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Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is responsible for coronavirus disease 2019 
(COVID-19). Recent data highlight a pivotal role for pul-
monary immuno-thrombosis in COVID-19 in the patho-
genesis of severe COVID-19.

SARS-CoV-2 gains entry into airway epithelial cells 
via ACE2 receptors, and subsequently triggers infiltra-
tion of monocytes, macrophages, and T cells into the 
alveoli [1]. This is accompanied by local cytokine and 
chemokine generation, leading to elevated systemic 
levels of cytokines including TNF-⍺, IL-1β, IL-6, and 
IL-8 [1]. In addition to the local pulmonary inflamma-
tory response, hemostatic dysfunction has also been 
implicated in COVID-19 pathogenesis [2, 3]. Moreover, 
elevated fibrin degradation d-dimer levels constitute an 
independent biomarker for poor clinical outcomes [3]. 
Post-mortem studies in COVID-19 have consistently 
reported the presence of thrombi in both the micro- and 
macro-vasculature of the lungs [4–7]. Composed pre-
dominantly of platelets and fibrin, these thrombi have 
been identified in precapillary arteries, alveolar capillar-
ies, as well as postcapillary venules [4–7]. Ackerman et al. 
estimated that alveolar capillary microthrombi were nine 
times more common in COVID-19 patients compared 
to those with severe influenza [4]. Pulmonary thrombi in 
COVID-19 were hetero-synchronous in nature, display-
ing different stages of organization [7]. This observation 
suggests that they have developed in  situ rather than 
being embolic in origin [5]. Interestingly, megakaryocytes 
were observed in association with microvascular thrombi 

within alveolar capillaries and ongoing platelet produc-
tion could be seen [5, 6]. Given the platelet-rich nature 
of the microthrombi, these data suggest that platelet acti-
vation is important in the development of COVID-19 
pulmonary microangiopathy. Pulmonary microthrombi 
also contained trapped partly degenerated neutrophils 
consistent with NETosis [6]. Importantly, intra-alveolar 
fibrin deposition was also observed post-mortem and 
hypothesized to contribute to the increased d-dimer 
levels [6]. Collectively, patients with severe COVID-19, 
therefore, have concurrent pathologies targeting ventila-
tion (V) and perfusion (Q) within the lungs, which likely 
explains their severe hypoxia and the refractory nature of 
their acute respiratory distress syndrome (ARDS).

Although dysregulated inflammatory responses and 
hemostatic dysfunction have both been implicated in 
COVID-19 pathogenesis, it is important to appreciate 
that these two processes do not function as discrete enti-
ties. Rather, a dynamic cross-talk exists between inflam-
mation and hemostasis pathways in  vivo. For example, 
pro-inflammatory cytokines including TNF-⍺ and IL-1β 
both trigger upregulation of tissue factor (TF) expression 
on endothelial cells (EC) and monocytes, a major initiator 
of in vivo coagulation. Conversely, activated coagulation 
enzymes such as thrombin can initiate pro-inflammatory 
signaling cascades through proteolytic cleavage of cell 
surface protease-activated receptors (PARs). This bidi-
rectional cross-talk between haemostasis and inflamma-
tion has been comprehensively reviewed [8, 9].

Emerging findings suggest that pulmonary immuno-
thrombosis plays a critical role in COVID-19 pathogen-
esis (Fig. 1). In normal blood vessels, the EC monolayer 
lining the vascular wall functions to prevent the devel-
opment of pathological thrombosis. SARS-CoV-2 infec-
tion has specific deleterious effects upon pulmonary EC 
(Fig.  1) [10]. Post-mortem studies have highlighted EC 
swelling, disruption of EC intercellular junctions, loss 
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of EC contact with the basement membrane and signifi-
cant EC apoptosis [4–7]. SARS-CoV-2 endotheliopathy 
is likely multifactorial in etiology, with damage mediated 
by pro-inflammatory cytokines, complement activation, 
as well as other mechanisms including severe hypoxia. 
Interestingly, ACE-2 receptor is also expressed on EC and 
electron microscopy studies have observed viral particles 
within pulmonary EC [4]. Irrespective of the underly-
ing mechanisms, EC activation causes secretion of high 
molecular weight von Willebrand factor (HMW-VWF) 
multimers from Weibel Palade bodies (WPB) (Fig.  1). 
Consequently, plasma VWF:Ag and VWF propeptide lev-
els are markedly elevated approximately eight–tenfold in 
patients with severe COVID-19 [11, 12]. Secreted VWF 
becomes tethered on the EC surface to form elongated 

VWF strings, which can then recruit platelets, neutro-
phils, and monocytes to the blood vessel wall (Fig. 1). EC 
activation also causes externalization of P-selectin from 
WPB stores to the EC surface where it facilitates leu-
kocyte adherence. In addition, post-mortem studies in 
COVID-19 have reported upregulated EC expression of 
other adhesion molecules, including VCAM-1, ICAM-
1, and E-selectin, which further promote recruitment 
of neutrophils and monocytes (Fig.  1) [7]. These cells 
exacerbate EC damage through a variety of mechanisms 
including local pro-inflammatory cytokine, production 
of NETs and release of reactive oxygen species (ROS). 
Importantly, the pro-inflammatory milieu also results in 
TF expression and decryption on both EC and mono-
cytes (Fig.  1). This TF interacts with circulating FVIIa 

