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Abstract

:

Several recent reports have highlighted the onset of vaccine-induced thrombotic thrombocytopaenia (VITT) in some recipients (approximately 1 case out of 100k exposures) of the ChAdOx1 nCoV-19 vaccine (AstraZeneca). Although the underlying events leading to this blood-clotting phenomenon has yet to be elucidated, several critical observations present a compelling potential mechanism. Thrombus formation requires the von Willebrand (VWF) protein to be in ultra-large multimeric state. The conservation of this state is controlled by the ADAMTS13 enzyme, whose proteolytic activity reduces the size of VWF multimers, keeping blood clotting at bay. However, ADAMTS13 cannot act on VWF that is bound to platelet factor 4 (PF4). As such, it is of particular interest to note that a common feature between subjects presenting with VITT is high titres of antibodies against PF4. This raises the possibility that these antibodies preserve the stability of ultra-large VWF complexes, leading to the formation of endothelium-anchored VWF strings, which are capable of recruiting circulating platelets and causing uncontrolled thrombosis in terminal capillaries. Here, we share our viewpoint about the current understanding of the VITT pathogenesis involving the prevention of ADAMTS13’s activity on VWF by PF4 antibody-mediated stabilisation/ protection of the PF4-VWF complex.
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1. Introduction


On March 2021, the European Medicines Agency announced that an extremely rare side effect of the ChAdOx1 nCoV-19 vaccine (AstraZeneca) is thrombosis accompanied by thrombocytopenia. The development of this vaccine was based on the use of a replication-deficient recombinant adenovirus vector generated from chimpanzees [1]. In April 2021, the research groups of Greinacher et al. and Schultz et al. presented clinical case reports describing cerebral venous sinus thrombosis with thrombocytopenia, as an extremely rare but serious side effect of this vaccine. The symptoms and manifestation of this phenomenon, termed vaccine-induced thrombotic thrombocytopenia (VITT), appears to resemble a condition known as autoimmune heparin-induced thrombocytopenia (HIT) with regards to clinical, laboratory and immunological features [2,3,4]. Besides the clinical manifestation of VITT approximately 5–22 days post-vaccination, auto-antibodies against Platelet Factor 4 (PF4) have been detected. However, the VITT patients (mainly in their 30–50’s) did not at any point receive heparin, which could potentially explain the symptoms. The cause and the origins of these PF4 auto-antibodies are presently unknown; however, it seems possible that these antibodies mimic heparin by binding to PF4, allowing the clustering of PF4 leading to the FcγRIIa-dependent platelet activation. Herein, we are proposing that autoantibodies against platelet factor 4 are a kind of “blocking antibodies” and are forming complexes with ultra-large von Willebrand factor multimers that are hyper-adhesive to platelets, and in consequence, platelets aggregate. This makes it impossible for ADAMTS13 to bind to VWF to initiate the proteolytic cleavage of VWF strings, in other words, which is then unable to regulate the multimeric size of the VWF. Furthermore, we will present how the autoantibodies against PF4 could mimic heparin by binding to PF4 and forming clusters with platelets. As a consequence, these complexes with platelet factor PF4 are promoting the persistence of endothelium-anchored ultra-large VWF strings which are capable of recruiting circulating platelets and causing uncontrolled thrombosis in terminal capillaries, by promoting aggregation, platelet consumption, and micro-thrombi formation within the capillary network (e.g., cerebral and/or splanchnic vein thromboses). Interestingly, Johnston et al. showed already in their report that PF4 was able to bind at multiple sites on VWF strings, and that the in vitro supplementation with ADAMTS13 was insufficient to prevent the forming of the earlier mentioned complexes [5]. This notwithstanding, we present in this commentary piece, a new point of view on VITT that connects ADAMTS13, PF4, and VWF.




2. ADAMTS13 and the Platelet Factor 4


ADAMTS13, also known as VWF-cleaving protease, was isolated from blood plasma in 2001 by several independent research groups that also determined its partial amino acid sequence [6,7]. ADAMTS13 gene is located on chromosome 9q34 and contains 29 exons spanning 37 kb. The primary translation product consists of 1427 amino acid residues, comprising a signal peptide and a short propeptide, followed by a reprolysin-like metalloprotease domain, disintegrin domain, and first thrombospondin-1 (TSP1) repeat, and Cystein-rich and spacer domains. The more distal C terminus contains seven additional TSP1 repeats and two CUB (for complement C1r/C1s, Uegf, Bmp1) domains (Figure 1). Recently, Nazy et al. [8] reported that PF4 inhibits ADAMTS13 activity. They showed that PF4 suppresses ADAMTS13 activity when it binds to the VWF-A2 domain of the latter [8]. PF4, also known as Chemokine (C-X-C motif) ligand 4, is a small protein secreted primarily by activated platelets alpha granules (Figure 2A) [9] and also by monocytes [10] or microglial under neurodegenerating condition [11]. Mature human PF4 has a molecular weight of about 7.8 kDa and is a 70 amino acid protein that exists as a tetramer (Figure 2B) at physiologic pH and tonicity and has a high affinity for heparin [12]. Concentrations of PF4 after the activation of platelets is 0.4–2 μM in serum, a thousand-fold higher than in plasma, consistent with PF4’s platelet concentration [13]. As an important regulator of VWF proteolysis (via ADAMTS13), PF4 plays a crucial role in protecting VWF at the site of plug-formation and potentially augmenting thrombosis [8]. As described above, VITT patients exhibit symptoms which are comparable to a variant of autoimmune heparin-induced thrombocytopenia (aHIT), which is characterized by thrombocytopenia and thrombotic complications as an adverse reaction to heparin. Heparin-induced thrombocytopenia is a consequence of the action of pathogenic antibodies binding to PF4 and heparin complexes, leading to platelet activation and induction of a hypercoagulable state [14,15,16].



