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SUMMARY

Summary

Divalent cations are important second messengers triggering various signal transduction
events in platelets. Whereas calcium channel blockers have an established antithrombotic
effect and the regulation of Ca?* homeostasis has been elucidated in platelets, the molecular

regulation of Mg?* and Zn?* homeostasis has not been investigated so far.

In the first part of the thesis, the role of a-type serine-threonine kinase linked to transient
receptor potential cation channel, subfamily M, member 7 (TRPM7) in platelets was
investigated. Using Trpm7~'R mice with a point mutation deleting the kinase activity, we showed
that the TRPM7 kinase regulates platelet activation via immunoreceptor tyrosine-based
activation motif (ITAM), hem(ITAM) and protease-activated receptor (PAR) signaling routes.
Furthermore, Trpm7%R mice were protected from in vivo thrombosis and stroke, thus

establishing TRPM7 kinase as a promising anti-thrombotic target.

In the second part of the thesis, the role of TRPM7 channel in a megakaryocyte (MK) and
platelet-specific knockout mouse, Trpm7"P“Cr was investigated. Here, we observed that
depending on the type of stimulation, Trpm7""P"C"® platelets showed either enhanced or
inhibited responses. Although Trpm7"P¥C mice were thrombocytopenic, no differences to
wildtype mice were observed in models of in vivo thrombosis and stroke. The above two
studies highlight that inhibition of TRPM7 kinase but not the channel itself (in MKs and

platelets) may be a promising anti-thrombotic strategy.

Besides TRPM7, we investigated the role of magnesium transporter 1 (MAGT1) in platelet
Mg?* homeostasis and found that MAGT1 primarily regulates receptor-operated calcium entry
(ROCE) in platelets specifically upon GPVI activation. This physiological crosstalk is triggered
by protein kinase C (PKC) isoforms. Platelets from Magt1™ mice hyper-reacted to GPVI and
thromboxane A, (TXA,) receptor stimulation in vitro. Consequently, Magtl™” platelets were

found to be pro-thrombotic in disease models of thrombosis and stroke.

To compare platelet ITAM-signaling to the immune system, we further investigated the role of
MAGTL1 in T and B cells. We described the primary role of MAGTL1 in mice under pathogen-
free conditions. Magt1™ B cells showed dysregulated Mg?* and Ca?* homeostasis upon B-cell
receptor activation, thereby altering Syk, LAT, phospholipase C (PLC)y2 and PKC
phosphorylation. In contrast to human MAGT1-deficient T cells, development and effector

functions of mouse Magt1™ T cells showed no alterations.

Finally, in the last part of the thesis, we described methods to measure intracellular free zinc
[Zn?*]iin human and mouse platelets with storage pool disease (SPD). We propose to measure
the [Zn?*); status in SPD platelets as a relatively easy diagnostic to screen platelet granule

abnormalities.




ZUSAMMENFASSUNG

Zusammenfassung

Zweiwertige Kationen sind wichtige sekundare Botenstoffe, welche verschiedene
Signaltransduktionsereignisse in Thrombozyten initiieren. Zwar wurde die Regulation der Ca?*
Homoostase in Blutplattchen bereits aufgeklart und der Einsatz von Calciumkanalblockern zur
antithrombotischen Therapie ausfihrlich diskutiert, die molekulare Regulation der Mg?* und
Zn?* Homoostase in Thrombozyten und Megakaryozyten (MK) wurde bisher jedoch nicht

untersucht.

Im ersten Teil dieser Thesis wurde die Rolle der a-Typ Serin-Threonin Kinase des transienten
Rezeptortyp Kation Kanals, Unterfamilie M, 7 (TRPM7) in Thrombozyten untersucht. Unter
Verwendung von Trpm7~® Mausen mit einer Punktmutation in der Kinasedoméne, welche die
Aktivitat der Kinase blockiert, konnten wir zeigen, dass die TRPM7-Kinase die
Thrombozytenaktivierung Uber Immunorezeptor-Tyrosin-basierte Aktivierungsmotive (ITAM),
Hem(ITAM) und Protease-aktivierte Rezeptoren (PAR) reguliert. Trpm7~R Mause waren vor in
vivo Thrombose und Schlaganfall geschiitzt, was die TRPM7 Kinase als vielversprechendes

antithrombotisches Zielprotein etabliert.

Im zweiten Teil wurde die Rolle des TRPM7 Kanals in einer Megakaryozyten (MK)- und
Plattchen-spezifischen Knockout Maus (Trpm7%™P1C) yntersucht. Wir konnten zeigen, dass
Trpm7"PiCre pistichen je nach Art der Stimulation entweder erhdhte oder verminderte
Reaktionen zeigten. Obwohl Trpm7"P“Ce_Mause thrombozytopen waren, wurden keine
Unterschiede in in vivo Thrombosemodellen und Schlaganfall beobachtet. Diese Studien
heben hervor, dass die Hemmung der TRPM7 Kinase, aber nicht die des Kanal selbst (in MKs

und Plattchen), eine vielversprechende anti-thrombotische Therapie sein konnte.

Neben TRPM7 untersuchten wir die Rolle von Magnesium Transporter 1 (MAGTL1) in der Mg?*-
Homdoostase in Thrombozyten und konnten zeigen, dass MAGT1 primar den Rezeptor-
gesteuerten Calciuminflux (ROCE) spezifisch nach GPVI Aktivierung reguliert. Dieser
physiologische Crosstalk wird durch Proteinkinase C (PKC) Isoformen vermittelt.
Thrombozyten von Magt1™” Mausen reagierten in vitro hyperreaktiv auf GPVI und Thromboxan
Az (TXA?) Rezeptor Stimulation. Dementsprechend konnte auch gezeigt werden, dass Magtl

¥ Plattchen in Modellen von Thrombose und Schlaganfall pro-thrombotisch wirkten.

Um die ITAM-Signaliibertragung in Thrombozyten mit der in T und B Zellen zu vergleichen,
untersuchten wir die Rolle von MAGT1 in Immunzellen. Wir Gberpriiften die Rolle von MAGT1
in Mausen unter pathogen-freien Bedingungen. Magtl™ B Zellen zeigten eine dysregulierte
Mg?* und Ca?* Homoostase nach Aktivierung des B Zell Rezeptors, wodurch Syk, LAT, PLCy2
und PKC Phosphorylierung beeinflusst wurde. Im Gegensatz zu menschlichen MAGT1-
defizienten T Zellen, zeigten Magtl™ T Zellen keine Veranderungen in Entwicklung und
Effektorfunktion.




ZUSAMMENFASSUNG

Schlie3lich beschrieben wir im letzten Teil der Arbeit Methoden zur Messung des
intrazellularen freien Zinks [Zn?*]; in humanen und murinen Thrombozyten mit Storage-Pool-
Defekt (SPD). Wir unterbreiten in dieser Thesis, den [Zn?*]; Status in SPD Thrombozyten zu
messen um nach Anomalien in den Thrombozyten-Granula zu suchen.
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INTRODUCTION

1. Introduction
1.1 Platelets and their role in blood circulation

Platelets are small, anucleate cells in the blood safeguarding hemostasis and vascular
integrity. They are released from bone marrow (BM) megakaryocytes (MKs) by a process
called thrombopoiesis [1]. Platelet number in humans is between 150,000 — 450,000/uL with a
diameter of about 2-4 um, while in mouse, it is 1,000,000 platelets/uL in the circulating blood
with a diameter of about 1-2 um. Under physiological conditions, platelets circulate in the blood
surveilling the whole body for damages in the vasculature. Circulating platelets are cleared by
the reticuloendothelial system in the liver and spleen after a period of 10 days in human and 5
days in mice. Under rheological forces in the circulation, platelets attach to proteins of the
exposed vascular extracellular matrix (ECM) upon injury [2]. These attached platelets recruit
further platelets and establish the formation of a platelet plug, which eventually seals the
disrupted endothelium preventing blood loss. This function of platelets plays a role in primary
hemostasis. Under certain pathological conditions like atherosclerotic plaque rupture,
uncontrolled platelet activation and thrombus formation or thromboembolism can occur leading
to various cardio- and cerebrovascular abnormalities [3]. Here, myocardial infarction and stroke
are two major causes of death worldwide [4]. A detailed investigation into the precise
activatory/inhibitory mechanisms of platelet signaling in myocardial infarction and stroke could
help to develop better treatment strategies. Although divalent cations act as second
messengers in various cell activation pathways during thrombosis and stroke, their regulatory

role in platelets received less attention.

1.2 Granule cargo in platelets

Platelets contain different types of storage vesicles, i.e 3-granules and lysosomes. The a-
granules contain many different proteins in their cargo ranging from growth factors [platelet
factor 4 (PF4), transforming growth factor beta (TGF-B)], adhesion molecules (P-selectin,
GPIba-1X-V and GPVI) and certain factors of the coagulation cascade (factor V [5], VWF,
fibronectin, zinc, fibrinogen and factor XllI [6]). On the other hand, the 8-granules contain a
rather limited number of non-proteinaceous compunds in their cargo including ADP, ATP,
serotonin  (5-HT) and calcium [7-10]. Lysosomal granules contain cathepsins,
carboxypeptidases, acid hydrolases and many other enzymes required for various

physiological activities [11].

The intracellular free Ca?* concentration [Ca?']; plays a crucial role in platelet activation. Using

genetic approaches and (or) chemical inhibitors in mice, targeting specifically Ca?* responses,
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the pivotal role of Ca?" as an important second messenger in platelet signaling has been
demonstrated [8, 12, 13]. Other important divalent cations like magnesium (Mg?*), which blocks
N-methyl-D-aspartate (NMDA) receptor, and zinc (Zn?*), acting as a neurotoxin beyond certain
levels, are described to be important in several diseases, including stroke [14, 15], myocardial
infarction [16, 17]) and in immune compromised situations [18, 19]). In comparision to Ca?",
the roles of Mg?" and Zn?* received relatively less attention with regard to their functional

relevance and the associated transport mechanisms in platelets, MKs and other cell types.

In a pilot experiment, to investigate the intracellular free magnesium [Mg?']; store, platelets
isolated from knockout mice with various granule abnormalities have been were loaded with
Mag-Fluo-4 dye which is highly specific for [Mg?*];, and flow cytometry was performed. Platelets
isolated from Unc13d” mice with an abolished §-granule secretion and a reduced a-granules
release [20] showed defective [Mg?*]i release upon CRP or thrombin stimulation. On the other
hand, platelets from Nbeal2” mice lacking o-granules [21] showed a reduced [Mg?'] level
already in the resting stage, as well as after activation with CRP or thrombin (Figure 1). This
result suggests that Mg?* could be stored in both in the §- and a-secretory granules and is

released during platelet activation.

7
= Unc13d™”
2000 1 = I Nbeal2”
T Figure 1. |Intracellular free magnesium [Mg?];
= l ok quantification in murine platelets: Platelets from the
o 1500 il indicated control or knockout mouse strains were loaded with
8 Mag-Fluo-4 dye, and fluorescence intensity was measured in
= 1000 A the indicated conditions. Rest.: Resting; CRP: Collagen
g related peptide; Thr.: Thrombin. Results shown from two
=] three independent experiments (n = 3). Student’s t-test was
L 500 - used as a test of significance. *P< 0.05, **P< 0.01, ***P<
% 0.001. (S.K. Gotru, unpublished observation).
=
Rest. 1 0.01
CRP  Thr.

[ug/mL] [U/mL]

1.3 Platelet activation and thrombus formation

Platelet activation and adhesion to the site of injury under flow conditions is highly dependent
on the prevailing rheological conditions. In larger arteries or vessels, the flow rate is faster at
the center while it reduces close to the vessel wall, due to the drag between the adjacent layers
of blood [22]. It is well described that under high shear stress, platelet (GP)Ib-V-1X binding to
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von Willebrand factor (VWF) cause platelet tethering. Due to the fast off-rate of this interaction
it is insufficient to cause stable adhesion at lower shear conditions. Nevertheless, the GPIb-
VWEF interaction keeps platelets in close contact to an exposed ECM during vessel wall injury;
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this process is called "“platelet rolling™ [23]. Subsequently, platelets stably attach to exposed
collagen via the GPVI receptor. This interaction is of low affinity, but initiates a series of tyrosine
phosphorylation events triggered by intracellular signal transduction, which shifts the platelet
integrins to a high-affinity state and further causes the release of second wave mediators,
adenosine diphosphate (ADP) and TXA: [24]. These mediators, along with locally produced
thrombin, in addition activate G protein coupled receptors (GPCRSs). These events lead to full

platelet activation and thrombus growth [25] (Figure 2).

# GPlb-V-IX O fibrinogen
t‘ GPVI/FcRy TF tissue factor
& GPCR O VWF
o resting = collagen -
a2p1
» activated B
V¥ resting 4
lIbp3
N activated odlbp '
DR
endothellal thrombm ADP
cellC>
TF TF
tetherlng activation / release firm adhesion /

thrombus growth

Figure 2. Stages of platelet activation: Graphic depicting the different steps of platelet activation. Vessel wall
injury exposes extracellular matrix proteins and GPIb-V-IX interaction with VWF at high shear facilitates platelet
rolling across the vessel wall. This step is followed by collagen-GPVI interactions, the release of second wave
mediators (ADP and TXAz). Together with the locally produced thrombin, this reinforces further platelet activation.
Subsequently, integrin aubPs activation, stable platelet adhesion and aggregation induce the growth of a stable
thrombus. (Graphic is taken from [2]).

Several antiplatelet agents including acetylsalicylic acid (ASA), P2Y1> receptor antagonists
(clopidogrel, prasugrel) inhibit platelet activation, however at the expense of an increased risk
of bleeding complications. Although an increase in cytosolic Ca?" in platelets was detected in
the growing thrombus in vivo [26], fluxes of Mg?* and Zn?* have not been investigated in this
context. On the other hand, ionic Mg?* was found to be essential for platelet activation, since it
regulates integrin cuBs heterodimer formation [27, 28]. lonic Zn?* is released during platelet
activation and is considered to play a crucial role in hemostasis [29]. A detailed investigation

of the role of different divalent cations could further help to identify new therapeutic strategies.




INTRODUCTION

1.4 Central role of GPVI in platelet activation

Platelets express two collagen receptors, the GPVI and integrin o2p:. Besides these two
receptors, also integrin auinPs and GPIb-V-IX allow platelet binding to collagens via immobilized
VWEF in an indirect manner [24, 30]. It has been shown that Mg?* enhances the cleavage of
ultralarge VWF by a disintegrin and metalloproteinase with a thrombospondin type 1 motif,
member 13 (ADAMTS-13), thereby reducing platelet aggregation on collagen [31]. Collagen is
a natural and potent platelet GPVI activator. Besides collagen, hon-physiological agonists like
collagen-related peptide (CRP) [32] or the shake venom toxin convulxin [33] also activate
GPVI. Structurally, GPVI contains two 1gG domains with sites for collagen binding, a stalk with
O-glycosylation sites, a transmembrane domain and a cytoplasmic tail (Figure 3) [34]. The
cytoplasmic tail is proline-rich and forms the site for the binding of Src-family tyrosine kinases
[35]. GPVI is non-covalently associated with the immunoreceptor tyrosine-based activation
motif (ITAM)-bearing IgG Fc receptor (FcR)y-chain [36].

GPV
FcR

v-chain

.|TT|. """ L 1 1 1] T...TT..-T.. [ o] ] oCoQ o000 0COD Q000 Q0000000000000 0000
Y ERREE
(111} 2000 800000000000 00]|0000000000000 pjp3y 000000 pps Q0 pg ©
p85u |lCat (
ol ) Pl 3-kinase —/
IP3

Adapters

Kinases

Figure 3. The GPVI signalosome: Graphic showing how GPVI receptor crosslinking lead to a series of signal
transduction events, involving tyrosine phosphorylation by Src kinases (Fyn and Lyn) on Syk and the LAT
signalosome. In addition, PLCy2 phosphorylation in the LAT signalosome, other adapter proteins and kinases like
Gads, SLP76, Btk/Tec are depicted. In addition, Grb2 (not depicted). (Graphic taken from [37]). SH3: SRC homology
3 domain; Fyn, Lyn: Src-family tyrosine kinases; P: phosphorylation; ITAM: immunoreceptor tyrosine-based
activation motif; SH2: Src homology 2 domain; SYK: Spleen tyrosine kinase; PI3-kinase: Phosphoinositide 3-kinase;
PH: pleckstrin homology domain; Gads: Grb2-related adapter downstream of Shc; PLCy2: phospholipase C y2; Btk:
bruton's tyrosine kinase; Tec: Tyrosine-protein kinase; PIP3: Phosphatidylinositol (3,4,5)-trisphosphate; PIP2:
Phosphatidylinositol 4,5-bisphosphate; DG/DAG: diacylglycerol; IP3: Inositol trisphosphate; GPVI: Glycoprotein VI;
LAT: linker for activation of T cells.
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The collagen binding to GPVI induces crosslinking of the receptor and subsequent activation
of its ITAM by Src-family tyrosine kinases (Fyn and Lyn). This step further leads to the
recruitment of the spleen tyrosine kinase (Syk), which is phosphorylated either by the Src-
family kinases or is autophosphorylated. Syk activation is followed by tyrosine phosphorylation
of linker for activation of T cells (LAT). Various adapter proteins like growth factor receptor-
bound protein 2 (Grb2), Grb2-related adapter downstream of Shc (Gads) and SH2 domain-
containing leukocyte protein (SLP76) together with LAT constitute the LAT signalosome [37].
Together, these signaling events culminate in the activation of the cytoplasmic enzyme
phospholipase C y2 (PLCy2). The signal transduction events downstream of Syk in platelets
[37] show a resemblance to the T cell receptor (TCR) signaling in immune cells [38]. Mice
deficient in PLCy2 were found to be protected for arterial thrombosis in vivo through impaired
GPVI signaling events [39]. In contrast, platelets derived from mice overexpressing PLCy2
appeared to be hyperreactive, resulting in a pro-thrombotic phenotype in vivo. Platelets from
these mice indeed showed an increased response to GPVI and CLEC2 agonists in vitro [40].
Although numerous studies described the role of GPVI signalosome in early steps of platelet
activation, its role in later steps of platelet activation (subsequent to Ca?" entry and TXA;

release) still remains elusive.

1.5 Cation channels, stores and their role in platelet signaling
1.5.1 Calcium

Platelet activation is mediated by increased [Ca?*];, which enhances the enzymatic activities of
calpain, calmodulin and other Ca?-dependent enzymes, thereby facilitating actin
rearrangements, integrin activation and granule secretion [41]. Two major routes for Ca?* entry
mechanisms have been described in platelets, namely store-operated Ca?* entry (SOCE) and
receptor-operated Ca?* entry (ROCE) [8, 42]. In platelets, the endoplasmic reticulum (ER)
resident stromal interaction molecule 1 (STIM1) senses the emptying of Ca?* stores upon
receptor stimulation. When the Ca?* level becomes reduced in stores, STIM1 translocates to
the plasma membrane and activates Ca?* release—activated (CRAC) channels. The four
transmembrane domain channel protein, ORAIL, appears to act as a major SOCE channel in
platelets [43, 44]. It is the functional coupling of STIM1 to ORAIL1 that induces SOCE.
Consequently, Orail” and Stim1” mouse platelets are characterized by a severely defective
SOCE upon activation [13, 44]. Moreover, Stim1” platelets showed a reduced Ca?* store
content. In a mouse model with constitutively active STIM1 (Stim15®*), an increased basal
[Ca?']i level in the platelet cytoplasm was observed [45]. This suggests that hyperactive STIM1

causes a constitutive activation of SOCE, most likely through ORAI1. The increase in [Ca?*]iin
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Stim15®”* platelets could not be normalized by the Ca?* pumps sarco/endoplasmic reticulum
Ca?*-ATPase (SERCA) or plasma membrane Ca?* ATPase (PMCA), thus indicating a crucial
role of STIM1 in regulating [Ca?]i in both resting and activated platelets [45].

In activated platelets, PLC catalyzes the hydrolysis of phosphoinositide-4,5-bisphosphate
(PIP2) resulting in the generation of inositol 1,4,5-trisphosphate (IP3) and 1,2- diacylglycerol
(DAG) metabolites. 1Pz binds to the IP3 receptor (IP3R), which in turn triggers the release of
Ca?* from the endoplasmic reticulum and other I1P; sensitive organelles [46]. DAG on the other
hand activates protein kinase C (PKC) isoforms and binds to the transient receptor potential
cation channel, subfamily C, member 6 (TRPC6) enhancing the channel activity [47]. The
current literature presents contradictory results about the role of TRPCS6 in platelet activation.
One group showed that Ca?* influx through TRPC6 is essential for MK proliferation [48]. Yet,
TRPC6 deficiency in mice did not alter platelet count or size, indicating a dispensable role of
TRPC6 in megakaryopoiesis and platelet production. Another group showed that an abolished
TRPC6 function in mice resulted in inhibition of the platelet reactivity. In yet another Trpc6”
mouse model, no differences in platelet activation or thrombus formation were reported [42,
48-50].

To understand the functional redundancy between SOCE and ROCE, ORAI1 and TRPC6, a
double knockout mouse strain (Orail”/Trpc6™) was generated. In that study, thapsigargin was
used as a selective inhibitor of the sarco/endoplasmic reticulum Ca?*-ATPase (SERCA). TG
inhibits refilling of the Ca?* store and hence induces a continuous emptying of the Ca?* stores.
In the Orail”/Trpc6™ platelets, a further reduction of TG-mediated SOCE was observed when
compared to Orail™ platelets [8]. This suggested a physiological link between ORAI1-mediated
SOCE and TRPC6-induced ROCE. In addition, it appeared that both phospholipase D (PLD)
and PLC could mediate a functional crosstalk between ORAI1 and TRPC6, thereby increasing
DAG production. Under certain pathological conditions, an enhanced ORAIL activity thus can
increase DAG production, which then further may enhance TRPC6 channel activity [8]. These
studies implied that a more detailed analysis of TRPC6 channel function is required to
understand the role of ORAI1-mediated SOCE in regulating the TRPC6 channel activity.

Yet another route of Ca?* entry in platelets is provided by the P2X; receptors. These operate
as extracellular ATP-regulated Ca?* channels, inducing a rapid, short-living Ca?* influx in
platelets. Members of the P2X family are encoded by seven different genes (P2X1-P2X7).
Depending on the cell type and multimerization, these proteins can constitute an active Ca?
channel [51]. Interestingly, P2X; becomes desensitized in washed platelets, an event that can
be protected by the ATP/ADP-degrading apyrase. The ATP-induced, P2X;-mediated Ca?
influx even under these conditions is lasting for upto 10-20 s [52]. Some studies showed that

the P2X; channel can amplify the P2Y; receptor-mediated Ca?* influx, and that the purinergic
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receptors thus synergize in calcium signaling [53, 54]. In MKs, it was found that P2Y 1, receptor
stimulation triggers a TRP-induced cation current, in co-operation with P2X; receptors via the
phosphoinositide 3 kinase (PI3K) route. On the other hand, in platelets P2X; can act in synergy
with P2Y; to amplify Ca?* fluxes via the IP; and PLC route [53, 54].

Concerning Ca?* pumps, human platelets express PMCA1, PMCA4 [55] and SERCA3a,
SERCAZ2b isoforms [56]. The released Ca?* after platelet activation is either pumped back to
the intracellular stores via SERCAs, or pumped out of the cell by PMCAs, thereby decreasing
the level of [Ca?']i [53, 55-59]. The isoform SERCA3 may be specifically expressed in acidic
vesicle stores. Platelets from Serca3” mice showed a partially defective Ca®* store content,
indicating a specific role of SERCAS3 in maintaining the Ca?* store content. Furthermore, Ca?*
store release and Ca?* influx were also reduced in Serca3” platelets. Consequently, a partial
inhibition of aggregation and granule secretion was observed [60]. This was accompanied by

a prolonged tail bleeding time and delayed in vivo thrombus formation in Serca3” mice.

The predominantly expressed PLC isoforms in platelets are PLCB2, B3 and y2 [61, 62].
The PLCp isoform is solely regulated by G-protein coupled receptor (GPCRS) activation
through the a-subunit of Ggq and Gi, whereas the PLCy2 activity is regulated via GPVI [24]
and C-type lectin-like receptor-2 (CLEC-2) activation [63]. GPVI liganding induces the
activation of the Syk-LAT-PLCy2 signaling cascade, which results in Ca?* store depletion [24].
Downstream of PLC, DAG also activates the Ca?* and DAG-regulated guanine nucleotide
exchange factor 1 (CalDAG-GEF1) apart from PKCs and TRPCS6, thereby transducing the
activating signals to integrins [8, 64]. Moreover, Ca?* store-dependent activation of CalDAG-
GEF1 is an important step in Raplb and ERK activation, TXA; synthesis and granule secretion
[65].

There are three classes of PKC isoforms. The classical isoforms a and B (Ca** and DAG-
dependent), the novel isoforms 3, €, n, and 6 (DAG-dependent and Ca?*-independent) and the
atypical isoforms ¢ and I/A (Ca?*- and DAG-independent) [66-69]. The role of inhibitory or
activatory actions of PKC isoforms in platelet physiology is unclear. Some studies report PKCe
expression in mouse platelets, but not in humans platelets [70], whilst other find translocation
of PKCe in activated human platelets [71]. Some PKC isoforms can directly bind and
phosphorylate TRPC6 and inhibit its channel activity, whereas other can enhance Ca?" entry

mechanisms, thus suggestive of the diverse roles of PKC isoforms in Ca?* signaling.
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1.5.2 Magnesium

Elevated [Ca?']i was observed under conditions of hypomagnesemia in different cell types [72].
Although Ca?* and Mg?" homeostasis appeared to be connected and regulated, the exact
molecular mechanism of how an imbalanced Mg?* homeostasis can interfere with Ca?*
homeostasis is still unclear. Concerning platelets, Mg?* can antagonize Ca?* responses,
whereby an excess of extracellular Mg?* strongly inhibits platelet aggregation [73]. The
molecular composites of Mg?* channels and transporters and their regulatory roles in platelet

physiology have not yet been investigated.

