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Heparin forms polymers with cell-
free DnA Which elongate Under 
Shear in flowing Blood
Joost c. de Vries 1, Arjan D. Barendrecht  1, chantal c. clark 1, Rolf t. Urbanus  1, 
peter Boross2, Steven de Maat 1 & coen Maas  1*

Heparin is a widely used anticoagulant which inhibits factor Xa and thrombin through potentiation 
of antithrombin. We recently identified that the nucleic acid stain SYTOX reacts with platelet 
polyphosphate due to molecular similarities, some of which are shared by heparin. We attempted 
to study heparin in flowing blood by live-cell fluorescence microscopy, using SYTOX for heparin 
visualisation. immunostaining was performed with monoclonal antibodies directed against various 
heparin-binding proteins. in addition, we studied modulation of heparin activity in coagulation assays, 
as well its effects on fibrin formation under flow in recalcified whole blood. We found that SYTOX-
positive polymers appear in heparinised blood under flow. These polymers typically associate with 
platelet aggregates and their length (reversibly) increases with shear rate. immunostaining revealed 
that of the heparin-binding proteins assessed, they only contain histones. in coagulation assays 
and flow studies on fibrin formation, we found that addition of exogenous histones reverses the 
anticoagulant effects of heparin. Furthermore, the polymers do not appear in the presence of DNase I, 
heparinase I/III, or the heparin antidote protamine. These findings suggest that heparin forms polymeric 
complexes with cell-free DNA in whole blood through a currently unidentified mechanism.

Heparin is a highly sulfated anionic polysaccharide of ±15 kDa, best known for its anticoagulant properties. It 
operates through potentiation of antithrombin (AT), which in turn inhibits factor Xa and thrombin1,2. In addi-
tion, heparin can bind several other proteins, primarily due to its high negative charge density. Among others, 
specific binding to P- and L-selectin has been reported3,4. Histones are another class of binding partners of inter-
est. This interaction inhibits both the cytotoxic and proinflammatory effects of histones, as well as the antico-
agulant effect of heparin5–10. In addition, the clinically applied antidote for heparin, protamine, is a histone-like 
DNA-binding protein which replaces histones in spermatogenesis to allow for DNA condensation11. Moreover, 
protamine is evolutionary linked to histones as it originates from the linker histone H112–14.

Heparin can also interact with various platelet-bound and plasma-derived proteins, such as fibronectin15 
and thrombospondin-116. The interaction between platelet factor 4 (PF4)17 and heparin is well-known for its 
involvement in heparin-induced thrombocytopenia (HIT)18 - a relatively rare but serious side-effect of heparin 
treatment. Interestingly, it was recently shown that fibronectin protects against HIT through disruption of the 
heparin-PF4 complex15. For other heparin-protein interactions, the effects on heparin function are less clear.

We recently found that SYTOX, which is a commonly-used staining reagent for detection of extracellular 
DNA, also binds to platelet polyphosphate19. This interaction is likely to be based on molecular similarities 
between polyphosphate and DNA, such as composition (DNA has a sugar-phosphate backbone) and a net nega-
tive charge. As heparin is a highly anionic polysaccharide, we considered the possibility of SYTOX also binding 
to heparin based on molecular similarities to DNA as well. We performed live-cell imaging of platelet aggregation 
under flow in heparinised human whole blood and attempted to visualise heparin using SYTOX to experimen-
tally address this hypothesis. During these experiments, we made a series of remarkable observations.
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Results
Polymers emerge in heparinised whole blood under flow that can be visualised with SYTOX.  
When citrated whole blood is supplemented with heparin (unfractionated heparin; UFH or low molecular weight 
heparin; LMWH) and perfused over immobilised collagen, SYTOX-positive polymers are observed (Fig. 1a). 
These polymers are invisible in the corresponding DIC images. Furthermore, they are not seen in the absence 

