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Abstract

The activating interplay of thrombosis and inflammation (thromboinflammation) has been 

established as a major underlying pathway, driving not only cardiovascular disease but also 

autoimmune disease, and most recently, Coronavirus disease 2019 (COVID-19). Throughout 

the years, innate immune cells have emerged as important modulators of this process. As 

the most abundant white blood cell in humans, neutrophils are well-positioned to propel 

thromboinflammation. This includes their ability to trigger an organized cell death pathway 

with release of decondensed chromatin structures called neutrophil extracellular traps (NETs). 

Decorated with histones and cytoplasmic as well as granular proteins, NETs exert cytotoxic, 

immunogenic and prothrombotic effects accelerating disease progression. Distinct steps leading to 

extracellular DNA release (NETosis) require the activities of protein arginine deiminase 4 (PAD4) 

catalyzing citrullination of histones and are supported by neutrophil inflammasome. By linking the 

immunological function of neutrophils with the pro-coagulant and pro-inflammatory activities 

of monocytes and platelets, PAD4 activity holds important implications for understanding 

the processes that fuel thromboinflammation. We will also discuss mechanisms whereby 

vascular occlusion in thromboinflammation depends on the interaction of NETs with ultra-large 

von Willebrand Factor (ULVWF), and speculate on the importance of PAD4 in neutrophil 

inflammasome assembly and NETs in thromboinflammatory diseases including atherosclerosis 

and COVID-19. This article, primarily focused on work from the Wagner lab, is based on the 2021 
Russell Ross Memorial Lecture in Vascular Biology. Professor Ross was a mentor to Dr Denisa 
Wagner and influenced her lab’s investigations in the field of atherosclerosis.

Since first leads about an inflammatory cause of atherosclerosis were given by the 

pioneering work of Russell Ross, our knowledge of the role of inflammation in 

atherosclerosis and other chronic diseases has flourished. Soon it became clear that 

inflammation and innate immune cells promote thrombotic events, such as thrombosis after 

plaque rupture leading to myocardial infarction. We proposed early on, that the procoagulant 

state, promoted by platelet activation, propels the vicious circle of inflammation and 

thrombosis (1). In the last ten years the concept that innate immune cells drive thrombosis 

was developed (2). First understood as being a protective mechanism from pathogen 

invasion through localized fibrin deposition, it now is clear that innate immune cells play 

a profound role in sterile pathological thrombosis as well (3). Today, thromboinflammation 
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is widely accepted as an important target for therapy in a broad range of human disorders. 

Central to the concept of thromboinflammation is the activation of platelets and immune 

cells as well as endothelial activation/dysfunction (Figure 1) building up to microvascular 

thrombosis, ultimately compromising organ function.

Platelets and P-selectin: Key players in Thromboinflammation

Platelets have emerged as key regulators in thromboinflammation (Figure 1A) (4). Once 

activated, they form heterotypic, activating complexes with monocytes and neutrophils. This 

interaction is through binding of the adhesion molecule P-selectin (CD62P), translocated 

from the alpha granules, with its constitutively expressed counter receptor on leukocytes, 

P-selectin glycoprotein ligand 1 (PSGL-1). P-Selectin, being stored and released by platelets 

as well as Weibel-Palade bodies (WPBs) of endothelial cells (ECs), has a pivotal role in 

leukocyte recruitment and activation (5, 6). Interaction of P-selectin with PSGL-1 also 

stimulates P-selectin shedding (7, 8). This soluble P-selectin (sP-selectin), retains many of 

its procoagulant and stimulatory properties and elevated levels of sP-selectin in plasma are 

associated with increased risk of myocardial infarction, stroke and cardiovascular disease in 

man and mice (9, 10). In monocytes, binding to P-selectin triggers rapid surface exposure 

of tissue factor (TF), the instigator of coagulation (11, 12). Over time, an increased TF 

gene expression causes shedding of TF in extracellular vesicles from the monocyte surface 

and the activated monocyte becomes the primary source of blood-borne TF (13) (Figure 

1). A complex of TF-with Factor VIIa facilitates the assembly of the prothrombinase 

complex on the surface of activated platelets, resulting in the generation of large amounts 

of thrombin. Interestingly, we showed in a preclinical model of atherosclerosis, guided 

by the discoveries of Russell Ross, that a specific P-selectin-deficiency in platelets alters 

initiation of atherosclerosis, perhaps by reducing the migration of smooth muscle cells thus 

dramatically affecting the lipid content and cellularity of the developing plaque (14, 15). 

