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Abstract

:

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causal agent of coronavirus disease 2019 (COVID-19), in which coagulation abnormalities and endothelial dysfunction play a key pathogenic role. Tissue factor (TF) expression is triggered by endothelial dysfunction. Activated factor VII-antithrombin (FVIIa-AT) complex reflects indirectly FVIIa-TF interaction and has been proposed as a potential biomarker of prothrombotic diathesis. FVIIa-AT plasma concentration was measured in 40 patients (30 males and 10 females; 64.8 ± 12.3 years) admitted with SARS-CoV-2 pneumonia during the first pandemic wave in Italy. Two sex- and age-matched cohorts without COVID-19, with or without signs of systemic inflammation, were used to compare FVIIa-AT data. The FVIIa-AT plasma levels in COVID-19 patients were higher than those in non-COVID-19 subjects, either with or without inflammation, while no difference was observed among non-COVID-19 subjects. The association between COVID-19 and FVIIa-AT levels remained significant after adjustment for sex, age, C-reactive protein, renal function, fibrinogen, prothrombin time and activated partial thromboplastin time. Our results indicate that SARS-CoV-2 infection, at least during the first pandemic wave, was characterized by high FVIIa-AT levels, which may suggest an enhanced FVIIa-TF interaction in COVID-19, potentially consistent with SARS-CoV-2-induced endotheliopathy.
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1. Introduction


Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is an enveloped, single-stranded RNA virus. Highly transmissible and pathogenic in humans, this virus originated the pandemic of coronavirus disease 2019 (COVID-19), which has revolutionized world perspectives during the past two years, affecting over 600 million subjects and causing nearly 6.5 million worldwide deaths so far [1]. Although originally characterized as a primarily respiratory illness, COVID-19 is not limited to the respiratory tract and has progressively been revealed as a multiorgan and multifaceted disease, encompassing several different clinical manifestations, from a totally asymptomatic or mild flu-like syndrome to interstitial pneumonia, up to severe multiorgan failure [2,3,4].



In this rather heterogeneous clinical context, alterations in the coagulation pathway and thrombotic risk have a prominent place. During the first pandemic wave, several studies showed a disproportionate higher prevalence of abnormal coagulation tests and thrombotic events in both critically ill and non-critically ill COVID-19 patients. High rates of venous thromboembolism and arterial thrombosis (up to 30%) were reported [5,6,7,8,9,10]. Concomitantly, several studies reported important laboratory abnormalities including increased levels of D-dimer, fibrin degradation products (FDP), fibrinogen, and von Willebrand factor (VWF), as well as prolonged prothrombin time (PT) and activated partial thromboplastin time (aPTT) [11,12,13]. Some of these abnormalities were considered consistent with a condition of diffuse intravascular coagulation (DIC) in the setting of SARS-CoV-2-induced inflammatory response. However, unlike patients with DIC, in patients with COVID-19 fibrinogen plasma levels are generally normal and even often increased, clinically apparent bleeding episodes are very infrequent, and classic DIC has been reported in only a few patients, especially in those with advanced/terminal stages of disease [11]. Reliable evidence thus suggests that COVID-19 patients may be characterized by marked hypercoagulability rather than consumption coagulopathy. Thromboelastometry profiles in COVID-19 patients were in keeping with this assumption [14]. Antiphospholipid antibodies have also been detected in COVID-19 patients [15]. On the other hand, the VWF/ADAMTS13 imbalance, with elevated levels of VWF and decreased ADAMTS13 activity [13,16] and complement-induced coagulopathy [17] recalls the characteristics of thrombotic microangiopathy and, beyond macrovascular thrombosis, microvascular thrombosis is a prominent feature in the pathophysiology of both lung and multi-organ complications triggered by SARS-CoV-2 infection [17,18].



Endothelial dysfunction, which plays a key role in COVID-19, is a pathologic condition coupling hypercoagulability and inflammatory status [19]. An endotheliopathy-related pathophysiology of COVID-19 appears plausible for many biological reasons. SARS-CoV-2 can directly infect vascular endothelial cells, thereby leading to either cellular damage/apoptosis or inflammatory alterations [20,21,22]. Endothelial cells may be activated by cytokines in the pro-inflammatory storm seen in severe forms of SARS-CoV-2 infection, thereby decreasing the antithrombotic activity of normal endothelium and fostering procoagulant characteristics [17,19]. Furthermore, according with the interplay between inflammation and coagulation, the COVID-19-related cytokine storm has been shown to modulate the activity of proteases and cofactors of the coagulation cascade [23,24]. In the complex pathways of immunothrombosis, the activation of platelets and neutrophils may lead to enhanced neutrophil extracellular trap (NET) generation, while hypoxia-inducible transcription factors may upregulate tissue factor (TF) expression, further contributing to COVID-19-associated prothrombotic diathesis [19]. Activated factor VII-antithrombin (FVIIa-AT) complex is generally considered a reliable indirect marker of TF-FVIIa interaction, which has been associated with thrombophilic diathesis and an increased risk of mortality in cardiovascular cohorts [25,26,27].



Bearing in mind that (i) TF expression is characteristic in endothelial dysfunction and inflammatory damage [28] and (ii) COVID-19 is characterized by endotheliopathy [17,19], we hypothesized that FVIIa-AT plasma levels may be increased in patients with SARS-CoV-2 infection. To test this working hypothesis, we assessed FVIIa-AT plasma concentration in 40 consecutive patients with SARS-CoV-2 pneumonia admitted to COVID-19 Standard Care Units during the first pandemic wave in April 2020. Laboratory data were then compared with those of two historical control groups, the former composed by subjects comparable for sex and age without signs of inflammation and the latter by subjects comparable for sex and age with evidence of systemic inflammation, marked by an increased plasma concentration of C-reactive protein (CRP).




