestingly, there was a
significant positive correlation between platelet size and
platelet count among the untreated WAS patients (Online
Supplementary Figure S7A). Although we did not observe
significant correlations with PS exposure, probably as a



result of the limited number of samples (Online
Supplementary Figure S7B, C), it is interesting that patient
#18 (indicated with a red arrow), who had normal-sized
platelets and a mild phenotype, also had the least PS expo-
sure upon immobilization and incidentally the highest
platelet count.

Discussion

In this study, we show that the death of WAS platelets
upon minor stimulation, such as fibrinogen attachment or
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low-dose thapsigargin treatment, follows the pathway of
mitochondrial necrosis. It is a rapid process associated
with opening of mitochondrial permeability transition
pores, which actually precedes PS exposure at the single
platelet level, extracellular calcium-dependent, and it is
downregulated by cyclophilin D and inositol trispohos-
phate receptor antagonists, but not by apoptosis or
necroptosis inhibitors. It is associated with decreased
platelet ATP levels, and downregulation of the energy
metabolism with CCCE, rotenone and oligomycin-pro-
moted necrosis, but did not cause it by itself. This cell
death phenomenon predominantly occurred in the

704 —=— WAS N/A fibrinogen-spread platelets

60 —n—HD N/A fibrinogen-spread platelets

50
40
30

20+

PS+ fraction, %

104

i

) e
1-4 5-8 9-12 13+
Mitochondria number

o

P<0.05
104 ' '

Mean Mitochondria number
L |

T T T 1
Healthy activated "PS-"  Healthy activated "PS+"

Figure 5. Dependence of phosphatidylserine exposure on mitochondria count.
Platelets that exposed phosphatidylserine (PS) during incubation on fibrinogen con-
tained significantly fewer mitochondria than PS- cells. (A) Mean mitochondria num-
ber in platelet subpopulations per patient with Wiskott-Aldrich syndrome (WAS) or per
healthy donor (HD) for non-activated (N/A) fibrinogen-bound platelets. Each dot rep-
resents one WAS patient (7 patients, 381 platelets) or HD (n=4, 567 platelets). (B)
Averaged PS* fraction + standard deviation of the same WAS and HD platelets with
different mitochondrial counts. (C) Averaged distribution of mitochondria per platelet
(both subpopulations) for WAS patients (7 patients, 381 platelets) and HD (11 HD,
1,179 platelets). (D, E) Healthy activated platelets, overall 613 cells from seven HD
activated with TRAP-6 (n=5, 306 cells) or thrombin (n=4, 307 cells). Platelets most
likely to expose PS had fewer mitochondria. Mitochondria were counted by TMRM flu-
orescence using a microscope after spreading for 20 min (before activation in exper-
iments with activated platelets from HD); subpopulation were determined after an
additional 30 min incubation. Each dot represents the mean of the mitochondria
count in a patient or HD (A,C). P: Mann-Whitney U-test. TRAP-6: thrombin receptor
agonist peptide-6: TMRM: tetramethylrhodamine methyl ester.
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Figure 6. Increased cytosolic calcium as a result of downsizing: computer systems biology simulation of calcium signaling in normal and Wiskott-Aldrich syndrome
platelets. Wiskott-Aldrich syndrome (WAS) platelets were assumed to have the same content of signaling proteins, scaled to the respective volume of compartments.
(A, B) Stochastic simulation of the activation of normal platelets containing two (A) or four (B) mitochondria with 10 nM thrombin. With the collapse of one mitochon-
drion the average cytosolic calcium increases 1.5-fold (A) in the case of two mitochondria or does not change (B) in the case of four mitochondria. (C-E) Stochastic
and deterministic simulations of normal and WAS platelets stimulated with 1 nM thrombin.

