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Key Points

• Activated platelets expose
insoluble membrane-
associated polyphosphate
nanoparticles that are
complexed with divalent
metal ions.

• Platelet polyphosphate
nanoparticles, but not soluble
polyphosphate polymers,
activate the contact system.

Polyphosphate is an inorganic polymer that can potentiate several interactions in the

blood coagulation system. Blood platelets contain polyphosphate, and the secretion of

platelet-derived polyphosphate has been associated with increased thrombus formation

and activation of coagulation factor XII. However, the small polymer size of secreted

platelet polyphosphate limits its capacity to activate factor XII in vitro. Thus, the

mechanism bywhich platelet polyphosphate contributes to thrombus formation remains

unclear. Using live-cell imaging, confocal and electron microscopy, we show that

activated platelets retain polyphosphate on their cell surface. The apparent polymer size

ofmembrane-associatedpolyphosphate largely exceeds that of secretedpolyphosphate.

Ultracentrifugation fractionation experiments revealed that membrane-associated plate-

let polyphosphate is condensed into insoluble spherical nanoparticles with divalent

metal ions. In contrast to soluble polyphosphate, membrane-associated polyphosphate

nanoparticles potently activate factor XII. Our findings identifymembrane-associated

polyphosphate in a nanoparticle state on the surface of activated platelets. We propose

that these polyphosphate nanoparticles mechanistically link the procoagulant activity of platelets with the activation of coagulation

factor XII. (Blood. 2017;129(12):1707-1717)

Introduction

Following the discovery of polyphosphate in mammalian cells, this
inorganic, negatively charged polymer has been shown to be present in
a variety of cell types, such as platelets,1 mast cells,2 and tumor cells.3

Polyphosphate plays a role in a variety of hemostatic and thrombotic
mechanisms. It enhances the binding of platelets to von Willebrand
factor4 (VWF), induces clustering of platelet factor 4 into antigenic
complexes,5 acts as a cofactor for C1 esterase inhibitor (C1inh),6

triggers activation of factor XII (FXII),7 amplifies factor XI (FXI)
activation by thrombin,8 accelerates factor V activation,9 inactivates
tissue factor pathway inhibitor,10 inhibits fibrinolysis, and alters
fibrin clot structure.11 As a result, polyphosphate has been proposed
as a potential druggable target to prevent thrombosis.12-14

In preclinical in vivo studies using experimental models of
thrombosis, selective depletion of (or deficiency in) coagulation FXII
was consistently found to confer protection against thrombosiswithout
increasing bleeding.15-18Collective evidence fromdecades of research
had previously established that platelet activation is associated with

activation of FXII.19-22 More recent studies implicate platelet
polyphosphate as an endogenous trigger for FXII activation in
thrombus formation in vivo.23 However, when platelets become
activated, only short polyphosphate polymers (60-100 residues) are
secreted into the surrounding fluid. These short-chain soluble
polyphosphates have a surprisingly low capacity for direct activation
of FXII in vitro.24-26 This observation suggests that we are lacking
essential insight into the mechanistic link between platelet
polyphosphates and FXII during thrombus formation in vivo.

In addition to polyphosphate (130 mM),1 intracellular granules
contain large amounts of inorganic compounds, such as adenosine
triphosphate (400 mM), adenosine diphosphate (600 mM),
pyrophosphate (300 mM), and serotonin (65 mM),27 and are
characterized by a low pH of;5.4.28 Moreover, these organelles are
rich in calcium (2.2 M) and other divalent metal ions. The steps
involved in secretion of the content-dense granules are not fully
defined. For polyphosphate, it is thought to bemolecularly dissolved
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Figure 1. Polyphosphate is retained on the platelet surface after degranulation. (A) Time series of platelet adhesion and spreading on immobilized VWF under flow.

Polyphosphate was tracked with DAPI (blue) and SYTOX (orange). Degranulation was detected by an anti-CD63 antibody (green). Microscopic images were acquired at a

magnification of 31000. A scale bar is shown in the upper left panel (10 mm). All images are shown at the same magnification. Times (above) represent the time course,

starting from the moment of first stable platelet adhesion in the image field (indicated by arrow in upper left panel). (B-C) Individual spreading platelets were visually inspected

(n 5 25, derived from videos of .3 separate experiments). Approximately 4 minutes after initial adhesion, both CD63 and polyphosphate appeared on the platelet surface

(“Presentation”’). The fluorescence of both these markers persisted for the remainder of the experiments (“Retention”). (D) Localization of polyphosphate and CD63 on

spreading platelets after .20 minutes. T, time.
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and directly released into the extracellular environment after platelet
activation.29

We report here that, in addition to soluble secreted polyphosphate,
a previously unidentified second pool of polyphosphate exists
in platelets. This species of polyphosphate forms nanoparticles,
composed of polyphosphate and divalent metal ions, and remains
associated with the platelet surface after degranulation. Platelet
polyphosphate nanoparticles constitute a powerful activator of FXII,
providing the “missing link” between primary hemostasis and
activation of the contact pathway of coagulation.