2. Materials and Methods


2.1. Study Populations


The study design is summarized in Figure 1. We selected 40 patients (30 males and 10 females, mean age 60.6 ± 11.5 years) with SARS-CoV-2 pneumonia from a survey among in-patients within COVID-19 Standard Care Units at the Verona University Hospital, Italy, performed in April 2020. These subjects were selected on the basis of availability of frozen citrate plasma samples for FVIIa-AT assay from blood drawn before the start of any anticoagulant drugs, including thromboprophylaxis with low-molecular-weight heparin (LMWH). Subjects taking full-dose anticoagulant therapy (e.g., because of atrial fibrillation) were excluded from this study. Patients with SARS-CoV-2 pneumonia had no evident clinical manifestation of venous thromboembolism at time of enrollment, while during the stay within COVID-19 Standard Care Units, 8 patients (20%) were also diagnosed with deep vein thrombosis. Clinical information and laboratory data were collected at time of enrollment [10].



FVIIa-AT plasma levels, as well as other laboratory data of these COVID-19 patients, were compared with those of two different historical, COVID-19-free, control groups selected from Verona Heart Study (VHS) cardiovascular cohort as subsamples of subjects enrolled between May 1999 and December 2006, for whom data of FVIIa-AT plasma concentration were also available. The VHS is a regional survey that assessed new risk factors for coronary artery disease (CAD) in subjects with angiographic documentation of the state of their coronary vessels [25,26,29]. The subjects who were definitely enrolled in the VHS had no history of any acute illness, including acute coronary syndromes, in the month before the enrollment. They were clinically stable and had no signs of major systemic inflammation at laboratory assessment. However, in the screening phases some subjects were enrolled in VHS despite bearing concomitant inflammatory disorders. These subjects were detected after admission to VHS by evidencing increased levels of inflammatory biomarkers, namely CRP, and subsequent review of medical records (which mainly revealed upper airway infections), thereby being excluded from further analysis in VHS.



In the context of the current analysis evaluating FVIIa-AT plasma levels in COVID-19, we selected from the former VHS population 40 CAD subjects, comparable for sex and age, without evidence of inflammation (CRP < 2 mg/L) and from the latter group 40 CAD subjects, comparable for sex and age, with signs of overt inflammation (CRP > 30 mg/L).



All VHS participants came from the same geographical area of northern Italy as the above-mentioned patients with COVID-19. At the time of blood sampling, a complete clinical history was collected, as well as data about drug therapies. Subjects taking any anticoagulant therapy were excluded from this study.




2.2. Biochemical Analysis, FVIIa-AT and Coagulation Assays


In both COVID-19 and VHS population, samples of venous blood were drawn from each subject after an overnight fast, at the time of enrollment. Serum creatinine, CRP, and standard coagulation parameters, such as fibrinogen, PT, and aPTT were assessed with routine analytical methods, as specified in details elsewhere [26,30]. Glomerular filtration rate (GFR) was estimated from serum creatinine levels assessed with a standardized/compensated method by means of the four-variable version of the Modification of Diet in Renal Disease (MDRD) equation [31].



The concentration of FVIIa-AT was measured by ELISA (Asserachrom VIIa-AT; Diagnostica Stago, Asnieres, France) on frozen, never before thawed, citrate plasma samples for both COVID-19 and VHS populations. Venous blood samples were collected at the time of enrolment, processed within 1 h, stored in aliquots, and frozen at −80 °C. FVIIa-AT assay was performed on plasma samples previously thawed in a water bath at 37 °C for 5 min. All measurements were obtained in duplicate. The coefficients of variation, intra- and inter-assay, were <5%. Data of FVIIa-AT were available for all the subjects in the three cohorts included in this study.



The activities of coagulation factor II (FII:c), factor V (FV:c), and factor VIII (FVIII:c) in COVID-19 patients were measured on an ACL TOP 750 analyzer (Instrumentation Laboratory, Werfen), while in non-COVID-19 subjects from VHS the same parameters were assayed with a similar method on a Behring Coagulation Timer (BCT, Dade Behring) by modification of the one-stage clotting method with the use of relative deficient plasma (Dade Behring). The intra- and inter-assay coefficients of variations were <5%. Results of factor activities were expressed in terms of IU/dL. Data of FII:c, FV:c, and FVIII:c were available for all the patients with SARS-CoV-2 pneumonia and for a subsample of subjects without COVID-19.




2.3. Statistical Analysis


All the calculations were performed using the IBM SPSS 23.0 (IBM Inc., Armonk, NY, USA) statistical package. Distributions of continuous variables in groups were expressed as mean ± standard deviations. Skewed variables, including FVIIa-AT, CRP, eGFR, PT, aPTT, and fibrinogen were logarithmically transformed, and then geometric means with 95% confidence intervals (CIs) were reported. Quantitative data among the three cohorts were assessed by Student’s t-test or by ANOVA, with Tukey’s post-hoc comparison of the means when indicated. Qualitative data were analyzed with χ2 test. Finally, a linear regression analysis with FVIIa-AT plasma concentration as dependent variable was performed in the whole study population to evaluate SARS-CoV-2 pneumonia/COVID-19 status as potential determinant of FVIIa-AT plasma levels. The strength of association between SARS-CoV-2 pneumonia/COVID-19 status and FVIIa-AT levels was assessed by calculating beta coefficients in linear regression models adjusted for potential confounders, i.e., sex, age, CRP, eGFR, and traditional coagulation parameters. A p value < 0.05 was considered significant.





