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Summary 

Coronaviruses can cause a diverse array of clinical manifestations, from fever with symptoms of the 

common cold to highly lethal Severe Acute Respiratory Syndrome (SARS) and Middle East 

Respiratory Syndrome (MERS). SARS-CoV-2, the coronavirus discovered in Hubei province, China, at 

the end of 2019, became known worldwide for causing COVID-19. Over one time-period, the 

scientific community has produced a large bulk of knowledge about this disease and countless 

reports about its immune-pathological aspects. This knowledge, including data obtained in 

postmortem studies, points unequivocally to a hypercoagulability state. However, the name COVID-

19 tells us very little about the true meaning of the disease. Our proposal is more comprehensive; 

it intends to frame COVID-19 in more clinical terminology, making an analogy to Viral Hemorrhagic 

Fever (VHF). Thus, we found irrefutable evidence in the current literature that COVID-19 is the first 

viral disease that can be branded as a Viral Thrombotic Fever. This manuscript points out that SARS-

CoV-2 goes far beyond pneumonia or SARS. COVID-19 infections promote remarkable interactions 

among the endothelium, coagulation, and immune response, building up a background capable of 

promoting a “thrombotic storm,” much more than a “cytokine storm.” The importance of a viral 

protease called main protease (Mpro) is highlighted as a key component for SARS-CoV-2 replication 

in the host cell. A deeper analysis of this protease and its importance on the coagulation system is 

also discussed for the first time, mainly because of its similarity with the thrombin and factor Xa 

molecules, as recently pointed out by structural comparison of crystallographic structures. 

 

 

 

About the SARS-CoV-2 
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SARS-CoV-2 is a novel coronavirus responsible for the COVID-19 pandemic, as declared by the World Health 

Organization (WHO) on March 11, 2020 (1). COVID-19 is by far the most significant global calamity since the 

Second World War, probably better defined as a syndemic due to the combination of severe health problems 

and socioeconomic drawback, which has strongly accentuated inequalities worldwide(2,3). On February 23th, 

COVID-19 statistics reported by the Centre for Systems Science and Engineering (CSSE) at Johns Hopkins 

University (JHU) displayed 111.974.905 worldwide cases of the disease and over 2.481.140 deaths involving 

192 countries, Brazil being the second one most affected country in the global ranking with 247.143 deaths 

(4).  

 

Researching targets 

Several viral proteins have been prioritized as SARS-CoV-2 antiviral drug targets, such as the spike 

protein, the RNA-dependent RNA polymerase (RdRp), the main protease  (Mpro), and the papain-

like protease (PLpro) (5). Indeed, the  SARS-CoV-2  genome encodes four structural proteins, sixteen 

non-structural proteins (NSPs) that carry out crucial intracellular functions, and nine accessory 

proteins (6). In addition to the proteins mentioned previously above, the virus needs a foreign 

protein, the TMPRSS2 (Transmembrane Protease Serine 2), to infect the host’s cells. Thus, the 

TMPRSS2 protein is considered an important therapeutic target, creating the potential for infection 

prevention if inhibited at the early stages of the infection. SARS-CoV and other coronaviruses also 

use TMPRSS2 for their S protein activation, and the protease is expressed in SARS-CoV target cells 

throughout the human respiratory tract and other organs (7-9). 

 

Is the main protease (Mpro) a crucial molecule to battle against SARS-CoV-2 infection? 



MEMÓRIAS DO INSTITUTO OSWALDO CRUZ 
This is a preliminary version of the accepted article 

 
 

The viral protease Mpro is one of the most suitable targets for therapeutic strategies against SARS-CoV-2. 

The intracellular translation of the viral RNA results in the synthesis of two critical polyproteins, which are 

processed by two virally encoded cysteine proteases, a papain-like protease  (Plpro) and a 3CL-like protease 

(3CLpro - also alluded to as NSP5 or as Mpro), from now on referred as SARS-CoV-2 Mpro. In the 

investigational article written by Sinthyia Ahmed et al. (5), it was verified significant binding affinity and 

interaction of 76 prescription drugs against RNA dependent RNA polymerase (RdRp) and Mpro of SARS-CoV-

2. Mengist et al. (10) described that inhibitors of the main protease (Mpro) prevent the replication of SARS-

CoV-2 in vitro. This effect is explained by the role of Mpro cleaving polyproteins (pp1a and pp1ab) translated 

from virus genomic RNA, yielding non-structural proteins that are necessary for assembling the viral 

replication transcription complex (RTC) for viral RNA synthesis in the host’s cells. Any inhibitor that could 

cross the cellular membrane in a non-toxic concentration to the host and is capable of binding to Mpro 

inhibiting its activity will undoubtedly impair virion assembly and the release of the new intact virion. In 

summary, coronaviruses Mpro molecule is fundamental to facilitate viral assembly by cleaving polyproteins 

and is a suitable target to stop viral replication. Additionally, studies using this protease’s crystal structures 

will provide a foundation for designing potent inhibitors of Mpro for clinical use, giving this dreadful disease 

an expeditious end (7,10-14). A consortium of scientists is trying to speed up developing a viral protease inhibitor 

with a massive crowdsourced initiative to combine the expertise of multiple labs and researchers worldwide 

and process as many possible protease inhibitor structures as possible. Earlier in March, crystallographers at 

the Diamond Light Source also solved the SARS-CoV-2 main protease structure at high resolution (15,16). 

