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Abstract
Coronavirus disease 2019 (COVID-19) has emerged as a pan-
demic at the end of 2019 and continues to exert an unfavor-
able worldwide health impact on a large proportion of the 
population. A remarkable feature of COVID-19 is the precip-
itation of a hypercoagulable state, mainly in severe cases, 
leading to micro- and macrothrombosis, respiratory failure, 
and death. Despite the implementation of various therapeu-
tic regimes, including anticoagulants, a large number of pa-
tients suffer from such serious complications. This review 
aims to describe the current knowledge on the pathophysi-
ology of the coagulation mechanism in COVID-19. We de-
scribe the interplay between three important mediators of 
the disease and how this may lead to a hyperinflammatory 
and prothrombotic state that affects outcome, namely, the 
endothelium, the immune system, and the coagulation sys-
tem. In line with the hypercoagulability state during CO-
VID-19, we further review on the rare but severe vaccine-in-
duced thrombotic thrombocytopenia. We also summarize 
and comment on available anticoagulant treatment options 
and include suggestions for some future treatment consid-
erations for COVID-19 anticoagulation therapy.

© 2022 The Author(s).
Published by S. Karger AG, Basel

Introduction

Coronavirus disease 2019 (COVID-19) is caused by 
severe acute respiratory syndrome coronavirus 2 (SARS-
COV-2) and may be characterized by a multisystem dis-
ease with marked hyperactivity of the immune, endothe-
lial, and coagulation systems in severe cases [1, 2]. While 
most of the infections remain mild to asymptomatic, 
about 20% of infected patients experience severe symp-
toms with high infection-fatality rates ranging from 
4.87% for those aged 65–74 years and 14.2% for those 
aged 75 years and older [3, 4]. Although the most com-
mon cause of death is respiratory failure, coagulopathies 
are frequently seen and constitute an important cause of 
clinical deterioration in vital parameters that drive worse 
outcome.

Coagulation disorders are generally not uncommon in 
critical illness, like severe sepsis and acute respiratory dis-
tress disorder (ARDS). However, COVID-19-associated 
coagulopathy has unique features that are important to 
highlight in this setting. Many patients with SARS-COV-2 
infection develop thromboembolic events, which are re-
lated to the coagulopathy. Sudden respiratory deteriora-
tion has been repeatedly attributed to the development of 
pulmonary embolism in patients with COVID-19 infec-
tions. Moreover, in very severe cases the coagulopathy 
may progress and remains activated over time, while 
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mimicking only some aspects of other systemic coagu-
lopathies like disseminated intravascular coagulation 
(DIC) [5]. In fact, previously unknown parts of the spec-
trum of coagulopathies appear to play a role in COVID-
19-related coagulopathy, which is, for example, driven by 
neutrophil and contact activation and characterized by 
hypofibrinolysis and heparin resistance [6–9].

The aims of this review are to evaluate the available 
data on coagulation mechanisms in COVID-19, to dis-
cuss some of the latest insights into the dysfunction of 
coagulation system and its interplay with endothelial and 
immune systems during the disease, as well as the avail-
able therapeutic interventions. We realize that our narra-
tive review is not all-inclusive in this fast-evolving area of 
knowledge, but hopefully our synthesis of current knowl-
edge would be clinically challenging and stimulating.

Pathogenesis of SARS-COV-2 Infection

SARS-COV-2, a new betacoronavirus causing an on-
going pandemic, has emerged as a novel human pathogen 
in December 2019 and is thought to originate from Wu-
han (China) [10]. It is an enveloped, positive-sense sin-
gle-stranded RNA virus [11]. Coronaviruses usually do 
not cause severe infections in humans and typically only 
infect the upper respiratory tract [12]. However, three 
coronaviruses, which are able to infect the lower respira-
tory tract, succeeded this far to induce epidemics with a 
significant mortality: SARS-COV in 2003, Middle East 
Respiratory Syndrome in 2012, and SARS-COV-2 in 
2019 [13–15]. SARS-COV-2 has a high index of transmis-
sion with a reproduction number of 2.2 (R0 = 2.2) com-
pared to SARS-COV and Middle East Respiratory Syn-
drome [16].

SARS-COV-2 enters the human body mainly through 
respiratory droplets [15]. The virus enters the host cell 
using its receptor-binding domain on the spike protein, 
which is able to recognize the angiotensin-converting en-
zyme 2 (ACE2) receptor with a higher affinity than SARS-
COV [17]. The ACE2 receptor is a membrane protein, 
which is highly expressed in the lungs, but also in other 
organs such as the kidneys, the heart, the liver, the testes, 
and the intestines. Notably, children showed a lower 
ACE2 gene expression in nasal and bronchial epithelial 
cells, which may explain in part the lower disease inci-
dence in younger persons compared to adults [18]. The 
viral entry into the cells is further facilitated by trans-
membrane serine protease 2 (TMPRSS2) and cathepsin L 
to enhance engagement with the ACE2 receptor [19]. 

Once inside the host cell, the virus releases its RNA into 
the nucleus and viral replication starts. While patients are 
usually asymptomatic at this stage, dendritic cells, mac-
rophages, and respiratory epithelial cells respond by se-
creting cytokines and chemokines to activate various in-
flammatory pathways. When the immune system fails to 
keep this response within certain boundaries, a state of 
hyperinflammation occurs when the disease advances in 
severity resulting in multi-organ failure, which precedes 
death [20–22]. Indeed increased levels of interleukin (IL)-
1β, IL-6, and tumor necrosis factor-α have been shown to 
be associated with ARDS, multi-organ failure, and death 
[16]. Strikingly, these manifestations are also common to 
severe bacterial sepsis. Nevertheless, the hematological 
profile of SARS-COV-2-associated coagulopathy is some-
what different from that in typical sepsis, with an evident-
ly higher procoagulant and hypofibrinolytic phenotype 
in severe COVID-19 [23].