In mammals, primary Mg?" stores are located in the muscles, bones, and liver. Under
conditions of reduced nutritional Mg?* supplementation (orimpaired Mg?* resorption), these
stores can maintain normal levels of plasma Mg?* for longer periods without indications of
[Mg?*]i deficit. In MKs and platelets, the [Mg?*]i stores have not yet been identified, but the
dense tubular system (DTS), mitochondria, and the Mg-ATP complex have been proposed as
potential Mg?* stores in mammalian cells [74]. The cytosolic concentration of [Mg?*]iis the result
of a balance of Mg?* influx through the plasma membrane, intracellular free Mg?* [Mg?*];
storage, and Mg?* efflux. Our group investigated the mRNA expression profiles of more than
twenty Mg?* transporters and channels in mouse platelets. Among them, only TRPM7, MAGT1,
and tumor suppressor candidate 3 (TUSC3) were found to be predominantly expressed, while
other known transporters were not detectable [75]. This suggests that only a limited number of

Mg?* channels and transporters may regulate Mg?* homeostasis in (mouse) platelets.

The TRPM7 channel is constitutively active, thereby allowing slow permeation of Mg?*into the
cytoplasm of resting cells [76]. Reducing the levels of Mg?* or ATP in the cytosol results in
activation of TRPM7, thus suggesting that both [Mg?*]; and [ATP]; are important regulators of
its activity [77]. TRPM7 consists of six trans-membrane segments, cytoplasmic N- and C-
termini. The C-terminus is linked to an atypical a-kinase domain (Figure 4). Auto-
phosphorylation of the kinase domain of TRPM7 enhances kinase-substrate interactions
leading to serine/threonine phosphorylation of different proteins. However, only a limited
number of endogenous substrates of TRPM7 kinase have been identified so far, including PLC,

calpain and myosin lla [78, 79].

Global deletion of Trpm?7 in mice resulted in embryonic lethality. Tissue-specific deletion of the
Trpm7 floxed gene in the T cell lineage was compatible with life, but caused defective
thymopoiesis [80]. An abolished TRPM7 function in vitro was accompanied by growth arrest
[81]. Selective deletion of the kinase domain of TRPM7 in knock-in mice resulted in altered
Mg?* homeostasis [82]. In this case, lower Mg?* concentrations were measured in the blood,

urine and bones, in comparison to control mice. When the mutant mice received a Mg?*
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deficient diet, increased mortality was observed, suggestive for an accelerated development
of hypomagnesemia. Our group showed that reduced channel activity of TRPM7 can cause
thrombocytopenia in humans and mice [75]. This reduced the Mg?* content in platelets, thereby
increasing the activity of myosin Ila, which in turn resulted in cytoskeletal abnormalities. A Mg?*
supplementation could normalize the proplatelet formation defect of mutant MKs, highlighting
the regulatory role of TRPM7-mediated Mg?* influx in megakaryopoiesis and platelet function
[75].

Figure 4. TRPM7 channel and kinase domain: Graphic
showing the different domains, N and C termini of
TRPM7 channel. Every single subunit of TRPM7
consists of six transmembrane segments (S1-S6), pore-
forming loop (arrows indicated), a cytoplasmic N-
terminus, containing a hydrophobic region (H1) and four
homology regions (MHD), and a cytoplasmic C-terminus
linked to an atypical serine/threonine protein kinase
domain. Since TRPM?7 is a non-selective cation channel,
the graphic depicts various monovalent and divalent
cation fluxes across the pore of the channel (Graphic is
taken from [83]).
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The MAGT1 transporter contains five TM domains, a short N-terminus with a signal peptide
and a longer cytoplasmic tail with putative phosphorylation sites. The crystal structure of
MAGT1 is not yet described. However, using hydropathy profile analysis, it was found that the
five TM domains in MAGT1 consist of a-helical structures. The first extracellular loop of MAGT1
contains an N-glycosylation site, four putative cyclic adenosine monophosphate (CAMP) and
PKC-dependent phosphorylation sites, whilst the C-terminus lacks similar phosphorylation
sites [84].

A low Mg?* diet in mice was found to enhance MAGT1 expression in different tissues, such in
comparion to animals fed with a diet containing normal level of Mg?*. In addition, knockdown
of MAGT1 in mammalian cells resulted in a low level of [Mg?*];, implying a role of this transporter

in cellular Mg?* homeostasis [85]. Interestingly, the gene expression of Magtl is upregulated
_/_

in Trpm77" cells, enabling these cells to increase the uptake of extracellular Mg?*. Over-

_/_

expression of human Magtl in Trpm7~" cells could also rescue a severe growth impairment

[86]. This indicates a partial functional redundancy between MagT1 and TRPM?7.
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lonic Mg?* can exert several regulatory functions in immune cells, e.g. affecting proliferation,
cell cycle progression and differentiation [87, 88]. Recently, new Mg?* transporters and
channels have been identified that regulate Mg homeostasis in T lymphocytes [89]. Among
these, MAGT1 may play a pivotal role in the XMEM syndrome, i.e. X-linked immunodeficiency
with magnesium defect, Epstein-Barr virus infection, and neoplasia syndrome [18]. MAGT1
deficiency in such patients leads to a lowering in the [Mg?*]i in resting T cells, and to an impaired
signaling after activation of the TCR, which could be reverted by Mg?" supplementation.
Interestingly, ionomycin or phorbol-12-myristate-13-acetate (PMA) mediated T cell activation
was normal in patients with XMEN syndrome, indicating a proximal defect in TCR signaling.

However, PLCy1 activity was reduced in MAGT 1-deficient human T cells [18].

Although MAGT1-related diseases are frequently characterized by dysgammaglobulinemia
and an increased number of circulating CD19* cells, patients do not present with obvious
activation defects in B cells upon IgM stimulation [89], which suggested that dysregulated T
cell effector functions are major drivers of the associated disorders. The MAGT1-deficient
patients are frequently infected with Epstein-Barr virus, which induces lymphoproliferative
diseases such as Hodgkin’s, Burkitt’s and non-Hodkins B cell lymphomas. Decreased levels
of the receptor NKG2D on natural killer (NK) cells may account for the defective NK cell-
mediated recognition of infected B cells [89], thereby reducing the immune responses against
viral infections. To date, MAGT1-deficient animal models mimicking the human XMEN
syndrome have not been established.

1.5.3 Zinc

Zn?* circulates in blood plasma at a concentration of 10-20 uM, but only a small fraction of it
exists in free ionic form (0.1-0.5 uM), which can be taken up by blood cells [90]. lonic Zn?*
modulates the function of several enzymes, e.g. regulates the structure of zinc finger domains,
induces diverse signaling events as a second messenger, and acts as a cofactor in metabolic
pathways. The Zn?* concentration in serum was found to be higher than in blood plasma,
suggesting that activated platelets release a significant amount of Zn?* during blood clotting
[91]. However, the authors of this paper were unable to identify the Zn?* store in platelets and
detected only Mg?* and Ca?* in the dense granules [92]. It was therefore postulated that during
the clotting process Zn?* slowly leaks through the plasma membrane. Later, a study showed
that extracellular Zn?* increases the cytosolic and a-granule Zn?* concentrations in platelets
[6]. Based on the results, both a-granules (40%) and the cytoplasm (60%) were postulated as
Zn?* stores in platelets [6]. In addition, Zn?* binds to fibrinogen, albumin, histidine-rich

glycoprotein and factor (F)XIIl, present in the a-granules of platelets [93]. While there is
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evidence that Zn?* modulates the coagulation cascade and the contact activation system [94],
the precise platelet Zn?* store and its function in the regulation of hemostasis still awaits

experimental evaluation.

In mammalians, zinc transporters are encoded by 24 different solute-linked carrier genes
(Slc30a/Slc39a) and are grouped into two protein families, called Zrt-/Irt-like protein (ZIP) and
Zn transporter (ZnT) [95]. ZIP family members mediate Zn?* influx, thereby increasing the
cytoplasmic Zn?* concentrations [96]. The ZnT isoforms regulate Zn?* efflux from the cytosol
to the extracellular space or into intracellular organelles, thus reducing the cytoplasmic Zn?*
concentration [97]. Up to date, the molecular composite of Zn?* transporters and their role in

MKs and platelets have not been investigated at the molecular level.

1.6 Roles of cations in clinical thrombosis and hemostasis

Interfering with platelet function can severely alter the hemostatic function, leading to life-
threatening bleeding complications. So far, GPVI [98], P2X; [99] and FXII [100] have been
proposed as safe anti-thrombotic targets, since blocking these molecules results in a protection
from in vivo thrombosis, but induces no more than mild bleeding in animal models. In humans,
Revacept, a soluble dimeric GPVI-Fc fusion protein, it was shown that this drug could inhibit
platelet GPVI-specific responses without altering the hemostatic function. Revacept also did
not affect platelet GPCR-induced responses [101].

Coagulation cascade
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Figure 5. Coagulation cascade: Graphic depicting the involvement of various factors and Ca?* in the coagulation
cascade. Roman numbers refer to coagulation factors that are activated in cascade. See also text. (Graphic is
modified from [102-105]).
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The coagulation cascade is divided into extrinsic and intrinsic pathways, both of which
converge in the activation of FX. The extrinsic pathway is triggered by the interaction of tissue
factor and activated factor VIl (FVIla) [102]. Few studies showed that FVIla can bind platelets
during FX activation [103]. The intrinsic pathway encompasses activatory steps of coagulation
factors XIl, XI, IX and VIII. In brief, FXI is activated by FXII, prekallikrein and high molecular
weight kininogen. FXla activates FIX to FIXa, which along with FVIII activates FX [104] (Figure
5).

Previous studies applying knockout mouse models for proteins involved in Ca?* transport such
In the common pathway, FXa together with FVa and platelet phospholipids forms the
prothrombinase complex, which is crucial for the conversion of prothrombin to thrombin. In the
next stage, fibrin fibers are formed by thrombin cleavage of fibrinogen, which crosslinks to form
stable clot through FXllla [105].as ORAIL, STIM1, TRPC6 and P2X; revealed the in vivo
relevance of Ca?* for thrombosis and hemostasis [13, 42, 44, 99]. In this thesis, the roles of

Ca?*, Mg?*, and Zn?* in thrombosis and hemostasis are described in the following sections.

1.6.1 Calcium

Platelet reactivity in thrombus formation requires the activation of various pathways. Initially,
via hem(ITAM) involving GPVI and CLEC-2 receptor stimulation [106, 107], and in later stages,
via GPCR activation, involving stimulation via the protease-activated receptors (PARs), ADP
receptors and thromboxane receptors [108]. Signal transduction due to the activation of these
pathways culminates in an increase in [Ca?*];. Various Ca?* influx channels have been identified
to be involved in the regulation of thrombus growth. In vivo imaging of Ca?* signaling during
thrombus formation, using adoptive transfer of Fura-2 labeled platelets, revealed a marked
increase especifically in platelets that were recruited at the injured vessel wall. This observation
underlines the importance of elevated [Ca?'] in the propagation of thrombus growth,

specifically upon high shear stresses in vivo [109].

Thrombus growth in vivo depends on integrin ounPs- and P2Y1>-dependent signaling for the
recruitment of platelets by already activated platelets [26]. Similarly, ORAI1-mediated SOCE
appears to be one of the driving forces for thrombus formation via the (hem)ITAM-PLCy2
signaling axis [110]. Accordingly, Orail” mice were protected in a model of mechanical injury
of the abdominal aorta, in which thrombosis is mainly triggered by exposed collagen. In
contrast, upon FeCls-induced injury of mesenteric arteries, where thrombus growth is mainly
driven by thrombin, the thrombosis time appeared to be normal. On the other hand, Stim1”
mice were protected in both models of in vivo thrombosis. The differences between Orail™ and

Stim1” mice in thrombus formation highlights the importance of the Ca?* store content, which

12



INTRODUCTION

is reduced only in Stim1” platelets, but not in Orail™ platelets. Emptying of the Ca®* stores
seems to be crucial for in vivo thrombosis, perhaps by enhancing the procoagulant activity of
activated platelets within the growing thrombus. Considering hemostasis, Orail” mice showed
no obvious change in bleeding times, whereas Stim1”- mice showed prolonged bleeding times
to a variable extent [44].

The in vivo relevance of a second major route of Ca?* influx in platelets, i.e. DAG-mediated
ROCE, for arterial thrombosis is differently discussed in the literature. It has been reported that
TRPC6 knockout mice (Trpc6™) show normal arterial thrombosis and bleeding time compared
to control mice [42]. In contrast, others have shown that either pharmacological inhibition or
genetic deletion of TRPC6 (Trpc6™) in mice resulted in a protection in models of arterial
thrombosis and a significantly altered hemostatic function. In this case, the protection from
arterial thrombosis was attributed to an impaired platelet reactivity downstream of the TXA:
receptor [49, 50]. Nevertheless, further investigation is necessary to understand the underlying

molecular mechanisms.

A further route of platelet Ca?* influx relevant for in vivo thrombosis is mediated by the P2X;
receptor. Platelets isolated from P2X; knockout mice (P2x1") showed a reduced aggregation
response upon stimulation with collagen, were protected in a laser injury induced model of in
vivo thrombosis (high shear), and displayed improved survival upon collagen/epinephrine-
induced thromboembolism. Of note, bleeding time was normal in these mice [99]. Mice
overexpressing P2X: showed enhanced aggregation responses upon stimulation with low
doses of collagen or to the stable TXA, analog U46619. Furthermore, an increased surface
coverage under flow on collagen ex vivo, and a rapid thromboembolism were observed after
collagen/epinephrine injection in vivo. However, these mice also displayed a normal bleeding
time [111]. These results clearly demonstrated the contribution of P2X; to collagen-dependent

thrombus formation, but a redundant function in hemostasis.

1.6.2 Magnesium

To date, only a few studies reveal the importance of dysregulated Mg?* homeostasis in the
development of cardiovascular diseases, thrombosis, stroke or atherosclerosis [112].
Increased platelet reactivity is observed in the development of cardiovascular diseases. In a
clinical setting, Mg?* supplementation was found to have a beneficial effect on coronary artery
disease, suggesting that combined Mg?* supplementation can be a novel treatment strategy
for this disease condition [113]. A study using an ex vivo perfusion system (Badimon chamber)
showed the beneficial effects of Mg?* supplementation in blood from cardiovascular patients

[114]. Similarly, in rats undergoing transverse arteriotomy, it was shown that topical application
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or intravenous injection of Mg?* could reduce thrombus size in vivo [115]. Supplemented Mg?*
can also modulate endothelial cells to release nitric oxide and prostaglandins, which induce
vasodilation and inhibit thrombus growth [116]. In swine, using an ex vivo arteriovenous shunt
model, it was found that Mg?* supplementation reduced the thrombus weight, when blood is
perfused at a high shear on the exposed shunts [117]. In rats, using a model of in vivo
thrombosis (arteriotomy), it was demonstrated that Mg?* injection prior to surgery resulted in
thrombo-protective effects. Rats receiving Mg?* showed a reduced time to full vessel occlusion
and had fewer events of thromboembolism, compared to control animals. This study, however,
provided only limited mechanistic information [118]. So far, Mg?* supplementation seems to be
a safe antithrombotic therapeutic approach without adverse effects, thus highlighting the
necessity to identify the molecular composition of the Mg?* transport mechanism in platelets,

endothelial and vascular smooth muscle cells.

1.6.3 Zinc

Gordon et al. previously identified that a low Zn?* level in the blood from patients is associated
with an increased bleeding tendency and a prolonged clotting time [119]. In the plasma Zn?*
levels are tightly regulated by dietary zinc intake and are considered to play a crucial role in
blood clotting. Reduced Zn?* uptake in the body may alter platelet aggregation responses and
hemostatic function, suggestive for a role of systemic Zn?* in platelet physiology [120]. lonic
zinc is known to regulate several steps of the coagulation cascade to activate plasma factors
and the contact system. It directly interact with FXII, which leads to a conformational change
in this coagulation factor, improving its susceptibility for enzymatic activation [121, 122]. In
addition, platelet-derived Zn?* can mediate FXI binding to glycocalicin (i.e. the ectodomain of
GPIb) [123] and potentiate platelet tyrosine phosphorylation [10, 124]. Electron microscopic
studies showed a two-fold increase in fibrin fiber diameter in the presence of Zn?* [125].
Additionally, Zn?* aids in the binding of FXI to activated platelets, thereby affecting the thrombin
generation pathway. Extracellular Zn?* can thereby accelerate the clotting process. lonic Zn?*
also binds the plasma protein histidine-rich glycoprotein, thereby regulating processes such as
apoptosis, antimicrobial activity and adhesion of immune cells [126]. Although these studies
revealed the involvement of Zn?* in different steps of the coagulation and platelet activation

pathways, this topic has so far obtained no more than little attention.

Platelets incubated with a high concentration of ZnCl, can increase their a-granule Zn?
content, likely along with fibrinogen uptake through the integrin cunBs receptors [6]. Besides
this, there are indications that extracellular Zn?* can potentiate platelet reactivity, independently

of TXA; and serotonin release [127]. Whereas these studies underline the importance of Zn?*
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for platelet reactivity and coagulation, mouse models and human platelets with hypo- or hyper-
zincemia have not been investigated to date. An incidental paper indicates that the chelation
of [Zn?']; reduces thrombin- and CRP-induced platelet aggregation [10], suggesting that Zn?*
transporters can regulate platelet activation. However, the expression pattern of the
transporters and the exact molecular mechanisms, by which Zn?*-dependent aggregation

responses are regulated are still unknown.

1.7 Thrombo-inflammation in stroke brain damage

To study stroke, various experimental models of ischemic infarction in animals has been in
practice [128]. Nevertheless, most widely used model of stroke in animals is the transient
middle cerebral artery occlusion (tMCAQ). Here, a small filament is advanced to the origin of
the middle cerebral artery (MCA) via the internal carotid artery from 30 min to 1 h (depending
on the required severity of the injury). Occlusion of the vessel with the filament simulates vessel
closure caused by an embolized thrombus in humans. Later, the filament is removed to allow
reflow of the blood. This still results in a full infarct build up in the MCA within 24 h post reflow
of the blood. The observed infarct is due to ‘reperfusion injury’ which can be visualized by
tetrazolium chloride (TTC) staining, where the live tissue stains red and the dead tissue
remains unstained [129]. For many years pathological thrombus formation was considered to
be the major cause of infarct progression during stroke. Nevertheless, pharmacological
intervention (thrombolysis) to resolve the thrombus resulted in intracranial bleeding and no
clinical improvement [130, 131]. Additionally, two independent research groups demonstrated
that GPIIb/llla receptor blockade in humans or mice caused either a lethal intracerebral
hemorrhage or no benefit in stroke outcome in the surviving animals [132, 133]. This gave the
first report that targeting early platelet adhesion and activation, rather a complete inhibition of
platelet aggregation, could be a better therapeutic option. It was also understood that platelet
aggregation mediated by GPIlIb/llla is not mandatory for infarct progression [133]. Although
these studies gave a compelling evidence that platelet GPIba-VWF binding to be crucial during
stroke, a question still remained if this weak interaction could lead to a profound infarct
progression. The use of a GPVI blocking antibody (JAQ1) significantly protecting the animals
from stroke progression with no intracranial bleeding, highlighted the importance of GPIb-VWF-
GPVI signaling nexus in the pathology of stroke [133]. Apart from this, platelet GPlba also
interacts with coagulation factor FXII, HMWK, thrombin, Mac-1 (expressed on lymphocytes
and neutrophils) and P-selectin [134], underlining the importance of platelets in mediating the
complex interactions with both the coagulation cascade and the immune system during stroke

progression. It is also well known that T cells are involved in the inflammatory responses
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caused by stroke. Recombination activating gene 1-deficient (Ragl”™) mice lacking
lymphocytes when transplanted with WT CD4* or CD8" T cells could develop infarct volumes
normally in tMCAO. On the other hand, Rag1” mice transplanted with WT B cells still showed
defective infarct volume in stroke, indicating that B cells might not be important for stroke
progression [135, 136]. Considering these findings, the study of stroke progression emerged
into a more inflammatory setting rather just as an ischemic insult, and the term ‘thrombo-
inflammatory’ disease best applies to stroke. Several studies also highlighted T cell-derived
cytokines like tumor necrosis factor alpha (TNF)-a [137], interferon (IFN)-y [138] and interleukin
(IL)-17 [139] to be promoting thrombo-inflammation.
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Figure 6. ROS levels in platelets: (A-C) ROS measured upon indicated stimulations using flow cytometry in
H2DCFDA stained platelets. Results from three independent experiments are presented (n = 4). ROS: reactive
oxygen species; Rest.: resting; Thr: thrombin; CRP: collagen-related peptide; RC: Rhodocytin; TG: Thapsigargin.
Student’s t-test was used as a test of significance. *P< 0.05, **P< 0.01, **P< 0.001. (S.K. Gotru unpublished
observation).
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Stroke progression after re-perfusion injury is first mediated by resident microglial cells which
release reactive oxygen species (ROS) [140], cytokines [141] and matrix metalloprotease-9
(MMP-9) [142]. The released mediators further lead to the recruitment of circulating leukocytes,
increase the permeability of the blood-brain barrier (BBB) and induce neuronal death [143].
Additionally, glutathione peroxidase-3 (GPx-3) a plasma protein that scavenges reactive
oxygen species (ROS) deletion in mice (GPx-37) resulted in an increased infarct volume in the
stroke which correlated to an increased occurrence of platelet-dependent thrombosis in an in
vivo model of thromboembolism [144]. However, the exact role of the platelet signaling
machinery in ROS production needs a detailed investigation. In a pilot experiment, using the
fluorescent dye H2DCFDA (specific for ROS) in flow cytometry, we studied the levels of ROS
in various knockout mice. Results indicate that the adaptor proteins SLAPs, as negative
regulators, while molecules associated with the GPVI signalosome (LAT and GADS) and
cytoplasmic enzyme PLD as positive regulators for ROS production. Platelets from Rac1” mice
also showed a defective ROS release upon activation. Use of PLC or PP2 inhibitors also
showed a reduced ROS release in activated platelets, indicating a prominent role of PLC
enzyme and Src-family kinases to platelet released ROS (Figure 6). Calcium channel proteins
ORAI1 and TRPC6 are also crucial for ROS production in activated platelets. Nevertheless,
the exact role of other cation channel transport proteins and the physiological role of platelet
ROS still needs to be investigated during a stroke. All these experiments were performed in
suspension, again indicating that platelet aggregation is not mandatory for ROS release during

a stroke.

1.7.1 Calcium

In the stroke, a dysregulated Ca?* homeostasis induces cell death, strongly influences vascular
integrity and endothelial cell function. Blood-brain barrier is disrupted in this process causing
intracranial bleeding [145]. A tMCAO model of stroke has been established in mice and rats to
mimic reperfusion-induced ischemic infarction [146]. This experimental stroke model
resembles in several aspects the pathological process of ischemic brain infarction in humans.
In the ischemic brain, pronounced activation of glutamate receptors accounts for tissue
necrosis which further enhances PLC- and IPs-dependent Ca?* mobilization and consequently
accelerates SOCE [147]. In line with this, a local accumulation of Ca?" in the
ipsilateral/ipsilesional region of the brain tissue was detected after 24 h in rats subjected to
tMCAO [148].

In humans, a randomized double-blinded placebo clinical trial in 186 stroke patients showed a

protective effect for the Ca?* channel blocker nimodipine. This study followed the positive
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effects of nimodipine for 6 months and only a few patients died during this period, while
survivors showed a significantly improved neurological outcome as compared to patients
receiving placebo. Surprisingly, the protective effects of nimodipine were restricted to male
patients [149]. In mice, genetic ablation of SOCE through ORAI1 or STIM1 specifically in the
hematopoietic system, using BM chimeric mice, also protected from experimentally induced
stroke without intracranial bleeding [13, 44].

It is important to note that neurons lacking ORAIL or STIM1 were not protected from apoptosis
under in vitro hypoxic conditions suggesting the existence of a compensatory mechanism
between the corresponding isoforms of both ORAI and STIM, respectively. In sharp contrast,
constitutive STIM2 deletion resulted in protection of neurons in the tMCAO model of stroke,
suggesting that STIM2 is a key player of neuronal SOCE during a stroke. Regarding ORAI
isoforms, it was found that ORAI2 is predominantly expressed compared to ORAIL in brain
tissue, suggesting an important role in SOCE in the brain [150]. Altogether, these results point
out that SOCE and the Ca?* signaling machinery are actively involved in the progression of

experimental ischemic stroke [149].

1.7.2 Magnesium

lonic Mg?* is known to antagonize Ca?* entry, lower blood pressure and cause vasodilation
[151]. Supplementation of Mg?* in a model of forebrain ischemia significantly reduced cell death
in various lobes of the rat brain [152]. In a model of temporary focal ischemia, infarct volume
was strongly reduced (60%) after MgSO4 administration at 24 h prior to ischemia. It was also
demonstrated that the survival rate of ischemia-induced rats improved, if the Mg?* was
supplemented up to a maximum of 6 h post vessel occlusion and reperfusion [153]. On the
contrary, in rats subjected to permanent middle cerebral artery occlusion (pMCAQO) showed
different results. Here, MgSO, supplementation only in the presence of mild hypothermia
resulted in a significant neuroprotection and a reduced infarct size until a maximum of 4 h after
stroke. This study underlined the beneficial effects of mild hypothermia in enhancing the time
window of Mg?* therapy [154]. In rats, using the tMCAO model of stroke, Mg?* was found to
inhibit nitric oxide synthase which diminished the NOS positive cortical neurons, thereby
protecting rats from ischemia [155]. These different studies using various models of brain
ischemia provide evidence for a certain beneficial effect of Mg?* in reducing infarct size, while

the underlying mechanisms still have remained elusive.

In a clinical trial, MgSO., was infused at 2 h after stroke occurrence, which resulted in protective

effects (assessed by Rankin scores) in >60% of the total patients receiving MgSO4 [156]. On
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the other hand, prehospital use of Mg?* did not appear to have an additional benefit in

improving the neurological function of stroke patients [157].

