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Abstract

Rationale: Peptidylarginine deiminase type IV (PAD4), an enzyme essential for NET formation 

(NETosis), is released together with neutrophil extracellular traps (NETs) into the extracellular 

milieu. It citrullinates histone and holds the potential to citrullinate other protein targets. While 

NETosis is implicated in thrombosis, the impact of the released PAD4 is unknown.

Objective: This study tests the hypothesis that extracellular PAD4, released during inflammatory 

responses, citrullinates plasma proteins, thus affecting thrombus formation.

Methods and Results: Here we show that injection of r-huPAD4 in vivo induces formation of 

von Willebrand factor (VWF)-platelet strings in mesenteric venules, and that this is dependent on 

PAD4 enzymatic activity. VWF-platelet strings are naturally cleaved by a disintegrin and 

metalloproteinase with thrombospondin type-1 motif-13 (ADAMTS13). We detected a reduction 
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of endogenous ADAMTS13 activity in the plasma of wild-type mice injected with r-huPAD4. 

Using mass spectrometry and in vitro studies, we found that r-huPAD4 citrullinates ADAMTS13 

on specific arginine residues, and that this modification dramatically inhibits ADAMTS13 

enzymatic activity. Elevated citrullination of ADAMTS13 was observed in plasma samples of 

patients with sepsis or non-infected patients who were elderly (e.g. age >65 years) and/or had 

underlying co-morbidites (e.g. diabetes, hypertension) as compared to healthy donors. This shows 

that ADAMTS13 is citrullinated in vivo. VWF-platelet strings that form on venules of 

Adamts13−/− mice were immediately cleared after injection of r-huADAMTS13, while they 

persisted in vessels of mice injected with citrullinated r-huADAMTS13. Next, we assessed the 

effect of extracellular PAD4 on platelet plug formation after ferric chloride-induced injury of 

mesenteric venules. Administration of r-huPAD4 decreased time to vessel occlusion and 

significantly reduced thrombus embolization.

Conclusion: Our data indicate that PAD4 in circulation reduces VWF-platelet string clearance 

and accelerates formation of a stable platelet plug after vessel injury. We propose that this effect is, 

at least in part, due to ADAMTS13 inhibition.
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INTRODUCTION

Venous thrombosis is a common cardiovascular disorder associated with high morbidity and 

mortality. Von Willebrand factor (VWF), an important regulator of haemostasis, thrombus 

formation, and inflammation, plays an important role in venous thrombosis.1, 2 In fact, not 

only do VWF-deficient mice not develop thrombi in the inferior vena cava stenosis model,3 

but VWF is also found to be enriched in thrombi from venous thromboembolism patients.1 

VWF, a large multimeric glycoprotein produced by endothelial cells and stored in Weibel-

Palade bodies,4 is secreted in plasma through a basal mechanism and is released in larger 

quantities upon activation of the endothelium.5-7 Microscopy studies show that, upon 

endothelium stimulation, secreted ultra-large VWF multimers (UL-VWF) remain attached to 

the cell surface and bind platelets, forming VWF-platelet strings.8 Unstimulated cells also 

release UL-VWF multimers in the lumen of the vessel. This basal mechanism has been 

suggested as the main source of circulating plasma VWF.9 In normal conditions, the secreted 

UL-VWF-platelet strings are cleared from the vessel wall and are converted into smaller, 

less thrombogenic fragments by a disintegrin and metalloproteinase with thrombospondin 

type-1 motif-13 (ADAMTS13).8 Reduced activity or absence of ADAMTS13 prolongs the 

VWF interactions with the vessel wall. This leads to excessive platelet and leukocyte 

recruitment and microvascular thrombosis that can eventually culminate in severe multi-

organ failure and mortality.10 Deficiency of ADAMTS13 is linked to thrombotic 

thrombocytopenic purpura (TTP), a genetic or autoimmune disease characterized by 

autoantibodies to ADAMTS13.11, 12 However, reduction in ADAMTS13 activity has also 

been observed in several thrombo-inflammatory disorders, such as disseminated 

intravascular coagulation (DIC), stroke, and deep vein thrombosis (DVT).13-16 Use of r-

huADAMTS13 in mice can prevent microthrombosis and reduce inflammation, showing the 

beneficial effects of ADAMTS13 in stroke and myocardial infarction models.17, 18

In addition to platelets and fibrin, neutrophils and neutrophil extracellular traps (NETs) are 

also observed in venous thrombi.19, 20 NETs promote coagulation, thrombosis, and 

inflammatory responses.21 A driving force in NETosis is the nuclear citrullination of 

histones by peptidylarginine deiminase type IV (PAD4).22 PAD4 is a member of a family of 

