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Abstract

:

Thrombosis is one of the major causes of mortality worldwide. Notably, it is not only implicated in cardiovascular diseases, such as myocardial infarction (MI), stroke, and pulmonary embolism (PE), but also in cancers. Understanding the cellular and molecular mechanisms involved in platelet thrombus formation is a major challenge for scientists today. For this purpose, new imaging technologies (such as confocal intravital microscopy, electron microscopy, holotomography, etc.) coupled with animal models of thrombosis (mouse, rat, rabbit, etc.) allow a better overview of this complex physiopathological process. Each of the cellular components is known to participate, including the subendothelial matrix, the endothelium, platelets, circulating cells, and, notably, neutrophils. Initially known as immune cells, neutrophils have been considered to be part of the landscape of thrombosis for more than a decade. They participate in this biological process through their expression of tissue factor (TF) and protein disulfide isomerase (PDI). Moreover, highly activated neutrophils are described as being able to release their DNA and thus form chromatin networks known as “neutrophil extracellular traps” (NETs). Initially, described as “dead sacrifices for a good cause” that prevent the dissemination of bacteria in the body, NETs have also been studied in several human pathologies, such as cardiovascular and respiratory diseases. Many articles suggest that they are involved in platelet thrombus formation and the activation of the coagulation cascade. This review presents the models of thrombosis in which neutrophils and NETs are involved and describes their mechanisms of action. We have even highlighted the medical diagnostic advances related to this research.
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1. Introduction


Hemostasis is a physiological process of host defense that acts to stop bleeding in case of injury to keep the blood flow contained and under pressure. The cellular and molecular phenomenon associated with hemostasis is coagulation. Thrombosis is the pathological process that results from hemostasis [1]. It is associated with many pathologies, such as myocardial infarction, stroke, pulmonary and cerebral embolism, phlebitis of the lower limbs, and thrombosis associated with cancer. It is therefore one of the major causes of death in the world. Thrombus formation can be triggered by different mechanisms, mainly involving the subendothelium, endothelium, platelets, neutrophils [2] and, more recently, neutrophils extracellular traps (NETs) [3].



Neutrophils are a subpopulation of leukocytes known to play a major role in initial immunity [4]. Indeed, neutrophils are the first cells to migrate to the site of infection, or at least of recognized danger, by the organism [5]. Neutrophils have several defense mechanisms. The best-known mechanism, which is shared with monocytes, is phagocytosis. Phagocytosis is a biological process in which, once the neutrophil has recognized, for example, a bacterium, it engulfs, digests, and destroys the bacterium; these actions are driven by the bactericidal proteins contained within its granules. The second mechanism is simply degranulation, i.e., the secretion of proteins. Once activated by the recognition of a danger, the neutrophil is able to degranulate, i.e., to release its surface molecular components initially contained in its granules. Some of these molecular components, such as neutrophil elastase, cathepsin G, and myeloperoxidase, have bactericidal and toxic properties. Finally, the last and most recent mechanism described is the production of NETs [3]. In the case of excess stimulation, neutrophils undergo important intracellular changes. They mix their deoxyribonucleic acid (DNA) with their granular content and expel this ensemble into the extracellular environment. This chromatin decorated with neutrophilic serine proteases then serves as an adhesive support with the aim of trapping bacteria and thus limiting their dissemination in the body [6].



In 2012 [7], our team showed that following laser beam injury, neutrophils were the first cells present at the site of thrombosis, even before platelets. Activated neutrophils express tissue factor (TF) on their surface and generate the production of thrombin. Thrombin then activates platelets, which form platelet thrombi and generate fibrin. In this model, the procoagulant activity appears to come from the presence of TF on the surface of neutrophils. Several publications, such as von Bruhl et al. [8], Brill et al. [9], and Fuchs et al. [10], have confirmed the role of neutrophils in thrombus formation and the activation of the coagulation cascade in other thrombosis models, including the deep vein thrombosis (DVT) model.



Moreover, Bassuk et al. demonstrated by immunofluorescence and western blot that the expression of protein disulfide isomerase (PDI) is critical for the activation of tissue factor in neutrophils, which confers double procoagulant activity [11]. The authors added that by using RNA hybridization and Northern blot experiments, they found that neutrophils were able to code directly for the PDI gene. Thus, neutrophils play an important role in the activation of the coagulation system in this model.



Finally, serine proteases in neutrophils are thought to have the ability to hydrolyze the tissue factor pathway inhibitor molecule (TFPI), and thus inhibit the extrinsic pathway of activation of the coagulation cascade [12]. The mechanism proposed by the authors is that: (1) TFPI circulating and/or released by cellular actors, such as the endothelium and platelets, is recruited to the site of injury and then (2) incorporated into the forming thrombus, where (3) its degradation by serine proteases from the neutrophils present can take place. In vivo, the predominant beta isoform of TFPI would probably be degraded.



