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Abstract

Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) is the highly pathogenic and 

highly transmissible human coronavirus that is the causative agent for the worldwide COVID-19 

pandemic. COVID-19 manifests predominantly as a respiratory illness with symptoms consistent 

with viral pneumonia, but other organ systems (e.g., kidney, heart, brain) can also become 

perturbed in COVID-19 patients. Accumulating data suggest that significant activation of the 

hemostatic system is a common pathological manifestation of SARS-CoV-2 infection. The 

clotting protein fibrinogen is one of the most abundant plasma proteins. Following activation of 

coagulation, the central coagulation protease thrombin converts fibrinogen to fibrin monomers, 

which self-assemble to form a matrix, the primary structural component of the blood clot. 

Severe COVID-19 is associated with a profound perturbation of circulating fibrinogen, intra- and 

extravascular fibrin deposition and persistence, and fibrin degradation. Current findings suggest 

high levels of fibrinogen and the fibrin degradation product D-dimer are biomarkers of poor 

prognosis in COVID-19. Moreover, emerging studies with in vitro and animal models indicate 

fibrin(ogen) as an active player in COVID-19 pathogenesis. Here, we review the current literature 

regarding fibrin(ogen) and COVID-19, including possible pathogenic mechanisms and treatment 

strategies centered on clotting and fibrin(ogen) function.
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1. INTRODUCTION

Coronavirus disease that initiated a worldwide pandemic towards the end of the year 

2019 (i.e., COVID-19) is caused by the severe acute respiratory syndrome coronavirus 
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2 (SARS-CoV-2) [1]. SARS-CoV-2 first emerged in Wuhan, China, in 2019, and still 

poses a global threat due to the development of new viral variants that might escape the 

vaccine-induced immunity [2]. A significant challenge for managing the spread of the virus 

is that approximately one-third of patients with COVID-19 are asymptomatic [3]. Further, 

for those that develop COVID-19, clinical symptoms may range from mild to severe, and 

critically ill hospitalized patients with respiratory failure may require mechanical ventilation 

[4]. Although considered primarily a disease of the respiratory system, clinical observations 

in the early stages of the pandemic recognized that COVID-19 provokes severe coagulation 

abnormalities in some patients (termed “COVID-19-associated coagulopathy” or CAC) that 

include abnormalities in clotting parameters and heightened risk of both venous and arterial 

thrombosis and an acquired consumptive coagulopathy [5–7]. The reported incidence of 

thrombotic complications in COVID-19 ranges from 7 to 60% [8, 9]. Deep vein thrombosis 

and pulmonary embolism are the most commonly reported thrombotic events in SARS-

CoV-2 infection [10, 11], but some studies have suggested that ~58% of COVID-19 fatalities 

are related to arterial thrombosis (e.g., coronary artery, aortic, cerebral artery) [12, 13]. 

Microvascular thrombosis, particularly in the lungs, has been reported in 57% of patients 

with COVID-19, which is considerably higher than the ~24% rate reported for influenza A 

patients [14]. Perhaps as expected, the highest estimates of thrombotic complications are 

found in those individuals with severe disease and requiring an ICU admission [8, 9].

A substantial number of reports have attempted to characterize and define CAC and its 

pathophysiology based on standard and non-standard laboratory tests, imaging studies, 

and patient autopsy findings. These studies suggest SARS-CoV-2 induces changes in both 

coagulation and fibrinolytic system function and activity. It is currently unknown whether 

CAC is a single entity with a common point of initiation or whether CAC is a heterogenous 

condition with specific triggers and pathogenic mechanisms driving the coagulation disorder 

in individual patients or patient populations. What has become clear from the nearly 

two thousand publications as of March 2020 is that CAC appears to be distinct from 

classical settings of systemic coagulopathy (e.g., disseminated intravascular coagulation 

[DIC]), suggesting a unique etiology that requires a new understanding of the operant 

mechanisms. A number of candidate biomarkers and causative mechanisms have emerged, 

including quantitative changes to soluble clotting and fibrinolytic factors, endothelial cell 

dysfunction, platelet hyperactivation, and immune cell-mediated coagulation. Regardless of 

the underlying initiator and pathways, a downstream functional and mechanistic point of 

commonality for each of these potential mechanisms in CAC is a profound perturbation of 

fibrinogen and/or fibrin (collectively fibrin[ogen]).

