@PLOS } ONE

CLEC-2 Ligands in Vascular Smooth Muscle Cells

heterotetrameric complexes via non-classical pathways for the secretion of FGF-1 and IL-1«,
both of which lack a signal peptide for classical secretion[25-27]. S100A13 has been implicated
in angiogenesis[35-37], tumor development[38], and chronic inflammation[39]. SI00A13 is
released by stress, including heat shock[29] and serum depletion[30]. The receptor for
advanced glycation end products (RAGE) has been shown to be a receptor for SI00A13. We
did not observe surface expression of S100A13 in washed and suspended CASMCs (Fig 8A) or
in adherent CASMCs (83 Fig). It is noteworthy that the same washed and suspended CASMCs
(Fig 3A) or adherent CASMCs (Fig 3B) were obviously associated with hCLEC-2-rFc2 and
stimulated granule release from platelets or thrombus formation under flow. These findings
suggest that although we identified S100A13 as the CLEC-2 ligand in VSMCs, this protein is
not responsible for stimulating granule release from platelets or thrombus formation under
flow and that CLEC-2 ligands other than S100A13 are present. However, exogenously added
S100A13 did bind to the CASMC surfaces (Fig 8A). In addition, oxidative stress induced sur-
face expression of S100A13 (Fig 8B). Moreover, we observed that S100A13 was expressed in
the luminal area and can be exposed to blood flow in atherosclerotic lesions (Fig 9) and that
immobilized S100A13 potentiated thrombus formation on collagen-coated surfaces (Fig 10).
Based on these findings, we suggest that S100A13 is released from CASMCs and bound to their
surface under some pathological conditions, which may result in interactions between platelets
and CASMCs in vivo. It has been reported that prominent staining of MAC-1, IL-1¢t, and
S100A13 was observed at the site of neointimal thickening after balloon injury and that Cu®*
chelation inhibited formation of S100A13 heterotetrameric complexes and IL- 1o release,
thereby reducing neointimal thickening{40]. Therefore, $100A13 may be released and adhered
to the surface of VSMCs, and stimulate platelets as the CLEC-2 ligand on the surface of
VSMCs at the site of atherosclerotic lesions and stent insertion.

What is the pathophysiological significance of the CLEC-2-VSMC association? We suggest
that this association plays a role in thrombosis at the site of stent implantation and plaque ero-
sion, where VSMCs are exposed to blood flow. Upon stent implantation, VSMCs are exposed
to blood flow before endothelialization occurs, particularly in the case of drug-eluting stents
(DES), for which late stent thrombosis remains a significant problem. Recent findings utilizing
intravascular ultrasound and optical coherence tomography suggested that delayed healing
and neoatherosclerosis are important mechanisms for very late stent thrombosis[41]. The
binding of CLEC-2 to a ligand in VSMCs may trigger stent thrombosis. Patients who undergo
DES implantation have an almost lifelong risk of stent thrombosis and need to take dual anti-
platelet therapy over an extended period because DES delays endothelialization. However, we
have previously reported that CLEC-2-deficient bone marrow chimeric mice did not show a
significantly increased bleeding tendency. Therefore, we speculate that an anti-CLEC-2 agent
that inhibits the association between CLEC-2 and VSMCs has beneficial effects in preventing
stent thrombosis by reducing the quantity of anti-platelet drugs required without increasing
the frequency of bleeding complications. Plaque erosion likely occurs at smooth muscle cell/
proteoglycan-rich plaques without a large lipid core, and is found in sudden death from coro-
nary thrombosis, comprising 44% of all cases[42]. The association between CLEC-2 and its
ligands in VSMCs may also be involved in this process. Blocking of the binding between
CLEC-2 and VSMCs may be effective to prevent plaque erosion, which is more often observed
in younger individuals and women.

Supporting Information

§1 Fig. CHO cells transfected with human podoplanin, but not CASMCs, induced platelet
aggregation. Platelet aggregation by CHO cells transfected with human podoplanin (upper
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panels) or CASMCs (lower panels) was monitored by light transmission. Final concentrations
of the cells were 2.5 x 10° cells/ml (left panels) and 1.0 x 10° cells/ml (right panels).
(TIE)

S2 Fig. Internal media lamina was lacerated in FeCl;-injured femoral arteries, but not in
photochemically-injured femoral arteries. A) Victoria blue-HE staining of non-injured
murine femoral artery. Arrowheads indicates internal media lamina. B) Victoria blue-HE stain-
ing of photochemically-injured murine femoral artery. C) Victoria blue-HE staining of FeCl;-
injured murine femoral artery. Laceration of internal media lamina is indicated by an arrow.
The asterisks indicate thrombi.

(TIF)

$3 Fig. S100A13 was expressed in the cytoplasm of adherent CASMCs, but not on the sur-
face. CASMC:s cultivated on a 24-well culture dish were fixed and incubated with control
mouse IgG (upper panels) or anti-S100A13 antibody (63Y) (middle and lower panels), fol-
lowed by anti-mouse IgG labeled with Alexa Fluor 488. Where indicaled, cells were Lreated
with 0.1% Triton X-100 before addition of the antibodies (lower panels). Cells were visualized
by phase-contrast Microscopy (left panels) or fluorescence microscopy (right panels).

(TIF)

$4 Fig. Co-staining for S1I00A13 and smooth muscle actin in the atherosclerotic lesion in
mice. Frozen-thawed sections of the mouse abdominal aorta from ApoE-deficient mice fed a
high fat diet were incubated with goat anti-a smooth muscle actin (left panels) or rabbit anti-
$100A13 antibody (middle panels), followed by anti-rabbit IgG-Alexa Fluor 488 and anti-goat
IgG-Alexa Fluor 597, respectively. Right panels are merged images of left and middle panels.
Lower panels are magnified images of the square area from upper panels.

(TIF)

S5 Fig. Oxidative stress induced surface expression of S100A13, but not that of podoplanin
in CASMCs. Surface expression of endogenous S100A13 or podoplanin was analyzed by flow
cytometry. CASMCs pretreated with vehicle (upper panels) or 1 mM H,O, (lower panels) were
incubated with control mouse IgG (filled, left panels), anti-S100A13 antibody (line, left panels),
control rat IgG (filled, right panels), or anti-human podoplanin (NZ-1, line, right panels) fol-
lowed by Alexa Flour 488-conjugated anti-mouse IgG.

(TIF)

$6 Fig. Immunohistochemistry for S100A13 and smooth muscle actin in the femoral artery
injured by FeCl;. Frozen-thawed sections of the mouse femoral artery injured by FeCl; were
incubated with anti-smooth muscle actin (SMA) antibody (A), anti-S100A13 (B) followed by
visualization using anti-goat IgG Alexa Flour 546 and anti-rabbit IgG Alexa Flour 488, respec-
tively. A and B were merged (C). The phage contrast image are shown in E. Nuclei were
counlter-stained by DAPI (F).

(TIF)

S7 Fig. Immobilized S100A13 did not increase thrombus formation under flow when
immobilized with collagen in CLEC-2-deficient bloed. A) Wild type murine whole blood
(WT, iand ii) or CLEC-2-deficient murine whole blood (KO, iii and iv) stained with DiOCg
was perfused into capillaries with collagen (i and iii) or collagen plus S100A13 (ii and iv) for 5
min at a shear rate of 1500 s™". Adherent platelets were visualized by confocal laser microscopy.
B) The z-stack data were quantified. The thrombus volume was expressed as the cIFI per image
(404374 um®). The graph illustrates the percentage of the control (wild type whole blood)
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cIFL + SE (n = 3-4).