However, studies of acute coronary syndrome patients treated with inclacumab, an anti-P-

selectin antibody, reduced troponin release but did not alter adverse events in the SELECT-

ACS trial (16). This might be due to expression of yet another selectin, the adhesion 

molecule E-Selectin through endothelial activation by Platelet factor 4 or other cytokines 

(17, 18). Maybe a dual approach, including the inhibition of both P- and E-selectin, is 

needed in atherothrombosis.

Activated platelets release a plethora of activating agents among which we think serotonin 

(5-HT) to be of special interest. 5-HT not only induces vasoconstriction but amplifies 

platelet and endothelial activation. That is made clear by 5-HT facilitating WPB exocytosis 

(8, 19). Our group has shown, that in sterile inflammation, platelets also trigger neutrophils 

to release Neutrophil Extracellular Traps (NETs) through P-selectin and PSGL-1 signaling 

(described below) (20).

All of these events complemented by platelet aggregation and fibrin deposition result in 

pathological vessel occlusion occuring in the absence of a physical vessel injury (21).

Nevertheless, it is important to remember that the role of platelets in inflammation is 

complex. Platelets also have a protective function for the blood vessel in that they 
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prevent hemorrhaging of the inflamed venules caused by endothelial junction disruption 

by transmigrating leukocytes (22, 23).

Vascular occlusion in thromboinflammation depends on the interaction of 

ULVWF with NETs.

von Willebrand-Factor and ADAMTS13

The multimeric glycoprotein von Willebrand factor (VWF) recruits and activates platelets 

through binding to platelet glycoprotein Ibα. VWF not only can be found in the same 

location as P-selectin (WPBs of ECs and α-granules) but supports platelet tethering and 

leukocyte adhesion in a similar way. If left uncleaved, ultra-large von Willebrand factor 

(ULVWF) stored in WPBs forms long strings anchored transiently to the endothelial surface 

(24). In synthetic endothelialized microvessels, VWF secreted from stimulated endothelial 

cells self-associates into long strands, which can easily span the vascular lumen (25, 26). 

Such ULVWF shears red blood cells (RBCs), producing schistocytes as occurs in thrombotic 

thrombocytopenic purpura (TTP) a disease, where ADAMTS13 activity is impaired (27, 28). 

RBC fracture leaks heme, which activates NETosis, amplifying the thromboinflammatory 

process (29, 30). With its binding sites stretched/activated, the uncleaved VWF initiates 

the formation of platelet strings (Figure 1) and micro-thrombosis (31, 32). Elevated VWF 

levels correlate with disease severity in cardiovascular disease and stroke (33–35). In mice 

ADAMTS13 deficiency is both pro-thrombotic and pro-inflammatory (36, 37). We have 

shown a beneficial anti-inflammatory effect of an administered recombinant ADAMTS13 in 

both stroke and myocardial ischemia/reperfusion injury in mice (38, 39).

Histological analysis of thrombi from animals and humans exhibits localized intertwined 

fibrin, NETs and VWF in the solid matrix of thrombi (3). VWF exerts multiple thrombus-

stabilizing effects forming a bridge between vessel wall and NETs while histones released 

with NETs promote VWF release from endothelial cells and platelet activation (24, 40). 

There is a direct interaction between VWF and NETs (Figure 1B) (24). Both DNA and 

histones bind VWF, thus retaining NETs at the site of inflammation. Indeed, before NETs 

were discovered, a specific interaction of A1 domain of VWF with histones was observed 

in Michael Berndt’s lab (41). Now we finally understand the purpose of this binding site on 

VWF. Recombinant ADAMTS13 treatment removes VWF from endothelial surfaces and it 

has been observed by our group to consequently also remove NETs (42).