Fibrinogen plays a seminal role in hemostasis and thrombosis as the primary structural/

matrix component of the blood clot. Fibrin(ogen) is essential for clot formation, growth, 

and stabilization. Insufficient fibrinogen is a major risk factor for bleeding [15, 16], and 

elevated fibrinogen is a risk factor for thrombosis [17, 18]. Elimination of fibrinogen or 

fibrin polymerization is protective in mouse models of both venous and arterial thrombosis 

[19, 20]. Substantial progress has been made in understanding the mechanisms linking 

fibrinogen to both hemorrhagic and thromboembolic diseases.
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In the context of COVID-19, both quantitative and qualitative changes have been 

documented in circulating fibrinogen, as well as in each of its end products (i.e., fibrin 

monomers, fibrin polymers [matrix], and fibrin degradation products). Intriguingly, similar 

changes in fibrin(ogen) species have been detected in other thromboinflammatory diseases, 

such as diabetes, hypertension, and obesity, and these disease states are the most frequent 

underlying comorbidities linked to COVID-19 [21]. Exposure to environmental factors, 

such as air pollutants and smoking, is also associated with perturbation of fibrin(ogen) 

and exacerbation of COVID-19 severity [22, 23]. Collectively, these associations suggest 

a hyperactivated coagulation system and reactive changes to fibrin(ogen) in SARS-CoV-2 

infection are primary or secondary drivers of poor patient outcomes [7, 24].

Here, we review current literature linking COVID-19 pathophysiology with abnormalities 

in fibrin(ogen), including data underpinning changes in circulating fibrinogen and 

fibrin degradation products with COVID-19 disease progression and severity. Further, 

we review the substantial evidence supporting intravascular and extravascular fibrin 

formation following infection with SARS-CoV-2. We describe putative mechanisms by 

which persistent fibrin deposits may drive COVID-19 disease progression, morbidity, and 

mortality. Finally, we highlight current treatment strategies aimed full or in part at mitigating 

the contribution of fibrin(ogen) to COVID-19 disease progression.

2. FIBRINOGEN, FIBRIN, AND FIBRIN DEGRADATION PRODUCTS

In healthy individuals, fibrinogen circulates at relatively high concentrations in plasma (2–5 

mg/mL), and is one of the most prevalent coagulation proteins. Fibrinogen is primarily 

synthesized in hepatocytes. The fully assembled fibrinogen molecule is a hexamer consisting 

of three dimers of Aα, Bβ, and γ polypeptide chains (AαBβγ)2, which are crosslinked 

by 29 disulfide bridges, forming a soluble 340 kDa glycoprotein [25, 26]. The assembled 

fibrinogen protein is divided into a central E nodule that comprises the N-termini of all six 

chains and two distal D nodules that contain the C-termini of the Bβ and γ chains [25, 27]. 

The C-termini of the Aα chains loop back and are positioned near the E nodule [25].

Activation of coagulation leads to the production of the enzyme thrombin. Proteolytic 

cleavage of short N-terminal fibrinopeptides A and B from the Aα- and Bβ- chains 

of fibrinogen by thrombin results in the formation of fibrin monomer [28, 29]. Fibrin 

monomers polymerize into fibrin fibrils that organize through lateral aggregation and 

branching to form an insoluble elastic and viscous network [29, 30]. Thrombin also activates 

the transglutaminase factor XIII that crosslinks fibrin fibers and incorporates inhibitors of 

fibrinolysis (i.e., α2-antiplasmin) into the meshwork (Fig. 1). Notably, crosslinked fibrin 

matrices can be formed either within the vasculature, comprising the structural component 

of a thrombus, or within the extravascular space and tissue parenchyma.