PAD enzymes that, upon Ca2+-induced activation, citrullinate their protein substrates, many 

of which contribute to vital cellular processes, including gene regulation, cellular 

differentiation, and inflammatory responses.23 During protein citrullination, positively 

charged arginine residues are deiminated to generate the neutral citrulline. PAD4 is then 

released into the extracellular environment along with decondensed chromatin.24 

Dysregulated PAD activity and abnormal levels of protein citrullination are associated with 

inflammation and disease. In fact, increased concentrations of extracellular PAD enzyme 

with citrullinated proteins are found in samples of rheumatoid arthritis (RA), multiple 

sclerosis, and Alzheimer’s patients. 25-27 The concentration in plasma has been found to be 

approximately 2.4 to 7.5 fold higher than in healthy controls.28, 29 Increased plasma levels of 

PAD4 have also been found in septic patients30 and in patients with malignant tumors.31

Although citrullinated plasma proteins, such as citrullinated fibrinogen and anti-thrombin, 

have been identified in plasma samples of RA and cancer patients,31-33 the role of 

circulating PAD4 and its ability to regulate thrombosis has not been addressed. Therefore, 
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we evaluated, by intravital microscopy of the mesenteric venules, the effect of injected 

PAD4 in quiescence and after venule injury. Our results show that PAD4 promotes VWF-

platelet string formation and accelerates and stabilizes the development of occlusive thrombi 

in injured venules. Furthermore, we observed that PAD4 reduces ADAMTS13 activity. This 

behavior may explain the pro-thrombotic effects of plasma PAD4.

METHODS

All supporting data are available within the article and its online supplementary files. For 

details on experimental procedures, see supplemental material.

RESULTS

Elevated r-huPAD4 in circulation leads to formation of VWF-platelet strings and reduction 
of plasma ADAMTS13 activity.

Endothelial cells release UL-VWF molecules in the vessel lumen in the absence of stimuli 

through a basal secretion mechanism.9 These are normally cleared from the endothelial 

surface by ADAMTS13 to prevent pro-thrombotic platelet string formation. To determine 

the effect of PAD4 in circulation on this process, we injected WT mice with r-huPAD4 or 

vehicle and analyzed mesenteric venules by intravital microscopy under basal conditions. 

We observed spontaneous formation of VWF-platelet strings in mice treated with r-huPAD4 

(Figure 1A). Although most of these strings were short-lived (<30 seconds), their number 

was significantly higher than in mice injected with buffer (Figure 1B; mean values 2.6 for 

vehicle and 15.5 for PAD4). To determine if spontaneous formation of VWF-platelet strings 

was induced by PAD4 activity, mice were co-administered PAD4 and Cl-amidine, an 

irreversible small molecule PAD-inhibitor.34 As shown in Figure 1A and 1B (mean value 

4.62), very few strings formed in the mesenteric venules of the inhibitor-treated mice, 

indicating that inhibition of PAD4 preserved the natural clearance of the VWF-platelet 

strings.

Next, to evaluate whether PAD4 could render the VWF platelet strings uncleavable by 

ADAMTS13, we used Adamts13−/− mice. ADAMTS13 deficiency is associated with pre-

activation of endothelial cells of mesenteric vessels in mice.35 Therefore, released UL-VWF 

accumulates on mesenteric venules of Adamts13−/− mice, binds platelets, and can be 

visualized by intravital microscopy after labelling with rhodamine 6G. We first treated 

Adamts13−/− mice with r-huPAD4. This had no effect on platelet string formation or 

persistence of the strings in these mice (Figure 1C and D; mean value 104.11). Subsequent 

injection of high concentrations36 of r-huADAMTS13 (3200 U/kg) cleared most of the 

strings (Figure 1C and D; mean value 23.75), indicating that VWF-platelet strings are still 

susceptible to cleavage by ADAMTS13. Since the number of VWF-platelet strings in mice 

injected with r-huPAD4 did not increase compared to baseline, we excluded the possibility 

that r-huPAD4 might stimulate VWF release from the endothelium (Figure 1D). Therefore, 

we hypothesized that, in circulation, PAD4 might be directly affecting ADAMTS13 activity. 

To test this hypothesis, we collected plasma samples of WT mice before and after injection 

of r-huPAD4 or vehicle and assessed endogenous ADAMTS13 activity by FRETS-VWF73 

assay. Figure 1E shows that the presence of r-huPAD4 reduced endogenous ADAMTS13 
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activity (approximately of 20%; mean values 81.7 and 63.1 for vehicle and PAD4 

respectively), suggesting that circulating PAD4 might citrullinate and partially inactivate 

ADAMTS13, leading to the appearance of VWF-platelet strings.

PAD4 citrullinates ADAMTS13 in vitro and in vivo and reduces its capacity to cleave VWF.

To determine whether PAD4 citrullinates ADAMTS13, we incubated r-huPAD4 with r-

huADAMTS13; r-huADAMTS13 was then immunopurified using an anti-ADAMTS13 

antibody and citrullination was detected by western blot (Figure 2A). A band of 

approximately 190 kDa, corresponding to ADAMTS13, was observed only when r-

huADAMTS13 and r-huPAD4 were incubated together (Figure 2A; upper panel). As 

expected, using an anti-ADAMTS13 antibody, r-huADAMTS13 was found in all samples to 

which it had been added (Figure 2A, lower panel). To verify citrullination, 

immunopurification was also carried out using an anti-pan-citrulline antibody. Again, a band 

of 190 kDa was detected only in the sample where r-huADAMTS13 had been incubated 

with r-huPAD4 (Figure 2A), indicating that r-huPAD4 can citrullinate r-huADAMTS13. 

