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Abstract

The multidrug resistance protein 4 (MRP4) is highly expressed in platelets and several lines of evidence point to an impact
on platelet function. MRP4 represents a transporter for cyclic nucleotides as well as for certain lipid mediators. The aim
of the present study was to comprehensively characterize the effect of a short-time specific pharmacological inhibition
of MRP4 on signaling pathways in platelets. Transport assays in isolated membrane vesicles showed a concentration-
dependent inhibition of MRP4-mediated transport of cyclic nucleotides, thromboxane (Tx)B2 and fluorescein (FITC)-
labeled sphingosine-1-phosphate (S1P) by the selective MRP4 inhibitor Ceefourin-1. In ex vivo aggregometry studies in
human platelets, Ceefourin-1 significantly inhibited platelet aggregation by about 30-50% when ADP or collagen was used
as activating agents, respectively. Ceefourin-1 significantly lowered the ADP-induced activation of integrin allbp3,
indicated by binding of FITC-fibrinogen (about 50% reduction at 50 uM Ceefourin-1), and reduced calcium influx.
Furthermore, pre-incubation with Ceefourin-1 significantly increased PGE - and cinaciguat-induced vasodilator-
stimulated phosphoprotein (VASP) phosphorylation, indicating increased cytosolic cAMP as well as cGMP concentrations,
respectively. The release of TxB2 from activated human platelets was also attenuated. Finally, selective MRP4 inhibition
significantly reduced both the total area covered by thrombi and the average thrombus size by about 40% in a flow
chamber model. In conclusion, selective MRP4 inhibition causes reduced platelet adhesion and thrombus formation
under flow conditions. This finding is mechanistically supported by inhibition of integrin allbp3 activation, elevated VASP
phosphorylation and reduced calcium influx, based on inhibited cyclic nucleotide and thromboxane transport as well as
possible further mechanisms.

pendent regulator of intracellular cAMP levels and of cell

Introduction L . e .
proliferation and differentiation in several cell types, in-

The multidrug resistance protein 4 (MRP4) (ABCC4) is a
member of the MRP/CFTR subfamily (C-branch) of the ATP-
binding cassette (ABC) transporters, a family of proteins
that mediate an ATP-driven transmembrane transport of
compounds. It represents a very versatile transporter,
which is expressed in several tissues with high amounts in
platelets.* Its substrate spectrum covers several drugs,
namely nucleoside-based antiviral and anti-cancer agents
but interestingly also a number of endogenous signaling
molecules. These include primarily the cyclic nucleotides
cAMP and cGMP.5® MRP4 has been established as an inde-

cluding vascular smooth muscle cells as well as hemato-
poietic cells.”® Furthermore, cyclic nucleotides play a major
role in platelet activation and regulation. In Mrp4-deficient
mice, dysregulation of platelet cAMP homeostasis was ob-
served.®™ This dysregulation may be due to reduced cAMP
efflux and/or intracellular sequestration since the exact lo-
calization of MRP4 in resting platelets has yet to be clari-
fied. There is evidence for plasma membrane localization,”
but also for a partial intracellular localization of MRP4 in
association with the dense granule markers.*" In addition,
Cheepala et al. reported a reduced plasma membrane lo-
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calization of the major collagen receptor GPVI and in-
hibition of collagen-induced platelet aggregation in their
knockout mouse model.® While the role of MRP4 in cAMP
signaling is well established, its role in platelet cGMP ho-
meostasis and other cAMP-independent pathways is less
clear. MRP4 also transports lipid mediators such as eico-
sanoids and may directly mediate the export of thrombo-
xane from platelets.? In addition, we showed that MRP4
is also involved in the release of sphingosine-1-phosphate
(S1P), a potent pro-inflammatory mediator, from platelets.™
Thus, MRP4 appears to be an essential factor in the para-
crine function of platelets. Based on these findings, the
transporter has emerged as a potential target to interfere
with platelet function.**%*™* MRP4 inhibitors may comple-
ment the currently used aggregation inhibitors, whereby
especially platelet hyperreactivity as well as platelet-in-
duced inflammatory processes may be reduced. Enhanced
platelet reactivity has been linked to MRP4 overexpression
in cases of aspirin resistance®*'"® as well as in patients in-
fected with the human immunodeficiency virus (HIV)."
The present study aimed to comprehensively characterize
the effect of a selective MRP4 inhibitor on different medi-
ators and signaling pathways in platelets, thereby evalu-
ating the impact of a short-term pharmacological MRP4
inhibition on the function of human platelets. In previous
studies, often rather unspecific inhibitors such as the leu-
kotriene receptor antagonist MK571"® were used to inhibit
MRP4.%2° Meanwhile, more selective inhibitors of MRP4,
namely Ceefourin-1," have become available. Effects on
thrombus formation were also studied in a microfluidic
flow chamber model to mimic physiological shear stress in
both whole human blood and in samples from MRP4-defi-
cient compared to control mice.