The main function of PF4 is to promote the coagulation of blood, but this cytokine also plays a role in innate and adaptive immunity when platelets are activated in response to infections. The promotion of coagulation is dependent on the affinity of PF4 for heparin and other glycosaminoglycans (GAGs) [17,18]. This occurs by PF4 neutralising the negatively charged heparan sulfate side chains of GAGs on the surface of platelets and endothelial cells. This facilitates platelet aggregation to form a thrombus. Consistent with its role, PF4 expression is raised after trauma to prevent blood loss from injury and also in response to infection [19,20]. Interestingly, PF4 plays a significant role in the clearance of viruses, CXCL4 KO mice exhibit reduced viral clearance from the lung compared to wild-type mice [21]. This feature is in agreement with the diminished innate immunity observed in the PF4 KO mice during early infections.



In addition, PF4 is involved in the pathology of a variety of inflammatory diseases including myelodysplastic syndromes [22], malaria [23], HIV-1 [24], atherosclerosis [25], inflammatory bowel disease [26], and rheumatoid [27] as well as psoriatic arthritis [28].




3. ADAMTS13 and the Von Willebrand Factor


The main role of ADAMTS13 is to cleave VWF, be they anchored on the surface of endothelial cells, in circulation, or at the sites of vascular injury. Von Willebrand factor is secreted by endothelial cells as highly prothrombotic ultra-large multimers. The shear-force of the blood stream stretches VWF multimers and unfolds its A2 domain [29]. The exposed Tyr1605-Met1606 bond in this domain lends itself to cleavage by ADAMTS13, consequently reducing the size of the VWF multimer and avoiding spontaneous platelet binding. Under normal conditions, ADAMTS13 maintains a closed conformation mediated by the interaction between the S domain and C-terminal CUB domains, and ADAMTS13 molecules are in the close surrounding of platelets or micro-aggregates of the later mentioned. In general, ADAMTS13 is able to cleave the VWF promptly; however, with regard to VITT, we propose that the formed complexes of PF4-antibodies, platelets and VWF are covering the cleavage site on the VWF strings, and in consequence, ADAMTS13 is unable to act adequately. However, upon binding to VWF via the ADAMTS13 CUB domains, a conformational change occurs on ADAMTS13 resulting in its transition from a closed to an open state [30,31,32]. A similar conformational change can also be instigated by the binding of anti-ADAMTS13 auto-antibodies at the CUB domains [30]. The interaction between these two proteins is mediated via numerous sites on both proteins and those at the A2 domain of VWF are particularly pertinent for the reduction of its multimeric size by the proteolytic activity of ADAMTS13. If these interactions are prevented for example by anti-ADAMTS13 inhibitory autoantibodies, the ultra-size VWF multimers would accumulate in the plasma, leading to the formation of platelet-rich microthrombi [32,33]. This could indeed be a possible contributor to the VITT disorder.



ADAMTS13 is synthesized primarily in the liver, and in human liver it is localized exclusively to hepatic stellate cells [34] which are considered to be the main source of ADAMTS13 in mammals. Additionally, vascular endothelial cells [35], megakaryocytes platelets [36], glomerular podocytes [37], tubular epithelial cells [37] as well as glial cells [38] are other potential sources of ADAMTS13. Platelets are specifically targeted to sites of vascular injury where they are activated and degranulated, releasing their contents including VWF. The components of granules exert prothrombotic and proinflammatory properties. However, concurrent local release of even small amounts of active ADAMTS13 protease can have profound inhibitory effects on thrombosis and inflammation [39].



The VWF is a large (∼270 kDa) hemostatic protein [40] produced in endothelial cells and megakaryocytes. Each monomer of VWF consists of identical repeated domains designated A to E [41,42]. The multimeric size of VWF is important for its function [43]. In the circulating blood, VWF is found as a series of multimers ranging from approximately 500 to 20,000 kDa, with the larger ones being hemostatically more effective. Hydrodynamic forces generated in the event of arteriolar bleeding triggers the activation of cleaved VWF, whereas uncleaved VWF is activated at lower physiological shear stresses and causes thrombosis. Histamine, thrombin, fibrin β-adregenic agonists, calcium ionophore A23187, desmopressin, and phorbol myristate acetate have all been demonstrated as stimulators of VWF secretion [44,45,46,47].