Neutrophils can also activate the coagulation cascade through the production of NETs. NETs are filamentous structures consisting of DNA and serine proteases formerly contained in the numerous granules of neutrophils. They are released following the strong activation of neutrophils. NETs were first described by Brinkman et al. in 2004 following a Staphylococcus aureus infection [6]. Other bacterial stimuli (Streptococcus pneumoniae [13], Escherichia coli [14], etc.) or chemical agonists (calcium ionophore A23187, phorbol myristate acetate (PMA) [15], etc.) are also able to induce NETs formation (NETosis) in vitro. NETosis is described through several steps: (1) the hyperactivation of neutrophils; (2) the clustering of nuclear content with granular content; (3) the decondensation of chromatin and rupture of the nuclear membrane; and finally, (4) the rupture of the plasma membrane and the release of NETs [3]. The NETosis phenomenon thus described has since been extensively studied in humans, animal models, and numerous pathologies. Indeed, in addition to microbial control, NETs have been described as involved not only in cancers but also in various inflammatory phenomena, such as lung damage, or in certain autoimmune diseases, such as vasculitis. Among other pathologies, cardiovascular diseases and the thrombosis phenomenon often associated with them have also raised questions among scientists. Recently, the involvement of NETs has been described in thrombosis. In vivo studies show that in mouse models of DVT, “specific” markers of NETs are present in thrombi, including extracellular DNA, myeloperoxidase (MPO), citrullinated histones H3 (CitH3) and H2, and neutrophil elastase (NE) [10].



Thus, according to the literature, neutrophils and NETs may be important cellular and molecular actors involved in the activation of the coagulation cascade leading to the generation of a stable platelet thrombus.



Many methods are commonly used to experimentally initiate thrombosis for in vivo animal models. All of these models are used to better understand the cellular and molecular mechanisms involved in the pathogenesis of thrombus formation. Some types of injury are known to induce thrombosis after denudation of the endothelium, a mechanism notably found in atherosclerotic plaque rupture and aneurysms. Other models preserve the integrity of the endothelium and activate it. This mechanism is present in human pathologies such as lower limb phlebitis and cancer-associated thrombosis, and in immunothrombotic diseases, including infections.



The study of these numerous pathophysiological mechanisms allows the development of new therapeutic strategies to fight cardiovascular mortality worldwide.




2. Neutrophils


Neutrophils are blood cells belonging to the white lineage. They are granulocyte-like leukocytes that play a major role in immunity, and represent the most abundant population of immune cells in human blood. Neutrophils are the first cells or effectors recruited to the inflammation site and thus represent the first line of host defense. Neutrophils act through several mechanisms to fight potential infections: (1) phagocytosis; (2) the secretion of granules containing cytokines, chemokines, and anti-inflammatory molecules; (3) the generation of reactive oxygen species (ROS); and, finally, (4) the formation of neutrophil extracellular traps (NETs).



Initially, neutrophils are formed in the bone marrow and remain there for approximately five to seven days. In the case of infection, neutrophils migrate to the infected target organ and act as immune cells. However, in the absence of infection, neutrophils are released from the bone marrow into the general blood circulation, where they patrol for six to nine hours and then migrate to the liver and spleen for elimination [4].



Neutrophils are cells with a polylobed nucleus segmented into two to five lobes with dense chromatin. The cytoplasm is clear and has numerous granules. They are cells of approximately fifteen microns in humans and seven microns in mice [16]. Upon activation and depending on the stimulus, the neutrophil releases its granular content with, in this order: (1) secretory granules containing receptors for several interleukins (IL 1, 4, 6, 10, 13, 17, and 18), interferons, and complement (C1qR); (2) tertiary gelatinase-rich, argininase-1, and cytochrome b558; (3) secondary or “specific” releasing receptors for urokinase (uPAR), tumor necrosis factor (TNF-R), and fibronectin (fibronectin-R); and, finally, (4) primary or “azurophilic” containing serine proteases such as neutrophil elastase (NE), myeloperoxidase (MPO), and cathepsin G [17,18].



For several years, neutrophils have been of great interest in human pathologies [19] other than infectious ones. They are involved in chronic inflammatory diseases (systemic lupus erythematosus, psoriasis, rheumatoid arthritis), cancers (leukemia, lung and pancreatic ductal adenocarcinoma, head/neck and colorectal cancer, hepatocellular carcinoma), and thrombotic cardiovascular diseases (acute stroke, myocardial infarction, lower limb phlebitis).



Neutrophils, similar to macrophages, are a heterogeneous cell population divided into several subpopulations. Two subpopulations tend to be known: a so-called “normal” subpopulation, also named N1 or normal density neutrophils (NDN), which is in the majority, and a N2 or low-density neutrophils (LDN) subpopulation in the minority. The existence of these two subpopulations of neutrophils has been described in cancer, where the N2 or LDN subpopulation of neutrophils becomes the majority and presents properties that promote tumor growth and metastatic dissemination [20].




3. Neutrophils Extracellular Traps (NETs)


NETs are DNA fibers expelled by neutrophils that have undergone strong activation. They were first described in 2004 by Brinkman and colleagues following an incubation of neutrophils with a bacterial pathogen such as Staphylococcus aureus [6].



The process leading to the formation of NETs is called NETosis and is described as a four-step biological phenomenon beginning with (1) a strong activation of neutrophils, leading to (2) the translocation of granular content to nuclear content, followed by (3) DNA decondensation and membrane disruption, and finally to (4) the expulsion of DNA fibers into the extracellular environment [3]. The mechanisms of NETs formation involve NADPH oxidase, ROS generation, require the key enzyme peptidyl arginine deaminase (PAD4 4) responsible of the histone citrullination [21].



The primary role of NETs is immune. Like neutrophils, NETs act as barriers to pathogens and are therefore part of the body’s defense system par excellence. It was described that the DNA fibers that make up NETs are highly adhesive and carry bactericidal molecules such as lactoferrin, LL37 peptide, and proteinase 3, thus limiting the dissemination of pathogens in the body and ensuring their death/destruction [22].



