% Maastricht University

High-throughput assessment identifying major platelet
Ca2+ entry pathways via tyrosine kinase-linked and G
protein-coupled receptors

Citation for published version (APA):

Cheung, H. Y. F., Zou, J., Tantiwong, C., Fernandez, D. I., Huang, J., Ahrends, R., Roest, M., Cavill, R.,
Gibbins, J., & Heemskerk, J. W. M. (2023). High-throughput assessment identifying major platelet Ca2+
entry pathways via tyrosine kinase-linked and G protein-coupled receptors. Cell Calcium, 112, Article
102738. https://doi.org/10.1016/j.ceca.2023.102738

Document status and date:
Published: 01/06/2023

DOI:
10.1016/j.ceca.2023.102738

Document Version:
Publisher's PDF, also known as Version of record

Document license:
Taverne

Please check the document version of this publication:

« A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.

« The final author version and the galley proof are versions of the publication after peer review.

« The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.

« Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
« You may not further distribute the material or use it for any profit-making activity or commercial gain
« You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license

Take down policy
If you believe that this document breaches copyright please contact us at:

repository@maastrichtuniversity.nl
providing details and we will investigate your claim.

Download date: 09 Apr. 2024


https://doi.org/10.1016/j.ceca.2023.102738
https://doi.org/10.1016/j.ceca.2023.102738
https://cris.maastrichtuniversity.nl/en/publications/df4aa302-01ac-46d6-a4a5-b56776974b20

Cell Calcium 112 (2023) 102738

Contents lists available at ScienceDirect

cell
calcium

Cell Calcium

journal homepage: www.elsevier.com/locate/ceca

FI. SEVIER

Check for

High-throughput assessment identifying major platelet Ca®" entry | e
pathways via tyrosine kinase-linked and G protein-coupled receptors

Hilaire Yam Fung Cheung ®"%', Jinmi Zou %', Chukiat Tantiwong >, Delia I. Fernandez **',
Jingnan Huang ® bj_f, Robert Ahrends ™#, Mark Roest“, Rachel Cavill ", Jon Gibbins ¢, Johan W.
M. Heemskerk %"

2 Department of Biochemistry, Cardiovascular Research Institute Maastricht (CARIM), Maastricht University, Maastricht, The Netherlands

Y Leibniz-Institut fiir Analytische Wissenschaften-ISAS-e.V, Dortmund, Germany

¢ Institute of Cardiovascular Sciences, College of Medical and Dental Sciences, University of Birmingham, Birmingham, United Kingdom

d Synapse Research Institute Maastricht, 6217 KD Maastricht, The Netherlands

¢ Institute for Cardiovascular and Metabolic Research (ICMR), School of Biological Sciences, University of Reading, Reading, United Kingdom

f Center for Research in Molecular Medicine and Chronic Diseases (CIMUS), Universidade de Santiago de Compostela, Santiago de Compostela, 15706, Spain
8 Dept. of Analytical Chemistry, University of Vienna, Vienna, Austria

" Department of Advanced Computing Sciences, Maastricht University, 6229 ER Maastricht, The Netherlands

ARTICLE INFO ABSTRACT

In platelets, elevated cytosolic Ca®* is a crucial second messenger, involved in most functional responses,
ORAIL including shape change, secretion, aggregation and procoagulant activity. The platelet Ca>* response consists of

Keywords:

Pla:jt,elet i b Ca®" mobilization from endoplasmic reticulum stores, complemented with store-operated or receptor-operated
:%I:/l;{n eatcium exchange Ca®" entry pathways. Several channels can contribute to the Ca®" entry, but their relative contribution is un-

clear upon stimulation of ITAM-linked receptors such as glycoprotein VI (GPVI) and G-protein coupled receptors
such as the protease-activated receptors (PAR) for thrombin. We employed a 96-well plate high-throughput assay
with Fura-2-loaded human platelets to perform parallel [Ca®"]; measurements in the presence of EGTA or CaCls.
Per agonist condition, this resulted in sets of EGTA, CaCly and Ca®* entry ratio curves, defined by six parameters,
reflecting different Ca2* ion fluxes. We report that threshold stimulation of GPVI or PAR, with a variable
contribution of secondary mediators, induces a maximal Ca®* entry ratio of 3-7. Strikingly, in combination with
Ca’*-ATPase inhibition by thapsigargin, the maximal Ca’" entry ratio increased to 400 (GPVI) or 40 (PAR),
pointing to a strong receptor-dependent enhancement of store-operated Ca2* entry. By pharmacological blockage
of specific Ca>" channels in platelets, we found that, regardless of GPVI or PAR stimulation, the Ca?* entry ratio
was strongest affected by inhibition of ORAI1 (2-APB, Synta66) > Nat/Ca%* exchange (NCE) > P2x; (only
initial). In contrast, inhibition of TRPC6, Piezol/2 or STIM1 was without effect. Together, these data reveal
ORAI1 and NCE as dominating Ca®" carriers regulating GPVI- and PAR-induced Ca* entry in human platelets.

Store-regulated calcium entry

tubulin cytoskeleton reorganization, small molecular weight GTPase
activation, networks of protein kinases and phosphatases, calpain pro-

1. Introduction

Increased cytosolic Ca2* is a crucial second messenger, involved in
essentially all functional platelet responses, ranging from shape change,
spreading, adhesion by integrin activation, dense and alpha-granule
secretion, platelet aggregation and thrombus assembly up to the pro-
cesses of clot retraction and development of platelet procoagulant ac-
tivity [1-4]. Most platelet agonists induce a rise in cytosolic [Ca2+]i to
steer a variety of signaling pathways, in order to regulate actin and
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tease activation, secretome organization, thromboxane release, and
phospho-inositide and other phospholipid alterations [5-8].

In situations of hemostasis and thrombosis, platelet Ca%* signaling
can be evoked by ITAM-linked receptors (ILR) acting through protein
tyrosine kinases, as well as by G-protein coupled receptors (GPCR)
working the Gqa and Gio proteins [9]. Regarding ILR, the collagen re-
ceptor glycoprotein VI (GPVI) has been extensively studied in the
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context of thrombosis and hemostasis, with several anti-GPVI drugs
being evaluated in clinical trials [10]. Vascular collagens and the soluble
mimetic collagen-related peptide (CRP), as established GPVI agonists,
operate via tyrosine phosphorylation and activation of phospholipase
Cy2 (PLCy2) [11]. On the other hand, activation of platelet GPCR in
particular occurs by soluble agonists, like thrombin (acting via PAR1
and PAR4), ADP (acting via P2Y; and P2Y;3) and thromboxane Ay
(acting via TP receptors). The common activation mechanism is
Gqa-mediated activation of PLCB isoforms with an additional
Gia-mediated activation phosphoinositide 3-kinases [2,4,12]. Drugs
interfering with these GPCR pathways are regularly prescribed to pa-
tients with prior cardiovascular disease. The success of the so-called
secondary mediator inhibitors (SMI) - i.e. aspirin to block throm-
boxane synthesis and ADP-receptor antagonists - relies on the fact that
they suppress amplification mechanisms, rather than primary processes
of platelet activation [10,13].

In human and mouse platelets, classical Ca>*-signaling mechanisms
operate, i.e. primary internal Ca?" mobilization and secondary store-
operated Ca’* entry (SOCE) or receptor-operated Ca’*t entry (ROCE),
such as reviewed recently [4]. These pathways are crucially involved in
platelet-dependent immune responses, intravascular thrombosis for-
mation and thrombo-inflammation in mouse, and by extension also in
man [4,14,15]. In brief, PLCB/y activity results in the formation of
inositol 1,4,5 trisphosphate (InsP3), which by way of a Ca®*-induced
Ca2" release stimulates the InsPs-operated Ca?" channels in the endo-
plasmic reticulum. Pumping back of the released Ca®* from the cytosol
into Ca?" stores occurs by sarco- and endoplasmic reticulum
Ca®t-ATPases (SERCAs), which are selectively inhibited by thapsi-
gargin, a compound that prolonges the [Ca2+]i signal [9,16].