Materials and methods

A detailed description of “Materials and methods” with additional information
is provided in the supplemental Data, available on the BloodWeb site.

Platelet isolation

Platelets were isolated from citrated blood of healthy volunteers under approval
of the localMedical Ethical Committee of theUniversityMedical CenterUtrecht
by centrifugation.

Production of recombinant exopolyphosphatase and a

truncated variant

Exopolyphosphatase (PPX) or its polyphosphate-binding domains (PPX_D12)
were expressed inEscherichia coli and purified as previously publishedwithminor
modifications.14Afterpurification, thePPXand thePPX_D12weredialyzedagainst
phosphate buffer (10 mMNa2HPO4, 10 mMNaH2PO4, 500 mMNaCl, pH 7.4).

Live-cell imaging under flow

Washed platelet suspensions were supplemented with Alexa488-labeled anti-
CD63 to visualize dense granule degranulation and 1.5 mM SYTOX Orange
(Molecular Probes/Life Technologies, Waltham, MA) or 5 mg/mL Alexa488-
conjugated PPX_D12 to visualize polyphosphate, and subsequently perfused
through a laminar-flow chamber30 over VWF-coated cover glasses at low shear
rates (25-50 s21). In selected experiments, platelets were preincubated for
30 minutes at 37°C with 10 mg/mL 49,6-diamidino-2-phenylindole (DAPI;
Sigma-AldrichChemie, Zwijndrecht, TheNetherlands) and centrifuged at 400g for
15minutes in thepresenceof10ng/mLprostacyclin to removeunbounddye.Where
indicated, the effect of ethylenediaminetetraacetic acid (EDTA; 50-500 mM),
10 mg/mL ribonuclease A (Invitrogen, Bleiswijk, The Netherlands), 10 mg/mL
deoxyribonuclease I (Roche, Mannheim, Germany), or 500 mg/mL PPX was
investigated. Inplasmaexperiments, platelet adhesion, spreading, anddegranulation
werestudiedstep-wise in thecontinuouspresenceofSYTOXOrange.First, platelet-
rich plasma was perfused over immobilized fibrinogen at a shear rate of 25 s21 for
10 minutes. Next, unbound platelets were removed by perfusion with platelet-poor
plasma for 5 minutes. Finally, adherent platelets were activated by perfusion with
PAR4-activatingpeptide(Bachem,Bubendorf,Switzerland) inplatelet-poorplasma
for another 10 minutes. Polyphosphate deposition during thrombus formation was
investigatedbyperfusingcitratedwhole bloodover collagen-coated coverglasses at
a high shear rate (1600 s21). Analyses were performed on a Zeiss Z1 microscope
with Colibri LEDs and ZEN 2 Blue Edition software. Videos were captured at a
magnification of31000 for 20 to 40minutes at a frame rate of 2 frames perminute.
After perfusion experiments, cover glasses were removed from the flow chambers

and studied further by confocal microscopy and scanning electron microscopy. A
detailed description is provided in the supplemental Data.

Platelet fractionation by density ultracentrifugation

Washedplatelets (2.53106/mL)were resuspended in lysisbuffer (25mMHEPES
[N-2-hydroxyethylpiperazine-N9-2-ethanesulfonicacid], 250mMsucrose, 12mM
sodium citrate, pH 6.5) with 1 mM sodium orthovanadate and 1:100 protease
inhibitor cocktail (p8340; Sigma-Aldrich) and lysed by 3pulses ofmild sonication
(5 seconds at 3 mV) on a Soniprep 150 (MSE, London, UK). Suspensions were
subsequently centrifuged at 1000g for 15minutes at 4°C; supernatants containing
polyphosphate nanoparticles were collected on ice. The pelleted material was
resuspended, sonicated, and centrifuged in 2 to 4 additional cycles until no more
pellet was observed. Finally, the collected supernatants were combined and
centrifuged at 19 000g for 20minutes at 4°C. The pellet containing polyphosphate
nanoparticles was diluted in 1.4 mL lysis buffer with 250 mM sucrose and
supplementedwith 5mMSYTOXOrange.Where indicated, 250mMEDTAwas
added. Samples were loaded on top of a sucrose gradient with 0.7 mL fractions
ranging from 0.5M to 2M, diluted in lysis buffer without protease inhibitors. The
gradient was centrifuged at 1 000 000g for 60 minutes at 4°C using a Beckman
SW40 rotor (without brake). Fractions of 350 mL were analyzed for SYTOX
Orange fluorescence at 540/570 nm excitation/emission using a Spectramax 340
(Molecular Devices, Sunnyvale, CA) plate reader. The phosphate content in
SYTOX Orange–rich fractions was determined by means of acid digestion and
subsequent reaction with ammonium molybdate as described by Rouser et al.31