(TTF)
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Abstract

Detection of platelet activation In vivo is useful to identify patients at risk of thrombatic
diseases. Platelet factor 4 (PF4) and B-thromboglobulin (B-TG) are used for this purpose;
however, they are easily released upon the minimal platelet activation that occurs during
sampling. Soluble forms of several platelet membrane protelns are released upon platelet
activation; however, the soluble form of C-type lectin-like receptor 2 (sCLEC-2) has not yet been
fully investigated. Western blotting with an anti-CLEC-2 antibody showed that sCLEC-2 was
released from washed human platelets stimulated with collagen mimetics. To detect sCLEC-2 in
plasma, we established a sandwich enzyme-linked immunosorbent assay (ELISA) using F{ab’)2
anti-CLEC-2 monoclonal antibodies. Although plasma mixed with citrate, adenosine, theophyl-
line and adenosine (CTAD) is needed for the PF4 and B-TG assays, effects of anti-coagulants
(EDTA, citrate and CTAD) on the sCLEC-2 ELISA were negligible. Moreover, while special
techniques are required for blood sampling and sample preparation for PF4 and B-TG assay, the
standard blood collections procedures used in daily clinical laboratory tests have shown to
suffice for sSCLEC-2 analysis. In this study, we found that two forms of sCLEC-2 are released after
platelet activation: a shed fragment and a microparticle-bound full-length protein, both of
which are detected by the sCLEC-2 ELISA. The average concentration of sCLEC-2 in the plasma
of 10 healthy individuals was 97 £ 55 pg/ml, whereas that in the plasma of 25 patients with
. diabetes mellitus (DM) was 149+260pg/ml. A trend towards an increase in sCLEC-2
concentration in the DM patients may reflect in vivo platelet activation in the patients,
suggesting that sCLEC-2 may have clinical significance as a biomarker of in vivo platelet
activation.
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Introduction

Platelet activation by various stimuli plays a key role in
pathological thrombosis, as observed in myocardial infarction
and stroke; thus, detection of platelet activation in vivo could be
useful for identifying patients at risk of thrombosis and for
monitoring the effects of anti-platelet therapy [11. For this
purpose, plasma levels of the releasates from activated platelets
have been measured, including that of B-thromboglobulin (B-TG)
and platelet factor 4 (PF4) [2]. These platelet-specific CXC
chemokines are stored in platelet o-granules and are released in
the extracellular space upon activation. Consequently, elevated
levels of these factors in plasma have been used as biomarkers of

tSome of these results were reported in an abstract for the XXIV
Congress of the International Society on Thrombosis and Hacmostasis in
July 2013.

*These authors contributed equally to this work.
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pre-thrombotic and thrombotic states [2]. Nonetheless, several
shortcomings preclude their clinical use, such as the ease at which
they are released in response to minimal platelet activation that
can be induced by tourniquet application [3). Moreover, as PF4 is
a heparin-binding protein, the plasma concentration of PF4 is
altered in the presence of heparin, which is frequently given to
patients with atherothrombosis.

In addition, a number of platelet membrane proteins are also
shed after platelet activation. The shed forms of these proteins in
plasma — such as glycocalicin and glycoprotein VI (GPVI) -
are being explored as markers for in vivo platelet activation.
Although, some authors have reported favourable results,
whereas others found limited usefulness of these proteins as
biomarkers [4].

CLEC-2 was identified as a platelet receptor for the platelet-
activating snake venom, rhodocytin [5). CLEC-2 belongs to the
C-type lectin superfamily and elicits activation signals via Src
family kinases and Syk [5]. We also identified podoplanin as an
endogenous ligand for CLEC-2 [6,7]. Podoplanin is expressed on
the surface of tumour or lymphatic endothelial cells, and
facilitates haematogenous tumour metastasis or blood/lymphatic
vessel separation during the developmental stages by stimulating
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platelet activation through CLEC-2 binding [8-10). CLEC-2 is
most highly expressed in platelets and megakaryocytes but is also
expressed in neutrophils [11] and macrophages [12] at lower
levels in mice. In contrast, expression of CLEC-2 is limited to
platelets expressing CLEC-2 in human peripheral blood cells.
This highly-specific expression of CLEC-2 in human platelets
prompted us to examine whether CLEC-2 is shed after platelet
activation and its potential use as a biomarker for platelet
activation in vivo.

In this study, we found that soluble CLEC-2 (SCLEC-2) is
released after platelet activation in both a fragmented shed form
and a microparticle (MP)-bound full-length form. Moreover, we
developed and validated an enzyme-linked immunosorbent assay
(ELISA) system to quantify these two forms of sCLEC-2 in
plasma. Significantly, we also assess the possibility for sSCLEC-2
to be used as a marker for in vivo platelet activation.

Methods

This study was approved by the Ethics Committee of the
University of Yamanashi and LSI Medicine Corporation.
Written informed consent was provided by participants, according
to the Declaration of Helsinki. This study was also approved by
the Institutional Animal Care and Use Committee of LSI
Medicine Corporation.

Materials

PP2 and its negative control compound, PP3, are from Merck
Millipore (Darmstadt, Germany). Rhodocytin was purified as
described previously [13]. The GPVI agonist poly(PHG) was a
generous gift from the JNC Corp. (Yokohama, Japan) [14].
Collagen-related peptide (CRP) was synthesized by Peptide
Institute Inc. (Osaka, Japan) and cross-linked with glutaraldehyde
as described previously [15]. The recombinant extracellular
domain of human CLEC-2 expressed as a dimeric human IgG
Fc fusion protein (hCLEC-2-hFc2) was generated as described
previously [6]. Monomeric recombinant human CLEC-2 extra-
cellular domain (hCLEC-2ex) was generated by papain digestion
of hCLEC-2-hFc2 using Fab Preparation Kit (Thermo Fisher
Scientific Inc.; Waltham, MA) according to the manufacturers’
instructions.

Platelet preparation

Venous blood from healthy un-medicated volunteers was col-
lected into 10% sodium citrate. Washed human platelets were then
obtained by centrifugation as described previously [16).

Proteolysis of CLEC-2

Washed platelets (100pul) were pre-incubated with or without
inhibitors for 10 minutes at room temperature. Then 200u] of
modified Tyrode’s buffer or buffer containing platelet agonists was
added to the washed platelets, and the mixture was incubated for
120 minutes at 30 °C. The final concentration of washed platelets
was 1 x 10%ml. Final concentrations of inhibitors or platelet
agonists were 50 uM PP3, 50 uM PP2, 1 pg/ml poly(PHG), 300 nM
rthodocytin and 1pg/ml CRP. The reaction was terminated by
adding 200! of 10mM EDTA. All samples were centrifuged at
20000g for | minute and supernatants (90 ul) were collected into
new tubes (Ist C/F supernatant fraction). Pellets were then
disrupted in 1 ml of 1 x lysis buffer by sonication and 90l of
lysate was transferred to new tubes (1st C/F pellet fraction). The
remaining 420 pl of supernatant was ultracentrifuged at 100000g
for 3 hours at 4°C. After ultracentrifugation, supernatants (90 pl)
were transferred into new tubes (2nd C/F supernatant fraction). The
remaining pellets were sonicated in 120 ul of 1 x lysis buffer and
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90ul of lysate was transferred into new tubes (2nd C/F pellet
fraction). All four fractions were dissolved, separated and analysed
by western blotting with the anti-human CLEC-2 antibody, 11E6,
as described previously [17].