Regarding SOCE, a important role in platelets has been confirmed for
the Ca®* channel ORAI1 [17], which via the BIN2 protein couples to the
Ca>" store sensor STIM1 [18]. This mechanism contributes to both the
ILR- and GPCR-induced Ca®" entry [4,19,20]. It has been shown that
platelets from mice with a defect in STIM1, BIN2 or ORAI1 display
impaired Ca?" responses with common agonists [20-23]. The low
platelet Ca®" responses were accompanied by a protection against
arterial thrombus formation in vivo and a lowered collagen-dependent
thrombus formation in vitro [4]. Similarly, in blood from immunodefi-
cient patients with a loss-of-function mutation in ORAII or STIM1, in
vitro thrombus formation on collagen was found to be impaired [24].
Yet, other studies suggest the operation of additional ROCE pathways in
platelets as well [23,25].

Established for platelet activation is also the P2x cation channel, as
a fast way to increase [Ca®*];, in response to the secondary mediator
ATP [26,27]. Other papers indicate that a significant proportion of the
diacylglycerol-induced ROCE in platelets is carried by transient receptor
potential C (TRPC) type of cation channels, TRPC3 and TRPC6, so far
with an unclear contribution to hemostasis and thrombosis [28,29]. The
murine TRPC6 protein appeared to support the ORAI1-dependent SOCE
mechanism [30]. Additional proteins with a possible contribution to
Ca" entry in platelets are the mechanosensitive Piezol/2 ion channels
[31], and Na®/Ca" exchangers (NCE) operating in reverse mode [32].

While several channel types are considered to contribute to SOCE
and ROCE in human platelets, their relative strength and contribution to
the agonist-induced Ca%* entry process are unknown. In the present
paper, we investigated this in Fura-2-loaded platelets by parallel mea-
surements of [Ca2+]i in the presence of external EGTA or CaCly, thus
blocking or allowing Ca®" entry, respectively, using a previously
established 96-well plate-based high throughput assay [33]. For the
studies we used two GPVI (ILR) agonists, i.e. CRP and collagen, and two
PAR (GPCR) agonists, thrombin and TRAP, as well as the SERCA in-
hibitor thapsigargin. By systematic comparison of the Ca* entry traces
we were able to directly compare the effects of pharmacological
blockage of ORAI1, STIM1, TRPC6, P2X;, Piezol/2 or NCE.
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2. Materials and methods
2.1. Materials

Thrombin was obtained from Enzyme Research Laboratories (South
Bend IN, USA). Thrombin receptor-activating peptide SFLLRN (TRAP)
was purchased from Bachem (Bubendorf, Switzerland); cross-linked
collagen-related peptide (CRP) came from the University of Cambridge
(Cambridge, United Kingdom); Fura-2 acetoxymethyl ester and human
fibrinogen were obtained from Invitrogen (Carlsbad, CA, USA); Pluronic
F-127 from Molecular Probes (Eugene OR, USA). 2-aminoethyl diphe-
nylborinate (2-APB) and ORM-10,103, 2-[(3,4-dihydro-2-phenyl-2H-1-
benzopyran-6-yl)oxy]—5-nitro-pyridine were from Sigma-Aldrich (St.
Louis, MO, USA), GsMTx4 was from Tocris Bioscience (Bristol, United
Kingdom), MRS-2159 from Santa-Cruz (Santa-Cruz, CA, USA), ML-9 and
BI-749,327 were from MedChem Express (Monmouth Junction, NJ,
USA). Human a-thrombin came from Kordia (Leiden, The Netherlands).
Standard Horm-type collagen (dissolved in 0.1 M acetic acid) was ob-
tained from Nycomed (Hoofddorp, The Netherlands). Synta-66, 3-fluo-
ropyridine-4-carboxylic acid (2/,5'-dimethoxybiphenyl-4-yl)amide,
came from GlaxoSmithKline (London, UK). The PAR4-activating peptide
AYPGKF-NH, was a kind gift of Synpeptide Ltd. (Pudong, Shanghai,
China). Other materials were from sources, described before [34].

2.2. Subjects and blood collection

Blood was taken by venipuncture from healthy male and female
volunteers who had not taken anti-platelets in the previous ten days,
after full informed consent according to the Helsinki declaration. The
study was approved by the Medical Ethics Committee of Maastricht
University. According to the approval, blood donor age and sex were not
recorded. Blood was collected into 3.2% sodium citrate (Vacuette tubes,
Greiner Bio-One, Alphen a/d Rijn, the Netherlands). Blood donors had
platelet counts within the reference range, as measured with a Sysmex
XN-9000 analyzer (Sysmex, Kobe, Japan).

2.3. Platelet isolation and loading with Fura-2

Platelet-rich plasma (PRP) and washed platelets were obtained from
citrated blood, as described earlier [23,35]. PRP was obtained through
centrifugation of blood samples at 260 g for 10 min, after supplemen-
tation of 1:10 vol/vol acid citrate dextrose (ACD; 80 mM trisodium
citrate, 183 mM glucose, 52 mM citric acid). The collected PRP was then
centrifuged in eppendorf tubes at 2360 g for 2 min. The pelleted plate-
lets were resuspended into HEPES buffer pH 6.6 (10 mM HEPES, 136
mM Nacl, 2.7 mM KCI, 2 mM MgCl,, 5.5 mM glucose, and 0.1% bovine
serum albumin). After addition of apyrase (1 U/mL) and 1:15 vol/vol
ACD to the platelet suspension, another centrifugation step was per-
formed to obtain washed platelets. Based on an earlier protocol [36], the
washed platelets resuspended into HEPES buffer pH 7.45 at a count of 2
x 108/mL were loaded with Fura-2 acetoxymethyl ester (3 uM) and
pluronic F-127 (0.4 pg/mL) for 40 min at room temperature. In com-
parison to a previous protocol, the loading at room temperature and the
pre-mixing of probe with Pluronic F-127 prevented accumulation of
de-esterified dye in the intracellular organelles [37]. Once loaded with
Fura-2, the cells were centrifuged in the presence of apyrase (1 U/mL)
and 1:15 vol/vol ACD. The final platelet count after resuspension into
HEPES buffer pH 7.45 was 2 x 10%/mL. Adequacy of Fura-2 loading in
the cytoplasm was confirmed by a >90% quenching of the isosbestic
Fura-2 signal (360 nm excitation) with MnCly, [16]. In addition,
microscopic examination of spread platelets did not show compart-
mentalization of the Fura-2 fluorescence.

The commonly used procedure of ACD and apyrase silencing of
platelets prevented autocrine activation, while maintaining resting
cyclic-AMP levels [38]. Platelet activation markers (P-selectin and PAC1
antigen) were <2% using the platelet isolation procedure [39].
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2.4. Calibrated high-throughput platelet [Ca®"]; measurements
Changes in [Ca2+]i of Fura-2-loaded platelets were measured in 96-
well plates using a FlexStation 3 robot (Molecular Devices, San Jose,
CA, USA), basically as described [33,40]. The Xenon flash light-based
measurements of fluorescence, in combination with the excellent op-
tics of the FlexStation3 reader chip allowed to measure with limited
fluorescence bleaching.

In brief, 200 pL samples of platelets (2 x 10%/mL) per well were left
untreated or were pretreated with apyrase (0.1 U/mL) and indometh-
acin (20 uM) for 10 min at room temperature. Where indicated, phar-
macological inhibitors to block Ca?" entry were added (at room
temperature) (see Table 1). After the addition of either 0.1 mM EGTA or
2 mM CaCly, the platelets in wells were temperature adjusted (37 °C),
and fluorescence was recorded at two excitation wavelengths for 10
min. During the measurements, 20 pL of agonist solution was added by
automated pipetting. Note that the mixing of agonist with Fura-2-loaded
platelets was diffusion-limited, and occurred by high-speed injection of
10% volume of the agonist solution. Prior to default use, injection vol-
ume and speed (125 plL./s) was optimized as to obtain maximal platelet
responses [33].

Changes in Fura-2 fluorescence (37 °C) were measured per row by
ratiometric fluorometry, using excitation wavelengths of 340 and 380
nm and a single emission wavelength of 510 nm [33]. Fura-2 fluores-
cence ratio values per well were obtained every 4 s. Separate calibration
wells contained Fura-2-loaded platelets that were lysed with 0.1%
Triton-X-100 in the presence of either 1 mM CaCl; or 1 mM EGTA/Tris
for determining Rmax and Rpy,in values [35]. After the correction for 340
and 380 nm background fluorescence levels, nanomolar changes in
[Ca%*]; were calculated according to the Grynkiewicz equation with a Kq
of 224 nM [41]. All measurements were completed within 2-3 h of
isolation of cells.