Pathophysiology of COVID-19-Associated 
Coagulopathy

Infection with SARS-COV-2 is highly associated with 
thromboembolic events. Several studies demonstrated an 
increased risk of thrombosis in intensive care unit (ICU)- 
and non-ICU patients despite the use of anticoagulation. 
A recent meta-analysis revealed an estimated venous 
thromboembolism (VTE) rate of 25%, with higher inci-
dence in severe cases, such as those who are on mechani-
cal ventilation [24]. The risk for VTE in COVID-19 com-
pared to non-COVID-19 (other respiratory tract infec-
tions including H1N1) patients was 6% higher in general 
and the risk increased further to 16% in ICU patients 
when these two categories were compared [25]. Further-
more, the number of ischemic strokes’ reports during 
COVID-19 infection is increasing [26, 27]. The exact eti-
ology of COVID-19-induced coagulopathy is not fully 
understood yet, but a pathogen-induced interplay be-
tween the endothelium, the immune system, and the co-
agulation system appears to be a key element. Below we 
will highlight each of those components separately.

COVID-19-Mediated Endothelialitis and Thrombosis
In a basal state, the vascular endothelium plays a piv-

otal role in maintaining homeostasis by regulation of the 
immune system, inflammation, and vasomotor tone 
through several pathways [28, 29]. The endothelium is 
heterogeneous throughout vascular beds and has many 
functions. The health of the endothelium varies between 
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individuals [30]. Endothelial dysfunction has many di-
mensions, including those with regard to coagulation 
[31]. Endothelial cells control the coagulation system by 
providing a nonthrombogenic inner surface to keep an 
adequate blood flow without systemic clotting or bleed-
ing [32]. In SARS-COV-2, viral entry starts by ACE2 ex-
pression on endothelial cells, which subsequently gets ac-
tivated to participate in host defense and to promote lo-
calized inflammation. As a result, the affected endothelial 
cell layer becomes procoagulant and antifibrinolytic. En-
dothelial cell activation liberates the von Willebrand fac-
tor (vWF) and is also associated with shedding of throm-
bomodulin into blood. A higher concentration of these 
biomarkers in blood is associated with critical illness and 
death, suggesting that vWF and thrombomodulin related 
coagulation pathways are involved [33]. Damaged endo-
thelial cells express the tissue factor (TF), which binds and 
activates factor VII to further initiate the clotting cascade 
with thrombin and clot formation at the end of the pro-
cess [31]. In addition, the pro-inflammatory state facili-
tates further thrombus formation by impairment of the 
anticoagulant processes, such as those mediated by endo-
thelial cell protein C, thrombomodulin, and TF pathway 
inhibitor. Finally, fibrinolysis is inhibited during inflam-
mation due to the release of plasminogen activator in-
hibitor-1 (PAI-1) from endothelial cells [32]. To add on 
the prothrombotic state, ADAMTS-13 may also be inac-
tivated during sepsis causing insufficient cleavage of 
vWF. During a well-regulated immune response, these 
mechanisms help to eliminate the infection with conse-
quently healing and return of endothelial cell layer to a 
homeostatic state. Severe SARS-COV-2 infection is char-
acterized by hyperinflammation with deleterious effects 
on the vascular system [34]. However, heterogeneity of 
patients’ endothelium and host-inflammatory responses 
to SARS-COV-2 infection would likely contribute to the 
differences in COVID-19 disease severity.

Postmortem examination of pulmonary vascular beds 
of patients with severe COVID-19 has demonstrated ex-
tensive endothelial injury, vascular thrombosis with mi-
croangiopathy, occlusion of alveolar capillaries, and signs 
of neo-angiogenesis [35]. Compared to influenza, capil-
lary microthrombosis was 9 times more prevalent in CO-
VID-19 with 2.7 times higher amount of new vessel 
growth [35]. An in vitro vascularized lung-on-chip mod-
el was used to study the interactions between virus infec-
tion and organoid responses, showing that the infection 
of underlying endothelial cells triggers clustering of en-
dothelial cells with loss of barrier function, and induction 
of procoagulant features. Viral RNA positive cells also 

show an immune response, characterized by IL-6 secre-
tion. Inhibition of IL-6 by tocilizumab reduced inflam-
mation but did not prevent loss of barrier function. This 
simple model shows how the endothelium may respond 
to viral infection of pulmonary epithelium and becomes 
pro-inflammatory and procoagulant even without the in-
volvement of immune cells [36].

Immunothrombosis in COVID-19
Inflammation is a natural first response of the immune 

system to tissue injury precipitated by infection or trau-
ma. A classical self-limiting inflammatory response con-
sists of four stages: recognition, recruitment of immune 
cells, elimination of the threat, and return to homeostasis 
[37]. While certain microbes evade the immune system, 
others (like virulent types of influenza) do somehow elic-
it inflammatory responses that may become life-threat-
ening, sometimes named “cytokine storms” [38]. In this 
hyperinflammatory response, hypercytokinemia induces 
an inflammatory cell response, in a self-reinforcing cycle, 
with larger amounts of other pro-inflammatory media-
tors such as tumor necrosis factor-α, IL-1β, IL-8, and IL-
6, resulting in hypotension, vascular leakage, multi-organ 
dysfunction, ARDS, and death [20, 37]. The pathophysi-
ology of COVID-19-induced hypercytokinemia is fairly 
similar to that of influenza, which is characterized by 
higher numbers of macrophages, neutrophils, and pro-
inflammatory cytokines, with a decrease in lymphocytes, 
presumably due to apoptosis in the spleen and lungs [39]. 
Lower lymphocytes (CD4+ and in particular CD8+) have 
been repeatedly associated (as predictor) with worse out-
come in COVID-19 [40]. An important associated find-
ing is the existence of pulmonary microthrombi in 72% 
of patients at autopsy despite the use of anticoagulation 
[41]. Macroscopic pulmonary thrombi were detected in 
34% of cases in postmortem investigation. This associa-
tion between immune activation and coagulation is 
known as “immunothrombosis” that, in conjunction 
with endothelial dysfunction, has been proposed as a key 
mechanism of thrombus formation in severe COVID-19 
infection [42].