In vitro, several agonists can be used to induce NETosis. Classically, PMA, calcium ionophore, LPS, and many bacteria (Streptococcus pneumoniae, Streptococcus pyogenes, Staphylococcus aureus, Escherichia coli, Salmonella typhimurium, or Shigella flexnerii) can form NETs from purified quiescent neutrophils within 30 min to several hours (3–4 h). The concentration of agonists used and the number of neutrophils undergoing activation are two parameters that affect the time required for NET formation [23].



Morphologically, electron microscopy experiments in particular allow the characterization of neutrophils entering in NETosis with disrupted nuclear and plasma membranes, a clear cytoplasm with granules approaching the center of the cell close to the nucleus and finally extracellular DNA fibers [24].



Regarding the protein profile of these structures, both in vitro [24] and in vivo [8] studies show that NETs express several proteins originally contained in neutrophilic granules such as serine proteases NE, MPO, and cathepsin G. In an original way, NETs show a significant citrullination of its histones (2, 3, and 4). CitH3 was used as a NETs reference marker.



Like neutrophils and since their discovery, NETs have been of great interest in the understanding of human pathologies. Considered beneficial during infection, NETs can unfortunately have harmful consequences for the organism and thus participate in the pathogenesis of several human diseases. These include autoimmune and inflammatory diseases such as systemic lupus erythematous (SLE), rheumatoid polyarthritis and cardiovascular diseases such as acute stroke or myocardial infarction.




4. Models of Thrombosis


4.1. Animal Models


Animal models are used to study the mechanisms of thrombosis. Many models have been developed and vary according to the species and vascular area targeted. This paragraph summarizes these different models.



As shown in Table 1, the main species used to study thrombosis are zebrafish [25,26,27], mice [8,28,29,30,31,32,33], rats [34,35], rabbit [36,37,38] hamsters [39,40], guinea pigs [41,42], pigs [43,44,45], dogs [46,47,48], and baboons [9,49,50]. Of course, the mouse remains the reference animal model in the study of cardiovascular disease for several reasons: (1) it is a mammalian species with many physiological similarities to humans, (2) it is economical to house, (3) it is easy to manipulate, and (4) its genome is easily modifiable, allowing the creation of numerous transgenic lines [25].



Severe human diseases have pushed us to extend the scope of scientific study, which is why many arterial and venous thrombosis models have been developed. In Table 1, you can see the many vascular areas studied in animal models. Venous thrombosis is a biological phenomenon that is widely studied by scientists. Many pathologies are associated with it, which is why it has been studied in many vascular areas. Among the best characterized veins, we found the inferior vena cava [8,9,43], jugular vein [38,46], and femoral vein [8,35,41]. For arterial thrombosis, the most studied vessel is the carotid artery [29,32], although the mesenteric [28,31] and cremasteric [28] arterioles are sometimes used.




4.2. Experimental In Vivo Thrombosis Models


Animal models of thrombosis are valuable tools in understanding the cellular and molecular mechanisms involved in the pathogenesis of thrombus formation. Many methods are commonly used to experimentally initiate thrombosis using in vivo animal models. The associated mechanisms are varied and complex depending on the injury induced. Photochemical thrombosis with rose bengal and ferric chloride (FeCl3) injury are known and reputed models to induce thrombosis after denudation of the endothelium. This step is notably present in the biological process of atherosclerotic plaque rupture involved/present in several human diseases. Other models, such as the laser thrombosis model and the deep vein thrombosis (DVT) model, maintain the integrity of the vascular endothelium and activate it. There are also so-called “spontaneous” thrombosis models. These models consist of the use of animals genetically modified for the proteins involved in coagulation. In particular, we found in the literature mouse lines with modifications of the sequences coding for tissue factor pathway inhibitor (TFPI), antithrombin (AT), protein C (PC), and its entire signaling pathway, including thrombomodulin (TM), endothelial protein C receptor (EPCR), Factor XIII [51] and Factor V (or Factor V Leiden, FVL) [52].



Together, these models give us a better overview and a broad and rich repertoire of knowledge about the phenomenon of thrombosis. The models listed below are among the most well-known and mastered in the scientific world, putting forward a mechanism dependent on neutrophils and/or NETs.





5. Models of Thrombosis by Endothelium Denudation


Numerous models are described in the literature as inducing thrombosis by a mechanism of denudation of the endothelium. These are notably found in several human pathologies, such as atherosclerotic plaque ruptures and aneurysm ruptures. A better understanding of this frequent biological/pathological phenomenon is crucial to improve future therapeutic targets, and animal models are precious tools in this field. Models inducing thrombosis by denudation of the endothelium are studied below:



5.1. The Ferric Chloride (FeCl3) Chemical Thrombosis Model


The FeCl3 thrombosis model (Figure 1) is a chemical thrombosis model that consists of the impregnation of FeCl3 on the vessel of interest. FeCl3 is initially soaked onto Whatman paper, which is then deposited on the area of interest of thrombosis. Thrombus formation in this model is dependent on the release of ROS from the secreted endothelium following significant oxidative stress that can induce endothelial cell death and exposure of subendothelial collagen [53]. The FeCl3 thrombosis model is a well-known model but is criticized by scientists because of the large number of parameters to be defined [54]. Indeed, this model can be performed on microvessels [28] (arterioles and venules of the mesentery, cremaster) and on macrovessels [55,56] (the carotid artery). Additionally, a few labs reported the use of a skinfold chamber to study thrombosis and thrombolysis following a FeCl3 or a photochemical injury [32,57]. The FeCl3 molecule to be chosen (anhydrous or aqueous), as well as its concentration (from 2.5 to 50%, the most common being 10%), can vary the results thus obtained following this surgery. Finally, the time of application (from one to five min) on the vessel of interest is a parameter to be studied. The frequently used animal models are rats, mice, and rabbits. All of these criteria and parameters make the FeCl3 thrombosis model difficult to standardize. Indeed, this model presents controversial mechanics with either denudation of the endothelium [28,58] or conservation of the integrity of endothelial cells [55,56]. In the case where injury induces denudation, the model would involve numerous pro-coagulant molecules contained in the subendothelial matrix, such as collagen, its receptor GPVI, and fibronectin, thus leading to the formation of an occlusive thrombus. Authors have revealed a positive correlation between the concentration of FeCl3 and the size of the thrombus. The higher the concentration, the larger and more occlusive the thrombus. In the case where injury does not induce exposure of the subendothelial matrix, the FeCl3 model is shown to be dependent on von Willebrand factor (VWF) [56].