Flow cytometry analysis

The platelet-rich plasma, 1st C/F sup/pellet fraction and 2nd C/F
pellet fraction samples were stained with PE anti-human CD42b
(clone: HIP1, BD Biosciences, San Jose, CA) or mouse IgG1 PE
Platelet Control (BD Biosciences). Samples were diluted to 500 pu!
with filtered PBS and immediately subjected to analysis using a
FACS Calibur (BD Biosciences) flow cytometer. To set the gates
for platelet-derived microparticle (PDMP) and platelet popula-
tions, CD42b-positive events were gated on scatter diagram with
SSC-H and FL2-H. This subset of events was then examined by
size on scatter diagram with FSC-H and SSC-H. The CD42b-
positive FSC'**/SSC'" and FSC™#"/SSCM#" populations were
defined as PDMP and platelets, respectively, as previously
reported [18]. Data were processed using BD CellQuest Pro
software (BD Biosciences).

For analysis of surface expression of CLEC-2 on stimulated
platelets, washed platelets were stimulated with or without
1 pg/ml CRP for 120 minutes, and the reaction was terminated
by the addition of EDTA. After centrifugation, pelleted platelets
were stained with contro] mouse IgG-Alexa Flour 488 or anti-
CLEC-2 (clone 4A10, seec below)-Alexa Flour 488 and analysed
on a BD Accuri flow cytometer (BD Biosciences).

For P-selectin analysis, human blood was taken into CTAD-,
EDTA- or citrate-containing tubes and centrifuged as described
below. Whole blood prior to centrifugation and the lower fraction
containing red blood cells and platelets following centrifugation
were diluted 10 times with PBS. Diluted samples (10pl) were
then stained with 2.5pul anti-CD62P (P-selectin) antibody (BD
Biosciences) for 10 minutes. After addition of 500ul PBS, the
samples were analysed on a BD Accuri flow cytometer and data
were processed using FCS express (De Novo Software,
Los Angeles, CA).

Mouse anti-human CLEC-2 antibody

Murine mAbs 11E6, 5D11 and 4A10 were produced against the
human CLEC-2 extracellular domain using conventional hybri-
doma method. Briefly, BALB/cAJcl mice were immunized with a
recombinant dimeric human IgG Fc fusion protein containing the
extracellular domain of human CLEC-2. Splenocyles were
harvested 4 days after the final peritoneal antigen boost, fused
with P3X-63 mouse myeloma cells, and cultured.

Measurement of sCLEC-2 using ELISA

A 96-well F8 Maxisorp plate (Nunc, Roskilde, Denmark) was
coated with F(ab’)2 of 11D5 (10 g/ml) in coating buffer (0.05M
bicarbonate, pH9.5), overnight at 4°C. Wells were washed six
times with 100 pl aliquots of 0.1 M borate-buffered saline pH 8.0
(BBS) containing 0.1% (v/v) Tween 20 (BBS-T), blocked with 1%
(w/v) bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis,
MO) in PBS for 1 hour at room temperature, and then washed
with BBS-T six additional times prior to addition of samples.
Experiments were performed in triplicate and each plate routinely
included standards consisting of recombinant human CLEC-2
extracellular domain (hCLEC-2ex, 0-5 ng/ml, final concentration)
in 0.3% BSA, 0.1% sodium octanoate and 0.14 M NaCl in 25 mM
sodium phosphate buffer (pH7.2; sample diluent buffer). Test
samples of plasma were diluted 4-8 times with the sample diluent
buffer. After a 1.5-hour incubation at room temperature, plates
were washed six times with BBS-T and 100 ul (I pg/ml of biotin-
labelled F(ab’)2 11E6 was added to each well. After a I hour of
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incubation and three BBS-T washes, AMDEX High-Performance
Conjugate (RPN4401V, GE Healthcare, Little Chalfont, UK) was
added (100 ul/well; 1/6000 dilution of stock) to the plates for 1
hour, followed by another five washes. Next 100pl of 3,3,5,5'-
tetramethylbenzidine (TMB) Liquid Substrate System for ELISA
(Sigma-Aldrich) was added to each well and the mixture was
incubated for 2030 minutes at room temperature in the dark. To
stop the reaction, 100ul 2N H,SO; was to each well and
absorbance was measured within 30 minutes at 450nm with
excitation at 630 nm.

Precision, recovery test and limit of detection for the
ELISA system

To determine the precision of the ELISA system, a series of
concentrations of hCLEC-2ex were assayed using the standard
protocol described earlier. The mean absorbance was calculated
with a coefficient of variability (CV%). The CV% of inter-assay
variability (triplicate) was measured by dividing the standard
deviation of the mean by CV%. A series of concentrations of
hCLEC-2ex were measured seven times using the standard
protocol described earlier. The limit of detection was determined
as the lowest concentration of hCLEC-2ex likely to be reliably
distinguished from the blank sample (control). To perform
recovery test for the ELISA assay, human plasma samples were
analysed with or without the addition of a known amount of
hCLEC-2ex (5 ng/ml, final concentration).

Patients

Anti-coagulated blood samples from healthy individuals and
diabetes mellitus (DM) patients were obtained with informed
consent approved by the University of Yamanashi ethics com-
mittee (No. 955). We recruited DM patients whose HbAlc {the
Japanese Diabetes Society (JDS) assigned value] levels were more
than 8.0% and were followed up by the Department of Internal
Medicine III, University of Yamanashi.

Sampling and preparation of human plasma

To obtain CATD (citrate, theophylline, adenosine and dipyrid-
amole) plasma, 4.5ml of blood from healthy donors were
collected, using a syringe with a 20-gauge needle without a
tourniquet, into CTAD-containing tubes. Blood in CTAD tubes
was then incubated on ice for 15-60 minutes within 2 minutes
of collection prior to centrifugation at 2500g for 20 minutes.
A 0.5-ml aliquot of plasma was removed and transferred to plastic
tubes. Concentrations of PF4, B-TG and soluble P-selectin were
measured using PF4 TMB ELISA kit (Roche Diagnostics, Basal,
Switzerland), B-TG TMB ELISA kit (Roche Diagnostics), CD62P
human ELISA kit (Gen-Probe, San Diego, CA), and Human GPVI
ELISA Kit (USCN Life Science Inc., Wuhan, China) according to
the manufacturers’ instructions.

To obtain serum or citrate-/EDTA-treated plasma, blood (2 ml)
from healthy donors was collected into vacutainers with or
without anticoagulants (citrate or EDTA) using a 21-gauge needle
and a tourniquet, followed by immediate centrifugation at 1600g
for 10 minutes. Where indicated, 2ml of whole blood in EDTA-
coated vacutainers was stimulated with 1 pg/ml of poly(PHG) and
incubated at room temperature for the indicated period of time.
After centrifugation, 250ul of plasma was transferred to plastic
tubes.

Statistics

Statistical significance was determined with the Games—Howell
test using SPSS software (IBM Software, Armonk, NY) or Mann—
Whitney test using Graph Pad Prism (GraphPad Software,
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La Jolla, CA). In each case, p values of <0.05 were interpreted
as a minimal indication of statistical significance.

Results
Soluble CLEC-2 is released after platelet activation

We initially tested whether soluble human CLEC-2 was released
after platelet activation induced by the CLEC-2 agonist,
rthodocytin. sSCLEC-2 was defined as CLEC-2 molecules in the
supernatants of plasma or buffer after the removal of platelets by
centrifugation. Washed platelets stimulated with rhodocytin were
centrifuged, and the supernatants (Figure 1Aa, 1st C/F super-
natant) and pellets (Figure 1Ab, 1st C/F pellet) were analysed
using western blotting with an anti-CLEC-2 monoclonal antibody,
11E6. In unstimulated whole-cell lysates (Figure 1Ab, WCL),
11E6 recognizes double bands that correspond to full-length
CLEC-2 protein at 32/40kDa, depending on the state of
glycosylation [5]. In contrast, supernatants from rhedocytin-
treated platelets, three bands at 32, 40, and 25 kDa were observed
(Figure 1Aa, Ist C/F supernatant, lane 3). However, after
ultracentrifugation of the Ist C/F supernatant, only the 25kDa
band was detectable in the supernatants (Figure 1Ad, 2nd C/F
supernatant, lane 3), whereas the 32/40 kDa bands were detected
in the pellet fraction (Figure 1Ac, 2nd C/F pellet, lane 3).