Neutrophil extracellular traps

In response to a variety of pathological stimuli, including ischemia, a subset of neutrophils 

undergoes an organized cell death pathway called NETosis (43). We have recently reviewed 

the cell biology of the process (44). The master of ceremony in NETosis is the enzyme 

protein arginine deiminase 4 (PAD4) (45). PAD4 is the only PAD with a nuclear localization 

signal. Once in the nucleus, PAD4 drives chromatin decondensation by catalyzing the 

citrullination of positively charged arginyl residues abundant in histones to citrulline, an 

amino acid that lacks charge. Loss of the positive charge loosens histones interaction 

within nucleosomes and with DNA, ultimately allowing histone proteolysis and unwinding 

of chomatin into NETs. The citrullinated histones H3 [H3Cit] or H4 [H4Cit]) are useful 
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biomarkers for the production of NETs in animals or humans, and can be evaluated in 

plasma samples and tissue sections.

PAD4 likely also has some cytoplasmic substrates that influence the cell biology of NETosis 

and neutrophil inflammasome assembly (44, 46). Neutrophils lacking PAD4 activity, either 

genetically or through inhibition, exhibit a serious defect in NETosis. Using high-resolution 

time-lapse microscopy of stimulated mouse neutrophils and human neutrophil-like cells to 

induce NETosis, we were able to show that distinct steps such as nuclear envelope rupture, 

as well as extracellular DNA release, required the enzymatic and nuclear localization 

activities of PAD4. Correspondingly, our lab has provided evidence that in patients with 

type 1 diabetes, mellitus increased NETosis is paralleled by elevated neutrophil PAD4 

protein expression, explaining their pro-NETotic phenotype (47, 48). Another important step 

necessary for neutrophils to undergo cell death with release of chromatin is gasdermin D 

dependent membrane pore assembly (49, 50). However, it appears that not all pathways of 

NET formation lead to neutrophil death and well-functioning cytoplasts (enucleated cells) 

were detected during an infection, capable of phagocytosis (51, 52).

Decorated with histones and cytoplasmic as well as granular proteins, NETs provide a 

large scaffold that is harmful to surrounding tissue and presents neoantigens thus inducing 

autoimmune disease. Recently we have shown that induction of NETs by G-CSF together 

with collagen injection initiated arthritis and joint erosion in a strain of mice, normally 

resistant to the disease (53). Within the blood vessel NETs, similar to VWF, offer a platform 

for platelet adhesion and coagulation initiation (Figure 1B). Active PAD4, released together 

with NETs, also mediates the citrullination of ADAMTS13, which inhibits VWF cleavage, 

thus permitting platelet strings to persist near the vessel wall in the presence of PAD4 (54) 

(Figure 1B).

Some neutrophils release fragments of inflammasome containing ASC (Apoptosis-

associated speck-like protein containing a CARD) entangled in NETs (46). Ingestion 

of inflammasome-debris is known to propagate inflammasome assembly in those cells, 

analogous to prion protein, thus enhancing IL-1β production and accelerating systemic 

inflammatory responses (55).

Fitting with the procoagulant role of NETs, studies have found TF-containing microparticles 

(MPs) deposited in NETs. These can be from multiple origins. Monocytes are the primary 

source of procoagulant MPs but MPs are also derived from other cells, including malignant 

cells (56). NETosis as well as NET-associated TF increase has recently been related to levels 

of systemic inflammation and IL-1β indicating a common regulating pathway (57). Finally, 

recent studies highlight that the activation of canonical and non-canonical inflammasomes 

triggers the release of TF from activated macrophages and monocytes (58).

Over the years, a large body of clinical and experimental evidence has implicated NETs in 

a variety of ischemia-induced and other thromboinflammatory diseases (3, 52, 59, 60). The 

inhibition of NET formation or their cleavage by DNases were proposed as new therapies 

similar to the cleavage of VWF by ADAMTS13 (49).
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The Inflammasome: One ring to rule them all.