Indeed, the use of VWF-deficient mice resulted in a 50% reduction in thrombus size in the carotid artery following FeCl3 impregnation [56]. Regarding the activation of the coagulation cascade and the generation of fibrin, this chemical model of thrombosis is known to be dependent on two pathways: extrinsic involving tissue factor [56] and intrinsic with fXII [49]. Interestingly, this model highlights the involvement of red blood cells in thrombosis. Indeed, erythrocytes, which are rarely described in the world of thrombosis, are used in this model as a mediator of platelet adhesion to the endothelium [55]. Other cellular components, such as platelets, have been studied. It appears that a platelet activation gradient exists in thrombi formed by FeCl3, dividing the platelets into two subpopulations: an activated population, known as procoagulant and degranulated, and a nonactivated population containing granules [59]. In this model, neutrophils have also been described as involved in thrombus formation and in the activation of the coagulation cascade in vivo.



In 2010, Massberg et al. used a carotid artery FeCl3 model in mice deficient in neutrophil elastase (NE) and cathepsin G (named Elane−/−; Ctsg−/−) compared to wild-type (WT) control mice to show that the activation of the coagulation cascade is altered in mice deficient in these two serine proteases from neutrophils [12]. Indeed, some parameters, such as thrombus size (−75%), bleeding time (−65%), and fibrin generation (−60%), were significantly reduced in Elane−/−; Ctsg−/− mice compared to control mice. A partial KO mouse model, i.e., NE deficient but with normal cathepsin G expression, revealed a decrease in fibrin generation similar to Elane−/−; Ctsg−/− mice, thus suggesting that intravascular fibrin formation is predominantly related to NE. In 2013, Faraday et al. showed the involvement of neutrophil-derived cathepsin G in platelet thrombus formation following FeCl3 injury to the mouse mesenteric arterial microcirculation [60]. After indirectly showing in vitro in human PRP that cathepsin G promoted platelet aggregation by using an inhibitor (cathepsin G inhibitor I), the authors continued their in vivo study in mice. Injection of cathepsin G inhibitor I or the use of cathepsin G-deficient mice decreases the capacity of platelets to accumulate at the site of injury and therefore significantly increases the time of thrombus formation (occlusion time twice as long compared to control mice). Leal et al. in 2017 also discussed the involvement of NETs in a FeCl3 model associated with an orthotopic mouse breast cancer model [61]. Indeed, immunohistochemical sections of induced thrombi in carotid arteries revealed the presence of Ly6G+ cells colocalizing with extracellular DNA labeling, strongly suggesting the involvement of NETs in this model of thrombosis.




5.2. The Rose Bengal Photochemical Thrombosis Model


The rose bengal thrombosis model (Figure 2) is a two-step thrombosis model. It consists of intravenous injection into the systemic circulation of the photosensitive chemical compound rose bengal, followed by irradiation of the area of interest with a laser at 543 nm wavelength. Photoactivation of the rose bengal compound by the laser results in the generation of ROS, which induces peroxidative chemical damage in the endothelial membrane [62]. These ROS are the initial stimuli involved in platelet activation and thrombus formation in this model [63]. Thrombus formation in this model is followed from a few hours to several days, with a plateau reached after Day 21. Similar to chemical thrombosis with FeCl3, photochemical thrombosis with rose bengal is known but little used in the scientific community because of its reproducibility problems. Indeed, the concentration of rose bengal used (from 10 to 50 mg/kg, the most common being 50 mg/kg), the type of injection (bolus and/or infusion), the choice of laser and its duration (between 20 to 40 sec or even continuous) and its intensity are among the many parameters to be established before performing the experiments [54]. This model can be applied to several vascular beds, notably the carotid artery [64], femoral artery [65], and arterioles of the mesentery [63], and can be performed in several animal models, such as zebrafish [66], guinea pigs, and mice [27,62,63]. Perez et al. showed, in 2014, that thrombus size and percentage of occlusion were related to the concentration of rose bengal administered to the mouse [63]. Indeed, by studying four different concentrations (5, 10, 25, and 50 mg/kg), the authors highlighted thrombotic events from the administration of 25 mg/kg rose bengal and a reduced occlusion time to 30 min for the concentration at 50 mg/kg. Thrombus formation in this model is dependent on integrin α2β1 and the collagen receptor GPVI [67]. In 2008, a team of researchers concluded that platelets were not required for cerebral infarct formation in mice following rose bengal photothrombosis [68]. Indeed, using antibodies blocking platelet aggregation functions (JON/A) or antibodies allowing platelet depletion (GPIb), the authors revealed no changes in infarct size or in the kinetics of infarct development compared with control mice. In addition, experiments using FXII-deficient mice and FXa blocking molecules (a low molecular weight heparin, fraxiparin) revealed that activation of the coagulation cascade was independent of the intrinsic pathway in this model. In addition, another team using TF−/− mice revealed that the main source of TF in this model is derived from vascular endothelial cells and not from leukocytes or leukocyte microparticles, as shown by many other teams [69].