Platelet polyphosphate extraction

Human pheresis platelets (;2-4 3 1011 platelets/pheresis unit) were obtained
from the blood banks of Karolinska University Hospital and UniversityMedical
Center Hamburg and used for polyphosphate isolation within the expiry date
(application in human transfusion). Polyphosphate was isolated by 2 different
methods: (1) Isolation of soluble polyphosphate from lysed platelets by phenol/
chloroform extraction was performed as previously described with minor
modifications, described in the supplemental Data.23 (2) Isolation of total
polyphosphate from lysed platelets, including membrane-associated polyphos-
phate.A spin column anion exchangermethodwas performed as described3with
some modifications, described in the supplemental Data. Polyphosphate
concentrations were measured after hydrolysis in 1 M HCl at 95°C for
60 minutes. The orthophosphate released by polyphosphate digestion was
estimated using colorimetric phosphate assay kit (Abcam) according to the
manufacturer’s instructions, and absorbance was measured at 650 nm with a
Multiskan GO Microplate Spectrophotometer (Thermo Scientific).

Polyphosphate electrophoresis

Polyphosphate (1 nmol/lane of platelet-purified polyphosphate; expressed as
monophosphateunits, or 100ng/laneof synthetic polyphosphate; indicated infigure
legends)wasseparatedbyelectrophoresison10%polyacrylamide tris-borate-EDTA
buffer (TBE)-urea (7 M) gels and stained by DAPI-negative staining as previ-
ously described.14 Alternatively, calcium-preadsorbed synthetic polyphosphate
(70-mers; 40 mg/lane) was separated on 15% Urea-TBE gels32 and stained
with toluidine blue.33 In some experiments, platelet polyphosphate extractswere
incubated with alkaline phosphatase (PSP, 10 U/mL) in the presence of 5 mM
MgCl2 for 120 minutes at 37°C prior to separation. In other experiments,
calcium-preadsorbed synthetic short polyphosphate (4 mg/mL) and PPX
(concentration series) were dissolved in HT buffer containing 5mMMgCl2 and
incubated at 37°C for 1 hour.

Plasma contact system activation with platelet polyphosphate

Venous bloodwas collected fromhealthy human volunteers into 3.2% trisodium
citrate (9:1 blood-to-citrate ratio). The first 10 mL was discarded. Platelet-free
plasma was prepared by 2 consecutive centrifugation steps at 3000g for
10 minutes. Plasma from individuals with congenital deficiency in FXII was
purchased fromGeorgeKingBiomedical (Overland Park,KS). Either 1.5mg/mL
kaolin or 20mMplatelet-derived polyphosphate (expressed as monophosphate
units) was used as a trigger. Optionally, 50 mM EDTA was added.
Development of kallikrein-like activity was analyzed with 1 mM substrate

Table 1. Colocalization between DAPI, SYTOX, and CD63 on the
platelet surface

Anti-CD63 with SYTOX, % DAPI with SYTOX, % DAPI with anti-CD63, %

40 6 8 50 6 13 48 6 12

Colocalization of anti-CD63, DAPI, and SYTOX staining was determined by

means of pixel intensity correlation on confocal images.

BLOOD, 23 MARCH 2017 x VOLUME 129, NUMBER 12 PLATELET POLYPHOSPHATE NANOPARTICLES 1709

For personal use only.on February 14, 2018. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


D E

C
T= 0 min.

P
P

X
_Δ

12

10 min. 15 min. 20 min. 25 min. 30 min.

T= 0 min.
A

S
Y

T
O

X

5 min. 10 min. 15 min. 20 min. 25 min.

PAR4-AP

B
T= 0 min.

S
Y

T
O

X

10 min. 15 min. 20 min. 25 min. 30 min.