Methods

More details are provided in the Online Supplementary Ap-
pendix.

Human blood samples and animals

Human venous blood was taken from healthy volunteers
after written informed consent according to the Declaration
of Helsinki and approval from the Institutional Ethics Com-
mittee. Mrp4-deficient (Mrp4 (-/-)) mice were kindly pro-
vided by the late Dr. Gary D. Kruh (Cancer Center, University
of Illinois, Chicago, IL, USA) and were maintained and back-
crossed to C57BL/6 wild-type (WT) animals at the animal
facility of the University Medicine Greifswald. Murine blood
was obtained by right ventricular heart puncture.

Light transmission aggregometry and platelet
thromboxane release
For aggregometry, platelet-rich plasma (PRP) was pre-
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pared from human citrate blood as described™ and pre-
incubated with Ceefourin-1, aspirin or cinaciguat as stated
in the figure legends. For measurement of thromboxane
release, washed platelets were pre-incubated with Cee-
fourin-1 and activated with collagen-related peptide CRP-
XL and thrombin receptor-activating peptide PAR1-AP (15
minutes [min]). Concentrations of TxB2 in separated pla-
telets and supernatants were determined by liquid chro-
matography-tandem mass spectrometry (LC-MS/MS).

Flow cytometric analyses

Fibrinogen binding to integrin allbp3 - PRP was diluted in
HEPES-buffered saline (HBS), pre-incubated with Cee-
fourin-1 (10-50 uM) (15 min) and stimulated with either
CRP-XL or ADP (10 min), before FITC-labeled human fibri-
nogen and R-phycoerythrin anti-human-CD62P were
added (for supplier see the Online Supplementary Appen-
dix). After 20 min, samples were fixed in 0.2% formalde-
hyde and subjected to flow cytometric acquisition.

VASP phosphorylation - Washed platelets were resus-
pended in HBS and pre-incubated with either Ceefourin-
1 (50 uM) alone or with Ceefourin-1 added to PGE, or
cinaciguat (0.5-1 uM). Platelets were fixed with formalde-
hyde and permeabilized with Triton-X100. Phospho-spe-
cific antibodies either against serine residue 157 or serine
residue 239 of vasodilator-stimulated phosphoprotein
(VASP) and the respective Alexa Fluor 488-conjugated
secondary antibodies were added for flow cytometric
analysis.

Calcium measurements

Washed platelets were incubated with Fura-2 AM and
subjected to ratiometric calcium analysis using a fluor-
escence spectrophotometer (excitation 340/380 nm,
emission 510 nm).

Flow chamber experiments

Parallel channel flow chambers (ibidi u-slide VI 0.1, Gra-
feling, Germany) were coated with Horm collagen (Takeda
Pharmaceutical, Berlin, Germany). Human or murine blood
was anticoagulated with hirudin (5625 ATU/mL) and heparin
(5 IU/mL) or with PPACK (Cayman Chemical, Ann Arbor, M,
USA) (400 uM) and hirudin, respectively. Platelet specific
antibodies (FITC-labeled anti-human CD42a or DyLight
488-conjugated anti-mouse GPIbp) (for supplier see the
Online Supplementary Appendix) were added and blood
was incubated with Ceefourin-1 or the respective solvent
at 37°C. Blood was perfused through the microchannels
under high arterial shear conditions (1,8007") for 5 min.
After completion of the experiment, two images at the be-
ginning, two at the end and one in the center of the chan-
nel were obtained, using a confocal laser scanning
microscope (Carl Zeiss LSM 780, Oberkochen, Germany)
(40x objective). Size of thrombi and surface area coverage
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were analyzed with ImageJ?* software. Image segmenta-
tion was performed in Bitplane Imaris version 7.65. (Oxford
Instruments, Abingdon, UK) using the surfaces creation
wizard algorithm.? All flow experiments were performed
according to International Society on Thrombosis and
Hemostasis Scientific and Standardization Committee
(ISTH SSC) recommendations.*

Results

Ceefourin-1 effectively inhibits MRP4-mediated
transport of several signaling compounds in vitro