Cellular interactions aside, the process of thrombinflammation is orchestrated by a 

complex interplay between the coagulation cascade, the complement system and cytokines 

primarily of the interleukin 1 (IL-1) family. Many of the involved regulatory proteins are 

synthesized as inactive precursors and require proteolytic processing to attain biological 

function. First described in 1991, caspase 1, the major intracellular protease implicated 

in processing of pro-IL-1β, was later found to be the work horse in the inflammasome 

(61, 62). Inflammasomes are a family of macromolecular ring-like multi-component 

protein structures that assemble upon activation in innate immune cells (63). Having been 

mainly studied in monocytes/macrophages, recent reports now also provide evidence for 

inflammasome assembly in neutrophils (Figure 1C and D). While neutrophils respond to 

the same stimuli as monocytes, they have been shown, in vitro, to not need LPS priming as 

opposed to monocytes, suggesting a faster responsiveness (46). This is consistent whith their 

role as the first line of host immune response.

Major stimulus of inflammasome assembly in sterile thromboinflammation are activated 

platelets (64) (Figure 1). However, there is a plethora of other intracellular and extracellular 

inducers acting on different activation pathways for which we refer the reader elsewhere 

(65). Nevertheless, the importance of the inflammasome for pro-IL-1β processing puts it 

in the center in the development of thromboinflammation promoting it as a good target to 

alter inflammatory pathways. The activated receptor NLR family pyrin domain containing 3 

(NLRP3) is the most studied inflammasome in IL-1β activation (66).

Once activated and released, IL-1β is the major pro-inflammatory cytokine driving the 

synthesis of endothelial adhesion molecules that recruit leukocytes such as E-selectin, 

intercellular adhesion molecule (ICAM)-1 and vascular cell adhesion molecule (VCAM)-1 

(67). Certain rare genetic diseases highlight the importance of the inflammasome in 

controlling the overwhelming proinflammatory potential of the released IL-1β. Cryopyrin-

associated periodic syndromes (CAPS) for example arise from gain-of-function mutations 

in the NLRP3 inflammasome. A specific anti-IL-1β antibody, canakinumab, has received 

approval as an orphan drug for treating these diseases. We are very excited about a recent 

report showing that in mice, a mutation only expressed in neutrophils, prediposing for 

inflammasome assembly, is sufficient to promote CAPS, prompting a prominent role of 

neutrophils in CAPS (68).

Our lab was recently able to detect ASC speck formation, which is accepted as 

readout for inflammasome activity, occurring before chromatin decondensation in murine 

neutrophils (48). Correspondingly, we have shown that NLRP3 deficiency drastically 

reduces NETosis by neutrophils stimulated in vitro and also causes significantly lower 

density of NETs in thrombi produced by a stenosis-induced mouse model of deep vein 

thrombosis (46). This is very exciting since it puts inflammasome upstream of yet another 

thromboinflammatory process: NETosis. To make things even more entangled, citrullination 

supports inflammasome assembly (69) and in neutrophils the citullinating enzyme is PAD4 

(46) (Figure 1C).
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We are convinced that the process of PAD4 mediated inflammasome assembly in neutrophils 

and subsequent NETosis are at the very center of pathological thromboinflammation. It links 

the immunological function of neutrophils with the activation of platelets and monocytes, 

thus producing a superior-platform for both thrombosis and inflammation. PAD4 is a 

promising target (45) to inhibit the thromboinflammatory process at a proximal point in 

a complex series of interconnected multi-cellular processes.

Thromboinflammation in Atherosclerosis and COVID-19

It stands to reason that the activating interplay of platelets with VWF, NETs and 

inflammasomes in thromboinflammation fuels disease pathology. Here we choose to discuss 

two different pathological processes in which thromboinflammation is increasingly thought 

to be implicated.

Atherosclerosis

Targeting inflammation in atherosclerosis, as proposed by Russell Ross (70), has become 

clinical reality in 2019 with the Canakinumab Anti-inflammatory Thrombosis Outcome 

Study (CANTOS), providing proof, that the inflammatory response is driving atherosclerosis 

development and progression (66, 71). CANTOS showed that administration of an anti-

IL-1β antibody to patients who were cardiovascularly stable after a myocardial infarction 

and treated according to current guidelines, reduced recurrent major adverse cardiovascular 

events. Unfortunately those results were dearly bought, as they were accompanied by a 

statistically significant increase in infections including some with fatal outcome (63). In the 

following, we wish to focus on how several key players of thromboinflammation already 

discussed in this review are linked to the process of atherogenesis and offer possible targets 

for therapy. Please refer elsewhere for general review on the condition (71, 72).