After a stimulus has induced a physiological immune 
response, leucocytes are attracted to the site of injury or 
infection by signals from the activated endothelial cells. In 
particular, neutrophils play a crucial role in first line of in-
nate defense, where they induce phagocytosis, degranula-
tion, and formation of neutrophil extracellular traps 
(NETs) [43]. NETosis is a form of immune defense by 
which regulated neutrophil death induces trap formation 
that captures microbes and thus prevents further dissem-
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ination [43]. Notably, aged neutrophils are more prone to 
NETosis acting rapidly at the site of infection [44]. NETs 
interact with the complement and coagulation systems 
and inhibit fibrinolysis. The amount of NET-formation is 
species- and stimulus-dependent [45, 46]. NETs also fa-
cilitate fibrin polymerization, vWF binding, platelet adhe-
sion, and erythrocyte entrapment [47]. In addition, NETs 
present coagulation factors and other molecules that in-
hibit natural anticoagulants to further promote a pro-
thrombotic environment [48, 49]. To counterbalance the 
process of NETosis and its prothrombotic and pro-in-
flammatory actions, NETs have the ability to downregu-
late their activity, but this process is heterogeneous and 
may be defective under certain circumstances such as an 
environment with hyperinflammatory stimuli [43]. Neu-
trophils also contribute to thrombosis by interacting with 
platelets and endothelial cells. In addition, monocytes are 
able to express the TF on their surface whenever they are 
triggered [50]. Platelet chemokines like CXCL4 and 
CXCL7 act as neutrophil chemoattractants and CXCL4 
has been shown to be involved in formation of NETs in 
pulmonary infection [51, 52]. In a study by Zuo et al. [53], 
a higher level of NETs was demonstrated in plasma of CO-
VID-19 patients compared to control plasma, driving hy-
perinflammation, microvascular thrombosis, and ARDS. 
Even sera from patients with COVID-19 triggered NETs 
formation from control neutrophils, demonstrating a 
high virulence of the virus. Immunothrombosis is further 
amplified by complement activation, triggered in con-
junction with neutrophil activation and recruitment of the 
contact system of coagulation. Here, factor XIIa triggers 
the production of bradykinin and kallikrein, both impor-
tant immune mediators and additional triggers of the in-
trinsic coagulation system [9, 54, 55]. Interestingly, factor 
XIIa can initiate the classical complement pathway by ac-
tivation of C1 complex, while further thrombin genera-
tion is triggered by the intrinsic coagulation cascade. The 
C1 esterase inhibitor acts as an important inhibitor for 
both contact activation and complement pathways. In a 
large cohort of COVID-19 patients, Busch et al. [9] showed 
that hypercoagulability and thrombotic events are driven 
by NETosis, contact activation, and complement, where 
they found increased levels of plasma complexes of 
kallikrein:C1 esterase inhibitor, FXIa:antithrombin, and 
FIXa:antithrombin despite treatment with heparins. Un-
restrained activation of complement system, which has 
been suggested in prolonged SARS-COV-2 infection, can 
be detrimental by causing excessive tissue damage. Some 
patients with COVID-19 showed significant deposits of 
C5b-9 (membrane attack complex), C4d, and mannose-

binding lectin-associated serine protease 2 (MASP-2) in 
microvasculature of several organs, indicating sustained 
systemic activation of lectin-complement pathway [56]. 
Taken together, immunothrombosis is driven by interac-
tions between NETosis, contact activation, complement, 
but also the endothelium and coagulation system, all with-
in a hyperinflammatory environment in COVID-19. 
Shown in Figure 1 is a simplified illustration of the patho-
genesis of COVID-19-associated coagulopathy with the 
interplay between endothelial, immune, and coagulations 
systems.

The Coagulation System in COVID-19: Role of 
Platelets and Fibrinolytic Enzymes
The complex and re-enforcing interactions between 

endothelial, immune, and coagulation systems is crucial 
in the devastating thrombotic consequences of severe 
SARS-COV-2 infection. Thus far, we highlighted the 
main theories behind the activation of secondary hemo-
stasis during severe COVID-19, while primary hemosta-
sis is also affected. Following endothelial damage, plate-
lets are recruited to promote further inflammation and 
thrombosis through several signaling pathways, resulting 
in release of IL-1β and IL-18 [57]. In COVID-19, the 
platelets are triggered toward a hyperimmune response, 
which was marked by an increase in platelet-monocyte 
and platelet-neutrophil aggregates, associated with in-
creased platelet activity, TF activity, and NETosis [58]. 
Furthermore, platelet factor 4 (PF4), known for its key 
role in heparin-induced thrombocytopenia (HIT), is also 
released from platelets in COVID-19 patients and binds 
to the surface of pathogens and undergoes conformation-
al changes to bind antibodies [50, 59]. Importantly, those 
PF4-bound pathogens and antibodies further activate 
other platelets and consequently amplify the process of 
platelet aggregation and thrombosis. This mechanism is 
previously described in sepsis, but also appears to play a 
role in COVID-19 [60, 61]. Furthermore, vWF is often 
increased during inflammation as a sign of endothelial 
activation, which was also demonstrated in COVID-19 to 
be associated with disease severity and mortality [33].