PPX

Figure 2. Membrane-associated polyphosphate is incorporated into platelet aggregates. Microscopic images were acquired at a magnification of 31000 (A-D) and

3630 (E). Scale bar is shown in the left panels (10 mm). All images are shown at the same magnification; insets show indicated areas at higher magnification. Times (above)

represent the time course, starting from the moment of first stable platelet adhesion in the image field. (A) Time series of spreading and degranulation of platelets in citrated

plasma on immobilized fibrinogen at 25 s21 shear rate during activation by PAR4-activating peptide (PAR4-AP). Polyphosphate was visualized with SYTOX (orange); PAR4-AP

enters the flow chamber after 15 minutes of perfusion (indicated below the images). (B) Time series of platelet adhesion and spreading on immobilized VWF under

flow. Polyphosphate was visualized with SYTOX (orange); PPX (500 mg/mL) enters the flow chamber after 20 minutes of perfusion (indicated below the images). (C) Time

series of platelet adhesion and spreading on immobilized VWF under flow. Polyphosphate was visualized with Alexa488-conjugated PPX_D12 (green). (D-E) Cross-section

images of SYTOX-stained platelet aggregates, formed by perfusing citrated whole blood over immobilized collagen at 1600 s21 shear rate for 10 minutes. (D, bright-field/

fluorescence microscopy image of unfixed aggregates; E, confocal microscopy image of fixed aggregates) Green, anti-CD42b; orange, SYTOX. Images are representative of

experiments that were performed .3 times.
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S-2302 (sensitive to FXIIa and plasma kallikrein; Chromogenix, Mölndal,
Sweden) at an absorbance wavelength of 405 nm in a Bio-Kinetics Reader
(BioTek Instruments Inc) at 37°C.

Plasma activation with short polyphosphate (70-mers) and

enzyme-C1inh complex ELISAs

Prewarmed citrated plasma was activated by addition of 50 mg/mL calcium-
preadsorbed polyphosphate.23 Where indicated, 100 U/mL aprotinin was added
prior to plasma activation. Where indicated, polyphosphate was incubated with
EDTA, after which it was diluted to a final concentration of 50 mg/mL and
100 mM, respectively. Total kallikrein-like activity was monitored at 37°C by
cleavage of the chromogenic substrate H-D-Pro-Phe-Arg-pNA (0.5 mM final
concentration) at 405 nm.Alternatively, sampleswere collected in assay-specific
buffer for analysis by enzyme-linked immunosorbent assay (ELISA). The
C1inh-enzyme complex ELISA was performed as previously described.34

Results

Polyphosphate mobilization to the platelet surface

It was previously reported that platelet polyphosphate can be visualized
with the cell-permeable dyeDAPI.1We perfusedDAPI-treatedwashed
humanplatelets over immobilizedVWFat a venous shear rate (25 s21).
Under these conditions, DAPI-positive platelets adhere without
aggregating. The fluorescent DAPI staining of platelets was consistent
with localization of polyphosphate in dense granules1 and persisted
over the complete course of our experiments (Figure 1A blue).
However, CD63 exposure on the surface indicated that platelet
degranulationwas spontaneously taking place under these conditions35

(Figure 1A green; quantification in Figure 1B). Unlike DAPI, SYTOX
is a cell-membrane impermeable nucleic acid stain that is commonly
used to distinguish extracellular from intracellular DNA.36 During
degranulation, platelets began to display SYTOX fluorescence
(Figure 1A orange; supplemental Video 1A-B; without and with
DAPI, respectively). SYTOX fluorescencewas detected on the platelet
surface for prolonged periods of time, suggesting that polyphosphate is
exposed and retained on the cell surface under flow (Figure 1C). In the
majority of experiments, SYTOX-positive structures with spherical
morphology were observed on the platelet surface. SYTOX fluores-
cence on the platelet surface was unaffected by deoxyribonuclease I or
ribonuclease A (supplemental Figure 1A-B), indicating that the
contribution of nucleic acids to this cell surface stainingwas negligible.
We confirmed the activity of these enzymes in control experiments
(supplemental Figure 1C-D). Analyses of platelet cell surfaces after
20 minutes of perfusion showed partial colocalization between DAPI,
SYTOX, and anti-CD63 (Figure 1D; Table 1). Furthermore, SYTOX
fluorescence on the surface of activated platelets persisted in the
presence of plasma, indicating resistance against plasma phosphatase
activity (Figure 2A; supplemental Video 2A). SYTOX fluorescence
also persisted in the presence of recombinant PPX (Figure 2B;
supplemental Video 2B) during the course of our experiments. We
confirmed the enzymatic activity of PPX in control experiments
(supplemental Figure 1E).However, we found that the distribution of
polyphosphate on the platelet surface slowly became less punctate,
suggesting some degradation by PPX. Furthermore, we observed
that an antithrombotic variant of PPX, lacking its protease domain
(PPX_D12),14 bound to the surface of activated platelets (Figure 2C;
supplemental Video 2C). The binding of this polyphosphate-specific
probe further confirms that polyphosphate is retainedon themembrane
surface.