In order to evaluate how effectively Ceefourin-1interferes
with the direct ATP-dependent transport of several signal-
ing compounds, transport assays using inside-out mem-
brane vesicles containing recombinant human MRP4 were
performed. ATP-dependent transport of *H-labeled cGMP
was inhibited with a half maximal inhibitory concentration
(IC,,) value of 5.7 uM, indicating that the transport of cyclic
nucleotides is affected by Ceefourin-1 with high affinity
(Online Supplementary Figure S1A). Also the more lipophilic
substrates TxB2 and S1P were actively transported by
MRP4, confirming previous studies.® TxB2 transport could
be blocked by Ceefourin-1 with nearly the same in vitro
potency (IC,: 3.6 uM) as cGMP transport (Online Supple-
mentary Figure S1B). However, higher concentrations of
Ceefourin-1 were required to interfere with S1P transport
(IC,, of about 50 uM) (Online Supplementary Figure S1C).

MRP4 inhibition reduces the release of thromboxane
from human platelets

Since the ATP-dependent TxB2 transport was potently in-
hibited by Ceefourin-1in the membrane vesicle assay, the
impact of MRP4 inhibition on thromboxane release by
stimulated human platelets ex vivo was further investi-
gated. For this, incubation of the platelets with Ceefourin-
1 was performed prior to the addition of CRP-XL or
PAR1-AP, which activate collagen or thrombin receptors,
respectively. Subsequently, concentrations of TxB2 (the
stable metabolite of TxA2) were measured in platelet
supernatants and the respective pellets by LC-MS/MS. In
order to validate the results, we compared this method
with an established enzyme-linked immunosorbent assay
(ELISA) and found only a negligible inter-method variability
(Online Supplementary Figure S2). Basal TxB2 release in
control platelets was 2.27+0.39 pg/10° platelets and in-
creased strongly upon stimulation with CRP-XL (1 ug/mL)
and PAR1-AP (50 uM) to 5.96%1.56 pg/10® and 5.91+1.64
pg/10° platelets, respectively. In comparison, pre-treat-
ment with Ceefourin-1 led to a significant decrease in
basal as well as CRP-XL- and PAR1-AP-induced TxB2 re-
lease (Figure 1A). In addition, also the total amount of TxB2
(supernatant and pellet combined) was significantly re-
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duced by Ceefourin-1 in CRP-XL- and PAR1-AP-treated
samples (Figure 1B). This indicates that TxB2 formation is
also affected by MRP4 inhibition. However, further ana-
lyses of our data revealed that the relative TxB2 release,
which was calculated from the fraction released divided
by the total amount, was still significantly diminished. In
platelets stimulated with CRP-XL (1 ug/mL) 35.8%3.3%
were released in the presence of Ceefourin-1 (vs. control:
45.0+1.5%) and with PAR1-AP (50 uM) 36.4+4.7% (vs. con-
trol: 48.01£7.8%) (Figure 1C). This suggests that Ceefourin-
1 attenuates platelet TxB2 release via a diminished TxB2
synthesis during activation combined with a direct effect
on the TxB2 transport across the plasma membrane.

Ceefourin-1 treatment impairs platelet aggregation in
human and murine PRP

Light transmission aggregometry with different stimuli
was performed to investigate, whether short-time expo-
sure of PRP to Ceefourin-1 leads to impaired platelet ag-
gregation. MRP4 inhibition resulted in a reduction of
maximum platelet aggregation, with the most prominent
effect (about 50% inhibition at 10 uM Ceefourin-1) being
observed with the strong agonist collagen (5 ug/mL) (38.3%
10.3% aggregation vs. 77.314.0% for the solvent control)
(Figure 2). Although less pronounced, a significant effect
on aggregation was also observed in ADP- and PAR1-AP-
stimulated platelets (27% and 13% reduction at 10 uM Cee-
fourin-1, respectively), while the synthetic thromboxane
analog U46619 had no significant effect. In comparison,
aspirin was used to block thromboxane synthesis, leading,
as expected, to a reduced aggregation with the most pro-
nounced effect also with collagen-induced activation (63%
at 30 uM aspirin). When both compounds were combined,
only a tendency towards an additive effect was observed,
which, however, was not statistically significant. These re-
sults further substantiate the finding of MRP4 being in-
volved in the release of thromboxane, not excluding its
potential role in intrinsically controlling platelet activation
and, therefore, thromboxane production.