Figure 1. Polymers emerge in heparinised whole blood under flow that can be visualised with SYTOX. (a) 
SYTOX-positive polymers are observed in the presence of UFH or LMWH (10 IU/mL), but not in the absence 
of either, nor in the presence of pentasaccharide (penta). (b) Experimental variation in the number (left panel) 
and length (right panel) of the polymers. Experiments for all conditions were performed at least thrice. The 
scale bars represent 10 µm in panel (a) and 20 µm in panel (b).
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of heparin or in the presence of pentasaccharide (fondaparinux; quantification in Fig. S1), leading us to hypoth-
esise that heparin is incorporated into these polymers. In a two-stage experiment, we found that SYTOX itself 
is not involved in the polymerization process (e.g. through cation-anion interactions). First, we allowed platelet 
aggregates to form in heparinised whole blood (i.e. without SYTOX). Subsequently, we perfused SYTOX in buffer 
(now in the absence of heparin) over the cover slides, revealing SYTOX-positive polymers (Fig. S2). Typically, 
these polymers appear to adhere to the platelet aggregate surface. Three-dimensional imaging of platelet aggre-
gates (platelets visualised through the platelet-specific marker glycoprotein Ib-α; GPIb-α) shows that polymers 
are located on top of platelet aggregates (Fig. 2). In cases where polymers bridge multiple aggregates, they do not 
appear to associate with the collagen surface. There is inter-subject variation regarding the number of polymers 
that form; some form very high numbers (example Fig. 1b; left panel). In addition, there is variation in polymer 
length (within experiments), with some polymers being very large (larger than field of view of 225 µm; example 
Fig. 1b right panel).

polymer length is a function of shear rate. During our experiments, we observed that polymer length 
was variable. To further examine this phenomenon, we performed a series of experiments where polymer length 
was measured in cycles of increasing shear rates. Representative behavior of a polymer shown in Supplemental 
Video 1 and Fig. 3a. These polymers elongate with increasing shear rates, and are significantly longer than base-
line lengths from shear rates of 50 s−1 and higher (Fig. 3b; p < 0.05). There is no major difference in the degree of 
elongation between polymers with different baseline lengths, as displayed by the stratified data. Interestingly, pol-
ymers return to (near) baseline lengths in the absence of shear (0 s−1) between and after the two cycles, indicating 
that polymer elongation is reversible.

SYTOX-positive polymers contain histones, but not antithrombin, Platelet Factor 4 or Fibronectin.  
We next investigated whether polymers contain protein binding partners of heparin by immunostaining. Our 
first candidate was AT. Surprisingly, using different anti-AT antibodies (3 monoclonal antibodies, 1 polyclonal 
antibody), we failed to show the presence of AT on the polymers in samples that were fixed after perfusion exper-
iments (Fig. 4a). In a similar manner, we failed to identify PF417,18 or fibronectin15 on the polymers (Fig. 4b,c). 

Figure 2. Polymers associate with the platelet aggregate surface. Three-dimensional analyses of platelet 
aggregates (stained through the platelet-specific receptor GPIb-α in red) and SYTOX Orange (false-coloured 
in green with ZEN software to enhance contrast). (a–c) Polymers accumulate on top of the platelet aggregate 
surface (d–f). Polymers that bridge multiple aggregates do not associate with the collagen-coated surface.
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Furthermore, VWF20 showed no colocalization with the SYTOX-positive polymers (Fig. S3). In contrast, we 
found that these polymers are strikingly positive for histones5–10, which can be seen both directly under flow and 
by immunohistochemistry in fixed samples (Fig. 4d). For these experiments, we used an antibody that reacts 
with histone H1, histone H3 (and to a lesser extent H2B). No signal was observed in control experiments with 
isotype control antibodies or experiments in which the primary antibody was omitted (Fig. S4). We next aimed 
to pinpoint the source of the histones. We therefore investigated heparin preparations and citrated human plasma 
for the presence of histones. Coomassie staining of the heparin preparations showed that these were completely 
devoid of protein (data not shown), ruling out the possibility of histones being present in these preparations. 
Thus, we considered the citrated blood the most likely source of histones, which was corroborated by a report 
showing histones to be present in human whole blood from healthy controls in a concentration of 720 µg/L (range 
451–989 µg/L), and 180 µg/L (range 8–352 µg/L) for H2B and H3 respectively21.

Histones reverse the anticoagulant effects of heparin. We next explored whether the interaction 
between heparin and histones may be of functional relevance. In aPTT clotting assays, addition of exogenous 
histones (from calf thymus; contains multiple histone subtypes), neutralises the anticoagulant effect of heparin 
(Fig. 5a). We then assessed the influence of histones on fibrin formation under flow. When recalcified whole 
blood is perfused over immobilised collagen, fibrin formation occurs after 6.9 ± 0.22 minutes (Fig. 5b). As 
expected, heparin blocks fibrin formation. However, when heparinised blood is supplemented with histones or 