Scientists hope to find several lead compounds by using Artificial Intelligence (AI) algorithms to suggest 

changes to the molecules, especially SARS-CoV-2 Mpro, to help speed up drug development (17).  

 

Does endothelial dysfunction have an essential role in SARS-CoV-2 infection?  

The endothelium functions as a receptor-effector organ, responding to the different physical or chemical 

stimuli by secreting specific mediators. It maintains the vasomotor balance and vascular-tissue homeostasis. 
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Additionally, there are different types of endothelium in the human body — some expressed more tissue-

type Plasminogen Activator (t-PA), such as those blood vessels in the heart, others more thrombomodulin 

(TM), such as the blood vessels in the lungs (18-20). The endothelium is no longer perceived as a layer of inert 

coating within the vessels, but more as the conductor who orchestrates multiple functions, playing a central 

and critical role in many physiological processes, including (21): 

• Vasomotor tone; 

• Transport of blood cells and underlying tissues; 

• Maintenance of blood flow; 

• Permeability; 

• Angiogenesis; 

• Innate and adaptive immunity 

Thus, the endothelium is an active paracrine, endocrine, and autocrine organ, and it is fundamental for the 

regulation, maintenance, and equipoise in vascular health (22). The endothelium is made up of layers of cells 

that line the vessels. By itself, it weighs approximately 1 kg in an adult of average size and weight (70 kg), and 

it could cover an area of 4,000 to 7,000 m2 (19). If stretched out, these cells would make four turns around the 

planet, extending its length for about 180,000 km, giving an insight into the magnitude of the problem when 

that system goes into dysfunction. Moreover, the endothelium presents different structures and functions, 

as discovered in 1966, through Florey’s ultrastructural observations (23). It has an astonishing functional 

heterogeneity highlighted when specific subsets of blood vessels are analyzed (24). It is important to 

emphasize that the endothelium is also modulated in different diseases and infections. Initial symptoms of 

viral hemorrhagic fever (VHF) are remarkably similar to the SARS-CoV-2 condition. For instance, acute VHF 

infections start with fever, myalgia, and malaise with progressive prostration, typically lasting for 3 to 4 days 

when vascular manifestations begin to emerge, including vascular permeability and small-vessel damage. The 

vascular endothelium infection may be familiar to all VHFs (25), and the consequent endothelial dysfunction 
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is fundamental in the genesis of bleeding, which is not universal but is often seen when thrombocytopenia, 

or severe platelet dysfunction, are detectable. Otherwise, in SARS-CoV-2, clinical reports increasingly suggest 

a significant injury on the endothelial cells, but with the uncommon presence of thrombocytopenia (25,26). The 

bleeding in VHF seems to be diffuse and due to capillary damage. On the other hand, in COVID-19, endothelial 

infection and consequent endotheliitis have startled the medical community presenting itself as an intense 

hypercoagulability disorder causing diffuse micro-thrombosis (27,28), that in fact, it may be associated with 

robust thrombin generation.  
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Coagulation disturbances in coronaviruses infections 

Recently, an observational study was conducted by Klok, F. et al., (29) involving 184 COVID-19 in 

Intensive Care Unit (ICU) patients in three Dutch hospitals to investigate the incidence of thrombotic 

complications. This study verified 31 cases of thrombosis in the setting of critical care, with 81% 

developing a pulmonary embolism, 3.2% deep venous thrombosis, 6.4% were identified with 

catheter-related upper extremity thrombosis, and 9.6% with ischemic stroke. 

These findings made the authors consider that rather than treating all COVID-19 patients in the ICU with 

therapeutic anticoagulation, physicians should be vigilant for signs of thrombotic complications and order 

appropriate diagnostic tests at a low threshold. Based on very recent brief reports (30,31-33), retrospective 

observational studies (34,35), and one prospective cohort study, it has been shown that 64 out of 150 patients 

developed thrombosis in the ICU, and 16% of those that suffered from thrombosis had a pulmonary 

embolism (36). Another controversial retrospective study (37) that stratified patients based on sepsis-induced 

coagulopathy (SIC) score and D-dimer levels suggested those who meet the International Society of 

Thrombosis and Haemostasis (ISTH) Sepsis-Induced Coagulopathy criteria, or presented markedly elevated 

D-dimer, may benefit from anticoagulation, especially LMWH (Low Molecular Weight Heparin). Based on this, 

the authors suggested that the use of heparin would decrease mortality in severe SARS-CoV-2 infections 

showing no evidence of thromboses such as deep venous thrombosis or pulmonary embolization. 