For the present measurements, the loading concentration with Fura-
2 AM was optimized, giving a stable calibrated Ca®* responses at 1.5 to 3
pM, and highest 340 nm fluorescent agonist signals (+22%, n = 3) and
lowest a noise at 3 pM. Dye leakage from the platelets appeared to be
negligible; this was observed by a minimal, <5 nM apparent [Ca2"]; rise
upon addition of 1 mM CaCl; to unstimulated cells.

For the relative assessment of Ca2" entry, activation experiments
were routinely performed in parallel (duplicate) wells, containing either
0.1 mM EGTA or 2 mM CaCl,. Accordingly, after calibration, sets of nM

Table 1

Platelet agonists, receptors and channels reported to modulate Ca®" re-
sponses. For full inhibitor names, see methods section. Protein copy numbers
per platelet were taken from Ref. [68].

Compound 1st target Copies 2nd Ref. conc. Ref.
targets
Agonists
CRP GPVI 9577 n.a. 0.1-30 pg/mL [33]
Collagen GPVI 9577 a2p1 1-10 pg/mL [40]
Thrombin PAR1/4 n.a./ GPIba 0.3-30 nM [33
1095
TRAP PAR1 n.a. n.a. 0.5-15 pM [33]
Modulators
SMI* P2Y;, ~1000 P2Y1, 0.1U/ [33]
COX1 mL,20pM
Thapsigargin ~ SERCA2b 25,272 SERCA3 1uM [24]
Channel inhibitors
2-APB ORAIl1 1658 InsP3 R** 10 pM [49]
BI-749,327 TRPC6 1101 n.a. 0.1 pM [52]
GsMTx4 Piezol/2 2%k n.a. 3 pM [31]
ML-9 STIM1 7423 MLCK, Akt 30 uM [50]
MRS-2159 P2X; 1441 P2Y, 1pM [27]
ORM-10,103  NCX3 578 NCX1 10 pM [32]
Synta66 ORAI1 1658 n.a. 10 M [49]

*SMI, secondary mediator inhibitors (indomethacin + apyrase); **InsP3 recep-
tor types 1-3 (4873 copies); ***for mouse platelets [69]; n.a., not available.
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[Ca”]i traces were obtained without (EGTA) or with (CaCl,) Ca®t entry.

2.5. Data analysis and molecular calculations
The nanomolar [Ca2+]i traces (4-6 s intervals during 600 s) were
floating-point averaged before further processing. Per agonist and in-
hibitor condition, then ratioed Ca2" entry traces were calculated. These
were obtained by dividing the nanomolar traces in the presence of CaCly
by the corresponding traces in the presence of EGTA. Taking into ac-
count the assumptions mentioned below, the ratioed [Ca2+]i traces
represent the relative amount of Ca®* entry per unit of intracellular Ca%*
release (Eq. 1):

[Ca]iin CaCl2 _ ER release + Entry Entry

[Cali in EGTA

ER release ER release

Using a script in Excel, the [Ca2+]i traces with CaCl, or EGTA were
analyzed on six curve parameters: the nM levels at start (P1), at first
peak (P4) and final (P6); the initial slope after agonist addition as nM/s
(P2) and the change of slope (P3); furthermore, the agonist-induced
increase in area-under-curve over 600 s (P5). For the Cat entry ratio
curves, these curve parameters were calculated as well.

The following assumptions were used for the molecular calculation
of Ca?" fluxes in a representative platelet (of average size). Mean
platelet volume (average from 96 volunteers) was set at 10.24 fL [42].
Based on electron microscopic images [43], the volume contribution of
intracellular organelles and open canicular system was set at 20%,
which resulted in a mean cytosolic volume of 8.92 fL. For 0.4 x 108
platelets per well, this gave a total cytosolic volume of 3.57 x 1077 L.
Considering the single-platelet cytosolic volume of 8.92 fL, then a
[Ca”]i increase of 1 nM represents 8.92 x 10724 mol, i.e. 5.37 mobi-
lized Ca®" ions per single platelet.

Considerations for interpretation of the [Ca traces were as fol-
lows. (i) In Fura-2-loaded platelets, the low resting [Ca2+]i was set at
~20 nM. (ii) Rises in [Ca2+]i in response to agonists were considered to
be the mathematical summation of InsP3-induced Ca?* release from the
endoplasmic reticulum (ER, taken as one undivided compartment) and
from extracellular Ca®* entry via ion channels and exchangers. This
implies that any enforcement of InsP3 channel activity by extracellular
CaCl, via Ca®*-induced Ca?" release [1] is attributed to the entry part.
Concerning the mitochondrial and lysosomal Ca?" compartments, of
which the sizes and regulation are poorly established [4], these are
considered as a providing a fixed fractional contribution to the total
Ca%* stores, not contributing to InsP3-induced Ca®* release. (iii) It is thus
assumed that measurements in the presence of 0.1 mM EGTA reflect only
intracellular Ca?* release, while measurements in the presence of 2 mM
CaCl, reflect the summed contribution of intracellular Ca®" release and
extracellular Ca%* entry. (iv) By using suspensions of 0.4 x 108 platelets,
intercellular heterogeneity due to single-cell oscillations will be aver-
aged out [44]. (v) Transient decreases in [Ca2+]i are considered to result
from the combined Ca?t-ATPase activities of SERCA and PMCA (plasma
membrane Ca®*-ATPases) isoforms, unless indicated otherwise. (vi) In
calculations, the cytosolic Ca?"-buffering capacity of Fura-2 and the
likely fractional uptake into mitochondria were discarded. (vii) Finally,
the maximal [Ca”]i level to be achieved was set at 200 x Kq (44.8 pM).

2+],
i

2.6. Pharmacologic inhibition of Ca®* responses

An overview of relevant platelet receptors and channels with protein
copy numbers is provided in Table 1. The table also contains the com-
pounds reported to block Ca2t channels or exchangers with reasonable
selectivity at indicated concentration. In experiments with Fura-2-
loaded platelets in the presence of EGTA or CaCl,, the indicated com-
pounds were always tested versus relevant vehicle solution (final DMSO
concentration <0.5%).
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2.7. Heatmaps and statistics

Data are expressed as means + SD. The program GraphPad Prism 8
(San Diego, CA, USA) was used for statistical analyses. Regression
analysis was performed with the program R, which was also used for
heatmap generation. For heatmap representation, values per curve
parameter sets (P1+4 + 6, P2+3, or P5) were univariate-scaled at

Cell Calcium 112 (2023) 102738
3. Results
3.1. High Ca®" entry ratio in GPVI-stimulated platelets
To quantify how GPVI-induced extracellular Ca?* entry (via ILR)

relied on intracellular Ca®>" mobilization in platelets, we performed
dose-response experiments, using the strong agonist CRP and the weaker

agonist collagen type-I for this receptor [9]. Employing the 96-well plate
method with automated agonist injection [33,40], each agonist was
added to Fura-2-loaded platelets in the presence of external CaCly or

0-100% per indicated set of conditions, as indicated in the figure leg-
ends. Statistical significance, calculated by a two-tailed t-test, was
defined as P < 0.05.

Figure 1

A
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Fig. 1. Dose-dependency of Ca>* entry with strong collagen or thrombin receptor agonists. Fura-2-loaded platelets in 96-well plates were left untreated or were pre-
incubated with SMI (0.1 U/mL apyrase and 20 uM indomethacin) at room temperature. Roboted stimulation in the presence of 2 mM CaCl; or 0.1 mM EGTA was with
CRP (1-30 pg/mL) or thrombin (0.3-10 nM). Measurements by ratio fluorometry were performed for 600 s using a FlexStation 3, and values were converted into
calibrated nM levels of [Ca”]i. Agonists were injected into wells at 60 s (t = 0) and reached platelets in a diffusion-limited way. (A-B) Calibrated [Ca2+]i traces (non-
smoothed) upon stimulation with CRP (A) or thrombin (B), obtained in the absence (i-iii) or presence (iv-vi) of SMI (non-smoothed). Parallel traces were measured in
the presence of CaCl, (left panels) or EGTA (middle panels). Curves of Ca®" entry ratio (right panels) were obtained by dividing corresponding CaCl,/EGTA curves,
representing the relative amount of Ca®" entry over time. Data are representative of at least three experiments (n = 3-5 donors). For parameter values, see Suppl.
Datafile 1.
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EGTA. After calibration we obtained parallel curves of nanomolar rises
in [Ca%"]; for 600 s, either with or without Ca2t entry, which were
analyzed for 6 curve parameters (P1, basal nM level; P2, slope to initial
peak; P3, change of slope; P4, first nM peak level; P5,
area-under-the-activation curve; and P6, final nM level). By ratioing the
two parallel curves, we obtained corresponding Ca®™ entry ratio curves,
which were analzyed for the same parameters.