Figure 3. SYTOX-positive polymer length is a function of shear rate. (a) Representative images of a polymer, 
exposed to two cycles of shear rate variation. Polymer length of this example is plotted in the graph below. 
(b) Compound data from shear dependency experiments, analyzed for two cycles (n = 12 polymers). Right 
panels: polymer elongation data from polymers (single cycles were analyzed), stratified according to baseline 
length of the polymers. Sample sizes are n = 8 (0–10 µm), n = 10 (10–20 µm), and n = 7 (>20 µm). Data 
represent mean +/− SD and were analyzed using a Friedman test with Dunn correction, *p > 0.05, **p > 0.01, 
***p > 0.001, ****p > 0.0001 compared to baseline (0 s−1).
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protamine, fibrin formation is restored. (Figure 5b; onset of fibrin formation 13.7 ± 1.74 and 15.6 ± 0.94 minutes 
for protamine and histones, respectively).

DNase I and heparinase I/III both interfere with SYTOX-positive polymer formation. We so far 
observed that SYTOX-positive polymers exclusively emerge in the presence of clinically relevant levels of heparin. 
Surprisingly, we were unable to detect several heparin-binding proteins on these polymers. Instead, we identified 
histones, which together with SYTOX are features of (extracellular) DNA. Interestingly, SYTOX-positive polymer 
formation is disrupted in the presence of protamine, suggesting that heparin is directly involved in polymer for-
mation (Fig. 6a). In order to determine the composition of the polymers, we targeted polymers with DNase I or 
heparinase I/III. We found that both DNase an Heparinase I/III effectively disrupted polymer formation (Fig. 6b; 
quantification in Fig. S5). In control aPTT clotting assays, we confirmed the ability of the heparinase to reverse 
the anticoagulant effects of heparin (Fig. S6). Altogether, our findings show that the SYTOX-positive polymers 
contain DNA and that their formation is dependent on the (anticoagulant) activity of heparin.

Discussion
In this live-cell imaging study, we made the surprising discovery that heparin triggers the formation of polymers 
in flowing whole blood that can be visualised with SYTOX. Further characterization of these polymers revealed 
that their length reversibly increases with increasing shear rate. In addition, they contain histone H1/H3, but not 
AT, PF4, or fibronectin. The interaction between histones and heparin has been described earlier9 and in line with 
these reports we found that histones neutralise heparin’s anticoagulant activity both in coagulation experiments 
(aPTT) and under flow (fibrin formation). Finally, polymer formation is disrupted by DNase I, heparinase I/III, 
and protamine, indicating that the polymers contain cell-free DNA (cfDNA), which possibly forms a ternary 
complex with heparin.

In this study, we have not conclusively shown that heparin directly interacts with SYTOX. In theory, heparin 
may be able to form polymers through intermediary heparin-binding proteins. In agreement, it was previously 
suggested that heparin forms a ternary complex with DNA and histones22. Furthermore, the heparin-like glycos-
aminoglycan heparan sulfate – an important element of the glycocalyx – is involved in the processing of circulat-
ing chromatin in mice23. Another study showed that heparan sulfate binds to nucleosomes through interaction 
with the cationic tails of histones. The authors suggested that this facilitates polymer formation24. We propose we 
have visualized a similar mechanism in our flow studies (Fig. 7). The fact that no polymers were observed in the 
presence of pentasaccharide suggests that heparinoid length plays a role, with a heparin molecule having to be 
able to bind multiple nucleosomes/DNA fragments in order to form these polymers. Nonetheless, the striking 
similarities of the polymers with DNA are difficult to overlook: they bind SYTOX, contain histones, and show 
shear-dependent elongation25–27.

The effects of heparin on cfDNA have been topic of discussion28–30. In addition, several studies suggested 
that heparin promotes necrosis/apoptosis of leukocytes31–34, which may be sufficient to generate the amount of 

Figure 4. SYTOX-positive polymers contain histones, but not antithrombin, Platelet Factor 4 or Fibronectin. 
(a) Co-localization between SYTOX Green and antithrombin. (b) Platelet Factor 4. (c) Fibronectin, and (d) 
histones by immunostaining fixed coverslides obtained from citrated whole-blood flow experiments over 
immobilised collagen surfaces. Images are representative for at least three separate experiments. In all figures, 
the scale bars represent  10 µm; examples of SYTOX-positive polymers are indicated by white arrows.
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polymers observed in our experiments. However, we consider large scale heparin-induced leukocyte cell death 
improbable as there is (to our knowledge), no clinical evidence which suggests the extent and speed of the effects 
observed in our experiments. On the other hand, other studies report that heparin is able to dismantle neutrophil 