The fibrinolytic system is an underexposed topic. Nev-
ertheless, it has a unique role as it is not only essential to 
physiological hemostasis, but it can also contribute to in-
flammation through cytokine induction and comple-
ment activation [62]. Plasminogen can be activated by 
components of the complement system, and conversely, 
plasminogen can act as a complement inhibitor by its ly-
sine residues. Coronavirus infections are associated with 
a specific fibrinolytic profile. Patients infected with an-
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other SARS virus (i.e., SARS-COV-1) showed higher con-
centrations of tissue-type plasminogen activator (tPA) 
than healthy controls, which may promote endothelial 
injury and subsequently release of plasminogen activa-
tors [63]. Another study reported recently on the exis-
tence of annexin A2 antibodies in COVID-19 [64]. An-
nexin A2 is a plasminogen receptor localized on many 
types of cells and its expression increases during inflam-
mation. It acts as a co-receptor to accelerate plasmin gen-
eration by >60-fold [50]. Blockage of annexin A2 by 
SARS-COV-2-induced antibodies may probably dampen 
fibrinolysis and add to the prothrombotic state in CO-
VID-19.

Vaccine-Induced Thrombotic Thrombocytopenia

In line with the hyperinflammatory and hypercoagu-
lable state during severe SARS-COV-2 infections, we like 
to take a side step toward an exceptional, but severe vac-
cine-induced thrombotic thrombocytopenia (VITT) 
[65]. Vaccination against SARS-COV-2 has been shown 
as to be the most important measure to limit the infec-
tious burden of COVID-19 [66]. However, development 
of rare immune thrombotic thrombocytopenia has been 
reported several times after vaccination with adenovirus-
based SARS-COV-2 vaccines (ChAdOx1 nCov-19; As-
traZeneca and Ad26COV2.S, Janssen, Johnson & John-

son) [67]. Thus far, no official cases of VITT have been 
published after vaccination by Pfizer-BioNTech, but one 
probable VITT case has been reported after Moderna vac-
cination [68]. The incidence of VITT was estimated as 1 
per 100,000 exposures [69]. Approximately 40% of those 
cases died of ischemic brain injury, secondary hemor-
rhage, or both [69]. There is an association between risk 
of VITT and younger age. Median age at diagnosis of 
VITT was 48 years in the UK VITT case series, with 85% 
of patients younger than 60 years [70]. Neither sex pre-
ponderance was noted (54% was female), nor an associa-
tion with certain medical conditions was observed. Nev-
ertheless, several countries do not recommend or offer 
adenovirus-based vaccinations anymore. The clinical fea-
tures of the vaccine-induced phenomenon consisted of 
severe thrombocytopenia, aggressive thrombosis, and 
DIC, which resembles the coagulopathy seen in patients 
with HIT [71]. The associated thrombotic events consist-
ed primarily of cerebral venous thrombosis, but also arte-
rial thrombosis and VTE. HIT is mediated by IgG auto-
antibodies that recognize PF4 and heparin complexes. 
Five to 10 days after heparin exposure, these heparin/
PF4/antibody immune complexes lead to platelet activa-
tion and the release of procoagulant factors. Platelet acti-
vation is not the only driver of the thrombotic process in 
HIT as more evidence appears demonstrating a crucial 
role of NETs in HIT-induced thrombosis [72]. Activated 
platelets as well as HIT-immune complexes are able to 
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trigger NETosis, which in turn promotes thrombin gen-
eration. Nevertheless, only a small subset of patients with 
heparin/PF4 antibodies develop thrombocytopenia and 
thrombosis eventually. Inflammation and tissue trauma 
are the main risk factors for developing HIT, but full in-
sight into the driving factors behind HIT is yet to be elu-
cidated. As shown in Figure 2, VITT mimics autoimmune 
HIT, except from exposure to heparin. A recent study by 
Greinacher et al. [73] suggested that VITT is generated by 
a 2-step mechanism. First, PF4 interacts with vaccine 
components (including adenovirus hexon protein) to 
generate neoantigens. Second, anti-PF4 antibodies in-
duce platelet and granulocyte activation 5–20 days after 
vaccination, driving release of NETs that induce immu-
nothrombotic pathways that may lead to clinical compli-
cations. Alternatively, endogenous glycosaminoglycans 
present in the endothelial glycocalyx, resembling exoge-
nous heparins, may play a role in the aberrant immune 
response in VITT cases. Damage to the glycocalyx may 
release fragmented forms of glycosaminoglycans that 
trigger an immune response upon electrostatic interac-
tions with PF4 [74].

Platelet count and D-dimer levels are the most impor-
tant laboratory screening tools. The diagnosis of HIT is 
confirmed by the presence of anti-PF4 antibodies. The 
diagnosis of VITT must be confirmed by PF4 ELISA as 
the sensitive assays used to screen for HIT are not vali-
dated to rule in the diagnosis [75]. Limited data are avail-
able on the treatment of VITT. Given the parallels with 
HIT, preferred treatment options for VITT consist thus 
far of nonheparin anticoagulants (DOACs, argatroban), 

the heparinoid danaparoid that is also registered for use 
in HIT, in combination with immune suppressive, or 
modulating measures like glucocorticosteroids, intrave-
nous immunoglobulins, and plasmapheresis [69]. Future 
work should provide more insight into the trigger of de-
velopment of anti-PF4 antibodies, risk of VITT for each 
SARS-COV-2 vaccine, and ideal treatment option.