Platelet stimulation with CRP (1-30 pg/mL) resulted in a dose-
dependent increased [Ca®*]; peak level, followed by a sustained phase
in the presence of eiher CaCly, or EGTA (Fig. 1A i-ii). Quantification
versus the reference condition of CaCly/CRP 10 pg/mL indicated that the
first peak level (P4) at all agonist doses was 3-5 fold higher with CaCly
than with EGTA presence (Table 2). Further comparison of the curves
indicated a longer time-to-peak, when the Ca?" entry was eliminated
(Fig. 1A i-ii). The Ca?" entry ratio curves showed a dose-dependent
enhancement of slope, reaching a maximal level of 4-7 (Fig. 1A iii).

To examine the contribution of autocrine platelet agonists (i.e.
released thromboxane A, and ADP) to the CRP-induced Ca%* responses,
the Fura-2-loaded platelets in wells were pre-incubated with secondary
mediator inhibitors (SMI) apyrase (0.1 U/mL) and indomethacin (20
M), i.e. a treatment sufficient to block the autocrine Ca®* release events
[45]. At all CRP concentrations, we observed a lowering and delay of the
[Ca®"]; traces, although the SMI effects were relatively larger in the
presence of CaCl, than with EGTA (Fig. 1A iv-v). Quantitation of the first
peak indicated a 20-55% reduction with SMI, which percentage
increased with the CRP dose in the presence of CaCly. In contrast, there
was a consistent ~25% reduction by SMI in the presence of EGTA
(Table 1). Concerning in the Cat entry ratio traces, the presence of SMI
reduced the curve maximum from 7 to 3 in cases of >10 pug/mL CRP,
while no agonist signal was observed at the lower doses (Fig. 1A vi).

Platelet stimulation with collagen (1-30 pg/mL) in the presence of
CaCl, led to relatively low [Ca?*]; peak levels (Suppl. Fig. 1A i), not
exceeding 9 + 1% to 19 + 1% of the peak levels obtained at 10 pg/mL
CRP (Table 2). This is in agreement with earlier findings that collagen in
platelet suspensions acts as a weak GPVI agonist [40]. The observed flat
[Ca2+]i traces with EGTA indicated that the collagen-induced ca®t
signal relied on Ca?* entry, but with Ca?" ratio curves not exceeding a

collagen-induced [Ca®*]; traces, indicating a necessarily enforcement by

autocrine agonists (Supp. Fig. 1A iv-vi). Jointly, these findings indicated
that a certain activation level of GPVI, supported by secondary media-
tors, needs to be reached to induce a Ca®* entry ratio peak value of 3-7.

3.2. Moderate Ca®>" entry ratio in PAR-stimulated platelets

2+]‘
i

For comparison to the GPVI-induced [Ca traces in platelets, we

Table 2

Relative agonist-induced first-peak rises of [Ca“"]; of platelets under conditions
of Ca®* entry (+CaCly) or only intracellular Ca®>* mobilization (+EGTA). Ex-
periments performed as in Figs. 1-2; peak levels were reached at 75-150 s.
Agonist doses 1-4 were ordered from low to high. Secondary mediator inhibitors
(SMI) were present, as indicated. Peak values in nM per donor were normalized
for condition of CRP 10 + CaCl, or the condition of thrombin (10 nM) + CaCl,.
Means + SD (n = 3-7). All P<0.05 versus 100% (t-test). Raw data are presented
in Suppl. Datafile 1.

2+] .
i

Condition Basal Dose 1 Dose 2 Dose 3 Dose 4
CRP (0, 1, 3, 10, 30 ug/mL)
CaCl, 10 + 4% 36 + 4% 64 + 5% 100% 142 + 8%
CaCl; + SMI 8 £+ 4% 29 £ 7% 46 + 1% 59 + 1% 64 + 2%
EGTA 8+ 4% 11 £ 2% 18 £ 2% 22 + 3% 28 + 3%
EGTA + SMI 6 + 2% 9+ 1% 14 + 1% 17 £ 1% 21 + 3%
Thrombin (0, 0.3, 1, 3, 10 nM)
CaCl, 10 £+ 4% 20 + 3% 35+ 8% 57 + 6% 100%
CaCl, + SMI 8 + 4% 14 + 1% 29+ 1% 46 + 10% 88 + 3%
EGTA 8+ 4% 13 + 3% 19 + 3% 26 + 4% 39 £ 7%
EGTA + SMI 6 £+ 2% 10 £ 1% 14 + 2% 20 £ 2% 26 + 4%
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performed similar experiments employing the PAR agonists thrombin
(activates PAR1 and PAR4) and TRAP (activates only PAR1). With CaCl,
present, thrombin (0.3-10 nM) induced transient increases in [Ca2+]i,
which were dose-dependent in size (Fig. 1B i). In the presence of EGTA,
thrombin gave 30-50% lower peak values (Table 2), which resulted in
Upon incubation with SMI, thrombin provoked similar [Ca2+]i traces,
which were only 20% lower regardless of the presence of CaCl; or EGTA
(Fig. 1B iv-v). With SMI present, the overall peak values were reduced to
the same extent (Table 2), while the Ca®t entry ratio curves had a more
transient shape (Fig. 1BA vi). Accordingly, both the individual Ca**
peak values (Table 2) and the Ca" entry ratio curves pointed to a higher
threshold of the thrombin dose for Ca®* entry in the presence than in the
absence of SMI (3 nM versus 0.3 nM).

The PAR1 agonist TRAP (0.5-15 uM) with CaCl, present evoked
similar dose-dependent [Ca2+]i traces as seen with thrombin, although
at 25% lower peak values and an early decrease to basal level within 7
min (Suppl. Fig. 1B i). The derived Ca?* entry ratio curves showed peak
SMI and stimulated by TRAP, the (Ca%* entry ratio) curves were more
transient (Suppl. Fig. 1B iv-vi). These data collectively pointed to a
moderate Ca?* entry ratio upon threshold levels of PAR activation, with
a relatively limited contribution of secondary mediators.

3.3. Comparing of GPVI and PAR agonist effects on Ca®" entry

To provide an overall comparison of the various conditions of GPVI
stimulation, we compared the obtained curve parameters between ex-
periments, and averaged these per condition (for raw data, see Datafile
1). The six curve parameters P1-6 were considered to reflect the net
amounts and rates of Ca?" mobilization and entry into the cytosol, under
conditions of back-pumping by Ca?"-ATPases in the endoplasmic re-
ticulum and plasma menbrane. Heatmapping after univariate scaling of
relevant parameter sets was then performed to make a direct comparison
of the Ca®* responses between agonists and doses. For CRP, the obtained
heatmap indicated a stronger dose-dependent increase of all scaled pa-
rameters (except for P1) in the presence of CaCly, when compared to the
EGTA condition (Fig. 2A). The CaCl,-dependent effect was also apparent
from the heatmapped Ca?* entry ratio parameters. In the presence of
SMI, parameter values of the CaCl, and Ca®" entry ratio curves were
reduced to half. For the weaker GPVI agonist collagen, this scaling
underlined the low, both CaCl,- and SMI-dependent responses (Fig. 2B).

A separate heatmap of scaled parameters for thrombin (Fig. 2C) and
TRAP (Fig. 2D) demonstrated also dose-dependency, but with smaller
differences between CaCl, and EGTA curves than for the GPVI agonists.
A reducing effect by SMI was seen that is limited at all doses. When
compared to thrombin, PAR1 stimulation with TRAP gave a similar
heatmap profile, but with overall lower parameter values.Taken
together, these results point to a higher reliance on Ca®" entry and
secondary mediators for the prolonged [Ca?*]; traces induced by the
GPV agonists than for traces of the PAR agonists.

