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Figure 7. Model of ow-induced protrusion (FLIPR) formation and membrane transfer. Platelet adhesion and spreading on a
physiological surface. Extracellular calcium entry and depletion of intracellular stores raise the cytosolic calcium concentration. DTS
indicates dense tubular system; and mito, mitochondria. High cytosolic calcium and shear forces induce the formation and elongation
of long membrane protrusions (FLIPRs). Phosphatidylserine (PS) and P-selectin are expressed on the platelet and FLIPR membrane.
Monocytes and neutrophils roll over FLIPRs, retrieve membrane fragments, and become activated.

on von Willebrand factor at high shear rates and do not depend
on platelet activation. Furthermore, tethers form upstream of
platelets, and they serve to decelerate fast-moving platelets
through the formation of transient adhesion points.

The formation of procoagulant balloon-shaped platelets has
been described in vitro, using a combination of collagen and
thrombin or alternatively through the addition of a calcium ion-
ophore."** Such platelet activation with strong agonists results
in a sustained rise in cytosolic calcium and PS exposure, there-
by supporting thrombin and fibrin generation and the formation
of microparticles."*? These procoagulant platelets are referred
to as balloon-shaped platelets, collagen- and thrombin-activated
platelets, and sustained calcium-induced platelets, all describ-
ing a similar phenotype.'*® In our present flow model, we ob-
served essentially the same phenotype. FLIPRs are induced by
a combination of physiological shear stress and cellular acti-
vation. On platelet activation, intracellular calcium stores are
depleted. Both store-operated and store-independent calcium
entry are activated and result in a sustained rise in cytosolic
calcium. MPTPs, which regulate calcium transport from the

mitochondria, are formed under the control of cyclophilin D.
Calpain is activated and responsible for the cleavage of cyto-
skeletal proteins. These processes together are required for
FLIPR formation and high expression of PS. A limitation of our
study is the lack of specific cyclophilin D inhibitors. We are,
therefore, not able to firmly establish the role of cyclophilins
in FLIPR formation. However, with no effect on FLIPR forma-
tion on blocking of cyclophilin A or calcineurin, we think that
FLIPR formation is cyclophilin D—dependent. FLIPRs bind an-
nexin AS, and thus their formation results in an extension of the
procoagulant platelet surface. Importantly, this increased plate-
let surface does not bind other platelets, confirming what has
been described previously for sustained calcium-induced plate-
lets, as a result of the calcium-dependent downregulation of the
adhesive function of integrin o 3.." Balloon-shaped platelet
remnants exhibit high PS exposure on their outer membrane
leaflet and support the formation of thrombin and fibrin."-%
Although the procoagulant properties of balloon-shaped plate-
lets are well described,” we found no evidence that the forma-
tion of fibrin was specifically initiated by FLIPRs.
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The adhesion of monocytes and neutrophils to activated en-
dothelial cells and platelets is a key step in the inflammatory
response. Our real-time flow experiments show that both circu-
lating monocytes and neutrophils selectively roll over the long
membrane extensions in a P-selectin/PSGL-1-dependent man-
ner. In a similar fashion, neutrophil-derived membrane tethers
have been shown to recruit other neutrophils, possibly through
a mechanism that depends on L-selectin/PSGL-1 interaction.*!
The capacity of platelets to regulate inflammatory responses is
becoming firmly established. Sustained calcium-induced plate-
lets have a proinflammatory phenotype and support the captur-
ing and spreading of neutrophils.” We show here that rolling
of monocytes and neutrophils over FLIPRs results in transient
tethering interactions and FLIPR fragmentation. Both mono-
cytes and neutrophils were capable of capturing membrane
fragments from the FLIPRs. Thus, monocyte— and neutrophil—
FLIPR interactions support these cells to capture platelet mi-
croparticles on their surface under flow conditions. Previous
studies have shown that incubation of monocytes with proco-
agulant microparticles results in monocyte activation, thereby
promoting their migration and differentiation.> Additionally,
monocyte adhesion to platelets resulted in the release of cyto-
kines, thereby further promoting an inflammatory phenotype.*
Our present data, showing increased CD11b expression and
L-selectin shedding on both monocytes and neutrophils after
rolling over the FLIPRs, are in accordance with these studies.
Furthermore, other studies have shown that platelets are able to
induce a proinflammatory phenotype on monocytes and neu-
trophils on complex formation, resulting in increased adhesive
properties toward endothelial cells.>** This in turn is known
to increase the progression of inflammatory diseases such as
arthritis and atherosclerosis.!"'**3% Monocytes and neutro-
phils circulating in complex with platelets are profound mark-
ers for cardiovascular disease. Increased complexes have been
measured after percutaneous coronary intervention,'> acute
myocardial infarction,' stable coronary artery disease,'® graft
occlusion,®” and ischemic stroke.!” We suspect that complex
formation with platelet microparticles is an underestimated
phenomenon, which cannot be distinguished from complex
formation with intact platelets by FACS analysis. It is, there-
fore, plausible that previous studies that claimed to measure
platelet monocyte and neutrophil complexes did, in fact, mea-
sure complex formation with platelet microparticles.