Next, we tested whether citrullination of ADAMTS13 could occur in the physiological 

environment of plasma. Adamts13−/− mice were injected with 3200 U/kg of r-

huADAMTS13. Plasma was collected and incubated ex vivo with r-huPAD4. ADAMTS13 

was then immunopurified and analyzed by western blot. As shown in Figure 2B, a band of 

approximately 190 kDa was observed in plasma samples collected from mice injected with 

r-huADAMTS13 and treated with r-huPAD4 ex vivo, whereas no band was detected with the 

anti-pan-citrulline antibody in plasma to which r-huPAD4 was not added. A faint band 

corresponding to r-huADAMTS13 was detected when lower concentrations of r-huPAD4 

were used in the assay. Membranes were then stripped and re-probed with an anti-

ADAMTS13 antibody. A band of approximately 190 kDa was present in all lanes. Our data 

indicate that plasma does not interfere with citrullination of ADAMTS13 and, thus, 

citrullination may occur in circulation.

To assess whether citrullination of ADAMTS13 interferes with its activity, as suggested by 

the results depicted in Figure 1E, we incubated r-huADAMTS13 with r-huPAD4 over time 

(for 15, 60, and 180 minutes). Citrullination was then evaluated by western blot, using the 

anti-pan-citrulline antibody as described above, and ADAMTS13 activity was assessed by 

VWF-FRETs assay (activity assay was performed for 60 minutes per the manufacturer’s 

instructions). Interestingly, the intensity of the 190 kDa band increased over time (Figure 

2C, upper arrow). The second band of 74 kDa (Figure 2C, lower arrow) corresponds to r-

huPAD4, which undergoes auto-citrullination and is therefore detected here by the anti-pan-

citrulline antibody.37

To investigate the impact of citrullination on the function of ADAMTS13, we assessed the 

activity of r-huADAMTS13 with different levels of citrullination by FRETS-VWF73 assay.
38 As shown in Figure 2D and 2E, citrullination of r-huADAMTS13 dramatically reduced its 

capacity to cleave FRETS-VWF73 substrate. Moreover, decreased activity correlated with 

incubation time (Figure 2C, 2D, and 2E; mean values of 69.5, 15.4, and 0.35 for 15, 90, and 

180 minutes, respectively). Next, we determined if we could preserve ADAMTS13 activity 

by inhibiting PAD4 with Cl-amidine.34 Pre-incubation of PAD4 with Cl-amidine reduced 
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citrullination of ADAMTS13 and auto-citrullination of PAD4 (Figure 2F; upper and lower 

arrow, respectively). Furthermore, ADAMTS13 activity was partially preserved when 

ADAMTS13 was incubated with PAD4 in the presence of Cl-amidine (Figure 2G and 2H; 

mean values of 2.87 for PAD4 incubation and 42.8 when Cl-amidine was added), further 

indicating that citrullination inactivates the proteolytic activity of ADAMTS13.

To determine whether citrullination of ADAMTS13 could occur during inflammatory events, 

we immunopurified citrullinated ADAMTS13 from the plasma of septic patients and older 

patients (>65 years) that had underlying co-morbidities (e.g. diabetes, hypertension) and 

compared the citrullinated ADAMTS13 levels to those of young and healthy donors. 

Excessive NET formation has been found in patients affected by sepsis and has been 

associated with severity of the disease.39-41 In fact, in vitro and animal experiments indicate 

that NETs contribute to the pathogenesis of intravascular thrombosis, disseminated 

intravascular coagulation (DIC), and multiple organ dysfunction in septic patients.42-44 

Interestingly, severe sepsis is also characterized by a reduction in ADAMTS13 activity.13, 45 

Similarly, an increase in NET formation is also found in chronic inflammatory conditions, 

such as heart disease46, diabetes,47, 48 and in aged mice, where it has been suggested to 

promote cardiac fibrosis and organ dysfunction.49

To determine whether citrullination of ADAMTS13 occurs in vivo, low abundant plasma 

proteins were enriched in plasma by the removal of high abundant proteins using spin 

columns. After a 10-fold sample concentration, citrullinated proteins were labelled with 

biotin-PG and immunopurified using streptavidin Sepharose beads. Samples were then 

loaded on gel, and ADAMTS13 was detected by western blot. As observed in figure 2I, 

bands of 190 kDa corresponding to ADAMTS13 were detected in nearly all of the samples 

analyzed, indicating that citrullination occurs in vivo. The intensity of the bands was 

normalized to the plasmatic levels of ADAMTS13 for each individual. Notably, the intensity 

of the citrullinated ADAMTS13 bands from the plasma of septic patients was higher when 

compared to healthy controls (mean value 59.4 and 28.7 respectively).