Since several MRP4-inhibiting compounds show signifi-
cant off-target effects, we performed platelet aggregation
experiments with PRP from WT and Mrp4-deficient mice
to verify the selectivity of Ceefourin-1. In line with previous
studies,® the Mrp4 knockout led to an impaired aggre-
gation response to collagen stimulation (30.7+ 5.7% vs.
46.7+3.8% aggregation with 10 ug/mL collagen) (Figure 2C).
A similar reduction was achieved by the treatment with
Ceefourin-1 in WT platelets (31.3+3.9% vs. 46.7£3.8%).
However, Ceefourin-1resulted in no further attenuation of
aggregation in the Mrp4-deficient platelets, indicating that
the effect of Ceefourin-1 on platelet function is only due
to MRP4 inhibition. Ceefourin-1 also reduced platelet ag-
gregation after stimulation with ADP only in the WT pla-
telets (Online Supplementary Figure S3).
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In addition, we evaluated the effect of Ceefourin-1 on pla-
telet viability using an assay based on the intracellular cal-
cein accumulation as described in the Online Supplementary
Appendix. Ceefourin-1in concentrations of up to 50 uM had
no significant effect on platelet viability compared to the
solvent control (Online Supplementary Figure S4).

Platelet fibrinogen binding and calcium influx is
inhibited by Ceefourin-1

The impact of Ceefourin-1 on different sub-aspects of
platelet activation, like integrin allbp3 activation and a-
granule release were assessed by flow cytometric ana-
lyses of fluorescence-labeled fibrinogen and anti-CD62P
antibody binding. Fibrinogen binding was significantly re-
duced by Ceefourin-1(80.914.9% and 75.314.0% of control
with 30 uM and 50 uM Ceefourin-1, respectively) at a sub-
maximal concentration of CRP-XL (Figure 3A). ADP-in-
duced fibrinogen binding was also markedly abrogated to
471+7.3% of control with 50 uM Ceefourin-1 (Figure 3B).
Higher concentrations of the agonists led to a less pro-
nounced effect of MRP4 inhibition, which disappeared
completely at the highest concentrations used. Addi-
tionally, we found CD62P surface exposure to be signifi-
cantly reduced upon stimulation with ADP but not with
CRP-XL (Figure 3C and D).

Since calcium is essential for the change in conformation
of integrin allbp3, allowing it to bind fibrinogen, we
measured the increase of free cytosolic calcium in Fura-
2-loaded human platelets (Figure 4A to C). In order to dis-
criminate between calcium influx and mobilization from
intracellular stores, platelets were activated in the pres-
ence (left panels) or absence (right panels) of external cal-
cium. Blocking MRP4 entails a reduction in the area under
the fluorescence curve (area under the curve [AUC]) upon
stimulation with ADP, resulting predominantly from an im-
paired calcium influx (8.0+0.5 vs. 11.420.8 R(340/380)*s in
calcium-containing medium). The signal in calcium-free
medium, reflecting mobilization from intracellular stores,
was markedly lower. However, there was also a trend to-
wards reduced AUC values after incubation with Cee-
fourin-1 for the calcium mobilization, which became
statistically significant when the decrease was calculated
relative to the respective solvent control of each blood
sample donor (separate experiment) (Figure 4C).

Ceefourin-1 enhances VASP phosphorylation and cyclic
nucleotide-dependent platelet inhibition

The cyclic nucleotides cGMP and cAMP are important
second messengers involved in platelet inhibition, es-
pecially by endothelium-derived factors, such as nitric
oxide (NO) or prostacyclin (PGI2). Both cGMP and cAMP
are able to activate protein kinases (PK), leading to the
phosphorylation and inhibition of proteins, which are in-
volved in the signaling for platelet activation. In order to