3.4. Potent enforcement of GPVI-induced Ca?" entry ratio by SERCA
inhibition

Considering that the SERCA inhibitor thapsigargin (Table 1) stimu-
lates Cat entry by a continued Ca®* store depletion [4], we performed a
similar series of experiments by combining the GPVI or PAR agonists
with an optimal dose of 1 pM thapsigargin.When combined with thap-
sigargin, CRP dose-dependently induced a higher increase in [Ca®*]; in
the presence of CaCl, and EGTA (Fig. 3A i,ii). Quantification of the
[Ca2+]i levels at peak time indicated a 30-150 higher increase in the
presence of CaCl, (Table 2). Similarly, the Ca?* entry ratio curves
showed a progressive increase, reaching ratio levels as high of 300-400,
hence pointing to a massively enhanced entry of Ca%t (Fig. 3A iii). Of
note, at very high [Ca?"]; of >10 pM far above the Kq of Fura-2 of 224
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Fig. 2. Comparative dose-dependent effects on Ca®>" entry with collagen or thrombin receptor agonists. Fura-2-loaded platelets were stimulated with 1-30
ug/mL CRP (A), 1-30 pg/mL collagen (B), 0.3-10 nM thrombin (C) or 0.5-15 uM TRAP (D), as in (Suppl.) Fig. 1. The cells were pre-incubated with secondary
mediator inhibitors (SMI), as indicated. In parallel, smoothed [Ca®"]; curves were generated with CaCl, or EGTA present, as well as Ca?" entry ratio curves. Data are
mean values from at least three experiments for combined CaCl, and EGTA conditions (n = 3-5 donors). Curve parameters evaluated were: level at start (P1), slope to
first peak (P2), maximal change of slope (P3), maximal peak level (P4), area under the response curve over 600 s (P5), and end level after 600 s (P6). Parameters of
CaCl, and EGTA curves were combined scaled (0-100%) in the following combinations: (i) P1,4,6 = nM [Ca®*]; values; (i) P2,3 = nM/s [Ca"]; slope values; and
(iii) P5 =nM x 600 s [Ca”]i integrals (P5). Separate scaling (0-100%) was performed, again using the same parameter combinations, for the Ca’* entry ratio curves.
Heatmaps show accordingly scaled parameters across all figure panels, to facilitate comparison of all conditions. Color key shows the scale%. For raw and scaled data,

see Suppl. Datafile 1.

nM, the traces showed fluctuations caused by even minimal changes in
fluorescence ratio.

When the platelets were treated with SMI, the traces with CRP +
thapsigargin traces reduced 3-4 fold with CaCly, while those with EGTA
lowered by 25% (Fig. 3A iv-v). The changes are also apparent from the
quantified peak values (Table 3). With SMI, the Ca" entry ratio curves
reached a lower maximum, but still reaching a value to 150 at the
highest CRP dose (Fig. 3A vi).

Platelet stimulation with collagen (1-10 pg/mL) + thapsigargin (1
pM) led to higher [Ca2+]i traces in the presence of CaCly, but not of
EGTA (Suppl. Fig. 2A i,ii). Of note, the highest collagen dose of 30 pg/
mL gave a lower Ca?* response, due to the presence of acetic acid and
the pH sensitivity of the Ca2t entry process [46,47]. At 10 pg/mL
collagen + thapsigargin, the Ca2" entry ratio curves still reached levels
of 30-40 (Suppl. Fig. 2A iii). Again, the traces flattened in the presence
of SMI (Suppl. Fig. 2A iv-vi). Together, these data indicate a potent
enforcement of extracellular Ca®* entry in GPVI-activated platelets
under conditions of SERCA inhibition with thapsigargin.

3.5. Moderate enforcement of PAR-induced Ca®" entry ratio by SERCA
inhibition

Similar experiments were performed by activating the platelets with
thapsigargin (1 pM) plus thrombin (0.3-30 nM). With CaCl; present this
led to a dose-dependent ~2 pM peak increase in [Ca2+]i, which was
followed by a sustained [Ca2+]i elevation (Fig. 3B i). With EGTA present,
the [Ca?"]; peak maximally reached 150 nM (Fig. 3B ii). The combi-
nation of thapsigargin and thrombin raised the maximal and final levels
of Ca®" entry ratio curves to 15 and 40, respectively (Fig. 3B iii). This
pointed to alower Ca®" entry than that seen with CRP. In the presence of
SMI, thrombin + thapsigargin showed similarly shaped [Ca®"]; traces,
although amplitudes of the CaCl, and Ca®" entry curves were lower
(Fig. 3B iv-vi). This reduction, especially at lower thrombin concentra-
tions, also appeared from the quantified peak levels (Table 3).

For platelet stimulation of TRAP plus thapsigargin, a peak increase to
2-5 pM was observed in the presence of CaCly, which was similar to that
of thrombin (Suppl. Fig. 2B i). For traces in the presence of EGTA, am-
plitudes reached 90 nV,, i.e. lower than with thrombin (Suppl. Fig. 2B ii).
The Ca®* entry ratio curves were reminiscent to those of (lower doses of)
thrombin (Suppl. Fig. 2B iii). With SMI and CaCl, present, the [Ca®™];
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Fig. 3. Dose-dependency of Ca?* entry with strong collagen or thrombin receptor agonists upon SERCA inhibition. Fura-2-loaded platelets in 96-well plates
were left untreated or pre-incubated with SMI (0.1 U/mL apyrase and 20 uM indomethacin) at room temperature. Roboted stimulation in the presence of 2 mM CaCl,
or 0.1 mM EGTA was with thapsigargin (1 pM) plus CRP (1-30 pg/mL) or thrombin (0.3-10 nM). Measurements of [Ca®*]; were performed, as for Fig. 1. (A-B)
Calibrated [Ca®"]; traces (non-smoothed) with thapsigargin plus CRP (A), or thapsigargin plus thrombin (B), in the absence (i-iii) or presence (iv-vi) of SMI. Parallel
traces were observed in the presence of CaCl, (left panels) or EGTA (middle panels). Ratio curves of Cat entry (right panels) were obtained by dividing corre-
sponding CaCl,/EGTA curves. Data are representative of at least 3 experiments (n = 3-6 donors). For raw parameter values, see Suppl. Datafile 1.

traces of TRAP + thapsigargin though were markedly reduced, with
Ca%t entry ratio curves not exceeding 20 (Suppl. Fig. 2B iv-vi).
Accordingly, the enforcement of thapsigargin-induced Ca2" entry was
lower with PAR agonists than with the strong GPVI agonist CRP.

3.6. Comparing of GPVI- and PAR-induced Ca®" entry with SERCA
inhibition

We also constructed heatmaps of scaled curve parameters for the four
agonists (CRP, collagen, thrombin, TRAP) combined with thapsigargin
in the presence of CaCly or EGTA. The heatmaps illustrated the very
potent stimulation of CRP + thapsigargin on the CaCl, curves and the

Ca" entry ratio curves, when compared to the other agonists (Fig. 4).
Nevertheless, the scaled parameters of Ca®* entry ratio curves for all
combinations with thapsigargin showed a consistent, dose-dependent
enhancement of the entry of Ca®", as well as a consistent dependency
on secondary mediators. To sum up, these results point to a potent
enforcement of receptor agonist-induced Ca2* entry upon SERCA inhi-
bition, which is partly dependent on secondary mediators.

3.7. Relative contribution of Ca®>" entry channels to GPVI- and PAR-
induced Ca®* entry

For investigating the comparative roles of known or presumed Ca®*-
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Table 3

Relative agonist-induced peak rises of [Ca in the presence of thapsigargin
under conditions of Ca%™ entry (+CaCly) or only intracellular Ca?" mobilization
(+EGTA). Experiments performed as in Figs. 1-2; peak levels of traces with EGTA
were at 75-150 s, those with CaCl, at 450-500 s (CRP) or 250-300 s (thrombin).
Agonist doses 1-4 were ordered from low to high, as indicated. Final thapsi-
gargin concentration was 1 pM. Secondary mediator inhibitors (SMI) were
added, where indicated. Peak values in nM per donor were normalized for the
condition of CRP (10 pg/mL) + CaCl, or the condition of thrombin (10 nM) +
CaCl,. Means =+ SD (n = 3-6). All P<0.05 versus 100%, except for *not signif-
icant (t-test). Full data are presented in Suppl. Datafile 1.