Assessment of Coagulation in COVID-19

The initial evaluation of coagulopathy in patients with 
COVID-19 involves mostly conventional, routine, coag-
ulations assays including clotting tests and D-dimer anal-
ysis, with hematology screening such as platelet count. 
The majority of patients with severe COVID-19 showed 
persistently elevated D-dimer levels, which were associ-
ated with disease severity [76]. D-dimer is a breakdown 
product of fibrin and is used as a marker of coagulation 
and fibrinolysis. High fibrinogen and factor VIII levels 
most likely explain a normal or mildly prolonged pro-
thrombin time and a normal partial thromboplastin time 
in most patients with COVID-19 [77, 78]. Coagulation 
factors are usually within the normal range during CO-
VID-19, but the mean concentrations of fibrinogen in 
plasma and factor VIII are strikingly increased [78]. Nat-
ural anticoagulants, protein C and antithrombin, are 
mildly reduced [78]. In the majority of cases, there is no 
clinically relevant decline in platelet count and only in 
very severe cases of COVID-19, thrombocytopenia is ob-
served [79]. Therefore, the classic diagnosis of DIC is not 
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often present [80]. This does not rule out an important 
role for platelets in COVID-19. Activated platelets have 
been demonstrated by enhanced expression of P-selectin, 
a protein which is expressed following platelet activation 
to ensure leucocyte activation, which appeared to be 
higher in COVID-19 than in control groups [79]. Studies 
analyzing platelet aggregation by different assays are in-
conclusive and need further evaluation [81, 82]. Soluble 
markers that may reflect platelet activation show severity-
dependent elevations for soluble P-selectin [83, 84]. In-
terestingly, hyperreactive platelets were detected in all se-
verely ill COVID-19 patients in one study with markedly 
elevated agonist-induced ADP release by platelets as well 
as increased plasma levels of P-selectin, PF4, and throm-
bopoietin [85]. As most patients maintain fairly high 
platelet counts during admission, hyperreactivity and po-
tential clearance from annexin positive platelets may be 
compensated by high bone marrow platelet production, 
or production and liberation from other sources includ-
ing the lungs [86].

The combination of elevated D-dimer, thrombocyto-
penia, and prolonged coagulation times (mainly pro-
thrombin time) resembles the abnormalities commonly 
seen in DIC, which is defined as an acquired syndrome 
characterized by activation of coagulation system, result-
ing in formation of intravascular thrombi and, depletion 
of platelets and coagulation factors, leading to vascular 
obstruction/ischemia and multi-organ failure [87]. Yet, 
COVID-19 coagulopathy cannot be seen as a typical DIC 
for the following reasons; thrombocytopenia is not as se-
vere as in sepsis-associated DIC, clotting factors are usu-
ally in the normal range, and physiological anticoagulants 
(protein C and antithrombin) are not evidently depleted 
as in sepsis-associated DIC (see Table 1) [88].

More sophisticated integral coagulation tests includ-
ing the thrombin generation assay, an increasingly recog-
nized tool to evaluate the hemostatic system in platelet-
poor plasma, are also utilized to assess COVID-19 coagu-
lopathy [89, 90]. Limited knowledge is available on its use 
and findings in COVID-19 infection, but some reports 
indicated high thrombin generation in SARS-COV-2 
pneumonia despite the use of anticoagulation [91, 92]. 
Specific applications of thrombin generation assay may 
facilitate better documentation of anticoagulant efficacy, 
but this needs clinical verification [93]. An important ob-
servation was done with viscoelastic testing by rotational 
thromboelastometry. In patients with COVID-19, rota-
tional thromboelastometry demonstrated a hypercoagu-
lable state marked by increased clot mechanical strength 
and impaired fibrinolysis [94, 95]. This profound clot for-

mation and resistance to lysis persisted in consecutive 
blood samples from ICU patients with COVID-19 but 
normalized in survivors at 6 months post-discharge [5, 
96]. Collective data on viscoelastic testing and fibrinolysis 
were recently reviewed elsewhere [95]. The fibrinolytic 
shutdown in COVID-19 has been proposed as another 
important mechanism favoring persistent (immuno) 
thrombosis [97]. Molecular players contributing to im-
paired fibrinolysis include elevated levels of plasminogen 
activator inhibitors (PAI)-1 and -2 and TAFI, coupled to 
resistance of clot lysis to the addition of tPA or urokinase, 
which is associated with disease severity [98]. Whether 
recombinant tPA is a therapeutic option in COVID-19 
warrants further investigation. Table 2 summarizes the 
current biomarkers of coagulopathy in COVID-19. Nov-
el biomarkers are being studied and will be introduced in 
the near future.

Table 1. Characteristic biomarkers for COVID-19 coagulopathy 
versus DIC

COVID-19 coagulopathy DIC

Platelets Normal to ↓ ↓
D-dimer ↑ ↑
PT/aPTT Normal to ↑ ↑
Fibrinogen ↑ Normal to ↓
AT III Normal to ↓ ↓

PT, prothrombin time; aPTT, activated partial thromboplastin 
time; DIC, diffuse intravasal coagulation; AT III, antithrombin III.