3. Results


The study design is summarized in Figure 1. The main clinical and laboratory characteristics of the study populations are shown in Table 1.



There were no significant differences of gender, age, BMI, and eGFR among the three cohorts. Subjects with SARS-CoV-2 pneumonia had the highest levels of inflammatory biomarkers, namely CRP and fibrinogen (Table 1). D-dimer data were available only in subjects with SARS-CoV-2 pneumonia who, as expected, showed high D-dimer plasma levels (1400 with 95%CI 1128–1738 mcg/L). No correlation between D-dimer and FVIIa-AT levels was found in COVID-19 patients (R = 0.160, p = 0.343 by Pearson’s correlation test). Subjects with SARS-CoV-2 pneumonia had the highest plasma levels of FVIIa-AT, which were higher than those in subjects without COVID-19 either with or without inflammation (Figure 2). On the other hand, there was no difference in FVIIa-AT levels between non-COVID-19 subjects with or without inflammation (Figure 2).



During the stay within COVID-19 Standard Care Units, eight patients (20%) were also diagnosed with deep vein thrombosis. There was no significant difference in FVIIa-AT plasma levels between subjects with or without a subsequent diagnosis of deep vein thrombosis (110.4 with 95%CI 67.1–182.0 versus 106.3 with 95%CI 87.1–129.7 pmol/L, p = 0.865 by Student’s t-test). Subjects with SARS-CoV-2 pneumonia had higher FVIIa-AT plasma levels as compared with those without COVID-19 either with or without inflammation also after exclusion of these eight patients with deep vein thrombosis (p = 0.022 and p = 0.028 by ANOVA with Tukey’s post-hoc comparison, respectively).



Defining high levels of FVIIa-AT on the basis of the arbitrary threshold of the 90th percentile in subjects without COVID-19 and without signs of inflammation, subjects with SARS-CoV-2 pneumonia had a three-fold increased prevalence of high FVIIa-AT levels compared with non-COVID-19 subjects, either with or without inflammation (Figure 3).



No significant correlation was found between FVIIa-AT and CRP levels in any of the three study groups (Figure 4).



In subsample analysis (information on FII:c, FV:c, and FVIII:c was available only in a limited number of non-COVID-19 subjects), FII:c, FV:c, and FVIII:c were lower in subjects with SARS-CoV-2 pneumonia, with the highest FVIII:c levels in subjects without COVID-19 and with inflammation (Table 1).



Considering the whole study population, SARS-CoV-2 pneumonia/COVID-19 status remained significantly associated with FVIIa-AT plasma levels by multiple linear regression models, even after adjustment for potential confounders, such as sex, age, CRP, eGFR, fibrinogen, PT, and aPTT (Table 2).




4. Discussion


COVID-19 is a multisystem pathology in which vascular endothelium is a critical target organ with predisposition to development of both micro- and macrothrombosis [19]. Coagulation abnormalities are hallmarks of COVID-19. Some coagulation biomarkers, such as D-dimer, are shown to have potential prognostic significance by predicting clinical outcomes and overall mortality in COVID-19 patients [32,33,34]. In this study, we showed that patients with SARS-CoV-2 pneumonia within Standard Care Units during the first pandemic wave had higher plasma levels of FVIIa-AT than historical, sex- and age-matched control groups (Figure 1 and Figure 2), thus supporting the hypothesis of an increased TF expression and TF-FVIIa interaction in COVID-19.



As regards coagulation parameters, our data also include the assessment of FII:c, FV:c, and FVIII:c, which were lower in patients with SARS-CoV-2 pneumonia (Table 1), consistent with a condition of acute phase-related (presumably thrombotic) consumption of coagulation factors. However, the low number of subjects assessed for FII:c, FV:c, and FVIII:c in the control groups does not allow us to draw any firm conclusions. Therefore, although with significant limitations, the most robust result of our analysis should be considered the observed association of SARS-CoV-2 pneumonia with increased plasma levels of FVIIa-AT.



Our results are consistent with a few earlier reports on coagulation biomarkers in COVID-19. Francischetti and colleagues found a progressive increase in FVIIa-AT levels from controls to subjects with moderate and, lastly, severe SARS-CoV-2 infection [35]. Similarly, Willems and colleagues observed that FVIIa-AT plasma concentration remained elevated in about a third (35%) of recovered COVID-19 patients 3 months after SARS-CoV-2 infection [36].



Our data may support the concept of a crucial endothelial involvement in COVID-19 coagulopathy. Endothelial cells at rest do not constitutively express TF at their surface, though they can be fostered to express TF by several triggers, including inflammatory cytokines [37]. Endothelial cells are then a central joint of interaction between inflammation and coagulation, as well as being recognized as crucial players in the processes of immunothrombosis and thromboinflammation [38,39]. The intense inflammatory response triggered by SARS-CoV-2 can stimulate, activate, and damage vascular endothelium, as well as trigger coagulation pathways—including those linked with TF—by means of both endothelium-related and leukocyte-related mechanisms. As regards TF expression/activation, it is worthy of note that monocytes and macrophages also show very little or no basal/constitutive expression of TF, which can be induced by inflammatory stimuli [37].



