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Abstract

Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is pre-

senting as a systemic disease associated with vascular inflammation and endothelial injury. Severe forms of SARS-CoV-2 

infection induce acute respiratory distress syndrome (ARDS) and there is still an ongoing debate on whether COVID-19 

ARDS and its perfusion defect differs from ARDS induced by other causes. Beside pro-inflammatory cytokines (such as 

interleukin-1 β [IL-1β] or IL-6), several main pathological phenomena have been seen because of endothelial cell (EC) 

dysfunction: hypercoagulation reflected by fibrin degradation products called D-dimers, micro- and macrothrombosis and 

pathological angiogenesis. Direct endothelial infection by SARS-CoV-2 is not likely to occur and ACE-2 expression by 

EC is a matter of debate. Indeed, endothelial damage reported in severely ill patients with COVID-19 could be more likely 

secondary to infection of neighboring cells and/or a consequence of inflammation. Endotheliopathy could give rise to 

hypercoagulation by alteration in the levels of different factors such as von Willebrand factor. Other than thrombotic events, 

pathological angiogenesis is among the recent findings. Overexpression of different proangiogenic factors such as vascular 

endothelial growth factor (VEGF), basic fibroblast growth factor (FGF-2) or placental growth factors (PlGF) have been found 

in plasma or lung biopsies of COVID-19 patients. Finally, SARS-CoV-2 infection induces an emergency myelopoiesis associ-

ated to deregulated immunity and mobilization of endothelial progenitor cells, leading to features of acquired hematological 

malignancies or cardiovascular disease, which are discussed in this review. Altogether, this review will try to elucidate the 

pathophysiology of thrombotic complications, pathological angiogenesis and EC dysfunction, allowing better insight in new 

targets and antithrombotic protocols to better address vascular system dysfunction. Since treating SARS-CoV-2 infection and 

its potential long-term effects involves targeting the vascular compartment and/or mobilization of immature immune cells, 

we propose to define COVID-19 and its complications as a systemic vascular acquired hemopathy.

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) is a novel RNA virus associated with the outbreak 

of a coronavirus-associated acute respiratory disease called 

coronavirus disease-19 (COVID-19) in humans [1]. COVID-

19 has been linked to a large range of illness severities, 

varying from very mild to life threatening. In a cohort of 

44,000 people with COVID-19 in China [2], the illness 

demonstrated three distinct clinical presentations: 81% 

showed mild symptoms, 14% had severe symptoms includ-

ing dyspnea, hypoxia and lung parenchymal involvement on 

computed tomography (CT) scan, and 5% developed res-

piratory failure and/or multi-organ dysfunction. The overall 

worldwide case fatality ratio has ranged from 1.8 to 2.3% 

(www. covid 19. who. int). The varied clinical presentations, 

despite a nearly identical viral genome during the early 

phases of the pandemic [3], suggests a significant host influ-

ence on the clinical manifestations. Interestingly, comorbidi-

ties leading to severe COVID-19 disease include age, hyper-

tension, diabetes, ischemic heart disease, vascular disease, 

renal failure and obesity. Although there is considerable 
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speculation about how these different risk factors contribute 

to the clinical manifestations of the disease, the pathogenesis 

of severe COVID-19 and the variable clinical response to 

the virus remains unclear. Patients with severe COVID-19 

not only develop pulmonary disease, eventually culminating 

in acute respiratory distress syndrome (ARDS) [4, 5], but 

also display a myriad of extrapulmonary symptoms, includ-

ing acute kidney injury, acute cardiac injury, coagulopathy, 

thromboembolic complications, including stroke and pul-

monary embolism, and circulatory shock [6, 7]. Together 

this information suggests that the pathology of COVID-19 

has a strong vascular component. In this review, we will 

summarize current knowledge about hematological and 

vascular defects associated with COVID-19. In particular, 

we will describe pathophysiological insights into COVID-

19-induced coagulopathy, endotheliopathy and angiogenesis 

associated defects.

COVID-19-associated coagulopathy

COVID-19 has early been identified as a hypercoagulable 

and thrombogenic disease, characterized by a high inci-

dence of venous and arterial thrombotic events, in par-

ticular in the most severely affected patients [8]. While 

SARS-CoV-2 is typically characterized by an infection of 

the upper aerodigestive tract and mild respiratory manifes-

tations, it may progress to severe forms including ARDS 

and multisystemic disorders. Up to 30% of these critically 

ill COVID-19 patients admitted to the intensive care unit 

(ICU) develop thrombotic complications, mainly including 

pulmonary embolism and deep vein thrombosis, despite 

pharmacological thromboprophylaxis [9–13]. The detec-

tion of SARS-CoV-2 in multiple organs, thrombosis and 

ischemic complications, and its multisystemic clinical fea-

tures, have suggested that COVID-19 might be a systemic 

vascular disease. SARS-CoV-2 respiratory tract invasion 

is indeed responsible for an intense vascular inflammation 

with extensive endothelial damage, leading to deregulated 

coagulation activation and potential subsequent thrombotic 

manifestations [14–16]. Coagulation activation in COVID-

19 is a specific feature distinguishing it from other respira-

tory diseases.

COVID-19 increases the risk of thrombotic events

Pulmonary embolism has been identified as one of the most 

severe consequences and one of the hallmarks of COVID-19 

[17]. In a multicentric prospective cohort, study including 

150 patients admitted to the ICU for COVID-19 ARDS, 64 

clinically relevant thrombotic complications have been diag-

nosed, despite at least prophylactic dosing of heparin since 

the admission in the ICU [9]. Among them, 25 pulmonary 

embolisms were diagnosed on 100 CT pulmonary angio-

gram performed because of a respiratory aggravation or a 

sudden significant increase of the fibrin degradation product 

D-dimer. Compared to a historic cohort of non-COVID-19 

ARDS, COVID-19 ARDS patients developed significantly 

more thrombotic complications, with an odd ratio of 6.2 

[1.6–23.4] (p < 0.01) for pulmonary embolism. COVID-19 

patients also displayed many other thrombotic events, like 

clotting during continuous renal replacement therapy, or of 

extracorporeal membrane oxygenation device [9].

In a concomitant report, Poissy et al. [13] also noticed 

an unexpectedly high number of pulmonary embolisms in 

COVID-19 patients that stay in the ICU (n = 22/107 patients, 

20.6%), which was higher than in a historical cohort of ICU 

patients with influenza virus with similar severity scores on 

ICU admission (20.6% versus 6.1%; absolute increased risk, 

14.4% [95% CI 6.1–22.8]). An increased incidence of arte-

rial thrombosis (mainly stroke and acute coronary syndrome) 

has also been reported [18, 19]. Several other publications 

confirmed the high cumulative incidence of thrombotic com-

plications in critically ill patients with COVID-19 admitted 

to the ICU [10–12] and autopsy-based findings stated that 

thrombotic complications were a major unsuspected cause of 

death [20]. In a retrospective nested case–control study con-

ducted in two French hospitals, Planquette et al. estimated 

pulmonary embolism prevalence in COVID-19 patients to 

be close to 5% in the whole population and nearly 20% of 

the clinically suspected population. Pulmonary embolism in 

COVID-19 patients seems to be associated with more exten-

sive lung damage and to require more frequently invasive 

ventilation [21]. Wichmann et al. have thus diagnosed deep 

vein thrombosis in more than half of their 12 patients and 

PE as the direct cause of death in 25% of their patients [22].

Variability in thrombosis prevalence might be explained 

by nature of different reports. Indeed, most of them are retro-

spective cohorts with inherent bias, including the absence of 

systematic screening for thrombotic events, different throm-

boprophylaxis protocols and a high heterogeneity in patients’ 

clinical severity. Despite these limitations, several meta-

analyses confirmed the high incidence of venous thrombo-

embolism events, mainly for critically ill patients, which 

were associated with a higher risk of mortality [23–26], 

probably through systemic impaired microcirculatory func-

tion of organs in most severe forms of COVID-19 with sub-

sequent organ dysfunctions [27]. Most of these reports also 

accounted for rare severe hemorrhagic complications, sug-

gesting that COVID-19-associated coagulopathy possesses 

specific characteristics.

Why SARS-CoV-2-associated coagulopathy is unique

The pathophysiology of COVID-19-associated coagulopathy 

is complex and involves several pathways. It differs from 
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other thrombotic coagulopathies reported in critically ill 

patients, including disseminated intravascular coagulation 

(DIC), which is for example commonly encountered in bac-

terial sepsis.

The respiratory tract invasion by SARS-CoV-2 is respon-

sible for a systemic inflammatory response causing the 

release of high levels of pro-inflammatory cytokines associ-

ated with an adaptive hemostasis response meant to limit the 

spread of the pathogen, thus constituting the first line of host 

defense. Pro-inflammatory interleukins (IL)-1β and IL-6, 

locally produced by the macrophages and monocytes in the 

lung, may thus induce thrombocytosis and hyperfibrinogen-

emia. The inflammatory response is therefore responsible for 

an activation of blood coagulation in almost all COVID-19 

patients. Although activation of coagulation is a hallmark of 

several infectious diseases, the coagulation activation pattern 

in COVID-19 patients is not the same as in septic patients [9, 

28]. Indeed, while sepsis-induced DIC is mainly character-

ized by low platelet count, prolonged prothrombin time and 

decreased antithrombin [29–32], COVID-19 patients display 

higher fibrinogen levels and increased D-dimers, but minor 

changes in platelet count, prothrombin time and antithrom-

bin [9]. Furthermore, while 30–40% of septic shock patients 

develop DIC [28], few COVID-19 patients were diagnosed 

with DIC according to the International Society on Throm-

bosis and Hemostasis or the Japanese Association for Acute 

Medicine diagnosis scores for DIC [9, 13], unless COVID-

19 was secondarily complicated by bacterial sepsis, septic 

shock or multiple organ failure. D-dimer increase has thus 

been widely assessed in COVID-19 patients and has been 

correlated to disease severity and mortality [33–36]. There-

fore, monitoring of D-dimers has been proposed by several 

guidelines but no clear data exist to date on a reliable cut-off 

to predict mortality risk or to guide the choice of initiating 

therapeutic anticoagulation [37].

Coagulation activation following this important inflam-

matory response leads to increased tissue factor (TF) expres-

sion, release of neutrophil extracellular traps (NETs) and 

damage-associated molecular patterns (DAMPs) release, 

hyperfibrinogenemia and increased thrombin generation 

[38]. The intense vascular inflammation also leads to exten-

sive endothelial damage, characterized by mononuclear 

cell infiltrate, lymphocytic endothelialitis, platelet activa-

tion and subsequent deregulated coagulation activation 

[14–16, 27]. Infection of EC through the receptor angio-

tensin-converting enzyme 2 (ACE2) is a huge matter of 

debate since, evidence for ACE2 expression in EC is weak, 

and the direct endothelial infection route is controversial 

(as discussed in 3.4.1) The procoagulant phenotype is sub-

sequently enhanced through upregulation of TF expression 

and decrease of fibrinolysis. Plasmin activity is indeed sup-

pressed by a decrease of urokinase plasminogen activator 

by alveolar macrophages and an increase of plasminogen 

activator inhibitor-1 (PAI-1), which will accelerate clot for-

mation in lung microcirculation [39]. Extensive endothe-

lial damage, indirectly assessed by very high levels of von 

Willebrand factor (VWF) in the circulation, contributes to 

sustaining the antiviral inflammatory reaction (27, 40). At 

the onset of the disease, inflammation and coagulation are 

localized in the lungs [27]. Local endothelial injury may 

thus favor microvascular clot formation and angiopathy in 

lungs and other organs, while hypercoagulability along with 

hyperfibrinogenemia may explain large vessel thrombosis in 

the systemic circulation when inflammation and coagulation 

activation become systemic and the disease severity pro-

gresses. In severe forms of COVID-19, including hypoxemic 

pneumonia and ARDS, profound hypoxemia in the pulmo-

nary capillaries may also result in vasoconstriction reduc-

ing blood flow, thereby promoting vascular occlusion [41]. 

Hypoxemia may also induce activation of hypoxia-inducible 

factors (HIFs), which are heterodimeric transcriptional fac-

tors consisting of a HIFβ subunit, expressed by all nucleated 

cells, and either the HIF1α or the HIF2α subunit (for HIF1 

and HIF2, respectively). Hypoxia induces the stabilization 

of HIF2α subunits by decreasing their hydroxylation, result-

ing in the induction or inhibition of many genes, including 

TF and PAI-1, which are released by EC like VWF [42, 43]. 

Other pathways might also be involved in COVID-19-in-

duced coagulopathy. Previous studies exploring lupus anti-

coagulant (LA) described between 45 and 88% of positivity 

in different COVID-19 cohorts in the medical ward and/or 

ICU settings [10, 23–25]. Only one study suggested in vitro 

that antiphospholipid antibodies (APA) positivity in sera of 

COVID-19 patients could be prothrombotic but LA testing 

was not assessed [26]. However, their pathogenicity and rel-

evance need further examination in future studies, as several 

diseases including infectious ones, may be associated with 

transient LA, making their clinical relevance in COVID-

19 controversial. Gendron et al. investigated the prevalence 

and prognostic value of conventional and non-conventional 

APA in COVID-19 patients in a prospective observational 

French cohort of patients hospitalized for COVID-19 sus-

picion [44]. 249 patients were hospitalized for suspected 

COVID-19, including 154 with confirmed COVID-19 and 

95 not confirmed. A significant increase in LA positivity 

among COVID-19 positive patients (60.9% versus 23.7% in 

non-COVID-19 patients) was observed, while prevalence of 

conventional (anti-cardiolipin and anti-beta-2-GP1, IgG and 

IgM isotypes) and non-conventional APA (IgA, anti-phos-

phatidylserine/prothrombin and anti-prothrombin IgG and 

IgM) were low in both groups. Positivity for LA in COVID-

19 patients was significantly associated with inflammatory 

biomarkers such as higher fibrinogen and C-reactive protein 

(CRP) levels. Univariate analysis did not show any associa-

tion between LA positivity and higher risk of venous throm-

boembolism events or in-hospital mortality. Unadjusted 
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and adjusted (to CRP, age and sex) Kaplan–Meier survival 

curves according to LA positivity confirmed the absence 

of association with venous thromboembolism events or in-

hospital mortality [44].