platelet fraction with fewer than four mitochondria per
platelet. Importantly, although beyond the scope of this
WAS study, the low number of mitochondria turned out
to be predictive of the agonist-induced formation of pro-
coagulant platelets by healthy donors. The immediate
causes of this necrosis are: (i) increased calcium concentra-
tion and spiking frequency of WAS platelets upon spread-
ing; and (ii) increased sensitivity of calcium homeostasis to
collapse of single mitochondria in platelets with fewer
mitochondria. Computational systems biology analysis
confirmed that both increased surface-to-volume ratio
(leading to impaired calcium homeostasis) and a lower
number of mitochondria (resulting in increased sensitivity
of calcium to mitochondrial collapse) contribute to the
tendency of the WAS platelets to undergo necrosis upon
minor stimulation. Although the clinical consequences of
this phenomenon are beyond the scope of this paper, this
mechanism is supported by the observation of a correla-
tion between platelet size and platelet count in WAS. In
contrast to the observations for immune thrombocytope-
nia,”® there were no statistically significant changes in
WAS platelet functionality upon romiplostim treatment.

The phenomena investigated in the present study agree
well with previous observations by Shcherbina et al'"
who reported increased, accelerated or spontaneous PS
exposure by the platelets of WAS patients or WAS knock-
out mice associated with increased calcium levels at rest,
and provide a molecular basis for the previous reports.
The mechanism of this massive PS exposure in WAS
platelets appears to be essentially similar to that determin-
ing agonist-induced procoagulant platelet formation in
physiological potent platelet activation:'®***%%% an
increase of cytosolic calcium followed by mitochondrial
calcium overload and collapse, ultimately leading to
necrotic cell death. The difference was that PS exposure in
WAS was triggered by weak stimuli, such as fibrinogen
attachment, which, although recognized as being an acti-
vating stimulus,® produced negligible PS exposure in
healthy donor platelets by itself. A high percentage of PS*
platelets seems to be a universal feature of the disease,
irrespective of its severity and absence\presence of other
WAS features.

The similarity between these phenomena (PS exposure
by normal platelets via thrombin and/or collagen recep-



tors and PS exposure by WAS platelets induced by fibrino-
gen attachment) goes so far that the phenomenon of pre-
dominant necrosis by platelets with fewer mitochondria
was observed here for TRAP-6- or thrombin-stimulated
healthy platelet activation as well. This is interesting in
itself and might have implications beyond the scope of the
present study: although several previous studies attempt-
ed to identify properties of platelets that predispose them
to procoagulant formation such as age or resting calcium
concentration,'®*¥ the effects were much less than those
of the number of mitochondria, and it has been generally
assumed in the field that it is unclear which platelets
become necrotic and which do not.

Although the data of the present study clearly character-
ize the immediate molecular cause and sequence of events
leading to spontaneous PS exposure in WAS platelets, they
are more limited with regard to linking this phenomenon
to the genetic cause of the disease or clinical consequences.
While a decreased number of mitochondria in the WAS
platelets (natural because of their decreased size) is likely
to contribute to their tendency to undergo necrosis, this
difference by itself is not great enough to have such drastic
consequences. Non-stimulated WAS platelets undergo
necrosis more efficiently than non-stimulated healthy
platelets having the same number of mitochondria (Figure
5), so there should be additional mechanisms. The most
promising one is disruption of cytosolic calcium balance
(even without regard to mitochondria) simply because of
the greater surface-to-volume ratio in WAS platelets: com-
puter systems biology simulations indicated that this
mechanism alone would be sufficient to explain the

platelets’ necrosis. This hypothesis is supported by the sen-
sitivity of the PS* fraction to xestospongin C and a decrease
in extracellular calcium, as well as by the ability of the cal-
cium pump inhibitor thapsigargin to promote WAS platelet
necrosis much more rapidly than that of healthy donor
platelets. The inability of mitochondrial function antago-
nists to cause necrosis by itself is also in line with the pro-
posed picture of events. However, we did not show a
causal relationship between size and calcium in direct
experiments, and cannot exclude participation of other
contributing factors. Furthermore, although it is tempting
to speculate that increased PS exposure may promote
platelet clearance by macrophages,®" the statistics of the
present study are not sufficient to confirm or disprove a
relationship between clinical severity and the tendency of
platelets to expose PS, despite showing a relationship
between platelet count and platelet size. Involvement of
impaired actin cytoskeleton dynamics due to WAS protein
mutations in the programmed cell death of WAS platelets
cannot be excluded either, and requires additional research.
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