The current literature is controversial concerning a role of TRPM7 in the regulation of cellular
divalent cation homeostasis. In mice, some studies state that TRPM7 is important for cell
survival without a major role in Mg?* homeostasis [80], while other papers using in vitro cell
culture systems point to a role for TRPM7 in Mg?* homeostasis [81]. Few other studies describe
that during stroke TRPM7 can conduct Ca?* influx pathways and mediate the generation of
reactive oxygen species [158, 159]. It has also been shown that TRPM7 protein expression is
upregulated in ischemic neurons [160], whereas the inhibition of TRPM7 under hypoxia
increases cell viability [158]. In line with this, it was concluded that upregulation of the TRPM7
channel activity may induce an aberrant Ca?* influx in neurons, thereby accelerating cell death
in stroke [161]. This study suggested that TRPM7 is important for both Ca?" and Mg?
homeostasis, because TRPM7-mediated Mg?* entry can support cell survival under
physiological conditions, whereas a TRPM7-induced Ca?' influx under hypoxia was
deleterious. In mice that were subjected to a model of tMCAO, the use of a non-selective
TRPMY inhibitor carvacrol reduced infarct volume, inhibited apoptosis in neurons and improved
neurological function in hypoxic ischemia. This study underlined the potential of carvacrol as a
potential drug to prevent stroke in patients [162]. Up to date, no other mouse models with
defects in Mg?* channels or transporters have been investigated to assess their importance in

platelet function as well as stroke development and progression.

Although the above-stated studies point to a potential beneficial effect of Mg?* supplementation
in prevention or treatment of ischemic stroke, a clear understanding of the Mg?* entry routes,
the underlying molecular mechanisms and associated signaling pathways still need to be

obtained.

1.7.3 Zinc

One of the most abundant mineral elements in brain tissue is Zn?*. [Zn?*]; is frequently released
together with glutamate into the synaptic cleft serving as neuromodulator [163, 164].
Dysregulation of Zn?* homeostasis causes Zn?* accumulation either in the cytoplasm or in the
extracellular space. Aberrant Zn?* accumulation was observed in various neurological
disorders including traumatic brain injury, stroke, and seizure. Administration of the Zn2*
chelator, N,N,N’,N'-tetrakis 2-pyridinylmethyl-1,2-ethanediamine (TPEN) in rats subjected to
experimental ischemia led to a neuroprotective effect. TPEN inhibited neuronal damage by
reducing brain infarct size, improved neurological function and prevented apoptosis in ischemic

neurons [165]. Mice lacking ZnT3 (ZnT3") showed an increased sensitivity to seizure and
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inhibited postsynaptic potential in neurons, thus underlining the importance of ZnT3 in

maintaining optimal levels of Zn?* in the synaptic cleft [166].

In rats, using a Zn?* specific fluorescent dye N-(6-methoxy-8-quinolyl)-p-toluene sulfonamide
(TSQ), it was observed that, upon transient forebrain ischemia, Zn?* accumulation increased
in parts of the brain including hippocampus and stratum regions during the first minutes. After
a time period of 24 h, the Zn?* staining moved to hilar neurons, which started to degenerate.
This suggested that Zn?" accumulation can selectively damage specific neurons upon
ischemia. Using the Zn?* chelator dithizone, this effect appeared to be preventable [167].
Interestingly, induction of hypoxia with subsequent re-oxygenation in astrocytes did not change
the expression level of ZIP-1, whilst that of ZnT-1 was reduced. In addition, Zn?*
supplementation under these conditions could not normalize the expression level of ZnT-1,
which together with insufficient Zn?* efflux systems, accounts for the intracellular accumulation

of Zn?* and consequently increased cell death during stroke [168].

The importance of ZIP isoforms in brain-related diseases has received less attention, when
compared to the ZnT isoforms. Out of a total of 14 ZIP isoforms, only ZIP-1 and ZIP-3 are
predominantly expressed in brain tissue. Limited in vitro findings have been reported which
describe their role during ischemia in the brain. For example, in a study using an in vitro
system, patch clamp recordings in pyramidal neurons from brain slices showed that
Zip1/Zip3" double-deficient cells demonstrate almost 50% less Zn?* uptake, when compared
to control cells. These results were obtained using fluorescence intensity ratio measurements
of FluoZin-3 (specific to [Zn?*];) and fluorescent tracer Alexa-568 as counterstaining. In vivo,
using kainic acid injections to induce seizures in mice, it appeared that Zip-1/Zip-3" double-
deficient animals survived well compared to control mice, compatible with the importance of
Zn?* homeostasis in brain-related diseases. Due to the limited research detailing the role of
Zn?* transporters in stroke, further studies are necessary to identify the storage pools of Zn?*
release/uptake mechanism in ischemic neurons and decipher the underlying signaling

mechanisms of ZIP/ZnT isoforms in this pathological setting.

1.8 Aims of the thesis

Cytosolic Ca?* is one of the crucial and well described second messengers in platelets. Ca?*
release from intracellular stores, as well as entry from the extracellular space through SOCE
and ROCE, have been well described. Other divalent cations including Mg?* and Zn?* although
known to be involved in various steps of platelet activation and coagulation received less

attention.

20



INTRODUCTION

TRPM7 is a ubiquitously expressed bifunctional protein comprising a transient receptor
potential channel segment that is linked to a cytosolic a-type serine/threonine protein kinase
domain. TRPM7 forms a constitutively active Mg?* and Ca?* permeable channel, which
regulates diverse cellular processes in both healthy and diseased conditions. Although Mg?*
holds an antithrombotic potential, the physiological role of TRPM7 kinase and the channel itself
in platelet signaling, thrombosis and stroke remain largely unknown. Addressing these
questions, we analyzed the importance of TRPM7 kinase using Trpm7~® and TRPM7 channel
functions using Trpm7""PMC"® mice under various in vitro and in vivo settings of platelet

reactivity and stroke.

In coronary artery disease, diabetes and stroke pathogenic and experimental settings,
beneficial effects of Mg?* supplementation have been described. Underlying molecular
mechanisms, signaling pathways and Mg?* interference with the function of other cations have
not been investigated. Addressing these questions, we studied the in vitro and in vivo relevance
of the MAGT1-mediated Mg?* transport utilizing the Magtl™ mouse model. A function of
MAGT1 has recently been elucidated in virus-infected patients with combined immune
deficiency. In the described XMEN syndrome, which primarily is initiated by infecting B cells,
an altered T cell cellularity, Ca?* responses, and PLC activity were described. Surprisingly, in
the described infectious conditions, B cell Mg?* homeostasis and B cell receptor signaling were
not investigated. Utilizing the Magt1™ mouse model, we studied the primary function of MAGT1
in T and B cells, the underlying signaling pathways and the physiological function of MAGT1

using various assays.

Blood coagulation is a complex process involving extrinsic and intrinsic pathways. Extrinsic
and intrinsic pathways coordinate fibrin formation and fibrinolysis which regulates the
stability/fluidity of the blood clot. Impaired coagulation results in bleeding diathesis. The role of
Zn?* was described in the activation of various coagulation factors, reducing fibrin fiber
stiffness, and thereby accelerating clotting. However, the consequence of dysregulated platelet

Zn?* uptake, storage and release still needed to be investigated.
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2. Materials and Methods
2.1 Materials

2.1.1 Chemicals

Reagent Company (Country)

Acetic acid Roth (Karlsruhe, Germany)
Adenosine diphosphate (ADP) Sigma-Aldrich (Schnelldorf, Germany)
Agarose Roth (Karlsruhe, Germany)

Alexa Fluor 488

Amersham Hyperfilm ECL

Ammonium peroxodisulfate (APS)
Apyrase (grade IlI)

Atipamezole

B-mercaptoethanol

Bovine serum albumin (BSA)
Bromophenol blue

Cacodylate

Calcium chloride

Chrono-Lume luciferase reagent
Chloroform

Collagen Horm suspension & SFK solution
Complete mini protease inhibitors
Convulxin (CVX)

Cryo-Gel

4',6-diamidino-2-phenylindole (DAPI)
Dimethyl sulfoxide (DMSO)
Deoxynucleotide triphosphates (ANTP) mix
Eosin

Ethanol

Ethylenediaminetetraacetic acid (EDTA)
Ethylene glycol tetraacetic acid (EGTA)
Ethidium bromide

Fat-free dry milk

Fentanyl

Fibrillar type I collagen (Horm)

Fibrinogen from human plasma (F3879)

Invitrogen (Karlsruhe, Germany)

GE Healthcare (Little Chalfont, UK)
Roth (Karlsruhe, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
Pfizer (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)

AppliChem (Darmstadt, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
AppliChem (Darmstadt, Germany)

Roth (Karlsruhe, Germany)

Chrono-log (Havertown, PA, USA)
AppliChem (Darmstadt, Germany)
Takeda (Linz, Austria)

Roche Diagnostics (Mannheim, Germany)
Enzo Lifesciences (Lorrach, Germany)
Leica Microsystems (Wetzlar, Germany)
Invitrogen (Karlsruhe, Germany)
Sigma-Aldrich (Steinheim, Germany)
Fermentas (St. Leon-Rot, Germany)
Roth (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)

AppliChem (Darmstadt, Germany)
Sigma-Aldrich (Steinheim, Germany)
Roth (Karlsruhe, Germany)

AppliChem (Darmstadt, Germany)
Janssen-Cilag GmbH (Neuss, Germany)
AppliChem (Darmstadt, Germany)
Sigma-Aldrich (Steinheim, Germany)
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Fibrinogen from human plasma (F4883)
Fluorescein-isothiocyanate (FITC)
Fluoroshield

Fluorshield with DAPI

Flumazenil

Fura-2/AM

GeneRuler 1kbp DNA Ladder
GeneRuler 100bp DNA Ladder
Glucose

Glutaraldehyde

Glycerol

Hematoxylin

Heparin sodium

High molecular weight heparin

Human fibrinogen

IGEPAL CA-630

Immobilon-P transfer membrane, PVDF
Integrilin (Eptifibatide)

Iron-lll-chloride hexahydrate (FeCl3.6H,0)
Indomethacin

Isofluran CP

Isopropanol

Loading Dye solution, 6x

Magnesium chloride

Mag-Fluo4

Medetomidine (Dormitor)

Midazolam (Dormicum)

Midori Green DNA stain
N-2-Hydroxyethylpiperazine-
N'-2-ethanesulfonic acid (HEPES)
3-(N-morpholino) propanesulfonic acid
(MOPS)

Naloxon

N-ethylmaleimide (NEM)

Nonidet P-40 (NP-40)

Sigma-Aldrich (Steinheim, Germany)
Molecular Probes (Oregon, USA)
Sigma-Aldrich (Steinheim, Germany)
Sigma-Aldrich (Steinheim, Germany)
Delta Select GmbH (Dreieich, Germany)
Molecular Probes/Invitrogen (Germany)
Fermentas (St. Leon-Rot, Germany)
Fermentas (St. Leon-Rot, Germany)
Roth (Karlsruhe, Germany)

EMS (Hatfield, USA)

Roth (Karlsruhe, Germany)
Sigma-Aldrich (Steinheim, Germany)
Fermentas (St. Leon-Rot, Germany)
Ratiopharm (Ulm, Germany)

Roth (Karlsruhe, Germany)
Sigma-Aldrich (Steinheim, Germany)
Merck Millipore (Darmstadt Germany)
Millennium Pharmaceuticals Inc.
(Cambridge, USA)

Roth (Karlsruhe, Germany)

Cisbio (Paris, France)

cp-pharma (Burgdorf, Germany)

Roth (Karlsruhe, Germany)

Fermentas (St. Leon-Rot, Germany)
Roth (Karlsruhe, Germany)

Molecular Probes/Invitrogen (Germany)
Pfizer (Karlsruhe, Germany)

Roche (Grenzach-Wyhlen, Germany)
Pfizer (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)

AppliChem (Darmstadt, Germany)

Delta Select GmbH (Dreieich, Germany)

Roche (Grenzach-Wyhlen, Germany)

Roche Diagnostics (Mannheim, Germany)
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Oleoyl-2-acetyl-sn-glycerol (OAG)
PageRuler prestained protein ladder
Paraformaldehyde (PFA)

Phalloidin atto647N
Phenol/chloroform/isoamyl alcohol
Phorbol 12-myristate 13-acetate (PMA)
Pluronic F-127

Prostacyclin (PGI2)

Poly-L-lysine

Potassium acetate

Potassium chloride

Propidium iodide (PI)

Protease inhibitor cocktail (100x)
Proteinase K

Protein G Sepharose

RNase A

Recombinant human IL-2 (Proleukin)
Sodium azide

Sodium dodecyl sulfate (SDS)

Sodium orthovanadate

Sucrose

Tetramethylethylenediamine (TEMED)
Thapsigargin

Thrombin from human plasma

Tissue Freezing Medium
Tris(hydroxymethyl)aminomethane (TRIS)
Triton X-100

TRIzol

TRPCS6 inhibitor

Tween 20

U46619

Vectashield hardset mounting medium

Water, nuclease-free

Sigma (Deisenhofen, Germany)
Fermentas (St. Leon-Rot, Germany)
Roth (Karlsruhe, Germany)

Sigma (Deisenhofen, Germany)
AppliChem (Darmstadt, Germany)
Sigma (Deisenhofen, Germany)

Roth (Karlsruhe, Germany)
Calbiochem (Bad Soden, Germany)
Sigma-Aldrich (Steinheim, Germany)
Roth (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)

Invitrogen (Karlsruhe, Germany)
Sigma (Schnelldorf, Germany)
Fermentas (St. Leon-Rot, Germany)
GE Healthcare (Uppsala, Sweden)
Fermentas (St. Leon-Rot, Germany)
Novartis (Germany)

Sigma-Aldrich (Steinheim, Germany)
Sigma-Aldrich (Steinheim, Germany)
Sigma-Aldrich (Steinheim, Germany)
Sigma-Aldrich (Steinheim, Germany)
Roth (Karlsruhe, Germany)

Molecular Probes (Eugene, Oregon, USA)
Roche Diagnostics (Mannheim, Germany)
Jung Leica (Wetzlar, Germany)

Roth (Karlsruhe, Germany)
Sigma-Aldrich (Steinheim, Germany)
Invitrogen (Karlsruhe, Germany)
MedChem Express, (Germany)

Roth (Karlsruhe, Germany)

Alexis Biochemicals (San Diego, USA)
Vector Laboratories (Burlingame, USA)

Roth (Karlsruhe, Germany)
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2.1.2 Cell culture materials
70 um nylon cell strainer
B-mercaptoethanol

Fetal calf serum (FCS)
L-glutamine

Non-essential amino acids

BD Falcon (Heidelberg, Germany)

Roth (Karlsruhe, Germany)
Gibco (Karlsruhe, Germany)
Gibco (Karlsruhe, Germany)

Gibco (Karlsruhe, Germany)

Phosphate buffered saline (PBS) Gibco (Karlsruhe, Germany)

Penicillin/streptomycin Gibco (Karlsruhe, Germany)
RPMI medium Gibco (Karlsruhe, Germany)
Sodium pyruvate Gibco (Karlsruhe, Germany)

Well plates (6-well, 12-well, 24-well or 96-well) Greiner (Frickenhausen, Germany)

RMA, RMA-H60, or RMARaelb cell lines were kindly provided by Prof. Dr. Andreas

Diefenbach (Charité — Universitatsmedizin Berlin) and described previously [169].

2.1.3 Kits

Kit (catalog) Company (Country)
IP1 ELISA kit (72LP1PEA) Cisbio Bioassays (Parc Marcel Boiteux, France)
Thromboxane B, ELISA kit (4684) DRG (Marburg, Germany)
Serotonin ELISA kit (BAE5900) LDN (Nordhorn, Germany)
Chrono-Lume reagent Chrono-Log (Philadelphia, PA, USA)
CDA43 (Ly-48) MicroBeads, Mouse Miltenyi Biotec (Bergisch Gladbach, Germany)
MagniSort Mouse CD4 T cell Enrichment Kit eBioscience (Darmstadt, Germany)

MagniSort™ Mouse NK cell Enrichment Kit ~ Affymetrix/ThermoFisher Scientific (Germany)

2.1.4 Commercially purchased antibodies
2.1.4.1 Unconjugated

Antibody (catalog) Host Company (Country)
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Anti phospho-Syk (Y525/526) (#2711)
Anti phospho-LAT (Y191) (#3584)
Anti phospho-PLCy2 (Y759) (#3874)

Anti phospho-PKCg (ser729) (#C2013)

Anti phospho-PKC Antibody
Sampler Kit (#9921)

Anti-PKCe (#1681)

Anti-Syk (#2712)
Anti-LAT (06-807)

Anti-PLCy2 (#5283)

Anti-B-actin (A2066)

2.1.4.2 Conjugated
Antibody (clone/catalog)
Anti-goat

HRP-linked (P0449)
Anti-rabbit 19G,
HRP-linked (#7074)
Anti-mouse IgG,

HPR-linked (#P0260)

Rabbit

Rabbit

Rabbit

Goat

Rabbit

Mouse

Rabbit

Rabbit

Mouse

Rabbit

Host

Rabbit

Goat

Rat

2.1.4.3 Antibodies for immune cell analysis

IgD, clone 11-26¢.2a

IgM, clone R6-60.2

Cell Signaling (Denver, USA)
Cell Signaling (Denver, USA)
Cell Signaling (Denver, USA)
Santa Cruz Biotech (Heidelberg,
Germany)

Cell Signaling (Denver, USA)

Santa Cruz Biotech (Heidelberg,
Germany)

Cell Signaling (Denver, USA)
Millipore (Darmstadt, Germany)
Santa Cruz Biotech (Heidelberg,
Germany)

Sigma-Aldrich (Steinheim,

Germany)

Company (Country)

DAKO (Hamburg, German)

Cell Signaling (Denver, USA)

DAKO (Hamburg, Germany)

BD Biosciences (1:100) (Heidelberg, Germany)

BD Biosciences (1:100) (Heidelberg, Germany)
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CD21/CD35, clone 7G6
CDS5, clone L17F12
CD23, clone B3B4
CD45R, clone RA3-6B2
CD45, clone 30-F11
CD3, clone 500A2
CD8a, clone 53-6.7
CD138, clone 281-2
CD4, clone GK1.5

CFDA-SE—labeled

BD Biosciences (1:100) (Heidelberg, Germany)
BD Biosciences (1:100) (Heidelberg, Germany)
BD Biosciences (1:200) (Heidelberg, Germany)
BD Biosciences (1:250) (Heidelberg, Germany)
BD Biosciences (1:300) (Heidelberg, Germany)
BD Biosciences (1:300) (Heidelberg, Germany)
BD Biosciences (1:300) (Heidelberg, Germany)
BD Biosciences (1:800) (Heidelberg, Germany)
eBioscience (1:300) (Frankfurt, Germany)

Life Technologies (Paisley, UK)

2.1.4.4 Home made monoclonal antibodies

Antibody Clone

JAQ1 98A3
DOM2 89H11
INU1 11E9
pOp4 15E2
pOp6 56F8
ULF1 97H1

WUG1.9 5C8

LEN1 12C6
JON/A 4H5
EDL1 57B10
JONG6 14A3
MWREG30 5D7
HB.197™ 2.4G2

Isotype

IgG2a
IgG2a
IgG1
1gG2b
1gG2b
IgG2a
IgG1
1gG2b
1gG2b
IgG2a
IgG1
lgG1

1gG2b

Antigen Described
GPVI [98]

GPV [170]
CLEC-2 [171]

GPIba [170]

GPIX [170]

CD9 [170]
P-selectin unpublished

a2 integrin [172]

GPlib/llla  [172,173]
GPlib/lla  [172,173]
QiibPBs unpublished
Qi [172, 174]
FoyR [175]
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Collagen-related peptide (CRP) was kindly provided by Prof. Dr. S. P. Watson (University of
Birmingham, UK) and was previously described [176]. Rhodocytin (RC) was a generous gift
from Prof. Dr. J. Eble (University Hospital Frankfurt, Germany). All other non-listed chemicals
were obtained from AppliChem (Darmstadt, Germany), Sigma (Schnelldorf, Germany) or Roth
(Karlsruhe, Germany).

2.2 Methods
2.2.1 Generation and genotyping of mice.
2.2.1.1 Trpm7*R mice

The Trpm7¥R mouse line was received from the RIKEN BRC Center through the National Bio-
Resource Project of the MEXT, Japan (RBRCO03318, www.brc.riken.jp) and has been
described previously [177]. 129SV.B6 Trpm7~R mice were backcrossed several times with
C57B6J mice. PCR genotyping was performed using Trpm7 specific primers to amplify the

mutated exonic region:
TRPM7K%4Rforward: 5°-ATGGGAGGT GGTTTACGA-3°
TRPM7K1¢46Rreverse: 5 -GGGAAGGGCCTTATCAATATG-3"

PCR fragment was digested with Mes | enzyme and DNA fragments were separated using a
2.5% agarose gel. WT DNA fragment was digested into 128bp and 86 bp whereas Trpm7~R
fragment was not digested by Mes | into a 214 bp fragment.

2.2.1.2 Magtl” mice

Magt1l®™ mice (TIGM, Texas, USA) were bred on a C57BL/6 background and housed under
specific pathogen-free conditions on a standard light-dark cycle. Functional consequences of
X-linked Magt1 gene deletion were investigated in age-matched WT and Magt1™ male mice
(12-16 weeks old) from an inbred mouse colony. The genotyping protocol was provided by
Texas A&M Institute for Genomic Medicine (TX, USA). Magtl specific forward and reverse

primers were used to amplify the gene-trap cassette insertion in intron 1.
Forward: 5’-CCAATCCTGGACTTTGTGCA-3

Reverse-1: 5-CCTCTTCTGACCTCCAAAAG-3’

Reverse-2: 5-CCAATAAACCCTCTTGCAGTTGC-3

PCR DNA fragments were separated using a 2% agarose gel (WT allele: 644 bp and knockout
alle: 377 bp).
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For quantitative RT-PCR, two sets of MAGT1 primers were used.
Forwardl: 5-AGAAATTACTCAGTTGTCGTCATGTT-3';
Reverse-1: 5-CTTCATCAGCTTGCTTGCAAAC-3’,

Forward-2: 5-ACCATGGCTATCCATACAGCTTTC-3';
Reverse-2: 5-GTGAGTTGCATTCTTCAAACACC-3'.

Experiments were performed according to the manufacturer's protocol (Qiagen, Hilden,

Germany).

2.2.1.3 Trpm7"i-PfaCre mice

MK and platelet-specific conditional knockout mice of Trpm7 were generated as described
earlier [75]. Briefly, mice were used possessing loxP sites flanking exon 17 of the Trpm7 gene.
Homozygous floxed mice (Trpm7"™) were intercrossed with PF4Cre mice to obtain a MK- and

platelet-specific deletion of Trpm7 (Trpm7""-P4Ce) in vivo.

Trpm7 specific forward and reverse primers were used which flanked the deleted exonic

region.

Forward-1: 5-GCTATTGAAAAAGTCCGTGAGG-3';
Reverse-1: 5-AACCATACTTTAATCTTCTGGCTGAT-3’;
Forward2: 5-TTCACTCGGTG CAAGCAG AA-3;

Reverse-2: 5-ACCAATCCGGTAACAAAGCTG-3".

2.2.1.4 Nbeal2”, Unc13d™ mice

Nbeal2”~ and Unc13d” mice were generated as described earlier [21, 178].

2.2.1.5 RNA preparation from tissues using RNeasy Kit

Anesthetized mice were sacrificed by cervical dislocation and organs were collected
immediately. Later, organs were washed in sterile PBS and cut into small pieces of
approximately 30 mg. Cut tissue samples were homogenized in 600 pL of RLT buffer and
centrifuged at 14,000 rpm (Eppendorf 5417R) for 3 min. The supernatant was collected and
mixed with equal volume of 70% ethanol and added onto an RNeasy spin column. The columns

were centrifuged at 14,000 rpm for 15 sec and the procedure was repeated. Later, columns
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were washed once with 700 uyL RW1 buffer (15 sec, 14,000 rpm), twice with 500 uL RPE buffer
(15 sec, 14,000 rpm), and the RNA was eluted by adding 40 pL of RNase free water. After
incubated for 1 min, the samples were centrifuged at 14,000 rpm for 1 min. Using NanoDrop,
RNA concentration was quantified.

2.2.2 In vitro analysis of platelet function
2.2.2.1 Platelet preparation and washing

Mice were bled under isoflurane anesthesia from the retro-orbital plexus. 700 uL blood was
collected in a reaction tube containing 300 puL heparin in TBS (20 U/mL, pH 7.3). The blood
was centrifuged at 1,500 rpm for 6 min at room temperature (RT). The supernatant was
transferred to a new reaction tube (red cell contamination was allowed) and centrifuged at 800
rpm for 6 min at RT to obtain platelet-rich plasma (PRP). The obtained PRP was centrifuged
at 2,500 rpm for 6 min at RT, and the pellet was re-suspended into 1 mL Ca?*-free Tyrode’s
HEPES buffer containing apyrase (0.02 U/mL) and PGl (0.1 ug/mL). The sample was further
centrifuged at 2,500 rpm for 5 min. A second washing step was performed using the same
centrifugation procedure. The final platelet pellet was resuspended in an appropriate volume
of Tyrode’s HEPES buffer to the required platelet concentration.

Whole blood platelet count and size were determined by collecting 50 pL blood from
anesthetized mice to 300 pL heparin in TBS (20 U/mL, pH 7.3), using a Sysmex KX-21N
automated hematology analyzer (Sysmex Corp, Kobe, Japan).

Human platelets were washed by centrifuging citrated whole blood at 900 rpm for 15 min with
deceleration break 3 at RT. Straw-colored PRP was collected (only 80% of the total) avoiding
red blood cell contamination into new tubes. Later, PRP was supplemented with apyrase and
PGI, (as above) and centrifuged break-free for 5-8 min at 2,800 rpm. If required, the plasma
was stored at -80 °C for further use. Platelet pellets were re-suspended into Tyrode’s HEPES

buffer without CaCl,, and used for indicated assays.

2.2.2.2 Aggregometry

Washed platelets at 5 x 10%/uL in Tyrode’s HEPES buffer containing apyrase (0.02 U/mL) but
without CaCl, were prepared. To determine platelet aggregation, 50 pL of the prepared platelet
suspension was added to 110 L of Tyrode’s HEPES buffer containing 70 pg/mL fibrinogen
and light transmission was recorded on a Fibrintimer 4 channel aggregometer (Apact 4-
channel optical aggregation system, APACT, Hamburg, Germany). For activation with

thrombin, washed platelets were diluted into Tyrode’s HEPES buffer containing 2 mM CacCly,
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but without fibrinogen. Activation was performed with different concentrations of agonists
specific for GPVI- (CRP, collagen) or GPCR-induced signaling (thrombin) or stable analog of
thromboxane, U46619. To stimulate CLEC-2, rhodocytin was used. Each measurement was
carried out until 10 min. Platelet aggregation was expressed in arbitrary units, setting the
transmission of Tyrode’s HEPES buffer with Ca?* and fibrinogen at 100%.