However, the levels were not significantly different from donors with other co-morbidities 

(mean value 61.9), indicating that elevation in ADAMTS13 citrullination is not specific to 

sepsis. As a control, plasma samples were immunopurified without the addition of biotin-

PG. No band was observed in these samples (Figure 2I).

Identification of citrullinated arginine residues in ADAMTS13 by tandem mass 
spectrometry.

Citrullination of r-huADAMTS13 was confirmed by high-performance tandem mass 

spectrometry, using both the manual searches for neutral losses of isocyanic acid and 

ammonia in the obtained spectra and the recent biochemical approach of citrulline labelling 

by phenylgloxal (PG)50. For detection of ADAMTS13 residues modified by in vitro 

citrullination, proteins were separated by PAGE, and the 190 kDa band was dissected into 

slices. Non-citrullinated r-huADAMTS13 was used as control. After in-gel tryptic digestion, 

peptides were eluted and analyzed by nUPLC-MS/MS to confirm the identity of the protein 

and determine the positions of the citrullinated residues (citrullination was set as one of the 

variable modifications to be considered during the searches). The fragmentation pattern of 
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each peptide was manually examined to confirm citrullination of the candidate residue 

(increase of mass of 0.9840 Da) and exclude the possibility of false positive assignments, 

e.g., in cases of deamination of asparagine or glutamine (which also increases the mass by 

0.98 Da). In addition to backbone cleavage products (b and y ions), the neutral losses of 

isocyanic acid (HNCO, 43 Da) and ammonia (NH3, 17 Da), abundant features in collision-

induced dissociation (CID) MS/MS spectra of citrullinated peptides,51 were considered to 

identify citrullinated residues. Citrullination was detected on Arg190 and Arg278 in the 

metalloproteinase domain, Arg393 in the thrombospondin-1 repeat, Arg636 in the spacer 

domain, and Arg1274 and Arg1276 in the CUB-1 domain (Figure 3A). Figure 3B shows the 

CID MS/MS spectrum that corresponds to the peptide 630VALTEDrLPR639(r= citrullinated 

Arg). The increased mass of the intact peptide, together with the identification of the 

isocyanic acid and ammonia neutral losses (e.g., y4-HCNO, y4-NH3), allowed for the 

assignment of citrullination at Arg636. There was some evidence for low-level citrullination 

at additional sites; however, our confidence in the assignment of citrullination remained 

quite weak and, therefore, they are not listed. A recent deep proteome investigation of 

citrullination certified that a high degree of caution must be exercised in making assignments 

for citrullination based on database searches, since it was found that only a low percentage 

of assigned sites were actually citrullinated.52

Protein citrullination increases the mass at each modified site by only 0.98 Da; thus, it is 

difficult to identify all citrullination sites in a protein. For this reason, we also used a 

chemical labelling approach to identify additional citrullination sites in ADAMTS13. Here, 

citrullinated r-huADAMTS13 was labelled with phenylgloxal (PG), which selectively 

modifies citrullinated residues under acidic conditions; the modified peptide fragments show 

a mass increase of +117.010 Da.27, 53 For the protein digestion step, we used neutrophil 

elastase (NE) over trypsin because it cleaves after alanine and valine residues rather than 

arginine and lysine and can therefore yield enhanced protein coverage. The resulting 

peptides were then subjected to LC-MS/MS analysis. As shown in Figure 3A and 3C, 8 PG 

modified ADAMTS13 derived peptides were found, including Arg190 in the 

metalloproteinase domain, Arg326 in the disintegrin domain, Arg498 in the cysteine-rich 

domain, Arg636 in the spacer domain, and Arg784, Arg786, Arg888, and Arg1015 in 

thrombospondin type-1 repeats. Figure 3D depicts a representative high-resolution MS2 

fragmentation pattern of the peptide containing the citrullinated Arg636 residue. An 

additional mass of +117.010 Da was observed on ions b6 and y8 confirming PG modification 

of this residue. Residues Arg190 and Arg636, which were identified by both methods, are 

highlighted with red squares in panel A.

Citrullinated ADAMTS13 is unable to cleave VWF-platelet strings from the vessel wall of 
Adamts13−/− mice.

To define whether citrullination of r-huADAMTS13 affects VWF-platelet string cleavage in 

vivo, we monitored VWF-platelet strings on externalized mesenteric venules of 

Adamts13−/− mice before and after injection of non-citrullinated r-huADAMTS13 or 

citrullinated r-huADAMTS13. As expected, platelet strings were observed in all venules of 

approximately 150–250 μm of diameter in untreated Adamts13−/− mice (Baseline, Figure 

4A). VWF-platelet strings were completely cleared after injection of r-huADAMTS13 
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(mean value of 12.7); strikingly, they persisted in mice treated with citrullinated r-

huADAMTS13. These results indicate that citrullinated r-huADAMTS13 was not functional 

in vivo, as it was unable to clear VWF-platelet strings from the vessel wall. Subsequent 

injection of r-huADAMTS13 was indeed able to remove the platelet strings (data not 

shown), showing that citrullinated r-huADAMTS13 did not interfere with the activity of 

functional r-huADAMTS13. Since r-huPAD4 was present in the citrullinated r-

huADAMTS13 samples, as a control we also injected the same concentration of r-huPAD4 

in the Adamts13−/− mice, and no effect on VWF strings was observed. Quantification of 

VWF-platelet strings obtained from several animals treated as shown in Figure 4A is 

presented in Figure 4B. Our results indicate that citrullinated r-huADAMTS13 is unable to 

remove VWF-platelet strings from the vessel wall.