It is expected that 1st C/F pellet contains intact platelets and
1st C/F supernatant contains molecules released from activated
platelets, sach as MPs, granule contents and shed membrane
proteins. Therefore, the 2nd C/F pellet should contain MPs, while
the 2nd C/F supernatant contains shed membrane proteins and
released granule contents: To confirm this hypothesis, we
analysed these fractions by flow cytometry. We determined the
region of intact platelets (R5) using platelet-rich plasma and the
region of platelet MPs (R4) (Figure 1B-D) as described
previously [18). We confirmed that intact platelets (platelet-rich
plasma) fractioned into RS and expressed GPIb (Figure 1B). The
number of particles that fractioned into the R4 MP region, but not
RS, was greatly increased in the 1st C/F supernatant (Figure 1C)
and the 2nd C/F pellet after stimulation (Figure 1D). Moreover,
the particles localizing in R4 expressed GPIb (Figure 1D, right
panel). These findings clearly show that 1st C/F supernatant and
2nd C/F pellet contain platelet MPs, but not remaining intact
platelets.

Based on these findings, it is suggested that the 32/40kDa
bands fractioned into 1st C/F supernatant and 2nd C/F pellet are
intact CLEC-2 molecules on the surface of platelet MPs and that
the 25kDa soluble band is a CLEC-2 fragment, most likely
cleaved by a proteinase. Soluble CLEC-2 occurs in two forms;
intact CLEC-2 molecules (32/40kDa) on platelet MPs and shed
CLEC-2 (25kDa). Hereafter, we named the 25kDa sCLEC-2
fragment as shed CLEC-2 and 32/40 kDa sCLEC-2 as MP CLEC-
2. The release of these forms of sSCLEC-2 was also observed after
platelet activation by other classical agonists, including collagen,
CRP (collagen mimetic; data not shown), poly(PHG) (another
collagen mimetic; see Figure 5), and thrombin (data not shown).

The CLEC-2 band in 1st C/F pellet marginally decreased after
stimulation (Figure 1Ab), but this was not always apparent. Flow
cytometric analysis was able to detect low, but distinct, decrease
in the surface expression of CLEC-2 after stimulation (Figure 1E),
which is consistent with the release of sCLEC-2 from the surface
of activated platelets.

Establishment of ELISA for evaluation of sCLEC-2
in human plasma

To investigate whether sCLEC-2 is detected in human plasma,
we developed a sandwich ELISA system. We first generated
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anti-human CLEC-2 mouse monoclonal antibodies that recognize
the extracellular domain of CLEC-2. Amoung the 20 hybridomas
obtained, we selected two clones with highest activity, immobi-
lized F(ab’)2 of 11D5, and used biotin-labelled F(ab')2 of 11E6
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for detection. To obtain a standard curve. serial dilutions of
soluble hCLEC-2ex (0.1-10ng/ml) in dilution buffer were used
(Figure 2A). The dose-response curve (Figure 2A) illustrates the
specificity of the assay as reflected by a dose-dependent increase
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Figure 1. Release of soluble CLEC-2 after platelet activation. (A) Washed platelets were stimulated with or without 300 nM rhedocytin for an indicated
period of time, and the reaction was terminated by the addition of EDTA. After centrifugation (C/F). sCLEC-2 in the supernatants (a, st C/F sup) and
CLEC-2 in the pellet (b, Ist C/F pellet) were visualized by western blotting with an anti-CLEC-2 antibody (11E6). The supernatants were further
ultracentrifuged (2nd C/F). Shed CLEC-2 in the resultant supernatants (d, 2nd C/F sup) and full-length CLEC-2 on MPs in the resulting pellet (¢, 2nd

C/F pellet) were visualized by western blotting with 11E6. WCL denotes whole-cell lysale of human platelets. {(B-D) Flow cytometry analysis of
platelet-rich plasma (B). Washed platelets were stimulated with or without 1 pg/ml CRP for 120 min, and the reaction was terminated by the addition of

EDTA. la*:t C/F supernatant (C), 2nd C/F pellet (D) and st C/F pellet (E). R4 and R5 denote gates for platelet MPs and intact platelets, respectively.
Images of GPIb staining were inseted in (B) and (D). Fill (control mouse 1gG-PE), line (anti-GPIb-PE). (E) Median fluorescent intensitics were inserted
in the image. The data are representative of at least two independent experiments.

RIGHTS L1 & iy

— 128 —



Platelets Downloaded from informahealthcare.com by Yamanashi University on 04/09/15
For personal use only.

DOL: 10.3109/09537104.2015.1021319

(A) 2.00 -
1.80 4
1.60 4
1.40 4
1.20 4
1.00 - .
0.80 -
0.60
0.40 -
0.20 1.e

0.00 3 . . " . \
0 2 4 6 8 10

Standard (ng/mL)

Absorbance 450(- 620) nm

(B)
Standard

{(ng/mti)

Mean (n = 3)

(450 nm) CV (%)

0.1 0.100 2.13

0.5 0.177 0.00

25 0.523 0.54

10 1938 369

Figure 2. The dose-response curve and precision for the ELISA assay.
(A) Measurement of hCLEC-2ex in a sample diluent using ELISA. The
average absorbance + STD was determined in duplicate. The standard
curve was generated using linear regression (Prism). (B) ELISA precision
as reflected by inter-assay variability. Eight concentrations of hCLEC-2ex

. diluted in a sample diluent were assayed in triplicate using the standard

ELISA. The mean absorbance and CV% were calculated.

Figure 3. Limit of detection and recovery test (A) (O.D)
for the ELISA system. (A) Limit of detection 0.2
for the ELISA assay was investigated.

Concentrations of hCLEC-2¢x (0, 0.025, 0.05

and 0.1 ng/ml) were measured seven times

using ELISA. The limit of detection was

determined as the lowest concentration of

hCLEC-2ex likely to be reliably distin- 0.1 4
guished from a blank sample, and at which

concentrations detection is feasible. (B)

Recovery test for the ELISA system was

assessed, EDTA-treated plasma was analysed

with the addition of a known amount of
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in absorbance and a linear response of approximately 10ng/ml.
The CV% of the inter-assay variability (triplicate) were <6% of
the mean (Figure 2B), which is <10%, indicating acceptable
precision of the assay.

The sCLEC-2 ELISA system was evaluated for sensitivity and
specificity when plasma samples were spiked with 5.0ng/ml of
hCLEC-2ex. The limit of detection was 10pg/ml (Figure 3A).
The recovery was between 98% and 121% (Figure 3B).

Effects of blood collection and processing on plasma
SCLEC-2 levels

The PF4 and B-TG released during platelet activation are well-
characterized markers of in vivo platelet activation [19,20].
Nevertheless, PF4 and B-TG are easily released in response to
blood sampling and processing procedures [3], and the special
conditions required to measure PF4 and B-TG make these assays
hard to perform in clinical settings. We next evaluated effects of
blood collection and processing procedures on the level of plasma
SCLEC-2. Although no significant difference in plasma sCLEC-2
levels was found between CATD-, citrate- and EDTA-containing
tubes (Figure 4A), the sCLEC-2 serum concentration was
significantly increased compared to that found in plasma,
suggesting that platelet activation by thrombin during clotting
results in release of sCLEC-2 (Figure 4A). In comparison,
concentrations of PF4 and B-TG were significantly increased
in EDTA- or citrate-treated plasma, as well as in serum
(Figure 4B and C).