Figure 5. Histones reverse the anticoagulant effects of heparin. (a) Citrated plasma was supplemented with 0.5 
or 1 IU UFH, as well as a concentration range of exogenous histones. Clotting times (aPTT) experiments were 
subsequently determined in triplicate. Data represent means +/− SD. (b) Fibrin formation (green) in recalcified 
citrated whole blood on immobilised collagen under flow. Supplementation with 10 IU/mL UFH completely 
inhibits fibrin formation. This is reversed by either 500 µg/mL histones or 125 µg/mL protamine. Representative 
images were taken at the onset of fibrin formation (i.e. before the flow chamber becomes obstructed), in 
conditions where this occurs. Images were taken at t = 10 minutes (positive control), 20 minutes (UFH only), 
and 18 minutes (+histones, +protamine). Experiments were performed >4 times. Scale bars represent 20 µm.
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extracellular traps (NETs)35, and solubilises DNA36. Although the origin of the DNA in our study remains unclear, 
to our knowledge, this is the first report to visually show interplay between heparin and DNA. Our observations 
may be of interest to various fields of research, primarily that of NETosis and studies regarding cfDNA (as a bio-
marker). Indeed, in NETs research, blood collected in heparin tubes – yielding a final heparin concentration of 18 
IU/mL – is often used37. In addition, the application of heparin in in vivo subjects of NETosis studies may present 
an additional confounder.

Figure 6. Disruption of polymer formation. (a) by preincubation of 10 IU/mL heparin with protamine sulfate 
(125 µg/mL). (b) by preincubation of 10 IU/mL heparin with Heparinase I/III (5 U/mL) or DNAseI (10 µg/mL). 
Experiments were performed thrice, scale bars represent 10 µm.
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The interaction of heparin with histones abrogates both the cytotoxic effects of histones as well as the antico-
agulant effect of heparin9,38,39. We confirmed the latter in our experiments. In addition, histones are present in the 
blood of healthy volunteers21. At present, it is unclear where these originate from, i.e. whether these are released 
as a result of venipuncture/blood sampling, ex vivo cell death, or are naturally present in the circulation (e.g. from 
necrosis/apoptosis, minor tissue damage etc.). In addition, it is tempting to hypothesise that heparin triggers 
toll-like receptor-mediated release of DNA. At any rate, circulating histones and DNA disturb haemostasis in crit-
ically ill patients40–42. As such, elucidating the interplay between histones, DNA, and heparin and their combined 
effects on haemostasis may be relevant to our understanding and treatment of coagulopathy in the critically ill.