Table 2. Characteristic biomarkers for COVID-19 coagulopathy

Biomarker Common finding in severe COVID-19

Platelets Normal to ↓
PT Normal to ↑
aPTT Normal
D-dimer ↑↑
Fibrinogen ↑*
Factor VIII ↑
VWF ↑
Protein C ↓
Antithrombin ↓
TGA Hypercoagulable
ROTEM Hypercoagulable and hypofibrinolytic
PAI ↑

PT, prothrombin time; aPTT, activated partial thromboplastin 
time; TGA, thrombin generation assay; ROTEM, rotational thrombo-
elastometry. * Fibrinogen is usually increased, except in cases with 
DIC.
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Challenges with Current Antithrombotic Treatment

Identification and quantification of the hyperinflam-
matory and hypercoagulable state in COVID-19 and oth-
er highly pathogenic respiratory infections represent pro-
spective targets for modulation of host immune respons-
es and coagulation system. Like we have mentioned 
before, pulmonary inflammation, endothelial injury, and 
microvascular thrombosis probably act in concert to re-
sult in ARDS, which is the most common cause of death 
in patients with COVID-19. Several studies suggested 
that heparin decreases the risk of disease severity and 
death [99–101]. Heparins or low molecular weight hepa-
rins (LMWHs) possess next to anticoagulant properties 
additional anti-inflammatory and antiviral actions [102]. 
Heparin belongs to the glycosaminoglycans family and its 
polyanionic nature allows to bind to other structures such 
as antithrombin, cytokines, chemokines, cytotoxic pep-
tides, and complement proteins that are involved in in-
flammation. In addition, heparin may reduce P-selectin 
expression resulting in reduced adhesion of leucocytes to 
endothelial cells [43]. Several studies demonstrated that 
LMWH reduces the release and may neutralize the bio-
logical actions of IL-6 and IL-8 [43, 102]. Finally, recent 
experiments revealed that human coronaviruses use hep-
arin sulfate for attachment to target cells and that upon 
binding, the virus undergoes a structural modulation, 
which prevents further infection [103]. Thus, it seemed 
that heparin would provide a valuable therapeutic means 
of counteracting the virus-induced immunothrombosis 
in COVID-19. Nevertheless, despite adequate thrombo-
prophylaxis in COVID-19 patients, 4.4% showed symp-
tomatic VTE, 2.5% ischemic stroke, and 1.1% myocardial 
infarction [104]. The overall prevalence of thrombotic 
complications ranged from 2.6% in noncritical patients to 
35.3% in critically-ill patients [104]. This means that hep-
arin alone or in the current dosage is not sufficient and 
that other anticoagulants and/or other concomitant ther-
apies are required to tackle the hypercoagulable state in 
COVID-19.

Prophylactic versus Therapeutic LMWH for 
Thrombosis Prevention
Bearing in mind the regularly observed heparin resis-

tance in COVID-19 patients, it is reasonable to speculate 
that increasing the dose of heparin should reduce the rate 
of VTE [105]. Earlier published randomized trials have 
suggested that therapeutic heparin is beneficial for mod-
erately ill COVID-19 patients, while it is of no benefit in 
critically ill patients [106, 107]. Critical illness was de-

fined as the need of ICU-level of respiratory or cardio-
vascular organ support including high-flow nasal can-
nula (HFNC) oxygen treatment. In addition, data were 
statistically analyzed using the Bayesian cumulative lo-
gistic model. The investigators attributed the lack of ben-
efit of therapeutic anticoagulation in critical illness to the 
fact that patients in ICU may have reached “a point-of-
no-return” with irreversible damage and organ failure. 
The observed higher probability of survival and reduced 
ICU-level organ support by initial administration of 
therapeutic heparin in moderately ill patients may be due 
to earlier interruption or reduction of the immunothrom-
botic process triggered by SARS-COV-2. However, there 
are still some important issues regarding the performed 
studies. First, the definition of severe or critical illness is 
quite comprehensive. A little over 30% of critically ill 
COVID-19 patients were included based on the need of 
HFNC oxygen treatment. The question arises as what 
were the criteria to include those patients and how “crit-
ical” their health condition was. In our experience, the 
indication of starting HFNC is variable and depends on 
the judgment of medical teams which may differ between 
and within medical centers [108]. This may bring a bias 
between groups and disease severity within each treat-
ment group. Second, no information was provided on 
imaging of the lungs at the moment of inclusion, which 
leaves us wondering if extensive pulmonary damage or 
“disease severity” is associated with the primary outcome 
of therapeutic versus prophylactic LMWH and survival. 
In addition, we noticed that the value of D-dimer in the 
critically ill COVID-19 groups was not extremely high as 
we would expect from ICU patients. More importantly, 
no anti-Xa levels and antithrombin levels were available 
to control the effect of therapy as severe inflammatory 
states are known to markedly reduce the level and impair 
the function of antithrombin [109]. Third, although the 
Bayesian approach has several advantages, one impor-
tant pitfall is the requirement of a prior distribution, 
which is often difficult to formulate and may depend on 
individual conclusions at a certain point of time. Finally, 
it is remarkable that only about 2% of the participants in 
the critical COVID-19 patients received tocilizumab. 
This percentage is even lower in the noncritical CO-
VID-19 patient groups. Nowadays, tocilizumab has 
gained its place as standard of care treatment in those 
with high inflammation parameters and oxygen support. 
Administration of tocilizumab to those patients was ben-
eficial in earlier studies [110] and may hypothetically re-
duce or even eliminate the suggested need for therapeu-
tic anticoagulation in earlier disease stages by reducing 
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immunothrombotic processes. Other recently published 
randomized trials further evaluated the effect of prophy-
lactic, intermediate, and therapeutic anticoagulation in 
hospitalized COVID-19 patients with yet inconclusive 

recommendations to the clinical setting (see Table  3) 
[111–114]. Currently, the American Society of Hematol-
ogy (ASH) and International Society of Thrombosis and 
Haemostasis (ISTH) guidelines still recommend prophy-