Severe infections have been long known to cause haemostatic derangements, mainly by fostering systemic inflammation [40]. However, in our study population, the increase in FVIIa-AT in COVID-19 patients appeared to be independent of inflammatory markers, namely CRP (Table 2). In subjects with an elevated plasma concentration of CRP but without COVID-19, no increase in FVIIa-AT was observed (Figure 2 and Figure 3). Moreover, no correlation between FVIIa-AT and CRP levels was found in any of our cohorts (Figure 4). These results are consistent with previous data reported in the larger VHS cardiovascular cohort, in which no correlation between FVIIa-AT and CRP plasma levels was detected [25]. Notably, our results are also consistent with those reported by Willems and colleagues, who failed to find a significant correlation between coagulation biomarkers—such as FVIIa-AT—and inflammatory cytokines, thus suggesting a kind of dissociation between thrombotic and inflammatory states in COVID-19 [36]. It is hence tempting to speculate that SARS-CoV-2 infection may directly or indirectly stimulate TF expression by endothelial cells and/or leukocytes independent of its associated cytokine storm in patients with severe illness [36]. Coronaviruses may cause angiotensin-converting enzyme 2 down-regulation, resulting in increased levels of angiotensin 2 [41], which in turn can induce TF overexpression [42]. Moreover, the activation of toll-like receptor 3 in the presence of double-stranded RNA viruses can induce TF expression in cultured endothelial cells, thus inducing a procoagulant state in the endothelium [43]. All these molecular mechanisms represent potential biological grounds supporting the hypothesis of TF upregulation, even beyond classic inflammatory pathways, in the multifactorial COVID-19 coagulopathy. Notably, the results of high FVIIa-AT plasma levels in COVID-19 patients were confirmed even after the exclusion of subjects with a subsequent diagnosis of deep vein thrombosis, thereby allowing us to limit the potential biases related to acute thrombotic events.



Being as FVIIa-AT is an indirect marker of FVIIa-TF interaction, its laboratory evaluation could hence be considered clinically useful in conditions such as COVID-19 characterized by TF upregulation/activation, and where the inhibition of the TF pathway has been hypothesized to exert beneficial effects [44]. It is worthy of note that increased plasma FVIIa-AT levels have been associated with the increased risk of mortality in different clinical settings, thus proving to be a potential prognostic biomarker of high-risk conditions [25,27]. In 2016, observing the increased risk of total and cardiovascular mortality in VHS subjects with clinically stable CAD and high FVIIa-AT plasma levels, we hypothesized a possible beneficial use of FXa inhibitors in CAD patients, supported by blocking the excess of FX activation mediated by TF–FVIIa interaction, which is indirectly marked by high FVIIa-AT plasma levels. In 2017, the COMPASS trial demonstrated that low-dose rivaroxaban, a FXa inhibitor, can improve clinical outcomes in patients with stable atherosclerotic vascular disease [45]. Low-molecular-weight heparins, which are characterized by predominant anti-FXa activity, are already recognized as a cornerstone in the management of COVID-19, although many questions remain about the optimum approach, dose, and duration of therapy [46]. According to all the previous considerations, we are tempted here to speculate that subjects with SARS-CoV-2 pneumonia and high FVIIa-AT plasma levels may have the greatest benefit from treatments targeting FXa inhibition.



Our study has several limitations that should be acknowledged, the first of which is the small sample size and the limited number of assessed coagulation biomarkers. The differences in FVIIa-AT plasma levels among the groups, although statistically significant, showed a substantial overlap of values. Moreover, the COVID-19 cohort was represented by patients with SARS-CoV-2 pneumonia, while the control group without COVID-19 and with inflammation included mainly subjects with upper respiratory tract infections, without pneumonia. Therefore, we cannot exclude that the alterations in FVIIa-AT levels may be linked to the general condition of pneumonia, rather than being specific to SARS-CoV-2 infection. A control group of patients with pneumonia not due to SARS-CoV-2 infection would be ideal for such comparison. Nonetheless, our results are consistent with those of other studies showing increased FVIIa-AT levels in and after SARS-CoV-2 infection [35,36], thereby supporting the hypothesis of an increased TF-FVIIa interaction in COVID-19. Moreover, according with earlier reports showing a dissociation between coagulation and inflammation parameters [36], our data suggest also that the activation of the TF pathway in COVID-19 may be, at least in part, independent of inflammatory mechanisms.



In summary, by showing increased plasma levels of FVIIa-AT in patients with SARS-CoV-2 pneumonia, our data address the possible role of the TF pathway in COVID-19. Our results need to be validated by further larger studies, with a prospective design evaluating the potential prognostic significance of FVIIa-AT plasma levels in subjects with SARS-CoV-2 infection and also comparing coagulation biomarkers among the different COVID-19 pandemic waves, which are known to be characterized by different clinical phenotypes and outcomes in the current scenario. If confirmed, the results of the present study may pave the way for further investigations and contribute to advancing the understanding of the multifaceted pathophysiology of COVID-19.







Author Contributions


N.M. designed research, analyzed and interpreted data, performed statistical analysis, and wrote the manuscript; F.P. designed research, analyzed and interpreted data, performed statistical analysis, and contributed to the writing of the manuscript; A.C., G.L., D.G., O.O. and S.F. interpreted data, contributed to subsequent manuscript discussion and to the writing of the manuscript; A.M.R., S.D.M., N.O., M.D., L.D.F., E.T. (Elisa Tinazzi), F.M., S.M., G.A., L.D., G.S. and A.M.A. collected data and contributed to subsequent manuscript discussion; M.M., P.P. and S.U. analyzed data and contributed to subsequent manuscript discussion; E.T. (Evelina Tacconelli) and P.V.D. interpreted data and contributed to subsequent manuscript discussion. All authors have read and agreed to the published version of the manuscript.