Management of SARS-CoV-2-induced coagulopathy

Increased D-dimer and fibrinogen levels are therefore the 

most common finding in COVID-19. As other standard 

coagulation assays are mostly within normal ranges, even 

in critically ill patients, they are not informative to detect 

COVID-19-associated procoagulant state [45]. Although 

D-dimer cut-offs have been associated with poor progno-

sis in COVID-19 patients, a more comprehensive over-

view of hemostasis activation taking inflammatory markers 

into account is necessary. Considering the close interac-

tions between inflammation and coagulation activation, 

following the kinetics of D-dimers, fibrinogen levels and 

other inflammatory markers, might help to better manage 

thromboprophylaxis in these patients. Ranucci et al. [46] 

thus reported the association between the pro-inflammatory 

cytokine IL-6 and fibrinogen levels in COVID-19 ARDS. 

Assays to assess global coagulation status include throm-

bin generation testing, thromboelastography and rotational 

thromboelastometry. These assays respectively showed 

increased thrombin generation and procoagulant patterns 

with increased clot strength in COVID-19 patients despite 

at least prophylactic anticoagulation, consistent with high 

fibrinogen levels [46–50]. In addition to hyperfibrinogene-

mia-related hypercoagulability, impaired fibrinolysis could 

contribute to the severe coagulopathy observed in these 

patients [51]. Fibrin formation will itself trigger activation 

of fibrinolysis, by binding tissue-type plasminogen activator 

and plasminogen to generate plasmin. Urokinase-type plas-

minogen activator and its receptor, which are predominantly 

extravascular and are known to be active on lung epithelia, 

may also contribute [52]. Plasminogen activator inhibitor 

1 (PAI-1), the main inhibitor of tissue plasminogen activa-

tor and urokinase-type plasminogen activator, is expressed 

by ECs, epithelial cells, monocytes and macrophages [53]. 

Endothelial and platelet activation results in the release 

of PAI-1 and downregulates fibrinolysis [54]. Elevated 

expression of PAI-1 facilitates tissue fibrosis by inhibiting 

plasmin-mediated activation of tissue matrix metallopro-

teases and plasmin degradation of misfolded protein [55] 

and in this way may contribute to the emerging problem 

of long-term complications in COVID-19 survivors [56]. 

Wright et al. reported a lack of fibrinolytic activity in 57% 

of their patients and showed it was a predictor of venous 

thromboembolism events [57]. This phenomenon, described 

as ‘fibrinolysis shutdown’, has been shown to be a predic-

tor of first and recurrent pulmonary embolism, micro- and 

macrovascular thrombosis [58] and potentially alveolar 

fibrin deposition [59, 60]. Kruse et al. also found reduced 

fibrinolysis in COVID-19 patients at the ICU and showed it 

was associated with thromboembolism [61].

According to the second version of the International Soci-

ety on Thrombosis and Hemostasis recommendations [62], 

and the French recommendations [37], prophylactic dosing 

of heparin might be intensified if patients require critical 

care support and if there are no contraindications. Further-

more, therapeutic anticoagulation should be administered if 

there is any evidence of thrombotic event or if pulmonary 

embolism is highly suspected and an imaging examination is 

not feasible to confirm the diagnosis. Because the combina-

tion of numerous recent reports on thrombotic complications 

in critically ill COVID-19 patients and observational ones 

suggesting that aiming for higher anticoagulation targets 

for thromboprophylaxis of severe COVID-19 patients could 

decrease the rate of thrombosis [63], several paradigms have 

been proposed for anticoagulation of COVID-19 patients 

according to clinical severity. Higher anticoagulation tar-

gets were considered to protect from thrombotic events in 

the most severely affected patients [62, 37]. Helms et al. 

demonstrated that anticoagulation was not associated with 

increased bleeding, differences in ICU mortality or length 

of stay compared with patients in regular prophylaxis [64, 

65]. In an observational retrospective study, Paranjpe et al. 

[66] assessed the association between administration of in-

hospital anticoagulation and survival in a large cohort of 

hospitalized patients with COVID-19 and showed that ther-

apeutic anticoagulation may be associated with improved 

outcomes among patients hospitalized with COVID-19 

(reduced risk of mortality: adjusted HR of 0.86 per day, 

95% confidence interval 0.82–0.89, p < 0.001). In another 

observational retrospective study, Chocron et al. aimed to 

determine whether anticoagulation therapy modifies the risk 

of developing severe COVID-19. Patients with COVID-19 

initially admitted in medical wards of 24 French hospitals 

were included prospectively from February 26 to April 20, 

2020. The study enrolled 2878 patients with COVID-19, 

among whom 382 (13.2%) were treated with oral anticoagu-

lation therapy before hospitalization. After adjustment, anti-

coagulation therapy before hospitalization was associated 

with a better prognosis with an adjusted hazard ratio of 0.70 

(95% CI 0.55–0.88). In contrast, therapeutic or prophylactic 

low or high dose anticoagulation started during hospitaliza-

tion were not associated with any of the outcomes. These 

results are in line with an improvement of disease when anti-

coagulation therapy is introduced in early disease. Several 

randomized studies seem to confirm this hypothesis (https:// 

www. remap cap. org/ proto col- docum ents), that efficient high 

dose anticoagulation therapy only determines COVID-19 

prognosis in moderate disease but not in the severe form, in 

which prophylactic treatment is the best way to avoid hem-

orrhage, but it does not add any benefit in terms of disease 

https://www.remapcap.org/protocol-documents
https://www.remapcap.org/protocol-documents
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outcome. Regarding the use of an anticoagulation regimen, 

a recently published randomized study, including COVID-19 

patients admitted to the ICU, intermediate-dose prophylactic 

anticoagulation compared with standard-dose prophylactic 

anticoagulation did not result in a significant difference in 

the primary outcome of a composite of adjudicated venous 

or arterial thrombosis, treatment with extracorporeal mem-

brane oxygenation, or mortality within 30 days [67]. These 

results are not in favor of a routine use of intermediate-dose 

prophylactic anticoagulation in unselected ICU-admitted 

COVID-19 patients. Thus, the benefit-risk balance of higher 

anticoagulation targets should take the risk of bleeding 

events into account and previous recommendations should 

be amended in line with these new data.

COVID-19 is an endothelial disease

EC have been considered as a passive inner lining for so 

many years. However, the vascular endothelium is now per-

ceived as an independent and important organ system that is 

centrally involved in hemostatic balance, cellular trafficking, 

regulation of vascular tone and the passage of fluids [68]. 

It has been recognized that global endothelial dysfunction, 

in particular breakdown of the vascular barrier, represents 

a cornerstone in the development of multi-organ failure in 

sepsis [69]. The endothelium is, in turn, shielded against 

pathogenic insults by a negatively charged, gel-like mesh 

consisting of highly sulfated glycosaminoglycans and pro-

teoglycans—the so-called endothelial glycocalyx (eGC) [70, 

71]. Thinning of this up to 3 μm thick eGC plays a causa-

tive role in leukocyte recruitment, hyperpermeability and 

the development of end-organ damage, in particular ARDS 

and acute kidney injury (AKI) [71, 72]. In this chapter, we 

attempt to present an overview of the markers and poten-

tial mechanism of endothelial dysfunction in COVID-19. In 

addition, we provide support for the hypothesis that COVID-

19 is indeed a vascular disease.

Visualization of endothelial dysfunction 
in sublingual microvessels

Among the numerous methods for quantifying endothelial 

dysfunction, in vivo, intravital imaging of the sublingual 

microcirculation probably provides the most vivid evidence. 

Pilot studies using hand-held videomicroscopy revealed only 

a small reduction in total and perfused vascular density as 

well as evidence of microthrombosis in sublingual microves-

sels of mechanically ventilated COVID-19 patients (some on 

extracorporeal membrane oxygenation) [73, 74]. Rovas et al. 

used a novel state-of-the-art image acquisition and analysis 

approach to quantify even subtle alterations of the sublingual 

microcirculation. COVID-19 patients (n = 23) showed an up 

to 90% reduction in vascular density, that was almost exclu-

sively limited to small capillaries (diameter 4–6 µm), and 

a significant reduction in capillary red blood cell velocity. 

Capillary impairment correlated with the sequential organ 

failure assessment (SOFA) and sepsis-induced coagulopathy 

(SIC) score as well as the oxygenation index, indicating that 

sublingual capillaries are, at least in part, representative of 

the pulmonary and systemic microvasculature [75]. All vid-

eomicroscopy studies reported a strong association between 

D-dimer level and microvascular alterations, thus indicating 

that capillary clogging by fibrinous microthrombi, which 

has already been shown by autopsy studies in lungs from 

COVID-19 patients [27, 76], plays certainly an important 

role here [73–75].

Damage of the endothelial glycocalyx in COVID-19

Damage of the eGC is considered an early feature of 

endothelial dysfunction in various diseases [70]. The 

dynamic lateral movement of red blood cells into the perme-

able part of the eGC layer, expressed as the perfused bound-

ary region (PBR, in µm), provides a robust estimate of the 

glycocalyx thickness in sublingual microvessels [77–79]. 

Especially COVID-19 patients on mechanical ventilation 

showed severe glycocalyx damage as indicated by higher 

PBR values (i.e., thinner glycocalyx) and increased blood 

levels of shed glycocalyx constituents (such as Syndecan-1). 

Of note, the PBR value showed the best discriminatory abil-

ity to predict 60-day mortality in a cohort of COVID-19 

patients [75]. Damage to the eGC is probably not specific to 

certain eGC constituents, as numerous glycosaminoglycans 

and their fragments were significantly elevated in the blood 

of COVID-19 patients [72, 80, 81].

Stahl et al. also found significantly increased PBR values 

and increased syndecan-1 levels in 19 mechanically venti-

lated COVID-19 patients. Furthermore, they were able to 

show that, unlike in bacterial sepsis, it was not the eGC 

damaging enzyme heparanase-1 that was upregulated, but 

that its intrinsic inhibitor, heparanase-2, was significantly 

reduced. Concomitant in vitro experiments showed that EC 

stimulated with COVID-19 serum showed lower transcrip-

tion of heparanase-2 and less eGC coverage. Transgenic 

overexpression of heparanase-2 in a lentivirus-transduced 

EC line was sufficient to reverse this phenotype. The authors 

therefore postulate that acquired heparanase-2 deficiency 

might represent a potential mechanism of injury to the eGC, 

which could eventually progress to widespread endothelial 

dysfunction in COVID-19 [80]. However, using a more 

sophisticated assay, Buijsers et al. found elevated plasma 

heparanase-1 activity in COVID-19 patients (n = 48), that 

correlated with cleaved heparan sulphate levels and clini-

cal markers of disease activity. Treatment of EC with low 

molecular weight heparin (LMWH), which serves as an 
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alternative substrate for heparanase and thus acts as a dose-

dependent heparanase inhibitor, prevented glycocalyx per-

turbation induced by plasma from COVID-19 patients [82]. 

Interestingly, heparanase activity was significantly lower in 

patients with prophylactic low-molecular weight heparin 

(LMWH) treatment [83]. Therefore it would be quite con-

ceivable, that the 40% lower risk of death in patients receiv-

ing LMWH or unfractionated heparin, which was recently 

reported by an Italian multicenter study, is partly due to the 

protection of the eGC [84]. Given that the SARS-CoV-2 

spike glycoprotein (S protein) contains glycocsaminogly-

can (GAG)-binding-like motifs, further studies are needed 

to clarify if GAG remodeling, as seen in e.g. diabetes [85], 

amplifies viral host cell entry [86].

The Angiopoietin/Tie2 ligand–receptor system

Local formation of microthrombi and edema in the lungs, the 

hallmarks of ARDS in COVID-19 patients, requires a switch 

of the endothelial phenotype from a quiescent towards a pro-

adhesive, pro-inflammatory, hyperpermeable activated state. 

This process is non-redundantly controlled by Tie2, a recep-

tor that is highly enriched in the endothelium and actively 

signals vascular quiescence [87]. Under physiological condi-

tions, Tie2 is tonically activated by angiopoietin-1, a vascu-

loprotective protein secreted by pericytes and platelets [88]. 

In bacterial sepsis, its intrinsic antagonist called angiopoi-

etin-2 is rapidly released from activated endothelium, com-

petitively inhibits Tie2 while activating certain integrins, 

leading to endothelial destabilization [89, 90], and is a bio-

marker that predicts mortality [91–93]. In a cross-sectional 

study, Rovas et al. found that angiopoietin-2 was already 

increased in non-ventilated SARS-CoV-2 infected patients, 

indicating that angiopoietin-2 may unleash endothelial 

inflammation in COVID-19 early on [75]. In this regard, 

Smadja et al. measured angiopoietin-2 in 40 consecutive 

COVID-19 patients admitted to the emergency department 

with need for hospitalization [94]. Angiopoietin-2 admission 

levels were significantly associated with D-dimer, CRP and 

creatinine levels. Furthermore, an angiopoietin-2 cut-off of 

5.0 ng/mL (normal range usually < 1 ng/mL) was identified 

as best predictor for ICU admission. In patients on mechani-

cal ventilation, angiopoietin-2 correlated inversely with pul-

monary compliance, a measure of the lung’s ability to stretch 

and expand [94]. Another group determined angiopoietin-2 

levels on ICU admission in 38 COVID-19 patients, most of 

whom were mechanically ventilated [95]. Angiopoietin-2 

was significantly higher in non-survivors (n = 10) and a quite 

similar cut-off of 4.0 ng/mL predicted ICU mortality with a 

sensitivity of 89% and a specificity of 77%. Interestingly, the 

levels of the protective angiopoietin-1 were the same in both 

groups, a finding that is consistent with two other reports 

[75, 94] and many previous studies on ARDS in bacterial 

sepsis [96]. Bermejo-Martin et al. analyzed the viral RNA 

load of SARS-CoV-2 (RNAemia) in plasma samples of 250 

COVID-19 patients (50 outpatients, 100 hospitalized ward 

patients and 100 critically ill). Consistent with previous 

report, angiopoietin-2 levels were highest in critically ill 

patients and beyond that correlated tightly with viral RNAe-

mia, which had a frequency of almost 80% in the ICU group 

[97]. Pine et al. compared the performance of 16 biomark-

ers of angiogenesis and endotheliopathy in 49 hospitalized 

COVID-19 patients. The level of angiopoietin-2 increased 

with disease severity and was the second-best predictor of 

in-hospital mortality after follistatin [98]. Taken together, 

available data are very similar to what we know about 

angiopoietin-2 from sepsis studies. Fortunately, numerous 

preclinical models have clearly shown that Tie2-activating 

therapeutics can effectively prevent sepsis-induced ARDS 

[96]. The angiopoietin/Tie2 system is therefore a very prom-

ising target for future studies on the prevention and treatment 

of ARDS in COVID-19.