Von Willebrand factor mediates the binding of platelets to exposed collagen in areas of endothelial injury to promote normal hemostasis, which results in the formation of a platelet plug that stops bleeding [48]. It also participates in fibrin clotting by serving as a shuttle for the coagulation protein factor VIII (FVIII), by preventing its degradation by plasma proteases. Hence, the three major functional aspects of VWF are platelet binding, collagen binding, and FVIII binding. As soon as platelets are tethered to the injured endothelium by VWF, platelet activation and aggregation release platelet contents such as PF4, further contributing to clot formation [49,50]. The VWF string formation and elongation on endothelial surfaces are strongly regulated by ADAMTS13 through the proteolytic cleavage of VWF [51] or the inhibition of the formation of elongated VWF multimers by blocking the establishment of lateral disulfide bond [52,53]. The length and thickness of VWF multimers are strongly correlated with physiological hemostatic potential. Consequently, the cleavage or reduction of VWF multimers by ADAMTS13 plays an essential role in maintaining normal hemostasis. The lack of activity of ADAMTS13, in patients with mutations of ADAMTS13 or acquired auto-antibodies that block plasma ADAMTS13 activity, results in the formation of endothelium-anchored ultra-large VWF strings that are very effective in recruiting circulating platelets and causing uncontrolled thrombosis in terminal arterioles and capillaries.



The average concentration of VWF in blood plasma is around 10 μg/mL in humans [54]. Thrombin, histamine, fibrin, complement protein C5b-9 complexes as well as bacterial Shiga toxin can all induce the secretion of VWF from the Weibel–Palade bodies of endothelial cells [55,56]. Moreover, VWF release can be triggered at the sites of vascular injury or by desmopressin (DDAVP), which is used as a treatment for mild hemophilia A and von Willebrand disease [52,57], which is the most prevalent congenital bleeding disorder that arises from deficiencies in quantity or quality of von Willebrand factor (VWF). The quantitative deficiencies of VWF are considered to be either VWD type 1 (mild/moderate reduction of VWF) or type 3 (virtual absence of VWF). The estimated prevalence of VWD ranges from 0.1 to 1% of the population, but only approximately 1 in 10,000 individuals have clinically significant bleeding symptoms [58]. Pulmonary embolism and thrombocytopenia following ChAdOx1 vaccination. Of note, a case report about a 51 year old woman described severe symptoms of a pulmonary embolism and thrombocytopenia upon the ChAdOx1 vaccination, whereas the plasma coagulation factor activities among others those of VWF were in a physiological range [59]. All in all, it needs to be emphasized that VITT occurs in a very low incidence rate, and in general the risk of severe side effects of the currently available vaccines against SARS-CoV-2 can be estimated as low [60].




4. Conclusions and Final Remarks


In this commentary, we summarized the recent understanding about ADAMTS13 and provided our viewpoint on the potential impact of ADAMTS13 on VITT. We also provided explanation for the importance of this protein in the interplay between PF4 and VWF. There is no doubt that PF4 is a crucial contributor in the regulation of the proteolysis of VWF via ADAMTS13 and could play a role in the protection of VWF from proteolysis at the site of plug formation, too. It appears possible that in some susceptible patients PF4 become immunogenic either due to the shedding of heparan sulfate from damaged endothelial cells or perhaps to a component of the adenoviral vector-based vaccine. As consequence, the vaccine injection containing the adenovirus could cause micro-bleeding and the autoimmune effect. It is still elusive which component of the anti SARS-CoV-2 vaccine is involved in the process of forming antibodies against PF4. Interestingly, it has been reported that anti-PF4 antibodies which are causing VITT do not cross-react with the spike protein of SARS-CoV-2 [61]. Of note, the molecular mimicry should be taken into consideration when discussing the pathogenesis of PF4 autoantibodies, where the latter mentioned would bind to the FcRγIIA receptor of platelets, leading to their aggregation. Following this hypothesis, it appears to be possible for some susceptible vaccinated individuals that any DNA-vectored vaccine would develop an autoimmunity. Therefore, it would be worth investigating whether an adenoviral vector used for the development of vaccines triggers the onset of VITT. With regards to the very low prevalence of VITT, it would be important to know what the predisposing factors in this rare pathology are. Analysis of genetic and epigenetic links to VITT patients might uncover the cause that predisposes some individuals to the onset of VITT with these severe symptoms. Special attention ought to be paid to polymorphisms or mutations of ADAMTS13, particularly to the CUB domains, which would explain the inability of ADAMTS13 to cleave and reduce the multimeric size of VWF. To directly test the proffered hypothesis, the PF4 antibodies that are present in these subjects can be tested to ascertain whether they are indeed “blocking antibodies” that prevent the access of ADAMTS13 to VWF. It would also be important to ascertain the potential presence of autoantibodies to ADAMTS13 instead, in these subjects, as these could also prevent the cleavage of VWF multimers. Crystallographic determination of these potential contributors of VITT pathology, meaning PF4, VWF, and ADAMTS13 will help to uncover the mechanistic cascade of thrombus formation upon anti-SARS-CoV-2 vaccination. The identification of the predisposition factors and the dynamics of their interaction will provide new therapeutic strategies to respond effectively to VITT patients.