Fibrin is intended to serve only as a provisional matrix. Ultimately, fibrin is targeted for 

proteolytic degradation [31]. During this fibrinolytic phase, plasminogen is converted into 

plasmin by one of two main activators: urokinase plasminogen activator (uPA) and tissue 

plasminogen activator (tPA) [32]. Both uPA and tPA are inhibited by the plasminogen 

activator inhibitor-1 (PAI-1) [33, 34]. Plasminogen activation is also downregulated 
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by thrombin/thrombomodulin-mediated activation of the thrombin-activated fibrinolysis 

inhibitor (TAFI) [35]. Plasmin-mediated cleavage of fibrin generates fibrin degradation 

products (FDPs) that include E fragment, and two D fragments that remain crosslinked: the 

D-dimer [36]. D-dimer is used as a clinical readout for fibrin formation and subsequent 

fibrin breakdown, and is a biomarker of thrombosis. FDPs are eliminated through multiple 

pathways; FDPs released into circulation are eliminated through the liver, whereas FDPs 

formed within tissues are likely cleared by CCR2+ macrophages and perhaps other 

scavenger cells [37].

2.1. Fibrinogen in COVID-19

In inflammatory settings that trigger an acute phase response (APR), fibrinogen expression 

and synthesis are increased by 2–3-fold, and levels can exceed 8 mg/mL [38]. Viral 

infection in general, and SARS-CoV-2 infection in particular, provoke an APR. Clinical 

studies report evidence of a cytokine storm and increased serum levels of proinflammatory 

cytokines, including interleukin-2, -6, -7, -8, -10, G-CSF, interferon γ, MCP-1, MIP1α, 

and TNFα in patients with COVID-19 [39]. Although these cytokines have pleiotropic 

effects that can enhance the hypercoagulable state through multiple mechanisms, it is 

notable that several of these soluble inflammatory mediators have specifically been 

linked to increased circulating fibrinogen. In particular, high circulating IL-6 levels have 

been identified in patients with COVID-19 and associated with more severe outcomes, 

including ICU admission and death. IL-6 signaling increases fibrinogen synthesis, and 

consequently enhances plasma fibrinogen levels [40]. Multiple studies have documented 

higher circulating fibrinogen levels in COVID-19 patients [41–44]. A meta-analysis of 35 

studies examining fibrinogen levels revealed significantly increased circulating fibrinogen 

in severe COVID-19 compared to non-severe COVID-19 patients [45]. Moreover, studies 

have detected a statistically significant, positive association between circulating fibrinogen 

level and the overall incidence of thrombotic complications resulting from COVID-19. An 

example of this association is patients with COVID-19 lung disease requiring extracorporeal 

membrane oxygenation (ECMO). These patients develop venous thromboembolic events at 

a substantially higher rate than non-COVID-19 patients on ECMO [43, 46–48].

In patients with COVID-19, elevated circulating fibrinogen is likely not just a biomarker 

of thrombosis risk but also a contributor to thromboembolic events. Functional studies of 

hyperfibrinogenemia in the absence of changes in other clotting factors in mouse models and 

in vitro systems illustrated that high plasma fibrinogen shortens the time to vessel occlusion 

following both arterial and venous challenges [49]. Faster occlusion was secondary to 

changes in fibrin formation, structure, and stability that appear to mediate, at least in part, 

the relationship between fibrinogen and thrombosis. Specifically, high plasma fibrinogen 

increased thrombus fibrin content, promoted faster fibrin formation, and increased fibrin 

network density, strength, and stability [49]. Hyperfibrinogenemia also led to the production 

of a fibrin meshwork resistant to fibrinolysis [49]. Analyses of whole blood and plasma 

from COVID-19 patients suggest elevated fibrinogen and abnormalities in fibrin formation, 

structure, and stability as features of SARS-CoV-2 infection.
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2.2. Fibrin Formation in COVID-19

In vitro studies of plasma clotting detected enhanced fibrin formation in plasma from 

patients with COVID-19 (both in and out of the ICU) that resembled results found in 

patients with sepsis [41, 50]. Increased fibrin appeared to be secondary to both enhanced 

procoagulant activity (thrombin generation) as well as increased levels of fibrinogen, 

suggesting heightened propensity for producing fibrin to be a fundamental feature of 

both moderate and severe COVID-19 (Fig. 2). Whereas these findings are consistent with 

increased thrombosis and fibrin deposits in the lungs of severe COVID-19 patients, they 

must also be reconciled with the paradoxical finding that significantly elevated D-dimer is a 

biomarker of morbidity and mortality in COVID-19.