Funding


The study was partially supported by grant ENACT 2020 (Grant ID: NA) from the Cariverona Foundation, fiscal code 00215140237, Italy.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and was approved by the Ethics Committee of our Institution (Azienda Ospedaliera Universitaria Integrata, Verona, Italy—THR-CoV-2_ 2650CESC—7 May 2020 and VHS_1881/CE—28 July 2004).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to privacy reasons.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



COVID-19 Map—Johns Hopkins Coronavirus Resource Center, COVID-19 Dashboard by the Center for Systems Science and Engineering (CSSE) at Johns Hopkins University (JHU). Available online: https://coronavirus.jhu.edu/map.html (accessed on 30 August 2022).

	



Osuchowski, M.F.; Winkler, M.S.; Skirecki, T.; Cajander, S.; Shankar-Hari, M.; Lachmann, G.; Monneret, G.; Venet, F.; Bauer, M.; Brunkhorst, F.M.; et al. The COVID-19 puzzle: Deciphering pathophysiology and phenotypes of a new disease entity. Lancet Respir. Med. 2021, 9, 622–642. [Google Scholar] [CrossRef]

	



Lippi, G.; Sanchis-Gomar, F.; Henry, B.M. COVID-19: Unravelling the clinical progression of nature’s virtually perfect biological weapon. Ann. Transl. Med. 2020, 8, 693. [Google Scholar] [CrossRef] [PubMed]

	



Hu, B.; Guo, H.; Zhou, P.; Shi, Z.L. Characteristics of SARS-CoV-2 and COVID-19. Nat. Rev. Microbiol. 2021, 19, 141–154. [Google Scholar] [CrossRef] [PubMed]

	



Lodigiani, C.; Iapichino, G.; Carenzo, L.; Cecconi, M.; Ferrazzi, P.; Sebastian, T.; Kucher, N.; Studt, J.D.; Sacco, C.; Bertuzzi, A.; et al. Venous and arterial thromboembolic complications in COVID-19 patients admitted to an academic hospital in Milan, Italy. Thromb. Res. 2020, 191, 9–14. [Google Scholar] [CrossRef]

	



Middeldorp, S.; Coppens, M.; van Haaps, T.F.; Foppen, M.; Vlaar, A.P.; Muller, M.C.A.; Bouman, C.C.S.; Beenen, L.F.M.; Kootte, R.S.; Heijmans, J.; et al. Incidence of venous thromboembolism in hospitalized patients with COVID-19. J. Thromb. Haemost. 2020, 18, 1995–2002. [Google Scholar] [CrossRef]

	



Hippensteel, J.A.; Burnham, E.L.; Jolley, S.E. Prevalence of venous thromboembolism in critically ill patients with COVID-19. Br. J. Haematol. 2020, 190, e134–e137. [Google Scholar] [CrossRef]

	



Oxley, T.J.; Mocco, J.; Majidi, S.; Kellner, C.P.; Shoirah, H.; Singh, I.P.; De Leacy, R.A.; Shigematsu, T.; Ladner, T.R.; Yaeger, K.A.; et al. Large-Vessel Stroke as a Presenting Feature of Covid-19 in the Young. N. Engl. J. Med. 2020, 382, e60. [Google Scholar] [CrossRef]

	



Klok, F.A.; Kruip, M.; van der Meer, N.J.M.; Arbous, M.S.; Gommers, D.; Kant, K.M.; Kaptein, F.H.J.; van Paassen, J.; Stals, M.A.M.; Huisman, M.V.; et al. Incidence of thrombotic complications in critically ill ICU patients with COVID-19. Thromb Res. 2020, 191, 145–147. [Google Scholar] [CrossRef]

	



Pizzolo, F.; Rigoni, A.M.; De Marchi, S.; Friso, S.; Tinazzi, E.; Sartori, G.; Stefanoni, F.; Nalin, F.; Montagnana, M.; Pilotto, S.; et al. Deep vein thrombosis in SARS-CoV-2 pneumonia-affected patients within standard care units: Exploring a submerged portion of the iceberg. Thromb. Res. 2020, 194, 216–219. [Google Scholar] [CrossRef]

	



Tang, N.; Li, D.; Wang, X.; Sun, Z. Abnormal coagulation parameters are associated with poor prognosis in patients with novel coronavirus pneumonia. J. Thromb. Haemost 2020, 18, 844–847. [Google Scholar] [CrossRef]

	



Wang, F.; Hou, H.; Luo, Y.; Tang, G.; Wu, S.; Huang, M.; Liu, W.; Zhu, Y.; Lin, Q.; Mao, L.; et al. The laboratory tests and host immunity of COVID-19 patients with different severity of illness. JCI Insight 2020, 5, e137799. [Google Scholar] [CrossRef]

	



Seth, R.; McKinnon, T.A.J.; Zhang, X.F. Contribution of the von Willebrand factor/ADAMTS13 imbalance to COVID-19 coagulopathy. Am. J. Physiol. Heart Circ. Physiol. 2022, 322, H87–H93. [Google Scholar] [CrossRef]

	



Spiezia, L.; Boscolo, A.; Poletto, F.; Cerruti, L.; Tiberio, I.; Campello, E.; Navalesi, P.; Simioni, P. COVID-19-Related Severe Hypercoagulability in Patients Admitted to Intensive Care Unit for Acute Respiratory Failure. Thromb. Haemost 2020, 120, 998–1000. [Google Scholar] [CrossRef]

	