Finally, platelet aggregate formation inwhole bloodon immobilized
collagen under high shear rates (1600 s21) revealed that polyphosphate
was incorporated into the aggregates (Figure 2D-E). Supplemental
Video 3A shows a sequence ofmicroscopic images at varying distances
from the surface (indicated above) of a SYTOX-stained platelet
aggregate. Supplemental Video 3B shows a 3-dimensional reconstruc-
tion of SYTOX-stained platelet aggregates, analyzed by confocal
microscopy.

These results suggest that platelets not only secrete soluble
polyphosphate polymers into the surrounding solution, as was
demonstrated earlier,1,23 but also retain polyphosphate on their sur-
face after degranulation. We subsequently went on to investigate
the biochemical properties of platelet membrane-associated
polyphosphate.

Platelet polyphosphate exists in 2 pools and displays

nanoparticle-like behavior

Previous studies that identified platelet polyphosphate with a short
polymer size in supernatant from platelets employed a phenol/
chloroform extraction method for purification.23 This extraction
method is selective for soluble secretedmolecules due to the removal
of all cellular and cell-bound materials. Confirming our previous
reports,3,23 we found polyphosphate polymers with an apparent size
of 60 to 90 units in platelet lysates when extracted by phenol/
chloroform extraction (Figure 3A). We subsequently extracted
polyphosphate from complete platelet lysate by anion-exchange
purification, which should purify all polyphosphate independently of
polymer size, subcellular localization, or solubility. In this
preparation, polyphosphate polymers displayed a larger apparent
size and chain length distribution. Digestion of the extractedmaterial
with phosphatase (PSP) completely ablated the signal (Figure 3A).
Moreover, polyphosphate with large apparent polymers sizes were
found in multiple individual donors when isolated from complete
platelet lysate by anion-exchange purification (Figure 3B).

We next investigated the contact system–activating properties of
polyphosphate extracted by these 2 methods. Total platelet poly-
phosphate (Ion exc; 20 mM, expressed as monophosphate units)
strongly activated the plasma contact system, as determined in a
chromogenic assay for kallikrein-like activity in plasma, while soluble
polymers (phenol/chloroform; 20 mM, expressed as monophosphate
units) were poor activators (Figure 3C). Plasma contact system
activation was critically dependent on the presence of FXII (Figure 3C;
DFXII indicates congenital FXII-deficient plasma). These findings
indicate that, in addition to soluble short-chain polyphosphate
polymers,1 a second polyphosphate pool with a higher apparent
polymer size is present in platelets, which remains associated with the
cell surface after secretion. To further investigate this concept, we lysed
platelets in the presence of SYTOX. We then fractionated these lysates
by sucrose density ultracentrifugation. SYTOX fluorescence was
particularly enriched in a subset of fractions with higher sucrose
densities (Figure 3D, group II). These, as well as surrounding control
fractions (Figure 3D, group I and III),were collected for further analysis.
In control experiments, we confirmed that SYTOX without platelet
lysate (ie, unbound free dye) does not display any fluorescence or
sedimentation behavior (not shown). Determination of the average
hydrodynamic diameter of particles in the collected fractions revealed
that SYTOX fluorescence was mainly associated with a population of
particles that had an average hydrodynamic size of 554 nm (Table 2).
Pooled samples fromSYTOX-rich fractions 21 to25 (100-mL samples
fromeach fraction; 500mL total volume) typically contained 820.1mg
phosphate. When we analyzed these fractions further by microscopy,
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particleswere foundwith affinity for bothDAPI andSYTOX(Figure 3E
roman numerals above the images refer to the fractions in Figure 3D).