2.2.2.3 Measurement of [Mg?']i or [Zn?*] on FACS Canto Il

Washed platelets (5 x 10° cells/uL) were loaded with Mag-Fluo-4 ([Mg?*]i) or FluoZin-3 ([Zn#'])
(5 pg/mL of dye in DMSO mixed 1:1 with 37 °C pre-heated pluronic acid), left shaking at 300
rpm for 30 min at 37 °C in the dark. Loaded platelets were left idle for an additional 20 min at
37 °C in the dark. 25 pL of the loaded platelets were diluted to 1 mL with HBSS with 1 mM
MgCl. (for Mag-Fluo-4) or with Tyrode’s HEPES buffer without calcium (for FluoZin-3), and
fluorescence intensity was recorded for an initial 50 sec to establish basal Mg?* or Zn?* levels.
Subsequently, 2 mM CaCl; and agonist were added to 500 pL of the platelet suspension, and
changes of fluorescence intensity were recorded for an additional 300 s. Measurements are
shown as a complete kinetic curve by appending the first 50 sec to the following 300 sec. To
perform the measurements, a BD FACS Canto Il was used, and the results were analyzed by
FlowJo 10.0 Software (TreeStar, USA) . Approximately, the initial 10% and final 10% of the
geometric mean fluorescence intensity (Geo-MFI) from each dot plot were used to calculate
the percentage of loss and residual fluorescence signal for Mag-Fluo-4 or FluoZin-3. Data are
reported as Mag-Fluo-4 Geo MFI% or FluoZin-3 Geo-MFI + SD.

2.2.2.4 Measurement of [Ca?']; using fluorimeter

100 pL of washed platelets (2.5 x 10° cells/uL) were loaded with Fura2 (5 pg/mL of dye in
DMSO mixed 1:1 with 37°C pre-heated pluronic acid), left 20 min at 37°C in the dark.
Thereafter, cells were centrifuged at 2,500 rpm for 2 min (washing step) and the pellet re-
suspended with 500 pL of measuring buffer (HBSS with 1 mM MgCl,) and transferred to a
cuvette (provided by Perkin Elmer, Boston, USA) with a magnetic stirrer. Fluorescence
measurements were carried out on a PerkinElmer LS 55 fluorimeter (alternate excitation at 340
and 380 nm, and emission at 509 nm), equipped with FLWinlab software. After 50 sec of
recording time the agonist was added and the measurement was continued until 300 sec,
without extracellular CaCl; for store release; or with 1 mM Ca?* for calcium entry studies. In
case of measurements with thapsigargin, store release was recorded until 300 sec in the
absence of CaCl,, later 1 mM CacCl; was added and Ca?* entry was recorded until 500 sec.

Each measurement was stopped by adding 100 pL of 1% Triton-X100 to lyse the platelets to
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get a maximal Ca?* level and subsequently 100 uL EDTA (0.5 M) was added to get a minimal
Ca?* level. Using FLWinlab software each measurement curve was calibrated to report
nanomolar changes in the [Ca?"]; levels.

2.2.2.5 Flow Cytometry using FACS Calibur

To assess the activation of apPs integrin and P-selectin exposure (a marker for a-granule
release), platelets were washed as described above and diluted to a concentration of 2 x 10*
platelets/uL in Tyrode’s HEPES buffer with 1 mM CacCl,. Tubes were prepared in advance,
containing a 1:1 mixture of fluorophore-conjugated antibodies against activated a3 integrin
(PE-coupled 4H5) and P-selectin (FITC-coupled 5C8). Agonist dilutions were prepared and
maintained on ice. CRP was used as a GPVI-specific agonist, whereas thrombin, ADP, and
the TXA; stable analog U46619 were used as GPCR-specific agonists. Seven pL of each
agonist dilution was added to the specific reaction tubes containing the antibodies and
maintained at 4 °C until use. Fifty puL of the prepared platelets were then added to the reaction
tubes and incubated for 6 min at 37 °C, followed by 6 min at RT. Reactions were stopped by
the addition of 500 pL PBS, and measurements were carried out immediately using a FACS
Calibur (BD Biosciences) flow cytometer. For determination of basal glycoprotein expression
levels, washed platelets were stained for 10 min at RT in the dark with saturating amounts of
fluorophore-conjugated antibodies. Reactions were stopped by the addition of 500 uL PBS,

and samples were immediately analyzed on the FACS Calibur instrument.

2.2.2.6 Platelet life span

Platelets were labeled in vivo by intravenous injection of 5 ug of DyLight 488-conjugated anti-
GPIX antibody derivative diluted in sterile phosphate saline buffer (PBS). At indicated time
points, samples of 50 pL blood were collected and incubated with a PE-conjugated anti-GPIb
antibody for 10 min at RT. The percentage of double positive platelets was determined by flow

cytometry.

2.2.2.7 Measurements of second wave mediators

ATP secretion was determined using CHRONO-LUME reagent on a Chronolog aggregometer
(Chrono-Log, Philadelphia, PA, USA), serotonin release was measured using a commercially
available ELISA kit (5-HT ELISAstTrack | DN, Nordhorn, Germany), and thromboxane release
was measured using an ELISA kit (DRG, Marburg, Germany). Briefly, 5 x 10° platelets/uL

isolated platelets were stimulated with the indicated agonists for 5 min, and the reaction was
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stopped by adding 100 pL of the activated platelet suspensionto 5 mM EDTA and 1 mM aspirin
containing reaction tubes. Samples were then pelleted by centrifugation (2,800 rpm; 5 min)
and 50 pL of supernatant was added to 950 pL of Tyrode’s HEPES buffer without CaCl,, and
the TXB, concentration was measured following the manufacturer’s protocols. To determine
phospholipase C activity, washed platelets were prepared in phosphate-free Tyrode’s HEPES
buffer containing 50 mM LiCl, with or without 1 mM CaCl.. An ELISA for IP1 was performed

according to the manufacturer’s protocol (Cishio Bioassays, Codolet, France).

2.2.2.8 Mepacrine uptake and release

Mepacrine uptake and release (kinetic/end-point) measurements were performed by loading
whole blood samples with mepacrine dihydrochloride (Sigma-Aldrich, St. Louis, MO, USA) for
30 min at 37 °C (5 uM final concentration) in the dark. After loading, baseline fluorescence of
unlabeled platelets was recorded, excited at 488 nm for 60 sec. Subsequently, the
fluorescence signal after mepacrine addition was recorded for an additional 60 sec to
determine mepacrine uptake. Finally, following the indicated activation, the fluorescence signal
was recorded for an additional 600 sec to assess mepacrine release. Healthy controls subjects,
whose blood was drawn on the same day as of the patients, were used as controls for
comparative analysis. In case of mepacrine measurement in mouse platelets, littermate

age/sex matched controls were used.

2.2.2.9 Adhesion under flow conditions

Rectangular coverslips (24 x 60 mm) were coated with 0.2 mg/mL fibrillar type | collagen
(Horm, Nycomed) overnight at 37°C and blocked for 30 min with 1% BSA in PBS. Blood (700
ML) was collected to reaction tubes containing 300 pL heparin (20 U/mL in TBS, pH 7.3) across
the retro-orbital plexus. The collected blood was supplemented with Dylight-488 conjugated
anti-GPIX Ig derivative (0.2 yg/mL) and incubated at 37 °C for 5 min. Subsequently, the blood
was diluted 2:1 in Tyrode’'s HEPES buffer containing CaCl, and filled into a 1 mL syringe.
Transparent flow chambers with a slit depth of 50 pm was equipped with the coated coverslips
and connected to the syringe filled with diluted whole blood. Blood was perfused using a pulse-
free pump at the mentioned shear rates for 4 min. Thereafter, coverslips were perfused with
Tyrode’'s HEPES buffer at the same shear rate for 2 min, and later phase-contrast and
fluorescent images were taken from different microscopic fields (40x objective) using a Zeiss
Axiovert 200 inverted microscope equipped with a CoolSNAP-EZ camera (Visitron, Puchheim,

Germany)). Image analysis was done using offline version of Metavue software (Visitron,
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Puchheim, Germany). Surface coverage area and integrated fluorescence intensity were

reported.

2.2.2.10 Determination of phosphatidylserine exposure in platelets

Washed platelets (2 x 10%/uL), re-suspended in Tyrode’s HEPES buffer with 1 mM CacCals,
were incubated with 10 pL of Dylight 488-labeled annexin A5 together with the agonist for 15
min at 37°C. Subsequently, the reaction was stopped by adding 500 pL of Tyrode’'s HEPES
buffer with 1 mM CaCalz, and the percentage of fluorescently labeled platelets was analyzed
by flow cytometry. To determine phosphatidylserine (PS) exposure under flow, heparinized
whole blood containing 20 U/mL of heparin was perfused over a collagen-coated surface at
mentioned shear rate for 4 min. Subsequently, washing was performed with Tyrode’s HEPES
buffer with 2 mM CacCl,, 5 U/mL heparin and 0.25 mg/ml DyLight488 annexin A5 antibody for
an additional 4 min. Phase-contrast and fluorescent images were acquired during this time and
analyzed using offline version of Metavue software (Visitron, Munich, Germany). Surface

coverage area and procoagulant index were reported.

2.2.2.11 Spreading assay

Glass coverslips (24 x 60 mm) were coated with 100 pg of human fibrinogen under humid
conditions at 4°C o/n and blocked for at least 1 h at RT with 1% BSA in sterile PBS. The
coverslips were rinsed with Tyrode’s-HEPES buffer containing 1 mM CacCl; and left to air dry
before being used for spreading. 30 - 60 puL washed platelets (3 x 10° cells/uL) were diluted to
5 x 10* cells/uL for 5 min timepoint and 2 x 10* cells/pL for 15 and 30 min timepoint spreading
with Tyrode’s-HEPES containing 1 mM CacCl, and added immediately to fibrinogen coated
coverslips to spread. Samples for 15 min and 30 min spreading were stimulated with thrombin
(0.01 U/mL). Platelet spreading was stopped by the addition of 300 uL 4% PFA/PBS.
Excessive fixative was removed, and platelets were visualized by differential interference
contrast (DIC) microscopy on a Zeiss Axiovert 200 inverted microscope (100 x, 1.4 N.A. oil
objective). Representative images were taken using a CoolSNAPEZ camera (Visitron, Munich,
Germany), and evaluated for the different stages of platelet spreading with ImageJ (National
Institutes of Health, Bethesda, MD, USA). Spreading stages were defined as: 1) round, no
filopodia and lamellipodia; 2) only filopodia; 3) filopodia and lamellipodia; 4) fully spread.

34



MATERIALS AND METHODS

2.2.2.12 Tyrosine phosphorylation

Platelets were washed as described above, and suspended at a concentration of 1 x 10°
cells/mL into BSA-free Tyrode’s HEPES buffer with or without CaCl, as stated. Furthermore,
50 pg/mL integrilin was added to prevent integrin activation and aggregation of platelets. To
study tyrosine phosphorylation patterns during the initial steps of activation, platelets were
resuspended in Tyrode’s HEPES buffer without Ca?* but supplemented with 2 U/mL apyrase,
10 uM indomethacin (17378-5G, Sigma Aldrich) and 1 mM EDTA (Roth). Stated agonist was
added, while the platelet suspension was constantly stirred (300 rpm, thermocycler) at 37 °C.
At specific time points, 50 pL of the suspension was lysed into an equal volume of ice-cold 2x
lysis buffer (300 mM NaCl, 20 mM TRIS, 2 mM EGTA, 2 mM EDTA, 10 mM NaF, pH 7.5),
supplemented with protease inhibitor cocktail (1:100, Sigma) and PhosSTOP (1 tablet/10 mL,
Roche). Lysates were maintained on ice for 10 min, denatured with 4x reducing sample buffer
and boiled at 96 °C for 10 min. The prepared protein lysates were frozen at -80 °C for future
use up to a maximum of two weeks. Sodium dodecyl sulfate (SDS) polyacrylamide gel
electrophoresis (PAGE) was performed and using a semi-dry transfer method, the proteins
were transferred onto a polyvinylidene difluoride (PVDF) membrane. After blocking with 5%
BSA or 5% non-fat dry milk in TBST-T (as required), membranes were immunoblotted for the
indicated phosphorylated residues. After developing the signals, respective membranes were
stripped for 45 min at RT and re-blotted for total proteins. Again after developing the signals,
the membrane was stripped again and re-blotted using an anti-p-actin antibody which served
as a loading control. Bands were visualized via horseradish-peroxidase coupled secondary
antibodies and enhanced chemiluminescence solution. Films were developed using an X-ray

film processor (GE Healthcare or Cawo Solutions, Schrobenhausen, Germany).

2.2.2.13 Confocal microscopy of platelets

For confocal microscopy, isolated platelets (5 x 10%/uL) supplemented with apyrase (0.02
U/mL) and PGl (0.1 pg/mL) were loaded with the indicated AM fluorescent dye (5 pyg/mL of
dye in DMSO mixed 1:1 with 37 °C pre-heated pluronic acid) and left shaking at 300 rpm for
30 min at 37 °C in the dark. After an additional 20 min incubation, the loaded platelets (7 x
10%uL) were fixed with an equal volume of 2% PFA/PHEM and allowed to adhere immediately
to poly-L-lysine for 20 min at RT (served as resting samples). For activated platelet samples,
5 x 10* of loaded platelets/uL were diluted with equal volume of Tyrode’s HEPES buffer
(supplemented with 2 or 0.2 mM CacCl,), activated with indicated agonist, and placed directly
on fibrinogen (100 pg/mL) coated coverslips for 30 min at 37 °C in the dark. Spread platelets
were fixed with 2% PFA/PHEM for 20 min. Subsequently, coverslips were washed with D-PBS,
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and platelets were counterstained with phalloidin-Atto 647N (1:300 in PBS) for 90 min at RT in
the dark. After the counterstaining, coverslips were washed with D-PBS shortly, and mounted
onto glass slides using Fluoro shield mounting medium (Dako). 2D images or Z-stacks were
obtained on Leica TCS SP5 confocal microscope (Leica Microsystems, Wetzlar, Germany)
and analyzed with using Fiji, Leica LAS AF Lite and Imaris softwares as required.

2.2.3 In vivo analysis of platelet function

All experiments with mice were performed in accordance with the governmental authorities of
lower franconia (Regierung von Unterfranken) and the recently published ARRIVE guidelines
(http://www.nc3rs.org/ARRIVE).

2.2.3.1 Tail bleeding and tMCAO model of stroke

Tail bleeding was performed by resecting 1 mm tail tip and collecting blood every 20 sec until
the wound cessation up to a maximum of 20 min. 60 min or 30 min transient middle cerebral
artery occlusion (tMCAO) model of stroke was performed and compared between the
respective test and control groups. Experiments were performed as previously described [133].
Briefly, a filament was advanced through the right carotid artery into the MCA to induce an
ischemic stroke. After the stated time of occlusion, the filament was removed and reperfusion
was allowed. Functional tests were performed and the extent of infarction was assessed 24 h
after reperfusion on 2,3,5-triphenyltetrazolium chloride (TTC)-stained brain sections from

sacrificed mice and reported.

2.2.3.2 Generation of BM chimera mice

BMchimera mice were generated by lethally irradiatated 5 to 6 weeks old WT or indicated
recipient mice at a single dose of 10 Gray; subsequently 4 x10° BM cells from the indicated
donor mice were retro-orbitally injected. All recipient animals received acidified water
containing 2 g/L neomycin sulfate for 2 weeks after BM transplantation. All experiments with
mice were performed in accordance with the governmental authorities of lower Franconia
(Regierung von Unterfranken) and the recently published ARRIVE guidelines
(http://www.nc3rs.org/ARRIVE).

2.2.4 Determination of Mg?* level in serum and platelets

Blood from 8-weeks old male mice was collected and mice were sacrificed. Serum was isolated
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by centrifugation (1,400 rpm; 10 minutes at 4°C) of coagulated blood. Mg?* levels in the
obtained serum and in bone samples were determined by inductively coupled plasma mass
spectrometry (ICP-MS) (ALS laboratories, Luled, Sweden). The Mg?* content of platelet and
plasma samples was analyzed by taking a total of 108 pelleted platelets or 300 pL of plasma
(collected while washing platelets) and analysed again by ICP-MS (lzotoptech Zrt, Debrecen,

Hungary).

2.2.5 Histology

Stated organs were obtained from sacrificed mice, washed in sterile PBS and fixed overnight
at 4 °C in 4% PFA/PBS. The following day, all organs except femura were washed in sterile
PBS, dehydrated and embedded in paraffin. Femura were decalcified for 3 days in 10%
EDTA/PBS, which was exchanged each day. Later, the femura were also embedded in
paraffin. Using a Cool Cut Microtome (Thermo Scientific, Braunschweig, Germany), embedded
organs were cut to 3 um thick sections and left to dry at 37 °C overnight. Prepared sections
were deparaffinized by xylene, rehydrated using decreasing EtOH concentrations (100%, 90%,
80% and 70%), followed by a final incubation in milli-Q water for 2 min. Later, sections were
stained in hematoxylin solution for 30 sec, and washed for 10 min in running water. Next,
sections were stained for 2 min with 0.05% Eosin G and after a short wash in Millipore water,
dehydration steps were repeated as above but in reverse order. Finally, sections were mounted

using Eukitt medium and analyzed using a Leica DMI 4000B inverse microscope.

2.2.6 Immune cell analysis
2.2.6.1 Flow cytometry with immune cells on FACS Canto Il

For FACS analysis, tissues were disrupted and passed through a 70 um cell strainer (BD
Biosciences, USA) to obtain single-cell suspensions in PBS with 2 mM EDTA, 1% fetal calf
serum (FCS). Blood leukocytes were obtained by withdrawing 100 pL of blood from the retro-
orbital plexus into EDTA-coated tubes (Sarstedt, Nimbrecht, Germany). Red blood cells were
lysed by adding red blood cell lysis buffer (155 mM NH4CI, 10 mM KHCO3; and 0.1 mM EDTA)
for 5 min at RT, and samples centrifuged at 1,500 rpm at 4 °C. Pellets were resuspended in
antibody cocktails, and the cells were stained for 30 min at 4 °C in the dark. The following
combinations were used with specific antibodies from BD: diluted 1:100: IgD, clone 11-26c¢.2a;
IgM, clone R6-60.2; CD21/CD35, clone 7G6 and CD5, clone L17F12; diluted 1:200: CD23,
clone B3B4; diluted 1:250: CD45R, clone RA3-6B2; diluted 1:300: CD45, clone 30-F11; CD3,
clone 500A2 and CD8a, clone 53-6.7; diluted 1.800: CD138, clone 281-2; and eBioscience:
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diluted 1:300: CD4, clone GK1.5. Probes were analyzed using FACSCanto Il (BD Biosciences,
Heidelberg, Germany) and FlowJo 10.0 Software (TreeStar, USA).

2.2.6.2 B cell proliferation

B cell proliferation was performed by staining naive B cells with carboxyfluorescein
succinimidyl ester (CFSE), as previously described [179]. Briefly, pure uncaptured naive B
cells from the spleen were isolated using CD43-coupled (Ly-48) MicroBeads (Miltenyi,
Germany) following the manufacturer’s instructions. The percentage of CD19* cells after
enrichment was determined by flow cytometry (90-99%). Pure B cells (5 x 10%/mL) were
incubated with 5 mM CFSE at 37 °C for 10 min, and after an extensive washing 2 x 10° cells
were cultured in round-bottom 96-well plates. Cells were left untreated or were stimulated with
10 pg/ml lipopolysaccharide (LPS) (Sigma Aldrich, Saint Louis, USA), 5 pg/mL anti-lgM
antibody (Jackson Immunology, USA), 50 ng/mL phorbol 12-myristate 13-acetate (PMA)
(Sigma Aldrich) plus 500 ng/mL ionomycin (Sigma Aldrich) for 48 h. Thereafter, the percentage

of proliferating cells was determined, using unstained B cells as controls.

2.2.6.3 Immunoblotting with immune cell lysates

A certain number of 10° purified B or CD4* cells/uL, derived from WT or Magtl®™ mouse
spleens, was suspended in Hank's balanced salt solution (HBSS), supplemented with 1 mM
MgClz and 2 mM CaCl.. The cells were activated with anti-lgM antibody under constant stirring
(300 rpm) at 37 °C. Samples of 50 uL of the cell suspension were lysed with equal volume of
ice-cold lysis buffer (300 mM NacCl, 20 mM TRIS, 2 mM EDTA, 2 mM EDTA, 10 mM NaF, pH
7.5), supplemented with protease inhibitor cocktail (1:100, Sigma) and phosphatase inhibitors
(PhosSTOP; (1 tablet/10 mL, Roche) at the indicated time points and maintained on ice for 10
min. Cell debris was removed by centrifuging the samples at 14,000 rpm for 10 min at 4 °C.
The supernatants were collected and denatured by boiling at 96 °C for 10 min in 4x reducing
sample buffer, upon constant stirring at 300 rpm. Lysates were stored at -80 °C until
immunoblotting was performed, for a maximum period of 4 weeks. Denatured protein lysate
was loaded onto an 8% acrylamide gels and run at 15-20 mA/gel. Subsequently, a semi-dry
transfer was performed for 1 h at 50 mA/gel, and proteins transferred to a polyvinylidene
difluoride (PVDF) membrane (#10600023, VEF, Germany). Membranes were blocked with 5%
BSA TBS-T for 1 h at RT, washed shortly and probed with primary antibodies [rabbit anti
phospho-PLCy2 (Tyr759) (#3874), phospho-Syk (Y525/526) (#2711), phospho-PKC (pan) (Bl
Ser660) (#9371), phospho-PKC3s (Tyr311) (#2055), phospho-PKCZ/A (Thr410/403) (#9378),
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anti-PLCy2 (#3872), anti-Syk (#2712) all from Cell Signaling, USA]. Mouse anti-PKC Il (sc-
13149) mAb was from Santa Cruz Biotech, Germany. Rabbit anti-PKCd (D10E2) (#9616) and
PKCC (#9372) antibodies were from Cell Signaling, USA). Probing was overnight at 4 °C,
followed by a 3-4 times wash (5 min each), signal development in TBS-T. After stripping for 1
h at RT, membranes were re-probed for the respective total proteins and signals developed as
above. Membranes containing cellular B-actin were stripped again for 1 h at RT, and signals
developed as above. Relevant secondary antibodies [anti-rabbit IgG HRP-linked (#7074) or
rabbit anti-goat HRP-linked (#P0449) or anti-mouse (#P0260) antibodies from DAKO,
Hamburg, Germany] were used for 1 h at RT, and using an enhanced chemiluminescence
detection kit (GE Healthcare) signals were obtained. Antibody for B-actin (A2066, Sigma-

Aldrich, Germany) was used as a loading control.

2.2.6.4 Measurement of [Ca?*]; in immune cells

Purified B or CD4" cells (2 x 10°) were loaded with Fura-2 AM (F1221, Invitrogen) in pluronic
acid for 20 min at 37 °C in the dark. After loading, cells were spun in an eppendorf centrifuge
at 1,500 rpm for 2 min and the pellet was resuspended in 500 pL HBSS containing 1 mM
MgCl.. The Ca?* store release induced by anti-lgM or thapsigargin was recorded during 300
sec, after which 1 mM CaCl, was added to follow Ca?* influx until 500 sec. A Perkin Elmer LS-
55 fluorimeter was used for the measurements. Triton-X-100 (for maximum Ca?*) and EDTA
(for minimum Ca?") were used to calibrate each measurement in order to quantify the final

reported Ca?* levels as described before [13].

2.2.6.5 Measurement of [Mg?*]i in immune cells

Mature B or CD4" cells were purified using the respective cell isolation kits following
manufacturer’'s protocols. 5 x 10° cells/uL were loaded with 1 mg/mL MagFluo-4 AM (#
M14206, Invitrogen) in DMSO, mixed 1:1 with pluronic acid. Cells were left at 37 °C in the dark
for approximately 1 h. Samples of 25 pL of the loaded cells were diluted to 1 mL with HBSS
containing 1 mM MgCl., and fluorescent events were recorded for 50 s (for a basal Mg?* level).
Subsequently, 2 mM CaCl, and agonist were added to 500 pL aliquotes of the cell suspension,
and fluorescent events were recorded for an additional 300 sec. Data are shown as Mag-Fluo-
4-geometric mean fluorescence intensity (Geo-MFI) + SD from approximately 10% of each dot
plot before (resting) and after (activation) agonist addition for each data point. FACSCanto Il

(BD Biosciences) was used and results were analyzed using FlowJo 10.0 software (TreeStar).

39



MATERIALS AND METHODS

2.2.6.6 Natural killer cell isolation and killing assay

Natural killer (NK) cells were isolated from red blood cell-lysed spleen cell suspension using
magnetic beads according to the manufacturer’s protocol (Affymetrix/ThermoFisher Scientific
). Seeding was at 1 x 10° cells/well (48-well plate, Greiner) in a total volume of 1 mL RPMI
1640 medium, supplemented with 1 mM sodium pyruvate, non-essential amino acids MEM
(0.05-2 mM), 100 U/mL penicillin and 100 pg/mL streptomycin, 30 uM mercaptoethanol, 2 mM
L-glutamine (all Gibco) and 10% (v/v) heat-inactivated fetal calf serum per well. Recombinant
human IL-2 (Proleukin, Novartis) was added at 10 uM and the cells were cultured for three
days (37° C; 5% CO.) in order to activate NK cells (average purity: 70% CD3" NK1.1"" cells).
NK cell kiling assays were performed using 1 x 10* CFDA-SE-labeled (5 uM, Life
Technologies) RMA, RMA-H60 or RMA-Raelf cells [169] per well (96-well V-bottom plate)
together with decreasing amounts of activated NK cells from WT or Magt1™ mice. After 4 h of
incubation at 37 ° C and 5% CO,, annexin A5 (Becton Dickinson) and propidium iodide (Sigma)
were added to the cultures to assess the survival of the CFDA-SE positive cells. In similar
cultures, mAb C7 (BioLegend) was added at 10 pg/mL to block NKG2D-mediated Killing.

Protocols were as previously described [180].