The Vascular Endothelial Growth Factor signaling 
axis

The vascular endothelial growth factor (VEGF) family 

and its receptors are essential regulators of angiogenesis 

and barrier function. Currently, the VEGF family consists 

of VEGF-A, PlGF, VEGF-B, VEGF-C, VEGF-D, VEGF-

E. Several investigators found elevated plasma levels of 

VEGF-A in sera of COVID-19 patients, which correlated 

with disease severity [75, 97–99]. While VEGF-B levels 

appeared to be unchanged in COVID-19, VEGF-D, which 

promotes angiogenesis and lymphangiogenesis [100] was 

lower in COVID-19 compared to healthy controls and cor-

related inversely with the sequential organ failure assess-

ment (SOFA) score [75, 98]. In contrast, Kong et al. identi-

fied elevated VEGF-D as the most important indicator of 

disease severity, outperforming D-dimer, IL-6 levels and 

lymphocyte count, in a small cohort of COVID-19 patients 

[101]. Further studies are needed to clarify these contrast-

ing findings and the potential mechanistic role of VEGF-D 

in COVID-19. Recently, VEGF-A, PlGF and FGF-2 were 

quantified and examined for their association with in-hospi-

tal mortality of adult COVID-19 patients [99] in consecu-

tive ambulatory and hospitalized patients in the first 48 h 

following admission. It was found that levels of VEGF-A, 

PlGF and FGF-2 significantly increase with severity of the 

disease (p < 0.001). PlGF levels above 30 pg/mL was identi-

fied as the best predictor of in-hospital mortality in COVID-

19 patients. Survival analysis after stratification based on 

PlGF expression confirmed its value for in-hospital mortal-

ity prediction. This result was found using Kaplan–Meier 

survival curves (p = 0.001) and a Cox proportional hazard 

model adjusted to age, body mass index, D-dimer and CRP 
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levels (3.23 95% CI [1.29–8.11], p = 0.001). The levels of 

angiogenesis markers in COVID-19 was associated with the 

presence of intussusceptive angiogenesis observed in lung 

tissue of COVID-19 patients [102]. This could be an argu-

ment for testing antiangiogenic strategies [103] as a new 

interesting therapeutic approach in COVID-19.

Soluble levels of Flt-1 (sFlt-1), a circulating truncated 

form of the VEGF-A receptor Flt-1/VEGFR1, were mark-

edly increased in COVID-19 patients and correlated with 

disease severity [75, 98]. Under normal conditions, sFlt-1 

binds electrostatically to proteoglycans and is thus seques-

tered within the eGC [104]. Elevated sFlt-1 could therefore 

theoretically also be a consequence of the eGC damage. 

Overexpression of sFlt-1 has been well demonstrated to 

promote endothelial dysfunction, most notably during preec-

lampsia [105]. Dupont et al. reported that sFlt-1 plasma lev-

els at ICU admission (n = 46) were associated with the need 

for mechanical ventilation, the need for vasopressor support, 

development of severe acute kidney injury and death [106]. 

In contrast to preeclampsia, however, elevated sFlt-1 levels 

in COVID-19 are clearly not accompanied by a reduction in 

PlGF [107, 108]. This finding is apparently very consistent, 

as the sFlt-1/PlGF ratio remains low in pregnant women 

with COVID-19 pneumonia, thus allowing a good differ-

entiation between true preeclampsia and preeclampsia-like 

symptoms due to COVID-19 [109].

Vascular adhesion molecules

Vascular adhesion molecules expressed on activated 

endothelium are known to bind to leukocyte integrins dur-

ing inflammation and promote immune responses. They also 

exist in soluble forms in human plasma, due to activation 

and proteolysis mechanisms at cell surfaces. Bermejo-Mar-

tin et al. analyzed soluble intercellular adhesion molecule 

(ICAM)-1 and vascular cell adhesion molecule (VCAM)-1 

in 250 patients with COVID-19 [50 outpatients, 100 hos-

pitalized ward patients and 100 critically ill]. Especially 

VCAM-1 but also ICAM-1 levels correlated with SARS-

CoV-2 RNAemia [97]. Orfanos et al. found that soluble 

E-selectin and soluble ICAM-1 correlated with disease 

severity and predicted ICU mortality in 38 critically ill 

COVID-19 patients [95]. Similarly, serum levels of soluble 

platelet endothelial adhesion molecule (sPECAM-1) were 

elevated and correlated with disease severity in COVID-19 

patients (n = 38), whereas asymptomatic carriers had simi-

lar sPECAM-1 levels as healthy controls [110]. In a cohort 

of 100 randomly selected hospitalized COVID-19 patients, 

plasma P-selectin levels were independently associated with 

a composite outcome, based on occurrence of thrombotic 

events and death [111]. Smadja et al. analyzed E-selectin 

in 40 consecutive COVID-19 patients admitted to the emer-

gency department with need for hospitalization. Both, gene 

expression and soluble E-selectin protein increased with 

severity in a grade-dependent manner and were significantly 

higher in patients admitted to the ICU [94]. Endothelial dys-

function, and in particular E-selectin levels, have also been 

associated with SARS-CoV-2-related multisystem inflam-

matory syndrome in children (MIS-C) with shock, in par-

ticular with the vasoactive and inotropic score. These results 

highlight the significant relationships between endothelial 

dysfunction, systemic hyper-inflammation, and acute severe 

cardiovascular manifestations. Endothelial dysfunction may 

be one of the mechanisms underlying SARS-CoV-2-related 

MIS-C with shock [112].

The von Willebrand Factor-ADAMTS13 axis

VWF is a multimeric glycoprotein mainly synthesized by EC 

and stored in Weibel-Palade bodies, the storage granules of 

ECs. Importantly, Weibel-Palade bodies also contain angi-

opoietin-2, and the exocytosis of these compartments, lead-

ing to release of angiopoietin-2 and VWF, is triggered by EC 

agonists such as VEGF and histamine [113]. Therefore, Wei-

bel-Palade body release from ECs constitutes a link between 

inflammation and coagulation, and the observation that both 

VWF and angiopoietin-2 levels are increased in COVID-19 

patients suggests that Weibel-Palade body exocytosis upon 

EC activation could be instrumental in the disease progres-

sion of COVID-19. As VWF is heavily involved in platelet 

aggregation and thrombus formation following endothelial 

activation, it has been studied extensively as a potential bio-

marker of COVID-19 severity and a potential risk factor for 

COVID-19 related death. Several retrospective studies have 

reported elevated VWF levels in COVID-19 patients, the 

highest levels being found in critically ill patients. Early in 

the COVID-19 pandemic, Panigada et al. reported strongly 

elevated VWF levels in a cohort of 24 COVID-19 patients 

treated in ICU [49]. In addition, Goshua et al. found in 68 

patients of varying clinical severity COVID-19 patients that 

although nearly all patients displayed increased VWF levels, 

significantly higher levels were found in critical ICU patients 

[14]. Furthermore, Philippe et al. demonstrated that VWF 

levels measured at the time of admission in a cohort of 208 

COVID-19 patients, ranging from outpatients to critically 

ill, showed to be a powerful predictor of in-hospital mor-

tality, advocating for a role of VWF in promoting harmful 

microthrombosis in COVID-19. Specifically, a threshold of 

423% of VWF (normal values: 50–150%) offered an opti-

mal sensitivity–specificity balance [114]. Both Vassiliou 

et al. and von Meijenfeldt et al. confirmed this observation 

by reporting from cohorts of, respectively, 38 ICU and 102 

mixed-severity COVID-19 patients, a significantly higher 

level of VWF factor at admission in non-survivors than in 

survivors [95, 115].
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Taken together, these data suggest that VWF elevation 

is an accurate mirror of the intensity of endothelial dam-

age, most likely resulting from a dysregulated immune-

inflammatory response, as shown by the strong association 

between VWF levels and circulatory inflammatory cytokines 

in COVID-19 patients in the ICU [116]. On its own, such a 

significant increase of VWF could explain its prothrombotic 

effect but additional qualitative anomalies of VWF have 

been described in COVID-19.

Physiologically, ECs release VWF in the bloodstream 

in the form of hyper-reactive ultra-large VWF multimers, 

which remain tethered to the EC surface. Upon release, 

ultra-large VWF strands are cleaved by the plasma protease 

A Disintegrin And Metalloproteinase with ThromboSpondin 

motifs (ADAMTS)13 into smaller multimers, which ensure 

VWF hemostatic function without harmful/negative throm-

botic effects. Several authors described a moderate decrease 

in circulating ADAMTS13 levels in COVID-19 patients, 

being more pronounced in critically ill patients [117–120]. 

Interestingly, an association between ADAMTS13 decrease 

and vascular density in sublingual microvessels of mechani-

cally ventilated COVID-19 patients was found, in favor of 

a link between microthrombosis and reduced ADAMTS13 

function [75]. Philippe et al. suggested an ADAMTS13 

‘overflow’ due to a major quantitative imbalance between 

the substrate and the enzyme, and reported an eightfold 

increased VWF-to-ADAMTS13 activity ratio in COVID-

19 patients that required high-intensity care and mechanical 

ventilation [114]. Despite being time-consuming, assess-

ment of the VWF multimeric profile using gel electrophore-

sis is valuable as a direct readout of VWF functionality, with 

a greater proportion of high molecular weight multimers 

(HMWM). Indeed the levels of VWF HMWM were signifi-

cantly increased in critically ill compared to non-critically 

ill COVID-19 patients [114]. In addition, patients with an 

excess of HMWM displayed abnormally high VWF-collagen 

binding capacity. Accordingly, Turecek et al. reported abnor-

mal persistence of highly thrombogenic ultra-high-molec-

ular-weight VWF multimers in a cohort of 36 severely ill 

COVID-19 patients. Moreover, in vitro incubation of plasma 

samples from patients with recombinant ADAMTS13 sub-

stantially reduced VWF HMWM in a time- and concen-

tration-dependent manner [121]. In contrast, Doevelaar 

et al. reported decreased VWF HMWM in 75 patients with 

confirmed COVID-19 of mild to critical severity [122], an 

observation shared by Mancini et al. in a cohort of 50 hos-

pitalized COVID-19 patients [123]. The reason for such 

discrepancy between studies is not obvious. Both the use of 

extracorporeal membrane oxygenation in intensive care and 

the consumption of larger VWF multimers in microthrombi 

could constitute potential explanations (Fig. 1). Future stud-

ies will have to clarify this point, for example by longitudinal 

monitoring of VWF multimeric profile throughout hospitali-

zation in a large cohort of COVID-19 patients.

Thus, despite this already large number of studies, some 

issues remain to be clarified regarding VWF involvement in 

COVID-19 pathophysiology.

Fig. 1  Pathophysiology for microthrombosis in patients with COVID-

19. The figure summarizes hypothetical steps of the thrombotic 

sequence from direct or indirect of SARS-CoV-2 effects on endothe-

lial cells inducing an endotheliopathy and a coagulopathy leading to 

lung obstruction and potential consequences on the  right heart ven-

tricle
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Microthrombosis and mechanisms 
of vascular damage in COVID-19

Vascular and endothelial heterogeneity

The microvasculature comprises the body’s network of arte-

rioles, capillaries and venules. In terms of control of the 

hemostatic balance, they differ from larger vessels in several 

important characteristics [124]. Firstly, in the presence of 

inflammation, locally released cytokines and procoagulant 

surface molecules such as TF reach very high concentra-

tions in the microvasculature. Secondly, smaller vessels are 

exposed to higher shear rate and stress. Thirdly, microvas-

cular beds can have specific features, such as the low perme-

ability of the blood–brain barrier and the filtering function 

of the glomerulus. Finally, capillaries are the site of oxygen 

exchange.

ECs from different microvascular beds have unique phe-

notypes, functions, and molecular signatures. These differ-

ences reflect tissue-specific molecular signatures, which are 

now being characterized at the genomic level [125]. The 

heterogeneity also applies to regulators of hemostasis and 

thrombosis. For example, VWF is expressed in many but 

not all microvascular beds [126–128], being particularly 

high in lung and brain ECs but absent from liver sinusoidal 

endothelium. In animal models, inflammatory stimuli have 

been shown to regulate VWF expression differently in dif-

ferent organs [129]. These mechanisms may help to explain 

the high frequency of microthrombi found preferentially in 

the lungs of patients with systemic inflammation, including 

patients with COVID-19.

Clinical evidence of microthrombosis in COVID-19

Microvascular thrombosis is a key feature of several disor-

ders with high mortality, such as cerebral malaria and sepsis 

and is closely associated with organ dysfunction and multi-

organ failure. The term microthrombosis indicates the pres-

ence of thrombosis in the microvasculature and generally 

implies that the thrombosis has arisen in situ rather than 

having arrived as an embolus from a distal venous throm-

bus. This distinction is particularly important in COVID-19, 

where a high frequency of thrombi identified in the lungs 

have been reported as pulmonary embolism but without the 

expected corresponding prevalence of venous thrombotic 

events [130]. Manifest infection and inflammation in the 

lungs with associated hypoxia provide a plausible mecha-

nism for the local generation of microvascular thrombi via 

EC activation. However, these observations provide only 

circumstantial evidence.

Post-mortem examination of the lungs of COVID-19 

patients could help confirm the hypothesis of microvascular 

thrombosis in situ, but this has unfortunately been limited 

due to infection risk and thus direct evidence is scarce. In a 

series of 18 post-mortem analyses, pulmonary microthrombi 

were the most noted feature, present in 77.8% of cases, but 

hemorrhage and alveolar fibrin deposits were also common 

(50% each). Thus, the increased levels of D-dimers observed 

in patient plasma may originate from thrombosis, hemor-

rhage or alveolar exudates, making interpretation difficult 

and significance obscure [131]. Similarly, post-mortem 

analysis in an Italian series of COVID-19 patients described 

platelet–fibrin microthrombi in small arterial (< 1 mm diam-

eter) vessels of the lungs in 33/38 (87%) of cases [132]. 

In some studies, microvascular thrombosis was less com-

mon and larger thrombi were observed [15]. Microvascular 

thrombi in the lungs of COVID-19 cases were found to be 

ninefold more frequent than in influenza virus cases [133]. 

Based on the distribution of thrombi in small vessels with 

complete occlusion, Lax et al. concluded that the thrombi 

arose in situ [134].

The formation of microvascular thrombi, in addition to 

the typical alveolar pathology of pneumonia, provides a 

good explanation for the sometimes sudden development 

of hypoxemia in COVID-19 patients, because the thrombi 

prevent gas exchange in the oxygenated areas of the lung. 