We next examined the platelet activation state in these samples
by the surface expression of P-selectin, a membrane protein
contained within a-granules and expressed on the platelet surface
upon activation. Small aliquots of whole blood anti-coagulated
with CTAD, EDTA or citrate were removed before and afier
centrifugation and immunostained with anti-P-selectin antibody to
the whole blood. P-selectin expression was then assessed by
flow cytometry in the gated platelet population. As shown in
Figure 4D, P-selectin expression by platelets from EDTA- or
citrate-treated blood, but not that in CTAD-treated blood, was

hCLEC-2ex (5 ng/ml. final concentration). 0 ‘; 1'0 2'0 3'0 AID 5'0 6'0
Standard antigen (pg/mi)
(8 .
Spiked’ Measured CV (%) Expected Recovery

{ngiml) (ng/mi) (ng/ml) (%)

98.4
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significantly increased after centrifugation. These findings sup-
port that a substantial activation of platelets in centrifuged blood
treated EDTA or citrate anti-coagulants, which caused release of
contents of a granules. These findings suggest that the sampling
procedure complying with the manufacturers’ instructions is
essential for an accurate analysis of PF4 and B-TG concentration
and that the sampling procedure for sCLEC-2 measurement is
facile. We decided to use blood collected into EDTA-containing
vacutainers using a 21-gauge needle and a tourniquet, because
these are the most frequently used procedures in daily clinical
laboratory tests.

Detection of two sCLEC-2 forms by ELISA

To determine whether our ELISA system detects increases in
sCLEC-2 upon platelet activation, we stimulated anti-coagulated

Fill: pre-centrifugation, Line: post-centrifugation

whole blood with or without the platelet agonist poly(PHG) and
measured the resulting sSCLEC-2 concentration in plasma. In this
experiment, we used poly(PHG) to simulate platelets because
rhodocytin is in finite supply. As shown in Figure 5A, the sCLEC-
2 concentration increased in response to poly(PHG) stimulation in
a time-dependent manner. In comparison, the SCLEC-2 concen-
trations in unstimulated whole blood were unchanged at 2 and 4
hours (Figure 5B). These findings suggest that the sCLEC-2
ELISA system can detect increases in sCLEC-2 after platelet
activation in vitro.

Soluble CLEC-2 consists of shed CLEC-2 and MP CLEC-2
(Figure 1); therefore, we examined whether the ELISA system
could detect both forms. For this purpose, washed platelets were
stimulated with or without poly(PHG) and pelleted by centrifu-
gation, Supernatants were then analysed using western blotting
with 11E6 (Ist C/F supernatant, Figure 3Ci). The Ist C/F
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Figure 5. sCLEC-2 concentrations were (A} Stimulated whole blood B) Unstimulated whole blood
increased depending on platelet activation. 200 2.00
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supernatant was further ultracentrifuged, and the resulting super-
natants (2nd C/F supernatant) and pellets (2nd C/F pellet) were
analysed by the same method, and confirmed that the supernatants
and pellets contain shed CLEC-2 (Figure 5Ciii) and MP CLEC-2
(Figure 5Cii), respectively. Notably. our ELISA system showed
fourfold to fivefold increase in both the shed CLEC-2
(Figure 5Cv, 1-2) and MP CLEC-2 (Figure 5Civ, lanes 1, 2)
fractions after stimulation. These results demonstrate that both
forms of sCLEC-2 are detected by our ELISA system. It is well
known that GPVI-mediated platelet activation is completely
inhibited by a specific Src kinase inhibitor, PP2 {21]. PP2, but not
its negative control PP3, completely inhibited the generation of
both forms of sCLEC-2 (Figure 5Ci-iii). Concomitantly with the
western blot analysis, SCLEC-2 concentrations of shed CLEC-2
and MP CLEC-2 decreased to basal level in the presence of PP2
(Figure 5Civ, v, lanes 3, 4), further confirming that sCLEC-2
release is dependent upon platelet activation.

Trend of increased sCLEC-2 concentrations in DM patients

Concentrations of sCLEC-2 and sGPVI in the plasma of healthy
volunteers and DM patients were measured. The average
concentration of SCLEC-2 in plasma from healthy individuals

was 97 £ 55 pg/ml, whereas an average of 149 £ 260 pg/ml was
found in patients with DM. Although this difference was not
statistically significant, the observed trend towards increased
sCLEC-2 concentration in DM patients may reflect in vivo
platelet activation (Figure 6A). This data further support the
potential use for sSCLEC-2 as a biomarker of in vivo platelet
activation. It has been reported that soluble GPVI (sGPVI) is
released upon platelet activation in vivo in recent years [22].
Plasma sGPVI in the DM patients (13.9+13.5ng/ml) was
significantly higher than plasma sGPVI in healthy individuals
(4.98 +2.72ng/ml) (Figure 6B), suggesting that there may be
difference in occasion when levels of sCLEC-2 and sGPVI are
increased in vivo.

Discussion

In this study, we demonstrated that two soluble forms of CLEC-2
are released upon platelet activation — a 25-kDa shed CLEC-2 and
MP CLEC-2. We also provided the details of an ELISA-based
system that was developed to detect and measure both forms of
sCLEC-2 in human plasma. Furthermore, we found that patients
with DM trend towards an incrcase in plasma sCLEC-2 levels

compared to healthy subjects.
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Figure 6. Concentrations of SCLEC-2 in EDTA-treated plasma in healthy
donors and DM patients. The SCLEC-2 (A) and sGPVI (B) concentrations
in EDTA-ureated plasma obtained from 10 healthy donors and 25 DM
patients were measured using sCLEC-2 ELISA or sGPVI ELISA,
respectively. Statistical significance was evaluated by means of Mann—
Whitney test.

The 25-kDa and 32/40-kDa bands were detected by western
blotting in the supernatants of stimulated washed platelets after
removing intact platelets by centrifugation (1st C/F supernatant)
(Figure 1A). A 25-kDa band was observed in the supernatant after
ultracentrifugation of the Ist C/F supernatant (2nd C/F super-
natant) (Figure 1A). There was no 25-kDa band observed in the
whole-cell lysate of resting platelets (Figure 1Ab, WCL),
suggesting that the 25-kDa band is cleaved by a proteinase and
not a splice variant released from granules. The 32/40-kDa band,
corresponding to the molecular weight of intact CLEC-2, was
observed in the 2nd C/F pellet of stimulated, but not resting
platelets. In addition, flow cytometry analysis showed that the
particles in the 2nd C/F are fractioned into a platelet MP area, R4
(Figure 1B). These findings suggest that majority of the 32/40-
kDa band are intact CLEC-2 molecules on the surface of platelet
MPs, rather than those on the surface of intact platelets.

During the submission process of this article, Gitz et al.
reported that CLEC-2 does not undergo proteolytic cleavage, but
are released in an intact form on the surface of MPs upon platelet
activation [23], which contradicts our findings. The discrepancy
may be due to relatively low sensitivity of their method. Our
methods directly detect shed CLEC-2 in the supernatants of
activated platelets by western blotting, whereas Gitz et al.
estimated shed CLEC-2 by the observable decrease of remaining
CLEC-2 on the surface of activated platelets by western blotting
and flow cytometry. We believe that this qualitative method is less
sensitive when compared to the direct detection of shed CLEC-2.