2+]_
i

Condition Basal Dose 1 Dose 2 Dose 3 Dose 4
Thapsigargin + CRP (0, 1, 3, 10, 30 ug/mL)
CaCl, 3+2% 23+14% 56 +45%  100% 140 +
98%*
CaCl, + 1.0 + 5+ 4% 10 + 8% 22 +19% 42 + 46%
SMI 0.1%
EGTA 0.3+ 0.8 + 0.8 + 0.9 + 0.9 +
0.1% 0.3% 0.3% 0.3% 0.3%
EGTA + 0.3 + 0.5+ 0.5 + 0.6 + 0.7 +
SMI 0.1% 0.1% 0.1% 0.1% 0.2%
Thapsigargin + thrombin (0, 0.3, 1, 3, 10 nM)
CaCl, 19 + 8% 46 £24% 66+35% 63 +29%  100%
CaCl, + 6 + 3% 22 +10% 34 +13% 71 £ 92 +
SMI 39%* 51%*
EGTA 1.7 + 4.1 + 4.6 £ 52+ 7.7 £
0.8% 0.3% 0.4% 0.5% 1.3%
EGTA + 1.5+ 3.1+ 3.7+ 4.5 + 5.6 =
SMI 0.4% 0.8% 0.3% 0.8% 0.5%

permeable cation channels or transporters in the Ca®* entry process, we
used a panel of pharmacological inhibitors. Table 1 gives the targets and
commonly used concentrations of the used inhibitors in platelet
research. The compound 2-ABP was used a blocker of the STIM1-
coupled ORAIl channel, although it also affects the InsPs-induced
Ca®" mobilization [48,49]. For comparison, we used the ORAI channel
blocker Synta66 [49], and also the STIM1 inhibitor ML-9 (also blocking
MLCK and Akt isoforms) [50]. Earlier dose-response curves with human
platelets showed a more selective inhibitory effect of Synta66 than
2-APB on SOCE in comparison to intracellular Ca?" mobilization [49].
Other aspecific effects are not commonly described [51]

To block the most abundantly expressed TRPC isoform, TRPC6, we
used the compound BI-749,327 [52], which has recently been used as a
specific TRPC6 inhibitor to improve platelet preservation upon storage
[53]. Furthermore, the mechanosensitive Piezol/2 ion channels were
blocked with the compound GsMTx4 [31]. In human platelets, GsMTx4
(micromolar range) was shown not to affect Ca®* influx via ORAIL or
TRPC6 channels [54].

As a most specific antagonist of ATP-induced Ca%* entry via P2x;
channels, we tested MRS-2159 [55,56]. Furthemore, for blockage of the
NCX3 Na'/Ca?t exchanger, we used the compound ORM-10,103. In
oher cells types this has been described as a specific inhibitor of NCX and
L-type Ca®" currents in the 3-10 pM dose range [57]. For human
platelets, dosing of ORM-10,103 indicated a IC5y of ~10 uM on the
Ca%*-dependent procoagulant activity induced by GPVI and PAR stim-
ulation [32].

Although almost all of these compounds have been used in the 1-10
pM range, we first performed a 1-30 pM dose-response experiment using
the standard agonist concentrations of CRP (10 pg/mL) or thrombin (10
nM). By comparing the CaCl, and EGTA curves, the largest [Ca%t];
altering effects (if any) of 2-APB, BI-749,327, ORM-10,103 and Synta66
were obtained at 30 pM, while of ML-9 and MRS-21,593 these were
reached at 10 pM (not shown). Since for GsMTx4 no clear effects were
observed, this compound was discarded. Accordingly, these concentra-
tions were chosen for further experiments.

In a large set of experiments, the six compounds were systematically
tested for effects on CRP- or thrombin-induced [Ca2+]i traces in CaCl, or
EGTA medium, also using the modifying conditions with SMI and/or
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thapsigargin present. The resulting, representative CaZt entry ratio
traces showed for 2-ABP a potent suppression with either agonist
(Fig. 5A); for BI-749,327 no more than small effects (Fig. 5B); for MRS-
2159 small reductions in the first part of the curves (Fig. 5C); for ORM-
10,103 longer-term reductions (Fig. 5D); and for Synta66 a continued
inhibition (Fig. 5E).

For all inhibitor experiments, we determined the curve parameters
(P1-6) in the presence of CaCly or EGTA, as well as from the calculated
Ca?" entry ratio traces. To assess the inhibitor effects on the Ca>* entry
process, we used two approaches: a calculation of effects per parameter
and curve type, and a calculation of relative effects per parameter on
CaCl; curves ratioed to EGTA curves. Upon CRP stimulation, heatmap-
ping of the effects on Ca?* entry ratio curves and on relative effect pa-
rameters indicated a strong, significant inhibition for all Ca®* entry
parameters (2 x 5) with 2-APB, which remained in the presence of SMI
(Fig. 6A). For Synta66 and ORM-10,103, most of the Ca%* entry pa-
rameters showed a less strong, but still significant inhibition. With MRS-
2159, only the initial parameter P2 (slope to first peak) was lowered.
With BI-749,317 or ML-9 the Ca®" entry parameters did not decrease or
rather increased.

In comparison, upon thrombin stimulation without or with SMI
(Fig. 6B), heatmapping showed with 2-APB again a strong and signifi-
cant reduction in all C*2* entry parameters. The effects of Synta66 and
ORM-10,103, while mostly significant, were smaller in size. MRS-2159
again affected only parameter P2. While BI-749,317 was without ef-
fect, ML-9 increased some parameter values although of no significance.

For the inhibitors with largest effect sizes upon thrombin stimulation
(PAR1+4), we also compared the effects on Ca?* entry curve parameters
in response to peptide stimulation of PAR1 (TRAP), PAR4 (AYPGKF) or
the combination of PAR1+4 (TRAP + AYPGKF). As shown in Suppl. Fig.
3, we found similar size effects on the Ca?" entry parameters upon PAR1
and/or PAR4 stimulation, Heatmap presentation indicated that,
regardless of the agonist used (thrombin TRAP, AYPGKF,
TRAP+AYPGKF), suppressive effects of 2-ABP were larger than those of
ORM-10,103.

Similar heatmaps were generated for the assessment of inhibitor
effects in platelets stimulated with CRP or thrombin in the presence of
thapsigargin. Representative Ca%t entry ratio curves indicate a potent,
almost abolishing effect of 2-APB on the entry process with either
agonist combination (Fig. 7A-B). This reduction was also apparent from
generated heatmaps, which for CRP + thapsigargin showed strong and
significant reducing effects of 2-APB and Synta66 on all Ca®* entry
parameters (Fig. 7C). This reduction remained in the presence of SMI.
For thrombin + thapsigargin, again strongly reducing effects of 2-APB
and Synta66 were obtained (Fig. 7D). Furthermore, for either agonist
combination, also ORM-10,103 showed a significant inhibitory profile
on most Ca?* entry parameters, although of a greater effect size with
thrombin than with CRP (Fig. 7C-D). Regarding the other inhibitors, BI-
749,427 and ML-9 tended to increase rather than decrease a subset of
parameters, whereas MRS-2159 was essentially without effect. Alto-
gether, these data point, for the collagen and thrombin receptor ago-
nists, to an inhibitory effect on Ca?* entry in the order of 2-APB >
Synta66 (strongest with thapsigargin) > ORM-10,103 > MRS-2159
(initial parameter) >BI-749,327, ML-9.

4. Discussion

In this paper, we employed a high-throughput assay with Fura-2-
loaded platelets, for obtaining sets of calibrated agonist-induced
[Ca”]i traces in the presence of either extracellular CaCly or EGTA.
As reviewed earlier [1,4], these traces were assumed to reflect the
summation of Ca®" fluxes by InsPs-induced Ca®* mobilization from
stores and Ca2" entry mechanisms, restrained by a backpumping of
mobilized Ca?* by SERCA and PMCA isoforms. Of note, when observed
per individual platelet, the Ca?" fluxes are higher than currently
measured, as the steeply spiking Ca2* transients in platelet suspensions
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Fig. 4. Comparative dose-dependent effects on Ca* entry with collagen or thrombin receptor agonists upon SERCA inhibition. Fura-2-loaded platelets in
the presence of 2 mM CaCl, or 0.1 mM EGTA were stimulated with 1-30 pg/mL CRP (A), 1-30 pg/mL collagen (B), 0.3-10 nM thrombin (C) or 0.5-15 pM TRAP (D),
as in (Suppl.) Fig. 3. In all conditions, thapsigargin (1 uM) was added to the agonist mixture. The cells were pre-incubated with secondary mediator inhibitors (SMI),
as indicated. Parallel [Ca®"]; curves were generated with CaCl, or EGTA present, as well as derived cat entry ratio curves. Data are mean values from at least three
experiments for combined CaCl, and EGTA conditions (n = 3-5 donors). Curve parameters evaluated were: level at start (P1), slope to first peak (P2), maximal
change of slope (P3), maximal peak level (P4), area under the response curve over 600 s (P5), and end level after 600 s (P6). Parameters of CaCl, and EGTA curves
were combined scaled (0-100%) in the following combinations: (i) P1,4,6 = nM [Ca?*]; values; (ii) P2,3 = nM/s [Ca®"]; slope values; and (iii) P5 = nM x 600 s
[Ca®*]; integrals (P5). Separate scaling (0-100%) was performed, again using the same parameter combinations, for the Ca%* entry ratio curves. Heatmaps show
accordingly scaled curve parameters across all figure panels, thus to facilitate comparison of all conditions. Color key shows the scale%. For raw and scaled data, see

Suppl. Datafile 1.

are averaged out [16]. By considering that the traces with CaCl; result
from the addition of Ca®* entry to the traces with EGTA, we constructed
sets of Ca®" entry ratio curves, which provide a quantitative indication
of the size over time of the Ca®* entry process.