PAD4 injection in WT mice accelerates venule thrombus formation after FeCl3 injury and 
reduces embolization.

It has been shown that ADAMTS13 inhibition in mice, using inhibitory antibodies, promotes 

thrombi formation.35 To evaluate whether PAD4 might also possess pro-thrombotic effects, 

we injected r-huPAD4 (0.028U/g) or vehicle intravenously into WT mice prior to injury of 

the mesenteric venules by FeCl3. The resulting concentration in plasma (approximately 

0.28U/ml) was less than seen in RA patients (from 1.5 mU/ml to 111 U/ml).28, 29 To analyze 

embolization, larger vessels were used (250–350 μm). We then observed the vessel by 

intravital microscopy (Figure 5A). No difference in the length of time to form the first 

thrombus of 30 μm in diameter was observed between the two groups (Figure 5B). However, 

WT mice injected with r-huPAD4 grew thrombi to occlusive size in 28 minutes, whereas 

mice injected with vehicle occluded 34.2 minutes after injury (Figure 5C). These data 

indicate that PAD4 accelerates thrombus development by approximately 20%. Next, we 

analyzed the formation of large emboli (detachment of a part of the thrombus >40 μm 

reflecting thrombus instability) in the two groups of mice. Most of the mice injected with 

vehicle formed large emboli within the 40 minutes of observation (5 mice out of 7) 

contrarily to mice injected with r-huPAD4, where large emboli were rarely observed (1 out 

of 11 mice; Figure 5D). The mean number of emboli/mouse was 10.8 for mice injected with 

buffer and 1.5 for mice injected with r-huPAD4 (Figure 5E). Taken together, our data 

indicate that circulating PAD4 accelerates the formation of stable thrombi in injured veins.

DISCUSSION

Inflammation is a key factor for immuno-thrombosis; it not only activates endothelium and 

consequently induces UL-VWF release,54 but it also initiates the recruitment, accumulation, 

and activation of immune cells at sites of inflammation.55 Neutrophils are the first line of 

defence and, upon activation, they can release highly pro-thrombotic NETs.55 PAD4 is one 

of the proteins released with NETs.24 In fact, as mentioned above, high levels of PAD4 have 

been found in the plasma and serum of RA, cancer, and septic patients compared to healthy 

subjects.28, 29, 31

Although deficiency of PAD4 or treatment with PAD inhibitors reduces disease severity in 

mouse models of RA,56, 57 neurodegenerative disorders26, and cancer,58 and protects mice 

Sorvillo et al. Page 8

Circ Res. Author manuscript; available in PMC 2020 August 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



from forming stable thrombi in DVT,59 the impact of extracellular PAD4 in circulation has 

not been addressed.

Here, we show that increased levels of PAD4 in the bloodstream lead to UL-VWF multimer 

accumulation on mesenteric vessels, an important underlying mechanism of thrombus 

formation. PAD4 inhibition by Cl-amidine blocked this effect, indicating that the enzymatic 

activity of PAD4 mediates the observed phenotype. VWF-platelet strings accumulate in 

circulation when the activity of ADAMTS13 is impaired. Decreased ADAMTS13 activity 

may result from massive release of VWF into the bloodstream, with subsequent 

consumption of ADAMTS13, or can be consequential to a total or partial inactivation of the 

enzyme.12 Our studies indicate that injection of PAD4 in Adamts13−/− mice does not 

increase the number of VWF-platelet strings anchored onto the vessel wall, demonstrating 

that PAD4 is not promoting VWF release from endothelial cells. Instead, we observed partial 

reduction in ADAMTS13 activity in plasma of WT mice treated with PAD4 compared to 

those treated with vehicle. This suggests that PAD4 modulates ADAMTS13 activity. 

However, it is important to keep in mind that other plasma proteins can be citrullinated and 

may contribute to the observed pro-thrombotic effect of PAD4 in plasma.

Both ADAMTS13 and NETs bind VWF,60, 61 possibly facilitating the interaction between 

ADAMTS13 and PAD4. In agreement with this notion, we observed, using in vitro flow 

assays on human umbilical vein endothelial cells, that r-huPAD4 binds to UL-VWF (data 

not shown) again suggesting that PAD4 can accumulate on VWF strings rendering 

citrullination of ADAMTS13 possible. Moreover, we showed that r-huPAD4 citrullinates 

ADAMTS13 in vitro and in vivo. In fact, citrullinated ADAMTS13 was found at higher 

levels in the plasma samples of septic patients and in patients with other co-morbidities 

compared to healthy controls. The observation that an increase in citrullination of 

ADAMTS13 is not unique for septic patients could be due to the fact that susceptibility to 

NETosis can be found in many conditions, such as heart disease46, diabetes,47, 48 and 

possibly old age49. Finding citrullination of ADAMTS13 in the context of a complex 

environment, i.e. plasma, where hundreds of other proteins are present, is remarkable given 

the broad substrate scope of PAD4. In agreement with our PAD4 injection studies, we found 

that citrullination reduces ADAMTS13 activity both in vitro and in vivo.