To measure concentration of SCLEC-2 in human plasma, we
developed ELISA system using mouse anti-human CLEC-2
monoclonal antibodies that was sufficient to detect increases in
sCLEC-2 concentrations in whole blood treated with anti-
coagulanls in a stimulation- and time-dependent manner
(Figure 5A). We are unable to directly examine whether this
sCLEC-2 ELISA system detects platelet activation in vivo in
human; however, two lines of indirect evidence support this
possibility: (1) sCLEC-2 concentrations tended to increase in DM
patients whose platelets are reportedly activated in vivo [24], and
(2) sCLEC-2 concentrations somewhat correlated with soluble
P-selectin concentration, which is an established biomarker of

Platelets, Early Online: 1-9

in vivo platelet activation (r=0459, data not shown).
Furthermore, sCLEC-2 concentrations measured by ELISA
appear to be in agreement with the data obtained by western
blot (compare Figure SCii vs. iv; iii vs. v), suggesting that this
assay is able to detect both shed CLEC-2 and MP CLEC-2,
although, it is not known if either form of CLEC-2 are increased
in human plasma upon platelet activation in vivo.

It has been reported that the elimination half-life of erythro-
poietin (30.4 kDa) in men after intravenous injection is about 8.5
hours [25]. Therefore, we assume that half-life of shed CLEC-2
(25kDa) is similar. Increased terminal sialylation is known to
extend the serum half-life of many glycoproteins [26]. As CLEC-
2 is abundantly glycosylated [5), its half-life may be longer than
expected from its molecular weight. Moreover, the molecular
weight of MP CLEC-2 is much larger than shed CLEC-2 because
MPs are covered with plasma membrane where a number of
platelet membrane proteins exist, thereby its half-life in vivo is
presumed to be much longer. Because our ELISA system for
SCLEC-2 is able to measure both shed CLEC-2 and MP CLEC-2,
we assume that sCLLEC-2 (shed CLEC-2 and MP CLEC-2) is still
useful as markers.

PF4/B-TG assay may tend 1o be avoided in clinical settings
because of these special procedures required for the assay. This
study demonstrates that plasma sampling for sSCLEC-2 analysis
can be performed using standard blood collection protocols. In
this regard, the facile procedure to obtain plasma for the sCLEC-2
ELISA is favourable as a daily laboratory test.

We found that sSCLEC-2 concentrations were increased in DM
patients compared to that of normal subjects, but the data were not
statistically significant. Possibly because we recruited DM patients
based on HbAlc (more than 8.0%, JDS) rather than diabetic
complications that consist mainly of vascular disorders, which can
lead to platelet activation. Indeed, two patients who showed very
high sSCLEC-2 concentrations (1293.2, 566.9 pg/ml) have diabetic
complications (retinopathy, neuropathy, and nephropathy). The
trend observed in the DM patients is apparently due to two outliers,
whereas all other patients were similar to healthy controls.

We found that plasma sGPVI, another marker of platelet
activation, was significantly increased in the DM patients
compared with healthy donors (Figure 6B). Moreover, we
observed that plasma sCLEC-2 concentrations significantly
increased in acute coronary syndrome patients than in the stable
angina pectoris patients, whereas plasma sGPVI concentration
was not significantly different between the two groups (manu-
script submitted). Based on these findings, we suggest that GPVI
undergoes shedding upon milder platelet activation, whereas
sCLEC-2 is released upon relatively strong platelet activation,
thereby leading to no significant differences in sCLEC-2 levels
between healthy donors and relatively mild DM patients. We
propose that the analysis of both sGPVI and sCLEC-2 may have
some clinical benefits in the detection of both relatively weak
in vivo platelet activation and strong in vivo platelet activation
(close to cardiovascular events). We are currently investigating
which diseases show increased levels of plasma sCLEC-2.
A facile procedure to obtain plasma for the sCLEC-2 ELISA
would help accumulation of the cases.
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Abstract

We report a 42-year-old woman who developed sudden fulminant cerebral infarc-
tion in the bilateral middle cerebral artery territories, causing status epilepticus
and a decreased level of conscionsness. Investigation showed thrombus in the right
soleus vein and a patent foramen ovale, but no obvious embolic source, such as
atrial fibrillation or a carotid or cerebral artery atherosclerotic lesion. Blood coag-
ulation tests showed decreased levels of free protein S (25%) and total protein S
{52%), and decreased protein S activity (15%). The patient was diagnosed with
cerebral infarction as a result of paradoxical embolism, and type I protein S defi-
ciency. DNA sequencing identified a novel point mutation in the PROS! gene,
leading to the amino acid substitution, Ala525Val. It should be noted that this
protein S nmtation can cause thrombophilia and cerebral infarction.

Email: yoshi8@intmed2.med.kyushu-u.ac.jp

Introduction

Protein C (PC) and profein S (PS) are vitamin K-depen-
dent anticoagulant proteins. Thrombin is the final protease
in the blood coagulation cascade, and interacts with anti-
thrombin to form the thrombin antithrombin complex,
which converts PC fo activated PC (APC). APC inacti-
vates the activated coagulation factors, Va and VIIIa.!
This important negative feedback mechanism prevents
excessive blood coagnlation. PS is an indigpensable cofac-
tor for APC activity. Deficiency of PC or PS causes a hy-
percoagulable state leading to thromboembolism including
deep venous thrombosis, pulmonary embolism and cere-
bral venous sinus thrombosis, and is usnally an inherited
autosomal dominant disorder.” Patients with a patent
foramen ovale (PFO) have interatrial communication with
the potential for right-to-left shunting, and are at risk of
paradoxical embolism from deep venous thrombosis cauns-
ing brain infarction. As PFO occurs in approximately
25% of otherwise healthy individunals, paradoxical embo-
lism should be considered as a cause of brain infarction
in patients with thrombophilia.® Inherited PC and PS defi-
ciencies are more common in Japan than in Western
countries. Many point mutations resulting in PC or PS
deficiency have been reported to date.! We report a
patient with fulminant cerebral infarction in the bilateral
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middle cerebral artery (MCA) territories, cansed by para-
doxical embolism. The patient had PS deficiency with a
previously unreported gene mutation.

Case Report

A 42-year-old woman was transferred to the National Hos-
pital Organization Fukuoka Higashi Medical Center, Fu-
kuoka, Japan, in an ambulance with status epilepticus and a
decreased level of conscionsness. She had neither a past his-
tory of epilepsy and pregnancy loss nor a family history of
thrombotic diseases, and was not taking any medications.
She had slept in the passenger seat while her family traveled
by car overnight, and when she got out of the car and
started to walk, she fell down and immediately lost con-
scionsness. On admission, her blood pressure was 126/
64 mmHg, heart rate was 101 b.p.m. regular, temperature
was 36.4°C and respiratory rate was 24 breaths/min. She
had a decreased level of consciousness, conjugate deviation
of her eyes to the right and tonic clonic convulsions of all
extremities. Laboratory data were almost normal except for
a high D-dimer level of 14.7 pg/mL. Atrial blood gas analy-
sis under oxygen administration on administration was nor-
mal, except for hyperoxygenation (pH 7.364, pO,
520.5 mmHg, pCO, 46 mmHg and HCO; 25.6 mEq/L).
Chest X-ray and contrast computed tomography showed no
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signs of pulmonary embolism. Cerebrospinal flnid examina-
tion was within the normal limits, with a cell count of 3/ulL,
protein concentration of 29.4 mg/dL and glucose concentra-
tion of 61 mg/dL. Diffusion-weighted magnetic resonance
imaging showed increased signal intensity in the bilateral
MCA territories, indicating bilateral acute brain infarction
(Fig. la). Magnetic resonance angiography showed stenosis
of the left MCA (Fig. 1b), and magnetic resonance venogra-
phy showed no abnormality (Fig. 1c). Transesophageal
echocardiography showed passage of microbubbles from a
peripheral vein through the right atrinm to the left atrium,
indicating a PFO (Fig. 1d). Contrast-enhanced computed
tomography showed thrombus in the rght soleus vein
(Fig. 1e). Blood coagulation and fibrinolysis tests showed
decreased levels of free PS (25%) and total PS (529%), and
decreased PS activity (15%). DNA sequencing of the
PROS] gene identified a previously unreported mutation of
GCC to GTC, resulting in the amino acid substitution of
Alal525 by Val (Ala525Val; Fig. 1f). The patient was diag-
nosed with cerebral infarction as a result of paradoxical

Y Yoshikawa et al

embolism, and type I PS deficiency. Follow-up magnetic res-
onance angiography showed recanalization of the left MCA
(Fig. 1g), supporting an embolic mechanism. Despite inten-
sive medical therapy, the patient still had total aphasia and
quadriplegia when she was transferred to another hospital
after 59 days.