A similar effect, however, can also arise from large vessel 

thrombi and typical pulmonary emboli, which are undoubt-

edly present, as previously discussed [135, 136]. Early in the 

pandemic, ICU physicians suspected the presence of vas-

cular occlusions based on changes in lung resistance and 

oxygen transfer, before they were subsequently identified 

by imaging [137]. Sophisticated imaging techniques such as 

dual-energy CT (DECT) scanning, which can delineate the 

perfusion of the lung, have supported this hypothesis. In the 

largest series of DECT so far, Patel et al. found evidence of 

widespread blood vessel abnormalities often distinct from 

areas of infection and the presence of dilated vessels, previ-

ously described in pulmonary tumor thrombotic microangi-

opathy [138]. Other DECT studies have also shown loss of 

perfusion restricted to consolidated areas [139].

Pathways involved in microvascular thrombosis 
in COVID-19

Given the hypothesis that thrombi form in situ, the composi-

tion of the thrombus in patients with COVID-19 is of great 

interest, but has not yet been studied in detail, and most 

reports refer simply to fibrinous or fibrin-platelet thrombi 

[132, 140]. Despite this limitation, the pathways discussed 

below have been implicated, based on direct and indirect 

evidence including circulating plasma levels of the mole-

cules involved. As described above, VWF released following 

endothelial activation, is greatly elevated in plasma from 

COVID-19 patients [114, 14, 114]. These very high plasma 
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levels are consistent with endothelial activation, could drive 

the generation of thrombi rich in VWF, and captured plate-

lets. Ultra-large multimers of VWF associated with a slight 

decrease of ADAMTS13 levels or function may induce fea-

tures reminiscent of thrombotic thrombocytopenic purpura 

(TTP). Remarkably, the blood group ABO locus, which is a 

strong quantitative trait locus for VWF, was one of only two 

loci associated with respiratory failure in COVID-19 [141, 

142]. Strikingly, non-group-O patients, who are known to 

have lower levels of VWF and low risk of venous thrombo-

embolism events, also exhibit a low risk of severe COVID-

19 when compared to group-O patients [142]. Moreover, 

SARS-CoV-2 has been described to directly interact with the 

blood group A antigen expressed on respiratory epithelial 

cells providing proof of association between SARS-CoV-2 

and the ABO (H) genetic locus [143].

The expected consequence of VWF release from ECs 

is capture of platelets, which have been observed promi-

nently in COVID-19 thrombi, secondary to this is the cap-

ture and activation of leukocytes. Leppkes et al. examined 

autopsy-derived lung tissues from COVID-19 patients and 

found that the clots in the microvasculature were cell-rich 

with evidence of NETS [144]. NETS are highly thrombotic 

structures formed when neutrophils, driven by inflamma-

tion, unravel their DNA and extrude it from the cell. His-

tones from the extruded DNA are potent platelet activators 

and DNA provides a negatively charged surface, inducing 

the contact activation system. The degradation of fibrin-

rich thrombi is driven by the protease plasmin, which is 

also involved in the cleavage of viruses’ envelope proteins, 

including those of other SARS viruses [145]. In addition 

to the formation of fibrin thrombi, ARDS is characterized 

by increased alveolar capillary permeability and exudation 

into the alveoli of fluid rich in inflammatory cells, pro-

inflammatory cytokines such as IL-6 and tumor necrosis 

factor (TNF)-α and coagulation factors including fibrinogen 

[146, 147]. This leads to fibrin deposition in the air spaces 

and lung parenchyma, as seen in patients with COVID-19 

[148]. Potential abnormalities in fibrinolysis could also par-

ticipate to microthrombosis and have been described in the 

first chapter of this review.

Mechanisms of endothelial activation and damage 
in COVID-19: direct vs indirect

Two main mechanisms have been proposed to explain 

endothelial activation and damage in patients with COVID-

19: direct infection of ECs by SARS-CoV-2 and indirect 

damage due to circulating mediators, including cytokines, 

complement activators, immune cells and/or activated 

platelets.

Direct SARS-CoV-2 infection of EC

Evidence of direct infection of EC by SARS-Cov2 is con-

troversial. The concept was popularized by histopathologi-

cal features of severe COVID-19 infections. In April 2020, 

Varga et al. [149] reported the presence of dense particles 

by electron microscopy (EM) in the post-mortem kidney 

tissue from one patient. These particles were interpreted as 

viral inclusion structures in ECs. No immunostaining was 

carried out to confirm that the structures were indeed viral 

particles. In the same study, H&E staining of the lung and 

small intestine from two other patients showed mononuclear 

and neutrophilic infiltration. Although no direct evidence of 

endothelial activation was shown, the findings were inter-

preted as evidence of “endothelialitis” in these tissues. EM 

findings as evidence of viral infection in ECs have since 

been disputed by Goldsmith et al. [150]. However, neither 

study actually reports direct evidence of the presence of viral 

particles in ECs. A subsequent study on autopsies from all 

major organ systems suggested that rare coronavirus-like 

particles, observed by EM, were only present in the ECs of 

the kidney. Also, in this study immunohistochemistry could 

not identify the virus in kidney ECs [15]. These authors did 

not observe EC infection in other organs, nor histological 

evidence of endothelialitis [15]. Thus, the evidence of direct 

infection of the endothelium by SARS-CoV2 in post-mortem 

tissues is limited and inconclusive.

Experimental evidence is also contradictory. In sup-

port of SARS-CoV2 binding to ECs is a study by Monteil 

et al. [151], using engineered human blood vessel orga-

noids from induced pluripotent stem cells (iPSCs), which 

produced  CD31+ endothelial-like networks with pericyte 

coverage. Here, the presence of the virus in the organoids 

was shown as evidence of infection and replication in ECs, 

but the evidence from this study does not rule out that the 

infection might instead have occurred in pericytes, which 

also express ACE2 [152, 153]. In contrast, a recent study 

investigating direct infection of SARS-CoV2 in lung and 

cardiac ECs in vitro found very low SARS-CoV-2 replica-

tion levels [153]. More studies will be required to confirm 

whether SARS-CoV2 can indeed infect ECs and whether 

these cells support viral replication.

Expression of ACE2 in endothelial cells

For direct viral infection of ECs, the receptors for the virus 

should be expressed on EC. The evidence for expression of 

ACE2, the main receptor for SARS-CoV2, in ECs is weak. 

Analysis of 13 datasets on the ENCODE database found 

very low or no ACE2 expression in human ECs from vari-

ous origins, compared to epithelial cells [153]. Two sepa-

rate single-cell RNAseq (scRNAseq) studies of the human 

heart revealed that pericytes, unlike ECs, express ACE2 
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[152, 153]. Despite this limited evidence, a multitude of 

review articles has been published stating that ACE2 is 

expressed on EC, and the model of direct infection is based 

on this. Most papers cite an immunohistochemistry study 

of human tissues showing ACE2-positive vessels [154]. 

However, the ACE2-positive cells observed in this study 

could be pericytes rather than ECs. Whether ACE2 expres-

sion is upregulated in lung ECs of COVID-19 patients is 

not clear. Ackerman et al. report a significant increase in 

ACE2 expression in epithelial cells and ECs in lungs from 

COVID-19 and influenza post-mortem tissues, comparted 

to controls, as measured by immunohistochemistry [102]. 

Again, the possible confounding role of pericytes in this 

finding is unclear. Ongoing studies from the human cell atlas 

consortium and others will soon provide the answer to this 

crucial question. Until then, models of SARS-CoV2 dam-

age of ECs should consider direct infection via ACE2 as a 

hypothesis to be confirmed. Finally, ACE2 is not the only 

possible endothelial receptor for viral entry: other molecules 

including neuropilin-1, as well as integrings, have been sug-

gested as possible receptors for the virus as well [155–158], 

but their role in supporting SARS-CoV-2 infection of ECs 

remains to be demonstrated.

Indirect activation of EC by COVID-19

While evidence for direct virus infection of EC is debatable, 

several lines of evidence support the notion that endothe-

lial damage reported in severely ill COVID-19 patients is 

secondary to infection of neighboring cells, circulating 

pro-inflammatory cytokines, immune cells, platelets and 

complement activation. Numerous studies have profiled 

the highly inflammatory content of plasma of patients with 

severe COVID-19 and identified some candidate biomark-

ers of outcome. Among these are powerful activators of 

the endothelium, such as IL-6, TNF-α, IL-1, interferon-γ, 

angiopoietin-2 and many others [6, 159, 94]. Many of these 

factors are known to destabilize the endothelium and/or 

cause increased endothelial permeability or hyperperme-

ability, and are likely to disrupt endothelial barrier function 

in COVID-19, particularly in conjunction with factors such 

as VEGF and/or thrombin. Endothelial barrier function is 

essential to prevent excessive fluid loss leading to edema, 

which is a hallmark of severe COVID-19, and is regulated 

by intercellular adhesion complexes formed by vascular 

endothelial (VE)-cadherin [160]. In addition, endothelial 

monolayer integrity and barrier function are strongly regu-

lated by integrin-dependent extracellular matrix adhesion 

[90, 161, 162]. Severe disruption of endothelial cell adhe-

sion, and/or the initiation of other signaling pathways by 

inflammatory agents may not only induce exaggerated per-

meability but may also result in EC apoptosis and detach-

ment. Direct evidence that plasma from critically ill and 

convalescent patients with COVID-19 causes EC cytotox-

icity was recently reported by Rauch et al. [163]. Thus, the 

concept of a systemic inflammatory response secondary to 

lung injury, which can activate and injure the endothelium, 

as well as contribute to the microthrombotic phenotype is 

widely accepted [164, 165].

Therapeutic implications

Etiology of the greatly increased frequency of thrombosis 

in COVID-19 is likely to have important implications for 

therapy. Conversely, the efficacy of different therapies can 

be used to deduce the responsible mechanisms.

Several observational studies have reported benefit from 

increased intensity of standard anticoagulant therapy with 

heparin [166, 167]. Most recently, the combined platform 

trials have reported that use of therapeutic anticoagulation 

in pre-ICU patients resulted in a reduction in the primary 

outcome of ‘organ support free days’. This was not the case 

in more severely affected patients already in the ICU receiv-

ing organ support (https:// tinyu rl. com/ dox4k gjf).

This finding supports the conclusion that thrombin 

generation is an important step in thrombus formation in 

COVID-19 patients and is consistent with the evidence of 

fibrin-containing thrombi described in post-mortem tissues. 

We demonstrated that COVID-19-positive patients treated 

with therapeutic anticoagulation prior to admission had 

fewer circulating ECs than those without [35]. Since circu-

lating ECs have been described as one of the best circulating 

vascular integrity biomarkers [168], anticoagulation could 

be a good therapeutic beyond treating COVID-19-associ-

ated coagulopathy but also a good preventive way to avoid 

endothelial lesion associated with COVID-19. This hypoth-

esis seems correct at least in some populations hospitalized 

with COVID-19 [169].

As noted above, the contribution of changes in fibrino-

lytic activity to microthrombosis remains unclear and plasma 

measurements may not reflect activity in the pulmonary vas-

culature or the alveoli [170]. Nonetheless, if the thrombi 

contain substantial amounts of fibrin, as seen in post-mortem 

samples, enhancement of endogenous fibrinolytic systems 

may be beneficial. Indeed, intravenous and inhaled tissue 

plasminogen activator (tPA) have both been reported as ben-

eficial in COVID-19 [168–173].

Although the microthrombi in COVID-19 are not usu-

ally associated with the mechanical destruction of red cells 

and the reduction in platelet counts seen in thrombotic 

thrombocytopenic purpura, their enrichment in VWF opens 

other potential therapeutic opportunities. Recombinant 

ADAMTS13 (rADAMTS13) has been developed for the 

treatment of thrombotic thrombocytopenic purpura and has 

been shown to be effective in degradation of thrombi in ani-

mal models of stroke [174]. Thus, a trial of rADAMTS13 

https://tinyurl.com/dox4kgjf
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in COVID-19 may be both clinically beneficial and a useful 

confirmation of the microthrombus hypothesis [175]. Recent 

studies have also reported benefit from the use of antiplatelet 

agents [176].

Another attractive approach to hamper excessive VWF 

large multimers binding to platelets and the ensuing micro-

thrombosis could be the use of novel thrombotic thrombocy-

topenic purpura treatments caplacizumab [177] or anfibatide 

[178], both of which inhibit binding of the platelet recep-

tor GPIX-Ib to VWF. Moreover, treatment with N-acetyl 

cysteine, known to reduce the size of VWF multimers, 

could also be a useful, easy, and cheap strategy in COVID-

19 [179].

In addition to strategies targeting the formation of 

thrombi, the clear involvement of endothelial hyperperme-

ability and/or endothelial damage, opens several interesting 

opportunities for therapeutic intervention in critically ill 

COVID-19 patients, as disruption of the pulmonary micro-

vasculature leading to tissue edema is a major manifestation 

in these patients. As mentioned above, endothelial barrier 

integrity is strongly dependent on cell adhesion complexes 

formed by VE-cadherin as well as integrins. Both types of 

complexes are under the control of the cytoskeleton and are 

regulated by a variety of kinases, which constitute potential 

drug targets. In addition to the angiopoietin-2/Tie2 axis out-

lined earlier, several cytoplasmic kinases are known to regu-

late endothelial adhesion complexes during inflammation. 

For instance, it was shown recently that the kinase Abl2/Arg 

is an essential regulator of barrier function in a preclinical 

model for sepsis [180], and clinical trials with Abl2/Arg 

inhibitors in ICU-admitted COVID-19 patients are ongoing 

(NCT04794088) [181].

In summary, the data emerging from several lines of 

investigation indicate a central role for the endothelium, with 

interconnected pathways linking inflammation, endothelial 

injury, and microvascular thrombosis in the pathophysiology 

of COVID-19. These pathways require further investigation, 

as does the question of how the virus may initiate the pro-

cess. Better knowledge of these relationships should reveal 

multiple targets for new therapies.

Pulmonary vascular endothelialitis 
and intussusceptive angiogenesis 
in COVID-19

To study the pathogenesis of COVID-19, autopsy sam-

ples from COVID-19 have been compared with influenza-

infected and uninfected control lungs. SARS-CoV-2 infec-

tion in these COVID-19 patients was confirmed by both 

antemortem nasal and postmortem PCR testing, in  situ 

hybridization and immunohistochemistry.