Deficiency of ADAMTS13 is a severe condition not solely restricted to congenital or 

acquired TTP,11, 12 where autoantibodies bind and neutralize ADAMTS13, but also occurs 

in secondary thrombotic microangiopathies (TMA), such as DIC-sepsis, severe malaria,13 

stroke,16 or in DVT patients.15 The reason for decreased ADAMTS13 activity during 

secondary thrombo-inflammatory conditions is unclear. Such a reduction in ADAMTS13 

activity is not attributed to anti-ADAMTS13 antibodies, but rather to other, as yet unknown, 

factors. We propose that inhibition of the enzyme by a post-translational modification could 

be the reason for the reduced activity, at least in part. Leukocyte proteases, such as 

neutrophil elastase62 and plasmin,63 have been shown to proteolytically degrade 

ADAMTS13 in vitro, thereby providing a potential mechanism for reducing its activity. 

However, in the presence of plasma, such inactivation was lost,64 suggesting that other 

mechanisms are likely involved in vivo. Myeloperoxidase (MPO) is also released with 

NETs. Through hypochlorous acid production, MPO can oxidize methionine residues on 
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ADAMTS13, and thus contribute to inactivation of the enzyme in vitro.64 However, it is 

likely that this oxidation is limited by the antioxidant systems present in vivo in blood. Our 

data suggest that increased levels of PAD4 in circulation reduce ADAMTS13 activity and 

that citrullinated-ADAMTS13 is less active, rendering citrullination a novel mechanism of 

ADAMTS13 inhibition. However, citrullination of other plasma proteins by circulating 

PAD4 might contribute to the observed pro-thrombotic effect of PAD4 in plasma. In fact, 

many plasma proteins, such as fibrinogen and anti-plasmin, have been found to be 

citrullinated in the plasma of RA and cancer patients.28, 29, 31 However, effects of the 

modification on their activity are not yet clear.

We identified several citrullinated arginine residues within ADAMTS13. Previous studies 

have pinpointed residues within the metalloprotease domain of ADAMTS13 that, when 

mutated, interfered with its activity. Mutation of Arg190, which was found to be citrullinated 

in our study, has been shown to partially reduce ADAMTS13 activity.65 The ADAMTS13 

spacer domain is also important for its activity. In particular, exosite 3, a hydrophobic cluster 

delimited by arginine residues (Arg636 and Arg660), plays a crucial role in substrate 

recognition.66 Arg636, identified as citrullinated in our study by two independent methods, is 

predicted to promote the binding of ADAMTS13 to the α6 helix of VWF A2 domain,66 

where the specific cleavage of theTyr1605–Met1606 bond by ADAMTS13 occurs. Deletion 

of Arg636 and Arg639 in the spacer domain significantly impairs ADAMTS13 proteolytic 

activity towards VWF.67 This may suggest that citrullination of Arg190 and Arg636 might, at 

least partially, explain the reduction in ADAMTS13 activity after PAD4 injection in the 

bloodstream. Importantly, conformational changes in ADAMTS13 were recently shown to 

be critical for its cleavage of VWF.68 Citrullination of other Arg residues might lead to loss 

of positive charge and interfere with this process.

We previously showed that ADAMTS13 deficiency increases platelet-plug formation after 

FeCl3 injury. Therefore, we evaluated the effect of PAD4 during thrombosis. After FeCl3 

injury of mesenteric veins, we observed an increase of the time to vessel occlusion in mice 

treated with r-huPAD4 compared to vehicle, suggesting a pro-thrombotic effect of PAD4 in 

circulation. Moreover, the thrombi developed in vessels of mice injected with r-huPAD4 

were more stable. This effect may be due to accumulation of VWF strings in the forming 

thrombus, a consequence of reduced ADAMTS13 activity. In addition, other plasma proteins 

might be citrullinated by PAD4 and contribute to thrombus stability.32

In total, our data suggest that high levels of circulating PAD4 are pro-thrombotic and this 

effect is due in part to reduced ADAMTS13 activity. Since infusion of r-huADAMTS13 can 

prevent microthrombosis and reduce inflammation in mice,17, 18 we propose that 

concomitant use of PAD inhibitors together with r-huADAMTS13 may enhance these 

beneficial effects of ADAMTS13.
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Refer to Web version on PubMed Central for supplementary material.
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NOVELTY AND SIGNIFICANCE

What Is Known?