Discussion

We report a young woman with sudden fulminant bilateral
cerebral infarction resultung in status epilepticus, a decreased
level of consciousness, total aphasia and quadriplegia.
Extensive investigation did not find an obvious embolic
source, but found venous thrombosis in the right lower
extremity and PFO. She also had PS deficiency with a previ-
ously unreported point mutation. Considering all these find-
ings, she was diagnosed with cerebral infarction caused by
paradoxical embolism.

As aforementoned, both PS deficiency and PC deficiency
are relatively common causes of thrombophilia in Japan. PS

0
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Figure 1 (a) Diffusion~weighted magnetic resonance imaging showed high-intensity lesions in the bilateral middle cerebral artery territories. (b}
Magnetic resonance angiography showed stenosis of the left middle cerebral artery {arrowd. {¢} Magnetic resonance venography showed no
abnormality. (d) Transesophageal echocardiography showed a patent foramen ovale (arrowd. (e) Contrast-enhanced computed tomography showed
thrombus in the right soleus vein tarrow). (f) Direct DNA seguencing identified the mutation GCC—GTC in the PROST gene, resulting in the
amino acid substitution of Ala-625 by Val. (g} Follow-up magnetic resonance angiography showed recanalization of the left middle cerebral artery.
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circulates free in the plasma, or in a complex with comple-
ment protein Cdb-binding protein. Only the free form acts
as a cofactor to activate APC“ PS deficiency is classified
into three types. Type I has decreased plasma levels of both
free PS and total PS, and decreased PS activity; type II has
normal free PS and total PS levels, and decreased PS activ-
ity; and type III has a normal total PS level, decreased free
PS level and decreased PS activity.® Our patient was classi-
fied as type I deficiency, because she had decreased levels of
free PS (25%) and total PS (52%), and decreased PS activity
(15%).

The structure of PS includes an N-ferminal Gla domain,
thrombin-sensitive region, growth factor region and C-termi-
nal sex-hormone binding globulin (SHBG)-like domain.
Ala-525 is a well-conserved amino acid among different spe-
cies that is located in the SHBG-like domain.’ Substitution
of Ala-525 by Pro, resulting from the point mutation of
GCC to CCC, was previously reported to canse type I PS
deficiency, similar to the present case.® As Ala-525 consti-
tutes a P-strand, substitution of Ala with a more bulky
amino acid, such as Val or Pro, might disrupt the structural
stability of the protein, thereby decreasing the levels of bath
free PS and total PS.!

In conclusion, we experienced a case of paradoxical cere-
bral embolism in a patient with a previously unreported
mutation of PROSI, resulting in the amino acid substitu-
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tion, Ala525Val, in the SHBG-like domain. It should be
noted that this mutation of PS can cause thrombophilia,
including severe cerebral infarction in patients with PFO.
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Fluvastatin Upregulates the Expression of Tissue Factor Pathway

Inhibitor in Human Umbilical Vein Endothelial Cells
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Aim: 3-Hydroxy-3-methylglutaryl coenzyme A reductase inhibitors (statins) are cholesterol-lowering
drugs with a variety of pleiotropic effects including antithrombotic properties. Tissue factor pathway
inhibitor (TFPI), which is produced predominantly in endothelial cells and platelets, inhibits the ini-
tiating phase of clot formation. We investigated the effect of fluvastatin on TFPI expression in cul-
tured endothelial cells.

Methods: Human umbilical vein endothelial cells (HUVECs) were treated with fluvastatin (0—10 pM).
The expression of TFPI mRNA and antigen were detected by RT-PCR and western blotting, respec-
tively. The effects of mevalonate intermediates, small GTP-binding inhibitors, and signal transduc-
tion inhibitors were also evaluated to identify which pathway was involved. A luciferase reporter
assay was performed to evaluate the effect of fluvastatin on TFPI transcription. The stability of TFPI
mRNA was estimated by quantitating its levels after actinomycin D trearment.

Results: Fluvastatin increased TFPI mRNA expression and antigen in HUVECs. Fluvastatin-induced
TFPI expression was reversed by co-treatment with mevalonate or geranylgeranylpyrophosphate
(GGPP). NSC23766 and Y-27632 had no effect on TFPI expression. SB203580, GF109203, and
LY294002 reduced fluvastatin-induced TFPI upregulation. Moreover, fluvastatin did not signifi-
cantly affect TFPI promoter activity. TFPI mRNA degradation in the presence of actinomycin D
was delayed by fluvastatin treatment.

Conclusions: Fluvastatin increases endothelial TFPI expression through inhibition of mevalonate-,
GGPP-, and Cdc42-dependent signaling pathways, and activation of the p38 MAPK, PI3K, and
PKC pathways. This study revealed unknown mechanisms of the anticoagulant effect of statins and
gave a new insight to its therapeutic potential for the prevention of thrombotic diseases.

J Atheroscler Thromb, 2015; 22: 660-668.

Key words: 3-Hydroxy-3-methylglutaryl coenzyme A reducrase inhibitor, Fluvastatin,
Tissue factor pathway inhibiror, Human umbilical vein endothelial cells

Introduction

Activation of the extrinsic coagulation pathway
triggers arterial thrombotic events, such as acute coro-
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nary syndrome, ischemic stroke, and critical limb isch-
emia. Thrombin formation is further accelerated at
the site of atherosclerotic plaques, where a chronic
inflammatory response occurs and collagen and tissue
factor (TF) are exposed to circulating blood after the
rupture of an atherosclerotic plaque. Tissue factor
pathway inhibitor (TFPI), as the major inhibitor of
the extrinsic coagulation pathway, regulates arterial
thrombosis by binding TF-factor V1la (TF-FVIIa) and
factor Xa (FXa). Recent studies have shown that TEPI

attenuates the development of atherosclerosis by
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inhibiting endothelial activation and proliferation,
and by diminishing monocyte recruitment?. Alterna-
tive splicing at the 3" end of the TFPI gene results in
the production of two major isoforms of TFPI, TFPla
and TFPIf, which have different domain structures
and tissue distributions. TFPIa circulates in the plasma
or bound to the endothelium via its interaction with
endothelial glycosaminoglycan. Another pool of TFPla
is released from endothelial cells and platelets after
stimulation (i.e., thrombin). Thus, TFPla acts as a
very early phase inhibitor at the locus of clot forma-
tion. TFPIB binds directly to the endothelium surface
and contributes to constant anticoagulation on the
vascular endothelium??.