Author Contributions


A.S.-M.: writing, review, and editing of the manuscript; P.K.: conceptual idea, writing, review editing of the manuscript, and funding acquisition. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


The authors thank Ken Raj. for helpful suggestions and English editing. The authors thank Goran Bajic for generating the crystal structure of ADAMTS13. P.K. is generously supported by a special internal fund of the IAR &F R PAS, in Olsztyn (3/FBW/2020). Figures were created with BioRender.com (access date 1 July 2021).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ewer, K.; Sebastian, S.; Spencer, A.J.; Gilbert, S.; Hill, A.V.S.; Lambe, T. Chimpanzee adenoviral vectors as vaccines for outbreak pathogens. Hum. Vaccin. Immunother. 2017, 13, 3020–3032. [Google Scholar] [CrossRef] [PubMed]

	



Greinacher, A.; Thiele, T.; Warkentin, T.E.; Weisser, K.; Kyrle, P.A.; Eichinger, S. Thrombotic Thrombocytopenia after ChAdOx1 nCov-19 Vaccination. N. Engl. J. Med. 2021, 384, 2092–2101. [Google Scholar] [CrossRef] [PubMed]

	



Schultz, N.H.; Sørvoll, I.H.; Michelsen, A.E.; Munthe, L.A.; Lund-Johansen, F.; Ahlen, M.T.; Wiedmann, M.; Aamodt, A.H.; Skattør, T.H.; Tjønnfjord, G.E.; et al. Thrombosis and Thrombocytopenia after ChAdOx1 nCoV-19 Vaccination. N. Engl. J. Med. 2021, 384, 2124–2130. [Google Scholar] [CrossRef] [PubMed]

	



Scully, M.; Singh, D.; Lown, R.; Poles, A.; Solomon, T.; Levi, M.; Goldblatt, D.; Kotoucek, P.; Thomas, W.; Lester, W. Pathologic antibodies to platelet factor 4 after ChAdOx1 nCoV-19 vaccination. N. Engl. J. Med. 2021, 384, 2202–2211. [Google Scholar] [CrossRef]

	



Johnston, I.; Sarkar, A.; Hayes, V.; Koma, G.T.; Arepally, G.M.; Chen, J.; Chung, D.W.; López, J.A.; Cines, D.B.; Rauova, L.; et al. Recognition of PF4-VWF complexes by heparin-induced thrombocytopenia antibodies contributes to thrombus propagation. Blood 2020, 135, 1270–1280. [Google Scholar] [CrossRef] [PubMed]

	



Fujikawa, K.; Suzuki, H.; McMullen, B.; Chung, D. Purification of human von Willebrand factor–cleaving protease and its identification as a new member of the metalloproteinase family. Blood 2001, 98, 1662–1666. [Google Scholar] [CrossRef]

	



Zheng, X.; Chung, D.; Takayama, T.K.; Majerus, E.M.; Sadler, J.E.; Fujikawa, K. Structure of von Willebrand factor–cleaving protease (ADAMTS13), a metalloprotease involved in thrombotic thrombocytopenic purpura. J. Biol. Chem. 2001, 276, 41059–41063. [Google Scholar] [CrossRef]

	



Nazy, I.; Elliott, T.D. Arnold DM Platelet factor 4 inhibits ADAMTS13 activity and regulates the multimeric distribution of von Willebrand factor. Br. J. Haematol. 2020, 190, 594–598. [Google Scholar] [CrossRef]

	



Poncz, M.; Surrey, S.; LaRocco, P.; Weiss, M.J.; Rappaport, E.F.; Conway, T.M.; Schwartz, E. Cloning and characterization of platelet factor 4 cDNA derived from a human erythroleukemic cell line. Blood 1987, 69, 219–223. [Google Scholar] [CrossRef]

	



Schaffner, A.; Rhyn, P.; Schoedon, G.; Schaer, D.J. Regulated expression of platelet factor 4 in human monocytes—Role of PARs as a quantitatively important monocyte activation pathway. J. Leukoc. Biol. 2005, 78, 202–209. [Google Scholar] [CrossRef]

	