• Triggered by inflammation and thrombosis, neutrophils may release their 

chromatin as neutrophil extracellular traps (NETs) and also the enzyme that 

decondenses the chromatin, peptidyl arginine deiminase 4 (PAD4).

• PAD4 citrullinates proteins, which can alter their structure and function, and 

is found in the plasma of patients with various diseases.

• In many thrombotic microangiopathies where NETs play a role, reduction in 

the activity of the von Willebrand factor (VWF)-cleaving enzyme, a 

disintegrin-like and metalloprotease thrombospondin type 1 motif, member 13 

(ADAMTS13), is observed.

What New Information Does This Article Contribute?

• Ours is the first study demonstrating that PAD4 in the bloodstream is pro-

thrombotic and leads to accumulation of VWF-platelet strings on the vessel 

wall, an important underlying mechanism of pathological thrombus 

formation.

• Citrullination of ADAMTS13 by PAD4, a novel mechanism of inhibition of 

ADAMTS13 activity, leads to accumulation of VWF-platelet strings.

• Inhibition of PAD4 prevents accumulation of VWF-platelet strings, indicating 

that PAD4 inhibitors together with ADAMTS13 represent a promising new 

therapy for patients suffering from thrombotic microangiopathies.

In this study, the effect of PAD4 in circulation was analyzed for the first time. PAD4 is an 

intracellular enzyme that can be released during inflammation by neutrophils together 

with NETs. We show that PAD4 in plasma reduces endogenous ADAMTS13 activity and 

causes VWF-platelet strings to accumulate on the vessel wall, an important mechanism 

initiating pathological thrombus formation and inflammatory cell recruitment. We 

determined that PAD4 citrullinates specific arginines in ADAMTS13, and this reduces 

enzymatic activity. Citrullinated ADAMTS13 was identified for the first time in human 

plasma samples; interestingly, its levels appear to increase with age and during 

inflammatory conditions, all situations where NETosis occurs. Next, we evaluated the 

effect of PAD4 during thrombosis. We observed by intravital microscopy that PAD4 in 

plasma increased the time to vessel occlusion. Our data suggest that circulating PAD4 is 

pro-thrombotic, and this effect is due, in part, to its negative impact on ADAMTS13 

activity. ADAMTS13 is currently being tested as a treatment for diseases driven by 

release of ultra-large VWF multimers. In many of these conditions, NETs with PAD4 are 

also generated. We propose that the concomitant use of a PAD4 inhibitor with 

ADAMTS13 may potentiate the treatment of thrombotic disorders
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Figure 1. Injection of PAD4 leads to VWF-platelet string formation and reduces ADAMTS13 
activity.
A, Representative intravital microscopy images of VWF-platelet strings (indicated with 

arrowheads) anchoring to venules of WT mice. Vessels were recorded for 5 minutes 

(baseline), then mice were injected with vehicle, r-huPAD4, or r-huPAD4 together with Cl-

amidine, and the same vessel was monitored. B, Quantification of number of strings 

compared to baseline (One-way ANOVA, Tukey’s multiple comparison test; * p= 0.02 

buffer vs r-huPAD4 and p=0.03 r-huPAD4 vs Cl-amidine). Data represent the mean ± SEM 

(n= 6–8 mice). C, VWF-platelet strings were monitored for 5 minutes (baseline) in 

Adamts13−/− mice. Mice were injected with r-huPAD4 and recorded for an additional 5 

minutes. Next, r-huADAMTS13 was administered intravenously and the same mesenteric 

vessel was recorded again. D, Quantification of percentage of strings compared to baseline 

(unpaired t test; *** p= 0.0001). Data represent mean ± SEM (n= 6 mice). E, Plasma from 

WT mice was collected before (baseline) or after infusion of vehicle or r-huPAD4. 

ADAMTS13 activity in mouse plasma was measured by FRETS-VWF73 assay. The slope of 

each cleavage reaction was calculated and compared to baseline (unpaired t test; * p= 

0.018). Data represent mean ± SEM (n= 11–13 mice).
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Figure 2. PAD4 citrullinates and inactivates ADAMTS13 in vitro.
A, B, r-huADAMTS13 was incubated with r-huPAD4. A, ADAMTS13 was immunopurified 

using an anti-ADAMTS13 antibody or B, citrullinated proteins were isolated using an anti-

pan-citrulline antibody. Membranes were blotted with the indicated antibody (left side of 

blots) and stripped and re-probed with an anti-ADAMTS13 antibody (A; lower panel). The 

band at approximately 190 kDa indicates ADAMTS13. C, Plasma from Adamts13−/− mice 

injected with r-huADAMTS13 was collected and incubated with r-huPAD4. ADAMTS13 

was immunopurified with an anti-ADAMTS13 antibody and detected by Western blot using 

an anti-pan-citrulline antibody (upper panel; lower molecular weight plasma proteins shown 

to non-specifically bind to Sepharose beads were excluded from figure). Membranes were 

stripped and re-probed using an anti-ADAMTS13 antibody (lower panel). C, D, E, 

Citrullination of ADAMTS13 was performed by incubating r-huADAMTS13 with r-

huPAD4 for 15, 90, and 180 minutes. C, Citrullination of r-huADAMTS13 was detected by 