Fig. 1  Pulmonary immunothrombosis and endotheliopathy in COVID-19 pathogenesis. COVID-19 is associated with a pulmonary-centric vascu‑
lopathy. The SARS-CoV-2 virus causes activation of monocytes and platelets, as well as neutrophil degranulation. The virus can also activate and gain 
entry into endothelial cells lining the blood vessel wall. In severe COVID-19, EC activation is further activated by pro-inflammatory cytokines. Acute 
EC activation and damage triggers secretion of high molecular weight von Willebrand factor (VWF) multimers normally stored within Weibel Palade 
bodies. This results in high local concentrations of VWF. Large VWF strings anchored on the EC surface can then tether circulating platelets and 
recruit neutrophils and monocytes. In addition, WPB secretion results in externalization of P-selectin to the EC surface where it facilitates leukocyte 
and platelet adherence. Enhanced expression of other adhesion molecules, including VCAM-1, ICAM-1, and E-selectin, further promote neutrophil 
and monocyte recruitment. TF expression on EC and monocytes, coupled with NETosis, leads to coagulation cascade activation. Moreover, normal 
anti-coagulant pathways on the EC surface are down-regulated. Additionally, inflammation affects fibrinolysis by promoting local release of tPA and 
PAI-1 from EC. Significant amounts of PAI-1 are also secreted from activated platelets, and TAFI and α2-antiplasmin levels are both increased. Conse‑
quently, fibrinolysis is attenuated in severe COVID-19. Furthermore, EC tight-barrier junctions become disrupted leading to enhanced permeability 
and extravasation. The net effect of this dysregulated immunothrombosis is the generation of platelet- and fibrin-rich thrombi and pulmonary 
vaso-occlusion
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to trigger extrinsic pathway coagulation activation and 
thrombin generation. Inflammatory pathways simultane-
ously inhibit normal anti-coagulant and pro-fibrinolytic 
properties of EC surfaces. For example, severe COVID-19 
is associated with enhanced shedding of thrombomodu-
lin (TM) from EC surfaces which attenuates generation 
of anticoagulant activated protein C (APC) (Fig. 1) [12].

In addition to this endotheliopathy, studies have shown 
that severe COVID-19 is associated with multifactorial 
platelet activation (Fig.  1). Important causes of platelet 
activation include pro-inflammatory cytokines, throm-
bin generation, immune complexes, anti-PF4 antibod-
ies, hypoxia, and NETosis. Following activation, platelets 
express P-selectin and CD40L and consequently can 
interact with neutrophils to enhance cytokine release. 
Activation also causes secretion of platelet α-granule 
contents including VWF, as well as a range of pro-inflam-
matory cytokines and chemokines. Finally, pulmonary 
immunothrombosis causes enhanced vascular perme-
ability, which serves to facilitate leucocyte extravasa-
tion and exacerbates alveolar inflammation and edema 
(Fig.  1). Together, the net effect of this combined local 
endotheliopathy and thrombocytopathy is ultimately the 
generation of platelet–fibrin rich thrombi disseminated 
throughout the pulmonary vasculature.

Given the complex multifactorial mechanisms involved 
in SARS-CoV-2 pulmonary immunothrombosis, it seems 
unlikely that a one-size-fits-all approach to treatment will 
be sufficient [13]. Recent data suggest that anticoagula-
tion has an important role to play [14]. However, impor-
tant questions remain regarding optimal dosage and how 
this may need to be altered at different stages during the 
patient’s COVID-19 journey. In particular, increased 
bleeding has been reported with therapeutic heparin in 
severe COVID-19 [14]. Alternative treatment strategies 
targeted at reducing COVID-19 endotheliopathy (e.g. 
defibrotide, statins and prostacyclin) and complement 
inhibition are also being evaluated [13]. In view of the 
evidence of the marked WPB exocytosis seen in acute 
COVID-19, reducing VWF activity (e.g. recombinant 
ADAMTS13 or caplacizumab) or inhibiting P-selectin 
interaction with leucocytes and platelets (e.g. crizanli-
zumab), may also be useful [15]. Since thrombocytopathy 
plays a key role in COVID-19 pulmonary immunothrom-
bosis, ongoing studies are investigating the role of vari-
ous ant-platelet therapies (e.g. aspirin, dipyridamole or 
P2Y12 inhibitors). Finally, since immunothrombosis is 
the primary driver of the pathogenesis, different forms 
of immunomodulatory treatment are also being stud-
ied (e.g. dexamethasone, tocilizumab or canakinumab). 
Further insights into the basic science underlying SARS-
CoV-2 pathobiology will be essential so that patients 

can be accurately stratified into subgroups that should 
ultimately determine their optimal treatment regimen 
combination.
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