R. Wolf et al.

A

Figure 1. Inhibition of TxB2 release from human platelets by
Ceefourin-1. Washed platelets were incubated for 15 minutes
at 37°C with Ceefourin-1 (Ceef.,, 50 uM, black bars) or the
respective solvent control (Co, 0.5% dimethyl sulfoxide
[DMSO], white bars) and then either left unstimulated
(unstim.) or activated with collagen-related peptide CRP-XL
(125 ng/mL and 1,000 ng/mL) and the thrombin receptor-
activating peptide PAR1-AP (10 uM and 50 uM). After 15 min, the
platelets were pelleted and TxB2 was analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) in
the supernatants and pellets. (A and B) Absolute TxB2
concentrations in platelet supernatants (A) and in platelet
pellets (B) in pg/1x10° platelets (plt). (C) Platelet TxB2 release
in % of the total amount formed. Values represent means +
standard error of the mean from n=6 different donors.
*P<0.05; **P<0.01 vs. the respective solvent control.
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Figure 2. Effect of Ceefourin-1 on platelet aggregation ex vivo. (A and B) Human platelet-rich plasma (PRP) was pretreated with
either only the solvent (control, (-)), or Ceefourin-1 (Ceef.; 10 uM for 20 minutes), or aspirin (30 uM; for 5 minutes), or the
combination of both, and then stimulated with the following agonists: collagen (5 ug/mL), ADP (5 uM), PAR1-AP (30 uM) or U46619
(2 uM). Platelet aggregation was determined by light transmission aggregometry. Representative curves of platelet aggregation
stimulated by collagen and ADP are given in (A). The inhibition of the maximal aggregation is summarized in (B) (means +
standard error of the mean [SEM]; n=6-11; *P<0.05 vs. control). (C) PRP (diluted 1:2 with Tyrode’s buffer) from age- and sex-
matched wild-type (WT) or Mrp4-deficient (Mrp4(-/-)) mice was pretreated with either only the solvent (control, (-)) or
Ceefourin-1 (Ceef.; 10 uM) and then stimulated with collagen (10 ug/mL). Aggregation curves were monitored and the maximal
extent of aggregation (%) was calculated (mean + SEM; n=5-7). Ceefourin-1 led to a significant reduction of the aggregation only

in WT platelets (*P<0.05).

determine cytosolic cyclic nucleotide levels in human
platelets, we measured the phosphorylation of VASP at
two different serine residues (ser-157 and ser-239) by
flow cytometry. The cAMP-elevating agent PGE, pro-
foundly increased VASP phosphorylation at ser-157, the
preferred phosphorylation site of PKA. Pre-incubation
with Ceefourin-1 (50 uM) significantly increased this ef-
fect (310.4£25.3% vs. 211.3£14.7% with 1 uM PGE1) (Figure
5A, left panel). Note that Ceefourin-1 alone only tends to

elevate background VASP phosphorylation. The phos-
phorylation of ser-239, the preferred substrate of PKG, is
similarly elevated in the presence of cinaciguat, an acti-
vator of soluble guanylate cyclase. As shown in Figure
5A, right panel, the specific inhibition of MRP4 resulted
in a 1.8-fold increase in the cinaciguat-stimulated VASP
phosphorylation.

In order to investigate whether MRP4 inhibition can en-
hance cGMP-mediated effects in platelets, we measured
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Figure 3. Effect of MRP4 inhibition on platelet fibrinogen binding and CD62P surface exposure. Binding of FITC-labeled fibrinogen
(A and B) and R-phycoerythrin-labeled anti-CD62P antibody (C and D) to platelets (plt) was assessed by flow cytometry as a
measure for integrin allbf3 activation and a-granule release, respectively. Platelet-rich plasma was preincubated with Ceefourin-
1 (Ceef.) (10-50 uM) or the solvent control (0.5% dimethyl sulfoxide [DMSOQO]) for 15 minutes (min) and then stimulated with the
collagen-related peptide CRP-XL (125-500 ng/mL) (A and C) or ADP (0.5-5 uM) (B and D) for 10 min before FITC-fibrinogen or anti-
CD63P antibody were added. After fixation in formaldehyde the samples were subjected to flow cytometric analysis. Data are
given in % of the respective solvent control (means + standard error of the mean, n=4-6 platelet-rich plasma samples of different
donors, performed in duplicates). Significant differences with *P<0.05, **P<0.01, and **P<0.005 vs. the respective solvent control.

platelet aggregation in the presence of cinaciguat (0.1
uM) and Ceefourin-1 (50 uM). A 3-minute pre-incubation
with either substance alone led to only a modest reduc-
tion of maximum platelet aggregation as well as aggre-
gation slope (Figure 5B). However, both substances
combined significantly decreased the magnitude and
slope of platelet aggregation to 37% and 46% of control,
respectively.