In an attempt to visualize the formation of these membrane
extensions in vivo, we have used a mouse FeCl, injury model
to induce a vascular lesion and visualized FLIPRs using SEM
analysis. We demonstrated membrane extensions with the
same characteristics as FLIPRs shown in vitro. The membrane
extensions find their origin on adherent platelets and are ori-
ented in the flow direction, defining them as FLIPRs. Whether
FLIPR formation in vivo plays a role in the proinflammatory
function of platelets remains to be shown.

In conclusion, we have described the formation of long mem-
brane extensions that derive from adherent and activated plate-
lets both in vitro and in vivo. FLIPRs are formed downstream
the platelets along with the flow as a result of shear forces,
and the formation depends on the activation of cyclophilin D,
calpain, and small GTPase Racl. Circulating monocytes and
neutrophils interact with these membrane extensions and

capture membrane fragments, thereby generating platelet mic-
roparticle-monocyte and microparticle—neutrophil complexes
and subsequent activation of monocytes and neutrophils. We
propose that this mechanism of platelet membrane retrieval
may be relevant for the platelet contribution in the progression
of inflammatory diseases. Further studies are required to deter-
mine to what extent in vivo FLIPR formation contributes to the
platelet contribution in inflammation.
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Novelty and Significance

What Is Known?

Platelets are important in both hemostasis and inflammation.
Activated platelets have procoagulant activity and generate
microparticles.

Activated platelets are, furthermore, able to bind leukocytes, thereby
promoting inflammatory responses.

What New Information Does This Article Contribute?

Activated platelets under flow generate extremely long membrane
protrusions.

These protrusions can sever as a result of shear, resulting in the forma-
tion of platelet microparticles.

Leukocytes are able to bind to the long membrane strands resulting in
leukocyte activation.

The dynamic process leading to procoagulant and proinflamma-
tory platelet formation has never been visualized. We, therefore,
aimed to visualize this dynamic process under physiological flow.
Exposing platelets to shear and agonists results in the formation

of flow-induced protrusions (FLIPRs), both in vitro as well as in
a mouse carotid injury model in vivo. Severing of FLIPRs from
adhered platelets results in the formation of microparticles and
balloon-shaped platelets. Balloon-shaped platelets have been
demonstrated previously and are known to exhibit procoagulant
and proinflammatory properties. Previous studies, furthermore,
show the importance of mitochondrial calcium regulation for
the generation of procoagulant activity and the requirement for
calcium-dependent protease calpain in the generation of mic-
roparticles. We show that both are also required for FLIPR forma-
tion. In addition, monocytes and neutrophils are able to roll over
FLIPRs and retrieve membrane fragments as microparticles on
their surface. This results in the activation of monocytes and neu-
trophils, promoting the inflammatory response. FLIPR formation,
as presented in our current study, provides a mechanistic model
for platelet membrane transfer and generation of monocyte/neu-
trophil-microparticle complexes. We propose that the formation
of FLIPRs in vivo contributes to the well-established proinflam-
matory function of platelets and platelet-derived microparticles.
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Detailed Materials and Methods