Zhang, Y.; Xiao, M.; Zhang, S.; Xia, P.; Cao, W.; Jiang, W.; Chen, H.; Ding, X.; Zhao, H.; Zhang, H.; et al. Coagulopathy and Antiphospholipid Antibodies in Patients with Covid-19. N. Engl. J. Med. 2020, 382, e38. [Google Scholar] [CrossRef]

	



Martinelli, N.; Montagnana, M.; Pizzolo, F.; Friso, S.; Salvagno, G.L.; Forni, G.L.; Gianesin, B.; Morandi, M.; Lunardi, C.; Lippi, G.; et al. A relative ADAMTS13 deficiency supports the presence of a secondary microangiopathy in COVID-19. Thromb. Res. 2020, 193, 170–172. [Google Scholar] [CrossRef]

	



Perico, L.; Benigni, A.; Casiraghi, F.; Ng, L.F.P.; Renia, L.; Remuzzi, G. Immunity, endothelial injury and complement-induced coagulopathy in COVID-19. Nat. Rev. Nephrol. 2021, 17, 46–64. [Google Scholar] [CrossRef]

	



Tiwari, N.R.; Phatak, S.; Sharma, V.R.; Agarwal, S.K. COVID-19 and thrombotic microangiopathies. Thromb. Res. 2021, 202, 191–198. [Google Scholar] [CrossRef]

	



Bonaventura, A.; Vecchie, A.; Dagna, L.; Martinod, K.; Dixon, D.L.; Van Tassell, B.W.; Dentali, F.; Montecucco, F.; Massberg, S.; Levi, M.; et al. Endothelial dysfunction and immunothrombosis as key pathogenic mechanisms in COVID-19. Nat. Rev. Immunol. 2021, 21, 319–329. [Google Scholar] [CrossRef]

	



Varga, Z.; Flammer, A.J.; Steiger, P.; Haberecker, M.; Andermatt, R.; Zinkernagel, A.S.; Mehra, M.R.; Schuepbach, R.A.; Ruschitzka, F.; Moch, H. Endothelial cell infection and endotheliitis in COVID-19. Lancet 2020, 395, 1417–1418. [Google Scholar] [CrossRef]

	



Rovas, A.; Osiaevi, I.; Buscher, K.; Sackarnd, J.; Tepasse, P.R.; Fobker, M.; Kuhn, J.; Braune, S.; Gobel, U.; Tholking, G.; et al. Microvascular dysfunction in COVID-19: The MYSTIC study. Angiogenesis 2021, 24, 145–157. [Google Scholar] [CrossRef]

	



Liu, F.; Han, K.; Blair, R.; Kenst, K.; Qin, Z.; Upcin, B.; Worsdorfer, P.; Midkiff, C.C.; Mudd, J.; Belyaeva, E.; et al. SARS-CoV-2 Infects Endothelial Cells In Vivo and In Vitro. Front. Cell Infect. Microbiol. 2021, 11, 701278. [Google Scholar] [CrossRef] [PubMed]

	



Jose, R.J.; Manuel, A. COVID-19 cytokine storm: The interplay between inflammation and coagulation. Lancet Resp. Med. 2020, 8, E46–E47. [Google Scholar] [CrossRef]

	



Savla, S.R.; Prabhavalkar, K.S.; Bhatt, L.K. Cytokine storm associated coagulation complications in COVID-19 patients: Pathogenesis and Management. Expert Rev. Anti Infect. Ther. 2021, 19, 1397–1413. [Google Scholar] [CrossRef] [PubMed]

	



Martinelli, N.; Girelli, D.; Baroni, M.; Guarini, P.; Sandri, M.; Lunghi, B.; Tosi, F.; Branchini, A.; Sartori, F.; Woodhams, B.; et al. Activated factor VII-antithrombin complex predicts mortality in patients with stable coronary artery disease: A cohort study. J. Thromb. Haemost 2016, 14, 655–666. [Google Scholar] [CrossRef] [PubMed]

	



Martinelli, N.; Baroni, M.; Castagna, A.; Lunghi, B.; Stefanoni, F.; Tosi, F.; Croce, J.; Udali, S.; Woodhams, B.; Girelli, D.; et al. Apolipoprotein C-III Strongly Correlates with Activated Factor VII-Anti-Thrombin Complex: An Additional Link between Plasma Lipids and Coagulation. Thromb. Haemost 2019, 119, 192–202. [Google Scholar] [CrossRef]

	



Olson, N.C.; Raffield, L.M.; Lange, L.A.; Lange, E.M.; Longstreth, W.T., Jr.; Chauhan, G.; Debette, S.; Seshadri, S.; Reiner, A.P.; Tracy, R.P. Associations of activated coagulation factor VII and factor VIIa-antithrombin levels with genome-wide polymorphisms and cardiovascular disease risk. J. Thromb. Haemost 2018, 16, 19–30. [Google Scholar] [CrossRef]

	



Yau, J.W.; Teoh, H.; Verma, S. Endothelial cell control of thrombosis. BMC Cardiovasc. Disord. 2015, 15, 130. [Google Scholar] [CrossRef]

	



Olivieri, O.; Turcato, G.; Cappellari, M.; Stefanoni, F.; Osti, N.; Pizzolo, F.; Friso, S.; Bassi, A.; Castagna, A.; Martinelli, N. High Plasma Concentration of Apolipoprotein C-III Confers an Increased Risk of Cerebral Ischemic Events on Cardiovascular Patients Anticoagulated With Warfarin. Front. Cardiovasc. Med. 2021, 8, 781383. [Google Scholar] [CrossRef]