In our calculations of Ca®* fluxes, due to lack of quantitative affinity
and expression data, we did not separate out Ca?* uptake by the mito-
chondrial calcium uniporter [58] or by Ca®*-induced Ca®" release via
the mitochondrial permeability transition pore [9,15]. However, for
mouse platelets it was established that mitochondrial uniporters do take
up Ca®" ions in activated platelets [58], whereas the mitochondrial
permeability transition pore mostly in highly activated, procoagulant
platelets contributes to persistently high, entry-dependent [Ca?*]; levels
[9,15].

The constructed Ca®* entry ratio curves indicated for strong platelet
agonists, i.e. CRP (GPVI ligand) and thrombin (PAR1/4 ligand), a 3-7
fold enhanced Ca®* entry, when added above threshold doses, while
these levels were lower upon inhibition of the secondary mediators ADP

and thromboxane Aj. On the other handn, the weaker agonists collagen
(for GPVI) and TRAP (for PAR1) triggered a moderately enhanced Ca%t
entry, which again depended on secondary mediator release. Strikingly,
by combining the agonists with the SERCA inhibitor thapsigargin, we
observed a dramaticlly increased Ca®" entry, with ratio levels reaching
400 (with CRP) or 40 (with thrombin). These values suggest a better
degree of coupling of SOCE to Ca* store depletion in response to GPVI
than to PAR stimulation. A high level of SOCE in human or mouse
platelets was also previously seen with the GPVI agonist convulxin [19,
49]. A novel finding is that also in the presence of thapsigargin the high
Ca?* entry greatly relied on platelet co-activation by secondary medi-
ators. Together, these data indicate that the approach of calculating
Ca?* entry ratios can provide novel and relevant information on the
agonist-induced Ca®" entry, and by extension to the platelet activation
process.

Regarding the net Ca®* fluxes in platelets, we obtained a maximal
Ca?* mobilization with CRP and thapsigargin in the presence of EGTA of
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Fig. 5. Effects of pharmacological inhibitors on Ca* entry with
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150 nM [Ca2+]i. Based on a mean cytosolic volume of platelet of 8.92 fL
(see methods), this points to a net estimate of 5.37 x 150 = 805
mobilizable Ca®" ions from stores per single platelet. With CaCl, pre-
sent, this net Ca?" entry can raise up to 400-fold higher. For these cal-
culations it should be noted that these do not take into account inter-
individual variation in platelet Ca?" signaling [35,59,60], nor
intra-individual differences between platelet populations [39,61], and
neither effects of combinations of agonists [62,63].

Table 4 summarizes the overall effects of the various pharmacolog-
ical inhibitors on extracellular Ca®* entry and intracellular Ca®>* mobi-
lization. The consistent inhibition of Ca?* entry with 2-APB (50-80%)
and Synta66 (15-80%) point to ORAI1 as a main Ca®" channel regu-
lating GPVI- and PAR-induced Ca?" entry in the presence of thapsi-
gargin. The difference between 2-APB and Synta66 can be explained by
an additional, known inhibitory effect of 2-APB, but not Synta66, on
Ca?* store depletion [48,64]. This also suggests a certain degree of
synergy between both processes, e.g. via the mechanism of

10

Ca%*-induced Ca?" release. Confirming evidence for a major role of the
ORAI1-STIM1 pathway indeed comes from patients with a homozygous
R91W mutation in ORAI1 or an R429C mutation in STIM1, where in
platelets the thapsigargin-mediated Ca?* entry was fully annulled [24].
Interestingly, the Ca®" entry after convulxin stimulation was stronger
impaired with the ORAI1 mutation than with the STIM1 mutation [24],
pointing to a more crucial role of the ORAII channel activity. This may
also be concluded from the absence of inhibitory effects (rather a ten-
dency to stimulation) of the STIM1 inhibitor ML-9, with the note that it
also targets MLCK and Akt isoforms (Table 1). In human platelets, the
isoforms ORAI2/ORAI3 and STIM2 are expressed at no more than low
levels [65].

Table 4 furthermore summarizes that the TRPC6 inhibitor BI-
749,327 [52] at the dose applied failed to suppress Ca%" entry. In line
with this finding, for mouse platelets, the role of TRPC6 was found to
rely on ORAI1 activity [30]. We note here that we did not study the
oleoyl-acetyl glycerol-induced Ga?" entry, which pathway requires
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A CRP CaCl, EGTA Ratio Ratio-Calc. P(R) P(Calc)
Vehicle
+ SMI
2-APB 0.0001 0.0001
+ SMI 0.0001 0.0001
BI-749327 0.001 0.004
+ SMI 0.15 0.37
ML-9 0.25 0.25
+ SMI 0.0003 0.0001
MRS-2159 0.26 0.02
+ SMI 0.02 0.04
ORM-10103 0.0001 0.0001
+ SMI 0.0001 0.0001
Synta66 0.009 0.04
+ SMI 0.002 0.08
P12 4 5 2 4 5 6 2 4 5 2 4 5 6
B Thrombin
Vehicle
+ SMI
2-APB 0.0001 0.0001
+ SMI 0.0001 0.0001
BI-749327 0.80 0.80
+ SMI 0.25 0.08
ML-9 0.25 0.25
+ SMI 0.03 0.0001
MRS-2159 0.004 0.08
+ SMI 0.003 0.002
ORM-10103 0.02 0.0003
+ SMI 0.0003 0.0001
Synta66 0.52 0.57
+ SMI 0.002 0.10
P12 4 5 6 2 4 5 6 1 2 4 5 6 1 2 4 5 6
Color key

2 -1 0 +1 +2
Log2 FC

Fig. 6. Combined effects of pharmacological inhibitors on Ca®>" entry with collagen or thrombin receptor agonists. Fura-2-loaded platelets in the presence of
2 mM CaCl, or 0.1 mM EGTA were stimulated with CRP (A) or thrombin (B) after pre-incubation with vehicle solution or indicated channel inhibitor. Secondary
mediator inhibitors (SMI, indomethacin and apyrase) were added, where indicated. Final concentrations were as in Fig. 5: 2-APB (30 uM), BI-749,327 (30 pM), ML-9
(10 pM), MRS-2159 (10 pM), ORM-10,103 (30 pM) or Synta66 (30 pM). Parallel [Ca2+]i curves generated with CaCl, or EGTA used for the construction of ca®* entry
ratio curves. Parameters per curve then analyzed were: level at start (P1), slope to first peak (P2), maximal peak level (P4), area under the response curve (P5), and
level at end (P6). Inhibitor effects (compared to vehicle) were calculated per experiment, curve type and parameter. In addition, the ratios of inhibitor effects on
CaCl, versus EGTA curves were calculated (Ratio-Calc.). Heatmaps show the mean log2 fold changes (FC) of inhibitor effects per curve and parameter versus the
vehicle-control condition. Green = decrease, red = increase. Data are for n = 3-5 donors. P values of combined parameters vs. control condition are indicated for
Ca®" entry ratio curves = P(R) and for Ratio-Calc. curves = P(Calc) (repetitive t-test). For raw values, see Suppl. Datafile 2.