Methods
Materials and reagents. Citrated blood (3.2% trisodium citrate; 9:1 blood-to-citrate ratio) from healthy 
participants was obtained through the Mini Donor Service, a blood donation facility for research purposes that 
is approved by the medical ethics committee of the University Medical Center Utrecht and for which all donors 
have provided written informed consent, in accordance with the declaration of Helsinki. All participants reported 
being healthy and free from antiplatelet drugs or non-steroid anti-inflammatory drugs for at least 10 days prior to 
blood donation. Medical grade heparin solutions were obtained through the hospital pharmacy. These included 
Unfractionated Heparin (UFH) 5,000 IU/mL for intravenous administration (LEO Pharma, Ballerup, Denmark), 
Low Molecular Weight Heparin (LMWH; dalteparin) 25,000 IU/mL single dose syringe injections (Pfizer, Capelle 
aan den IJssel, The Netherlands), and fondaparinux (“pentasaccharide”) 5 mg/0.4 mL single dose syringe injec-
tions (Aspen Pharma, Dublin, Republic of Ireland). Protamine sulfate from salmon (P4020), histones from calf 
thymus (H9250), and heparinase I and III blend (H3917) were obtained from Sigma-Aldrich and dissolved in 
10 mM HEPES, 145 mM NaCl supplemented with 500 nM D-glucose (HEPES Tyrode Buffer) pH = 7.4 (HT 
pH = 7.4) to make a 10 mg/mL (for protamine and histones) or 100 U/mL (for heparinase) solution, respec-
tively. DNase I (10104159001) was obtained from Roche and was dissolved in HT pH = 7.4 to make a 10 mg/
mL solution. PPACK (a thrombin inhibitor; FPRCK-01) was obtained from Haematologic Technologies Inc and 
reconstituted to a 50 mM solution in saline. Immunostaining was performed with Alexa-488 conjugated sheep 
anti-human-antithrombin (Affinity Biologicals, Ancaster, ON, Canada; SAAT-AP). Additional mouse anti-hu-
man AT monoclonal antibodies (used at a concentration of 2 µg/mL) were generated in-house. Furthermore, 
mouse anti-human Histone H1, which is known to crossreact with histone H3 and - to a lesser extent - H2B 
(Santa Cruz, sc-8030; Clone AE-4; 1 µg/mL (http://www.merckmillipore.com/NL/en/product/Anti-Histone-
H1-Antibody-clone-AE-4,MM_NF-05-457), mouse anti-human PF4 (R&D Systems, Minneapolis, MN, USA; 
MAB7951; 1.5 µg/ml), and mouse anti-Fibronectin (Abcam, Cambridge, United Kingdom; ab6328-250; 2 µg/mL) 
were used in combination with a goat anti-mouse APC-conjugated secondary antibody (Invitrogen, Bleiswijk, 
The Netherlands; A865; 4 µg/mL). Isotype control was performed using the Pierce Mouse IgG2a Isotype Control 
(Thermo Scientific, Rockford, IL, USA; PA5-33236; 0.5 µg/mL) and Mouse IgG1 Isotype Control (Southern 
Biotech, Uden, The Netherlands; 0102-01 1 µg/mL). Finally, von Willebrand Factor (VWF) was stained with sheep 
polyclonal anti-VWF-FITC (Abcam; ab8822; 10 µg/mL) or with rabbit polyclonal anti-VWF (DAKO, Denmark; 
A0082; 15 µg/mL) in conjunction with goat anti-rabbit-APC (R&D Systems; F0111; 1:200); and an in-house gen-
erated AF647-conjugated anti-GPIb-α VhH (200 ng/mL) was used to stain the platelet aggregate surface.

Figure 7. Proposed mechanism for the formation of polymers between heparin and histones/DNA on 
the surface of platelet aggregates. Negatively charged heparin molecules (in orange) sequester circulating 
nucleosomes in plasma (in blue) by binding to protruding positively charged N-termini of histones. Under flow, 
these complexes attach to one or more currently unidentified platelet surface receptors, which we hypothesise to 
be glycoproteins.
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Live cell imaging under flow. Experiments were performed as described elsewhere19,43. In short, cover 
glasses were cleaned overnight in chromic acid and coated for 90 minutes at room temperature (RT) with 1:10 
Horm Type I Collagen (Takeda Pharmaceutical Company, Tokio, Japan) in HT pH = 7.4. Subsequently, the glasses 
were blocked in 1% Human Serum Albumin (HSA; Fraction V; MP Biomedicals, Illkirch, France) in HT pH = 7.4 
(from henceforth 1% HSA/HT) either for 60 minutes at RT or overnight at 4 °C. Cover glasses were mounted on 
a Perspex single-channel laminar-flow chamber and fastened onto a 0.125 mm thick silicone sheet by applying 
a 10 kPa vacuum to create an air- and watertight circuit, which was then flushed and primed with HT pH = 7.4. 
Citrated blood with 1.5 µM SYTOX Orange (Invitrogen) either with or without a single heparinoid (10 IU/mL 
UFH or LMWH; 0.5 µg/mL pentasaccharide) was perfused through this system at a high shear rate (800 s−1) for 
5 minutes. Where indicated, only the heparinoid was added to the citrated blood. Subsequently, SYTOX in HT 
buffer (i.e. without heparin) was perfused over preformed aggregates for 3 minutes to assess whether SYTOX 
itself is involved in or required for polymer formation. Finally, for the three-dimensional imaging, citrated blood 
was supplemented with 10 IU/mL LMWH and SYTOX Orange and perfused for 5 minutes at 800 s−1, after which 
HT buffer was perfused and images were acquired. All experiments were performed at RT on a Zeiss Axio Z1 
Observer with Colibri LEDs, ZEISS Filtersets 10 (FITC), 20 (Rhodamine), and 50 (APC), and ZEN 2 Blue Edition 
software. Excitation settings were 83% LED intensity for 300 ms at 470 nm or 555 nm for SYTOX Green and 
Orange respectively, 50% for 200 ms at 470 nm for FITC, 25% for 200 ms at 470 nm for Alexa Fluor 488, and 75% 
for 200 ms at 625 nm for APC. Recordings were made either at 400x or 1000x magnification with ± 12 frames per 
minute for 5–15 minutes. After each perfusion, we took snapshots and obtained image stacks under flow at other 
areas of interest throughout the perfusion channel. Three-dimensional visualisation was performed by apply-
ing the deconvolution module (ZEN software 2.6) with constrained iterative algorithm on an image stack of 34 
images (0.35 µm slice size, total image height 11.55 µm).

