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A B S T R A C T   

The global propagation of SARS-CoV-2 leads to an unprecedented public health emergency. Despite that the 
lungs are the primary organ targeted by COVID-19, systemic endothelial inflammation and dysfunction is 
observed particularly in patients with severe COVID-19, manifested by elevated endothelial injury markers, 
endotheliitis, and coagulopathy. Here, we review the clinical characteristics of COVID-19 associated endothelial 
dysfunction; and the likely pathological mechanisms underlying the disease including direct cell entry or indirect 
immune overreactions after SARS-CoV-2 infection. In addition, we discuss potential biomarkers that might 
indicate the disease severity, particularly related to the abnormal development of thrombosis that is a fatal 
vascular complication of severe COVID-19. Furthermore, we summarize clinical trials targeting the direct and 
indirect pathological pathways after SARS-CoV-2 infection to prevent or inhibit the virus induced endothelial 
disorders.   

1. Introduction 

The global pandemic of coronavirus disease 2019 (COVID-19) is 
caused by the severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV-2). Although it is generally acknowledged that COVID-19 associ
ated endothelial disorders are rare complications, symptoms of endo
thelial activation are observed particularly in critically ill COVID-19 
patients including endotheliitis, coagulopathy, and thrombosis [1–4]. 
Pediatric patients who developed multisystem inflammatory syndrome 
in children (MIS-C) after SARS-CoV-2 infection also show signs of 
endothelial dysfunction and arterial stiffness [5]. Thus, COVID-19 
related endothelial injury can be found in patients at all ages (see 
Table 1). In addition to clinical cases, animal studies also demonstrated 
endothelial disruption and vascular thrombosis in the lungs of rhesus 
macaques infected by SARS-CoV-2 [6]. Nevertheless, human features of 
COVID-19 related endothelial dysfunction were hardly recapitulated in 
mice [7]. Whether the virus can directly induce pathological events in 
human endothelial cells (ECs) or endothelial activation and inflamma
tion is only secondary to an overreactive immune response to SARS-CoV- 
2 remains to be investigated. 

It is generally believed that ECs express ACE2, which is the major 

entry receptor of SARS-CoV-2 [8–10]. Accordingly, the prevalent view 
holds that COVID-19 related endothelial dysfunction is resulted from 
direct infection of the endothelium by SARS-CoV-2. Nevertheless, some 
studies argue against this hypothesis as the basal expression levels of 
endothelial ACE2 are so low that may escape from SARS-CoV-2 medi
ated cell entry [11]. The significantly increased expression of proin
flammatory cytokines including interleukin-6 (IL-6), IL-1β, tumor 
necrosis factor α (TNF-α), and interferon γ (IFN-γ); and chemokines in 
critically ill patients with COVID-19 may also suggest that a cytokine 
release storm occurs in the severe cases [12,13]. Indeed, postmortem 
studies demonstrate widespread inflammation in the specimens 
collected from patients succumbed to COVID-19 [3,4,14], indicating the 
overreactive immune responses in severe COVID-19 patients. In this 
regard, the dysregulated immune responses are also believed to be the 
leading cause of COVID-19 related endothelial dysfunction and 
mortality. 

Recently, researchers have been endeavoring to develop new tech
nologies and study the potential mechanisms by which SARS-CoV-2 
induces endothelial injury. For instances, in vitro platforms including 
human organoids and organ-on-chip have emerged [15–18]. In one 
study, human embryonic stem cells (hESCs) were differentiated into 
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lung and colonic organoids to screen for SARS-CoV-2 inhibitors [15]. In 
another study, human blood vessel and kidney organoids were gener
ated from pluripotent stem cells (iPSCs) for investigating the potential 
function of human recombinant soluble ACE2 (hrsACE2) in the inhibi
tion of SARS-CoV-2 infection by competitive binding [16]. Moreover, 
the coculture system of epithelial cells, ECs, and immune cells in a 
human lung-on-chip model allows researchers to analyze the response of 
distinct cell types after SARS-CoV-2 infection at the organ level, reca
pitulating in vivo viral infection [17,18]. These emerging technologies 
aiming at developing in vitro human cell-based platforms for disease 
modeling and drug screening will aid the development of new treatment 
options against COVID-19. 