Materials

Human serum albumin (HSA) was purchased from MP Biomedicals (ImmunoO fraction V;
Amsterdam, the Netherlands). Fibrinogen was obtained from Enzyme Research Laboratories
(Swansea, UK) and von Willebrand Factor (VWF) from Biotest AG (Dreieich, Germany). GFOGER
and CRP-XL were produced as described before(1,2). RGD-W was purchased from the NKI
(Amsterdam, the Netherlands). Calpeptin, 2-aminoethoxydiphenylborate (2-APB) and bongkrekic acid
were obtained from Enzo Life Sciences (Antwerpen, Belgium), and MDL 28170, thapsigargin and
FK-506 from Sigma (Zwijndrecht, the Netherlands). Cyclosporin A, GSK 429286, ZCL-278 and NSC
23766 were obtained from Tocris Biosciences (Abingdon, UK). Cyclophilin A inhibitor was
purchased from EMD Millipore (Billerica, USA) and 1-oleoyl-2-acetyl-glycerol (OAG) from Santa
Cruz (Heidelberg, Germany).

The following antibodies were used for immunofluorescent staining: anti-GPIb (HIP-1)
(eBiosciences, Vienna, Austria); anti-P-selectin, anti-fibrinogen, and anti-GPIb (SZ2) (Santa Cruz);
anti-PF4 and anti-BTG (R&D systems); annexin AS5-FITC (Biovision, MountainView, CA, USA);
phalloidin-FITC (Invitrogen, Bleiswijk, the Netherlands); and anti-a-tubulin (eBiosciences).
Secondary antibodies labeled with Alexa fluor 488, Alexa fluor 555, and Alexa fluor 680 were
purchased from Invitrogen. Lactadherin-FITC (Haematologic Technologies, Essex Junction, VT,
USA) and FITC-, PE- or APC-labeled monoclonal antibodies against GPIb, P-selectin, CD14, CD66b,
CD11b and CD62L (BD Biosciences, Franklin Lakes, NJ, USA) were used for FACS analysis.

Blood collection

Blood was collected from healthy volunteers who had not been on anticoagulant or antiplatelet
medication for at least 10 days before blood withdrawal. The study was approved by the University
Medical Center Utrecht (UMCU) Ethics Committee. Blood was anticoagulated with 10% sodium
citrate (3.2% w.v.). For annexin A5 adhesion stainings, blood was anticoagulated using 100 U/mL
hirudin. Platelet rich plasma (PRP) and washed platelets were prepared as described before(3). Platelet
count was determined using CellDyn1800 (Abbott, Hoofddorp, the Netherlands) and set to 350x10°/L.

Real-time perfusion studies

Glass coverslips were cleaned with chromic-sulfuric acid (Sigma), rinsed with dH,O and
placed in a polydimethylsiloxane (PDMS) perfusion chamber with a channel height of 75 um and
width of 2 mm. The channels were coated with fibrinogen (100 ug/mL), VWF (10 ug/mL), fibronectin
(100 ug/mL) or GFOGER+CRP-XL (100 ug/mL and 200 ug/mL, respectively) for 1.5 hours at room
temperature and blocked with 1% HSA overnight at 4°C. PRP and washed platelets were perfused
using a syringe pump (Harvard Apparatus, Holliston, MA, USA) at a shear rate of 300 sec. Washed
platelets that were perfused over fibrinogen were activated using collagen related peptide (CRP, 500
ng/mL) after 15 minutes of perfusion. FLIPR formation was visualized with an inverted microscope
(Zeiss observer Z.1, Carl Zeiss, Sliedrecht, the Netherlands). Movies and snapshots were recorded
with differential interference contrast (DIC) microscopy, using a 40x/1.25 oil or 100x/1.25 oil EC-plan
Neofluar objective (Carl Zeiss). For reflection interference contrast microscopy (RICM) analysis, a
63x/1.25 oil EC-plan Neofluor antifluor objective (Carl Zeiss) was used in combination with an HBO
lamp. All images were analyzed with AxioVision software (Release 4.6, Carl Zeiss) and Imagel
software (Release 1.41, National Institutes of Health, Bethesda, MD, USA).