In the shear dependency experiments, a higher dose of UFH was used in order to get more events (i.e. 
more polymers). As such, perfusions were performed with citrated blood supplemented with 100 IU/mL UFH 
and 1.5 µM SYTOX Orange. When a sufficient number of polymers was observed, the pump was turned off 
for approximately 2 minutes before the start of recording. Next, the shear rate was increased every 10 frames 
(≈50 seconds) up to a maximum of 800 s−1, after which the pump was turned off again for 20 frames (≈100 sec-
onds). This cycle was repeated twice per recording. Polymer length was measured at every second-to-last frame 
per shear rate using the Zeiss ZEN 2 Blue edition software.

For the detection of fibrin formation, an in-house generated anti-fibrin Alexa Fluor 488-conjugated VhH was 
used. Perfusions were performed as follows: the nanobody (5 µg/mL) was added to citrated blood, after which 
heparin (10 IU/mL) premixed with either protamine sulfate (125 µg/mL) or histones (500 µg/mL) was added. 
Citrated whole blood was recalcified directly before the start of the perfusion by adding 10 µL of a 1 M CaCl2 solu-
tion per mL of blood (10 mM CaCl2). Perfusions were continued until evident fibrin formation became visible, or 
maximally up to 20 minutes.

Digestion of the SYTOX-positive polymers was assessed by supplementing citrated whole blood with 10 IU/mL  
UFH, 50 µM PPACK, 6.6 mM CaCl2, and 3.1 mM MgCl2 (both from a 20x stock solution to prevent dilution) 
and either DNase I (10 µg/mL) or heparinase I/III (5 U/mL). Subsequently, the blood sample was incubated for 
40 minutes at 37 °C, after which 1.5 µM SYTOX orange was added and perfusions were performed at 800 s−1 shear 
rate. In other experiments, 10 U/mL UFH was incubated for 40 minutes with protamine (125 μg/mL) in absence 
of CaCl2 or MgCl2 prior to perfusion.

immunostaining. After the flow experiments, cover glasses were fixed for 10 minutes in 4% paraformal-
dehyde (PFA) in HT pH = 7.4 at 800 s−1 after which the coverslips were carefully removed from the perfusion 
chambers and fixated with 4% PFA for another 60 minutes at RT. Subsequently, the cover glasses were rinsed 
thrice with HT pH = 7.4, incubated with 0.15% Glycine in 1% HSA/HT for 15 minutes at RT before blocking with 
1% HSA/HT for 60 minutes at RT. Then, the cover glasses were rinsed an additional five times and incubated for 
60 minutes at RT with a 1% HSA/HT solution containing fluorescent dyes (i.e. SYTOX Orange/Green) and/or a 
primary antibody. If incubation with additional (secondary) antibodies was required, the coverslips were washed 
a further five times with HT pH = 7.4 before incubation with 1% HSA/HT containing the antibody. Thereafter, 
the glasses were washed thrice with HT pH = 7.4, twice with demi-water and then mounted in 10% (m/v) Mowiol 
40–88 and 2.5% (m/v) DABCO in 20% Glycerol and 200 mM TRIS-HCL, pH = 8.0.

Activated partial thromboplastin time (aptt). Plasma from 4 healthy donors was pooled and used 
for aPTT measurements. All measurements were performed at 37.2 °C using the MC-10 coagulometer (Merlin 
Medical, Tredegar, United Kingdom). In short, 50 µL of plasma was warmed up in the cuvette for 2 minutes, then 
50 µL of undiluted Dade Actin FS (Siemens Healthcare Diagnostics, Marburg, Germany) was added and after 
another 2 minutes 50 µL of 25 mM CaCl2 was added and clotting time was measured.

Statistical analysis. Data were processed using the GraphPad Prism statistical package, version 7.04 
(GraphPad Software, San Diego, CA, USA). Continuous variables are presented as mean with standard deviation. 
Differences between groups were analyzed by means of a Friedman test with Dunn correction for non-normal 
distributed continuous repeated measures data. In all tests, a two-tailed p-value < 0.05 was considered statistically 
significant.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary 
Information Files).
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