Polyphosphate nanoparticles are retained at the platelet

granulomere after release

Both our live-cell flow and fractionation studies indicated that platelet
polyphosphate takes on a particulate state and accumulates on the
surface of procoagulant platelets. We next analyzed the morphology
and subcellular localization of platelet membrane-bound polyphos-
phate by confocal microscopy. Polyphosphate nanoparticles were
positioned on top of the platelet granulomere of spread platelets
(Figure 4A,B; supplemental Video 4; total polyphosphate in blue;
extracellular polyphosphate in orange). Consistently, scanning electron
microscopy revealed that spherical particles were present on the
granulomere of spread platelets (Figure 4C). These particles range
between 100 and 200 nm in diameter, which is comparable to particles
formed by synthetic polyphosphate in the presence of calcium ions.29

Polyphosphate nanoparticle formation depends on divalent

metal ion incorporation

Polyphosphate precipitateswith divalentmetal ions that are known to be
highly abundant in dense granules.28 Furthermore, it has been reported
that synthetic polyphosphate forms insoluble stable nanoparticles in the
presenceof calciumions.29We therefore investigated the effect ofEDTA

(a chelator of divalent metal ions) on platelet polyphosphate complexes.
The presence of EDTA strongly reduced migration of SYTOX into the
deeper, sucrose-dense fractions during ultracentrifugation fractionation
of platelet lysates (Figure 5A). The phosphate content in fractions 21
to 25 was typically reduced by ;50% (457.2 mg) in the presence of
EDTA, compared with the control situation (820.1 mg). In the presence
of EDTA, SYTOX fluorescence remained concentrated in fractions
with low sucrose densities, which we assume to contain soluble
polyphosphate. These experiments indicate that SYTOX fluores-
cence is associated with polyphosphate-metal ion complexes.

We next investigated the properties of membrane-associated
polyphosphate. Scanning electron microscopy revealed that spherical
nanoparticles were no longer present on the platelet surface after
exposure to EDTA (Figure 5B), underlining the role of divalent metal
ions for polyphosphate nanoparticle formation. We next perfused

Table 2. Dynamic light scattering analyses of density fractions from
platelet lysate

Fraction I II III

Z-average (nm) 345 554 714

Polydispersity index 0.162 0.211 0.314

Mean hydrodynamic size (Z-average) in nanometers and polydispersity (0-1) of

particles in subset of pooled fractions obtained after sucrose gradient ultracentrifu-

gation of lysed platelets. Pooled fractions were derived from different density

categories, as indicated in Figure 3D.

A

C

B

15

10

5

0 5 10 15
(x) μm

(y
) 

μm

50

2

4
0

5

10

15

10 15
(x) μm

(y
) μ

m

(z
) 

μm SYTOX
DAPI

SYTOX
DAPI

2 μm3 μm 3 μm

Figure 4. Polyphosphate nanoparticles are retained at the platelet granulomere after release. (A-B) Three-dimensional reconstruction of fixed spread platelets on

immobilized VWF, analyzed by confocal microscopy (microscopic images were acquired at a magnification of 3630). Blue, DAPI; orange, SYTOX. (C) Scanning electron

microscopy of spreading platelets. Arrows indicate spherical structures.

BLOOD, 23 MARCH 2017 x VOLUME 129, NUMBER 12 PLATELET POLYPHOSPHATE NANOPARTICLES 1713

For personal use only.on February 14, 2018. by guest  www.bloodjournal.orgFrom 

http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml


B Control EDTA

400
A

300

200

100

0
0 10 20

EDTA

Control

No
rm

al
ize

d 
flu

or
es

ce
nc

e
(a

.u
.)

30

Fraction
Density

Low High

C 0 min. 8 min. 14 min. 18 min. 28 min.

Buffer

EDTA

S
Y

T
O

X
S

Y
T

O
X

D T= 0 min. 10 min. 20 min. 30 min. 40 min.

Buffer

EDTA EDTA + PPX_Δ12

PPX_Δ12

3 μm 3 μm

3 μm3 μm

Figure 5. Polyphosphate nanoparticle formation depends on divalent metal ion incorporation and promotes contact system activation. (A) Fractionation of SYTOX-

supplemented platelet lysate by ultracentrifugation on sucrose density gradients in the absence or presence of EDTA (250 mM). Data show normalized means 6 standard

deviation of 3 independent fractionation experiments. (B) Scanning electron microscopy of spreading platelets in the absence or presence of EDTA (250 mM). (C-D) Platelet

adhesion and spreading on immobilized VWF under flow. A scale bar is shown in the left panel (10 mm). All images are shown at the same magnification; insets show indicated

areas at higher magnification. Times (above) represent the time course, starting from the moment of first stable platelet adhesion in the image field. (C) Polyphosphate

exposure was tracked with SYTOX (orange). After 15 minutes, either buffer or EDTA (50 mM) was perfused over spread platelets. (D) Polyphosphate exposure was detected
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washed platelets over immobilized VWF and tracked polyphosphate
mobilization to the cell surfacewithSYTOXand subsequently exposed
platelets to EDTA. As before, polyphosphate mobilization occurred
after 4 to 5 minutes (Figure 5C; supplemental Video 5A). Exposure of
these cells to EDTA after 15 to 20 minutes of perfusion resulted in
immediate removal of polyphosphate from the platelet surface as
visualized by SYTOX (Figure 5C; supplemental Video 5B). Similarly,
PPX_D12 was unable to bind to the platelet surface after exposure to
EDTA (Figure 5D; supplemental Video 5C-D).