Distribution of COVID-19 disease in the lung

Clues to the pathogenesis of severe COVID-19 disease are 

provided by antemortem chest imaging. SARS-CoV-2 is a 

respiratory virus with relatively high viral loads shedding 

into the entire aerodigestive tract [182, 183]. Despite wide-

spread exposure of the airway epithelium [184], chest CT 

scanning of COVID-19 patients often demonstrates local-

ized disease. The primary anatomic unit of these opacities 

appears to be secondary lobules. These are polygonal-shaped 

anatomic compartments in the peripheral lung, supplied by 

both the pulmonary and bronchial circulation. At autopsy 

of patients succumbing to COVID-19, gross examination 

of the lung often reveals cystic changes and evidence of 

parenchymal blood clots [102]. Also consistent with selec-

tive involvement of the lung, rather than global pneumonitis, 

the mean wet weight of the COVID-19 lungs at autopsy is 

significantly less than that of influenza-infected lungs, but 

greater than that of uninfected control lungs [102].

Microscopic evaluation of the autopsy lung consistently 

demonstrates dilated alveolar ducts potentially contribut-

ing to the cystic changes observed in antemortem imaging 

and autopsy inspection. Air space edema fluid and hyaline 

membranes, contributing to the ground-glass opacities on 

CT scan [185, 186], are seen near the dilated airways. The 

most dramatic microscopic finding, however, is the presence 

of vascular thrombi. Whereas thrombi have been found in 

both the pulmonary and systemic circulations, the domi-

nant finding in COVID-19 has been the frequency of micro-

thrombi within alveolar capillaries. Microthrombi in alveolar 

capillaries are nearly 10-times more frequent in COVID-19 

than in severely affected influenza control lungs [102]. The 

concentration of thrombi in alveolar capillaries, with fewer 

thrombi in feeding arteries and draining veins, is consistent 

with a local injury caused by the virus. The complex issue of 

systemic coagulopathy is addressed elsewhere in this review.

Endothelialitis and endothelial injury

To evaluate the mechanism of vessel injury in COVID-19 

patients, corrosion casting and scanning electron micros-

copy of the autopsy specimens was performed. In corrosion 

casting the vascular system is perfused with a low viscos-

ity resin that polymerizes within the microvasculature. To 

visualize the intraluminal polymer, the surrounding tissue is 

macerated and the remaining cast of the lumen is examined 

by scanning electron microscopy (SEM). SEM is a high-

resolution imaging technique that is sufficiently scalable to 

characterize the structure of vascular networks as well as 

individual vessels.

Corrosion casts from COVID-19 patients have demon-

strated luminal irregularities and tortuosity consistent with 

endothelial inflammation and destruction. The endothelial 
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injuries have been confirmed by transmission electron 

microscopy (TEM). TEM has demonstrated ECs with sig-

nificant cytoplasmic disruption, dissolution of gap junctions 

and separation from the basement membrane. Although 

the morphology of the lung ultrastructure is significantly 

compromised by autolysis and aldehyde fixation in autopsy 

specimens, viral particles have been identified within the 

ECs at various stages of capsid maturation [187]. Immuno-

histochemistry has confirmed the presence of spike proteins 

within ECs. In addition, fluorescence in situ hybridization 

has documented the presence of viral nucleic acids within 

ECs [188]. Although functional replication of SARS-CoV-2 

in ECs remains an open question, the results are consistent 

with viral infection of ECs in COVID-19.

The targeting of ECs by SARS-CoV-2 provides an expla-

nation for an interesting clinical observation in COVID-19. 

A subset of patients with COVID-19 lack breathlessness or 

discomfort in the setting of profound hypoxemia [187–191]. 

In many cases, these patients have dangerously low oxygen 

levels (arterial oxygen levels less than 60 mmHg). This so-

called "happy" or "silent" hypoxia likely reflects the disrup-

tion of normal blood flow regulation in the lung. In normal 

circumstances, blood flow to inefficient regions of the lung 

is restricted by so-called hypoxic vasoconstriction [192]—a 

vasoregulatory process that limits blood flow to hypoxic 

regions of the lung. This regulatory matching of blood flow 

with ventilation requires the upstream transfer of infor-

mation mediated by functional ECs [193]. In COVID-19, 

endothelial injury results in impaired blood flow regulation 

and the mismatching of lung perfusion and alveolar oxygen. 

The failure of the lung to limit—and perhaps even augment 

[194]—blood flow to hypoxic regions results in systemic 

hypoxemia. In the absence of vasomotor control over pul-

monary blood flow, postural measures such as “proning” 

can have a dramatic effect on improving system oxygenation 

[195, 196]. We speculate that other organs that are depend-

ent upon perfusion matching, such as the brain, may also be 

adversely affected by COVID-19 endothelial injury.

Endothelial injury and the immune response

Endothelial injury can be caused by direct cytopathic effects 

of the virus, the antiviral immune response, or a combination 

of both. The role of the immune system in the vascular phase 

of COVID-19 is particularly uncertain given the decline in 

circulating lymphocyte concentrations, a unique and dis-

tinguishing feature of COVID-19. Lymphocyte counts less 

than 20% of peripheral blood leukocytes have been associ-

ated with severe disease and death [197, 198]. It is possible 

that peripheral blood lymphopenia reflects a reduction in 

the total body pool of recirculating lymphocytes either from 

COVID-19-related toxicity or “functional exhaustion” [199]. 

Another possibility is that the peripheral blood lymphopenia 

reflects the sequestration of lymphocytes to areas of active 

inflammation.

Endothelial injury and intussusceptive angiogenesis

Corrosion casting and SEM analysis of COVID-19 lungs 

has demonstrated significant amounts of “intussusceptive” 

(nonsprouting) angiogenesis. The process of intussusceptive 

angiogenesis was initially identified in 1986 [200], although 

earlier reports described a similar process. The distinctive 

feature of intussusceptive angiogenesis is the intussuscep-

tive pillar, a cylindrical microstructure that spans the lumen 

of small vessels and capillaries. The extension of the pillar 

down the axis of the blood vessel appears to be a mechanism 

for creating two lumens from a single vessel. This process of 

vascular duplication has been frequently cited as a mecha-

nism for microvascular network expansion in ischemic tissue 

because of the minimal requirement for endothelial prolif-

eration [16]. Intussusceptive angiogenesis and angiogenic 

disorders associated with endothelial dysfunction giving rise 

to this abnormal vessel phenotype in COVID-19 have been 

summarized in Figs. 2 and 3. 

Using finite element flow models, it was shown that pil-

lars form in microhemodynamic "dead zones" within the 

vessel [201, 202]. Pillars form in flow regions with shear 

stress below 1 dyn/cm2 [202]. Because areas of low shear 

stress are not always associated with intussusceptive pillars, 

a permissive role for low shear stress in pillar development 

was postulated. Regions of low wall shear stress are neces-

sary, but not sufficient, for the development of intralumi-

nal pillars. In addition to low shear stress, EC activation 

from extravascular and/or intraluminal signals appears to be 

required for pillar formation [202].

The tissue response to COVID-19 has created a complex, 

yet distinct transcriptional profile [102]. Using NanoString 

characterization of gene expression in COVID-19 and influ-

enza lungs, several unique features were identified. Patients 

with relatively acute clinical courses have lungs with rela-

tively high levels of hypoxia- and ischemia-related gene 

expression (e.g. HIF1A) at autopsy These observations 

suggest that the endothelial injury, thrombosis and vascu-

lar dysregulation in COVID-19 is associated with tissue 

ischemia. Perhaps consistent with an acute episode of tis-

sue ischemia, prolonged hospitalization is associated with a 

decline in ischemia-related gene expression and an increase 

in parenchymal remodeling gene expression. Patients with a 

prolonged disease course have commonly demonstrated high 

expression of genes encoding extracellular matrix proteins, 

a transcriptional signature associated with injury repair. 

Importantly, the degree of intussusceptive angiogenesis con-

tinues to increase with prolonged hospitalization indicating 

that intussusceptive angiogenesis is a fundamental mecha-

nism of microvascular expansion and network remodeling.
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Fig. 2  Autopsy studies of patients dying of COVID-19. a Hematoxy-

lin and eosin histology demonstrated perivascular lymphocytic infil-

tration (10X, bar = 100um). b Higher resolution (60X) imaging of 

the alveolar septa demonstrating microthrombus in alveolar capillar-

ies (black arrows). c Scanning electron microscopy of the COVID-

19 lung demonstrating preserved architecture with perivascular and 

interstitial lymphocytes. Intravascular thrombus was visualized in 

many vessels (white arrows; bar = 200um). d Corrosion casting dem-

onstrating luminal irregularities associated with endothelial injury 

and endothelialitis. In the affected microcirculation, innumerable 

intraluminal pillars (circles), seen as small holes in the cast, reflect 

the process of intussusceptive angiogenesis (bar = 100um)

Fig. 3  Intussusceptive angio-

genesis: hypothesis for lung ves-

sels modification in COVID-19
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Host factors and future directions

COVID-19 is associated with distorted microvascular net-

works and microthrombi in gas exchange regions of the 

lung. Infection not only disrupts luminal blood flow but also 

may compromise ventilation/perfusion matching within the 

lung. The consequence is severe hypoxia and potential tissue 

ischemia. In normal circumstances, localized tissue ischemia 

within the lung is compensated by the bronchial circulation. 

The bronchial vessels arise from the descending aorta to 

perfuse the proximal airways as well as the fibrous septa of 

secondary lobules in the lung. Complementing the deoxy-

genated blood in the pulmonary circulation, the bronchial 

circulation contributes oxygenated blood from the systemic 

circulation. The importance of the bronchial circulation in 

preventing local tissue ischemia is underscored by obser-

vations in lung transplantation and airway reconstructive 

surgery, situations in which the bronchial circulation is dis-

rupted. In these cases, pulmonary emboli or local thrombosis 

can result in tissue infarction. These observations indicate 

that respiratory bronchiolitis and vascular endothelialitis 

alone do not account for the variation in host susceptibility. 

We speculate that variation in the size of the viral load, viral 

receptor expression, viral exposure history or even heritable 

immune reactivity may contribute to severe COVID-19. It is 

also possible that a proportion of the differences in clinical 

outcome will be due to variability in the patency and per-

formance of the bronchial circulation. If a component of the 

severe phase of COVID-19 is due to tissue ischemia and 

potential necrosis, then patients will certainly benefit from 

therapeutic measures designed to improve tissue oxygen 

delivery.

Perfusion defects in COVID-19 ARDS lungs: 
intensivist’s point of view on endothelium 
and pulmonary vasculature

There is still an ongoing debate on whether COVID-19 

ARDS differs from ARDS of other causes, and if so to which 

extent. Since such differences could imply to modify the 

general rules for applying protective invasive mechanical 

ventilation, specifically regarding the positive end-expira-

tory positive (PEEP) and tidal volumes (VT) setting targets, 

and to initiate vascular interventions such as therapeutic 

anticoagulation and/or thrombolytic treatment. It is there-

fore of paramount importance to deeply study arguments 

for such specific features, and to do this during all stages of 

the disease. One explanation for such specificities is related 

to an unusual large extent of lung endothelialitis and macro- 

and particularly micro-thrombosis, affecting lung perfusion, 

one of the major determinants of gas exchanges, beside 

alveolar ventilation. In this chapter, we will review some 

general ARDS findings focusing on lung microcirculation, 

then expose different means of lung vascular exploration in 

COVID-19 ARDS and put these results in perspective with 

(i) biological markers of endothelialitis and thrombosis, (ii) 

further needed confirmatory studies and (iii) conceivable 

specific therapeutic options.

General ARDS physiopathology with a focus 
on lung microcirculation: historical studies, VD/VT 
prognosis, microcirculation and dead space.

It is of great importance to remember that ARDS is not a 

specific disease but rather a well-defined syndrome [203, 

204] with a great variety of etiologies, including a large 

part of infectious agents as causative factors. In recent 

years, a considerable number of clinical studies focused on 

the optimal invasive mechanical ventilation settings, with 

the general aim to best recruit collapsed or flooded alveolar 

territories, while limiting alveolar overdistension in other 

parts of the lung, therefore achieving so-called “protective 

mechanical ventilation”. However, relatively less attention 

was given to lung pulmonary perfusion, despite the fact that 

studies have documented the importance of pulmonary vas-

cular lesions and vascular obstruction in ARDS more than 

30 years ago [205, 206]. In contrast, the importance of ven-

tilation/perfusion mismatches in pulmonary diseases is well 

recognized. Moreover, the major influence of pulmonary 

dead space, as a very important physiological parameter, 

on ARDS vital prognosis is consistently recognized since 

the publication of a seminal study in 2002 [207]. Of note, a 

high amount of pulmonary dead space could reflect, beside 

other factors, severe lung perfusion disturbances and is a 

hallmark of a worse prognosis in ARDS. In addition to these 

general ARDS considerations, COVID-19 induces further 

major vascular alterations.

Pathophysiological signature: mechanics and gas 
exchange, response to PEEP, recruitment/inflation 
ratio (R/I)

Profound hypoxemia is a hallmark of COVID-19, accom-

panied in the early phase of the disease with relatively 

preserved pulmonary compliance and with decreased CO2 

clearance [137]. Such specific features were confirmed by 

matching with historical ARDS controls, based on oxygena-

tion or compliance parameters [208], even if limitations for 

such approaches were highlighted [209]. In parallel, the 

same authors documented a PEEP-response different from 

non-COVID ARDS, with the hypothesis that PEEP-induced 

oxygenation improvement in COVID-19 ARDS patients 

could result more from redistribution of pulmonary blood 

flow rather than from recruitment of non-aerated alveoli. 

It should be mentioned that the exact mechanisms of such 
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redistribution are not clearly understood, with the possibility 

that extensive lung microvascular insults could participate 

to such patterns [194]. We can propose as a hypothesis that 

micro- and macro-pulmonary vessel thrombosis and insults 

could be a key factor at the early phase of COVID-19 ARDS, 

explaining that many patients exhibit a better oxygenation 

response to prone positioning than to increasing PEEP. 

Accordingly, many authors suggested that specific mechan-

ical ventilator settings could be proposed for COVID-19 

ARDS. However, others reported, using a recently proposed 

mechanistic approach, that most of the COVID-19 ARDS 

exhibited a high recruitment/inflation ratio (R/I), suggest-

ing a ventilatory benefit of rather high PEEP settings [210]. 

The hypothesis of pulmonary vessel insults as key factor is 

underlined by COVID-19 induced pulmonary microthrom-

bosis, as impressively shown in some autopsy cases [102]. 

Altogether, such results could argue for personalization of 

mechanical ventilation settings, taken into account not only 

the potential for alveolar recruitment but also the possible 

effects of high PEEP settings on lung microcirculation. 