Western blot with an anti-pan-citrulline antibody as a band of 190 kDa (upper arrow). The 

band at 74 kDa (lower arrow) corresponds to auto-citrullinated r-huPAD4. D, E, Activity of 

r-huADAMTS13 was determined by FRETS-VWF73 assay (60 minutes). D, Fluorescent 

counts changes in FRETS-VWF73 as a function of time. E, ADAMTS13 activity of the 

different samples expressed as percentage of that observed for r-huADAMTS13 in the 

absence of PAD4 (One-way ANOVA, Tukey’s multiple comparison test; ** p=0.0054, *** 

p=0.0001). F, G, H, Citrullination of ADAMTS13 was performed by incubating r-

huADAMTS13 with r-huPAD4 for 180 minutes with or without Cl-amidine. F, Citrullination 

of r-huADAMTS13 observed by Western blot. G, H, Activity of r-huADAMTS13 

determined by FRETS-VWF73 assay (One-way ANOVA, Tukey’s multiple comparison test; 

*** p=0.0001). Data are representative of 3 independent experiments and expressed as mean 

± SEM. I, Western blot of citrullinated-ADAMTS13 and ADAMTS13 from plasma of 

young healthy donors, septic patients, and co-morbidity patients. Citrullinated ADAMTS13 

was labeled with biotin-PG and immunopurified using streptavidin beads. ADAMTS13 was 

then detected by western blot with anti-ADAMTS13 antibody. As control, healthy donor 

samples 8 and 5, and co-morbidity donor sample 1, were immunopurified without 

modification by biotin-PG. Graph represents the relative amount of citrullinated 

ADAMTS13 for each sample. Septic patient number 7* was excluded from analysis because 
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ADAMTS13 levels could not be detected. (One-way ANOVA, Tukey’s multiple comparison 

test, p value 0.01; n=7–8 donors).
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Figure 3. Identification of citrullinated arginine residues by tandem mass spectrometry.
A, Schematic representation of the identified citrullinated arginine residues within the 

different domains of r-huADAMTS13. Arg residues identified through PG-labeling are 

indicated in green; those identified by both neutral loss analysis and PG-labeling are 

identified in red. B, CID mass spectrum of peptide 630VALTEDrLPR639. The y ion series 

(y1-y9, solid lines), together with the neutral losses (dashed lines) of NHCO (43 Da) and 

NH3 (17 Da) are marked in red. The N-terminal fragments are labeled in blue. Arg190 was 

found to be citrullinated, as shown by the neutral losses of NHCO and NH3. All sites 

identified as citrullinated were found in two independent experiments. C, D, Compiled mass 

spectrometry data of citrullinated ADAMTS13 labeled with PG. Multiple examinations of 

labeled ADAMTS13, digested with neutrophil elastase, were searched against the human 

proteome with the additional mass of +117.010 Da on Arg residues. C, ADAMTS13 

residues in which we have high confidence of citrullination labeling (cit). D, MS2 

fragmentation of the peptide containing Arg636. MS2 spectra were analyzed for ions 

corresponding to the additional mass of +117.010 Da. The fragmentation pattern for Arg636 

shows the mass shift on b6* and y8*.
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Figure 4. Citrullinated ADAMTS13 fails to cleave VWF-platelet strings in vivo.
A, VWF-platelet strings anchoring to endothelium observed in Adamts13−/− mice were 

monitored for 5 minutes (Baseline, upper panel). Mice were injected (as indicated) with r-

huADAMTS13 (3200U/kg), citrullinated r-huADAMTS13 (3200U/kg), or r-huPAD4 

(0.28mU/g), and the mesenteric vessels were recorded for an additional 5 minutes after 

injection (lower panels). Representative photographs are shown. Arrowheads indicate VWF-

platelet strings. B, Quantification of percentage of strings compared to baseline. One-way 

ANOVA, Tukey’s multiple comparison test (n=6 mice; # p=0.005, ### p=0.0001 and *** 

p=0.0001; # indicates significance compared to baseline).
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Figure 5. Injection of PAD4 prolongs time to occlusion of mesenteric venules and reduces 
embolization of platelet-plug thrombi after FeCl3 injury.
A, Photographs of mesenteric venules (delimited by white lines) 5 minutes after injection of 

vehicle or r-huPAD4 and 10 and 20 minutes after FeCl3 injury. B, Determination of time to 

1st thrombus formation (>30 μm) and C, time of occlusion (>60 seconds; asterisk at 20 

minutes indicates venous thrombus) after FeCl3 injury of mice injected with vehicle or r-

huPAD4. Data are analyzed by Mann-Whitney U test (*p= 0.035; n= 8–11 mice). D, 
Quantification of number of mice that formed emboli (> 40 μm; Fisher’s exact test p= 
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0.0063; n= 8–11 mice). E, Number of emboli/mouse (Mann-Whitney U test p=0.0065; n=8–

11 mice).
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