Immunofluorescent staining of adhered platelets and FLIPRs

After perfusion, adhered platelets and FLIPRs were fixed under flow using 2%
paraformaldehyde (PFA). Samples were blocked using 10% normal goat serum for 30 minutes.
Immunofluorescent staining was performed using antibodies against GPIb, P-selectin, PF4, B-TG,
fibrinogen, a-tubulin and CD14. Secondary antibodies containing either AF488 or AF555 were used



to visualize the stainings. Stains were analyzed using a Zeiss LSM 510 meta confocal microscope
(Carl Zeiss).

Determination of GPIb distribution across membranes

Images of GPIb-stained platelets were taken using confocal microscopy. ImageJ was used to
determine the intensity of the staining, with the histogram option being directed at selected platelets
with and without a FLIPR. The intensity of the normal platelets was set at 100% and used to calculate
the intensity of the platelets with a FLIPR in the same microscopic picture.

Real-time calcium flux microscopy

Calcium flux was visualized in washed platelets (suspended in HEPES-Tyrode buffer, pH 7.3)
that had been incubated with 1 uM Oregon green BAPTA-1, AM (Invitrogen) at 37°C for 30 minutes.
Platelets were centrifuged again in the presence of 10ng/mL PGI, and resuspended in HEPES-Tyrode
buffer (pH 7.3) with 1 mM CaCl,. Perfusion was performed and calcium flux was visualized and
analyzed using AxioVision software (Release 4.6, Carl Zeiss).

FACS analysis and westernblot on microparticles

Washed platelets were perfused in a calcium rich buffer over fibrinogen. FLIPR formation was
created by perfusion of 500 ng/mL CRP after 15 minutes (=perfusion with FLIPRs). The control
perfusion was not activated with CRP (=perfusion no FLIPRs). Flowthroughs were collected and
centrifuged twice at 1500xg for 15 minutes in the presence of PGI, and 20 mM EDTA to prevent
platelet activation during centrifugation in the presence of CRP remnants. For FACS analysis, the
supernatant containing microparticles was then incubated with antibodies against GPIb and lactadherin
for 20 minutes and fixed using 0.2% formaldehyde in 0.9% NaCl. All samples were analyzed using
the FACSCanto from BD Biosciences. Microparticles were gated based on forward- and side-scatter
properties, and the number of GPIb'/lactadherin” events was counted and compared to that of the
isotype controls. For westernblots, the supernatant was centrifuged at 20,000xg for 1 hour, and the
microparticle-containing pellet resuspended in sample buffer in the presence of dithiothreitol (DTT).
Proteins were separated by SDS-PAGE and stained with anti-GPIb (SZ-2).

Electron microscopy of FLIPRs and microparticles

Platelets were perfused over fibrinogen-coated formvar grids, and fixed with a mixture of 2%
paraformaldehyde and 0.2% glutaraldehyde in 0.1 M sodium phosphate buffer. Platelets and FLIPRs
were counterstained with uranyl acetate and analyzed in a JEOL 1200CX electron microscope at 80
kV (JEOL, Nieuw-Vennep, The Netherlands). Microparticle-containing samples were collected after
perfusion (as described in the FACS and western blot section) at the outlet of the perfusion chamber
and isolated using differential centrifugation(4). Isolated vesicle fractions were examined in the
electron microscope after uranyl staining and embedding(4).

Monocyte and neutrophil perfusions

For monocyte isolation, citrated whole blood was diluted with HEPES-Tyrode buffer (pH 7.3)
and a Ficoll separation was performed. The pellet was resuspended in HEPES-Tyrode buffer (pH 7.3)
with 1 mM CaCl,. Monocytes were isolated using CD14" magnetic beads (Miltenyi Biotec, Leiden,
the Netherlands). Neutrophils were isolated from the supernatant obtained after static incubation of
blood (from which platelets were already isolated) with a 6% Dextran/0.9% NaCl solution. The
supernatant was spun down and the pellet was shocked with ice-cold water. 0.6M KCIl was added,
followed by HBS and cells were again spun down. Neutrophils were isolated using a Ficoll separation
and resuspended in HEPES-Tyrode buffer (pH 7.3) with 1 mM CaCl,. The purity of both monocytes
and neutrophils was established using the CellDyn1800, which measures the cell type based on light
scattering, as well as with FACS analysis for CD14 and CD66b. Both types of analysis indicated a
purity of >98%.