De Jong, E.K.; de Haas, A.H.; Brouwer, N.; van Weering, H.R.; Hensens, M.; Bechmann, I.; Pratley, P.; Wesseling, E.; Boddeke, H.W.; Biber, K. Expression of CXCL4 in microglia in vitro and in vivo and its possible signaling through CXCR3. J. Neurochem. 2008, 105, 1726–1736. [Google Scholar] [CrossRef]

	



Rucinski, B.; Niewiarowski, S.; James, P.; Walz, D.A.; Budzynski, A.Z. Antiheparin proteins secreted by human platelets. purification, characterization, and radioimmunoassay. Blood 1979, 53, 47–62. [Google Scholar] [CrossRef]

	



Brandt, E.; Ludwig, A.; Petersen, F.; Flad, H.D. Platelet-derived CXC chemokines: Old players in new games. Immunol. Rev. 2000, 177, 204–216. [Google Scholar] [CrossRef]

	



Visentin, G.P.; Ford, S.E.; Scott, J.P.; Aster, R.H. Antibodies from patients with heparin-induced thrombocytopenia/thrombosis are specific for platelet factor 4 complexed with heparin or bound to endothelial cells. J. Clin. Investig. 1994, 93, 81–88. [Google Scholar] [CrossRef]

	



Kelton, J.G.; Sheridan, D.; Santos, A.; Smith, J.; Steeves, K.; Smith, C.; Brown, C.; Murphy, W.G. Heparin-induced thrombocytopenia: Laboratory studies. Blood 1988, 72, 925–930. [Google Scholar] [CrossRef] [PubMed]

	



Rauova, L.; Poncz, M.; McKenzie, S.E.; Reilly, M.P.; Arepally, G.; Weisel, J.W.; Nagaswami, C.; Cines, D.B.; Sachais, B.S. Ultralarge complexes of PF4 and heparin are central to the pathogenesis of heparin-induced thrombocytopenia. Blood 2005, 105, 131–138. [Google Scholar] [CrossRef] [PubMed]

	



Barber, A.J.; Kaser-Glanzmann, R.; Jakábová, M.; Lüscher, E.F. Characterization of a chondroitin 4 -sulfate proteoglycan carrier for heparin neutralizing activity (platelet factor 4) released from human blood platelets. Biochim. Biophys. Acta 1972, 286, 312–329. [Google Scholar] [CrossRef]

	



Holt, J.C.; Niewiarowski, S. Biochemistry of alpha granule proteins. Semin. Hematol. 1985, 22, 151–163. [Google Scholar] [PubMed]

	



Wilkinson, J.M.; Ladinig, A.; Bao, H.; Kommadath, A.; Stothard, P.; Lunney, J.K.; Harding, J.C.; Plastow, G.S. Differences in Whole Blood Gene Expression Associated with Infection Time-Course and Extent of Fetal Infection. PLoS ONE 2016, 11, e0153615. [Google Scholar] [CrossRef]

	



Kullaya, V.; van derVen, A.; Mpagama, S.; Mmbaga, B.T.; de Groot, P.; Kibiki, G.; de Mast, Q. Platelet-monocyte interaction in Mycobacterium tuberculosis infection. Tuberculosis 2018, 111, 86–93. [Google Scholar] [CrossRef]

	



Guo, L.; Feng, K.; Wang, Y.C.; Mei, J.J.; Ning, R.T.; Zheng, H.W.; Wang, J.J.; Worthen, G.S.; Wang, X.; Song, J.; et al. Critical role of CXCL4 in the lung pathogenesis of influenza (H1N1) respiratory infection. Mucosal Immunol. 2017, 10, 1529–1541. [Google Scholar] [CrossRef] [PubMed]

	



Aivado, M.; Spentzos, D.; Germing, U.; Alterovitz, G.; Meng, X.Y.; Grall, F.; Giagounidis, A.A.N.; Klement, G.; Steidl, U.; Out, H.H.; et al. Serum proteome profiling detects myelodysplastic syndromes and identifies CXC chemokine ligands 4 and 7 as markers for advanced disease. Proc. Natl. Acad. Sci. USA 2007, 104, 1307–1312. [Google Scholar] [CrossRef]

	



Wilson, N.O.; Jain, V.; Roberts, C.E.; Lucchi, N.; Joel, P.K.; Singh, M.P.; Nagpal, A.C.; Dash, A.P.; Udhayakumar, V.; Singh, N.; et al. CXCL4 and CXCL10 predict risk of fatal cerebral malaria. Dis. Markers 2011, 30, 39–49. [Google Scholar] [CrossRef]

	



Auerbach, D.J.; Lin, Y.; Miao, H.Y.; Cimbro, R.; DiFiore, M.J.; Gianolini, M.E.; Furci, L.; Biswas, P.; Fauci, A.S.; Lusso, P. Identification of the platelet-derived chemokine CXCL4/PF-4 as a broad-spectrum HIV-1 inhibitor. Proc. Natl. Acad. Sci. USA 2012, 109, 9569–9574. [Google Scholar] [CrossRef]

	