Table 3. Summary of the effect of different anticoagulant treatment options during COVID-19 infection from large trials

Author Trial Journal Design Population N Intervention Outcome Main findings

Spyropoulos 
et al. [111]

The HEP-COVID 
randomized 
clinical trial

JAMA Intern 
Med, 2021

MCRCT Non-ICU and 
ICU

253 Standard 
prophylactic- or 
intermediate-
dose LMWH or 
UFH versus 
therapeutic-
dose enoxaparin

VTE, ATE, death, 
major bleeding, 
at 30 days

Reduced VTE, ATE, and 
death in non-ICU treatment 
group
No treatment effects in ICU 
population
No differences in major 
bleeding between groups

Perepu et al. 
[112]

J Thromb 
Haemost, 
2021

MCRCT ICU and/or 
ISTH overt DIC 
score ≥3

176 Standard 
prophylactic-
dose versus 
intermediate-
dose enoxaparin

Death, VTE, ATE, 
major bleeding, 
at 30 days

No treatment effects were 
observed
No differences in major 
bleeding between groups

Lopes et al. 
[113]

The ACTION 
randomized 
clinical trial

Lancet, 2021 MCRCT Predominately 
hospitalized 
clinically stable

615 Standard 
prophylactic-
dose enoxaparin 
or UFH versus 
therapeutic-
dose 
rivaroxaban or 
enoxaparin or 
UFH

Time to death, 
duration of 
hospitalization, 
duration of 
supplemental 
oxygen, at 30 
days

No treatment effects were 
observed
Significantly increased 
number of bleeding 
complications in the 
treatment group

Sadeghipour 
et al. [114]

The INSPIRATION 
randomized 
clinical trial

JAMA, 2021 MCRCT ICU 562 Standard 
prophylactic-
dose versus 
intermediate-
dose enoxaparin

VTE, ATE, ECMO, 
death, at 30 days

No treatment effects were 
observed
No differences in major 
bleeding between groups

Sholzberg  
et al. [131]

The RAPID 
randomized 
clinical trial

BMJ, 2021 MCRCT Moderately ill 
hospitalized

465 Standard 
prophylactic-
dose versus 
therapeutic-
dose heparin

Death, invasive 
or noninvasive 
mechanical 
ventilation, ICU 
admission, at 28 
days

No treatment effects were 
observed
No differences in major 
bleeding between groups

Lawler and 
colleagues 
[106]

The ATTACC, 
ACTIV-4a, and 
REMAP-CAP, 
multiplatform 
randomized 
clinical trial

N Engl J 
Med, 2021

MPRCT Noncritically ill 2244 Standard 
prophylactic-
dose versus 
therapeutic-
dose heparin

Organ support-
free days, death, 
at 21 days

Increased probability of 
survival to hospital 
discharge with reduced 
organ support in the 
treatment group
Major bleeding occurred 
more frequently in the 
treatment group

Goligher and 
collegues 
[107]

The ATTACC, 
ACTIV-4a, and 
REMAP-CAP, 
multiplatform 
randomized 
clinical trial

NEJM, 2021 MPRCT Critically ill 1098 Standard 
prophylactic-
dose versus 
therapeutic-
dose heparin

Organ support-
free days, death, 
at 21 days

No differences in 
probability of survival to 
hospital discharge with 
reduced organ support in 
the treatment group
Major bleeding occurred 
more frequently in the 
treatment group

MCRCT, multicenter randomized clinical trial; ICU, intensive care unit; LMWH, low molecular weight heparin; UFH, unfractionated heparin; VTE, venous 
thromboembolism; ATE, arterial thromboembolism; DIC, disseminated intravascular coagulation; ECMO, extracorporeal membrane oxygenation.
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lactic anticoagulation in all COVID-19 patients (without 
evident VTE) until more evidence is available to perform 
otherwise [115]. Further investigation needs to evaluate 
the question whether therapeutic anticoagulation is in-
deed superior to prophylactic anticoagulation in reduc-
ing mortality in the critically ill and the noncritically ill 
COVID-19 patients in the light of adjusted treatment 
protocols [116].

Post-Discharge Patients
The ASH guideline panel does not recommend throm-

boprophylaxis to COVID-19 patients who are being dis-
charged from the hospital without suspected or con-
firmed VTE or any other indication for anticoagulation 
(last updated in July 2021). In a study by Salisbury et al. 
[117], the rate of symptomatic VTE 42 days after dis-
charge was 2.6% . Even lower incidences were found in 
another study in which 4.8 per 1,000 discharges devel-
oped a VTE within 42 days after discharge [118]. Never-
theless, a recent study by Ramacciotti et al. [119] demon-
strated improved clinical outcomes in extended throm-
boprophylaxis with rivaroxaban 10 mg/day in patients at 
high risk for VTE after hospitalization due to COVID-19 
infection. Further trials are required to evaluate the role 
of thromboprophylaxis post-discharge.

Outpatients
Current guidelines do not bring any recommenda-

tions regarding anticoagulation in outpatients with CO-
VID-19. Some of those patients are quite ill but can han-
dle the disease at home without the need of extra medical 
support. This situation is increasingly observed lately as 
the younger population is infected by SARS-COV-2. As 
the virus’ interaction with the host is heterogenous with 
many possible (parts of) immunothrombosis mecha-
nisms interacting, it is imaginable that some of the young-
er patients may develop extensive pulmonary damage 
with a hypercoagulable state. Nevertheless, in a recent 
publication of symptomatic outpatients infected with 
SARS-COV-2 in which patients were randomly allocated 
to aspirin or apixaban compared to placebo, there was no 
reduction in rates of composite outcome observed (all-
cause mortality, symptomatic venous or arterial throm-
boembolism, myocardial infarction, stroke, or hospital-
ization for cardiovascular or pulmonary cause) [120]. 
However, the study was terminated early because of a 
lower than expected event rate (0% in the placebo group 
after 45 days of follow-up). Future larger studies have to 
further clarify whether there is need for thromboprophy-
laxis in the outpatient setting.