2.2.7 Data analysis

Results are presented as means + standard deviation (SD) from at least three independent
experiments per group. Differences between the controls and the respective test groups were
statistically analyzed using the unpaired Student’s t-test. For the Bederson score and grip test,
Mann-Whitney U test was used. P-values <0.05 were considered as statistically significant
(*P<0.05; **P<0.01; ***P<0.001).
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3. Results
3.1 Analysis of kinase-dead TRPM7 knockin (Trpm7%R) mice
3.1.1 Platelet aggregation response upon activation

Recently, in MKs, TRPM7 was identified as a critical regulator of Mg?* homeostasis, which is
essential for thrombopoiesis in the BM [66]. A kinase-dead knockin mouse strain (Trpm7~/R)
carrying a point mutation (Lys1646 to Arg) in the Mg?*-ATP binding site of the kinase domain,
was generated to detect an in vivo functional role of TRPM7 kinase and channel. It was
demonstrated using electrophysiological studies that inactivation of kinase activity does not
influence the channel activity of TRPM7 [159]. Additionally, the mice did not show any

alterations in Mg?* levels of platelets, bones, or other vital organs [160].
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Figure 7. Defective platelet aggregation responses in Trpm7%R mice: (A-C) Aggregation traces of WT (black)
and Trpm7RR (grey) platelets in response to the indicated agonists with or without the stated treatments. Washed
platelets were stirred for the indicated time in the presence of the indicated agonists and light transmission was
recorded with an Fibrinmeter 4-channel aggregometer over time. ADP activation measurements were performed
with PRP. Representative traces from three independent experiments are presented (n = 4). Thr: thrombin; CRP:
collagen-related peptide; Coll: Horm collagen. SQ29548: TP receptor blocker; AA: arachidonic acid; PRP: platelet-
rich plasma.
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Interestingly, agonist-induced inside-out activation of integrin aiBs and P-selectin surface
exposure, as a marker of a-granule release, were significantly reduced in response to
stimulation of GPVI and stimulation with thrombin. Trom7%® platelets also showed defective
ATP and serotonin release in response to lower doses of CRP or thrombin. Additionally, under
flow Trpm7R”® whole blood produced thrombi with reduced surface coverage area. These
results have been described earlier by Dr. Wenchun Chen in his Ph.D. thesis. In the present
study, using various inhibitors, a better understanding of the signaling mechanisms behind the
observed aggregation defects was demonstrated. Amplification of the GPVI signaling requires
activation of the LAT complex through Syk, as well as the release of TXA2, ADP and serotonin.
The thromboxane receptor blocker SQ29548, inhibited the aggregation response of Trpm7~/R
platelets to high dose collagen, mimicking the defect observed to low dose collagen stimulation
in control samples (Figure 7A). In contrast, low dose thrombin-induced aggregation in WT
platelets was inhibited to Trpm7~® level in the presence of SQ29548 (Figure 7B). Next,
platelets were stimulated with arachidonic acid, resulting in normal aggregation responses
(Figure 7C). This indicates that the arachidonic acid metabolism (generation of TXA. by
cyclooxygenase) is unchanged during the activation of Trpm7~® platelets.

3.1.2 Calcium responses in Trpm7~R platelets

An activation-dependent increase in [Ca?']; through the release of Ca?* from intracellular stores
and subsequent SOCE and receptor-operated Ca?* entry (ROCE) are prerequisite events for
platelet integrin B3 activation, as well as for degranulation [181, 182]. To investigate whether
altered Ca®* responses accounted for the impaired o- and §-granule secretion in Trpm7~R
platelets, GPVI-ITAM and GPCR signaling pathways were analyzed by fluorimetric
determination of agonist-induced changes in [Ca?*]. In line with a reduced integrin activation
and degranulation, Ca?* store release was significantly reduced in Trpm7"®R platelets in
response to CRP or thrombin, indicating a combined GPVI and PAR receptor signaling defect.
As a consequence of the abnormal Ca?" store release, the GPVI-Syk-LAT-PLCy2 and
thrombin-Gg-PLCp induced Ca?* influx was also reduced in Trpm7%R platelets (Figure 8A &
B). To study whether TRPM7 kinase could directly contribute to the regulation of SOCE,
thapsigargin was used to bypass the GPVI and PAR receptor-induced Ca?* mobilization defect
and to directly modulate SOCE. Despite the normal basal cytoplasmic Ca?" level and the
unchanged thapsigargin-induced Ca?* store release, SOCE was strongly reduced in Trpm7~/R
platelets, suggesting a direct role of the TRPM7 kinase in the regulation of STIM1/ORAI1
complex (Figure 8C).
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3.1.3 Tyrosine phosphorylation in Trpm7~R platelets

The GPVI signalosome is regulated by the Src family kinase member Lyn and the tyrosine
kinase Syk, which modulates the enzymatic activity of PLCy2 and other signaling molecules
[183]. In agreement with the previously presented results (Figure 7 & Figure 8), tyrosine
phosphorylation of SykY525/526 | ATY132/Y191 gnd PLCy2"7%° was delayed in Trpm7~R platelets in
response to stimulation with a low dose of CRP (Figure 9A), whereas the phosphorylation was
normal when a high dose of CRP was used (Figure 9B). Furthermore, phosphorylation of
serine residue 729 on PKCe, a downstream effector of PLCy2, was also diminished suggesting
a strongly impaired PLC activity under this condition. In sharp contrast, phosphorylation of
LynY5%” within the inhibitory loop of the enzyme was unaltered. In addition, PLCPB3
phosphorylation was reduced upon stimulation with thrombin (Figure 9C). To further address
the potential role of Syk in TRPM7 kinase signaling, the (hem)ITAM receptor CLEC-2 was
stimulated using rhodocytin. Similarly to the GPVI signaling pathway, a reduced
phosphorylation of SykY525/526 | ATY132Y191 gand PLCy2Y7° was observed upon the stimulation
of Trpm7%R platelets with rhodocytin (Figure 9D). Altogether, these results suggest that altered
activation of Syk and PLC isoforms can account for the general signaling defects of Trpm7~R

platelets.
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Figure 9. TRPM7 kinase regulates GPVI, PAR, and CLEC-2-mediated signaling pathways: (A & B) Western
blot showing the time-dependent tyrosine phosphorylation pattern of Trpm7R/R platelets upon CRP, (C) thrombin or
(D) rhodocytin stimulation. Representative blots from three independent experiments are presented. Thr: thrombin;
CRP: collagen-related peptide; RC: rhodocytin.

3.2 Analysis of Trpm77/-PfCre mice

3.2.1 Count, size, glycoprotein expression and [Mg?*]iin platelets

In an earlier study, Trpm7"f-Ptcre

mice were reported to have macrothrombocytopenia with an
abnormal spleen and BM structure and an increased number of MKs in these organs. We found
that major glycoproteins expressed on the surface of platelets were not altered between WT
and Trpm7""P4Ce mice (Figure 10A & B). Using Mag-Fluo-4, the concentration of [Mg?*]; in
whole blood was found to be lower in mutant mice [75]. Washed mutant platelets, loaded with
Mag-Fluo-4, also showed a defective [Mg?*];, irrespective of the condition of hypomagnesemia

(0 mM MgCly) or physiological magnesia (1 mM MgCl,) (Figure 10C & D).
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Figure 10. [Mg?*]i deficit in Trpm77/-P4Cre platelets: (A) Platelet count (left) and mean platelet volume (right)
measured in heparinized whole blood by flow cytometry. A representative of three independent experiments is
presented (n = 4). (B) Surface expression of major platelet glycoproteins, as assessed by flow cytometry. A
representative of three independent experiments is shown (n = 5). MFI: mean fluorescence intensity. (C & D) [Mg?*];
concentration was measured in platelets incubated with HBSS buffer containing (C) 0 mM MgCl2 and 0 mM CacCl2
or (D) 1 mM MgClz and 2 mM CaClz using Mag-Fluo-4, as explained in the methods. Results from three independent
experiments are shown as mean fluorescence intensity + SD (n = 3). WT mice are represented by black bars and
Magt1”y mice are represented by gray bars. Rest.: resting, Cvx.: convulxin, MF4: Mag-Fluo-4, Thr: thrombin, HBSS:
Hank's balanced salt solution. An unpaired Student’s t-test was used to test significance. *P<0.05, **P<0.01,
***P<(0.001. (Data in Figure 10A & B kindly provided by Dr. Simon Stritt).

3.2.2 Platelet reactivity in Trpm77/-Picre mice
3.2.2.1 Ca? responses

To investigate the physiological relevance of TRPM7 channel for platelet reactivity, we
analyzed the Ca?* responses in Trpm7"™P1Ce platelets. It has been shown that TRPM7 is
localized on the plasma memberane and on intracellular vesicle membranes [184]. When
Trpm7"tPCre platelets were activated in the absence of extracellular Ca?*, a profound increase
of Ca?" store release was observed in response to thrombin, CRP, rhodocytin or U46619
stimulation, in comparision to WT platelets (Figure 11A). To study whether TRPM7 could
directly contribute to the regulation of SOCE, Trpm7""P“Cr platelets were stimulated with
thapsigargin. Interestingly, thapsigargin-triggered SOCE was significantly reduced in the

Tl’pm 7ﬂ/f|-Pf4Cre

platelets compared to WT platelets, although the store release was normal in
response to thapsigargin (Figure 11B &C). In the presence of 1 mM extracellular CaCl,, a
defective agonist-induced Ca?" influx was detected, indicating that the enhanced Ca?* store

release could not amplify SOCE in the mutant platelets (Figure 11D).
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3.2.2.2 Agonist-induced platelet activation in Trpm77/-P4Cre mice

Integrin activation and degranulation have been assessed by flow cytometry to assess the
functional implications of the altered Ca?* signaling in Trpm7""P4Cr platelets. Washed platelets
from either WT or Trpm7"™PfC® mice were stimulated with ITAM or GPCR specific agonists,
and auibPs integrin activation and granule release (P-selectin exposure) were assessed by flow
cytometry using the JON/A-PE and anti-P-selectin antibodies, respectively [173]. Depending
on the type of agonist used, the TRPM7-deficient platelets displayed variable activation
responses. This ranged from increased integrin oupPBs activation with GPCR agonists (ADP,
ADP + U46619, thrombin), to a slightly reduced integrin activation in response to low doses of
CRP (Figure 12A). On the other hand, a consistent and significant decrease in P-selectin
exposure was observed in Trpm7"1P4Cre platelets, when triggered with high doses of thrombin

or any dose of (hem)ITAM agonists (Figure 12B).
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Figure 12. Abnormal integrin activation and degranulation in Trpm7%/f-Pf4Cre mice: (A) Flow cytometric analysis
of integrin aupPs activation (upper panel) and (B) degranulation-dependent P-selectin exposure (lower panel)
measured upon activation with the indicated agonists in WT (black bar) and Trpm7%#-PHCre (grey bar) platelets.
Results are expressed as mean fluorescence intensity (MFI) + SD. A representative from three independent
experiments is presented (n = 6). Thr: thrombin; U46., U46619; CRP: collagen-related peptide; CVX: convulxin;
Rhod: rhodocytin. An unpaired Student’s t-test was used to test significance. *P<0.05, **P<0.01, ***P<0.001.

3.2.2.3 PS exposure in Trpm71/i-Pfacre platelets

Besides platelet integrin activation and degranulation, Ca?* mobilization is an important step
for PS exposure, which enhances the procoagulant activity of stimulated platelets [185].
Therefore, this functional consequence of a dysregulated Ca?* homeostasis in Trpm7™-PHcre
platelets was studied by measuring the binding of annexin A5. A significant reduction of PS
exposure was detected in Trpm7""PH“C platelets upon stimulation with high and intermediate
doses of CRP, rhodocytin, or upon a co-stimulation of CRP and thrombin. Stimulation with the
calcium ionophore, A23187 served as a positive control to measure the maximal PS exposure

in platelets (Figure 13).
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3.2.2.4 Aggregation in Trpm7"i-Ptcre platelets

Similar to the flow cytometric assessment of platelet integrin activation and degranulation, also
the aggregation responses of Trpm7"1PHCre platelets were variable. Mutant platelets were
hyper-aggregated in response to thrombin and U46619 (Figure 14A), while upon CRP or
collagen stimulation Trpm7"1-P¥4Cre platelets showed defective aggregation. Stimulation with RC

did not show any difference in aggregation between WT and Trpm7"1P1Ce platelets (Figure
14B).

To investigate the reason for the hyper-aggregability of Trpm7"P“Cr platelets to thrombin or
U46619 stimulations, both WT and Trpm7""P#Cre platelets were treated with various inhibitors
or extracellular MgCl,. Here, pre-incubation with 5 mM MgCl,, blebbistatin or a TP receptor
blocker normalized the hyper-aggregation of Trpm7""P“Cre platelets to the level seen in WT
platelets, upon thrombin stimuilation (Figure 14A left). Howeve, upon stimulation with U46619,
the Trpm7""PHCe platelets till showed hyper-aggregation in all the treatments, except when
using a P2Y1, inhibitor, 2MeSAMP (Figure 14A right). On the other hand, a P2Y: inhibitor
MRS 2179 could not normalize the hyper-aggregation of Trpm7™"PHCe platelets.
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Figure 14. Variable aggregation responses of Trpm77/-Pf4Cre platelets towards GPCR and GPVI specific
agonists: (A & B) Washed platelets from either WT (black traces) or Trpm7//f-Pi4Cre (grey traces) mice were
stimulated with the indicated agonists in the presence or absence of the stated treatments and light transmission
was recorded on a Fibrinmeter 4-channel aggregometer. Representative traces from three independent
experiments are presented (n = 4). Thr: thrombin; U46619: stable thromboxane Az analog; CRP: collagen-related
peptide; Collagen: Horm collagen; Ctrl.: Control; Bleb.: blebbistatin; MRS 2179: P2Y1 inhibitor; 2MeSAMP: P2Y12
inhibitor; SQ29548: TP receptor inhibitor.
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3.2.2.5 Defective aggregate formation of Trpm77f-P4Cre platelets under flow

To find the significance of Trpm7 for thrombus formation ex vivo and to follow-up on the
observation that Trpm7""P*“Cre platelets showed a defective collagen induced aggregation, flow
chamber experiments were carried out. Here, significantly decreased surface coverage and
relative thrombus volume were observed when heparinized whole blood of Trpm7"PH4Ce mjce

was perfused over collagen coated surface at a shear rate of 1000 sec™ (Figure 15A & B).
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images are shown. (B) Mean surface coverage and relative thrombus volume were quantified and are presented as
mean = SD. Results from three independent experiments are presented (n = 5). An unpaired Student’s t-test was
used to test significance. *P<0.05, **P<0.01, ***P<0.001.

3.2.3 TRPM7 deficiency does not affect the stroke outcome

The role of TRPM7 in Ca?* entry under conditions of hypoxia or ischemic brain infarction has

been highlighted [186]. In collaboration with the Department of Neurology, University Hospital
7f|/fI—Pf4Cre

of Wirzburg, Trpm mice were challenged with a 60 min tMCAO model of stroke. In WT

7ﬂ/fI—Pf4Cre

and Trpm mice equal infarct volumes were detected, and no differences were

observed in the Bederson score and Grip tests (Figure 16).
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100 Figure 16. Platelet TRPM7 is dispensable for stroke

development: (A) 2,3,5-triphenyltetrazolium chloride
(TTC) staining of coronal brain sections (left) of mice
sacrificed 24 h post subjection to 60 min of tMCAO, Infarct
volume quantified by planimetry (right) in brains of WT and
Trpm7¥i-PHCre mice. Planimetric quantification represents
mean infarct volume [mm?] £ S.D. (B) Bederson score (left)
and grip test (right) are shown for the same group of mice
B Bederson score Grip test 24 h post tl\_/ICAO. Each symbol represents one animal.
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3.3 Analysis of Magt1” mice
3.3.1 Normal organogenesis and thrombopoiesis in Magt1” mice

MAGT1 expression was abrogated by inserting a gene trap cassette into intron 1 of the Magtl
gene (Figure 17A left). An alternative 3"UTR containing a polyadenylation signal (pA) of the
inserted GEO gene terminated mRNA expression of Magtl, deleting MAGT1 which was
confirmed by immunoblotting (Figure 17A right). Since Magtl is located on the X
chromosome, all studies were performed in hemizygous male mice (further referred to as
Magt1™). Magtl™ mice were healthy, bred normally and histological analysis of major organs

revealed no apparent alterations. (Figure 17B).
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Figure 17. Generation and primary characterization of MAGT1 knockout mice: (A) Targeting strategy of the
used Magtl” mouse model (left) and western blot showing MAGT1 expression at 38 kDa in WT but not in Magt1”
samples (right). Anti B-actin Ab was used as loading control. (B) Hematoxylin and eosin (H & E) staining of different
organs from WT and Magt1” mice.
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Figure 18. Altered MK number but normal platelet count and size in Magtl® mice: (A) (Haemotoxylin and
Eosin staining of BM (left) and MK numbers quantification (right). (B) Ploidy of BM MKs was determined by
propidium iodide staining and flow cytometry. A representative from three independent experiments is shown (n=5)
[174]. (C) Platelet lifespan was assessed by flow cytometry. A representative from three independent experiments
is shown (n = 6). (D) Platelet count (left) and mean platelet volume (right) assessed in whole blood using an
automated Sysmex blood analyzer. (E) Surface expression of the stated glycoproteins assessed by flow cytometry.
A representative of three independent experiments is shown (n = 5). WT (black bars) and Magt1 (gray bars) mice.
MK: megakaryocyte; PIt.: platelet; MPV: mean platelet volume; MFI: mean fluorescence intensity. An unpaired
Student’s t-test was used to test significance. *P<0.05, **P<0.01, ***P<0.001.

BM MKs number and ploidy was slightly increased in Magtl” compared to WT mice (Figure
18A & B). Nevertheless, platelet lifespan, count, and size were unaltered in Magtl®™ mice
compared to WT controls (Figure 18C & D).

Similarly, the expression of major glycoproteins on the platelet surface, as analyzed by flow
cytometry in washed platelets, was indistinguishable between WT and Magt1” mice (Figure
18E).
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3.3.2 Platelet reactivity in Magt1” mice
3.3.2.1 Increased Mg?* efflux in Magt1® platelets in response to GPVI stimulation

To study the changes in [Mg?*];, washed platelets from WT and Magt1™” mice were labeled with
Mag-Fluo-4, and fluorescence intensity was recorded for 5 min. Upon stimulation with a low
dose of CRP, the Magt1™ platelets showed an increased loss of [Mg?']i in comparison to WT

platelets.
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Figure 19. Altered GPVI induced [Mg?*]i efflux in Magtl? platelets. (A) Mag-Fluo-4 loaded WT or Magt1¥
platelets were stimulated with the indicated agonists. The relative decrease (%) in fluorescence intensity of [Mg?*];
was determined in the presence of 2 mM extracellular CaClz and 1 mM extracellular MgClz. Results from three
independent experiments (n = 5) presented. Each symbol represents one animal. (B) Mag-Fluo-4 loaded WT or
Magt1l™ platelets basal [Mg?*]; in resting platelets was determined by flow cytometry. Results from three independent
experiments (n = 5) presented. Each symbol represents one animal. (C) Determination of the total Mg?* and Ca?*
content in resting platelets using ICP-MS. Results result from three independent experiments (n = 5) are presented.
WT represent black dot/bar and Magtl” represent grey dot/bar. (D) Mag-Fluo-4 loaded WT or Magtl” platelets
were allowed to adhere to poly-L-lysine coated coverslips either in resting (left) or in collagen-activated (30 pg/mL)
(right) condition for 30 min. Samples were counterstained with phalloidin-647 and images were taken using a
confocal microscope (TCS-SP5). Scalebar is 2 um. Representative images from three independent experiments
are presented (n = 6). MFI: mean fluorescence intensity; MF4: Mag-Fluo-4; Geo-MFI: geometric mean fluorescence
intensity; CRP: Collagen related peptide; Thr.: thrombin; Rest.: resting; Col: collagen. An unpaired Student’s t-test
was used to test significance. *P<0.05, **P<0.01, ***P<0.001.

However, upon stimulation with a high dose of CRP or thrombin, the decrease in [Mg?'] was
comparable between WT and Magtl™ platelets (Figure 19A). The resting level of [Mg?']i was
indistinguishable between WT and Magtl” platelets (Figure 19B). Also, platelet total
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magnesium content showed no differences between WT and Magt1” mice (Figure 19C). WT
and Magtl™ platelets loaded with Mag-Fluo-4 were analyzed using a confocal microscope to
confirm the findings from flow cytometry. Here, resting platelets showed puncta structures in
both WT and Magt1” samples. However, upon activation with collagen (30 pg/mL), the spread
platelets from Magt1” mice showed almost no signal for Mag-Fluo-4 and spread platelets from
WT still showed some Mag-Fluo-4 puncta (Figure 19D). These results suggested that the
function of MAGTL is selectively regulated by the GPVI signalosome, whilst its role is

dispensable in resting platelets.

3.3.2.2 Increased Ca?" influx in Magt1” platelets upon activation
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Agonist-induced platelet activation requires an increase in Ca?* that occurs through the release
of Ca?* from the intracellular stores and entry through Ca?* channels in the plasma membrane
[46]. To investigate whether MAGT1 deficiency leads to abnormal Ca?* responses, resting and
activated Magt1™ platelets were subjected to a detailed analysis of Ca* homeostasis. In line
with an unaltered [Mg?*]i in resting platelets, the basal [Ca?"]i was normal as well. Similarly,
agonist-induced Ca?* store release was also normal in Magtl™ platelets (Figure 20A).

Strikingly, Ca?* influx was significantly elevated in response to stimulation with the receptor
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agonists CRP, ADP or the TXA; analog U46619 (Figure 20B). However, upon thrombin
stimulation, no difference of Ca?* influx was observed between WT and Magtl™? platelets
(Figure 20C). To directly test whether store-operated Ca?* entry was dysregulated in Magt1™
platelets, thapsigargin was used to bypass platelet receptor-induced Ca?* store depletion,
thereby directly activating STIM1-dependent ORAIL activation in platelets. Surprisingly, normal
SOCE was detected in Magt1™ platelets (Figure 20D) upon thapsigargin stimulation, indicating
that MAGT1 regulates an alternative Ca?* entry mechanism that is independent of
STIM1/ORAI1 mediated SOCE.

3.3.2.3 Abnormal Mg?* and Ca?* responses in Magtl” platelets can be normalized by

Mg?* supplementation in vitro

In DT40 B cells it has been shown that loss of TRPM7 mediated Mg?* influx can be
compensated by overexpression of MAGTL1 [86]. Therefore loss of MAGT1 function could also
be partially compensated by upregulation of TRPM7. However, mRNA expression of TRPM7
was not changed in Magtl™ platelets (Figure 21A), excluding a role of overexpression of
TRPM?7 in the MAGT1 pathology.

o
@]

A Trpm7/HPRT

1.4 » 100~ 250-
[7)] —
L 10 g_g 80 T % Ezoo—
§ EER R =50
—_ 06_ ] E _| S _
3 5Z 40 ] & 100
i = 0 204 ° < 50+
0.2 8 T $ & _
S = 0 ' ' ' 0 s ;3
= 5 1 001 0005

CRP ADP U466.
CRP [ug/mL] Thr. [U/mL] [ug/mL][uM] [uM]

Magt1

Figure 21. Abnormal Mg?* and Ca?* homeostasis in Magtl™ platelets can be normalized by extracellular
MgCl2 supplementation: (A) Relative Trpm7 mRNA expression level quantified relative to housekeeping gene
Hprt. A representative result from three independent experiments (n = 4) presented. (B) Mag-Fluo-4 loaded WT or
Magtl™ platelets were stimulated with the indicated agonists in the presence of 1 mM extracellular CaClz and 5 mM
extracellular MgClz. Each symbol represents one animal. Results from three independent experiments presented
(n = 4). (C) Fura-2 loaded WT or Magt1™ platelets were stimulated with the indicated agonists in the presence of 1
mM extracellular CaClz and 5 mM extracellular MgCl2 and changes in [Ca?*]; were monitored using a fluorimeter.
Results are shown as A[Ca?*] + SD obtained by subtracting the baseline [Ca?*]; from a peak [Ca?*] after stimulation.
Results from three independent experiments are shown (n = 3). Triton-X was used for maximal and EDTA for
minimal Ca?* levels to calibrate each measurement. CRP: Collagen related peptide; Thr.: Thrombin; ADP:
Adenosine diphosphate; U46619: a stable analog of thromboxane Az. An unpaired Student’s t-test was used to test
significance. *P<0.05, **P<0.01, ***P<0.001.
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Next, platelets were incubated with 5 mM MgCl,, and Mg?* efflux and Ca?" influx were
measured using the Mag-Fluo4 and Fura-2 dyes, respectively. Interestingly, MgCl:
supplementation could normalize Mg?* efflux and the aberrant Ca?* influx in Magt1™ platelets
upon CRP stimulation but had no additive effects in thrombin-stimulated platelets (Figure 21B
& C).

3.3.2.4 Normal integrin activation and P-selectin exposure in Magt1” platelets

>

300 7
250 7
200 1
150 1
100 1

MFI (JON/A-PE)

50 1

O -1
10 3 10/3 01 0.01 0.005 1 01 005 05 005 12 06
Rest. ADPU46619ADP+ Thr CRP Cvx RC

[WM] [uM] U46619  [y/mL] [ug/mL] mg/ml]  [ug/mL]
1607 [uM]

1407
1207
100 1

80 7

60 7

40 7

20- ﬂ

0 | mE wE -] |
0.1

10 3 10/3 01 0.01 0.005 1 005 05 005 12 06

[vs}

MFI (P-selectin-FITC)

Rest. ADPU46619ADP+ Thr. CRP Cvx RC
[WM] [uM] U?Bl\j;g [U/mL] [ug/mL] [ug/mL]  [pg/mL]
H

Figure 22. Normal aipPs integrin activation and degranulation of Magtl” platelets: (A) Flow cytometric
analysis of integrin aupfz activation (upper panel) and (B) degranulation-dependent P-selectin exposure (lower
panel) measured upon activation with the indicated agonists in WT (black bars) and Magt1? (grey bars) platelets.
Results are expressed as mean fluorescence intensities (MFI) £ SD (n = 8). A representative from three independent
experiments is presented. Thr: thrombin; U46619: stable thromboxane Az analog; CRP: collagen-related peptide;
CVX: convulxin; RC: rhodocytin. Unpaired Student’s t-test was used as a test of significance. *P<0.05, **P<0.01,
***P<(0.001.