Domschke, G.; Gleissner, C.A. CXCL4-induced macrophages in human atherosclerosis. Cytokine 2019, 122, 154141. [Google Scholar] [CrossRef] [PubMed]

	



Werner, L.; Guzner-Gur, H.; Dotan, I. Involvement of CXCR4/CXCR7/CXCL12 Interactions in Inflammatory bowel disease. Theranostics 2013, 3, 40–46. [Google Scholar] [CrossRef]

	



Yeo, L.; Adlard, N.; Biehl, M.; Juarez, M.; Smallie, T.; Snow, M.; Buckley, C.D.; Raza, K.; Filer, A.; Scheel-Toellner, D. Expression of chemokines CXCL4 and CXCL7 by synovial macrophages defines an early stage of rheumatoid arthritis. Ann. Rheum. Dis. 2016, 75, 763–771. [Google Scholar] [CrossRef] [PubMed]

	



Affandi, A.J.; Silva-Cardoso, S.C.; Garcia, S.; Leijten, E.F.; van Kempen, T.S.; Marut, W.; van Roon, J.A.; Radstake, T.R. CXCL4 is a novel inducer of human Th17 cells and correlates with IL-17 and IL-22 in psoriatic arthritis. Eur. J. Immunol. 2018, 48, 522–531. [Google Scholar] [CrossRef] [PubMed]

	



Sadler, J.E. Pathophysiology of thrombotic thrombocytopenic purpura. Blood 2017, 130, 1181–1188. [Google Scholar] [CrossRef] [PubMed]

	



Hrdinová, J.; D’Angelo, S.; Graça, N.A.G.; Ercig, B.; Vanhoorelbeke, K.; Veyradier, A.; Voorberg, J.; Coppo, P. Dissecting the pathophysiology of immune thrombotic thrombocytopenic purpura: Interplay between genes and environmental triggers. Haematologica 2018, 103, 1099–1109. [Google Scholar] [CrossRef] [PubMed]

	



South, K.; Lane, D.A. ADAMTS-13 and von Willebrand factor: A dynamic duo. J. Thromb. Haemost. 2018, 16, 6–18. [Google Scholar] [CrossRef]

	



Petri, A.; Kim, H.J.; Xu, Y.; de Groot, R.; Li, C.; Vandenbulcke, A.; Vanhoorelbeke, K.; Emsley, J.; Crawley, J.T.B. Crystal structure and substrate-induced activation of ADAMTS13. Nat. Commun. 2019, 10, 3781. [Google Scholar] [CrossRef] [PubMed]

	



Schelpe, A.S.; Petri, A.; Roose, E.; Pareyn, I.; Deckmyn, H.; de Meyer, S.F.; Crawley, J.T.B.; Vanhoorelbeke, K. Antibodies that conformationally activate ADAMTS13 allosterically enhance metalloprotease domain function. Blood Adv. 2020, 4, 1072–1080. [Google Scholar] [CrossRef] [PubMed]

	



Uemura, M.; Tatsumi, K.; Matsumoto, M.; Fujimoto, M.; Matsuyama, T.; Ishikawa, M.; Iwamoto, T.-A.; Mori, T.; Wanaka, A.; Fukui, H.; et al. Localization of ADAMTS13 to the stellate cells of human liver. Blood 2005, 106, 922–924. [Google Scholar] [CrossRef]

	



Shang, D.; Zheng, X.W.; Niiya, M.; Zheng, X.L. Apical sorting of ADAMTS13 in vascular endothelial cells and Madin-Darby canine kidney cells depends on the CUB domains and their association with lipid rafts. Blood 2006, 108, 2207–2215. [Google Scholar] [CrossRef]

	



Suzuki, M.; Murata, M.; Matsubara, Y.; Uchida, T.; Ishihara, H.; Shibano, T.; Ashida, S.-I.; Soejima, K.; Okada, Y.; Ikeda, Y. Detection of von Willebrand factor–cleaving protease (ADAMTS-13) in human platelets. Biochem. Biophys. Res. Commun. 2004, 313, 212–216. [Google Scholar] [CrossRef] [PubMed]

	



Manea, M.; Kristoffersson, A.; Schneppenheim, R.; Saleem, M.A.; Mathieson, P.W.; Mörgelin, M.; Björk, P.; Holmberg, L.; Karpman, D. Podocytes express ADAMTS13 in normal renal cortex and in patients with thrombotic thrombocytopenic purpura. Br. J. Haematol. 2007, 138, 651–662. [Google Scholar] [CrossRef]

	



Tauchi, R.; Imagama, S.; Ohgomori, T.; Natori, T.; Shinjo, R.; Ishiguro, N.; Kadomatsu, K. ADAMTS-13 is produced by glial cells and upregulated after spinal cord injury. Neurosci. Lett. 2012, 517, 1–6. [Google Scholar] [CrossRef]

	