	



Martinelli, N.; Girelli, D.; Lunghi, B.; Pinotti, M.; Marchetti, G.; Malerba, G.; Pignatti, P.F.; Corrocher, R.; Olivieri, O.; Bernardi, F. Polymorphisms at LDLR locus may be associated with coronary artery disease through modulation of coagulation factor VIII activity and independently from lipid profile. Blood 2010, 116, 5688–5697. [Google Scholar] [CrossRef]

	



Levey, A.S.; Bosch, J.P.; Lewis, J.B.; Greene, T.; Rogers, N.; Roth, D. A more accurate method to estimate glomerular filtration rate from serum creatinine: A new prediction equation. Modification of Diet in Renal Disease Study Group. Ann. Intern. Med. 1999, 130, 461–470. [Google Scholar] [CrossRef]

	



Naymagon, L.; Zubizarreta, N.; Feld, J.; van Gerwen, M.; Alsen, M.; Thibaud, S.; Kessler, A.; Venugopal, S.; Makki, I.; Qin, Q.; et al. Admission D-dimer levels, D-dimer trends, and outcomes in COVID-19. Thromb. Res. 2020, 196, 99–105. [Google Scholar] [CrossRef]

	



Sheth, A.; Modi, M.; Dawson, D.; Dominic, P. Prognostic value of cardiac biomarkers in COVID-19 infection. Sci. Rep. 2021, 11, 4930. [Google Scholar] [CrossRef]

	



Zhan, H.T.; Chen, H.Z.; Liu, C.X.; Cheng, L.L.; Yan, S.X.; Li, H.L.; Li, Y.Z. Diagnostic Value of D-Dimer in COVID-19: A Meta-Analysis and Meta-Regression. Clin. Appl. Thromb. Hem. 2021, 27, 10760296211010976. [Google Scholar] [CrossRef]

	



Francischetti, I.M.B.; Toomer, K.; Zhang, Y.; Jani, J.; Siddiqui, Z.; Brotman, D.J.; Hooper, J.E.; Kickler, T.S. Upregulation of pulmonary tissue factor, loss of thrombomodulin and immunothrombosis in SARS-CoV-2 infection. EClinicalMedicine 2021, 39, 101069. [Google Scholar] [CrossRef]

	



Willems, L.H.; Nagy, M.; Ten Cate, H.; Spronk, H.M.H.; Groh, L.A.; Leentjens, J.; Janssen, N.A.F.; Netea, M.G.; Thijssen, D.H.J.; Hannink, G.; et al. Sustained inflammation, coagulation activation and elevated endothelin-1 levels without macrovascular dysfunction at 3 months after COVID-19. Thromb. Res. 2022, 209, 106–114. [Google Scholar] [CrossRef]

	



Steffel, J.; Luscher, T.F.; Tanner, F.C. Tissue factor in cardiovascular diseases: Molecular mechanisms and clinical implications. Circulation 2006, 113, 722–731. [Google Scholar] [CrossRef]

	



Lamers, M.M.; Haagmans, B.L. SARS-CoV-2 pathogenesis. Nat. Rev. Microbiol. 2022, 20, 270–284. [Google Scholar] [CrossRef]

	



Bikdeli, B.; Madhavan, M.V.; Gupta, A.; Jimenez, D.; Burton, J.R.; Der Nigoghossian, C.; Chuich, T.; Nouri, S.N.; Dreyfus, I.; Driggin, E.; et al. Pharmacological Agents Targeting Thromboinflammation in COVID-19: Review and Implications for Future Research. Thromb. Haemost 2020, 120, 1004–1024. [Google Scholar] [CrossRef]

	



Van Gorp, E.C.; Suharti, C.; ten Cate, H.; Dolmans, W.M.; van der Meer, J.W.; ten Cate, J.W.; Brandjes, D.P. Review: Infectious diseases and coagulation disorders. J. Infect. Dis. 1999, 180, 176–186. [Google Scholar] [CrossRef]

	



Li, W.; Moore, M.J.; Vasilieva, N.; Sui, J.; Wong, S.K.; Berne, M.A.; Somasundaran, M.; Sullivan, J.L.; Luzuriaga, K.; Greenough, T.C.; et al. Angiotensin-converting enzyme 2 is a functional receptor for the SARS coronavirus. Nature 2003, 426, 450–454. [Google Scholar] [CrossRef]

	



Losche, W. Platelets and tissue factor. Platelets 2005, 16, 313–319. [Google Scholar] [CrossRef]

	



Shibamiya, A.; Hersemeyer, K.; Schmidt Woll, T.; Sedding, D.; Daniel, J.M.; Bauer, S.; Koyama, T.; Preissner, K.T.; Kanse, S.M. A key role for Toll-like receptor-3 in disrupting the hemostasis balance on endothelial cells. Blood 2009, 113, 714–722. [Google Scholar] [CrossRef]

	



Canas, C.A.; Canas, F.; Bautista-Vargas, M.; Bonilla-Abadia, F. Role of Tissue Factor in the Pathogenesis of COVID-19 and the Possible Ways to Inhibit It. Clin. Appl. Thromb. Hemost 2021, 27, 10760296211003983. [Google Scholar] [CrossRef]

	



Eikelboom, J.W.; Connolly, S.J.; Bosch, J.; Dagenais, G.R.; Hart, R.G.; Shestakovska, O.; Diaz, R.; Alings, M.; Lonn, E.M.; Anand, S.S.; et al. Rivaroxaban with or without Aspirin in Stable Cardiovascular Disease. N. Engl. J. Med. 2017, 377, 1319–1330. [Google Scholar] [CrossRef]

	



Vincent, J.-L.; Levi, M.; Hunt, B.J. Prevention and management of thrombosis in hospitalised patients with COVID-19 pneumonia. Lancet Respir. Med. 2022, 10, 214–220. [Google Scholar] [CrossRef]








[image: Diagnostics 12 02792 g001 550] 





Figure 1. Schematic diagram of study design. Study design for the analysis of activated factor VII–antithrombin complex (FVIIa-AT) levels in patients with SARS-CoV-2 pneumonia. 