Similar to other thromboinflamatory diseases, in atherosclerosis, activated endothelium 

and platelets are key in the early stages of leukocyte recruitment (73). Platelets secrete 

chemokines (e.g. CCL5) and cytokines (IL-1β) that when deposited on the endothelium 

promote adhesion of monocytes and neutrophils (74). Both platelet and endothelial P-

selectin facilitate leukocyte adhesion and atherosclerotic lesion development (14). Soluble 

E-selectin also increases the risk for cardiovascular disease (75). A combined deficiency of 

both P- and E-selectin had the strongest negative impacts on lesion progression in mice (76).

Ultrasound molecular imaging has shown that an increase in VWF-mediated platelet 

adhesion to the endothelium occurs even prior to atherosclerotic plaque development (77) 

indicating that VWF may take part in the lesion initiation function of platelets. This 

observation may explain our surprising early observation in 2001, that in VWF-deficient 

mice compared to wild type controls, lesions not only formed later after start of the high 

fat diet, but formed outside of the usual atherosclerosis-susceptible locations (78). Perhaps 

under turbulent flow, where lesions preferably initiate, VWF is required to support the initial 

platelet adhesion that marks the site for monocyte recruitment. Also, the fatty streaks that 

finally formed in the VWF-deficient mice were smaller and contained fewer monocytes. 

This observation fits with the finding that endothelial and not platelet-derived VWF is 

important for atherosclerosis development in mice (79). In agreement with all animal disease 
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models in which VWF release plays a pathological role, ADAMTS13 deficiency has the 

opposite effect of VWF deficiency, for example, dramatically accelerating atherosclerotic 

lesion development (80, 81).

Similar to VWF in humans, high levels of sP-selectin in plasma correlate with 

cardiovascular disease severity (9). We produced knock-in mice with a deletion of the 

cytoplasmic domain that is necessary for P-selectin storage. The resulting mice had a high 

procoagulant state caused by excessive thrombin generation and were prone to develop 

atherosclerosis (10).

While monocytes, in this lipid-driven disease, are clearly most important in atherosclerosis, 

recent work provided genetic evidence for the involvement of neutrophil- derived NETs 

during a process resembling endothelial erosion in mice (71). PAD4 deficiency, which 

inhibits NETosis as well as the destruction of NETs by DNAse administration, reduced 

endothelial discontinuity and endothelial cell apoptosis in a mouse model (82). This 

treatment not only targeted the prothrombotic effects driven by NETs but also NET-

associated cytotoxicity. Amongst other implications, histone H4 in NETs has been recently 

shown to cause the death of intimal smooth muscle cells, accelerating atherosclerotic plaque 

destabilization (83). This could provide the answer regarding how acute infections, resulting 

in excessive NETosis, augment a pre-existing cardiovascular risk (71, 84, 85). Targeting 

NETs could be of value in secondary prevention therapy for plaque stability, for example in 

carotid disease and stable coronary artery disease (71).

There is a loop from PAD4 mediated inflammasome assembly and NETosis all the way 

to IL-1β activation, which further enhances NETosis and atherosclerosis (86) (Figure 

1C). Experimental evidence shows that cholesterol crystals activate NLRP3 inflammasome 

putting it directly onto the pathway of atherogenesis. Consequently, inhibition of NLRP3, or 

its genetic deletion, reduces atherosclerosis in mice (71, 87, 88). Since NLRP3-deficiency 

also reduces NETosis and the deposition of NETs in thrombi (46), PAD4 and/or NLRP3 

inhibition could be new targets to prevent atherothrombosis.