Among the cellular actors studied in this photochemical model, neutrophils and particularly NETs are strongly involved in platelet thrombus formation. In 2005, Shimazawa et al. showed an accumulation of leukocytes and, more particularly, neutrophils on the injured endothelium following photochemical thrombosis in rose bengal [70]. Moreover, from three days after induction of injury, these neutrophils, in addition to being adhered to the extracellular matrix, interact with platelets, suggesting a potential role in thrombus formation in vivo.



Regarding NETs, in 2017 Monteiro’s team showed the involvement of NETs in the rose bengal model of thrombosis to better characterize the cellular phenomena of cancer-associated thrombosis [61]. The authors demonstrated in an orthotopic mouse breast cancer model that treatment with Deoxyribonuclease I (DNAse I) prior to the induction of photochemical thrombosis significantly reduced the occlusion time compared to control mice also treated with DNAse I. This suggests the involvement of NETs in cancer-related thrombosis in this model.





6. Models of Thrombosis by Endothelium Activation


In addition to thrombosis models generated by denudation of the endothelium, innovative techniques have made it possible to develop new thrombosis models by activating endothelial cells. These new models allow the study of a larger number of human pathologies in which the mechanisms are not yet elucidated, such as phlebitis of the lower limbs and thrombosis associated with cancer. The models commonly known to induce thrombosis by activation of endothelial cells are listed below.



6.1. The Ablative Laser Thrombosis Model


The ablative laser thrombosis model (Figure 3) was developed by Bruce and Barbara Furie [71]. It is a well-known model, but is considered delicate by scientists [54]. It consists of a 440 nm nitrogen laser injury (170 J shot) on the arterial endothelium of the mouse cremaster microcirculation. Classically, one to two pulses are necessary to form a thrombus. The advantages of this thrombosis model are numerous: (1) the ability to monitor thrombus formation in time and space, (2) the ability to generate multiple thrombi in the same animal, (3) the ability to follow the kinetics of thrombus formation in vivo, and (4) the ability to quantify several thrombosis parameters simultaneously [72]. The use of a calcium mobilization reporter compound, Fluo-4-AM, demonstrates that laser injury induces rapid activation of targeted endothelial cells [73]. This activation also generates degranulation of the endothelium expressing the molecules Lysosomal-Associated membrane protein-1 (LAMP-1) [73], PDI [74], and ERp5 [75] on its surface. The endothelium is a key player in this model of thrombosis, with the exception of the subendothelial matrix and its pro-thrombotic components. Indeed, Dubois et al. demonstrated in 2006 and 2007 that the mechanics associated with the laser thrombosis model are independent of the subendothelial matrix (collagen, VWF), notably by using GPVI deficient mice [28] and VWF−/−KO mice [76]. This model usually induces small or even intermediate but nonocclusive thrombi. Thrombus formation is a rapid process in this model: the thrombus peaks in size approximately 2 min after injury and then decreases until it disappears completely [28,76].



Further studies on the activation of the coagulation cascade and the generation of fibrin have revealed that circulating tissue factor is involved, or, more precisely, tissue factor carried by microparticles [77,78]. Platelets are slightly more reserved in this model. Indeed, two studies have shown a rather passive and inhibitory involvement of platelets in fibrin generation. Vandendries et al., using protease-activated receptor 4-deficient mice (PAR4−/−), i.e., mice with a deficiency in the thrombin receptor on their platelets, revealed unchanged fibrin generation compared with control individuals [79]. Falati et al. demonstrated that the adhesion molecule Platelets Endothelial Cell Adhesion Molecule-1 (PECAM-1) present on the surface of platelets would have an inhibitory effect on thrombus formation [30]. In addition to the main effectors known in the world of thrombosis, such as platelets and the endothelium, neutrophils have been described as strongly involved in this model of laser thrombosis.



Darbousset et al. in 2012 showed that neutrophils are the first cells present at the injury site, arriving before platelets [7]. The neutrophil–endothelial cell interaction is therefore the first step in arterial thrombus formation in this model. Intravital microscopy experiments in mice revealed that this interaction is dependent on the IntraCellular Adhesion Molecule-1 (ICAM-1)/Lymphocyte Function Associated antigen-1 (LFA-1) ligand–receptor system and that depletion of platelets from animals by intravenous injection of R300 did not affect neutrophil accumulation. In addition, the use of a calcium mobilization reporter compound, Fluo-4-AM, revealed that neutrophils accumulated at the site of endothelial injury were activated. They release granular contents such as serine protease NE [24] by exocytosis and express tissue factor on their surface either by de novo production or by acquisition via monocytes or TF+ microparticles. The procoagulant TF+ activity of these neutrophils is still under debate. However, when neutrophil–endothelial cell interaction is no longer allowed using an ICAM-1 blocking antibody, tissue factor accumulation is strongly decreased, suggesting that neutrophils would be the main source of TF in the laser thrombosis model. The authors also showed the importance of adenosine triphosphate (ATP), which plays an indispensable role in the recruitment and activation of neutrophils in the vascular endothelium, and the activated endothelium is a potential physiological source of ATP [2]. Finally, in 2021, our team demonstrated the involvement of NETs in this laser thrombosis model [24]. Indeed, intravital microscopy experiments showed that the injection of DNAse I (Figure 4), as well as the injection of apyrase, a known ATPase, into the general circulation of WT mice induced a strong decrease in the size of the thrombus after laser beam injury, thus suggesting a possible involvement of NETs in this model. Thrombi formed in WT mice were analyzed by electron microscopy, and the images revealed the presence of platelets and neutrophils within the thrombus. No NETs were formed. In vitro experiments demonstrated that DNAse I has the ability to hydrolyze molecules with phosphodiester bonds present in DNA but also in molecules such as adenosine triphosphate (ATP) and adenosine diphosphate (ADP), which are two known agonists of neutrophils and platelets. In this article, we also underlined the difficulty of demonstrating the presence of NETs without specific markers. Indeed, the markers classically used in the scientific community seem to be markers of activated neutrophils (CitH3, NE) rather than NETs. This is a real problem and can sometimes lead to premature and unreliable conclusions.