At the end of March 2020 - The ISTH launched recommendations and guidelines to recognize and handle this 

dreadful and profound hypercoagulable state caused by COVID-19 immunothrombosis (38). Based on the 

available literature, the ISTH counseled to measure the D-dimers, prothrombin time, and platelet count in all 

patients who present with COVID-19 illness.  However, case descriptions have emerged in the literature 

where the presence of Antiphospholipid Syndrome (APL) (30) and lupus anticoagulants (LA) has been found, 

which may otherwise affect laboratory aPTT prolonging it. Thus, this could hinder clinical judgment for the 

use of prophylactic or therapeutic heparin doses (39). Interestingly, the authors verified that most (91%) in-
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patients with COVID-19 with a prolonged aPTT were positive for lupus anticoagulants. The authors also 

identified that these patients had an associated factor XII deficiency, which implies a thrombosis 

tendency. It’s worth noting that the adjective "catastrophic" was added to the term antiphospholipid 

syndrome (APS) in 1992 by Ronald Asherson, highlighting a sped-up form of this syndrome resulting in 

multiorgan failure (40). Furthermore, approximately 60% of the catastrophic episodes are preceded by a 

precipitating event, mainly infections (41). Systematic reviews and meta-analyses have evaluated the role of 

infections, particularly viral infections, on aPL and thromboembolic circumstances. The first included studies 

in patients with HIV-1, HCV, and HBV, and the second reported on patients with HCV or HBV (42). To our 

knowledge, Catastrophic Antiphospholipid Syndrome (CAPS), also Known as Asherson's syndrome related to 

COVID-19, was not described until the present moment, and further investigation will be necessary.  

 

The Interplay between thrombin and the endothelium 

Hemostasis is a defense mechanism that protects the organism from the loss of blood by plugging injured 

vessels (43,44).  If this protective mechanism goes amiss, abnormal hemostasis may lead to bleeding disorders 

or, if it occurs in excess inside the blood vessel or in the wrong location, it may cause life-threatening 

thrombosis, partially or entirely blocking the vessel. 

Hemker (45)  formulated by 14 years ago a very shrewd assertion  "The more thrombin, the more thrombosis, 

but the less bleeding. The less thrombin, the less thrombosis, but the more bleeding." To address Hemker's 

Law, it is necessary to consider how the activity of thrombin is controlled by its structure. Once bound as the 

thrombin-thrombomodulin complex, it redirects its substrate specificity from procoagulant to anticoagulant 

reactions or even to antifibrinolytic action by blocking the plasmin action by TAFI reaction (Figure 2). This 

"anticoagulant profile" could be accelerated by substrates, such as platelet factor 4 (PF4) secreted out of 

platelet granules during its activation or the glycosaminoglycans heparin and heparan sulfate available over 

the normal endothelium in the glycocalyx. Moreover, endothelial cell phenotypes vary in space and time  (19). 
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According to this information, monitoring only thrombin generation would not mirror what is happening over 

the endothelium, which may react in different ways and magnitudes (46). 

Another intriguing similarity is that growing evidence suggests that SARS-CoV-2, like Ebola or Dengue viruses, 

seems to trigger neutrophil-induced immunopathogenesis. COVID-19 severity is also associated with 

neutrophil over-expression of Neutrophil Extracellular Traps (NETs) (47,48). NETs release (NETosis) (Figure. 3) is 

a powerful mechanism of microbial destruction by which neutrophils die and release digestive granules 

containing neutrophil elastase (NE) and myeloperoxidase (MPO) (49,50), which amplifies immunothrombosis 

and inflammation (51). 

 

Rotational thromboelastometry (roTEM®) could be of value to identify patients with COVID-19 in 

a hypercoagulability state? 

Rotational thromboelastometry (roTEM), a methodology based on thromboelastography (TEG) described 

initially by Hartert in 1948, is used at the bedside to rapidly access (ex-vivo) viscoelastic properties of the 

blood in various kinds of situations. roTEM® is designed to verify the interactions of platelets, cells, and the 

coagulation factors from initial platelet-fibrin interaction, through platelet aggregation, clot strengthening, 

and fibrin cross-linking to fibrinolysis if it happens. The roTEM system is already utilized in several clinical 

settings, e.g., for monitoring of hemostasis during liver transplantation, cardiac surgery, trauma, Extra- 

Corporeal Membrane Oxygenation (ECMO), burns, coagulopathy, and intensive care, and has been shown to 

be a point of care device for rapid diagnosis and differentiation of hyper- and hypocoagulability and 

hyperfibrinolytic scenario (52-55,56). Recently, many reports investigating the use of thromboelastometry in 

SARS-CoV-2 were published. All of them described the presence of hypercoagulability patterns, especially in 

patients with increased disease severity and inflammation (57-59). Severe elevation of D-dimer seems to be a 

hallmark of mortality in COVID-19 (60). Raza et al. (61) showed that only 5% of trauma patients developed severe 

fibrinolysis on roTEM analysis with a median D-dimer level of 39,687 ng/dL and that only 1.84% of fibrinogen 
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(mean 210 mg/dL) was converted to D-dimer. In contrast, Madathil et al. (57) revealed that the D-dimer level 

in COVID-19 patients was 15,465 ng/mL, but only 0.21% was converted from fibrinogen (mean 734 mg/dL), 

altogether with roTEM profile of hypercoagulability. Taken together, those patients with severe COVID-19 

demonstrated significant elevation of D-dimer not because of fibrinolysis, as well described in trauma 

patients, but instead, by the widespread of microthromboses and endotheliitis. Importantly, Pavoni et al.(58) 

considered a hypercoagulability state that persisted over time in a retrospective study of critically ill COVID-

19 patients admitted to ICU.  