Other Anticoagulants and Antiplatelet Therapy in 
COVID-19
DOACs are widely used as first choice therapy in 

DVT, pulmonary embolism, and atrial fibrillation. As 
DOACs interact with cytochrome P450 and/or P-glyco-
protein, many drug-drug interactions may occur, result-
ing in a remarkable increase or decrease of their antico-
agulant effect. Indeed, dexamethasone is an inducer (al-
beit a weak inducer) of CYP3A4, which may result in 
lower plasma concentrations of apixaban when used 
concomitantly for a certain time period [121]. Moreover, 
it is plausible that CYPs metabolic activity is downregu-
lated during ARDS and other severely inflammatory 
states, resulting in an altered pharmacokinetic clearance 
and interaction. Therefore, one may recommend the 
avoidance of DOACs (especially apixaban and rivaroxa-
ban) in admitted patients on dexamethasone until high-
quality evidence is becoming available [122]. A small 
study in patients showed that peak DOAC levels on dexa-
methasone were below the expected range in 33.3%, of 
whom about two-thirds had also low levels without dexa-
methasone [123]. Scarce data are available on safety and 
efficacy of DOACs in COVID-19 patients. A study by 
Billett et al. [124] demonstrated a significant decrease in 
mortality with prophylactic doses of apixaban and enoxa-
parin, which was also apparent in the therapeutic dose of 
apixaban, but was not more beneficial. In our opinion, 
the use of DOACs should be case-based while keeping 
the patient’s preference in mind as there is no contrain-
dication to shortly combine dexamethasone with DO-
ACs in noncritically ill patients, particularly when the 
expected discharge is soon.

At present, data on the effect of antiplatelet therapy in 
COVID-19 are scarce and no consensus guidelines are 
available regarding their use. From a pathophysiologic 
point of view, with platelet activation as key, it may be 
beneficial to inhibit platelet aggregation as they contrib-
ute to the process of microthrombosis in COVID-19. A 
retrospective study reported a decline of in-hospital mor-
tality in patients who received aspirin within 1 week be-
fore or 24 h after admission [125]. Another retrospective 
study, using propensity score matching and multivariable 
regression, observed a lower mortality rate with in-hospi-
tal aspirin compared to no antiplatelet therapy [126]. 
Nevertheless, Berger et al. [127] demonstrated no benefit 
of the addition of a P2Y12 inhibitor to a therapeutic dose 
of heparin among noncritically ill COVID-19 patients re-
garding organ support-free days. Randomized trials are 
awaited to further elucidate the effect of antiplatelet ther-
apy in COVID-19.
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Future Treatment Considerations

After demonstrating the bidirectional interactions be-
tween immune, endothelial, and coagulation systems and 
their hyperactivity in severe SARS-COV-2 infections that 
drives the heterogeneous clinical presentation between pa-
tients, it seems reasonable to consider a personalized ther-
apy that more or less tackles those three components and 
restores homeostasis. As increasing evidence provides a 
critical role of NETosis in the pro-inflammatory and pro-
coagulant state during severe COVID-19, we suggest that 
anti-NETs-targeted therapy alone or preferably in con-
junction with anticoagulants may be more efficacious and 
may prevent disastrous thrombotic consequences in CO-
VID-19. Inhibiting NETosis may also be promising as a 
therapeutic option for VITT. Investigation of determi-
nants of NETosis may reveal other potential targets for in-
tervention. Another promising therapeutic strategy is per-
haps through targeting the complement system by C5 
blockade, which has demonstrated benefit in different kid-
ney diseases such as C3 glomerulopathy and atypical he-
molytic uremic syndrome [128]. Several trials are ongoing 
to investigate its benefits in severe SARS-COV-2 infection.

Regarding anticoagulant therapy, combining platelet 
inhibitors with DOACs or heparin may amplify the anti-
thrombotic effect even more, when compared to solely in-
creasing the dose of heparin. Future studies need to verify 
the optimal indication, timing, duration, and dose for an-
ticoagulant therapy. In addition, fibrinolytic therapy has 
previously been reported in patients with severe CO-
VID-19 and led to reduced mortality and marked improve-
ment in oxygenation [129]. Further studies are warranted 
to determine whether tPA is worthy of consideration in 
clinical practice given the relatively high risk of catastroph-
ic bleeding. In addition, the timing, dose, and combination 
with anticoagulants need to be further elucidated.

Our understanding of the physiologic role of tissue and 
circulating ACE2 is still very limited. Soon after the first 
case reports of COVID-19, ACE2 was detected as the bind-

ing site for viral entry [130]. Investigating whether modu-
lation of ACE2 expression would be effective in inhibiting 
further viral infection, and what the optimal timing of such 
an intervention might be, appears opportune. In fact, mul-
tiple trials are currently awaited with drugs that potential-
ly bind or neutralize ACE2.

In conclusion, several treatment options are underway 
to tackle the hypercoagulable and hyperinflammatory state 
of COVID-19. This is of more importance as the current 
effective vaccination strategies appear thus far insufficient 
to dampen the disease burden and we still are in great need 
of more effective and safe anticoagulant and anti-inflam-
matory drug therapies in COVID-19 infection.
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