6.2. The Vena Cava Ligation Model (DVT)


The deep vein thrombosis (DVT, Figure 5) model was mainly developed by Professor Denisa Wagner in the United States (Boston). Classically, this model consists of partial (stenosis) or total (stasis) ligation of the inferior vena cava (IVC) in mice [80] for a few hours (one to 48 h) to a few days (one to 16 days) [81]. The turbulence of blood flow due to ligation leads to endothelial dysfunction. Indeed, the stasis induced in the vicinity of the ligation leads to hypoxia, which in turn contributes to the local activation of endothelial cells and venous thrombogenesis [3]. The composition of the thrombus thus formed has been well described in the literature, with a “red” thrombus rich in erythrocytes located proximal to the ligation and a “white” thrombus rich in platelets located more distal to the ligation [80]. Circulating cells involved in thrombus formation, such as platelets, leukocytes, and red blood cells, interact with an intact endothelium: denudation of the endothelium and exposure of the subendothelial matrix have never been described in this model, thus conferring a collagen-independent but tissue factor-dependent mechanism [8]. Furthermore, it appears that platelet thrombus formation in this model is dependent on von Willebrand factor secreted by Weibel–Palade bodies of the endothelium locally activated by ligation [80]. In addition, another study showed a positive regulation of venous thrombogenicity by P-selectin and a negative regulation of leukocyte-derived microparticles [82]. Using animal models, the authors determined that the overexpression of P-selectin was associated with a high risk of venous thrombosis and that leukocyte microparticles amplified the phenomenon of venous thrombosis by their expression of tissue factor. Surprisingly, a recent article by DeRoo et al. demonstrated that platelets are not essential for thrombus formation in the DVT model [81]. Indeed, platelet depletion induced by the injection of R300 (a cocktail of antibodies containing an anti-GPIb) in mice with inferior vena cava ligation does not generate a decrease in either the size or the volume of the thrombus thus formed. Among the components of these thrombi, Fuchs et al. described that extracellular DNA was present within the thrombi formed by DVT, which was revealed from immunohistochemistry sections [10]. The study of the composition of these thrombi is still ongoing and aimed at the development of new therapeutic strategies to combat deep vein thrombosis in humans. In 2012, Von Bruhl et al. studied the involvement of monocytes, platelets, and neutrophils in platelet thrombus formation in this model [8]. Indeed, the authors demonstrated that leukocytes were the majority cell population present in thrombi from inferior vena cava ligation for 48 h. More than 70% of these leukocytes expressed a double Ly6G+ MPO+ label, suggesting the presence of neutrophils. The total depletion of neutrophils by injection of the Ly6G antibody at high concentrations inhibits experimental thrombosis by ligation of the inferior vena cava, thus suggesting the importance of this cellular actor in thrombus formation. By using genetically modified LysM-eGFP mice with Ly6G labeling, the authors showed that neutrophils represented more than 80% of the cells recruited six hours after ligation, i.e., in the early phase of venous thrombus formation. Monocytes, Ly6G- F4/80+ cells, represent the remaining leukocyte population. In the same year, Brill et al., using staining on frozen thrombi sections, localized activated neutrophils in the “red” part of the thrombus by a double-positive Gr-1/CitH3 marker, thus making activated neutrophils the pioneer cell initiating thrombosis in the DVT model [9]. The use of a mouse model depleted in TF in neutrophils and monocytes allowed the authors to show that these two leukocyte populations express tissue factor required for the development of venous thrombosis in this model. In 2013, Martinod et al. described that a modification of neutrophil histones was essential for neutrophil activation and amplification of the thrombotic phenomenon associated with DVT [83]. Indeed, PADI4−/− mice, which are deficient in the enzyme peptidylarginine deiminase 4 (PAD4), responsible for chromatin decondensation and histone citrullination, are protected from thrombotic events in large veins such as the inferior vena cava. These experiments make activated neutrophils essential for platelet thrombi formation in the DVT model.