Specific inhibition of MRP4 reduces platelet adhesion
and thrombus formation under flow

In order to investigate whether the effect of Ceefourin-
1 on platelet aggregation is also relevant under shear
conditions, whole blood with FITC-anti-CD42a-labeled
platelets was perfused through collagen-coated micro-
channels under high arterial shear conditions. Platelet

adhesion and thrombus formation were analyzed. Spik-
ing whole blood with Ceefourin-1 (50 uM) resulted in a
significant reduction in the area of platelet thrombi
(29.9+1.4 um? vs. 18.4+£0.8 um?) as well as in the total
area of the channel, which was covered by thrombi (Fig-
ure 6A and B). We verified the selectivity of Ceefourin-1
again in this assay by conducting perfusion experiments
with freshly taken samples of whole blood from Mrp4-
deficient and WT control mice. As shown in Figure 6C
and D, the average area of thrombi was reduced in blood
from Mrp4 (-/-) mice by about 45% as well as after in-
cubation of blood from WT animals with Ceefourin-1 ex
vivo as compared to control (WT without Ceefourin-1).
Strikingly, no inhibitory effect on thrombus formation
was seen with Ceefourin-1in blood from Mrp4-deficient
mice.
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Figure 4. Effect of MRP4 inhibition on intracellular calcium levels in platelets. Cytosolic free calcium was measured
spectrophotofluorometrically in Fura-2-loaded washed platelets. Measurements were performed either in Ca* medium
(Tyrode’s buffer with 2 mM CaCl)) (left panels) or Ca*-free medium (Tyrode’s buffer with 0.2 mM EGTA) (right panels). In (A) the
time-dependent increase in cytosolic calcium (indicated by R (340/380 nm)) after stimulation with ADP (1 uM) and the effect of
Ceefourin-1 (50 uM) in representative experiments are depicted. In (B) the area under the fluorescence curve (area under the
curve [AUC]) as a measure for the total change in calcium concentration was calculated (means + standard error of the mean
from n=3 different donors, each measured in duplicates or quadruplicates). The reduction after Ceefourin-1 treatment is also
given in % of the respective solvent control for each donor (each separate experiment) in (C) (significant differences with

*P<0.05, and **P<0.01).

Discussion

An impact of MRP4 on platelet function is indicated by
several lines of evidence, including studies in Mrp4 knock-
out mice®? and recent data from human individuals with
a defect in the ABCC4/MRP4 gene.* MRP4 may affect dif-
ferent signaling pathways in human platelets through the
transport of several compounds. In the present study, we
used Ceefourin-1, which has been described as a selective
MRP4 inhibitor?' to comprehensively characterize the ef-
fects on the function of human platelets that could be an-
ticipated when applying a short-time pharmacological

inhibition of MRP4. It has been shown that Ceefourin-1is
highly selective for MRP4 over several ABC transporters,
including other members of the MRP family such as MRP1
and MRP3 (ABCC1 and ABCC3), which are also expressed
in platelets.? However, this does not exclude off-target ef-
fects of Ceefourin-1 on other structures in platelets.
Therefore, we compared the effect of the compound in
WT and Mrp4-deficient mice in the classic aggregometry
studies and in the flow chamber experiments and ob-
served significant effects on platelet function only when
MRP4 is expressed. Possible unspecific effects of Cee-
fourin-1 on platelet viability were also tested and ruled
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Figure 5. Effect of Ceefourin-1 on VASP phosphorylation (A) and cyclic nucleotide-dependent platelet inhibition (B). The
phosphorylation of VASP at two different serine residues, serine-157 (the preferred substrate of PKA) (A, left panel) and serine-
239 (the preferred substrate of PKG) (A, right panel) was determined by flow cytometry in human platelets as a measure for the
cytosolic levels of cAMP and cGMP, respectively. Ceefourin-1 (Ceef., 50 uM) significantly amplified cAMP- and cGMP-dependent
VASP phosphorylation, induced by PGE1 (1 uM) and cinaciguat (Cinac., 0.5 and 1 uM), respectively (means + standard error of the
mean, n=6). (B) Platelet aggregation in the presence of cinaciguat (Cinac., 0.1 uM) and Ceefourin-1 (Ceef., 50 pM) was measured
by light transmission aggregometry, to confirm the enhancement of cGMP-mediated effects by MRP4 inhibition. The aggregation
was here stimulated by 1.25 pg/mL collagen. The left panel shows the aggregation curves of a representative experiment.
Maximum platelet aggregation (middle panel) and the slope of platelet aggregation (right panel) were markedly decreased when
both compounds were combined (means + standard error of the mean; n=20 measurements with platelet-rich plasma from 4

different donors).