Washed platelets were perfused for 15 minutes followed by activation with CRP for 5
minutes. Monocytes and neutrophils were then perfused, and rolling and adhesion were studied during
real-time perfusion. The flowthrough during these perfusions were captured and stained with CD14
(monocytes), CD66b (neutrophils), GPIb, CD11b or CD62L for 20 minutes and fixed using 0.2%



formaldehyde in 0.9% NaCl. CD14" or CD66b" cells were gated and GPIb mean fluorescence
intensity was measured within this gate to analyze the presence of platelet (microparticles) on the
monocytes or neutrophils. All samples were analyzed using the FACSCanto from BD Biosciences.

In vivo FLIPR formation in a mouse carotid injury model

All procedures for animal experiments were performed in accordance with the Guide for Care
and Use of Laboratory Animals as defined by European laws. Mice (8-10 weeks) were anesthetized by
intra peritoneal administration of ketamine (100 mg kg™") and xylazine (20 mg kg ). The common
carotid arteries were exposed and vascular injury was induced by application of 7.5% FeCl; saturated
Whatmann filter paper on top of the carotid artery for 2 minutes. The arteries were fixed with 2.5%
glutaraldehyde by transcardiac perfusion. The injured artery was excised and post-fixed in 2.5%
glutaraldehyde overnight. The isolated segments were cut open in the middle and dehydrated in
increasing concentrations of ethanol, followed by treatment with hexamethyldisilazine. Samples were
glued on a coverslip with the lumen oriented upwards. The coverslips were sputter-coated with gold
and analyzed at 5 kV using a FEG Sirion SEM (FEI, Hillsboro, USA).

Statistics

A Mann-Whitney U test was performed to compare the difference between 2 conditions. A p-
value of less than 0.05 was considered significant. All data analyses were performed with computer
software (SPSS-pc Version 15.0, SPSS Inc., Chicago, IL, USA).



Online supplemental data

Supplemental movie I: FLIPR formation after stimulation with CRP. Platelet adhesion and
spreading on fibrinogen was observed during the first 10 minutes of perfusion. After perfusion with
CRP, adhered platelets start forming FLIPRs in the direction of the flow. Note that the platelet body
decreases in size as the FLIPR elongates. Video was recorded at four frames/second using DIC
microscopy, and actual speed is displayed. Flow direction is indicated with an arrow.

Supplemental movie II: Overview of FLIPR formation. CRP was added to platelets spread on
fibrinogen substrate. Multiple platelets are shown forming long membrane protrusions. The video was
recorded at four frames/second using DIC microscopy. Actual speed is displayed. Flow direction is
indicated with an arrow.

Supplemental movie III: FLIPR elongation and platelet disintegration. Real-time video recording
of a spread platelet adhered to fibrinogen. Extension of the membrane is followed real time to show
the length of the FLIPR. Note that at the end of the recording, the morphology of the spread platelet is
changed and the platelet starts to disintegrate. Video was recorded at four frames/second using DIC
microscopy, and actual speed is displayed. Flow direction is indicated with an arrow.

Supplemental movie IV: Monocyte rolling over FLIPRs. FLIPRs were created by perfusing washed
platelets over fibrinogen, followed by CRP activation and isolated CD14" monocytes were perfused
subsequently. Note the FLIPR membrane that is disappearing due to retrieval of membrane by the
rolling monocytes. Video was recorded at four frames per second using DIC microscopy and actual
speed is displayed. Flow direction is indicated with an arrow.

Supplemental movie V: Inhibited monocyte rolling by blocking P-selectin. FLIPRs were created
by perfusing washed platelets over fibrinogen, followed by CRP activation and isolated CD14"
monocytes were perfused subsequently in the presence of anti-P-selectin. Video was recorded by DIC
microscopy at a speed of four frames per second. Data were collected and the video is displayed at
actual speed. Flow direction is indicated with an arrow.
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