Finally, neutrophils fuel venous thrombogenesis by releasing NETs. The article by Professor Denis Wagner showed in 2012 that in vivo, after three hours of blood flow restriction by ligation of the inferior vena cava, immunofluorescence of thrombi revealed extracellular DNA close to Ly6G+ MPO+ NE+ cells, thus suggesting that this DNA belongs to neutrophils. Interestingly, these markers disappear upon neutrophil depletion in mice, indicating that neutrophils are the major source of NETs during the development of DVT. Similar to neutrophils, NETs are decorated with TF and PDI, making this structure a prothrombotic surface. Confocal microscopy experiments revealed that NETs were able to bind FXII to their surface and to serve, thanks to the negative charges provided by the DNA, as a carrier for its activation (FXIIa). Venous thrombus formation is indeed significantly reduced in FXII-deficient mice and mice treated with a FXII-inhibiting compound, thus demonstrating the FXII-dependent profile of this model [8]. In 2010, Fuchs et al. used a baboon iliac vein DVT model to show that NETs support platelet adhesion and fibrin generation in a thrombin-dependent manner. Indeed, NETs are able to bind plasma proteins, such as VWF, fibronectin, and fibrinogen, which are important for thrombus stability [10]. Very interestingly, in 2013, Martinod et al. showed that NET formation in the DVT model was PAD4-dependent but NE-independent [84]. Indeed, using NE-deficient mice, the authors still revealed the presence of NETs in thrombi formed following inferior vena cava ligation in these mice. The mechanism associated with NETosis in thrombosis remains to be clarified. What has been reported in the literature is that NETosis in the DVT model is dependent on soluble P-selectin found in plasma or that contributed by platelets. To define NETs as an essential component of DVT, the use of DNAse I, an enzyme known to hydrolyze phosphodiester bonds contained in DNA, is often applied. In their 2012 paper [8], Professor Wagner’s team administered DNAse I to mice undergoing partial inferior vena cava ligation surgery. After 48 h, smaller, lighter thrombi were revealed, with disappearance of double-positive filamentous structures for DNA and neutrophil markers. These experiments thus underscored the importance of NETs in deep venous thrombosis.





7. Clinical Relevance


Since the discovery of NETs, their detection has posed a real challenge. As previously mentioned, the classical markers used are the citrullination of histone H3 by the enzyme PAD4, the overexpression of NE and MPO, and DNA secretion in the extracellular compartment. However, these markers are not specific for NETs and may also indicate the presence of activated neutrophils. In vivo, another method such as DNAse I infusion is used to show the involvement of NETs: this allows the study of the disease progression after injection and to record the effects of NETs and their removal in the animal. This was first described in the pathology of sepsis [85]. Like neutrophils, NETs have a double identity: they are beneficial for the organism by limiting the dissemination and by causing the death of bacterial pathogens; but they are also detrimental because they cause numerous damages to organs (lungs, liver, kidneys…) and vessels [86]. Recently, Prof. Chen’s team demonstrated that in a mouse model of airway inflammation with mucus hypersecretion after an injection of LPS, the NET structures present in the murine lungs tended to disappear after treatment with DNAse I, improving the condition of the animals too [87]. Still in animal models, the benefit of this treatment has also been demonstrated in Transfusion-Related Acute Lung Injury (TRALI) [88], diffuse alveolar hemorrhage (a complication of systemic lupus erythematous) [89], thrombosis [9], and thrombosis associated with cancers. However, we recently demonstrated that DNAse I could act as an ATPase independent of NETosis [24]. In 2014, Ho and colleagues [90] showed that sivelestat, a molecule acting on the early stages of NETosis through the inhibition of NE, led to a significant decrease in tumor growth and progression (tumor volume reduced by nearly 40% in mice).



Clinically, NETs are also extensively studied. Unfortunately, they are most often associated with poor prognosis and increased patient mortality [91]. Therefore, more and more tests and assays are being developed to measure NETs. It is important to emphasize that this involves the assay of NET-derived products, such as extracellular DNA, extracellular DNA and its complex with MPO, CitH3, and NE in the blood of patients. Among the different pathologies where these markers have been tested, cancers (breast, lung, and colorectal) [92], stroke [93], deep vein thrombosis [94], and myocardial infarction [95] are listed. In these publications, patients have increased plasma levels of NE, CitH3, circulating DNA, and MPO compared with healthy volunteers. More recently, the elevation of these markers has similarly been demonstrated in the plasma of patients with COVID-19 [96]. Concerning therapeutics, only cardiorespiratory pathologies, primarily cystic fibrosis, requires limiting the effects of NETs on the organism. Indeed, since the 1090s, DNAse I (Pulmozyme) has been administered by air to patients suffering from poor pulmonary condition [97]. This molecule improves pulmonary functions, depolymerizes extracellular DNA, and reduces the viscoelasticity of air secretions [98]. Several studies subsequently mentioned that the extracellular DNA present in the lungs of these patients would be of neutrophilic origin, thus indicating NETs as deleterious participants in this pathology. Conversely, for cardiovascular diseases and cancers, treatments consisting of antiplatelet or anticoagulant drugs (clopidogrel, aspirin, heparin) associated with chemotherapy (with or without surgery) remain the best therapy to date.




8. Conclusions


This review covers the different mice models of thrombosis used by the scientific community revealing the involvement of neutrophils and NETs in thrombosis. Preclinical mouse models are the closest models to humans that can be used in research. However, some differences may exist between human and murine proteins, so in rare cases the direct translation of preclinical results to the human clinical studies may be disappointing. Therefore, there are numerous mouse preclinical models with various mechanisms: some induce denudation of the endothelium, while others induce its activation, and this occurs in two vascular domains: arteries and veins. This study reveals that for more than a decade, neutrophils, in addition to their immune activity, have been shown to play an important role in thrombosis, giving rise to the phenomenon of immunothrombosis. Indeed, neutrophils express TF on their surface, a pioneer molecule of the extrinsic activation pathway of the coagulation cascade. Moreover, the serine proteases contained in the neutrophil granules released during its activation, such as NE, MPO, or cathepsin G, are enzymes capable of hydrolyzing TFPI, an inhibitor protein of TF, once again promoting the activation of the coagulation cascade. Finally, neutrophils express the PDI protein on their surface, promoting the activation of tissue factor located on the surface of neutrophils, thus conferring triple coagulant activity on neutrophils.