Thromboinflammation in COVID-19—In the wake of the COVID-19 pandemic and the 

serious coagulopathy often present in affected patients, thromboinflammation also gained 

momentum. In reminiscence of the very definition of thromboinflammation, COVID-19 

patients have been reported to frequently thrombose dialysis and ECMO circuits despite 

proper anticoagulation (89, 90). Endothelial dysfunction (91, 92) and thromboinflammation 

(60) have emerged early on as the key pathogenic mechanisms driving COVID-19 

pathology. Indeed, patients present with increased platelet activation and platelet-monocyte 

aggregate formation with a marked increase in monocyte TF expression (93). Nevertheless, 

antiplatelet therapy has proven ineffective in improving outcome in hospitalized patients 

(94, 95). This indicates that not platelet aggregation alone, but the interplay of platelets 

with different factors, including NETs, drives severe COVID-19. A COVID-19-specific 

coagulopathy is epitomized by elevated levels of fibrinogen, fibrin degradation product 

D-dimer and highly increased levels of VWF in the blood of patients (96, 97). Evidence 

suggests that increased endothelial cell activation, with the consecutive release of large VWF 

multimers, paired with COVID-19 related relative insufficient VWF cleavage either due to 
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ADAMTS13 consumption or disease pathophysiology, may account for increased platelet–

vessel wall VWF interactions underlying thrombotic microangiopathy (98). Hyperactivation 

of the complement and coagulation systems have been reported in COVID-19 (99, 100).

Due to its procoagulant activity, it is not surprising that sP-selectin has been found 

associated with disease severity in COVID-19 patients (101). However, in a placebo-

controlled, randomized trial of mild COVID-19 patients, testing the effect of a single dose of 

crizanlizumab, a P-selectin inhibitor, in COVID-19 showed no significant differences from 

placebo for clinical endpoints despite evidence of a decrease in thrombin activation as well 

as levels of sP-selectin (102). A larger trial with a higher number of doses is being planned.

In a similar way, NETs are also likely to be involved in thromboinflammation driving 

COVID-19 and the severe lung injury observed in this infection (103). Already in 2012 

our group and that of Mark Looney showed a pathological role for NETs in acute lung 

injury with NETs being deposited in the lungs of transfusion-related acute lung injury 

(TRALI) associated acute respiratory distress syndrome (ARDS) in mice and humans 

(104, 105). Correspondingly, NETs have also been identified in the lung parenchyma and 

alveolar space in autopsy case reports of COVID-19 patients (106). As part of a clinical 

trial on DNase 1 inhalation (NCT04402944) we studied freshly isolated neutrophils from 

severe COVID-19 patients. We found not only that they are highly poised for NETosis (40 

percent of nuclei were positive for citrullinated histone H3) but also 2% of neutrophils from 

blood or tracheal aspirate (i.e. from the lung) were forming inflammasome as detected by 

ASC speck assembly. The specks were seen adjacent to multilobulated neutrophil nuclei, 

before the typical nuclear rounding of NETosis (107). Thus, inflammasome assembly 

precedes NETosis in affected COVID-19 patients, labelling it a promising target for therapy. 

Although, in our study neutrophils and monocytes showed a similar rate of inflammasome 

positivity (2%), considering that there are 10 times as many neutrophils as monocytes 

in the bloodstream, the importance of IL-1β production by neutrophils could be grossly 

underestimated. The same autocrine IL-1β-feed-forward loop unleashed by inflammasome 

activation must contribute to the development of acute adult respiratory distress syndrome, 

cytokine storm, and microvascular thrombosis and can culminate in failure of multiple 

organs in severe COVID-19 cases.

Summary and future directions

It became evident that in disease, neither thrombosis nor inflammation occur in isolation. 

With more knowledge, vascular processes are revealing their complexity. Clot formation is 

no longer understood to contain solely cleaved fibrinogen with plasma proteins and the clot 

DNA content now has to be considered for clot lysis. Similarly, platelet plugs are far from 

being only platelets crosslinked by fibrinogen. Times change: many of us were surprised 

when mice lacking both fibrinogen and VWF were still able to produce thrombi after injury 

(108). Likewise, deep vein thrombosis has recently been discovered to require not only 

platelets and red blood cells, but also monocytes and neutrophils (109). In inflammation, 

the role of platelets and platelet derived factors was recognised early on, amongst others by 

Russell Ross, and platelet impact on inflammation continues to be supported by new studies. 
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The classical cellular players of inflammation fully intermingle with those of thrombosis, 

justifying the term thromboinflammation.