The vast amounts of publications describing the undisputed presence of thrombosis recently observed in 

postmortem studies of severe cases of COVID-19 and even in patients who already had received hospital 

discharge reinforce our argument (62-65). With all that in mind, we can certainly infer that thromboelastometry 

could help physicians at the bedside to speed up monitoring,  to take action, and to follow up on the evolution 

of this deadly disease. 

 

Coagulation modifiers targeting SARS-CoV-2 main protease 

Recently, a remarkable study by Biembengut and Souza Brasil (11) has investigated potential inhibitors of the 

Mpro using crystallography structures of the proteases, such as published by Zhang et al.(66). Afterward, one 

solution of the Mpro tridimensional structure allowed investigators to find potential viral replication 

inhibitors. These authors bring to our knowledge (after screening 4,334 compounds from the Drugbank® 

Database) 67 some new remarkable discoveries. These authors stressed out, as many others did (12,14,66), the 

potential for inhibitors of SARS-CoV-2 Mpro as antiviral drugs. It's worth mentioning that a vital observation 

drawn from their results is that some of these molecules were anticoagulant drugs. Furthermore, Brazilian 

authors recently reported that superposing Mpro with factor Xa and thrombin structures depicted minor 

values of root-mean-square deviation (RMSD), the average distance between the atoms; in other words, 

these molecules have too high structural similarity among them. In that study, the Mpro RMSD values with 
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factor Xa and thrombin were 2.75Å and 2.49Å, respectively, showing fold conservation. Both thrombin and 

Mpro are proteases. Thrombin cleaves mainly Agr-Gly sites, and Mpro shows sequence promiscuity (68). Thus, 

it is coherent to surmise that Mpro that exists inside the host's cell when the viruses are replicating could be 

released upon cell death in the blood circulation and act as an additional source procoagulant capable of 

inducing or synergizing with endogenous factors in thrombogenesis. All of these could give grounds for 

augmenting endotheliitis. Perhaps more generation of prothrombinase/tenase complexes, secondary to a 

downregulation of the anti-inflammatory effects of the thrombomodulin/protein C/EPCR (endothelial 

protein C receptor) system, yields unhealthier endothelium and NETosis leading to a massive state of 

hypercoagulability and inflammation. Consequently, some questions emerge: 

•  Does the Mpro viral protein work better or worse than thrombin over all the coagulation factors? 

• Does the Mpro act like thrombin over the protease-activated receptors 1 and 4 (PAR-1 and PAR-

4) in platelets, justifying the platelet activation in this syndrome? (Figure 3) 

• Could Mpro be tangled with the NET formation, causing more injury to the cells? (Figure 3) 

• Could Mpro be complexed with antithrombin (like thrombin forming thrombin/antithrombin 

complexes -TATc), causing its sequestration by removing this vital natural anticoagulant already 

compromised in endotheliitis?  

•  Could Mpro amplify the accessory pathway of coagulation, complement system, and cause 

further thrombin activation? 

• Thrombin is a natural inhibitor of the ADAMST-13 (a disintegrin and metalloproteinase with a 

thrombospondin type 1 motif, member 13), also known as von Willebrand factor-cleaving 

protease (VWFCP), very important to the health of the microcirculation. Could Mpro likewise 

inhibit ADAMST-13 and contribute to increased VWF levels and, hence amplifying micro-

thrombosis? 
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These assumptions were raised from vast amounts of publications describing an immense presence 

of thrombosis recently observed in post mortem and during the severe cases of SARS-CoV-2 in 

critical care and even those that already had received hospital discharge (65,69, 63,70). Accordingly, 

Biembengut and Souza Brasil (11) recognized important coagulation modifiers among 80 compounds 

with Mpro inhibitor potential. The first was Argatroban; a direct thrombin inhibitor successfully used 

to treat HIT. The second was three NOACs (Novel Oral Anticoagulants) - Edoxaban, Betrixaban, and 

Apixaban; all are direct factor Xa inhibitors. Apixaban presented a higher theoretical affinity for 

SARS-CoV-2 Mpro (7.0 kcal/mol) than Factor Xa (5.1 kcal/mol). This finding highlights the potential 

of NOACs as a weapon against widespread hypercoagulability syndrome but also as antiviral 

therapies preventing viral replication by inhibiting Mpro within the host's cell or when it's released 

from infected and damaged cells.  