Here, we summarize the most recent updates regarding the clinical 
characteristics of COVID-19 related endothelial pathologies. We discuss 
possible direct and indirect mechanisms underlying these endothelial 
disorders. In addition, we review the biomarkers that might indicate the 
disease severity, particularly related to the abnormal development of 
coagulation in thrombosis that is a fatal vascular complication of severe 
COVID-19. Lastly, we summarize clinical trials and management 

strategies targeting COVID-19 related endothelial disorders. 

2. Clinical characteristics of endothelial inflammation and 
dysfunction in COVID-19 patients 

The clinical signs of endothelial inflammation and dysfunction 
induced by SARS-CoV-2 are displayed by a wide range of organs (see 
Table 1). For instance, chilblain-like skin lesion was the skin manifes
tation of lymphocytic vasculitis in COVID-19 patients at different ages 
[19–24]. Besides, COVID-19 related endotheliitis and vasculitis in 
multiple organs including the lungs [3,4,25], intestine [3,26,27], heart 
[3,28], kidney [3], liver [3], and skin [29] have been reported. More
over, elevated endothelial injury biomarkers in the blood [30–32], 
vascular occlusion [32,33], and altered vascular reactivity and stiffness 
[34,35] were observed in both mild and severe COVID-19 patients. 

Clinically, COVID-19 related endothelial dysfunction is also charac
terized by well-defined endothelial injury biomarkers. Circulating 
endothelial cell (CEC), a cell-based biomarker shed from injured vessels, 
was identified to be elevated in critically ill COVID-19 patients, and 
patients with pre-existing conditions [36]. Of note, even the convales
cent COVID-19 patients displayed significantly increased amount of CEC 
compared with the healthy group, suggesting persistent vascular 
dysfunction after recovery from COVID-19 [37]. In addition, molecular 
biomarkers of endothelial dysfunction such as von Willebrand factor 
(vWF) have been found increased continuously with the development of 
acute respiratory distress syndrome (ARDS) after SARS-CoV-2 infection 
[30]. P-selectin and E-selectin were also observed to be elevated in 
COVID-19 patients admitted to intensive care unit (ICU) or developed 
ARDS [38,39]. Higher levels of Angiopoietin-2 (Ang-2), which implied 
aggravated pulmonary vascular leakage; and soluble intercellular 
adhesion molecule-1 (ICAM-1), which was expressed by activated ECs in 
response to inflammation, were also detected in the plasma of non- 
survivors [40]. All these observations reflect the characteristics of 
endothelial injury and dysfunction in patients with COVID-19 particu
larly in the severe conditions. Nevertheless, whether there is a strain 
dependent effect of SARS-CoV-2 in endothelial inflammation, activation 
and dysfunction requires further investigations. 

3. Evidence of direct infection of ECs by SARS-CoV-2 

In fact, only a few studies have examined the presence of viral pro
tein within the endothelium of different organs (Table 1), therefore, 
whether there is a direct infection of ECs by SARS-CoV-2 remains un
clear. We next summarize the studies on potential receptors that could 
mediate cell entry of SARS-CoV-2 into the endothelium or that are 
activated after interacting with the virus (Fig. 1). 

3.1. Possible infection of ECs by SARS-CoV-2 via ACE2 

As the first discovered human homolog of angiotensin converting 
enzyme (ACE), angiotensin-converting enzyme 2 (ACE2) was initially 
identified to negatively regulate canonical renin-angiotensin system 
(RAS), the overstimulation of which exerts detrimental impacts on the 
cardiovascular system, including hypertension, fibrosis, and inflamma
tion [8,41]. In canonical RAS, angiotensinogen is cleaved by protease 
renin to generate angiotensin I (Ang I), which is further processed by 
ACE and converted to Ang II [42]. Ang II is the first end product of ca
nonical RAS, functioning via interacting with Ang II receptor type 1 
receptor (AT1R) and Ang II receptor type 2 receptor (AT2R). ACE2 an
tagonizes RAS primarily through degrading Ang I and Ang II into Ang 1- 
9 and Ang 1-7, respectively. Ang 1-9 can be further catalyzed by ACE to 
generate Ang 1-7. Ang 1-7 is known for anti-fibrosis, anti-inflammation, 
and vasodilation induction by counterposing Ang II and AT1R related 
actions [43]. Thus, as a negative regulator of canonical RAS, ACE2 
mitigates the cardiovascular damage resulting from chronic RAS 
activation. 