Polyphosphate nanoparticle formation strongly promotes

contact system activation

Finally, we investigated whether platelet polyphosphate nanoparticle
formation influenced the ability of polyphosphate to activate the plasma
contact system. Hereto, we re-created calcium-polyphosphate nano-
particles with synthetic soluble polyphosphate (70-mers). In a calcium-
adsorbed state, this form of polyphosphate was capable of inducing
kallikrein-like activity (Figure 5E). It is noteworthy that the apparent
polymer size of short polyphosphate increases during calcium complex-
ation, when analyzed in a gel-based assay (supplemental Figure 2). We
found that plasma kallikrein-like activity was strongly diminished in the

presence of EDTA and completely abrogated by the plasma
kallikrein-inhibitor aprotinin, confirming the known importance of
plasma kallikrein in contact activation (Figure 5E).We subsequently
measured enzyme-C1inh complexes in plasma to investigate
activation of the contact system enzymes as well as FXI in more
detail.We found that calcium-adsorbed polyphosphate nanoparticles
quickly triggered FXIIa-C1inh, PK-C1inh, and FXIa-C1inh com-
plexes (Figure 4F; signals after 15 minutes of incubation; no
complexes form in plasma without a trigger; not shown). Aprotinin
completely blocked, and EDTA strongly reduced, formation of all
these complexes. These findings indicate that the generation of
kallikrein-like activity by polyphosphate nanoparticles in plasma is
accompanied by activation of FXII, plasma prekallikrein, and FXI.

We then established that contact system activation by kaolin
proceeds normally in the presence of EDTA, confirming that contact
activation itself could take place without divalent metal ions as a
prerequisite (Figure 5G). However, the contact system–activating
potential of total platelet polyphosphate (isolated by ion exchange,
20 mM; expressed as monophosphate units) was fully abrogated in the
presence of EDTA (Figure 5H). These experiments cumulatively
suggest that membrane-associated polyphosphate nanoparticles con-
stitute a powerful trigger for contact system activation.

Figure 5 (continued) by the binding of Alexa488-conjugated PPX_D12 (green) after 25 minutes of platelet spreading in the absence or presence of EDTA (250 mM).

Microscopic images were acquired at a magnification of 31000. A scale bar (10 mm) is shown in the first panel of the series. All images are shown at the same magnification.

Times (indicated above) represent the time course, starting from the first moment of stable platelet adhesion in the image field. Insets show indicated areas at higher

magnification. Images are representative for experiments that were performed.3 times. (E-F) Plasma contact system activation by 50 mg/mL calcium-preadsorbed synthetic

short-chain polyphosphate (PolyP; 70-mers). (E) Kallikrein-like activity was monitored by conversion of a chromogenic substrate and (F) formation of enzyme-C1 inhibitor

complexes in plasma (after 15 minutes). Where indicated, contact system activation was triggered in the presence of aprotinin (100 U/mL) or by polyphosphate (PolyP) that

was pretreated with EDTA (100 mM) for 10 minutes prior to contact system activation. 100% indicates the amount of complexes that are formed in plasma when exposed to

positive control contact activators for 30 minutes. **P , .01, analyzed by unpaired Student t test. (G-H) Kaolin (1.5 mg/mL) or anion exchange–purified platelet polyphosphate

(20 mM; expressed as monophosphate units) triggered kallikrein-like activity in the absence or presence of EDTA, monitored by chromogenic substrate conversion.
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Discussion

Polyphosphate is an ancient and diverse biological “multi-tool” that
regulates a wide variety of biological processes ranging from cell
proliferation to angiogenesis, apoptosis, osteoblast function, bone
mineralization, energy metabolism, and tumor metastasis.37 Platelet
granules contain large amounts of polyphosphate, and patients with
dense-granule defects have ;10 times less polyphosphate in their
platelets.1,38 Moreover, genetic targeting of inositol hexakisphosphate
kinase 1 (a key enzyme in polyphosphate biosynthesis) in mice has
been shown to reduce platelet polyphosphate content and granule
numbers.39