 

Limitations 

It is important to say that our purpose in this opinion was to describe possible phenomenological 

mechanisms that can help in understanding the reasons why thrombotic phenomena are such a 

central hallmark of COVID-19. It was not our intention to generate or recommend therapeutic 

actions. Three international partners have come together in an unprecedented collaboration 

resulting in multiple platforms randomized controlled trials, REMAP-CAP, ACTIV-4, and ATTACC (NTC 

02735707, 04505774, and 04372589, respectively) to answer important questions related to 

antithrombotic administration in the COVID-19 setting. A recent clinical guideline from the American 

Society of Hematology has been published on the use of anticoagulation for thromboprophylaxis in 

patients with COVID-19 (71). We still have very low certainty in the evidence to use prophylactic-

intensity over intermediate-intensity or therapeutic-intensity anticoagulation for patients with 
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COVID-related critical illness or even acute illness which does not have a suspicion or confirmed VTE. 

Another example could be drawn from Heparin-Induced Thrombocytopenia (HIT) patients, where 

HIT-antibodies formed (IgG/PF4/heparin) can activate endothelium, macrophages, and platelets 

surfaces (CD32) through FcYRIIa receptors, exacerbating inflammation. The presence of HIT in 

severe COVID-19 is a complex issue (72-74) beyond the scope of this opinion. Association between 

COVID-19, autoimmunity, and vasculitis remains unknown. Questions are raised if the 

antiphospholipid antibodies could, in some way, exacerbate thrombosis or even amplify 

endotheliitis already in the course of SARS-CoV-2 infection. 

 

Conclusions 

Based on the findings discussed herein, it is reasonable to propose that COVID-19 should be branded 

as the first "Viral Thrombotic Fever" (VTF). That would be more informative not only from a clinical 

standpoint but also from a public perception point of view. Nomenclatures such as SARS-CoV-2 or 

COVID-19 hide an enormous spectrum of this disease since it has been coined in times of lesser 

knowledge. Today, it can be said that we have a wider view of this multifaceted syndrome, its 

progression, and sequelae much beyond lung injuries. Therefore, we leave the suggestion to brand 

COVID-19 as VTF, which in fact, it has already been proved to be. 
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Figure 1. The crystal structures of RdRp (green) and Mpro (magenta) surface like the paper 

published by Sinthyia Ahmed et al. (5), employing a repurposing approach to identify drugs as 

candidates for binding without altering their native protein structure, describing the docking 

location (in red) of molecules with the same affinity to Ser, Ala, Gly (Serine protease). This Crystal 

structure graphic was kindly provided by Tatiana Brasil de Souza (11). 
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Figure 2. Thrombin is a multifaceted serine protease that exerts multiple functions depending on its ligands. 

Also, the complexity of thrombin's regulatory systems lies in the dynamics of its two exosites. The exosite I 

not only link fibrinogen to cleave it but even start the fibrin formation. When thrombin is bound to 

thrombomodulin, this complex can activate protein C thousands of times, which stops its generation by 

negative feedback. Further control occurs at exosite II, where both heparin and antithrombin III act to inhibit 

thrombin forming complexes (46). Moreover, the allosteric effects of thrombin are managed by a sodium ion, 

which increases thrombin's activity (not shown in the figure). Thrombin is a potent activator of the platelets. 

Through PAR-1 and PAR-2 and in a "thrombin storm," endothelial cells could be more injurious rather than a 

"cytokine storm" recently remarked to happen in SARS-CoV-2 (75). Excess of thrombin generation and 

endotheliitis with the extraordinary formation of NETosis could carry out a colossal thrombosis amplification 

(76). 
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Figure 3. A Schematic representation is modified according to reference (51) of how the interplay 

between neutrophils and platelets is important to NETosis. Also, examples of interaction over the 

platelet's receptors by a vast array of viruses and bacteria. Herein, a hypothetical action by viral 

serine protease Mpro precisely onto PAR-1 and PAR-4 due to its similarity with thrombin molecules. 

 

 

 

 

 

 

 

 
 



MEMÓRIAS DO INSTITUTO OSWALDO CRUZ 
This is a preliminary version of the accepted article 

 
 

  



MEMÓRIAS DO INSTITUTO OSWALDO CRUZ 
This is a preliminary version of the accepted article 

 
 

 
REFERENCES 

1. Zhu N, Zhang D, Wang W, et al. A Novel Coronavirus from Patients with Pneumonia in China, 

2019. N Engl J Med. 2020;382(8):727-733. 

2. Horton R. Offline: COVID-19 is not a pandemic. Lancet. 2020;396(10255):874. 

3. Horton R. Offline: It's time to convene nations to end this pandemic. Lancet. 

2020;396(10243):14. 

4. University JH. COVID-19 dashboard by center for systems Science and Engineering (CSSE) at 

John Hopkins University (JHU). website. https://coronavirus.jhu.edu/map.html 

. Published 2020. Accessed October 3, 2020, 2020. 

5. Ahmed S, Mahtarin R, Ahmed SS, et al. Investigating the binding affinity, interaction, and 

structure-activity-relationship of 76 prescription antiviral drugs targeting RdRp and Mpro of 

SARS-CoV-2. J Biomol Struct Dyn. 2020:1-16. 