3-Hydroxy-3-methylglutaryl coenzyme A reduc-
tase inhibitors (statins) have been suggested to reduce
the risk of cardiovascular events and death. Besides
their predominant effects on cholesterol reduction,
statins have shown a number of beneficial effects
including the improvement of endothelial function,

suppression of inflammation, and plaque stabiliza--

tion?. These “pleiotropic” effects are independent of
its effect on cholesterol reduction and mainly through
inhibition of mevalonic acid synthesis, leading to the
decreased synthesis of isoprenoids. Isoprenoids, farne-
sylpyrophosphate (FPP) and geranylgeranylpyrophos-
phate (GGPP), mediate the posttranslational modifi-
cation of small GTP-binding proteins of the Ras/Rho
family®. Recent studies have shown the anticoagulant
properties of statins®. The downregulation of TF and
plasminogen activator inhibitor type 1 and the upreg-
ulation of thrombomodulin through inhibition of
small GTP-binding proteins by statins were demon-
strated 77 vitro®®. Meanwhile, it remains unclear if
statins affect TFPI expression. Although some reports,

“including ours, described the association of statin
administration and plasma TFPI concentration®'?,
plasma TFPI does not reflect the amount of TFPI
pooled in platelets and on the endothelium. Thus, we
considered it beneficial to clarify if statins affect
endogenous TFPI production in vitra.

In this report, we examined the effects of fluvas-
tatin, a lipid-soluble statin, on TFPI expression in
human endothelial cells and investigated its underly-
ing mechanisms.

Methods

Materials

Human umbilical vein endothelial cells (HUVECs:)
and conditioned medium (EGM-2 Bullet Kit) were
purchased from Lonza (Walkersville, MD, USA).
EGM-2 was added with all of the attached supple-

ments and 2% fetal bovine serum (FBS). Fluvastatin,
mevalonate, FPP, and GGPP were purchased from
Sigma Aldrich Co. (St. Louis, MO, USA). FPP and
GGPP were dissolved in methanol/10 mmol/L. NH«OH
(vol/vol, 7/3). Y-27632 and NSC23766 were pur-
chased from Calbiochem (San Diego, CA, USA).
S$SB203580, U0126, SP600125, 1Y294002, and
GF109203 were purchased from Alexis Biochemicals,
Inc. (San Diego, CA, USA) and dissolved in dimethyl
sulfoxide (DMSO). Actinomycin D was purchased
from Sigma Aldrich Co. and dissolved in DMSO. An
anti-TFPI polyclonal antibody was purchased from
Haematologic Technologies, Inc. (Essex Junction, VT,
USA). Polyclonal antibodies against p38 mitogen-acti-
vated protein kinases (MAPK), phospho-p38 MAPK,
and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) were purchased from Santa Cruz Biotech-
nology, Inc. (Santa Cruz, CA, USA). 3-(4,5-Dimeth-
ylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) was purchased from Nacalai Tesque, Inc.
(Kyoto, Japan).

Cell Culture

HUVECs (3-8 passages) were grown to conflu-
ence in EGM-2 at 37C in a humidified atmosphere
of 5% CO2. A human umbilical cell line (EA.hy926)
was grown in Dulbecco’s modified Eagle’s medium
containing 10% FBS at 37C in a humidified atmo-
sphere of 5% COa.

Quantification of mRNA

Total RNA was extracted from cultured cells by
using a2 NucleoSpin kit (NIPPON Genetics, Inc.,
Tokyo, Japan). The cDNA was synthesized by reverse
transcription with a PrimeScript RT-PCR Kit (Takara
Bio, Inc., Otsu, Japan) according to the manufactur-
er’s instructions. The cDNA was subjected to the fol-
lowing PCR conditions to amplify TFPI mRNA: 30
cycles of denaturation at 94°C for 30 s, annealing at
55C for 30 s, and extension at 72°C for 30 s. The fol-
lowing primers were used: TFPI forward 5'-TGGAT-
GCCTGGGCAATATGA-3" and reverse 5°-TATTC-
CAGCATTGAGCTGGGTTC-3"; and GAPDH for-
ward 5'-GCACCGTCAAGGCTGAGAAC-3’ and
reverse 5-ATGGTGGTGAAGACGCCAGT-3". PCR
products were subjected to electrophoresis in a 3%
agarose gel and the intensity of the bands was mea-
sured using a Typhoon9200 imager (GE Healthcare,
Buckinghamshire, UK). The band intensity of the
TFPI PCR products was normalized to that of GAPDH

in the same samples.
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Western Blot

HUVECs were lysed in a buffer comprising 50
mM Tris-HCl, pH 7.5, 1% bovine serum albumin, 2
mM EDTA, 100 U/mL aprotinin, 1 pg/mL leupeptin,
1 pg/mL pepstatin, and 200 mmol/L phenylmethane-
sulfonyl fluoride. HUVEC lysates were electropho-
resed in a 10% SDS/polyacrylamide gel and trans-
ferred to a nitrocellulose membrane (Hypond™-P;
GE Healthcare). Immunoblotting was performed using
primary antibodies against TFPIL, followed by second-
ary antibodies conjugated with horseradish peroxidase.
The protein bands were visualized with Immobilon
Western HRP Detection Substrate (Merck Millipore,
Darmstadt, Germany).

Plasmid Construction for the Luciferase Reporter
Assay

According to the TFPI promoter sequence
reported by Petit er al., a 1,524 bp (-1,246 and +278)
DNA fragment of the 5'-flanking region of the TFPI
gene was PCR-amplified using human genomic DNA
as a template and the following specific primers con-
taining restriction sites'”: 5'-GGCTGCTAGCTTT-
GATTGTG-3" (containing an Nbel restriction site)
and 5'-GCCAGGTACTCACAAGTAAGATCT-3"
(containing a Bg/1l restriction site). This fragment was
digested at the restriction sites and cloned between the
unique corresponding sites of the pGL3 basic vector

(Promega, Madison, W1, USA).

DNA Transfection and Luciferase Assays

EA.hy926 cells (2.0 x 107 cells/well) were allowed
to grow on 12-well plates until they were approxi-
mately 80% confluent. The cells were then transiently
co-transfected with 0.5 pg TFPI promoter constructs
and 0.1 pg internal control vector pRL-TK (Promega)
by using the Lipofectin reagent (Invitrogen, Carlsbad,
CA, USA). Afrer incubation for 6 h, the medium was
replaced by fresh medium and the cells were allowed
to grow for another 20 h prior to fluvastatin treat-
ment. Luciferase activity in the cell lysates was derer-
mined using the dual-luciferase reporter assay system
(Promega) and a luminometer (Atto, Tokyo, Japan)
after treatment of the cells with fluvastatin (0—10 uM)
for 24 or 48 h.

MTT Assay

The cells were seeded into the wells of 96-well
microplates at a density of 5,000 cells/well. After incu-
bation in the designated condition, the medium was
replaced with 100 gL fresh culture medium. Then, 10
puL MTT stock solution (5 mg/mL in sterile phos-
phate-buffered saline) were added to each well. After 3
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Fig. 1. Fluvastatin upregulates the TFPI antigen and mRNA
expression in HUVEC:.

"HUVECs were incubated with various concentrations (0-10 uM)

of fluvastatin for 24 h. mRNA and protein levels were determined
by RT-PCR (B) and western blotting (A), respectively. The data
represent the mean=SD of 3 separate experiments. “p<0.05 vs.
control; **»<0.01 vs. control.

h, the unreacted dye was removed, and the formazan
crystals were dissolved in 150 pL DMSO. After gentle
agitation for 5 min, absorbance was read at 570 nm
using a Microplate Reader (Tecan, Kanagawa, Japan).
Cells incubated in medium without supplementation
were considered as controls, and the viability of the
control cells was set to 100%.

Statistical Analysis

Each experiment was performed in triplicate and
the results are expressed as the mean # standard devia-
tion (SD). Student’s # test and one-way analysis of
variance were used for statistical analyses. Microsoft
Excel 2007 was applied for all analyses. A value of p<
0.05 was considered statistically significant.
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