Furthermore, COVID-19 patients often respond to prone 

positioning, either on invasive or non-invasive ventilation, 

particularly in the early phase and even if PaO2/FiO2 ratio 

is above 150 mmHg, upon the current recommendations.

Pathophysiological signature: pulmonary dead 
space, ventilatory ratio

Data published on very high physiological dead space (VD/

VT) values in the early phase of COVID-19 ARDS in 22 

consecutive patients [4] are in line with the above-mentioned 

microthrombosis formation. In parallel, elevated values of 

circulating ECs (CECs) and of D-dimer were observed. 

Altogether, these results permitted us to propose the hypoth-

esis of COVID-19-triggered pulmonary microvascular 

endothelial damage and microthrombosis, even if other fac-

tors could contribute to the observed findings, such as added 

instrumental dead space, PEEP-induced alveolar distension 

and pulmonary embolism. These results are to be analyzed 

in parallel with a number of COVID-19 studies reporting 

high values for another simpler parameter, i.e. the Ventila-

tory Ratio (VR), proposed as a marker of ventilatory impair-

ment with an established correlation between VD/VT and 

VR [211]. However, a weaker correlation between VD/VT 

and VR has been observed in COVID-19 ARDS patients, 

reinforcing the limits of VR as a marker of non-perfused 

lung areas, as compared to VD/VT and derived parameters 

[4, 212]. To determine whether VD/VT shares the same vital 

prognosis value in COVID-19 ARDS as in non-COVID-19 

ARDS will be an important topic of investigation in the 

future. In light of these data, the authors clearly advocate 

for a reappraisal of routine dead space measurement at least 

in COVID-19 ARDS.

Pathophysiological signature: microcirculation 
studies

Rovas et al. reported sublingual intravital microscopy results 

obtained in 23 moderate to severe and critical COVID-19 

patients, compared to 15 healthy controls [75]. They mainly 

observed a reduction in vascular density (especially for 

small capillaries) and in red blood cells velocity. Patients 

on mechanical ventilation showed severe glycocalyx damage 

as indicated by higher perfused boundary region. Similar 

microvascular alterations were observed in severe COVID-

19 ARDS patients [74, 213].

Interestingly, Kanoore Edul et  al. reported similar 

decreases in the proportion of perfused vessels and flow 

velocity in 27 COVID-19 ARDS patients, while they also 

observed high vascular densities, perhaps in relation with 

enhanced angiogenesis or capillary recruitment [214]. 

Finally, Do Espirito Santo reported multiple filling defects 

suggestive of moving thrombi in 11 of 13 COVID-19 

patients requiring invasive mechanical ventilation [215].

Taken together, these results underline the hypothesis of 

severe microvascular dysfunction and thrombosis in ARDS. 

In a similar way to non-COVID-19 ARDS patients, such 

results could reinforce the hypothesis of similar alterations 

at the lung level, favoring a high number of ventilated alveoli 

with no or severely diminished perfusion [4, 216, 217].

Based mainly on DECT and CT pulmonary angiogram, 

Patel et al. documented perfusion defects in 39 invasively 

mechanically ventilated COVID-19 patients, associated with 

dilated peripheral vessels ("tree-in-bud" pattern) in 64% of 

the patients [218]. Importantly, pulmonary macro-embolism 

was present in only 38% of the patients. Additionally, they 

documented a hypercoagulable and hypo-fibrinolytic state 

using thromboelastography. Altogether, these data support 

the concept of a severe pulmonary thrombotic angiopathy 

and extend previous findings [219]. Beenen et al. compared 

dual-energy CT pulmonary angiogram results between 10 

mechanically ventilated COVID-19 patients and 10 less 

severe COVID-19 patients suspected from PE [220]. PE 

was observed in eight ICU patients and two ward patients. 

Despite an occurrence of only seven central or segmental 

PEs, the authors observed much larger areas of perfusion 

defects (52.5 ± 14.8 and 17.5 ± 7.5% respectively, mean 

SD) than anticipated, reinforcing the hypothesis of diffuse 

pulmonary microcirculatory dysfunction associated with 

microthrombi. They also reported a lower pulmonary blood 

volume in the more severely ill patients.

Electrical impedance tomography (EIT) studies

Electrical impedance tomography (EIT) is an elegant bed-

side method to assess regional lung ventilation, but also 

regional lung perfusion by injection of 5–10% saline solution 
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as contrast agent. Accordingly, it could be a very interest-

ing method for assessing the severe pulmonary ventilation/

perfusion imbalances, which could characterize COVID-19 

ARDS to some extent. However, spatial resolution is lim-

ited now to more central and larger vessels. Unfortunately, 

only limited data are available combining both ventilation 

and perfusion assessment in COVID-19 patients. Mauri 

et al. reported in six out of seven such COVID-19 patients’ 

large ventilation/perfusion mismatch, with a median (IQR) 

dead space fraction of 22% [221]. Comparable results were 

reported in 15 other patients: median (IQR) dead space frac-

tion of 27% [23–36] [222]. Importantly, the percentage of 

dead space measured by EIT differs from the measures pro-

vided by capnography, because it refers to dead space inside 

the lungs (minimizing the contribution of instrumental and 

anatomical dead space), with lung aerated volume (and 

not tidal volume) as the reference value. These two stud-

ies therefore strengthen the hypothesis of severe pulmonary 

microcirculatory dysfunction and thrombosis. Finally, Fakhr 

et al. also reported lung perfusion EIT data in one mechani-

cally ventilated COVID-19 patient, in which asymmetrical 

distribution of perfusion led to the diagnosis of PE on CT 

pulmonary angiogram [223].

Further needed confirmatory studies

Confirming or not that COVID-19 ARDS could be viewed, 

and to which extent, as a distinct ARDS endotype, named by 

some authors the "vascular endotype", is a major challenge 

for the future. To achieve this goal, it will be very impor-

tant to fully study in COVID-19 ARDS patients pulmonary 

physiological parameters during the full ICU clinical course 

in parallel with biological markers (focusing on the coagu-

lation and fibrinolytic systems and on endothelium activa-

tion and senescence markers) and microcirculation studies. 

Pulmonary physiological parameters could be in such future 

studies derived from capnography measurements (with alve-

olar dead space as a major study parameter), from EIT stud-

ies (with an emphasis on pulmonary perfusion parameters) 

and from CT studies (including pulmonary blood volume 

quantification). Another interesting point may be to study to 

which extent such an ARDS endotype could induce residual 

clot burden and influence post-ICU pulmonary functional 

abnormalities described in COVID-19 ARDS, such as a 

decrease in diffusing capacity of the lung for CO (DLCO) 

[222–226]. Since a decrease in lung capillary blood volume 

(LCBV) could influence DLCO results, it could be interest-

ing to measure diffusing capacity of the lung for both nitric 

oxide (NO) and DLCO, permitting to quantify LCBV [227].

Such future studies, in addition to existing knowledge, 

will contribute to a better description of the COVID-19 

ARDS pathophysiology and could allow the identification 

of a patient’s profile in which curative anticoagulant therapy 

or thrombolytic treatments could be considered. Addition-

ally, specific mechanical ventilator settings may also be 

suggested.

COVID-19 is an acquired hemopathy

The mammalian innate immune response can detect viral 

replication and could protect the host against SARS-CoV-2 

infection partly through the action of interferons (IFNs) 

that induce hundreds of genes encoding antiviral effectors. 

For example, induction of the LY6E (lymphocyte antigen 

6 complex, locus E) gene inhibits SARS-CoV-2 entry into 

cells by impairing spike protein-mediated membrane fusion 

[228]. Pattern recognition receptors (PRRs) of the innate 

immune system recognize viral antigen and virus-induced 

tissue damage, increasing bone marrow hematopoiesis, to 

release neutrophils and monocytes, and stimulate the pro-

duction of cytokines and chemokines. Recently, emergency 

hematopoiesis generating immune-suppressive myeloid cells 

was detected in the blood of patients with severe COVID-

19 [229, 230]. This emergency myelopoiesis generating 

immature myeloid cells shares several features with acquired 

hematological malignancies, which will be discussed below.

Homeostatic and regenerative hematopoiesis

Self-renewal and differentiation of hematopoietic stem cells 

(HSCs) are tightly regulated by intrinsic and extrinsic factors 

produced by hematopoietic and non-hematopoietic cells of 

the bone marrow niche. The advent of new technologies such 

as fate-mapping and in situ labeling have shown that quies-

cent HSCs with low metabolic activity poorly contribute 

to blood cell production [231, 232], which mostly involves 

multipotent progenitors (MPPs) [231, 233]. HSCs differ-

entiate into slowly cycling and metabolically active MPP1 

[234] and then into MPPs subsets with preferred lineage 

potential and rapidly cycling capacity, i.e. myeloid-biased 

MPP2 and MPP3 and lymphoid-biased MPP4 [231, 233]. 

MPPs differentiate into common myeloid progenitors, which 

produce granulocyte/macrophage progenitors (GMPs) and 

megakaryocyte/erythrocyte progenitors (MEPs) with het-

erogeneous lineage commitment [235]. High-dimensional 

flow cytometry indicates that GMPs constitute a pool of 

cell types, ranging from exclusive neutrophil, monocyte, 

or dendritic cell progeny to multipotential progenies [236]. 

Infectious stress induces an adapted hematopoiesis, which 

involves an increased generation of MPP2 and MPP3 while 

MPP4 are partly reprogrammed towards the myeloid lineage 

[237]. GMPs expand and form clusters in the bone marrow 

niche upon signals delivered by stem cell factor (SCF) and 

granulocyte colony-stimulating factor (G-CSF) that promote 

granulocytic differentiation, whereas transforming growth 
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factor (TGF)-β and CXCL4/platelet factor-4 limit dormant 

HSC activation [238].

Emergency hematopoiesis in response to infection

Myeloid cell response

In response to infectious stress, adaptive immune T and 

B cells proliferate in an antigen-specific manner while 

innate immune effector cells, which are rapidly recruited by 

infected tissues, must be replaced by new cells generated by 

the hematopoietic stem and progenitor cell (HSPC) pool. 

This demand-adapted myelopoiesis, which was shown to be 

associated with acquisition of an innate immune memory, 

involves a response of HSPCs to inflammatory signals [239]. 

Importantly, the demand-adapted myeloid output, which 

usually provides rapid protection against threats, must be 

transient to prevent HSC exhaustion, restore a balanced pro-

duction of blood lineages and prevent immune cell-induced 

toxic effects.

The HSPC response to systemic bacterial and viral infec-

tion implicates two non-mutually exclusive mechanisms: (1) 

a cytokine-mediated mechanism in which pro-inflammatory 

cytokines, which are secreted locally in the bone marrow, 

trigger HSC proliferation through their receptors and down-

stream signaling pathways [238–242]; (2) a direct sensing of 

HSPCs by pathogen-associated molecular patterns (PAMPs) 

and damage-associated molecular patterns (DAMPs) 

released by tissues after the pathogenic insult. HSPCs recog-

nize PAMPs via pattern recognition receptors (PRRs), such 

as Toll-like receptors (TLRs), which promote their prolifera-

tion, differentiation, and migration by triggering transcrip-

tional and epigenetic networks, counterbalancing the loss 

of mature myeloid cells and generating the innate immune 

memory [243, 244]. Upon TLR activation, HSPCs produce 

pro-inflammatory cytokines including IL-6 that enhance 

proliferation and myeloid differentiation in vivo [245]. 

Type I IFN may activate dormant HSCs to produce such a 

response [242]. Long-term HSCs are also able to directly 

sense PAMPs and exit from dormancy via TLR4 activation 

[246]. Pharmacological inhibition of this process does not 

prevent emergency granulopoiesis. By contrast, prolonged 

TLR4 signaling may contribute to inflammation-associated 

HSPC dysfunction. Tissue-resident macrophages—as a 

first line of defense—and non-hematopoietic cells such as 

ECs and mesenchymal stromal cells (MSCs) also express 

PRRs and contribute to pathogen sensing [247]. ECs in the 

bone marrow microenvironment are critical regulators of 

emergency hematopoiesis through the expression of high 

amounts of G-CSF in response to lipopolysaccharide (LPS). 

Finally, long-term innate immune memory or trained immu-

nity involves an IL-1β and GM-CSF-dependent expansion of 

HSPCs, and the adaptation of monocytes and macrophages 

to promote the response to a secondary inflammatory insult 

[248].

Role of pro-inflammatory cytokines

A spectrum of pro-inflammatory cytokines and chemokines 

regulate HSCs and hematopoiesis. Type I IFNs (including 

multiple types of IFN-α, IFN-β), are produced mainly by 

monocytes. Type I IFNs induce an antiproliferative, proa-

poptotic state in immature hematopoietic cells through the 

IFN-α/β receptor, composed of IFNAR1 and IFNAR2 subu-

nits. Acute IFN-α exposure leads to HSC proliferation and 

exhaustion in vivo, while chronic IFN-α exposure rapidly 

makes these HSCs return to quiescence to ensure survival 

of the HSC pool [249]. Type II IFN (IFN-γ) is produced by 

T cells and natural killer (NK) cells, and bind to a receptor 

consisting of IFNGR1 and IFNGR2 subunits. IFN-γ plays a 

critical role in cellular immune responses against pathogens 

via upregulation of MHC class I and II, augmentation of 

Th1 immune responses, and activation and differentiation of 

macrophages. Although it has suppressive effects on hemat-

opoietic progenitors, IFN-γ also stimulates HSC prolifera-

tion in synergy with IL-3 or IL-6 inducing a transient shift 

from dormancy to proliferation and differentiation [250].

IL-6 is a multifunctional cytokine important for regula-

tion of hematopoiesis as well as immune responses in acute 

and chronic inflammation conditions. The IL-6 receptor 

consists of a ligand-binding IL-6-receptor α chain (IL-6Rα) 

and signal-transducing subunit β-receptor glycoprotein 130 

(gp130) linked to the JAK/STAT pathway. IL-6 is secreted 

by T cells and macrophages in response to infection or tis-

sue damage resulting in inflammation. In turn, IL-6 stimu-

lates the production of bone marrow neutrophils whereas 

it is not necessary for maintaining homeostatic blood cell 

levels. Upon viral infections, IFN-γ promotes the produc-

tion of IL-6 in the bone marrow MSCs, which increases 

the number of early MPPs and the accumulation of myeloid 

cells [251]. IL-3 promotes steady-state hematopoiesis, and 

contributes to the production of bone marrow monocytes 

during sepsis, suggesting its involvement in emergency 

hematopoiesis. Blocking IL-3 release reduces sepsis mortal-

ity [252]. The IL-1 cytokine family is critical in the initiation 

of pro-inflammatory responses to infections by upregulat-

ing expression of integrin’s on leukocytes and ECs. Their 

receptor complex is composed of IL-1RI and IL-1R acces-

sory protein (IL-1RAP). Acute IL-1 signaling in response to 

infection leads to HSC differentiation biased into the mye-

loid lineage while chronic exposure promotes uncontrolled 

HSC division, loss of self-renewal activity, and exhaustion 

of the HSC pool [253].