Table 1 
Characteristics of endothelial inflammation and dysfunction in COVID-19 
patients  

Patient age 
(years old) 

Manifestations Tissues collected Presence of 
SARS-CoV-2 
in ECs? 

Ref 

15 Elevated 
inflammation and 
endothelial injury 

Blood N/A [31] 

24 Changes in 
vascular reactivity 
and arterial 
stiffness 

Examination by 
FMD, NMD, 
PWV, Aix, and 
cIMT 

N/A [35] 

24 Elevated factor 
VIII, vWF, ischemic 
stroke 

Blood, 
examination by 
MRI of the brain 

N/A [32] 

31 Endotheliitis and 
vasculitis of small 
cardiac vessels 

Heart (autopsy) N/A [28] 

32 Impaired 
endothelium- 
dependent 
microvascular 
reactivity 

Skin, 
examination of 
microvascular 
flow by LDPM 

N/A [34] 

40 Multifocal 
vasculitis, 
arteriolitis 

Bowel (biopsy) Positive [26] 

43 Endotheliitis in 
venous vessels 

Specimen from 
hemicolectomy 

Positive [27] 

72 Elevated D-dimers, 
vWF, factor VIII 

Blood N/A [30] 

79 Leukocytoclastic 
vasculitis 

Epidermis and 
dermis (biopsy) 

N/A [29] 

Pediatrics, 
adults 

Chilblain-like skin 
lesion, lymphocytic 
vasculitis 

Skin (biopsy) Inconclusive [19–24] 

Aged 
adults 

Endotheliitis Kidney, heart, 
small intestine, 
lung, liver 
(autopsy), 
resected small 
intestine 

Positive [3] 

Aged 
adults 

Thrombosis, 
microangiopathy, 
increased 
angiogenesis 

Lung (autopsy) Positive [4,25] 

Aged 
adults 

Limb ischemia, 
femoropopliteal 
occlusion 

Resected arterial 
segments 

Negative 
(arterial 
wall) 

[33] 

Abbreviations: EC endothelial cell, vWF von Willebrand factor, LDPM laser 
doppler perfusion monitoring, FMD flow-mediated dilation, NMD nitroglycerin- 
mediated dilation, PWV pulse wave velocity, Aix augmentation index, cIMT 
carotic intima-mediated thickness, MRI magnetic resonance imaging 
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Another notable function of ACE2 is the receptor mediated host cell 
entry of infective agents such as SARS-CoV and SARS-CoV-2 responsible 
for severe acute respiratory syndrome (SARS) and COVID-19, respec
tively [9,44–46]. Viral entry relies on the interaction of ACE2 with viral 
spike (S) protein (Fig. 1A), which contains the S1 and S2 units 
[44,47–50]. Compared with SARS-CoV, SARS-CoV-2 possesses a S pro
tein with significantly higher affinity to ACE2, and SARS-CoV-2 can 
utilize a wider range of host proteases to prime viral penetration [51]. 
Two critical steps are required for the entry of SARS-CoV-2. The first step 
is the binding of S1 to the extracellular domain of the transmembrane 
ACE2; and the second step is the cleavage between viral S1 and S2, 
primarily accomplished by host protease transmembrane serine protease 
2 (TMPRSS2) [49,50]. The detachment of S1 from S2 allows the 
conformational transition of S2, facilitating viral internalization 
[44,49,50]. 