2.3. Fibrin in COVID-19: Intravascular Deposits (Thrombosis)

Postmortem studies of tissues collected from patients who have died from COVID-19 

have consistently revealed fibrin-rich thrombi, particularly in vessels of the lung but also 

of the kidney, heart, and brain [51–53]. Khismatullin et al. documented heterogeneity 

of fibrin structural types within tissues by both histological and ultrastructural analysis. 

Intravascular fibrin was generally in the form of dense matrices separated from areas of 

packed and deformed red blood cells (polyhedrocytes) [54]. In this same study, analyses 

of two COVID-19 patients attributed the cause of death to massive pulmonary embolism, 

revealing large pulmonary clots with polyhedrocytes as the major structural feature. Fibrin 

was the second most abundant structural element with three predominant morphological 

types: individual fibers, bundle fibers, and fibrin fragments with truncated, free ends 

believed to be derived from proteolytic cleavage. Fibrin was present throughout the clots, 

and truncated fibers were found at the clot periphery. In a recent multicenter autopsy study 

from the US and Italy, fibrin-rich thrombi were observed in large vessels of the lung in 

roughly half of the patients and in small vessels in >80% of subjects [55]. Notably, studies in 

mice and blood samples from humans have shown that fibrin formation and crosslinking by 

activated factor XIII promote red blood cell retention in venous thrombi, and thus, mediate 

clot mass and size [28, 30, 56]. Abnormalities in fibrin formation and/or structure or a 

failure of fibrin crosslinking by factor XIII can enhance clot embolization and occlusion of 

downstream vessels [57, 58]. These observations are consistent with additional studies of 

plasma from COVID-19 patients illustrating an altered fibrin clot structure characterized by 

thin fibers organized into a highly dense matrix [50, 59]. Thus, fibrin detected in thrombi 

from COVID-19 patients may be an end-stage effector and structural determinant of vaso-

occlusive and thromboembolic events.

2.4. Fibrin in COVID-19: Extravascular Deposits

Postmortem studies have consistently observed extravascular fibrin deposits predominantly 

in the lung alveolar space, as well as other organ systems. Fibrin deposition in conjunction 

with dead cells and surfactant attached to the alveolar septa were observed using histological 

techniques and scanning electron microscopy from COVID-19 patients who died of 

respiratory failure [54]. An autopsy study from Houston, Texas, observed distinctive 

interstitial lymphocytic pneumonitis with intra-alveolar fibrin deposits [60]. Similarly, a 

study in Budapest, Hungary involving 100 autopsy cases, observed lung abnormalities, 
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including alveolar damage, macrophage infiltration, and vascular and alveolar fibrin 

aggregates in the lung, with macro- and microvascular thrombi and thrombo-emboli in lung, 

kidney, and liver [61]. A study focusing on COVID-19-driven reactive changes in the liver 

found pathological heterogeneity. Across the 4 patients analyzed, thrombotic sinusoiditis 

with rich fibrin deposits/aggregates was a consistent feature that also included a mixture of 

red blood cells, leukocytes, and ‘ground glass’ hepatocytes [52]. Fibrin-rich deposits have 

also been reported in cardiac tissue both coincident with and independent from evidence of 

myocarditis [60, 61].

The potential pathological consequences of extravascular fibrin deposits in COVID-19 

disease progression and severity remain largely speculative. One potential mechanism is 

that the accumulation of fibrin in complex with other protein and non-protein component 

secretions (e.g., mucous) in the airspace could both impair gas exchange within alveoli and 

mediate lung epithelial cell injury. Fibrin has been shown to bind to and impair surfactant 

protein function in acute lung injury models [62]. Fibrin has been observed in complex with 

surfactant, mucous, and cellular infiltrates in multiple forms of lung injury, including in 

patients who developed pneumonia secondary to COVID-19 infection and died [63].

A second possible mechanism by which fibrin accumulation in the airspace may influence 

lung function and patient outcome in COVID-19 is by serving as a local driver of 

inflammatory cell function and subsequent tissue injury following SARS-CoV-2 infection. 