out for the used concentrations. We further examined if
there are substrate-depended differences in the potency
of Ceefourin-1to inhibit the direct MRP4-mediated trans-
port measured in inside-out membrane vesicles. Here, we
observed that the MRP4-mediated transport of TxB2 is in-
hibited by Ceefourin-1 with a similar IC_ value as the
transport of the cyclic nucleotide cGMP, although the
structure of Ceefourin-1*' is more analogous to cyclic nu-
cleotides than to eicosanoids. However, for inhibition of
S1P transport, higher concentrations were required. This
may indicate that the binding pocket for this substrate
may be slightly different and Ceefourin-1 may not be the
best compound to specifically interfere with the export or
sequestration of this mediator. It should also be noted
that the IC,, values determined in the inside-out mem-
brane vesicles cannot directly be compared with the con-
centrations that are necessary to detect effects in intact

platelets. This is because only the proportion of the ex-
ternally added Ceefourin-1that has been taken up into the
cells can inhibit the transporter at the cytosolic substrate
binding site.

Thromboxane A2 (TxA2) is produced de novo upon activa-
tion of the platelets and amplifies the platelet response
to a variety of stimulating agents. After its release, it is
rapidly degraded to TxB2. Thromboxane has been sup-
posed to diffuse through the platelet plasma membrane.
However, in vitro assays in isolated membrane vesicles in-
dicate that the presence of an ATP-dependent export
pump is required for an effective export.® Therefore, we
investigated the impact of MRP4 inhibition on thrombo-
xane release by stimulated human platelets in more detail.
Ceefourin-1 pretreatment significantly reduced the throm-
boxane release from platelets after stimulation of the col-
lagen or thrombin receptor. Thereby, the reduction in
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Figure 6. Role of MRP4 in platelet adhesion and thrombus formation under flow. (A and B) Whole human blood with FITC-anti-
CD42a-labeled platelets (from n=3 different donors) was pre-incubated with Ceefourin-1 (Ceef., 50 uM) or the respective
solvent (Co, 0.5 % dimethyl sulfoxide [DMSQ]) and perfused through collagen-coated microchannels under high arterial shear
conditions (1,8007") for 5 minutes. Micrographs were taken at the beginning, the end, and in the center of the channel using a
confocal laser scanning microscope (Zeiss LSM 780) with a 40x objective. The average thrombus area (A, left panel) and surface
area coverage by thrombi (A, right panel; means + standard error of the mean [SEM]) were analyzed with the ImagedJ software.
In (B) representative images are shown. (C and D) The effect of Ceefourin-1 was also evaluated in perfusions performed with
whole blood from age- and sex-matched wild-type (WT) or Mrp4(-/-) mice (with X488-labeled platelets). The average thrombus
area (C, means £ SEM and values of individual animals; n=4-8) was markedly reduced in Mrp4(-/-) and Ceefourin-1-treated WT
mice with no significant additional Ceefourin-1 effect in Mrp4(-/-) animals. (D) Representative micrographs. Scale bars

correspond to 50 pm.

thromboxane release seems to be a combined effect of a
diminished thromboxane synthesis during activation and
a direct impact on the transport across the plasma mem-
brane, since not only the total amount of this mediator
but also the relative percentage that was released, was
reduced. The fact that we observed no significant effect
of Ceefourin-1 on the aggregation induced by the synthetic
thromboxane analog U46619 and only a tendency towards
an additive effect with aspirin is in agreement with this
assumption. However, the effect of Ceefourin-1to reduce
thromboxane release was rather small compared with the
potent ability of aspirin to prevent thromboxane forma-

tion, which is required to effectively inhibit thromboxane-
dependent platelet activation.?® Therefore, this effect of
Ceefourin-1 can be an additional factor but is unlikely to
fully account for the observed inhibition of platelet acti-
vation in response to agonists such as ADP and collagen.
We studied platelet aggregation after short-time exposure
to Ceefourin-1 with different stimuli because the pub-
lished aggregometry data are also inconsistent. While
Cheepala et al.”® reported that diminished aggregation of
platelets from Mrp4 knockout mice is specific for collagen
and Mrp4 (-/-) platelets did not have any defect in aggre-
gation with either ADP or thrombin, Decouture et al.® ob-
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served a significant decrease in ADP- and PAR-4-activating
peptide-induced aggregation in their knockout model. In
human platelets, an impact of MRP4 inhibition was re-
ported mainly on collagen-induced platelet aggre-
gation.”®"® However, in ABCC4/MRP4-negative individuals
a significant decrease in platelet aggregation was not ob-
served with collagen and ADP at high concentration (10
uM), but at lower ADP concentrations of 2.5 uM and 5 uM.*
With Ceefourin-1, we observed a significant effect on ag-
gregation when collagen (5 ug/mL) was used, but also with
ADP (5 uM) or PAR1-AP (30 uM). Detection of fibrinogen
binding to the platelets as a measure for integrin allbf3
activation affirmed the observation that MRP4 inhibition
affects platelet reactivity most effectively when the acti-
vating stimuli were used at a low submaximal dose, while
it does not interfere at maximal activating conditions. At
low ADP concentrations, an effect on degranulation was
also observed indicated by the reduced surface exposure
of P-selectin (CD62P).