6. Gordon DE, Jang GM, Bouhaddou M, et al. A SARS-CoV-2-Human Protein-Protein Interaction 

Map Reveals Drug Targets and Potential Drug-Repurposing. bioRxiv. 2020. 

7. Bafna K, Krug RM, Montelione GT. Structural Similarity of SARS-CoV2 M(pro) and HCV 

NS3/4A Proteases Suggests New Approaches for Identifying Existing Drugs Useful as COVID-

19 Therapeutics. ChemRxiv. 2020. 

8. Hoffmann M, Schroeder S, Kleine-Weber H, Muller MA, Drosten C, Pohlmann S. Nafamostat 

Mesylate Blocks Activation of SARS-CoV-2: New Treatment Option for COVID-19. Antimicrob 

Agents Chemother. 2020;64(6). 

9. Yamamoto M, Kiso M, Sakai-Tagawa Y, et al. The Anticoagulant Nafamostat Potently Inhibits 

SARS-CoV-2 S Protein-Mediated Fusion in a Cell Fusion Assay System and Viral Infection In 

Vitro in a Cell-Type-Dependent Manner. Viruses. 2020;12(6). 



MEMÓRIAS DO INSTITUTO OSWALDO CRUZ 
This is a preliminary version of the accepted article 

 
 

10. Mengist HM, Fan X, Jin T. Designing of improved drugs for COVID-19: Crystal structure of 

SARS-CoV-2 main protease M(pro). Signal Transduct Target Ther. 2020;5(1):67. 

11. Biembengut IV, de Souza T. Coagulation modifiers targeting SARS-CoV-2 main protease Mpro 

for COVID-19 treatment: an in silico approach. Mem Inst Oswaldo Cruz. 2020;115:e200179. 

12. Jin Z, Du X, Xu Y, et al. Structure of M(pro) from SARS-CoV-2 and discovery of its inhibitors. 

Nature. 2020;582(7811):289-293. 

13. Liu C, Zhou Q, Li Y, et al. Research and Development on Therapeutic Agents and Vaccines for 

COVID-19 and Related Human Coronavirus Diseases. ACS Cent Sci. 2020;6(3):315-331. 

14. Sacco MD, Ma C, Lagarias P, et al. Structure and inhibition of the SARS-CoV-2 main protease 

reveals strategy for developing dual inhibitors against M(pro) and cathepsin L. bioRxiv. 2020. 

15. Source DL. Main protease structure and XChem fragment screen. Diamond Light Source. 

https://www.diamond.ac.uk/covid-19/for-scientists/Main-protease-structure-and-

XChem.html. Updated 2020. Accessed. 

16. Coronavirus HuF. COVID Moonshot. https://covid.postera.ai/covid. Published 2020.  

17. Howes L. Crystal structures of the novel coronavirus protease guide drug 

development.https://cen.acs.org/pharmaceuticals/drug-discovery/Crystal-structures-

novel-coronavirus-protease/98/web/2020/03. Published March 24, 2020.  

18. Aird WC. Endothelium as an organ system. Crit Care Med. 2004;32(5 Suppl): S271-279. 

19. Aird WC. Spatial and temporal dynamics of the endothelium. J Thromb Haemost. 

2005;3(7):1392-1406. 

20. Yano K, Gale D, Massberg S, et al. Phenotypic heterogeneity is an evolutionarily conserved 

feature of the endothelium. Blood. 2007;109(2):613-615. 



MEMÓRIAS DO INSTITUTO OSWALDO CRUZ 
This is a preliminary version of the accepted article 

 
 

21. Aird WC. Phenotypic heterogeneity of the endothelium: I. Structure, function, and 

mechanisms. Circ Res. 2007;100(2):158-173. 

22. Flammer AJ, Anderson T, Celermajer DS, et al. The assessment of endothelial function: from 

research into clinical practice. Circulation. 2012;126(6):753-767. 

23. Florey. The endothelial cell. Br Med J. 1966;2(5512):487-490. 

24. Aird WC. Endothelium in health and disease. Pharmacol Rep. 2008;60(1):139-143. 

25. Peters CJ, Zaki SR. Role of the endothelium in viral hemorrhagic fevers. Crit Care Med. 

2002;30(5 Suppl): S268-273. 

26. Leisman DE, Deutschman CS, Legrand M. Facing COVID-19 in the ICU: vascular dysfunction, 

thrombosis, and dysregulated inflammation. Intensive Care Med. 2020. 

27. Middleton EA, He XY, Denorme F, et al. Neutrophil extracellular traps contribute to 

immunothrombosis in COVID-19 acute respiratory distress syndrome. Blood. 

2020;136(10):1169-1179. 

28. Zuo Y, Yalavarthi S, Shi H, et al. Neutrophil extracellular traps in COVID-19. JCI Insight. 

2020;5(11). 

29. Klok FA, Kruip M, van der Meer NJM, et al. Incidence of thrombotic complications in critically 

ill ICU patients with COVID-19. Thromb Res. 2020. 

30. Zhang Y, Xiao M, Zhang S, et al. Coagulopathy and Antiphospholipid Antibodies in Patients 

with Covid-19. N Engl J Med. 2020;382(17):e38. 