TRPC6 activity [28,29]. ORM-10,103 is primarily directed to NCX3 (SLC8A3). To which extent
In platelets, the ATP-induced P2X; Ca2t channel is an early onset the other isoforms contribute to the regulation of Ca®" fluxes is still
which is rapidly desensitized by its ligand [26,27]. Using the inhibitor unclear. Collectively, our data thus reveal ORAI1 and NCE as the
MRS-2159, our data also point to an only early contribution of P2X; in dominating Ca?t transporters regulating the long-term GPVI- and
the Ca?* entry process (i.e. parameter P2). However, in our experiments PAR-induced Ca®" entry in human platelets.
with washed platelets, we may not have fully prevented desensitization For essentially all agonists and combinations, we found reducing
of the channel. On the other hand, due to autocrine ATP release, P2X; effects on the various (ratioed) [Ca®*]; traces in the presence of SMI,
desensitization will already occur in the beginning of the 10-min Ca%* blocking the autocrine effects of released ADP and thromboxane A,
responses. (Figs. 2, 4). This agrees with a reference paper reporting on the major
Platelet Nat/Ca?" exchangers (NCEs), operating in reverse mode contributions of these feedback mediators to platelet aggregation and
have been shown to contribute to the prolongedly high [Ca%*]; required secretion in response to GPVI or PAR agonists, sch as measured by light
for the formation of procoagulant platelets, such as measured with the transmission aggregometry [66].
probe annexin A5 [32]. Our experiments with ORM-10,103 point to a This study provides novel information on platelet Ca%* signaling, but
partial inhibition (20-60%) of Ca®* entry, along with a smaller effect on also has some limitations. First, our data provide newquantitative

Ca?" mobilization (Table 4). Human platelets express five Nat/Ca%" insight into the key importance of the ORAI1-STIM1 Ca®" entry pathway
exchangers (genes SLC8A1,3 and SLC24A1,3,4) [65]. The compound for platelet activation, such in agreement with the impaired thrombus
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A B Fig. 7. Combined effects of pharmacological
150 CRP + thapsigargin 309 Thrombin + thapsigargin inhibitors on Ca®" entry by collagen and
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Vehicle
+ SMI
2-APB 0.0001 0.0001
+ SMI 0.0001 0.0001
BI-749327 0.39 0.04
+ SMI 0.09 0.25
ML-9 0.015 0.03
+ SMI 0.33 0.33
MRS-2159 0.02 0.04
+SMI 0.33 033
ORM-10103 0.003 0.02
+ SMI 0.02 0.02
Synta66 0.0001 0.001
+ SMI 0.0012 0.0025
D Thrombin + thapsigargin
Vehicle
+ SMI
2-APB 0.0001 0.0001
+ SMI 0.0001 0.0001
BI-749327 0.08 0.57
+ SMI 0.52 0.57
ML-9 0.76 0.18
+ SMI 0.10 0.02
MRS-2159 0.15 0.04
+ SMI 0.25 0.57
ORM-10103 0.0001 0.0001
+ SMI 0.002 0.0001
Synta66 0.01 0.01
+ SMI 0.002 0.002
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Color key
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formation reported mice or patients with a genetic ORAI1 or STIM1
dysfunction [19,22,24]. Hence, pharmacological targeting of the ORAI1
channel may be an interesting approach to treat arterial thrombosis,
although it should be remarked that complete abrogation of the channel
activity associates with immune deficiency [4,14]. Also new is our ev-
idence for a general role of NCE isoforms in Ca®" signaling, thus taking
further the recognition that these ion transporters are involved in the
Ca2" elevation preceding procoagulant platelet formation [32]. The
OMIM database of human genetics only reports on night blindness in
carriers of an SLC24A1 mutation and on pigmentation abnormalities
linked to SLC24A4 mutations [67]. The NCE channel types may thus be
interesting and novel drug targets. Third, the observed effects of ORAI1
or NCE inhibition in the presence of SMI (inhibiting cyclooxygenase and
ADP receptors) suggests that those drugs affecting ORAI1 or NCEs will
be effective on top of the current antiplatelet agents, aspirin and P2Y;,
inhibitors. A limitation of our approach - high throughput screening
setup to define and quantify Ca’’ entry mechanisms - is that the
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multitude of assay variables did not allow simultaneous measurements
of other functional responses of platelets. For the functional relevance of
the Ca%" entry process we like to refer to papers using flow cytometric or
microfluidic approaches. For instance, the blockage ORAIl in human
platelets with 2-APB or Synta66 has been shown to suppress
collagen-induced thrombus formation and annexin A5 binding (phos-
phatidylserine expression) [49]. A second limitation is that we consid-
ered the intracellular Ca?* stores of platelets as one compartment, not
taking into account separate Ca®" uptake or release from mitochondria
or lysosomes. Reason for this is that the Ca?" fluxes in these organelles
were not easy to assess. Third, the followed pharmacological approach
to quantify Ca®" entry fluxes in platelets implies a certain degree of
dose-dependent non-specificity of the inhibitors used. Additional pre-
clinical studies will be needed to show the suitability of the compounds
and their targets in the field of thrombosis and hemostasis.
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Relative effects of inhibitors on CRP- or thrombin-induced Ca®* entry and Ca®>* mobilization. Presence of SMI and/or thapsigargin (thaps.) is as indicated. Mean
(SD) effects of inhibitors on parameters (P2,4-6) of Ca?" ratio and EGTA curves. Relevant inhibition (>15%) is indicated in italic & underlining.

Condition Ca®* entry Ca®" mobilization
- SMI + SMI - SMI + SMI - SMI + SMI - SMI + SMI
+ thaps. + thaps. + thaps. + thaps.
CRP
2-APB (ORAI1, IP3R) 0.36 (0.13) 0.49 (0.19) 0.28 (0.26) 0.18 (0.16) 0.83 (0.10) 0.76 (0.07) 0.70 (0.05) 0.76 (0.09)
Synta66 (ORAI1) 0.70 (0.11) 0.85 (0.10) 0.29 (0.10) 0.16 (0.04) 1.01 (0.09) 0.76 (0.08) 0.95 (0.04) 0.89 (0.06)
BI-749,327 (TRPC6) 0.85 (0.05) 1.02 (0.04) 1.41 (0.29) 1.98 (0.54) 1.05 (0.06) 0.91 (0.02) 1.00 (0.06) 0.94 (0.02)
ML-9 (STIM1, Akt) 1.11 (0.04) 1.43 (0.33) 0.87 (0.12) 1.52 (0.15) 0.90 (0.09) 0.73 (0.05) 1.00 (0.02) 0.89 (0.00)
MRS-2159 (P2 x 1) 0.87 (0.12) 0.94 (0.12) 0.96 (0.15) 0.75 (0.25) 1.21 (0.03) 0.97 (0.06) 1.03 (0.04) 0.97 (0.03)
ORM-10,103 (NCE) 0.68 (0.17) 0.72 (0.08) 0.75 (0.12) 1.08 (0.34) 0.82 (0.11) 0.66 (0.11) 0.82 (0.04) 0.83 (0.01)
Thrombin
2-APB (ORAI1, IP3R) 0.46 (0.15) 0.64 (0.39) 0.16 (0.05) 0.23 (0.07) 0.66 (0.13) 0.60 (0.18) 0.59 (0.11) 0.59 (0.09)
Synta66 (ORAI1) 0.92 (0.07) 0.86 (0.15) 0.45 (0.07) 0.35(0.13) 1.30 (0.14) 0.90 (0.22) 0.98 (0.08) 0.91 (0.10)
BI-749,327 (TRPC6) 0.97 (0.08) 1.00 (0.17) 1.20 (0.46) 1.01 (0.20) 1.12 (0.04) 1.15(0.14) 1.07 (0.12) 0.94 (0.16)
ML-9 (STIM1, Akt) 1.57 (0.16) 0.91 (0.26) 0.88 (0.12) 1.95 (0.86) 1.24 (0.07) 0.92 (0.22) 1.12(0.12) 0.73 (0.11)
MRS-2159 (P2 x 1) 0.87 (0.11) 0.91 (0.12) 0.96 (0.28) 1.23 (0.19) 1.26 (0.06) 1.16 (0.12) 1.19 (0.18) 1.02 (0.10)
ORM-10,103 (NCE) 0.78 (0.09) 0.83(0.12) 0.35 (0.10) 0.48 (0.23) 0.78 (0.01) 0.64 (0.18) 0.89 (0.11) 0.52 (0.06)
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