Inconsistent observations regarding the role of cGMP in
the context of MRP4-mediated effects on platelet func-
tion have been reported. ATP-dependent transmembrane
transport and export of cGMP in platelets were shown to
be affected by MRP4 inhibitors."® However, Decouture et
al.® reported that MRP4 appears not to interfere with pla-
telet cGMP homeostasis in their murine model since they
observed no difference in total and secreted cGMP in WT
or Mrp4-deficient platelets pre-incubated with sodium
nitroprusside and stimulated by a PAR4-activating pep-
tide. A rise in platelet cGMP levels, e.g., induced by NO-
mediated activation of the soluble guanylate cyclase,
results in a downregulation of platelet-activating signal-
ing pathways. In this study, we used the phosphorylation
of VASP at ser-239 as an indicator of platelet cytosolic
cGMP levels and cinaciguat®® as an activator of the sol-
uble guanylate cyclase. Here, Ceefourin-1 was able to sig-
nificantly increase the cinaciguat-stimulated VASP
phosphorylation as well as to enhance markedly the ci-
naciguat-induced inhibitory effects on platelet aggre-
gation. Ceefourin-1 analogously increased the
phosphorylation at ser-157 induced by the cAMP-elevating
agent PGE,. These results indicate that MRP4 inhibition
can intensify both cAMP- and cGMP-mediated effects in
platelets and thus the response to several endothelium-
derived vasodilators such as cAMP-elevating prosta-glan-
dins as well as the cGMP-elevating nitric oxide, even
though Ceefourin-1 alone only slightly elevated the back-
ground levels of these mediators. VASP phosphorylation
is one key factor in the inhibition of platelet aggregation,
while Gai signaling leads to activation. Ca?**-dependent
signaling pathways synergize with the Gai signaling in the
activation of integrin allbp3 and also play a key role in
granule secretion from activated platelets. Therefore, we
examined the effect of Ceefourin-1 on the free calcium

R. Wolf et al.

concentrations in platelets, both in the presence and the
absence of extracellular calcium, to discriminate between
calcium entry across the plasma membrane and release
from intracellular stores in the dense tubular system. The
results indicate that blocking MRP4 mainly affects the
agonist-induced calcium influx but also to some extent
the intracellular calcium mobilization through direct or
indirect mechanisms.

It was also the question if these relatively moderate ef-
fects of a short-time pharmacological MRP4 inhibition on
platelet activation are sufficient to affect platelet ad-
hesion and thrombus formation under blood flow. There-
fore, we also tested the impact of Ceefourin-1 in a
microfluidic flow chamber model and perfused whole
blood through collagen-coated microchannels under high
arterial shear conditions. Such devices have been recog-
nized as a valuable tool to mimic the anatomy of healthy
and stenotic blood vessels.?”?® Here, we could also dem-
onstrate that spiking human or WT murine blood with the
MRP4 inhibitor significantly reduced the average thrombus
size and the surface area covered by thrombi.

In conclusion, pharmacological inhibition of MRP4 affects
several signaling pathways in platelets mechanistically
based on the transport inhibition not only of cAMP but
also cGMP as well as of the lipid mediators thromboxane
and S1P. However, additional direct effects on alternative
biochemical pathways cannot be excluded. MRP4-selec-
tive platelet inhibitors may perspectively prove advantage-
ous, especially in cases of platelet hyperreactivity that
may be associated with MRP4 overexpression. Besides
Ceefourin-1, other effective MRP4-inhibiting compounds
have been recently published.? These were developed pri-
marily for the reversal of drug resistance in MRP4-over-
expressing cancer cells. Since tumors are often associated
with thrombosis and aspirin has been recently recognized
as a promising cancer-preventive agent probably based on
anti-platelet-mediated effects,** one may speculate that
MRP4 inhibitors may provide dual benefits in some tumor
patients. Other compounds such as the phosphodieste-
rase-3 and MRP4 inhibitor cilostazol may affect platelet
reactivity by a dual-action.®"® Further studies are required
to evaluate which MRP4 inhibitors may be best suitable
for an in vivo application.
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