In this review, we chose to place neutrophils with their new-found ability for inflammasome 

assembly and NET-production in the center of thromboinflammation (Figure 1). With NETs 

being equally involved in thrombosis, as well as perpetuating the immune response and 

tissue injury, they certainly are in the middle of it all. NETosis activates platelets, releases 

toxic histones (110) and active enzymes, modifying thrombus stability (111). In a similar 

way, the assembly of the inflammasome paralleled by increased PAD4 activity leads to 

proinflammatory and prothrombotic cytokine release and activation of endothelium, thus 

further boosting leukocyte recruitment and inflammasome assembly in bystander cells. It 

is easy to imagine that PAD4 and inflammasome are promising points to target in anti-

thromboinflammatory therapy. However, many mechanistic unanswered questions remain. 

For example, what are the protein target(s) of PAD4 citrullination that are necessary for 

inflammasome assembly? Reciprocally, which are the intracellular substrates of caspase 

1, the enzyme produced by inflammasome, whose cleavage is necessary for NETosis to 

proceed? Understanding all of it will give us a better handle on how to tame the beast in the 

neutrophil.
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PSGL-1 P-selectin glycoprotein ligand 1

WPB Weibel-Palade body

EC Endothelial cell

sP-selectin Soluble P-selectin

TF Tissue factor

5-HT Serotonin

NET Neutrophil Extracellular Trap

ULVWF Ultra-large von Willebrand factor

PAD4 Protein arginine deiminase 4

MPs Microparticles

COVID-19 Coronavirus disease 2019
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Highlights

1. Platelets and P-selectin are Key players in Thromboinflammation

2. Vascular occlusion in thromboinflammation depends on the interaction of 

ULVWF with NETs.

3. The neutrophil, with its inflammasome and NETs, takes centre stage in 

pathologies involving thromboinflammation.
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Fig.1. Key mechanisms driving thromboinflammation.
Once activated, platelets (A) form heterotypic, activating complexes with neutrophils and 

monocytes. Translocated from platelet granules to the membrane, the adhesion molecule 

P-selectin pairs with PSGL-1 to reprogram cellular functions. The platelet-neutrophil 

interaction promotes extrusion of neutrophil extracellular traps (NETosis) (B). NET 

production, in many cases, is preceded by neutrophil inflammasome assembly (C). Both 

the activation of the inflammasome in the cytoplasm as well as the citrullination of 

histones in the nucleus are promoted by PAD4, and required for NETosis. Thrombin 

generation, localized on the surface of activated platelets or other stimuli produced by 

the inflammatory process itself, lead to the activation of endothelial cells and rapid 

secretion of VWF from Weibel-Palade bodies. Once released VWF self-associates into 

long strands and exerts multiple prothrombotic effects forming a scaffold attaching NETs 

to the vessel wall (B). PAD4 released with NETs (B) inhibits ADAMTS13 activity to 

cleave VWF and platelet strings persist at the vessel wall. The VWF-DNA scaffold recruits 

and activates more platelets and innate immune cells. Histones, as well as cytoplasmic 

and granular proteins entangled in NETs, have pleiotropic effects fueling pathological 

responses. Platelet-monocytes binding also induces inflammasome activation in monocytes 

(D). The inflammasome, through generation of active caspase 1, causes the release of 

the important vascular effector cytokine, IL-1β. IL-1β in turn supports the endothelial 

expression of adhesion molecules such as E-selectin, propelling leukocyte recruitment. 

The interplay of platelets with immune cells can, partly through IL-1β production, 

present an autocrine feedback loop, which can snowball into a cytokine storm. Activated 
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platelets also stimulate tissue factor synthesis and its release in vesicles from monocytes 

(D). This facilitates thrombin generation, fueling a systemic procoagulant state and with 

further platelet activation, systemically releasing VWF, cumulates in the vicious cycle 

of thromboinflammation. Inhibition (⊥) of PAD4, P-selectin/PSGL-1, inflammasome or 

providing additional ADAMTS13 could potentially disrupt this process.
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