To determine the functional consequences of the activation-dependent enhanced Mg?*
depletion in Magt1™ platelets, washed platelets of either WT or Magt1™” mice were stimulated

with ITAM and GPCR specific agonists, and ouipf33 integrin activation and granule release (P-
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selectin exposure) were assessed by flow cytometry using the JON/A-PE and anti-P-selectin
antibodies [173]. Surprisingly, Magt1™” platelets displayed normal integrin activation and
degranulation in response to all tested agonists (Figure 22).

3.3.2.5 Partially impaired integrin outside-in activation in Magtl® platelets

Despite the described role for Mg?* in binding to and activating integrins, integrin inside-out
activation was normal in Magtl™ platelets under static conditions, where the role of second
wave mediators is negligible (Figure 22). To test a possible role of Mg?* in platelet integrin
outside-in activation, spreading assay was carried out. The WT and Magt1™ platelets activated
with a low dose of thrombin, spread normally on a fibrinogen-coated surface, thus excluding a
role of MAGTL in this process (Figure 23A).
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However, platelet clot retraction, which also strongly depends on integrin outside-in activation
and the cytoskeleton, but also on second wave mediators, was significantly accelerated in
samples of Magt1™ mice. In WT samples, retraction of the clot started 45 min after stimulation,
while in Magt1™” samples clot retraction started as early as 30 min after stimulation. Although,

after 1.5 h both Magt1” and WT clots retracted to a similar extent (Figure 23B)
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3.3.2.6 Increased TXA; and ATP release in Magtl™ platelets

The accelerated clot retraction suggested an increased release or production of second wave
mediators. During platelet activation, TXA: is released into the extracellular space where it
binds to and activates TXA: (TP) receptors on the platelet surface, thus amplifying platelet
activation and promoting thrombus growth [45].
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To investigate whether TXA, production is altered in Magt1™” mice, platelets were activated
with low and high doses of CRP or thrombin. Subsequently, TXB,, as a stable metabolite of
TXA2, was quantified by an ELISA. Magtl™ platelets showed increased TXB. levels upon
stimulation with a low dose of CRP or thrombin (Figure 24A). Besides TXA, ATP is also an
essential second wave mediator released from &-granules upon platelet activation and
reinforces platelet activation through P2X; receptor-mediated Ca?* entry. Furthermore, the
Mg?*-ATP complex represents a major Mg?* store in mammalian cells, which can also directly
modulate enzymatic activities. In response to stimulation with collagen, CRP or U46619,
Magt1™ platelets showed an increased ATP release as compared to WT platelets. However,
upon activation with thrombin, ATP release was normal. Additionally, the total ATP content
was normal in MAGT1-deficient platelets indicating that their energy metabolism is not altered
(Figure 24B).
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3.3.2.7 TRPC6 inhibition or Mg?* supplementation normalizes aggregation in Magtl®
platelets

Previous studies with human platelets showed that pre-incubation of platelets in the presence
of high concentrations of extracellular Mg?* inhibits platelet aggregation [187]. To study
whether MAGT1 might be involved in this process, the effect of extracellular magnesium on
aggregation was tested in WT and Magt1™ platelets.
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Figure 25. Enhanced aggregation of Magt1” platelets: (A, B) Washed platelets from either WT or Magt1¥ mice
were stimulated with the indicated agonists in the presence of stated extracellular MgClz, and light transmission was
recorded on a Fibrinmeter 4- channel aggregometer. ADP measurements were performed using PRP. (C) Washed
platelets from WT and Magt1l”Y mice were pre-treated with the indicated inhibitors and stimulated with collagen.
Light transmission was recorded on a Fibrinmeter 4-channel aggregometer. Representative traces from three
independent experiments are presented (n = 4). Thr: thrombin; U46619: stable thromboxane Az analog; CRP:
collagen-related peptide; Col: Horm collagen; T6i.. TRPC6 inhibitor aminoindane derivative; 2-APB:
aminoethoxydiphenyl borate; PRP: platelet-rich plasma.

At a physiological concentration of MgCl, (1 mM) Magt1™ platelets showed markedly enhanced
aggregation responses upon threshold concentrations of collagen, CRP or U46619 stimulation,
while upon ADP or thrombin stimulation, a comparable aggregation response was observed
between WT and Magt1™” platelets. In the presence of high extracellular MgCl, (5 mM), the
enhanced aggregation response in Magt1™ platelets were normalized (Figure 25A & B). Next,

the contribution of a dysregulated Ca?* entry to the altered aggregation responses was
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assessed in Magtl™ platelets by performing aggregation studies in the presence of 2-
aminoethoxydiphenyl borate (2-APB), a non-selective SOCE blocker, or in the presence of a
TRPC6 inhibitor (T6i). At an intermediate dose of collagen, WT and Magtl™ platelets
aggregated to a similar degree. Under these conditions, pretreatment with T6i efficiently
blocked aggregation in both groups to a similar extent. However, 2-APB did not affect the
hyper-aggregation of Magt1l™ platelets. Of note, aggregation of WT samples was significantly
inhibited in 2-APB treated groups when compared to untreated samples. Together, these
results indicate that the dysregulated TRPC6 mediated Ca?* entry contributed to the abnormal

phenotype observed in Magt1™ platelets (Figure 25C).

3.3.2.8 Increased thrombus formation of Magtl” platelets on collagen ex vivo can be

rescued by Mg?* supplementation or by TRPC6 inhibition

At sites of vascular injury, platelets adhere to components of the exposed extracellular matrix.
Besides GPIb-vWF, the platelet-vessel wall interactions are known to be regulated by the
collagen binding receptors GPVI, a2f: integrin, as well as by GPV, and the fibrinogen receptor
integrin auipPs. Ligation of these receptors to their respective ligands further enhances platelet
reactivity, also by promoting the secretion of second wave mediators. Firm adhesion of
platelets at the site of vessel wall injury is mediated by both GPVI and integrin a.f: [23, 24,
188]. To determine whether MAGT1-mediated Mg?* transport is involved in this process,
anticoagulated whole blood from either WT or Magt1™ mice was perfused over collagen- or
VWF-coated surfaces at defined wall shear conditions, mimicking the arterial blood flow, and
compared for the extent of thrombus formation. At a wall-shear rate of 1000 sec™, no significant
differences in surface coverage and relative thrombus volume were observed between WT and
Magt1™ mice on collagen (Figure 26A & B). In addition, no differences were found regarding
shear-dependent platelet adhesion to VWF at the higher shear rate of 1700 sec? (Figure 26C).
In sharp contrast on collagen, at the higher shear rate of 1700 sec™, Magt1™ platelets showed
significantly enhanced surface coverage and relative thrombus volume compared to WT

controls (Figure 27).

To study the effects of extracellular Mg?* on thrombus formation, we supplemented heparinized
blood of WT and Magt1™ mice with 2.5 mM or 5 mM MgCl. for 5 min and subsequently perfused
on collagen-coated coverslips at a shear rate of 1700 sec™. In the presence of 2.5 mM MgCl,
both WT and Magtl™ samples showed a reduced surface coverage and relative thrombus
volume, although Magtl” samples still showed much larger aggregates compared to WT
samples. At a higher dose of MgCl, (5 mM), WT and Magtl” blood samples showed no

differences under flow. It is important to note that the surface coverage and relative thrombus
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volume in samples treated with 5 mM MgCl., were strongly decreased compared to untreated
samples (Figure 27A, C & D). Altogether, these experiments suggested that the MAGT1

function is tightly regulated by shear stress, being suppressive on collagen-dependent
thrombus formation at high arterial shear rates.

To test if dysregulated cation channel activity caused the enhanced thrombus formation in
Magt1l™” samples via ROCE or SOCE, and to follow up on the findings from the aggregation
studies, blood samples were pretreated with SOCE or ROCE inhibitors and subjected to the
flow chamber assay.
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To inhibit SOCE whole blood was incubated with 10 uM 2APB for 5 min along with platelet
labeling antibody, and then perfused at 1700 sec™ over a collagen-coated surface. Platelet
aggregate formation was inhibited in WT samples while Magt1™” whole blood still showed

hyper-aggregate formation, although to a lesser extent than the untreated Magt1™” samples.

Using another SOCE blocker, 3,5-bis(trifluoromethyl)pyrazole (BTP2), these results were
validated. Whole blood from either WT or Magt1™ mice was incubated with 1 mM BTP2 for 5
min, and perfused at 1700 sec™ over collagen. In this case, also WT samples showed impaired

adhesion and aggregate formation, while Magt1” whole blood still showed hyper-aggregate
formation (Figure 27B, C& D).

61



RESULTS

To inhibit ROCE, the TRPC6 blocker T6i was used, which could normalize the aggregation
response of Magt1™ platelets to a level observed in WT platelets (Figure 27B, C & D). These
results suggest that a dysregulated TRPC6 activity contributes to the aberrant thrombus

formation under flow, whereas ORAI1-mediated SOCE does not directly add to this process.
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Figure 27. Magnesium supplementation or TRPC6 inhibition rescues enhanced ex vivo thrombus formation
in Magt1” platelets: (A) Heparinized whole blood (anti-GPIX-DyLight-488 labeled) from either WT or Magt1” was
perfused at 1700 sec™ over collagen-coated (0.2 mg/mL) cover glasses after pretreatment with the indicated MgCl2
concentrations, or (B) the indicated inhibitors. Representative phase contrast (upper panel) and fluorescence
microscopy (lower panel) images are shown (n=5). (C-D) Mean surface coverage (left) and relative thrombus
volume (right) were quantified using MetaVue software and are presented as mean + SD (n=5) from three
independent experiments. T6i.: TRPC6 inhibitor aminoindane derivative; 2APB: 2-aminoethoxydiphenyl borate; 3,5-

BTP2: bis(trifluoromethyl)pyrazole (BTP). An unpaired Student’s t-test was used to test significance. *P<0.05,
**P<0.01, **P<0.001.
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3.3.2.9 Functional crosstalk between MAGT1, PKC and TRPC6

Earlier, our group identified TRPC6 as a major DAG-induced ROCE channel in platelets. To
exclude a non-specific effect of the TRPCB inhibitor, the Trpc6 mutant mouse model (Trpc6™)
was used to confirm the direct consequence of reduced TRPC6 channel activity in Magt1™
platelets. Therefore, Magtl®™ mice were intercrossed with Trpc6” mice to obtain Magtl
¥ITrpc6™ platelets, which were tested in different in vitro and ex vivo assays.
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Figure 28. TRPC6 heterozygosity rescues the hyperreactive Magtl” phenotype: (A) Mag-Fluo-4 loaded WT
(closed dots), Magt1” (open dots), or Magt1¥/Trpc6*- (inverted triangle) platelets were stimulated with the indicated
agonists in the presence of 2 mM CaClz and 1 mM MgClz. Percentage loss of fluorescence intensity upon activation
is shown. Each symbol represents one mouse. (B) Washed platelets from either WT, Magt1Y or Magt1¥/Trpc6*"
mice were stimulated with the indicated agonists in presence of 1 mM MgClz, and light transmission was recorded
on a Fibrinmeter 4 channel aggregometer. Aggregation traces were recorded during 10 min. (C) Whole blood of the
indicated groups was perfused over collagen at 1700 sec™. Representative phase contrast (upper panel) and
fluorescence microscopy (lower panel) images are shown. (D) Mean surface coverage (left), and relative thrombus
volume (right) were quantified using MetaVue software and are presented as mean + SD. (n = 5). A representative
of three independent experiments is shown. Thr: thrombin; CRP: collagen-related peptide; Col: Horm collagen. An
unpaired Student’s t-test was used to test significance. *P<0.05, **P<0.01, ***P<0.001.

Initially, Mg?* efflux was measured using the probe Mag-Fluo-4. In this assay, Magt1™/Trpc6*"
platelets showed comparable kinetics to those of WT platelets (Figure 28A). Yet, the Magt1™”
platelets showed an accelerated depletion of Mg?*, as we observed before. Likely, as a
consequence of this, aggregation responses under stasis and flow of Magt1™/Trpc6™ platelets

were normalized to the level of WT controls (Figure 28 B-D). Altogether, we concluded that an
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abnormal regulation of the TRPC6 channel activity can contribute to the accelerated thrombus
growth seen in Magt1™” mice.

To further investigate the effects of abnormal TRPC6 function at the molecular level, WT,
Magt1l™ and Magt1™/Trpc6™ platelets were stimulated with CRP in the presence or absence
of extracellular CaCl,, and tyrosine phosphorylation of the GPVI/LAT signalosome was
analyzed. In the Magtl™ platelets, we observed a hyperphosphorylation of Syk, LAT and
PLCy2, which was normalized to that of the WT levels in Magt1™/Trpc6*" platelets, whilst the
phosphorylation status was normal in the absence of extracellular CaCl, (Figure 29A & B). It
has been shown that after PLCy2 activation, PKC isoforms are activated, which transduce the

signal from PLCy2 to other diverse effector molecules, including TRPC6 channels
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Figure 29. TRPC6 heterozygosity normalized the enhanced GPVI induced tyrosine phosphorylation and
attenuated PKC regulation in Magtl” platelets. (A & B) Western blot showing the tyrosine phosphorylation
pattern of the components of the GPVI signalosome after CRP stimulation in the (A) presence or (B) absence of 2
mM extracellular CaClz. (C & D) Phosphorylation pattern of PKC isoforms after CRP stimulation in the (C) presence
or (D) absence of 2 mM extracellular CaClz. Representative blots of three independent experiments are presented.
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To investigate this, the phosphorylation status of two DAG-dependent PKC isoforms was

analyzed in CRP-stimulated platelets, in the presence of 2 mM extracellular CaCl,. Strikingly,
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phosphorylation of PKC§3!* and PKCeS? was strongly reduced in Magt1™ platelets, but not
in Magt1™”/Trpc6*" platelets. The phosphorylation status of PKC§ was normal in the absence
of CaCl,, but PKCe showed defective phosphorylation both in the presence or absence of

extracellular CaCl; (Figure 29C & D).

3.3.3 Altered hemostasis in Magt1” mice

The observed enhanced thrombus formation suggested that MAGT1 can also regulate
hemostatic functions in mice. Therefore, the bleeding time was assessed by resecting 1 mm
of the tail tip, and determination of the time to blood cessation from the wound. Both WT and
Magt1™ mice, as well as BM chimeric WT mice that had been transplanted either with WT or
Magtl™ BM cells, were analyzed. As expected, a significantly shorter stop of bleeding was
found in Magtl™ mice or in irradiated WT mice that had received Magtl™ BM cells (Figure
30).

600+ -, Figure 30. Magtl” mice have a shortened bleeding time: (A)
500 o Hemostatic function was assessed by resecting 1 mm of the tail tip

F) o and collecting blood every 20 sec on filter paper until a maximum of

T 400 ‘ o 20 min. Each dot represents one animal with black dots for (WT or
2 200 o s g WTBMWY and grey dots for (Magtl® or WTBMMagti-y) - Results are
2 9' ) .’ expressed as mean time to wound cessation * SD from two
F 2004 * o5 ¢ independent experiments. BM: bone marrow. An unpaired
100{ o® % ﬁ Student’s t-test was used to compare mean wound closure times.

0 *P<0.05, **P<0.01, ***P<0.001.

WT Magtrs WT = WT
BMWT  BMMagti-+

3.3.4 Enhanced susceptibility of Magt1” mice towards ischemic brain infarction

Besides thrombosis, ischemic brain infarction is also one of the leading causes of death.
Although Mg?* supplementation has been in practice in patients with ischemic brain infarction
for a long time [189], the underlying molecular mechanisms of how the supplemented Mg?*
may protect the brain from stroke are still not well understood. On the other hand, increased
Ca?" influx, through glutamate receptor-mediated SOCE, is known to be one of the deleterious
factors in stroke leading to tissue necrosis. In this process, Mg?* influx can have an antagonistic
effect on Ca?* signaling mechanisms by blocking Ca?* channels or by interfering with enzymatic
or receptor activities [189-192]. To understand the importance of Magt1 in stroke, Magt1™ mice
were subjected to the tMCAO model of stroke and compared to WT mice. Due to an enhanced
thrombus formation in Magtl™ mice, the severity of the injury was reduced by inserting the
filament only inserted for 30 min only. In this case, WT mice showed only a minor infarct

volume, whereas Magtl™ mice had a fully grown infarct size (Figure 31A). To study the
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contribution of platelets, brain sections were stained using a platelet-specific (anti-GPIX)
antibody. This revealed an increased platelet accumulation in the occluded vessels of Magtl
¥ mice (Figure 31B). To decipher the role of hematopoietic MAGT1 in this process, BM
chimeric mice were generated, and animals from all three groups were challenged with 30 min
tMCAO.
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Figure 31. Magt1l” hematopoietic cells cause increased damage to brain tissue during focal cerebral
ischemia: (A) Infarct volume quantified by planimetry in WT and Magt1™ brains after tMCAO. (B) Representative
confocal pictures of (tMCAO induced) brain cryosections stained for nuclei (DAPI-blue), platelets (GPIX-green) and
endothelium (CD105-red) (left) and quantification of the number of thrombi in the ipsilateral hemisphere (right) are
presented. Results are presented as mean = SD. (C) Representative pictures of H&E stained sections (tMCAO
induced) brain cryosections (left) and quantification of the number of thrombi in the ipsilateral hemisphere (right)
are presented. Results are presented as mean + SD. (D) 2,3,5-triphenyltetrazolium chloride (TTC) staining of
coronal brain sections of BM chimeric mice sacrificed 24 h post 30 min tMCAO and (E) planimetric quantifications
for WTBMWT (black bar), MagT1"BMWT (dark grey bar), WTBMMaTL" (light grey bar) for infarct volume (right)
presented. Results are presented as infarct volume [mm?] + S.D. (F) Bederson score (left), and grip test (right) are
shown for the same group of mice at 24 h post tMCAOQO. Each symbol represents one animal. Results from at least
two independent experiments is shown. Unpaired Student’s t-test or Mann-Whitney U test was used to assess

statistical significance. *P<0.05, **P<0.01, ***P<0.001. (Experiments performed by Dr. Michael Schuhmann and Dr.
Peter Kraft).

At 24 h after tMCAO, the mice were sacrificed and the infarct volume was quantified. Strikingly,
only WT mice which received Magt1™ BM cells showed increased infarct sizes, whereas infarct
volumes in WT and Magtl®™ mice transplanted with WT BM cells were indistinguishable

(Figure 31C). This observation also translated into a worsened functional outcome in WT-
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BMMa9Y chimeras with an increased Bederson and a decreased Grip test score (Figure 31D).
All presented in vivo experiments of stroke (surgery) were performed and materials kindly
provided for further analysis by Dr. Michael Schuhmann and Dr. Peter Kraft (Department of
Neurology, University Hospital of Wirzburg, Germany).

3.3.5 Dispensable role of Magtl” CD4* T cells in stroke development

CD4* T cells play a prominent role in promoting infarct progression in the tMCAO model. In
line with this, Rag1™” mice which per se do not have B and T cells, are protected in the model
of tMCAO. Adoptive transfer of CD4*/CD8* cells to Ragl”™ mice resulted in normal infarct
progression similar to WT mice [138, 193]. To identify whether Magt1™ CD4* cells contribute
to the enhanced stroke development, Ragl™ mice were transplanted with either WT CD4* or
Magtl™ CD4* cells, and tMCAO was performed for 30 min as described earlier. Both mouse
groups showed similar infarct volumes (Figure 32), thus proving that Magtl™ CD4* cells alone

do not contribute to the increased infarct development in Magt1™ mice.
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3.4 Investigation of T and B cells in Magtl™” mice

It has been shown that MAGT1 variants with XMEN syndrome suffer from CD4 lymphopenia,
chronic viral infections (EBV), and from defective T-lymphocyte activation downstream of the
TCR. Patients were shown to have an inverted CD4: CD8 ratio in their peripheral blood and T

cells contain less Mg?* [18, 89]. Another study presented a case history of a 58-year-old XMEN
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patient. The patient presented with normal serum immunoglobulins secretion, regular T, B and
NK cell numbers but with a slightly inverted CD4: CD8 ratio. He was diagnosed with specific
polysaccharide antibody deficiency and known to have bronchiectasis. When the patient aged,
he developed thrombocytopenia, a severely reduced CD4* cell count and B-cell lymphopenia
[194]. These and few other recent studies highlighted MAGT1 function in lymphocyte
development and function. However, to date, no study has taken advantage of a Magtl™
mouse model to study further the primary cause of above mentioned abnormal immunological
phenotypes. To this end, immune cell numbers and function were assessed in different

lymphoid organs and peripheral blood of Magt1™ mice.

3.4.1 T cell subsets in various lymphoid organs and peripheral blood of Magt1” mice

To dissect the primary role of MAGT1 in immune cells, we analyzed B and T lymphocytes
under non-infected conditions in Magtl™ mice. Similar to human XMEN syndrome [195], a
slight but significant decrease in T cell frequencies, as well as a slight but significant reduction
in the CD4*/CD8" ratio was observed in the spleen and lymph nodes but not in the blood of
Magt1™ mice (Figure 33).
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3.4.2 Magnesium and calcium responses in Magt1” CD4" cells

To investigate the levels of [Mg?*]i and [Ca?']; in resting and activated CD4" cells (in response
to TCR stimulation), purified CD4" cells were activated with an anti-CD3 antibody, or with
thapsigargin, as a non-competitive inhibitor of SERCA that directly stimulates SOCE. [Mg?'];
and [Ca?*]; showed no differences under these conditions between WT and Magt1™” CD4* cells
(Figure 34).
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Figure 34. Normal [Mg?']i and [Ca?*]; levels in CD4" cells of Magt1”Y mice: (A) Purified mature resting and an
anti-CD3 activated (5 pg/mL) CD4* T cells isolated from spleens of the indicated genotypes were loaded with Mag-
Fluo-4 and [Mg?*]i levels were quantified from kinetic measurements. Data represents Geo-MFI + SD. Each symbol
represents one animal. (B) Untouched CD4* cells from spleens were loaded with Fura-2, and representative traces
of [Ca?*]i levels (left) and quantification (right) upon an anti-CD3 antibody (5 pg/mL; upper panel) or thapsigargin
(TG) (5 uM; lower panel) stimulation are presented. Data represent mean + SD of calcium influx (n = 10). Data are
shown as mean + SD. Black bars/traces correspond to WT and grey bars/traces to Magtl” samples. An unpaired
Student’s t-test was used to test significance. Geo-MFI: geometric mean fluorescence intensity; Rest.: resting; MFI:
mean fluorescence intensity. B.: basal [Ca?*];; S. rel.: store release; SOCE: store-operated Ca?* entry.

3.4.3 Effector function of NK cells in Magt1” mice

In patients with XMEN syndrome, the cytotoxic NKG2D receptor (a C-type lectin surface
receptor of the NKG2 family) showed reduced expression on natural killer (NK) cells. This study
also showed that normal cytotoxic T cells (CTLs) when cultured in magnesium deprived
medium display a reduced [Mg?*]i level and NKG2D expression. It has also been proposed that
the reduced NKG2D level contributes to the poor killing efficiency of CTLs in XMEN patients
[89]. To test if this is also true for the Magtl” mouse model, NK cells from spleens were
isolated and NKG2D receptor expression was quantified by flow cytometry. To address the
effector function, NK cells were cultivated together with cells expressing NKG2D ligands and
were pre-activated with IL-2 to enhance their killing potential. The percentage of CTL specific
lysis was plotted to assess the killing potential and compared between WT and Magt1” NK
cells. Surprisingly, similar kinetics of the E:T (effector to target ratio) were observed between
the two groups. NK cells from either Magt1™ or WT mice were cultured with cells expressing
WT ligands for NKG2D as a control, H60 or Raelb (specific ligands for NKG2D) to test NK
cell-specific lysis. In all cases, the kiling ability of Magtl™ and WT NK cells was

indistinguishable (Figure 35).
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Figure 35. Normal NKG2D expression and
cytolytic activity of spleen-derived NK cells
in  Magtl?” mice: (A) Representative
histograms of purified (spleen) NK cells stained
for NKG2D (left) and quantification of the
NKG2D expression levels (right). Open
histograms represent isotype controls and filled
histograms represent NKG2D staining of the
indicated genotypes. Data are presented as
MFI £ SD (n = 9). (B) NK Kkilling activity shown
by% specific lysis vs. E:T ratio in NK cells co-
cultured with the indicated cell lines.
Recombinant human IL-2 was added to trigger
NK cell activation. NK cell killing assays were
performed using 1 x 10* CFDA-SE-labeled
RMA, RMA-H60 or RMA-Raell} cells per well
together with decreasing amounts of activated
NK cells from WT or Magt1”Y mice. Annexin A5
and propidium iodide was added to cell cultures
to assess survival of CFDA-SE* cells. In similar
cultures, mAb C7 was added at 10 pg/mL to
block NKG2D-mediated killing. Black bars
correspond to WT and grey bars to Magtl™.
Data are shown as mean = SD or as individual
data points. An unpaired Student’s t-test was
used to test significance. MFI: mean
fluorescence intensity; E:T: effector to target
ratio.

3.4.4 B cell subsets in various lymphoid organs and peripheral blood of Magt1”™ mice
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Figure 36. Abnormal plasma cell numbers and marginal zone B cell development in Magt1” mice: Single
cell suspensions from WT and Magt1”Y mice (n = 6) were generated and the frequency of (A) CD19* B cells in the
specified organs, (B) marginal zone (MZ) B cells, as well as follicular (FO) and B220-CD138* plasma cells from
spleens were quantified among the CD45* population. Data are shown as mean = SD. An unpaired Student’s t-test
was used to test significance. *P<0.05, **P<0.01, **P<0.001. SP: spleen; LN: lymph node(s).
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A cell suspension of the stated organs stained for mature B cells (gating on either CD19* or
B220" cells) pointed to a higher abundance in the spleen and blood from Magt1” mice, when
compared to their WT littermates. Further investigation of splenic B cell subsets revealed a
reduced number of plasma B220CD138* cells, which was considerable in Magt1” mice
compared to their WT controls. Naive B cells can be divided into B1 cells, follicular B cells, and
marginal zone B cells. In the Magt1™ spleens, no differences in follicular B cell number were
observed, but a significant and almost two-fold increased humber of marginal zone B cells was
seen as compared to the WT spleens, when expressed as percent of total CD45" cells (Figure
36).