Over the past decades, several studies have reported that
activated platelets promote coagulation in a FXII-dependent
manner.19-22 More recently, platelet polyphosphate was impli-
cated as the molecular link between platelet activation and FXII
activation in vitro7 and in vivo.23 These studies analyzed soluble
polyphosphate in the supernatant of activated platelets and found
that platelets release short-chain polyphosphate polymers. Confus-
ingly, short-chain polyphosphate constitutes a weak activator
of FXII.24,26 At the same time, agents that block polyphosphate
polymers have been shown to effectively interfere with platelet-
driven thrombus formation without a therapy-associated increased
rate of hemorrhage.12,14 These observations phenocopy the results
observed in experimental models of thrombosis performed using either
FXII-deficient mice18 or an antibody that blocks the activation of FXI
by FXIIa,15 suggesting that FXII activation by platelet polyphosphate
promotes pathological thrombus formation in vivo.We here identify an
additional, previously unidentified pool of platelet polyphosphate,
which is retained on the cell surface during and after degranulation. The
apparent polymer size of membrane-associated polyphosphate largely
exceeds that of secreted soluble polyphosphate polymers. Microscopic
analyses aswell as ultracentrifugation fractionation studies indicate that
membrane-associated platelet polyphosphate adopts a nanoparticle
state.The effectsof the chelatingagentEDTAshow that divalentmetals
are essential for the stability and membrane association of poly-
phosphate nanoparticles. This observation corresponds well to the
biochemical principle that phosphate forms insoluble complexes
with divalent metal ions40 as well as recent reports that synthetic
polyphosphate precipitates into stable spherical nanoparticles in the
presence of calcium.29,41 It is attractive to hypothesize that intracellular
calcium and other divalent metal ions are stored in a (poly)phosphate-
complexed state to avoid themaintenance of steep osmolarity gradients
over the phospholipid membrane of intracellular granules. Evidence
frommicroscopy experiments supports this concept: sectioned platelets
and isolated dense granules often appear as void lipid bilayers in
electron microscopy studies.1

FXII requiresbinding toa surface inorder toeffectively initiate blood
coagulation; example surfaces include silica-based particulates such as
glass or kaolin (reviewed indeMaat andMaas42). The archetypical FXII
activator ellagic acid (a commonly used diagnostic reagent) is a
surprising exception. Although this small molecule lacks the properties
of a surface, it only triggers FXII activation and subsequent thrombin
generation when precipitated into insoluble particles with divalent
metal ions.43 Our findings indicate that the FXII-activating properties
of polyphosphate are also controlled by ion-triggered precipitation,
complementing theconcept that the roleofpolyphosphate incoagulation
is modulated by polymer size.

From previous studies, it has become clear that polyphosphate’s
polymer size deeply influences its hemostatic functions (as a soluble

molecule).24 Our findings lead to the question of whether polyphos-
phate will actually meet the bloodstream in a soluble state.

It is often reported that platelets contain short polyphosphate
polymers, whereas microorganisms contain much larger polymers.
During our studies, we recognized that calcium complexation strongly
alters the migratory behavior of polyphosphate, leading to a higher
apparent polymer size in gel-based electrophoresis experiments
(supplemental Figure 2). In addition, the appearance of platelet
membrane–associated polyphosphate in gel-based assays is strikingly
similar (Figure 2A-B). These findings indicate that gel-based assays
only provide insight into apparent polymer size. However, the actual
determination of polymer size requiresmore a sophisticated approach,
such as nuclear magnetic resonance analyses.23,24

Recently, polyphosphate was shown to be capable of dampen-
ing C1s-mediated activation of the classical pathway by acceler-
ating C1inh neutralization of C1s cleavage of C4 and C2.6 This
study also visualized polyphosphate on activated platelet surfaces,
consistent with our findings. Although speculative, it is attractive to
hypothesize that polyphosphate nanoparticle formation enables
concentration of C1inh on the platelet surface as C1inh colocalizes
with polyphosphate.

Mast cells contain crystalline granules that store high levels
of concentrated inflammatory mediators as well as heparin.
Polyphosphate colocalizes with serotonin and calcium in the acidic
secretory granules of mast cells (similar to platelet dense granules)
and is released during mast cell activation.2 In separate reports,
mast cells were shown to secrete stable, solid particles that can
deliver signals to remote lymph nodes.44 Based on these combined
observations, it is attractive to speculate that mast cells also contain
solid polyphosphate nanoparticles. This hypothesis would provide a
mechanistic explanation for the increased activity of the coagulation
system45 and activation of the plasma contact system46,47 observed in
mast cell–related disorders.

In conclusion, our findings may provide a new perspective on the
procoagulant role of platelet polyphosphate as well as refine our view
on the mechanisms by which platelets distribute their granular content.
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