Figure 1. Schematic diagram of study design. Study design for the analysis of activated factor VII–antithrombin complex (FVIIa-AT) levels in patients with SARS-CoV-2 pneumonia.



[image: Diagnostics 12 02792 g001]







[image: Diagnostics 12 02792 g002 550] 





Figure 2. FVIIa-AT levels in subjects with or without SARS-CoV-2 infection. Activated factor VII–antithrombin complex (FVIIa-AT) plasma concentration in the three study groups. 
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Figure 3. High FVIIa-AT levels in subjects with or without SARS-CoV2 infection. Prevalence of high-activated factor VII–antithrombin complex (FVIIa-AT) plasma levels in the three study groups. 
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Figure 4. FVIIa-AT–CRP correlation. Correlations between activated factor VII–antithrombin complex (FVIIa-AT) and C-reactive protein (CRP) plasma levels in the three study groups. 
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Table 1. Study cohort characteristics. Clinical and laboratory characteristics of the three study groups: (i) non-COVID-19 subjects without inflammation, (ii) non-COVID-19 subjects with inflammation, and (iii) subjects with SARS-CoV-2 pneumonia.
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	Non-COVID-19

No Inflammation

(n = 40)
	Non-COVID-19

Inflammation

(n = 40)
	SARS-CoV-2

Pneumonia

(n = 40)
	p *





	Female sex (%)
	25.0
	25.0
	25.0
	NS



	Age (years)
	60.6 ± 11.5
	60.9 ± 12.1
	64.8 ± 12.3
	NS



	BMI (kg/m2)
	26.5 ± 3.5
	27.0 ± 3.9
	26.8 ± 4.4
	NS



	CRP (mg/L)
	0.9

(0.7–1.2)
	51.6

(44.0–60.4)
	71.5

(54.4–93.8)
	<0.001



	eGFR (mL/min) #
	73.9

(67.9–80.4)
	71.8

(60.9–80.6)
	70.8

(63.6–78.8)
	NS



	PT
	0.98

(0.97–1.00)
	0.97

(0.95–1.00)
	1.10

(1.07–1.14)
	<0.001



	aPTT
	0.97

(0.94–1.01)
	1.03

(0.98–1.08)
	1.01

(0.97–1.06)
	NS



	Fibrinogen (g/L)
	3.16

(2.95–3.37)
	5.33

(4.67–6.07)
	6.19

(5.48–7.00)
	<0.001



	FVIIa-AT (pmol/L)
	80.7

(71.3–91.3)
	80.0

(70.3–91.0)
	107.1

(89.8–127.8)
	0.006



	FII:c ^
	120.0 ± 24.5
	118.4 ± 24.2
	82.9 ± 19.7
	<0.001



	FV:c ^
	140.7 ± 52.2
	142.2 ± 25.3
	99.8 ± 23.3
	<0.001



	FVIII:c ^
	148.9 ± 60.7
	200.9 ± 66.6
	65.2 ± 21.9
	<0.001







CRP: C-reactive protein; eGFR: estimated Glomerular Filtration Rate; PT: Prothrombin Time; aPTT: activated Partial Thromboplastin Time; FVIIa-AT: activated factor VII-antithrombin complex; FII:c: factor II coagulant activity; FV:c: factor V coagulant activity; FVIII:c: factor VIII coagulant activity; NS: not significant. *: by ANOVA or χ2-test, when indicated. #: eGFR was calculated by means of Modification of Diet in Renal Disease (MDRD) equation. ^: Data of FII:c, FV:c, and FVIII:c were available for all the 40 subjects with SARS-CoV-2 pneumonia, 25 subjects within non-COVID-19 and no inflammation group, and in 9 subjects within non-COVID-19 and inflammation group.
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Table 2. SARS-CoV-2 infection as determinant of FVIIa-AT plasma levels. Strength of association between SARS-CoV-2 pneumonia and FVIIa-AT plasma levels in the whole study population by linear regression models.
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SARS-CoV-2 Pneumonia as Determinant of FVIIa-AT Levels by Linear Regression Models

	
Beta

Coefficient

	
95% CI

	
p






	
Unadjusted

	

	
0.288

	
0.114–0.461

	
0.001




	
Adjusted

	
Model 1

	
0.276

	
0.100–0.452

	
0.002




	

	
Model 2

	
0.265

	
0.056–0.474

	
0.014




	

	
Model 3

	
0.264

	
0.055–0.473

	
0.014




	

	
Model 4

	
0.322

	
0.055–0.589

	
0.019








Model 1: adjusted for sex, age. Model 2: adjusted for sex, age, CRP. Model 3: adjusted for sex, age, CRP, eGFR. Model 4: adjusted for sex, age, CRP, eGFR, fibrinogen, PT, aPTT. CI: Confidence Interval, CRP: C-Reactive Protein, eGFR: estimated Glomerular Filtration Rate, PT: Prothrombin Time, aPTT: activated Partial Thromboplastin Time.
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