3.4.5 Magnesium and calcium responses in Magt1™? B cells
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Figure 37. Abnormal [Mg?*]i and [Ca?*]i levels in B cells of Magtl” mice: (A) [Mg?']i was quantified in kinetic
measurements of resting and anti-IlgM (5 pg/mL) activated B cells. Data represent Mag-Fluo-4 Geo-MFI + SD. Each
symbol represents one animal. (B) Untouched mature B cells from spleens were loaded with Fura-2, and
representative traces of [Ca?*]i levels (left) as well as the respective quantifications (right) upon anti-IlgM (5 pg/mL)
or thapsigargin (TG) (5 uM) stimulation are presented. Data represent mean + SD of Ca?* influx (n = 10). Black
bars/curve correspond to WT and grey bars/traces to Magtl” samples. An unpaired Student'’s t-test was used to
test significance. *P<0.05, **P<0.01, ***P<0.001. Geo-MFI: geometric mean fluorescence intensity; B.: basal [Ca?*];;
S.rel: store release; SOCE: store-operated Ca?* entry; anti-lgM: anti-immunoglobulin M antibody.

To test whether an imbalanced Mg?* and Ca?* homeostasis can account for the observed
developmental defect in Magt1l™ B cells, cation levels were determined in resting cells and
after stimulation with anti-lgM antibody or thapsigargin. Strikingly, the [Mg?*]i levels in both
resting and activated Magt1™ B cells were significantly reduced, when compared with WT cells.
In contrast, the IgM-induced Ca?* store release was elevated, and also an increased Ca?* influx

was observed in Magtl™ B cells, compared with WT controls. Direct involvement of
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STIM/ORAI1 mediated SOCE in this process could be excluded, as Ca?* store release and
Ca?* influx were normal in Magt1™ B cells upon thapsigargin stimulation (Figure 37).

3.4.6 Tyrosine phosphorylation in Magtl” B cells
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Figure 38. Abnormal PKC phosphorylation in Magt1” B cells: (A) Phosphorylation of the indicated proteins in
B cell receptor signaling cascade and PKC isoforms assessed by immunoblotting in WT and Magtl¥ B cells upon
IgM stimulation. (B) Quantification of phosphorylated protein relative to total protein intensity shown using Fiji
software. Staining for B-actin was used as loading control. A representative of three independent experiments is
presented. (A) and quantification (B) from all experiments is shown. Anti-lgM: anti-immunoglobulin M antibody. An
unpaired Student’s t-test was used to test significance. *P<0.05, **P<0.01, ***P<0.001.

To investigate the biochemical consequences of the dysregulated cation homeostasis in B
cells, the proteins tyrosine phosphorylation downstream of BCR signaling was investigated.
After BCR engagement with an anti-lgM antibody, we found increased phosphorylation of Syk,
PLCy2 and PKCBII (Ca**-dependent and DAG-independent). Also, we found that although the
initial activation of DAG-dependent PKCdwas normal at 30 s, the subsequent de-
phosphorylation was enhanced at later steps in Magtl™ B cells compared to WT cells. In

contrast, the regulation of PKCZ/A was not altered in Magtl™ or WT B cells (Figure 38).
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3.4.7 Proliferation of B cells in Magt1” mice

Magnesium is essential for cell survival and proliferation. Recent reports showed that
vertebrate B cells lacking the Mg?* channel TRPM7, display normal Mg?* homeostasis and
proliferation due to the compensatory upregulation of the magnesium transporter MAGT1
[196]. Using DT40 B cells, it has been demonstrated that a TRPM7 deficiency can be
functionally compensated for by transport activity across MAGT1 channels [196]. To evaluate
the physiological consequences of MAGTL1 loss in murine B cells, a proliferation experiment
was carried out using purified mature B cells. Herein, Magt1™ B cells stimulated with IgM/IL-4
or PMA/ionomycin showed enhanced proliferation rates compared to the WT control cells.
However, LPS-induced proliferation responses showed no differences between WT and
Magtl™ B cells (Figure 39).
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Figure 39. Enhanced proliferation of Magt1” B cells: B cells were either left untreated or stimulated with 5 ug/mL
anti-lgM antibody in combination with IL-4 (10 ng/mL), 50 ng/mL PMA together with 500 ng/mL ionomycin or with
10 pg/mL LPS for 48 h. (A) Representative histograms for proliferation, (B) proliferated cells% (left) and proliferation
index (right) shown in WT and Magt1” cells. A representative of three independent experiments is presented. Data
represents mean = SD (n = 4). Black bars/histograms correspond to WT and grey bars/histograms to Magt1y
samples. Unpaired Student’s t-test was used as a test of significance. *P<0.05, **P<0.01, ***P<0.001. Untr.:
untreated; IL-4: interleukin 4; PMA: phorbol 12-myristate 13-acetate; lon.: ionomycin; LPS: lipopolysaccharide;
CFSE: carboxyfluorescein succinimidyl.

3.5 Identification of the Zn?* store in human and murine platelets

3.5.1 [Zn?*]; quantification

Given the controversy on the storage of [Zn?']; in platelets, human and mouse platelets with
abnormalities in their granules have been analyzed to identify their contribution to zinc storage.
Human and murine platelets were loaded with the [Zn?*]; specific fluorescence dye FluoZin-3
and analyzed by confocal microscopy.

Resting platelets showed several FluoZin-3 positive foci, which were markedly less abundant

in fibrinogen spread platelets (Figure 40A). This suggested that a substantial part of platelet
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[Zn?*]iis concentrated in secretory granules and released upon activation. To understand the
dynamics of Zn?* homeostasis, FluoZin-3-stained platelets were activated in suspension with
thrombin and the changes in Geo-MFI were recorded over time by flow cytometry. Stimulation
with thrombin caused a rapid decrease of approximately 60-70% in [Zn?*]; in control human
and WT mouse platelets (Figure 40A).
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Figure 40. [Zn?*]i levels in human and murine platelets: (A) Confocal images of resting (PLL) and fibrinogen
spread (FGN) Fluozin-3 loaded human (Ctrl.) (n = 3) and murine (WT, Unc13d", Nbeal2”) (n = 3) platelets. Samples
were counterstained with phalloidin-647 (left). Representative images from three independent experiments shown.
[Zn?*]i kinetic measurements of the stated human (center) and mouse platelets (right) shown. (B) Representative
dot plots of a kinetic [Zn?*]i efflux measurement for the indicated mice. Boxed areas were considered for FluoZin-3
fluorescence quantification. Arrows in panel A and B indicate agonist addition. PLL: poly-L-lysine; FGN: fibrinogen;
HPS: Hermansky-Pudlak syndrome; GPS: Gray platelet syndrome; Geo-MFI: geometric mean fluorescence
intensity.

Platelets from a Hermansky-Pudlak syndrome (HPS) patient characterized by routine
diagnostics (Table | & Figure 40 right) displayed a slightly reduced basal [Zn?*]; level, but had
a nearly normal Zn?* release. On the other hand, platelets from Unc13d™ mice showed FluoZin-
3 positive foci both in resting and activated states (Figure 40A), slightly reduced basal [Zn?*];
level and a severely impaired Zn?* release upon thrombin stimulation (Figure 40A right).

Platelets from a patient with Gray-platelet syndrome, carrying a mutation in the Nbeal2 gene,
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or from Nbeal2” mice showed

conditions (Figure 40A).

severely reduced [Zn?']; levels in both resting and activated

ID Age Sex Bleeding Platelet count (x10%L) MPV (fL)
(1=M,2=F) score Ref ) Ref .
(ISTH-BAT) eference: eference:
150-450 8.1-9.9
GF1 28 2 3 194 11.1
ID PFA-100 PFA-100 Agg-Col Agg-TRAP Agg-ADP ATP ADP
Col/EPI Col/ADP (AU) (AV) (AU) release amount
(sec) (sec) [1pug/mL] [20umol/L] | [10umol/L] (uM/10%? (uM/1012
Referenc Reference: Reference: Reference: Reference: platelets) platelets)
e: 84-160 68-121 76-95% 68-97% 59-95% Reference: Reference:
>10.1 >49.1
GF1 >296 99 6 35 58 n.d. n.d.

Table I. Diagnostic test results of Hermansky-Pudlak syndrome (HPS) patient platelets: Values in grey box
are in pathological range. ISTHG-BAT score, International Society on Thrombosis and Haemostasis Bleeding
Assessment Tool, MPV: mean platelet volume, PFA: platelet function analyzer, Col: collagen, Agg: aggregation,
TRAP: thrombin receptor-activating peptide. (Data obtained from routine diagnostic tests from University Clinic,
Giessen, Germany).

3.5.2 Defective Zn?* homeostasis in storage pool deficient human platelets

To further analyze Zn?* homeostasis in platelets, [Zn?']i levels was analyzed in resting and
thrombin-activated human platelets from phenotypically characterized storage pool disease
(SPD) patients. These patients were diagnosed with a bleeding diathesis, defective ADP/ATP
release, impaired aggregation responses to various agonists and a reduced mepacrine uptake
or release upon TRAP-6 stimulation (Table II-IV). In platelets from patients with SPD, a
reduced basal [Zn?']i was detected, indicating a dysregulated platelet Zn?>* homeostasis.
However, the remaining Zn?* content of SPD platelets appeared to be released with similar
kinetics as in healthy control platelets, whereas a difference between control and SPD platelets

persisted (Figure 41).

150 - o - Cirl.
= ° SPD
= 100 - E bl Figure 41. [Zn?*]i quantification in SPD patients: [Zn?*]i of human
3 ago platelets was determined by flow cytometry using FluoZin-3 dye. An
Q % o unpaired Student’s t-test was used to test significance. *P<0.05, **P<0.01,
@ 50 ﬁ- 03?@ ***P<(0.001. Ctrl.: control, SPD: storage pool disease.
u o o
LL (=}
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ID Age Sex Bleeding score Platelet count MPV (fL)
(1=M,2=F) (ISTH-BAT) (x10°L) Reference:
Reference: 8.1-9.9
150-450

418 6 1 2 274 10.6
419 7 1 4 300 10.6
420 8 1 3 472 10.2
426 7 1 2 427 9.9

428 9 1 3 281 10.1
456 7 1 3 223 10.2
457 9 1 3 382 9.7

458 14 2 3 281 11.7
466 8 2 1 257 10.8
467 12 2 3 284 10.6

Table Il. Age, sex, bleeding score, platelet count and size of storage pool disease (SPD) patient platelets:
ISTHG-BAT score, International Society on Thrombosis and Haemostasis Bleeding Assessment Tools: MPV, mean
platelet volume. (Data obtained from routine diagnostic tests from University Clinic, Minich, Germany).

ID PFA-100 PFA-100 Agg-Col Agg- Agg-ADP ATP release ADP amount
Col/EPI Col/ADP (AU) TRAP (AU) (LM/10%2 (LM/10%2
(sec) (sec) Reference: (AU) Reference: platelets) platelets)Refe
Reference: | Reference: 45-95 Reference: 51-203 Reference: rence: >49.1
84-160 68-121 66-127 >10.1
418 162 108 38 58 46 n.d. n.d.
419 115 n.d. 35 61 48 0.8 56.4
420 194 146 66 88 61 2.8 127.1
426 118 n.d. 7 62 23 4.1 80.1
428 120 n.d. 23 53 52 4.8 236.5
456 164 151 10 27 16 34 85.6
457 115 n.d. 37 63 35 n.d. n.d.
458 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
466 175 113 n.d. n.d. n.d. n.d. n.d.
467 146 n.d. n.d. n.d. n.d. n.d. n.d.

Table Ill. Platelet function test, aggregation, ATP release and ADP content of platelets from storage pool
disease (SPD) patients: Values in grey box are in pathological range. PFA, platelet function analyzer: Agg,
aggregation: Col, collagen: TRAP, thrombin receptor-activating peptide. (Data obtained from routine diagnostic tests
from University Clinic, Munich, Germany).
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ID | Mepacrine loading (MFI) | Mepacrine release (MFI) | Mepacrine release (delta-MFI)
418 724 597 127
419 708 539 169
420 730 669 61
426 563 259 303
428 530 337 193
456 687 353 334
457 710 374 336
458 n.d. n.d. n.d.
466 650 450 200
467 700 525 175

Table IV. Mepacrine loading and release of platelets from storage pool disease (SPD) patients analyzed by
flow cytometry. Values in grey box are in pathological range. MFI, mean fluorescence intensity. (Data obtained
from routine diagnostic tests from University Clinic, Minich, Germany).

3.5.3 Effects of Zn?" supplementation and TPEN pretreatment on FluoZin-3 loaded

murine platelets

o- and o&-granule release from activated platelets affects several processes in the blood
including coagulation and additionally contributes to wound healing and inflammation. It has
been shown that Unc13d deficiency abolishes 3-granule and also approximately 70 % of a-
granule secretion thereby leading to severe bleeding upon injury [197]. On the other hand, in
patients with Gray-platelet syndrome characterized by a Nbeal2 mutation and a-granule deficit
[21, 198], severe bleeding complications were observed. To further describe [Zn?*]i levels in
platelets with these granule abnormalities, kinetic [Zn?*]; efflux measurements of platelets from
Unc13d” and Nbeal2” mice were performed by flow cytometry. Under resting conditions,
Unc13d” platelets showed a slightly reduced basal [Zn?']; level, while Nbeal2” platelets
showed an almost diminished basal [Zn?]; level. Upon stimulation with thrombin, Unc13d™”
platelets displayed a severely impaired Zn?* efflux, while Nbeal2” platelets did not show any

changes, reflecting the low basal [Zn?*]; level (Figure 42A).

To further investigate whether a defective Zn?* influx or altered Zn?* storage accounted for the
reduced [Zn?]; in mutant platelets, WT, Unc13d™” and Nbeal2” platelets were either incubated
with 100 uM ZnCl, for 5 min, or with the Zn?* chelator N,N,N’,-tetrakis(2-pyridylmethyl)

ethylenediamine (TPEN). Subsequently, [Zn?*]i concentration was measured by flow cytometry
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using the FluoZin-3 dye. Although basal [Zn?']; levels of resting platelets increased for all
genotypes in the presence of 100 uM extracellular ZnCls, the differences between the groups
persisted as in the untreated samples (Figure 42B). TPEN treatment, on the other hand,
reduced the [Zn?*]; levels in a similar manner in WT and Unc13d” platelets to levels reaching
those of Nbeal2” platelets [Zn?];, reflecting efficient Zn?* chelation. [Zn?"] levels in Nbeal2™
platelets remained unaltered upon TPEN treatment, suggesting that the [Zn?*]; store in Nbeal2’

" platelets is nearly absent (Figure 42C).
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Figure 42. Dysregulated [Zn?*]ihomeostasis in Unc13d” and Nbeal2” platelets: Washed mouse platelets from
indicated strains were loaded with FluoZin-3, stimulated with thrombin and fluorescence changes observerd by
quantitative flow cytometry. (A-C) Quantification of [Zn?*]; in resting mouse platelets and after 0.01 U/mL thrombin
stimulation in Tyrode’s HEPES buffer (A). Similarly, after pre-incubation with 100 uM ZnClz (B) or 1 uM TPEN (C).
Each symbol represents one mouse. *P<0.05; **P<0.01; ***P<0.001. An unpaired Student’s t-test was used to test
significance. *P<0.05, **P<0.01, ***P<0.001. Tyr.: Tyrode’s HEPES buffer; Rest.: resting; Thr.: thrombin; Geo-MFI:
geographic mean of fluorescence intensity; TPEN: N,N,N’,-tetrakis(2-pyridylmethyl)ethylenediamine.

3.5.4 Platelet zinc is essential for fibrin formation under flow

It has been proposed that platelet released Zn?* can modulate local hemostatic reactions,
including contact activation and fibrin clotting [29, 124, 199]. It is hypothesized that defective
granule biogenesis or granule release alter platelet Zn?* homeostasis or Zn?' release,
respectively, and thereby affects fibrin clot formation during hemostasis and thrombosis. The
recording of fibrin formation in platelet thrombi formed in whole blood, perfused over collagen
microspots, provides an adequate way to evaluate hemostatic activity ex vivo. Parallel-plate
flow chamber studies at a wall shear rate of 1000 sec* were performed, and the kinetics of
fibrin clot formation was assessed using the accumulation of AF647-labeled fibrin as readout.
In comparison to blood samples from healthy controls, platelet-dependent fibrin clot formation
was prolonged in the blood of five different SPD patients. Upon in vitro addition of Zn?*, this
prolongation could be rescued (Figure 43A & B). On the other hand, similar to SPD patients,

whole blood from Unc13d” mice showed delayed time to fibrin formation which could be
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normalized by Zn?* supplementation ex vivo (Figure 43C & D). Furthermore, a severely
impaired thrombus and fibrin formation was observed with the blood from a GPS patient, which
defect could not be restored by Zn?* addition, thus indicating an essential role of a-granular
components in this process (Figure 43A & B). This suggests that other a-granular factors
besides Zn?* are required for platelet-dependent fibrin formation. Also, whole blood from
Nbeal2” mice either with or without Zn* supplementation did not show any observable

alterations in time to fibrin formation (Figure 43C & D).
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Figure 43. Delayed time to fibrin formation in blood from storage pool deficient human patients and Unc13d
deficient mice: (A, C) Representative images and (B, D) time to appearance of first fibrin fibers in the indicated
human and murine blood samples. BF: bright field, DiOCs: 3,3-dihexyloxacarbocyanine iodide, SPD: storage pool
disease. An unpaired Student’s t-test was used to assess statistical significance. *P<0.05, *P<0.01, ***P<0.001.
(Experiments performed by Johanna P. van Geffen).

3.5.5 Higher total zinc content in Nbeal2” platelets

Quantification of the total amount of Zn?* in platelets and plasma of WT and mutant mice by
inductively coupled plasma mass spectrometry (ICP-MS) revealed an increased Zn?*
concentration in Nbeal2™ platelets, but normal levels in Uncl13d” platelets. However, the
plasma Zn?* concentrations were normal in both mouse models, when compared to WT mice
(Figure 44). These results suggest that the abolished granular Zn?* store in Nbeal2” platelets
is compensated for by other so far unknown sources of compounded zinc, which could be a

sequestering protein, like metallothionein. It seems that the protein-bound forms of Zn?* in the
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cytoplasm support a Zn?-dependent metabolism in Nbeal2” platelets and the platelet-

dependent fibrin clot formation.
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Figure 44. Elevated platelet zinc content in
Nbeal2”: Total zinc content of platelets (left) and
plasma (right) of WT, Unc13d”’ and Nbeal2” mice
was determined by inductively coupled plasma
mass spectrometry (ICP-MS). Results from two
independent experiments presented (n = 6). An
unpaired Student’s t-test was used to test
significance.*P<0.05, **P<0.01, **P<0.001.
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4. Discussion

Divalent cations exist in different forms in mammalian cells, either bound to proteins, stored in
intracellular organelles, or in their free ionic form. lon gradients existing between the
extracellular milieu and cytoplasm on the one hand, and between the intracellular store and
cytoplasm on the other side, permanently stimulate ATP-dependent ion transport mechanisms.
Some ion channels transiently conduct cations both into and out of the cells, whereas other
types of ion channels need to be stimulated to open and close their channel pore. In the present
thesis, the transport/conduction mechanisms of Ca?*, Mg?* and Zn?* and their implications in
platelet and immune cell signaling and function were investigated using different knockout
mouse models. In case of Zn?*, we also could use blood samples from patients with alterations

in platelet granule content or release.

4.1 TRPM7 kinase controls calcium responses in arterial thrombosis and stroke in mice

The o-kinase TRPM protein family comprises various members including TRPM6 [200],
TRPM7 [201] and eEF2 serine/threonine kinases [202]. To date, only a few substrates of
TRPMY kinase have been identified in vitro, namely myosin lla [203], PLCy2 [204] and annexin-
1 [205]. Whereas in platelets the protein tyrosine kinase-dependent signaling has been
extensively studied [206], the physiological importance of serine/threonine phosphorylation for

ITAM receptor signaling triggered by a TPRM7 kinase or other a-kinases is unknown.

The GPVI signalosome is regulated by SFK isoforms, which bind the cytoplasmic tail of GPVI
[207], and are critical in the initial steps of GPVI signalosome activation. However, these
isoforms can also inhibit platelet activation through phosphorylation of immunoreceptor
tyrosine-based inhibition motifs (ITIMs) on platelet endothelial cell adhesion molecule-
(PECAM)1 [208, 209]. The tyrosine kinase Syk transduces the signal from the GPVI/FcRy-
chain to LAT, which in turn induces the recruitment of different adaptors and PLCy2 from the
cytosol. It has been shown that several PLC isoforms can bind to the kinase domain of TRPM7,
and that TRPM7 kinase phosphorylates PLCy2, although the physiological relevance of these

interactions remained elusive [204, 210, 211].

In the present thesis, we could demonstrate that ablation of TRPM7 kinase activity strongly
inhibited the tyrosine phosphorylation cascade downstream of GPVI and CLEC-2, via a
mechanism involving the Syk-LAT-PLCy2 signaling axis. In addition, also the thrombin receptor
PAR-PLCp3 signaling axis was regulated by the TRPM7 kinase, as deduced from a reduced

serine phosphorylation of PLCB3 in Trpm7%R platelets after thrombin stimulation. Altogether,
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these results suggest an essential role of TRPM7 kinase activity in PLC-mediated Ca?* store

depletion during platelet activation.

It is understood that several phosphorylation events on serine residues of STIM1 are involved
in the modulation of SOCE [212]. However, the underlying mechanisms and the responsible
kinases regulating STIM1 had not been investigated in platelets. Using heterologous
expression in DT40 cells, it could be established that TRPM7 governs SOCE [213]. In line with
this, in this thesis it is shown for the first time in vivo, that TRPM7 kinase activity indeed
regulates SOCE in mouse platelets. The obtained results suggest that a combined signaling
defect via GPVI, CLEC-2 and PAR receptors can result in a reduced SOCE. This translated to
an impaired aggregation response of Trpm7~R platelets. Further investigation is required to
decipher the exact molecular mechanism and identify the phosphorylation sites on STIM1, by
which TRPM7 kinase may regulate SOCE.

TRPM?7 is expressed in the human vascular system, where it modulates Mg?* homeostasis,
cell growth and proliferation in vascular smooth muscle and endothelial cells [214]. Abnormal
expression of this channel has been linked to the development of cardiovascular diseases
[215]. The present study demonstrated for the first time that the kinase activity of TRPM7
regulates platelet activation in arterial thrombosis and brain stroke. This establishes the
TRPM7 kinase as a potential target in the modulation of platelet reactivity in thrombo-
inflammatory settings.

lonic Mg?* was found to be a potent Ca?* antagonist thereby protecting ischemic neurons from
Ca?* overload [216]. Supporting this concept, a reduced [Mg?*]i concentration was detected in
the ischemic rat and human brain. Additionally, in experimental hypomagnesemia, increased
infarct volumes after photo-thrombosis were observed [217-219]. Using BM chimeras and
adoptive platelet transfer, the function of TRPM7 kinase in hematopoietic and non-
hematopoietic cells could be distinguished. The evidence for improved motor functions and
reduced infarct volumes in Trpm7~¥?/BM™T mice clearly showed that TRPM7 kinase activity in
the brain (most likely in neurons) can also be a critical factor for the progression of ischemic

brain infarction [158].

Interestingly, in the cortex of WT mice subjected to tMCAO, a 2-3 fold increase in TRPM7
expression was observed after reperfusion [220, 221], which likely contributed in the Ca?*
overload and neuronal cell death as well as to the infarct progression [222]. In line with this,
knockdown of TRPM7 could prevent neuronal cell death [223]. Based on this work, inhibition
of TRPM7 channel activity was proposed as a promising potential therapeutic strategy [224].

Surprisingly, the results obtained in the course of this thesis showed that disruption of TRPM7
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kinase activity either in platelets or in neurons is sufficient to protect the brain from the thrombo-

inflammatory cerebral ischemic reperfusion injury.

These results suggest that, under pathological conditions, an increased TRPM7 channel
activity cannot overcome the protective effect of an abolished TRPM7 kinase function in
Trpm77*® mice. This leads to the concept that TRPM7 kinase accelerates the PLC-mediated
Ca?* mobilization and SOCE, rather than the TRPM7 channel activity.

The finding that selective disruption of TRPM7 kinase function did not cause bleeding in an
ischemic brain, but only moderately influenced hemostasis, highlights the TRPM7 kinase as a
promising potential therapeutic target to develop safe anti-thrombo-inflammatory agents.
Nevertheless, further investigation is required to establish the exact molecular mechanism, by
which TRPM7 kinase can regulate the integrity of the blood-brain barrier or neuronal cell death

upon ischemic stroke.

4.2 Multiple roles of TRPM7 in the regulation of Mg?* and Ca?* homeostasis

Numerous studies have described the two-step process of Ca?* entry in platelets, and it has
been shown that defective a Ca?* store release consequently causes a reduction in Ca?* entry
[13, 46]. In line with this, one could expect a significantly enhanced Ca?* entry in Trpm7"/i-Ptcre

platelets due to the increased Ca?* store release. Surprisingly, activation-dependent Ca?* entry

7ﬂ/f|-Pf4Cre

in Trpm platelets was decreased. Conversely, in Serca3” platelets a reduced store

release preceded an increased Ca?* entry upon thrombin stimulation. The authors concluded

that the enhanced Ca?* entry compensates for a reduced Ca?* store release [60]. Based on

7f|/fI—Pf4Cre

these findings, we can speculate that in Trpm platelets the increased Ca?* store

release can compensate for the reduced Ca?* entry. Previous studies have implicated a role
of the TRPMY7 channel in the regulation of SOCE [213], and the present results point to such a
role in regulating both Ca?* store release and SOCE. Unfortunately, due to the low expression
levels and the unavailability of a functional antibody detecting low amounts of protein, TRPM7

expression and localization could not be assessed in murine platelets.

A consistent defective P-selectin exposure was observed in Trpm7"P1Ce platelets, indicating
a possible role of TRPM7 in Ca?'-dependent platelet granule release. Explanations for this

change are an enlarged size and altered cytoskeletal dynamics of Trpm7""P1Ce platelets [75].

7f|/fI—Pf4Cre

In support of a decreased Ca?" entry, the Trpm platelets were decreased in PS

7f|/fI—Pf4Cre

exposure upon activation. Yet the Trpm platelets hyper-aggregated in response to

GPCR stimulation, but dysreponded upon GPVI stimulation. We can only speculate that

7f|/fI—Pf4Cre

Trpm platelets show these ambiguous responses due to some unknown compensatory
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mechanisms. Nevertheless, in vivo, in models of neither thrombosis nor stroke, the Trpm7™"™

PfCre mice showed differences compared to WT mice.