G-CSF signals through its homodimer receptor G-CSFR 

to maintain homeostatic granulopoiesis and induce the 

production of granulocytes in response to infection. It also 
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mobilizes dormant HSCs to the blood without stimulat-

ing their proliferation, while in conditions of bone marrow 

regeneration, it mediates the proliferation of megakaryo-

cyte-biased HSCs. Macrophage colony-stimulating factor 

(M-CSF) controls the proliferation, and differentiation of 

GMPs into monocytes and macrophages by interacting with 

its receptor M-CSFR, and regulates steady-state myelopoie-

sis. Both G-CSF and M-CSF serve as major regulators of 

inflammatory myelopoiesis related to their ability to induce 

metabolic reprogramming through the mTOR pathway 

[252–256].

An emergency myelopoiesis in severe COVID−19

Immunosuppressive myelopoiesis

In severe COVID-19, the control mechanisms of emergency 

myelopoiesis may be overflowed (Fig. 4). In addition to tis-

sue damage by the virus, innate immune over−activity con-

tributes to acute lung injury (257). Pneumocyte lysis induced 

by SARS−CoV−2 provokes the release of large amounts of 

PAMPs and DAMPs, which may sense HSCs to switch from 

steady state to emergency hematopoiesis. Our recent observa-

tions, corroborated by many others, indicate that, in patients 

with severe COVID−19, this emergency hematopoiesis is 

exacerbated and persists (229, 230, 256–262). Similar to bac-

terial sepsis (263, 264), patients present with neutrophilia, 

low basophils, decreased plasmacytoid dendritic cells, lym-

phopenia due to decreased CD4 and CD8 T cells, as well as 

B cells, with a neutrophil to lymphocyte ratio that is strongly 

increased (265). CD66b+ granulocytes and immature 

CD10low CD101+/− neutrophils are present. Like in sepsis, 

immature neutrophils show increased expression of CD64 and 

the immune checkpoint molecule programmed death−ligand 

1 (PD−L1), a marker of T cell suppression (230) and mature 

neutrophils express CD177, an anti−inflammatory molecule 

suggesting dysfunctional neutrophils (266).

In severe COVID-19 monocyte blood count is normal 

but phenotypes are abnormal with accumulation of classical 

CD14+ CD16− monocytes (MO1) expressing high levels of 

CD64 (FcγRI) but low levels of HLA−DR, early disappear-

ance of non−classical CD14low CD16+ monocytes (MO3), 

and abnormal expression of the activation marker CD163 

(229, 230). Of note, low HLA−DR expression on monocytes 

is a surrogate marker of immunosuppression in sepsis or 

cancer and a high proportion of HLA−DRlow monocytes 

correlates with death in septic shock (267, 268).

Single−cell transcriptomic analyses of neutrophils and 

monocytes show unique signatures in severe COVID-19. 

IFN type I pathways are not activated in either cell type. 

Immunosuppressive features with activation of reactive oxy-

gen species (ROS) and nitric oxide synthase (NOS) pathways 

in the monocytes and IL−1, ROS and NF−κB pathways in 

the neutrophils (229), recapitulating the immunosuppressive 

functions described in myeloid−derived suppressive cells 

(MDSCs) often detected in the blood and tissues of patients 

with cancer, sepsis and severe influenza, are also found 

in severe COVID−19 (269, 270). Immature neutrophils 

resemble granulocytic MDSCs expressing S100A8, S1009, 

S10012 and matrix metallopeptidase 8 (MMP8). Function-

ally, neutrophils from patients with severe COVID−19 show 

an impaired oxidative burst response, while their phagocytic 

capacity is preserved (230). Mononuclear phagocytes and 

neutrophils predominate in COVID−19 lung infiltrates. By 

integrating scRNA−seq datasets from bronchoalveolar lav-

age fluid (BALF) (271) and peripheral blood samples, we 

observed that alveolar macrophages dramatically decreased 

in mild and severe patients compared to controls while neu-

trophils and monocytes/macrophages accumulate. Similar to 

blood neutrophils, BALF neutrophils have a high expression 

of S100A8, S100A9, and CXCR4, indicating an immature 

state. Monocytes/macrophages express IFN−stimulated 

genes (SIGLEC−1, IFI44, and IFITM3) indicating upregu-

lation of the viral replication and type I IFN signaling path-

ways. The NOS biosynthetic process and NFκB pathway 

are upregulated, while HLA−DRA and HLA−DRB1 mRNA 

expression is low in BALF monocytes/macrophages similar 

to blood monocytes (229).

Fig. 4  Emergency myelopoiesis. Pathogen-associated molecular pat-

terns (PAMPs) and damage-associated molecular patterns (DAMPs) 

released by damaged tissues after the pathogen insult are sensed 

by tissue-resident macrophages, hematopoietic stem and progeni-

tor cells (HSPC), mesenchymal stroma cells (MSC) and endothelial 

cells (EC) via the pattern recognition receptors ie Toll-like receptors. 

These cells release inflammatory cytokines forcing the proliferation 

and differentiation of HSPC into granulocyte-monocyte progenitors 

(GMP), which produce neutrophils and monocytes with immunosup-

pressive phenotype. In severe COVID-19, immature neutrophils and 

dysfunctional monocytes that resemble myeloid-derived suppressive 

cells produce high amounts of calprotectin, which in turn amplifies 

the emergency myelopoiesis. IL-1: interleukin 1, IL-6: interleukin 6, 

IFN-γ: interferon γ, GM-CSF: granulo-monocyte colony-stimulating 

factor, G-CSF: granulocyte colony-stimulating factor, M-CSF: mono-

cyte colony-stimulating factor



774 Angiogenesis (2021) 24:755–788

1 3

Mediators of severity include the overproduction of IL−6 

that may participate in the increased production of myeloid 

cells from HSPCs (272). By contrast, production of IFNα2a 

or IL−1β is low or decreased compared to controls with-

out SARS−CoV−2 infection (229, 259). Thus, defective or 

repressed monocyte activation combined with dysregulated 

granulopoiesis with a transcriptional program related to fea-

tures of immunothrombosis, may cause a vicious circle of 

continuous tissue inflammation and ineffective host defense.

A role for megakaryocytes and platelets

Infections and systemic inflammatory responses are associ-

ated with life−threatening platelet consumption. The loss of 

vascular integrity can induce a transient decrease in plate-

let count whose recovery requires an accelerated matura-

tion of megakaryocytes. In humans, a very small fraction 

of the long-term (LT)−HSC compartment is constituted by 

megakaryocyte−biased progenitors and may contribute to 

steady−state megakaryopoiesis (235, 273). Megakaryo-

cyte priming of the HSC compartment has been robustly 

demonstrated in mice in which rapid regeneration of the 

platelet pool involves a megakaryocyte−primed stem−like 

progenitor, expressing megakaryocyte−specific transcripts 

that become translated. Increased expression of CD41 at the 

surface of HSCs is the hallmark of megakaryocyte response 

to infection in mice. The maturation of megakaryocyte 

progenitors leads to efficient replenishment of life−threat-

ening platelet depletion during acute inflammation (274, 

275). Hematopoietic progenitors have also been detected in 

healthy lung that may be a primary site for platelet biogen-

esis, at least in mice (276).

Severe COVID-19 is associated with both thrombocytosis 

through enhanced generation of platelets, and thrombocy-

topenia through increased consumption of platelets, e.g. as 

an effect of extended lung immunothrombosis (277). A high 

density of alveolar megakaryocytes has been described in 

some patients suggesting active in situ megakaryopoiesis 

(278). Local stimulation of hematopoietic cells could con-

tribute to the lung damage through the release of immu-

nomodulatory molecules and the interaction of platelets with 

granulocytes and monocytes. The presence of megakaryo-

cytes is also reported in the peripheral blood of patients 

with severe SARS-CoV-2 infection. Megakaryocytes highly 

express CD41, IFITM3 and IFITM2, suggesting a strong 

type I IFN response conferring an anti−viral activity to meg-

akaryocytes and platelets (279). Interestingly, TGFB1 gene 

expression by megakaryocytes is concomitantly decreased. 

In regenerative conditions, TGFβ and CXCL4/PF4 produced 

by megakaryocytes located in the vicinity of GMP clusters 

have been proposed to spatially restrain myelopoiesis in 

the bone marrow. In severe COVID-19, the lack of TGFβ 

inhibitory effects could therefore prevent the resolution of 

emergency myelopoiesis.

Contribution of clonal hematopoiesis and co−
morbidities to immunosuppressive myelopoiesis

Uncontrolled emergency myelopoiesis could participate in 

mediating the poor impact of comorbidities (aging, obesity 

or cancer) on COVID−19 outcome. Common aging−related 

changes in hematopoiesis include a skewed differentiation 

toward the myeloid lineage with lymphoid deficiency and a 

decreased clonal heterogeneity and regenerative potential, 

together with a systemic inflammatory status that reduces 

immune tolerance, an effect known as “inflamm−aging” 

that predisposes to hematological malignancies and other 

diseases (280). Mutations might arise through mitochondrial 

dysfunction, ROS production, increased autophagy, epige-

netic changes and DNA damage accumulating in HSCs in 

an inflammatory bone marrow microenvironment. Mutations 

affect multiple genes including epigenetic regulators known 

as driver of HSC decline like TET2, DNMT3A, and ASXL1. 

A high prevalence of Clonal hematopoiesis of indetermi-

nate potential (CHIP) has been recognized in COVID−19 

patients, with a disputed impact on immediate clinical 

outcome (281, 282). Of note, direct control of important 

pro−inflammatory proteins is exerted by TET2 through tran-

scription or post−transcriptional regulatory mechanisms. At 

the chromatin level, TET2 is required to resolve inflamma-

tion by specifically repressing IL−6, while TET2 inhibition 

increases the production of HSPCs; mature myeloid cells 

and inflammatory cytokines in response to inflammatory 

stress (283, 284). During bacteria−induced sepsis in mice, 

Tet2 regulates 5−methylcytosine mRNA oxidation which 

controls SOCS3 expression and increases myelopoiesis 

(285). The functional inactivation of TET2 could participate 

in uncontrolled and deleterious myeloid response.

Obesity may also exaggerate the myelopoietic response 

to SARS-CoV-2 infection. In mouse models of obesity by 

high fat diet, excess of pro-inflammatory IL-1 directly acts 

on the GMP compartment, leading to increased production 

of monocytes and neutrophils [286]. High fat diet-induced 

myelopoiesis could also occur via cell-autonomous meta-

bolic regulation of myeloid progenitors.

The S100A8/S100A9 heterodimer a key mediator 
of emergency hematopoiesis in COVID−19

Severe forms of COVID-19 are associated with a pro-

longed elevation of many circulating pro−inflammatory 

soluble mediators like IL−6 in the peripheral blood. Next to 

increased presence of these molecules, we detect a massive 

release of the heterodimer S100A8/S100A9 (calprotectin) 

whose genes are also the most highly expressed genes in 
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innate immune cells that accumulate in the blood of severe 

COVID-19 patients (229). Elevation of peripheral blood cal-

protectin is confirmed to be associated with severe outcome 

in SARS−CoV−2−infected patients by several independent 

groups (285–289).

S100A8 and S100A9 alarmins are Ca2+ binding proteins 

representing ~45% of the cytoplasmic protein pool in neutro-

phils. Low levels of S100A8/A9 are constitutively expressed 

in monocytes but intensely upregulated in inflammatory set-

tings (290). S100A8/A9 can signal through TLR4, RAGE 

(receptor for advanced glycation end products) and CD33, 

depending on the target cell and the context.

S100A8/A9 plays an important role in protecting the 

body of pathogenic infection, i.e. in controlling neutrophil 

migration during inflammation [290]. An interesting exam-

ple is the prominent role for S100A8/9 in the imprinting of a 

functional specialization of monocytes to allow colonization 

by microbes within newborns [291].

If proper levels of S100 proteins contribute to defense 

capabilities and immunity homeostasis, excessive amounts 

of S100A8/A9 magnify the inflammatory response and 

accelerate cytokine release by neutrophils and monocytes, 

generating a feed−forward vicious cycle. Alarmins promote 

an overproduction of myeloid cells in various disease set-

tings, including autoimmune diseases, myocardial infarc-

tion, and diabetes (290–294). In our non−infected, control 

cohort, we detected elevated plasma levels of calprotectin 

in patients with these comorbidities. Thus, people who are 

most at risk of severe COVID−19 demonstrate abnormally 

high basal levels of circulating alarmins. Nevertheless, these 

levels always remain significantly lower than those measured 

in severe COVID−19 patients (229).

Further supporting a role for calprotectin in a toxic feed-

back loop involving HSPCs, alarmins produced by bone 

marrow macrophages and erythroblasts are involved in the 

pathophysiology and severity of myelodysplastic syndromes 

(MDS) by promoting the generation of dysplastic and immu-

nosuppressive myeloid cells while inhibiting erythropoiesis 

through paracrine and autocrine mechanisms [295]. MDS 

HSPCs overexpress alarmins that trigger pyroptosis of 

these cells [296]. In addition, transgenic S100A9 mice dis-

play bone marrow accumulation of MDSCs accompanied 

by development of progressive MDS-like disease [297]. 

MDSCs overexpress alarmins, which mediate premature 

death of HSPCs. Interestingly, rHuS100A9 can induce the 

expression of programmed cell death protein 1 (PD-1) on 

HSPCs [298]. Therefore, alarmins could be involved in the 

induction of immune checkpoint and impairment of immune 

responses through T-cell exhaustion and apoptosis. Finally, 

in patients with a myeloproliferative neoplasm, stroma cells 

produce calprotectin that triggers myelofibrosis [299]. The 

contribution of calprotectin to the initiation and support of 

stress hematopoiesis and immunosuppression in the COVID-

19 needs further investigation.