In a number of inflammatory disease models, local extravascular fibrin deposits have been 

shown to be a spatially defined cue signaling inflammatory cell activation that promotes 

tissue injury. A primary mechanism of action is fibrin engagement of innate immune cells 

via the leukocyte integrin receptor αMβ2. Indeed, Fibγ390–396A mice expressing a mutant 

form of fibrinogen, which has normal clotting function but lacks the αMβ2-binding motif, 

have been found to be protected in models of inflammatory arthritis, neuromuscular disease, 

colitis, and others [56, 64–66]. Intriguingly, these same Fibγ390–396A mice incurred more 

severe disease in a model of S. aureus peritonitis bacterial infection [67]. Here, Fibγ390–396A 

mice displayed compromised host defense characterized by diminished ability to eliminate 

the microbes within the peritoneal cavity, leading to enhanced bacterial dissemination 

[68]. These findings are consistent with fibrin driving innate immune cell function, as 

macrophages were shown to be a primary effector cell mediating the bacteria-killing 

mechanism [68]. The ultimate contribution of fibrin-immune cell interactions remains to 

be determined. Primarily, adaptive immune cells (e.g., CD4+, CD8+ T cells and B cells) 

mediate viral clearance [69]. However, unchecked innate immune cell function appears to 

mediate lung tissue injury following SARS-CoV-2 infection. Given the capacity of the fibrin 

matrix to engage innate immune cells and drive their effector function, we postulate that 

fibrin deposits in the airspace of COVID-19 patients exacerbate neutrophil and macrophage 

inflammatory function to drive lung injury (Fig. 3). However, definitive experimental 

evidence is currently lacking.

Another possible context to consider extravascular fibrin deposits is in the condition termed 

‘long COVID’ [70, 71]. A number of post-acute sequelae of SARS-CoV-2 infection have 

come to define long COVID, including neurocognitive defects [72, 73]. Extravascular fibrin 

deposits drive neuroinflammatory diseases of the central nervous system, including cerebral 
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amyloid angiopathy and Alzheimer’s Disease [74–77]. Fibrin-driven pathogenesis in these 

disease states was linked to the formation of lysis-resistant fibrin-amyloid complexes 

[77, 78]. Fibrin within the brain parenchyma can drive activation of microglial cells and 

invading monocyte/macrophages, leading to brain tissue damage [79]. Whether these same 

mechanisms contribute to long COVID remains to be established.

2.5. Fibrin Degradation in COVID-19

The identification of high levels of the FDP D-dimer was one of the first prognostic 

markers of poor outcomes in COVID-19 patients [42]. The initial observation has been 

confirmed through multiple follow-up reports. Studies have documented dramatic increases 

in D-dimer levels, especially in critically ill patients [43] and in non-survivors [42], whereas 

levels of D-dimer in non-critically ill patients [43] and in survivors [42] remain relatively 

stable. Notably, high D-dimer levels are not unique to severe COVID-19, but have been 

associated with the severity of other inflammatory and infectious diseases, including sepsis 

[80, 81]. In a direct comparison of patients with COVID-19 or sepsis, D-dimer levels were 

actually higher in sepsis patients in the ICU than in patients with either moderate or severe 

COVID-19 [41]. The precise pathophysiological meaning and consequences of elevated 

D-dimer in COVID-19 remain largely undefined. As elevated D-dimer is indicative of both 

fibrin deposition and breakdown (fibrinolysis), understanding the balance of fibrin formation 

(i.e., coagulation activity) vs. breakdown is critical for interpreting D-dimer as a biomarker 

in COVID-19. The association of COVID-19 with thrombosis and the presence of persistent 

fibrin deposits in multiple tissues of severe COVID-19 patients suggest that fibrin formation 

outpaces fibrin clearance in severe COVID-19 (Fig. 2). Therefore, it might be important to 

monitor both fibrinogen and D-dimer levels in tandem [82] with the hypothesis that 1) an 

increase in fibrinogen without an increase in D-dimer may signal a transition to a state of 

fibrin persistence, as has been seen in severe COVID-19, whereas 2) an increase in D-dimer 

accompanied by steady state or decreased fibrinogen levels signals a homeostatic balance of 

fibrin formation and clearance in mild or recoverable disease (Fig. 3).