31. Kollias A, Kyriakoulis KG, Dimakakos E, Poulakou G, Stergiou GS, Syrigos K. Thromboembolic 

risk and anticoagulant therapy in COVID-19 patients: emerging evidence and call for action. 

Br J Haematol. 2020. 



MEMÓRIAS DO INSTITUTO OSWALDO CRUZ 
This is a preliminary version of the accepted article 

 
 

32. 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(4):844-847. 

33. Zhang L, Yan X, Fan Q, et al. D-dimer levels on admission to predict in-hospital mortality in 

patients with Covid-19. J Thromb Haemost. 2020. 

34. Cui S, Chen S, Li X, Liu S, Wang F. Prevalence of venous thromboembolism in patients with 

severe novel coronavirus pneumonia. J Thromb Haemost. 2020. 

35. Llitjos JF, Leclerc M, Chochois C, et al. High incidence of venous thromboembolic events in 

anticoagulated severe COVID-19 patients. J Thromb Haemost. 2020. 

36. Helms J, Tacquard C, Severac F, et al. High risk of thrombosis in patients with severe SARS-

CoV-2 infection: a multicenter prospective cohort study. Intensive Care Med. 2020. 

37. Tang N, Bai H, Chen X, Gong J, Li D, Sun Z. Anticoagulant treatment is associated with 

decreased mortality in severe coronavirus disease 2019 patients with coagulopathy. J 

Thromb Haemost. 2020;18(5):1094-1099. 

38. Thachil J, Tang N, Gando S, et al. ISTH interim guidance on recognition and management of 

coagulopathy in COVID-19. J Thromb Haemost. 2020;18(5):1023-1026. 

39. Bowles L, Platton S, Yartey N, et al. Lupus Anticoagulant and Abnormal Coagulation Tests in 

Patients with Covid-19. N Engl J Med. 2020. 

40. Cervera R, Asherson RA, Font J. Catastrophic antiphospholipid syndrome. Rheum Dis Clin 

North Am. 2006;32(3):575-590. 

41. Kim S, Moskowitz NK, DiCarlo EF, Bass AR, Erkan D, Lockshin MD. Catastrophic 

antiphospholipid syndrome triggered by sepsis. HSS J. 2009;5(1):67-72. 



MEMÓRIAS DO INSTITUTO OSWALDO CRUZ 
This is a preliminary version of the accepted article 

 
 

42. Mendoza-Pinto C, Garcia-Carrasco M, Cervera R. Role of Infectious Diseases in the 

Antiphospholipid Syndrome (Including Its Catastrophic Variant). Curr Rheumatol Rep. 

2018;20(10):62. 

43. Davie EW, Ratnoff OD. Waterfall Sequence for Intrinsic Blood Clotting. Science. 

1964;145(3638):1310-1312. 

44. Macfarlane RG. An Enzyme Cascade in the Blood Clotting Mechanism, and Its Function as a 

Biochemical Amplifier. Nature. 1964;202:498-499. 

45. Hemker HC. Recollections on thrombin generation. J Thromb Haemost. 2008;6(2):219-226. 

46. Lane DA, Philippou H, Huntington JA. Directing thrombin. Blood. 2005;106(8):2605-2612. 

47. Barnes BJ, Adrover JM, Baxter-Stoltzfus A, et al. Targeting potential drivers of COVID-19: 

Neutrophil extracellular traps. J Exp Med. 2020;217(6). 

48. Zuo Y, Yalavarthi S, Shi H, et al. Neutrophil extracellular traps (NETs) as markers of disease 

severity in COVID-19. medRxiv. 2020. 

49. Costa-Filho R. Monitoring the Coagulation. In: Ralf Kuhlen RM, Marco Ranieri, Andrew 

Rhodes, ed. apud Controversies in Intensive Care Medicine. Vol Chapter Acute Bleeding. 

Berlin: Medizinisch Wissenschaftliche Verlagsgesellschaft; 2008. 

50. Costa-Filho R. Anormalidades da Coagulação em pacientes críticos. In: Senra D, ed. Medicina 

Intensiva - Fundamentos e Prática. Vol 2. 1 ed. São Paulo: Atheneu; 2013:1185-1211. 

51. Costa-Filho RC, Bozza FA. Platelets: an outlook from biology through evidence-based 

achievements in critical care. Ann Transl Med. 2017;5(22):449. 

52. Luddington RJ. Thrombelastography/thromboelastometry. Clin Lab Haematol. 

2005;27(2):81-90. 



MEMÓRIAS DO INSTITUTO OSWALDO CRUZ 
This is a preliminary version of the accepted article 

 
 

53. Drumheller BC, Stein DM, Moore LJ, Rizoli SB, Cohen MJ. Thromboelastography and 

rotational thromboelastometry for the surgical intensivist: A narrative review. The journal of 

trauma and acute care surgery. 2019;86(4):710-721. 

54. Ranucci M, Di Dedda U, Baryshnikova E. Platelet Contribution to Clot Strength in 

Thromboelastometry: Count, Function, or Both? Platelets. 2020;31(1):88-93. 