Endothelial progenitor cells as a source of immature 
cells in the vascular remodeling process observed 
in COVID-19

Numerous cellular and genetic studies, in particular during 

embryogenesis, have proposed a developmental relation-

ship between hematopoietic and EC lineages. The heman-

gioblast has been proposed as a common stem cell for both 

lineages. More recently, human bone marrow very small 

embryonic-like stem cells (VSELs) have been described 

to give rise to both the endothelial and hematopoietic line-

age [300]. Circulating endothelial progenitors cells (EPCs) 

have been widely described in the past 20 years as good 

biomarkers of cardiovascular, thrombotic and infectious 

diseases, as well as in cancer. Mancuso et al. reported an 

increase of CD146 + EPCs in COVID-19 patients compared 

with healthy controls [301]. This increase was observed in 

patients with mild symptoms and not further augmented 

in patients with severe symptoms. In patients who recov-

ered, EPCs decreased, but were still in a significantly higher 

range than normal controls. The authors also found a posi-

tive correlation between the copy number of SARS-CoV-2 

RNA in the cellular fraction and apoptotic EPCs per mil-

liliter in severe COVID-19 patients. Circulating EPC phe-

notypes have been widely discussed and the relevance of 

each subtype is always a matter of debate. Therefore cir-

culating EPCs are also referred to as  CD34+KDR+ cells. 

Guerin et al. quantified the pool of circulating  CD34+KDR+ 

cells in ten patients with different COVID-19 severity [302]. 

Intriguingly, COVID-19 at critical stage was associated with 

a redistribution of circulating  CD34+ and  CD19+ sub-pop-

ulations in peripheral blood. KDR was only expressed by 

 CD19+ B-lymphocytes and  CD14+ monocytes subpopula-

tions in circulation. Furthermore, a significant mobilization 

of  CD34+c-Kit+KDR− and  CD19+KDR+ cells was observed 

between moderate and critical COVID-19 patients. Mobili-

zation of these different vasculogenic subtypes could be a 

consequence of hypoxia and/or inflammation associated with 

COVID-19. However, EPCs increase in severe COVID-19 

could participate newly formed vessels and intussusceptive 

angiogenesis observed in the lungs as proposed in Fig. 3.

Immune reaction, vaccination 
and thrombosis

Going largely unnoticed, a major trend has been reported 

initially in China, then in Europe and finally in the USA: the 

antibodies raised after being infected by the SARS-CoV-2 

may not be protective against clinical symptoms, including 
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severe cardiovascular manifestations. To date, this pattern 

seems to be associated with natural antibodies (found after 

infection), not with the antibodies raised after vaccination.

First reports from China

Since the publication of the first report form China about 

patients infected in January and February 2020 the same 

trend has been found: while a strong production of anti-

SARS-CoV-2 antibodies was measured in infected patients, 

this immune response to infection was not associated with 

protection against severe manifestation of the disease, 

including its cardiovascular manifestations. In fact, the 

opposite has been reported most of the time. One of the first 

reports, by Qu et al. [303] profiled the serological responses 

to SARS-CoV-2 nucleocapsid (N) protein and spike (S) 

glycoprotein in 394 COVID-19 patients admitted to The 

Third People’s Hospital of Shenzhen between January 11th 

and February 10th, 2020. The majority of these patients 

developed robust antibody responses, with a stronger anti-

body response in critically ill patients. Both the mean IgG 

and IgM response of this critical group were significantly 

stronger than that of the non-critical group within four weeks 

after illness onset (97.85 AU/ml vs 65.76 AU/ml p = 0.0001 

and 41.56 AU/ml vs 21.38 AU/ml, respectively). Another 

early study [304] described the acute antibody responses 

to SARS-CoV-2 in 285 patients with COVID-19 and found 

that within 19 days after symptom onset, 100% of patients 

tested positive for antiviral IgG. Both IgG and IgM titers 

plateaued within 6 days after seroconversion. Interestingly, 

the IgG response 8–14 days after the onset of symptoms 

was significantly higher in the severe patients than in the 

non-severe patients (p = 0.001). Zaho et al. [305] conducted 

a study with 173 patients with COVID-19 admitted to the 

hospital between January 11th and February 9th, 2020. All 

enrolled cases were confirmed to be infected with SARS-

CoV-2 by use of real-time RT-PCR on samples from the 

respiratory tract. The quantitative data revealed significantly 

higher antibody titers (P = 0.004) in patients from the criti-

cal compared to patients in the non-critical groups. This 

result was confirmed by a multivariate longitudinal analysis 

showing that age (β = 0.139, P < 0.001) and antibody titer 

(β = 0.336, P = 0.006) were independent factors strongly 

associated with severity of illness.

Long et al. [306] from the Wenzhou District Centers for 

Disease Control and Prevention (CDC) conducted extensive 

RT–PCR screening for 2088 close contacts under quaran-

tine. Among the patients infected with SARS-CoV-2, 60 

had no symptoms in the preceding 14 days according to 

local CDC records, and were transferred to a government-

designated hospital for centralized isolation. On admission, 

17 individuals were excluded for mild or atypical symptoms 

and six individuals who developed symptoms four to 17 days 

after admission were excluded. Finally, 37 asymptomatic 

cases, defined as individuals with a positive RT-PCR but 

without any relevant clinical symptoms in the preceding 

14 days and during hospitalization, were included in this 

study. Overall, 178 patients with confirmed SARS-CoV-2 

infections were identified in the Wenzhou District before 

April 10th, 2020, and in this study, the proportion of patients 

with asymptomatic infections was 20.8% (37/178). Inter-

estingly, the virus-specific IgG levels in the asymptomatic 

group (median S/CO, 3.4; IQR, 1.6–10.7) were significantly 

lower (p = 0.005) relative to the symptomatic group (median 

S/CO, 20.5; IQR, 5.8–38.2) confirming earlier reports from 

China that the ability to produce antibodies against SARS-

CoV-2 was not correlated with a better clinical outcome.

Reports from other countries

In a recent paper, McAndrews et  al. [307] studied sera 

from patients infected in February by SARS-CoV-2. The 

sera were obtained from the Memorial Hermann Hospital- 

Texas Medical Center (n = 20). Quantitative detection of 

IgG antibodies to the receptor-binding domain (RBD) or 

other regions in the spike glycoprotein in patient samples 

was not always associated with faster recovery, compared 

to patients with borderline antibody responses to the RBD. 

Phipps et al. [308] studied a total of 967 subjects from the 

University of Texas Southwestern Medical Center, Dallas, 

Texas who were tested for IgG antibodies reactive to SARS-

CoV-2. One-hundred seventy-three cases of confirmed or 

suspected SARS-CoV-2 were tested for IgG. A subgroup of 

37 SARS-CoV-2 PCR-positive cases was tested for nucle-

ocapsid-specific IgM antibody and antibody levels were 

compared between disease severity groups. No association 

was observed between mild and severe disease course with 

respect to IgG and IgM levels, with index values of IgG and 

IgM antibodies not predicting disease severity in this patient 

population.

Lynch et  al. [309] analyzed the sera (n = 533) from 

patients from the Zuckerberg San Francisco General Hospi-

tal with RT-PCR confirmed COVID-19 (n = 94 with acute 

infections and n = 59 convalescent patients) using a high-

throughput quantitative IgM and IgG assay that detects 

antibodies to the spike protein RBD and the nucleocapsid 

protein. Individual and serial samples covered the time of 

initial diagnosis, during the disease course, and following 

recovery. They then evaluated antibody kinetics and the 

correlation between magnitude of the response and disease 

severity. Compared to those with milder disease, peak anti-

body levels were significantly higher for patients admitted 

to the intensive care unit for all time intervals between 6 

and 20 days for IgM, and all intervals after 5 days for IgG. 

Overall, IgM and IgG responses were significantly higher in 

patients with severe compared with mild disease. Hu et al. 
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[310] found among patients from Georgia with COVID-19 

that IgM levels increased early after symptom onset for those 

with mild and severe disease, but that IgG levels increased 

early only in those with severe disease. A similar pattern 

was observed in a separate serosurveillance cohort. Young 

et al. [311] evaluated the immune response characteristics 

and the association with clinical severity in a prospective 

observational cohort study of 100 patients from Singapore 

with PCR-confirmed SARS-CoV-2 infection (mean age 

46 years, 56% male, 38% with comorbidities). Seroconver-

sion occurred at a median of 12.5 days (IQR 9–18) for IgM 

and 15.0 days (IQR 12–20) for IgG; 54/62 patients (87.1%) 

sampled at day 14 or later seroconverted. As with the other 

studies reported here, severe infections were associated with 

earlier seroconversion and higher peak IgM and IgG levels 

and the authors concluded that a stronger antibody response 

was associated with disease severity.

The pattern is consistent irrespective of the nature 
of the studied antibodies

Amrun et al. [312] reported that the lack of clinical protec-

tion associated with the natural production of anti-SARS-

CoV-2 antibodies is independent of the epitopes that these 

antibody bind to. They tested binding to four immunodomi-

nant epitopes, S14P5, S20P2, S21P2 and N4P5 on the viral 

S and nucleocapsid (N) proteins. IgG responses to these 

epitopes were strong, with N4P5 achieving the highest 

level of specificity (100%) and sensitivity (> 96%) against 

SARS-CoV-2. Comparing the binding of antibody to these 

epitopes, the magnitude of IgG responses to S14P5, S21P2 

and N4P5 were strongly associated with disease severity.

A counter argument against the lack of protection pro-

vided by natural antibodies against SARS-CoV-2 could be 

the missing information about their functional abilities to 

neutralize the virus. In other words, were these antibodies 

neutralizing or not? This question is of importance as neu-

tralizing antibodies are essential for protection and are thus 

the main objective to achieve in vaccine development. How-

ever, even when measuring neutralizing antibodies, the same 

pattern of increased titers in more severely ill patients was 

reported by Ren et al. [313]. In their study, the neutralizing 

antibodies and antibodies in the longitudinal plasma sam-

ples from the LOTUS China trial targeting N, S and RBD 

associated antigens, were measured by a microneutralization 

assay and ELISA. Viral load was determined by real-time 

RT-PCR. A total of 576 plasma and 576 throat swabs was 

collected from 191 COVID-19 patients. Overall, for IgM and 

IgG antibody titers against N, S, or RBD or neutralization 

functionality, it was found that the highest reactivity was 

detected in the most severe COVID-19 patients and did not 

clearly correlate with clinical outcomes.

In another study, Wang et al. [314] and Casadevall et al. 

[315] reported on the kinetics of viral load and antibody 

responses of 23 individuals with COVID-19 with mild and 

severe disease. These authors found that high levels of neu-

tralizing antibodies were induced after about 10 days post-

onset in both severe and mild patients. They also found that 

the titer of the neutralizing antibodies was higher in the 

severe group.

In another approach, Luo et al. [316] investigated the 

kinetics of IgG avidity maturation during SARS-CoV-2 

infection. The IgG avidity assay used a novel label-free 

immunoassay technology. It was found that there was a 

strong correlation between IgG avidity and days since symp-

tom onset, and peak readings were significantly higher in 

severe than mild disease cases.

Thus, an unexpected tendency emerges when looking at 

the reports trying to correlate clinical outcomes and anti-

body production in patients infected withSARS-CoV-2: 

infection-induced antibodies may not be as protective as 

expected. This lack of protective correlation may be one of 

the reasons behind the disappointing therapeutic efficacy of 

convalescent plasma therapy. Indeed, after a promising first 

observational study [317] and good results in patients with 

acquired immunodeficiency [318, 319], several double blind, 

placebo controlled clinical trials failed to show any efficacy 

for this approach [320, 321]. In this context, the recent suc-

cess of the mRNA- and viral-vector based vaccines against 

SARS-CoV-2 are of particular interest and raise several 

hypotheses: (i) antibodies against SARS-CoV-2 are more 

efficient as a prophylactic treatment than a therapeutic one, 

(ii) the antibodies generated by the vaccines are different 

from the naturally occurring ones and/or (iii) other compo-

nents of the immune system are triggered by the vaccines. In 

this context it is important to realize that efficiently neutral-

izing antibodies are directed against vital epitopes, mainly in 

the S protein, to target cell entry of the virus. Some of these 

epitopes can be protected by the virus through conforma-

tional changes in the RBD domain. Therefore, targeted vac-

cination approaches [322, 323] against these vital epitopes, 

predicted to be preferably present in future SARS strains 

through evolutionary conservation analysis, will be of major 

importance in the future.

Reports from thrombotic events after COVID-19 
vaccination

Following some cases of thrombosis after vaccination, 

Oxford-AstraZeneca vaccine (AZD1222) was suspended by 

some European countries. The European Medicines Agency 

(EMA) concluded that the benefits of the vaccine in combat-

ing COVID-19 outbreak continue to outweigh the risk of 

side effects. A descriptive analysis of the anti-SARS-CoV-2 

vaccination thrombotic risk reported to the World Health 
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Organization (WHO) Global Database for Individual Case 

Safety Reports (VigiBase) allowed to describe that throm-

botic events, including cerebral thrombophlebitis, might 

occur in association with all three vaccines studied (Pfizer/

BioNTech, Moderna and Oxford-Astra-Zeneca) [324]. 

Moreover, several cases of heparin-induced thrombocyto-

penia-like syndrome have been described [325, 326]. These 

two first papers proposed to name this phenomenon Vaccine-

Induced Immune Thrombotic Thrombocytopenia (VITT).

All in all, a benefit of the vaccine is a non-discussion 

point considering COVID-19 outbreak epidemiology. How-

ever, there is an urgent need for a prospective evaluation of 

coagulopathy and thrombotic events to fathom rare but seri-

ous side effects after COVID-19 vaccination and better char-

acterize VITT and other thrombotic events after COVID-19 

vaccination.

Conclusions and perspectives

Vascular endothelium provides a crucial interface between 

the blood compartment and tissues and maintains homeo-

stasis. The COVID-19 outbreak has emphasized the inter-

relation between the pathophysiology of respiratory disease 

and vascular disorders, and different pathological pathways 

involved in this disease all have endothelial dysfunction as 

a hallmark. Direct infection of endothelial cells with SARS-

CoV-2 is a matter of debate and probably other conditions 

such as systemic inflammation or deregulated immunol-

ogy are a center point of observed endotheliopathy. Large 

biomarker studies and tissular exploration after autopsies 

allowed confirming early predictive value of endothelial dys-

function, deregulation of angiogenesis, calprotectin associ-

ated to stress hematopoiesis and immunosuppression. Even 

if we have learned a lot over the past year about COVID-19 

pathophysiology, the treatment area is yet to open and we 

could expect treatments with more accuracy on endothe-

liopathy, angiogenesis and emergency myelopoiesis to be 

discovered.
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