Persistent fibrin deposits, despite elevated D-dimer, suggest a plasmin(ogen) activation 

insufficiency in severe COVID-19, but what is the molecular basis? Direct analysis of 

plasmin generation in plasma from COVID-19 patients revealed preserved and even 

increased plasmin generation potential as marked by an accelerated time to peak, peak 

level, and endogenous plasmin potential [41]. Thus, it appears that circulating plasminogen 

itself is not consumed in COVID-19. High PAI-1 levels, which have been documented 

in COVID-19 patient plasma, may inhibit fibrinolysis and enhance fibrin persistence, 

enabling micro- or macrovascular thrombosis and/or the accumulation of extravascular 

fibrin deposits [34, 83, 84]. The endotheliopathy that accompanies COVID-19 may enhance 

fibrin persistence through multiple mechanisms, including 1) increased release of PAI-1, 

2) shedding of thrombomodulin that enhances TAFI activation, and 3) suppression of 

tPA release, which compromises local mechanisms for limiting fibrin deposition [7, 85]. 

However, additional studies are required to better define the link between endothelial 

dysfunction in COVID-19 and perturbation of fibrinolysis.
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The concept that COVID-19 patients show evidence of both robust plasmin generation 

potential in plasma while simultaneously displaying evidence of persistent fibrin deposits 

may relate to the deposition of fibrin in two distinct compartments (i.e., intravascular 

and extravascular spaces). Increased levels of D-dimers are generally the end-products 

of coagulation followed by fibrinolysis [7]. However, the origin of D-dimers in patients 

with COVID-19 might be different. Degradation of fibrin in the intravascular compartment 

would be expected to be well represented in a plasma D-dimer analysis. However, the 

breakdown of fibrin in the alveoli and lung parenchyma may generate D-dimers that do 

not relocate to the bloodstream or relocate with a different pharmacokinetic pattern [7, 

86]. Further, extravascular fibrin may be subject to modifications (e.g., modified by unique 

reactive oxygen species) or may be in complex with proteins (e.g., surfactants) that alter its 

susceptibility to lysis and/or change the composition of FDPs generated [87–89]. These non-

traditional FDPs may be less susceptible to normal fibrin clearance mechanisms, leading to 

perturbed tissue healing and regenerative processes.

3. THERAPIES TARGETING COAGULATION AND FIBRINOLYTIC 

PROTEINS IN COVID-19

The emergence of SARS-CoV-2 variants presents a challenge for any therapeutic strategy 

directed specifically at the virus (e.g., vaccines). Targeting host factors that play a central 

role in pathogenesis offers the potential significant benefit of maintaining efficacy for 

mitigating the manifestation of disease across variants. Accordingly, while the majority of 

ongoing clinical trials are testing antiviral drugs (e.g., remdesivir and lopinavir) [90, 91], 

there is some experimental evidence that targeting fibrin in the airspace can preserve lung 

function.

Treatments with anticoagulants (e.g., antithrombin, hirudin, factor Xa inhibitors), active 

site-inactivated factor VIIa, or TFPI to reduce thrombin generation are potential methods for 

blocking fibrin deposition [92–95]. Each of these treatments has demonstrated efficacy in 

animal models of acute lung injury via improved lung histology, preserved gas exchange, 

reduced edema formation, and prolonged survival time of challenged animals [43, 96, 

97]. Investigation into the efficacy of such agents for COVID-19 patients is ongoing [98]. 

Ongoing studies of SARS-CoV-2 infection in mice carrying genetic deletion or mutation of 

fibrinogen may ultimately support a therapeutic strategy of targeting fibrinogen. To this end, 

it is notable that a selective fibrinogen-lowering agent was recently described and shown 

to successfully suppress a number of fibrin(ogen)-driven pathologies in mouse models [99]. 

These findings offer a tangible pathway forward for the translation of fibrinogen lowering as 

a possible treatment strategy for COVID-19.