Mannucci, P.M.; Capoferri, C.; Canciani, M.T. Plasma levels of von Willebrand factor regulate ADAMTS-13, its major cleaving protease. Br. J. Haematol. 2004, 126, 213–218. [Google Scholar] [CrossRef]

	



Shahidi, M. Thrombosis and von Willebrand Factor. Adv. Exp. Med. Biol. 2017, 906, 285–306. [Google Scholar]

	



Jin, S.Y.; Skipwith, C.G.; Zheng, X.L. Amino acid residues Arg(659), Arg(660), and Tyr(661) in the spacer domain of ADAMTS13 are critical for cleavage of von Willebrand factor. Blood 2010, 115, 2300–2310. [Google Scholar] [CrossRef]

	



Fujimura, Y.; Fukui, H.; Usami, Y.; Titani, K. Domain structure of human von Willebrand factor, and its modulators involved in the platelet adhesion process in vitro. Rinsho Ketsueki 1991, 32, 475–480. [Google Scholar] [PubMed]

	



Meyer, D.; Girma, J.P. von Willebrand factor: Structure and function. Thromb. Haemost. 1993, 70, 99–104. [Google Scholar] [CrossRef] [PubMed]

	



Hattori, R.; Hamilton, K.K.; Fugate, R.D.; McEver, R.P.; Sims, P.J. Stimulated secretion of endothelial von Willebrand factor is accompanied by rapid redistribution to the cell surface of the intracellular granule membrane protein GMP-140. J. Biol. Chem. 1989, 264, 7768–7771. [Google Scholar] [CrossRef]

	



Collins, P.; Wilkie, M.; Razak, K.; Abbot, S.; Harley, S.; Bax, C.; Zaidi, M.; Blake, D.; Cunningham, J.; Newland, A. Cyclosporine and cremaphor modulate von Willebrand factor release from cultured human endothelial cells. Transplantation 1993, 56, 1218–1223. [Google Scholar] [CrossRef]

	



Mannucci, P.M. Platelet von Willebrand factor in inherited and acquired bleeding disorders. Proc. Natl. Acad. Sci. USA 1995, 92, 2428–2432. [Google Scholar] [CrossRef]

	



Cleator, J.H.; Zhu, W.Q.; Vaughan, D.E.; Hamm, H.E. Differential regulation of endothelial exocytosis of P-selectin and von Willebrand factor by protease-activated receptors and cAMP. Blood 2006, 107, 2736–2744. [Google Scholar] [CrossRef]

	



Ruggeri, Z.M. Old concepts and new developments in the study of platelet aggregation. J. Clin. Investig. 2000, 105, 699–701. [Google Scholar] [CrossRef]

	



Ruggeri, Z.M. The role of von Willebrand factor in thrombus formation. Thromb. Res. 2007, 120, S5–S9. [Google Scholar] [CrossRef]

	



Amelot, A.A.; Tagzirt, M.; Ducouret, G.; Kuen, R.L.; Le Bonniec, B.F. Platelet factor 4 (CXCL4) seals blood clots by altering the structure of fibrin. J. Biol. Chem. 2007, 282, 710–720. [Google Scholar] [CrossRef] [PubMed]

	



Dong, J.F.; Moake, J.L.; Nolasco, L.; Bernardo, A.; Arceneaux, W.; Shrimpton, C.N.; Schade, A.J.; McIntire, L.V.; Fujikawa, K.; López, J.A. ADAMTS-13 rapidly cleaves newly secreted ultralarge von Willebrand factor multimers on the endothelial surface under flowing conditions. Blood 2002, 100, 4033–4039. [Google Scholar] [CrossRef]

	



Bao, J.; Xiao, J.; Mao, Y.; Zheng, X.L. Carboxyl terminus of ADAMTS13 directly inhibits platelet aggregation and ultra large von Willebrand factor string formation under flow in a free-thiol-dependent manner. Arterioscler. Thromb. Vasc. Biol. 2014, 34, 397–407. [Google Scholar] [CrossRef]

	



Yeh, H.C.; Zhou, Z.; Choi, H.; Tekeoglu, S.; May, W., III; Wang, C.; Turner, N.; Scheiflinger, F.; Moake, J.L.; Dong, J.-F. Disulfide bond reduction of von Willebrand factor by ADAMTS-13. J. Thromb. Haemost. 2010, 8, 2778–2788. [Google Scholar] [CrossRef]

	



Borchiellini, A.; Fijnvandraat, K.; ten Cate, J.W.; Pajkrt, D.; van Deventer, S.J.; Pasterkamp, G.; Meijer-Huizinga, F.; Zwart-Huinink, L.; Voorberg, J.; van Mourik, J.A. Quantitative analysis of von Willebrand factor propeptide release in vivo: Effect of experimental endotoxemia and administration of 1-deamino-8- D-arginine vasopressin in humans. Blood 1996, 88, 2951–2958. [Google Scholar] [CrossRef]

	