55. Zerwes S, Hernandez Cancino F, Liebetrau D, et al. [Increased risk of deep vein thrombosis 

in intensive care unit patients with CoViD-19 infections?-Preliminary data]. Chirurg. 

2020;91(7):588-594. 

56. Nair P, Hoechter DJ, Buscher H, et al. Prospective observational study of hemostatic 

alterations during adult extracorporeal membrane oxygenation (ECMO) using point-of-care 

thromboelastometry and platelet aggregometry. J Cardiothorac Vasc Anesth. 

2015;29(2):288-296. 

57. Madathil RJ, Tabatabai A, Rabin J, et al. Thromboelastometry and D-Dimer Elevation in 

Coronavirus-2019. J Cardiothorac Vasc Anesth. 2020. 

58. Pavoni V, Gianesello L, Pazzi M, Stera C, Meconi T, Frigieri FC. Evaluation of coagulation 

function by rotation thromboelastometry in critically ill patients with severe COVID-19 

pneumonia. J Thromb Thrombolysis. 2020;50(2):281-286. 

59. van Veenendaal N, Scheeren TWL, Meijer K, van der Voort PHJ. Rotational 

thromboelastometry to assess hypercoagulability in COVID-19 patients. Thromb Res. 

2020;196:379-381. 

60. Zhang L, Yan X, Fan Q, et al. D-dimer levels on admission to predict in-hospital mortality in 

patients with Covid-19. J Thromb Haemost. 2020;18(6):1324-1329. 



MEMÓRIAS DO INSTITUTO OSWALDO CRUZ 
This is a preliminary version of the accepted article 

 
 

61. Raza I, Davenport R, Rourke C, et al. The incidence and magnitude of fibrinolytic activation 

in trauma patients. J Thromb Haemost. 2013;11(2):307-314. 

62. Al-Ani F, Chehade S, Lazo-Langner A. Thrombosis risk associated with COVID-19 infection. A 

scoping review. Thromb Res. 2020;192:152-160. 

63. Levi M, Hunt BJ. Thrombosis and coagulopathy in COVID-19: An illustrated review. Res Pract 

Thromb Haemost. 2020;4(5):744-751. 

64. Lopez Castro J. COVID-19 and thrombosis: Beyond a casual association. Med Clin (Engl Ed). 

2020;155(1):44. 

65. Tedeschi D, Rizzi A, Biscaglia S, Tumscitz C. Acute myocardial infarction and large coronary 

thrombosis in a patient with COVID-19. Catheter Cardiovasc Interv. 2020. 

66. Zhang L, Lin D, Sun X, et al. Crystal structure of SARS-CoV-2 main protease provides a basis 

for design of improved alpha-ketoamide inhibitors. Science. 2020;368(6489):409-412. 

67. Wishart DS, Feunang YD, Guo AC, et al. DrugBank 5.0: a major update to the DrugBank 

database for 2018. Nucleic Acids Res. 2018;46(D1): D1074-D1082. 

68. Kneller DW, Phillips G, O'Neill HM, et al. Structural plasticity of SARS-CoV-2 3CL M(pro) active 

site cavity revealed by room temperature X-ray crystallography. Nat Commun. 

2020;11(1):3202. 

69. Horowitz NA, Brenner B. Thrombosis and Hemostasis Issues in Cancer Patients with COVID-

19. Semin Thromb Hemost. 2020. 

70. Keaney K, Mumtaz T. Cerebral venous thrombosis in patients with severe COVID-19 infection 

in intensive care. Br J Hosp Med (Lond). 2020;81(9):1-4. 



MEMÓRIAS DO INSTITUTO OSWALDO CRUZ 
This is a preliminary version of the accepted article 

 
 

71. Cuker A, Tseng EK, Nieuwlaat R, et al. American Society of Hematology 2021 guidelines on 

the use of anticoagulation for thromboprophylaxis in patients with COVID-19. Blood Adv. 

2021;5(3):872-888. 

72. Visentin GP. Heparin-induced thrombocytopenia: molecular pathogenesis. Thromb 

Haemost. 1999;82(2):448-456. 

73. Riker RR, May TL, Fraser GL, et al. Heparin-induced thrombocytopenia with thrombosis in 

COVID-19 adult respiratory distress syndrome. Res Pract Thromb Haemost. 2020;4(5):936-

941. 

74. Patell R, Khan AM, Bogue T, et al. Heparin-induced thrombocytopenia antibodies in Covid-

19. Am J Hematol. 2020. 

75. Sinha P, Matthay MA, Calfee CS. Is a "Cytokine Storm" Relevant to COVID-19? JAMA Intern 

Med. 2020. 

76. Sawadogo SA, Dighero-Kemp B, Ouedraogo DD, Hensley L, Sakande J. How NETosis could 

drive "Post-COVID-19 syndrome" among survivors. Immunol Lett. 2020;228:35-37. 

 

  



MEMÓRIAS DO INSTITUTO OSWALDO CRUZ 
This is a preliminary version of the accepted article 

 
 

 