Comparing the results obtained with the TRPM7%® and Trpm7"™P¥<" mouse strains, it became
clear that a constitutive deletion of the kinase activity is a promising anti-thrombotic strategy
rather than deleting TRPM7 specifically in MKs and platelets. Our group identified a patient
family carrying a TRPM7 variant resulting in a strongly inhibited channel activity. Similar to

7ﬂ/fI—Pf4Cre

Trpm mice, these patients also developed macrothrombocytopenia with a complex MK
and platelet dysfunction [75]. In summary, these findings highlight the selective inhibition of
TRPM7 kinase as a promising therapeutic approach in thrombo-inflammatory diseases,
whereas blockade of the TRPM7 channel activity is disadvantageous, since it results in

thrombocytopenia with multiple platelet defects [75].

4.3 Defective Mg?* transport enhances receptor-operated Ca?* entry in murine platelets

and thereby results in accelerated thrombosis and stroke

In mammalian cells, [Mg?]; is regulated by Mg?* influx and efflux through plasma membrane
and intracellular stores. In MKs and platelets, the [Mg?*]; stores have not yet been identified,
but in mammalian cells the endoplasmic reticulum, mitochondria, secretory granules and the
Mg?*-ATP complex have been proposed as potential Mg?* stores [74]. Interestingly, an
elevated [Ca?*]i has been observed in cardiomyocytes under conditions of hypomagnesemia,

which indicates a regulatory role of Mg?* in Ca?* homeostasis [72].

We identified TRPM7 as a key regulator of Mg?* homeostasis in platelets and MKs, and found
that dysregulated [Mg?*]i can cause macrothrombocytopenia. Earlier, we also observed an
increased expression of MAGT1 in TRPM7-deficient MKs [75], indicating a possible
compensatory role of MAGT1 in Mg?* homeostasis in this pathological condition. The results
presented in this thesis further suggest that basal [Mg?*]i and Mg?* efflux are normal in resting
Magt1™ platelets as well as upon stimulation of PAR receptors. However, in response to CRP,
a more pronounced [Mg?*]; depletion was detected in Magtl™ mice, indicating that MAGT1

activity is selectively regulated by downstream effectors of GPVI.

In Drosophila cells, PKC was shown to bind and phosphorylate MAGT1 at serine residues,
thereby enhancing its Mg?* transport activity [225]. The identified PKC phosphorylation sites
on MAGT1 appeared to be highly conserved between different species, suggesting an

evolutionarily conserved function of PKC in the regulation of MAGT1 activity.

Mammalian platelet activation is a balance between positive [68, 226] and negative [69, 227]

signaling pathways, which are mainly regulated by different PKC isoforms. PKC& negatively
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regulates collagen-induced platelet activation, and this feedback loop is mediated by the
complex interplay between Lyn, SHIP-1, and PKCd, which control downstream effectors of
GPVI [209]. Our present results showed for the first time that MAGT1 deficiency reduces PKC3s
phosphorylation on Y311 residue downstream of GPVI thereby losing an inhibitory signaling
component. Consequently, this signaling defect accelerates phosphorylation of Syk, LAT and
PLCy2. Others have shown that PKC® exerts a negative feedback on the TRPC6 channel
through phosphorylation of serine residue 448 [228]. Based on this, we speculate that a
reduced PKCd activity can no longer inhibit TRPC6 channel activity and thus leads to an
increased Ca?* influx in Magtl™ platelets. In support of this idea, we found normal PKC®
phosphorylation in Magt1™/Trpc6™ platelets in response to GPVI activation. Accordingly, in
the double knockouts platelet aggregation responses were normalized in vitro and ex vivo

under flow.

Along the same line is the evidence that PKC® deficiency can enhance collagen-dependent
aggregation responses and that this effect is accelerated by increased TXA; release [69, 229].
We similarly detected an increased TXA; release upon collagen or CRP stimulation in Magtl’
¥ platelets. However, in vivo thrombus formation in the carotid artery was unaltered in Pkcd
mice, whereas the Magt1” mice showed a pro-thrombotic phenotype. This discrepancy may
be due to the usage of a rather high dose of FeCls (10%) in Pkcd” mice, which induces a fast
vessel occlusion already in WT mice, thus limiting the detection of small dynamic changes in
thrombus formation [69]. We found that application of 6% FeCl; was efficient to detect a
significantly prolonged occlusion time in the carotid artery of WT mice, whereas an accelerated

occlusion was observed in Magt1™ mice.

Translocation of PKCe to the plasma membrane in hepatocytes is known to trigger Mg?*
accumulation in the cytoplasm [230]. Strikingly, in our hands an increased expression of
MAGT1 in the plasma membrane was found at 24 h after constitutive activation of PKC in
hepatocytes by phorbol 12-myristate 13-acetate (PMA) treatment [231], thus supporting a
functional crosstalk between PKC and MAGTL1. The phosphorylation of PKCe on serine 729,
which correlates with its enzymatic activity, was reduced in Magt1™ platelets in response to
CRP. This alteration was normalized in Magtl™ Trpc6*" platelets, thus supporting a functional
crosstalk between MAGT1, PKCe and TRPC6. Interestingly, reduced PKCe phosphorylation
was also detected in the absence of extracellular Ca?*, pointing to a redundant role of TRPC6-
mediated Ca?* influx in the regulation of PKCe activity. Upon platelet activation, PKCe was
found to translocate from the cytoplasm to the GPVI complex and then phosphorylate serine
residues at the FcRy chain, thereby increasing Syk binding [70]. The physiological

consequence of this biochemical interaction is difficult to interpret because conflicting results
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have been obtained by using a non-selective PKCe inhibitor or PKCe knockout mice, which
revealed either a positive or an adverse effect of PKCe on GPVI signaling [227, 232].
Nevertheless, there is a consensus that PKCe negatively regulates collagen-induced platelet
activation through inhibition of cyclooxygenase activity [227]. In addition, also Mg?* inhibits
cyclooxygenase activity in platelets [73]. Taken these results together, we conclude that the
reduced PKCe activity and the enhanced [Mg?*]; depletion in Magt1™ platelets can account for
an increased cyclooxygenase activity and TXA: production, which further amplifies the
collagen-induced aggregation response. These changes can translate into a shortened time to
vessel occlusion in a model in vivo thrombosis and hemostasis in both Pkce” mice [227] and
Magt1™ mice. Our results thus point to a critical role of the MAGT1/PKCe signaling route in the
regulation of thrombosis and hemostasis. The recapitulation of the pro-thrombotic phenotype
in WT-BMMa9-¥ mice revealed that a defective Mg?* transport in the hematopoietic system can

contribute to an accelerated thrombus growth.

Using the tMCAO model of ischemic stroke in combination with pre- or post-surgical
administration of Mg?* supplements, several in vivo studies showed inhibitory effects of Mg?*
on brain infarct progression in rats [233, 234]. Although the clinical benefit of Mg?*
supplementation is apparent, the molecular mechanism of Mg?* uptake and release in ischemic
stroke remains elusive. In the study presented in this thesis, we demonstrated that MAGT1
deficiency in platelets strongly enhances the formation of platelet aggregates in ipsilesional
vessels of the ischemic brain, and thereby accelerates brain infarct progression. The in vitro
and ex vivo platelet function analysis revealed that Mg?* supplementation or partial inhibition
of TRPC6 channel activity might be a promising therapeutic intervention in MAGT1-related
pathology to limit platelet reactivity and possibly infarct progression.

In summary, we conclude that abolished MAGT1 function strongly enhances the activity of the
GPVI signalosome through an aberrant activation of TRPC6 and moderately increases TP
receptor and purinergic receptor signaling. Also, the PKC3- and PKCe-mediated inhibition of
GPVI signaling are dependent on MAGT1 activity and are partially regulated by TRPCB6. A loss
of this negative feedback loop on GPVI signaling appeared to lead to a pro-thrombotic
phenotype in Magtl™ mice in vivo. In this context, a decreased [Mg?]i in platelets, due to a
defective or suppressed MAGT1 function, can be a risk factor for the development of arterial
thrombosis and stroke triggered by hyperactive platelets. Supplementation of Mg?* can be a

promising therapeutic strategy in such pathology to limit platelet reactivity.
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4.4 Imbalanced cation homeostasis dysregulates B cell development and signaling of
MAGT1-deficient B cells

To date, our understanding of the mechanisms governing EBV infection in MAGT1-deficient
patients is limited. In particular, the mechanisms are unknown, which initiate the interplay
between viruses and host B cells, thereby leading to further alterations of T-cell responses.
Under infectious conditions, it is difficult to decipher the relative contribution of MAGT1 to the
reported defects in T or B cells, since inflammation caused by the EBV infection could modify

cation homeostasis and the immunogenic function in lymphocytes.

To dissect the primary role of MAGT1 in immune cells, we used a MAGT 1-deficient mouse line
(Magt1™). Similarly to the XMEN syndrome in humans, we found a slight but significant
reduction in both T cell numbers and the CD4*/CD8* ratio in the spleen, lymph nodes and blood
from Magtl™ mice. However, levels of [Mg?*] and [Ca?']; in resting and activated CD4* cells
(TCR or thapsigargin stimulation) were unaltered between WT and Magtl™ mice. In the NK
cells from MAGT 1-deficient patients, it has been shown that the expression and function of the
activating receptor NKG2D is reduced [89]. In our evaluation for NKG2D expression and
NKG2D-induced killing by NK cells, we did not observe differences between WT and Magt1™”
NK cells. This distinction between mouse and human could indicate that the dysregulation of
Mg?* and Ca?* homeostasis in human MAGT1-deficient T cells is due to secondary defects that
are triggered by EBV infection or other lymphocyte subtypes.

Therefore, we next assessed the primary function of MAGT1 in B lymphocytes. We found an
increased fraction of CD19* B cells among the CD45" cell population, in the blood and lymphoid
organs from Magt1” mice, which is in accordance with the findings in XMEN patients [195].
Additionally, we found that levels of plasma cells were decreased, but that follicular B cell levels
were unaltered. A profound increase in the frequencies of the marginal zone B cells was
observed in the spleen from Magtl®™ mice, indicative for a selective defect in B cell
development. Of note, total numbers of B cells were increased in the peripheral blood, splenic
tissue or lymph nodes, but not in the BM from Magt1® mice. In contrast, T cell numbers in
blood and the hematopoietic organs were indistinguishable between Magt1™ and WT mice. To
test whether imbalanced Mg?* and Ca?* homeostasis accounts for the developmental defect of
Magt1™ B cells, we determined the levels of these cations in resting cells and after stimulation
with anti-lgM antibody or thapsigargin. Strikingly, [Mg?*]i levels in both resting and activated
Magtl™ B cells was significantly reduced compared with WT cells. In contrast, IgM-induced
Ca?" store release was elevated and consequently, an increase in Ca?" influx was also
observed in Magt1™ B cells compared to WT controls. We could exclude a direct involvement
of STIM/ORAI1-mediated SOCE in this process, as Ca?* store release and Ca?" influx was

found to be normal in Magt1™ B cells upon thapsigargin stimulation.
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Bindgin of IgM to the B cell surface induces two synergistic activating signals, catalyzing the
hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP;) through the BCR-Syk-PLCy2 and
CD19-PI3K-Btk-PLCy2 pathways [235]. The metabolic product of PIP2, IP3, further triggers
Ca?" store depletion through the IP; receptors. The second hydrolysis product of PIP,,
diacylglycerol (DAG) in turn, activates PKC- and DAG- dependent transient receptor potential
cation (TRPC) channel activity in B cells [236]. In addition, PKC has been reported to
phosphorylate MAGT1 on serine 100/106 residues, thereby enhancing Mg?* transport activity
[237], likely to limit excessive Ca?* signaling. After BCR engagement with an anti-lgM antibody,
we found increased phosphorylation of Syk, PLCy2 and Ca?'-dependent (but DAG-
independent) PKCBIIl. In addition, we found that although the initial activation of DAG-
dependent PKC3s was normal 30 s after IgM ligation, its de-phosphorylation was enhanced at
later time points in Magt1™ B cells compared to WT cells. In contrast, regulation of PKCZ/A was
not altered in both Magtl™ and WT B cells. Based on these findings, we propose that PKC
function is regulated by a dynamic change in Mg?* and Ca?* homeostasis upon B cell activation,
which is controlled by the MAGT1-mediated Mg?* influx and Ca?* release from Ca?* stores. It
has previously been shown that phosphorylation of PKCBIIS®® is strongly dependent on Ca?*
release from intracellular Ca?* stores, which in turn regulates the subcellular localization of the
enzyme [238, 239]. Interestingly, dephosphorylation of PKCBIIS®® is a PP2A phosphatase-
dependent, and inhibition of PP2A enzymatic activity strongly accelerates PKCPIIS®°
phosphorylation [238]. The increase in Ca?* store depletion and enhanced PKCpIIS5¢°
phosphorylation in Magtl™ B cells may similarly dysregulate the subcellular localization of the
enzyme, and abnormally phosphorylate downstream effectors of the BCR signalosome. PKC3
is phosphorylated on several tyrosine residues, which regulate Ca?* mobilization and Ca?**-
dependent degranulation through Lyn inactivation and PKC3-SHIP protein complex formation
in mast cells and platelets [209, 240, 241]. We speculate that reduced phosphorylation of
PKCS&™!! in Magt1™ B cells may inhibit this negative feedback loop to Lyn, thereby enhancing
BCR-Syk-PLCy2 mediated IP; and DAG production, and in turn accelerating Ca?* responses
in B cells deficient in MAGTL1.

To evaluate the physiological consequence of abnormal cation homeostasis and PKC
functions, we investigated Ca?* and PKC dependent B cell proliferation in vitro. In line with the
increased Ca?* influx, IgM/IL-4 or PMA/ionomycin-stimulated Magtl” B cells showed
enhanced proliferation rates compared to WT controls, whereas Ca?*-independent B cell

activation with LPS induced a strong but unaltered proliferative response.

In conclusion, our study reveals an essential contribution of MAGT1 to the regulation of Mg?*

homeostasis in resting and activated B cells. Genetic ablation of MAGT1 in mice leads to an
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enhanced BCR-induced Ca?* store release and abnormal PKC activation, which likely disturbs
the development of marginal zone B cells and plasma cells. These changes in cation
homeostasis may also contribute to disorders in humans suffering from XMEN syndrome, and
should stimulate future research addressing the role of MAGT1 signaling in B cell-mediated
diseases.

4.5 Defective Zn?* homeostasis of human and mouse platelets with a- and §-storage pool

disorders

Given the ambiguity of the cellular location of ionic Zn?* and the role of platelet Zn?* release in
clot formation, we re-evaluated these topics in human and mouse platelets with granular
abnormalities. Loading of control human and WT mouse platelets with the Zn?*-specific
fluorescence dye, FluoZin-3, indicated that the cells at resting state contained several stained
foci, which markedly reduced upon platelet spreading on a fibrinogen-coated surface. This
observation suggests that a substantial part of the [Zn?'] is concentrated in the secretory
granules, which is released upon platelet activation. Using flow cytometry experiments in
thrombin-stimulated FluoZin-3 loaded platelets, these results were confirmed. Taken together,
this points to the platelet granules as major Zn?* stores. Nevertheless, the remaining part of
Zn?* can be available for sequestering proteins such as metallothionein, which was previously
reported in MKs and platelets [242, 243].

The release of the a- and é-granule content from activated platelets affects several processes
in the blood including coagulation, wound repair or inflammation [244]. Platelets from Unc13d
" mice show abolished §-granule release and reduced a-granule secretion [197]. To study
whether Zn?* efflux accompanies granule release, we loaded platelets from both WT and
Unc13d” mice with FluoZin-3. In comparison to WT, the knockout platelets showed a slightly
reduced basal [Zn?'];, but a severely impaired Zn?* efflux after thrombin stimulation. Similarly,
we used Nbeal2™ platelets with an o-granule defect, which displayed a severely reduced Zn?*
level in both the resting and activated conditions. Furthermore, Zn?* levels were analyzed in
platelets derived from phenotypically characterized SPD patients with defective platelet
ADP/ATP release and aggregation responses; impaired platelet mepacrine release and a
bleeding diathesis. In platelets from 4 out of 5 SPD patients, a low basal Zn?" level was
detected, suggestive for a dysregulated Zn?* homeostasis. However, the remaining Zn?*

content of SPD platelets could be released with similar kinetics as in control platelets.

To investigate whether defective Zn?* influx or altered Zn?* storage could account for the
reduced [Zn?*]; in mutant platelets, we utilized mouse models and incubated WT, Unc13d” and

Nbeal2” platelets with either ZnCl, or Zn* chelator TPEN; and [Zn?]i concentration was
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measured again with FluoZin-3. While the addition of ZnCl, increased the basal [Zn?*]; in all
mutant platelets, the level did not reach that in WT platelets. This observation is compatible
with a regular Zn?* uptake, but defective storage in the mutant platelets. Markedly, TPEN
treatment correspondingly reduced the [Zn®]; level in WT and Unc13d™ platelets, but not in
Nbeal2” platelets suggesting that [Zn®‘]; store in Nbeal2” platelets is very limited. In
mammalians, protein members of the ZIP protein family mediate Zn?* influx, thereby increasing
[Zn?*]i concentrations. On the other hand, ZnT isoforms regulate Zn?* efflux from the cytosol to
the extracellular space or into intracellular organelles lowering the [Zn?*]; concentration [245].
Whether the expression profiles of ZIP/ZnT isoforms are also altered in mutant or SPD platelets

with secretion defects is unknown.

Several authors have indicated that platelet-released Zn?* can modulate local hemostatic
reactions, including contact activation and fibrin clotting [29, 124, 199]. We considered that
defective granule biogenesis or granule secretion alters platelet Zn?* release, thereby affecting
fibrin clot formation. Recording of the fibrin formation on platelet thrombi during whole blood
flow over collagen microspots provides an adequate way to evaluate hemostatic activity ex
vivo [246]. Using microfluidics and a high wall-shear rate, we assessed the kinetics of fibrin
clot formation from the accumulation of AF647-labeled fibrin on platelet thrombi. In blood
samples from healthy controls, Zn?* addition did not change the times to fibrin formation, thus
indicating that Zn?* was not a limiting factor in this process. With blood from four out of five
SPD patients, platelet-dependent fibrin clot formation was prolonged but became normalized

upon in vitro addition of Zn?*.

Similar flow experiments were performed with blood from mice carrying platelet secretion
defects. Dysregulation of platelet-dependent fibrin clot formation under flow was observed with
blood from Unc13d” mice, which was normalized by Zn?* supplementation. No significant
alteration in fibrin clot formation was found with Zn?* in whole blood from Nbeal2” mice. We
speculate an alternative Zn?* sequestering mechanism could compensate the lack of [Zn?*];
store in these platelets. We found that the total amount of Zn?* strongly increased in Nbeal2”
platelets. FluoZin-3 cannot detect this protein bound Zn?* pool in the cytoplasm. Further
investigation is necessary to study whether metallothionein expression is increased in Nbeal2
" platelets, which may compensate the lack of granular Zn?* store upon platelet-dependent

fibrin formation.

Altogether, our data significantly extend the earlier observations from 1985 [199], that
extracellular Zn?*, as well as platelet Zn?* release, have a procoagulant effect. Also, our data
indicate that several platelet degranulation defects impair Zn?* release, which especially in
SPD patients and Unc13d” mice is a limiting factor for platelet-dependent fibrin formation.

These results together suggest that determination of the platelet Zn?* content, while staining
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with FluoZin-3 could act as a novel prognostic biomarker for SPD and related bleeding

disorders.

5. Concluding remarks and future plans

In the present thesis, two crucial Mg?* entry routes were identified in platelets and characterized
using Trpm7%R, Trpm7"™PHCe and Magt1™ mice. Although we could show that TRPM7 kinase
regulates platelet SOCE, Syk and PLC ioforms, thereby controlling platelet reactivity, it is
essential to better understand how the TRPM7 kinase regulates other molecules. Since
TRPM7 kinase is a serine/threonine kinase, the described tyrosine phosphorylation
abnormalities in this thesis may help to show how this indirect crosstalk is regulated during
platelet activation. Previously were described cytoskeletal abnormalities in MKs from Trpm7""
PiCre mice and TRPM7 variants [75]. In this thesis, we elucidated the functional responses of
mutant platelets in both in vitro and in vivo conditions. It would be imperative to compare
TRPM7 variants in human platelets with mutant TRPM7 mouse platelets. Nevertheless,
comparing functional tests of platelets from TRPM7%®R and Trpm7""P“C® mice, inhibition of
TRPM7 kinase activity could be a novel strategy to prevent thrombosis and stroke instead of
TRPM7 channel blockage.

Global deletion of Magtl in mice does not influence postnatal development, but resulted in a
pro-thrombotic phenotype, thus highlighting the crucial role of MAGT1 in platelet physiology.
Our mouse model has limitations, since we could not fully recapitulate the situation found in
XMEN patients, likelydue to the fact that the mice could not be infected with EBV in vivo.
Nevertheless, Magtl™ mice showed a significantly altered B cell development, which was
partially described in some XMEN patients. In further studies, it would be essential to test
Magt1™ mice in different in vivo models of sepsis or related disorders. Using different kinds of
immunizations in Magtl” mice, it will be relevant to correlate the effector functions of

lymphocytes to human MAGT1 variants.

In this thesis, various classes of PKC isoforms were found to be differentially regulated in
Magtl™ platelets and B cells. In Magtl”™ mice, using disease models like immune
thrombocytopenia, ischemic brain infarction, and atherosclerosis. It would be interesting to
further deepen the understanding of Mg?* homeostasis between the different hematopoietic
cells. Using co-culture systems and conditional deletion strategies in Magt1” mice, the specific
role of this interesting transporter in different cell systems need to be characterized in the
future. Further, it will be of interest to obtain Magtl/Trpm7 double-deficient mice, where a

severe [Mg?*]i deficiency is expected, if these mice would develop normally.
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Besides MAGT1 and TRPM7, also TUSC3, another Mg?* transporter, was found to be
expressed in murine platelets. Hence, it would also be interesting to study the
(patho)physiological significance of this transporter as well as its interplay with MAGT1 and
TRPM?7 in platelet function.

In the final part of this thesis, we made progress in identifying the location and function of the
[Zn*]i stores in platelets. This study may help to better understand the mechanism of zinc
storage in platelets, particularly concerning aberrant biogenesis and release of granules. Due
to the limitations of the existing technical tools, we could however not precisely define the
localization of platelet [Zn?*].. This work should hence be taken further. Moreover, studying the
expression of ZIP and ZnT isoforms in platelets with various granule abnormalities or SPD
would be an important step to improve the understanding of the role of Zn?* in granule
biogenesis and hemostasis. These studies open the possibility to develop mouse models,
which will further underline the importance of zinc homeostasis to thrombosis and stroke at the

molecular level.
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6. Appendix
6.1 List of abbreviations

Arachidonic acid
Acid-citrate-dextrose

Adenosine diphosphate

Adenosine triphosphate

Bone marrow chimeric

Bovine serum albumin
Carboxfluorescein succinimidyl ester
Collagen-related peptide

Convulxin

C-type lectin-like receptor 2
Cytosolic free calcium concentration
Cytosolic free magnesium concentration
Cytosolic free zinc concentration
Cytotoxic T cells

Diacylglycerol

Epstein-Barr virus

G protein coupled receptor
Glycoprotein VI

Inositol 1,4,5-trisphosphate

Immunoreceptor tyrosine-based activation motif

Immunoreceptor tyrosine-based inhibition motif

Inositol-1,4,5-trisphosphate

Inductively coupled plasma mass spectrometry

IP3 receptor

Linker for activation of T cells
Megakaryocytes

Magnesium transporter 1

Natural killer

N,N,N’,N'-tetrakis 2-pyridinylmethyl-1,2-ethanediamine

Protease-activated receptor
Protein kinase C
Phospholipase C

Phosphate-buffered saline

Platelet endothelial cell adhesion molecule

ACD
ADP
ATP
BM
BSA
CFSE
CRP
Cvx
CLEC-2
[Ca?'];
[Mg?*];
[Zn*]
CTLs
DAG
EBV
GPCR
GPVI
IPs3
ITAM
ITIM
IPs3
ICP-MS
IPsR
LAT
MKs
MAGT1
NK
TPEN
PAR
PKC
PLC
PBS
PECAM
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Platelet-rich plasma
Phosphatidylinositol-4, 5-bisphosphate
Store-operated calcium entry
Receptor-operated calcium entry
Rhodocytin

Room temperature

Storage pool disease

Stromal interaction molecule 1

Serotonin

Sarco/endoplasmic reticulum Ca?*-ATPase
Src family kinase

Spleen tyrosine kinase

Src family kinase

T cell receptor

Transient middle cerebral artery occlusion
Thromboxane A

Thromboxane B:

Thromboxane receptor

Thapsigargin

Transient receptor potential nelastatin-like 7 channel
WT

X-linked immunodeficiency with magnesium defect,

Epstein-Barr virus infection, and neoplasia syndrome

PRP
PIP,
SOCE
ROCE
RC

RT
SPD
STIM1
5-HT
SERCA
SFK
Syk
SFK
TCR
tMCAO
TXA
TXB:>
TP

TG
TRPMY7
Wild type

XMEN
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6.2.2 Oral presentations

Defective Mg?* transport enhances Ca?* responses in B cells and platelets thereby accelerating
immunothrombotic effects in mice - Gesellschaft fir Thrombose- und Hamostaseforschung
(GTH) 2018, Vienna, Austria.

Defective Zn?* homeostasis of human and mouse platelets in storage pool disorders -
Gesellschaft fir Thrombose- und Hamostaseforschung (GTH) 2018, Vienna, Austria.

Defects in TRPM7 function result in abnormal Ca?* dependent platelet signaling in mice. -
European Congress on Thrombosis and Haemostasis (ECTH) 2016, The Hague, the

Netherlands.

Genetic ablation of TRPM7 induces multiple defects in platelet activation. - Gesellschaft fur

Thrombose- und Hamostaseforschung (GTH) 2016, Munster, Germany.

Magnesium transporter MAGT1 plays a critical role in thrombo-inflammatory diseases and
hemostasis in mice. - International Society on Thrombosis and Haemostasis (ISTH) 2015,

Toronto, Canada.

Magnesium transporter Magtl is a key regulator of thrombus formation and ischemic stroke in
mice. - Gesellschaft fir Thrombose - und Hamostaseforschung (GTH) 2015, Dusseldorf,
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