Some studies have investigated the use of fibrinolytics, including uPA, tPA and plasmin, to 

clear existing fibrin from the airways [100]. The first recombinantly produced protein tPA 

(Alteplase), initially approved to treat acute myocardial infarction patients [101], has been 

investigated in phase 1 and 2 clinical trials (NCT04357730) for patients with COVID-19-

induced respiratory failure in ARDS [102]. Bolus dosing of tPA followed by therapeutic 

heparin administration was found to be safe and improve oxygenation; however, differences 
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in clinical outcome could not be detected due to the low number of participants. A phase 

3 trial has been initiated to determine the efficacy of tPA in treating respiratory failure 

in patients with COVID-19 (NCT04453371). Since systemic administration of tPA may 

increase bleeding risk, local administration of tPA to the lungs via a nebulizer may dissolve 

fibrin without enhancing bleeding risk. This may be particularly important in the late stages 

of the disease process [13, 98]. A phase 2 clinical trial of nebulized tPA for plastic bronchitis 

is ongoing (NCT02315898).

CONCLUSION

More than two years of thorough investigation of clinical parameters associated with patient 

outcome and autopsy studies have shed some light on the pathogenesis of COVID-19. 

Biomarkers have been identified to recognize patients with a worse prognosis for early 

treatment. Fibrinogen, fibrin deposition in intravascular and extravascular compartments, 

and FDPs all appear to be biomarkers of severe COVID-19 as well as active players in 

pathogenic mechanisms, leading to poor patient outcomes. The development of therapeutics 

targeting fibrin(ogen) and fibrinolysis is still in an early phase. Additional studies are 

required to define the causative mechanisms by which perturbations in fibrinogen, fibrin, 

and fibrinolytic pathways contribute to acute disease and the increasingly prevalent ‘long 

COVID’. Furthermore, new variants of SARS-CoV-2 may impose unique hemostatic 

changes and serious complications different than those manifested by the parental strain 

of the virus. Overall, given the consistent finding that changes in fibrin(ogen) accompany 

worse patient outcomes, a better understanding of changes in coagulation, inflammation, and 

fibrinolysis that accompany COVID-19 is required. Indeed, a fundamental understanding 

of the contribution of fibrinogen to parental SARS-CoV-2 will likely provide a significant 

benefit in defining the pathophysiology of new SARS-CoV-2 variants as well as completely 

new coronaviruses that emerge in the human population.
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LIST OF ABBREVIATIONS

ALI Acute lung injury

APR Acute phase response

CAC COVID-19-associated coagulopathy

COVID-19 Coronavirus disease 2019

DIC Disseminated intravascular coagulation

ECMO Extracorporeal membrane oxygenation

FDP Fibrin degradation product

ICU Intensive care unit
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IL Interleukin

MCP-1 Monocyte chemoattractant protein-1

MIP1α Macrophage inflammatory protein-1α

SARS-CoV-2 Severe acute respiratory syndrome coronavirus-2

TAFI Thrombin-activatable fibrinolysis inhibitor

TFPI Tissue factor pathway inhibitor

TNFα Tumor necrosis factor α

tPA Tissue plasminogen activator

uPA Urokinase plasminogen activator
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Fig. (1). 
Summary of fibrinogen conversion to fibrin matrix and subsequent plasmin-mediated 

breakdown of fibrin polymer into fibrin degradation products (FDPs), including D-dimer. 

Figure produced with the assistance of Biorender.
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Fig. (2). 
Molecular basis of the COVID-19 fibrin(ogen) paradox. Severe COVID-19 is marked by the 

accumulation of persistent intravascular and extravascular fibrin in tissues (e.g., lung) and 

significantly elevated D-dimer in circulation. Current data indicate that patients suffering 

from COVID-19 have exuberant fibrinogen production, thrombin generation, and fibrin 

formation, but an insufficient counterbalance of plasmin generation necessary for fibrin 

clearance. Figure produced with the assistance of Biorender.
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Fig. (3). 
Possible mechanism of extravascular fibrin deposition and disease progression in mild and 

severe COVID-19. In patients who develop a mild or asymptomatic disease, fibrin is readily 

cleared by plasmin. In patients who develop severe COVID-19, persistent fibrin deposits 

lead to the activation of proinflammatory immune cells (e.g., macrophages and neutrophils) 

that promote local tissue damage and destruction. Figure produced with the assistance of 

Biorender.
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