Hattori, R.; Hamilton, K.K.; McEver, R.P.; Sims, P.J. Complement proteins C5b-9 induce secretion of high molecular weight multimers of endothelial von Willebrand factor and translocation of granule membrane protein GMP-140 to the cell surface. J. Biol. Chem. 1989, 264, 9053–9060. [Google Scholar] [CrossRef]

	



Huang, J.; Motto, D.G.; Bundle, D.R.; Sadler, J.E. Shiga toxin B subunits induce VWF secretion by human endothelial cells and thrombotic microangiopathy in ADAMTS13-deficient mice. Blood 2010, 116, 3653–3659. [Google Scholar] [CrossRef] [PubMed]

	



Mannucci, P.M. Desmopressin (DDAVP) in the treatment of bleeding disorders: The first twenty years. Haemophilia 2000, 6, 60–67. [Google Scholar] [CrossRef]

	



Goodeve, A.C. The genetic basis of von Willebrand disease. Blood Rev. 2010, 24, 123–134. [Google Scholar] [CrossRef] [PubMed]

	



Muster, V.; Gary, T.; Raggam, R.B.; Wölfler, A.; Brodmann, M. Pulmonary embolism and thrombocytopenia following ChAdOx1 vaccination. Lancet 2021, 397, 1842. [Google Scholar] [CrossRef]

	



Rzymski, P.; Perek, B.; Flisiak, R. Thrombotic Thrombocytopenia after COVID-19 Vaccination: In Search of the Underlying Mechanism. Vaccines 2021, 9, 559. [Google Scholar] [CrossRef] [PubMed]

	



Greinacher, A.; Selleng, K.; Mayerle, J.; Palankar, R.; Wesche, J.; Reiche, S.; Aebischer, A.; Warkentin, T.E.; Muenchhoff, M.; Hellmuth, J.C.; et al. Anti-platelet factor 4 antibodies causing VITT do not cross-react with SARS-CoV-2 spike protein. Blood 2021, 138, 1269–1277. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 10 02785 g001 550] 





Figure 1. Representation of the ADAMTS13 structure. (A): The structural domains indicated are: signal peptide (S), propeptide (P), metalloprotease (M) (location of zinc-binding motif shown in red), disintegrin domain (Dis), first thrombospondin type 1 (TSP1) repeat (1), cysteine-rich domain (Cys-R), spacer domain (Spa), the second to eighth TSP1 repeats (2) through (8) and two CUB domains (C1 and C2). The metalloprotease domain is the catalytic center that cleaves VWF. The proximal carboxyl-terminal domains from Dis to Spa interact with the A2 domain of VWF. More distal carboxyl-terminal domains (TSP1 2–8) interact with VWF under fluid shear stress. (B): Structure of ADAMTS13 metalloprotease to spacer domains with a VWF peptide encompassing the scissile bond. The electrostatic surface is shown with positive charges in blue and negative charges in red. 






Figure 1. Representation of the ADAMTS13 structure. (A): The structural domains indicated are: signal peptide (S), propeptide (P), metalloprotease (M) (location of zinc-binding motif shown in red), disintegrin domain (Dis), first thrombospondin type 1 (TSP1) repeat (1), cysteine-rich domain (Cys-R), spacer domain (Spa), the second to eighth TSP1 repeats (2) through (8) and two CUB domains (C1 and C2). The metalloprotease domain is the catalytic center that cleaves VWF. The proximal carboxyl-terminal domains from Dis to Spa interact with the A2 domain of VWF. More distal carboxyl-terminal domains (TSP1 2–8) interact with VWF under fluid shear stress. (B): Structure of ADAMTS13 metalloprotease to spacer domains with a VWF peptide encompassing the scissile bond. The electrostatic surface is shown with positive charges in blue and negative charges in red.



[image: Cells 10 02785 g001]







[image: Cells 10 02785 g002 550] 





Figure 2. Scheme showing the possible link between ADAMTS13 and the vaccine-induced immune thrombotic thrombocytopenia. (A): In some rare cases, about 5–22 days post-vaccination against SARS-CoV-2 (ChAdOx1 nCoV-19), acquired autoantibodies against PF4 are forming complexes with ultra-large VWF multimers that are hyper-adhesive to platelets and lead to an inhibition of ADAMTS13 activity, which is then unable to regulate the multimeric size of the VWF. Here, we presented how the autoantibodies against PF4 could mimic heparin by binding to PF4 and forming clusters (red circle). In consequence, these complexes with platelet factor PF4 are promoting the persistence of endothelium-anchored ultra-large VWF strings which are capable of recruiting circulating platelets and causing uncontrolled thrombosis in terminal capillaries, by promoting aggregation, platelet consumption, and micro-thrombi formation within the capillary network. Thrombocytopenia appears to result from pronounced apoptosis and clearance of antibody-coated platelets additionally to consumption during the coagulation process. (B): Physiological functioning of ADAMTS13 which cleaves VWF strings to smaller, less adhesive multimers. 
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