Similar to neutrophils, NETs seem to be involved in thrombus formation. Indeed, the neutrophil DNA released into the extracellular compartment following its explosion would serve as a support for platelet aggregation and fibrin generation. This highly adhesive surface would trap proteins contained in the plasma, such as fibronectin and fibrinogen, thus ensuring the stability of the thrombus.



Together, neutrophils and NETs are strongly involved in thrombosis. The study of the composition of thrombi allows the design of new targeted and innovative therapeutic strategies to reduce mortality due to these thrombotic events.
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Figure 1. Thrombus formation after ferric chloride (FeCl3) exposure. In the FeCl3 exposure model, the blood vessel wall is exposed to iron chloride for a few minutes, usually less than ten minutes. This exposure causes cell death in the vascular endothelium (I) and generation of reactive oxygen species (ROS) (II). All the blood component and cells are exposed to the subendothelial matrix (III) (collagen, fibronectin, von Willebrand factor). This leads to platelet activation via an GPVI-collagen interaction and thus to their aggregation; some red blood cells could be trapped in the thrombus (IV). Neutrophils accumulate in the growing thrombus and form neutrophil extracellular traps (NETs) (V). The activation of the coagulation cascade is tissue factor (TF)-dependent in this model (VI) and leads to fibrin generation. 
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Figure 2. Thrombus formation after rose bengal photosensitization. The vessel wall is exposed to photosensitized rose bengal-induced phototoxicity, that leads to damage of the vascular endothelial cells (I) inducing permeability, loss of protein expression, release of reactive oxygen species (ROS) (II), which may even lead to cell death. This results in partial or complete denudation of the endothelium accompanied by the exposure of subendothelial collagen and fibronectin (III). These strongly pro-thrombotic compounds induce the formation of a thrombus (IV) in which leukocytes are identifiable (V). These leukocytes, like neutrophils, carry on their surface tissue factor (TF) responsible for the generation of fibrin in this model (VI). 
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Figure 3. Thrombus formation after a nitrogen laser-induced injury. Platelets, red blood cells, neutrophils, monocytes, microparticles as well as plasma proteins and coagulation factors circulate into the bloodstream. When the endothelium cells are activated by a nitrogen laser beam (I), they secrete adenosine triphosphate (ATP) (II). ATP is a known agonist of neutrophils. It allows their activation and promotes their adhesion to the endothelium (III). Activated neutrophils carry on tissue factor (TF) on their surface responsible for activation and aggregation of platelets. Moreover, platelets secreted adenosine diphosphate (ADP) during their activation, which promotes their aggregation and their accumulation at the site of injury and thus leads to the formation of thrombus (IV). Thrombin, initially present at the site of injury in small quantities which increases with the secretion of active platelets, will induce, together with ATP, ADP, and tissue factor molecules, the activation of the coagulation cascade and the generation of fibrin (V). 
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Figure 4. Thrombus formation after a nitrogen laser induced injury in presence of deoxyribonuclease (DNAse-I). When the endothelium is activated by a nitrogen laser blast (I), it releases adenosine triphosphate (ATP) (II). ATP and adenosine diphosphate (ADP), two known agonists of neutrophils and platelets, are both degraded by DNAse I injected into the general circulation of mice (III). This hydrolysis induces the generation of adenosine (IV), an antagonist of neutrophil activation. Neutrophil recruitment and activation are impaired (V). Thrombus formation is then inhibited (VI). Activation of the neutrophil-dependent coagulation cascade and thus the formation of fibrin is strongly reduced after injection of DNAse I (V). 
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Figure 5. Thrombus formation after a ligature of the inferior vena cava (DVT model). Following a 90% flow restriction with a ligature of the inferior vena cava (IVC) in mice, the induced stenosis causes turbulences in blood flow and hypoxia of the cells, which together lead to local activation of the endothelium (I). This activation induces the release of von Willebrand factor initially contained in the Weibel–Palade bodies of endothelial cells (II). This pattern leads initially to the formation of a so-called “red” thrombus rich in erythrocytes (III). In this part of the thrombus, immune cells such as neutrophils and monocytes, as a majority, accumulate (IV). 
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Table 1. Summary of species and vascular beds used in thrombosis models.
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	Specie
	Vessel
	Reference





	Zebrafish
	Caudal vein, dorsal aorta
	Jagadeeswaran et al. [25]

Fish et al. [26]

Lee et al. [27]



	Mouse
	Carotid artery, vena cava, jugular vein, femoral artery, cremasteric arterioles, mesenteric arterioles, dorsal arterioles and venules
	Dubois et al. [28]

von Brulh et al. [8]

Denis et al. [29]

Falati et al. [30]

Mangin et al. [31]

Wang et al. [32]

Boulaftali Y [33]



	Rat
	Carotid artery, femoral artery
	Nayak et al. [34]

Bang et al. [35]



	Rabbit
	Carotid artery, aorta, jugular vein
	Liu et al. [36]

Costa et al. [37]

Shinozawa et al. [38]



	Hamster
	Carotid artery, femoral artery
	Jankowski et al. [39]

Nemmar et al. [40]



	Guinea pig
	Femoral artery, cerebral artery
	Takiguchi et al. [41]

Moriguchi et al. [42]



	Pig
	Vena cava, mesenteric arterioles, coronary artery
	Hosaka et al. [43]

Kai et al. [44]

Dogne et al. [45]



	Dog
	Jugular vein, femoral artery, coronary artery
	Frisbie et al. [46]

Badylak et al. [47]

Bjorkman et al. [48]



	Baboon
	Vena cava, femoral artery
	Brill et al. [9]

Matafonov et al. [49]

Young et al. [50]
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