It is widely acknowledged from previous work that expression of 
surface ACE2 is abundant in the pulmonary epithelium [45] and small 
intestinal epithelium [52], which explains the vulnerability of the lungs 
to SARS-CoV-2; and diarrhea is also frequently presented in COVID-19 
cases [9,53]. In addition to the epithelium, ACE2 is also believed to be 
abundantly expressed by the endothelium [4,8–10,16,54] . To date, 
Donoghue et al cloned the human ACE2 gene in year 2000 and identified 
the ACE2 protein in human coronary and renal ECs [8]. After that, the 
propagation of SARS-CoV and SARS-CoV-2 in subsequent years accel
erates the research on endothelial expression and function of ACE2, 
aiming at understanding the mechanisms underlying endothelial in
juries accompanied with the pathological progression of severe SARS 
and COVID-19. In 2004, Hamming et al delineated a comprehensive 
tissue and cellular distribution of ACE2; and demonstrated the high 
expression levels of ACE2 in the vascular endothelium by immunohis
tochemistry, despite the lack of clinical evidence supporting the direct 
infection of SARS-CoV on the endothelium [9,10]. With the outbreak of 
COVID-19, more groups have investigated the role of endothelial ACE2 
after SARS-CoV-2 infection. Ackermann et al provided some clinical 
evidences that viral infection can increase endothelial ACE2 expression 
as demonstrated by the elevated levels of ACE2-positive ECs in the lungs 
of COVID-19 and influenza A (H1N1) infected patients, respectively, 
compared with the uninfected lungs through examining the pulmonary 
autopsies derived from patients who died from COVID-19 [4]. Impor
tantly, the electron micrographs demonstrated disrupted endothelial 

structure with intracellular SARS-CoV-2, indicating that the endothelial 
injury was possibly resulted from direct viral infection [4]. However, 
only 7 specimens were examined in this study, and the relatively small 
sample size could not draw a solid conclusion [4]. Furthermore, Monteil 
et al also found the presence of viral RNA in human capillary organoids 
after SARS-CoV-2 infection [16]. In another study, Ahmetaj-Shala et al 
reported the detectable levels of ACE2 transcripts in human ECs by 
reanalyzing the human tissue transcriptomic databases [54]. In line with 
these observations in human, some animal and in vitro cellular experi
ments also suggested that SARS-CoV-2 can dampen EC function through 
targeting ACE2. A representative work conducted by Lei et al showed 
that the S protein of SARS-CoV-2 alone was able to downregulate ACE2 
and AMPK activity in hamsters as well as in human pulmonary arterial 
endothelial cells (PAECs) [55]. Moreover, this group has further reca
pitulated this by expressing a mutated and unstable ACE2 in ECs and 
demonstrated increased mitochondrial fragmentation mediated by S 
protein in these ECs [55]. However, interpretation of these results is 
limited by the lack of a rescue experiment in which overexpression of a 
wildtype ACE2 should compensate the S protein-induced endothelial 
mitochondrial impairment. 

In fact, recent work has argued against the degree of contribution of 
ACE2 to the endothelial pathogenesis associated with COVID-19. The 
other prevalent perspective against the role of endothelial ACE2 in 
COVID-19 associated endothelial pathogenesis is based on the conflict
ing observation of endothelial ACE2 expression as recent reports have 
revealed that human ECs express very low or only a basal level of ACE2 
which is insufficient to mediate the direct infection of SARS-CoV-2. For 
instance, McCracken et al reported that only scarce endothelial ACE2 
transcripts could be detected in human hearts by reanalyzing the pub
lically available single-cell RNA sequencing data and the authors 
believed that the detectable ACE2 transcripts could also be the 
contaminated ones from pericytes [11]. Besides, the authors revealed 
inactive ACE2 transcriptional status in ECs by showing the enrichment 
of repressive histone markers and the lack of active histone modifica
tions at the ACE2 gene locus [11]. More convincingly, McCracken et al 
also demonstrated extremely low viral replication in primary human 
cardiac and pulmonary ECs after exposure to high concentrations of 
SARS-CoV-2 [11]. Similarly, Conde et al demonstrated that primary 
human ECs isolated from multiple tissues were capable of being infected 
by SARS-CoV-2 only when recombinant ACE2 was introduced as they 
lacked ACE2 expression [56]. In another study, it has been demonstrated 
that the endothelial injury caused by COVID-19 could be the secondary 
effect after alveolar epithelial infection [57]. Compared with human 
pulmonary alveolar epithelial cell (HPAEpiC), human lung microvas
cular endothelial cell (HULEC-5a) was almost insusceptible to SARS- 
CoV-2 infection; however, these cells displayed mitochondrial frag
mentation and decreased Golgi apparatus after treatment with the cul
ture supernatant of HPAEpiC infected by SARS-CoV-2, indicating an 
epithelium-dependent infection of SARS-CoV-2 in ECs [57]. Similarly, 
a German research team also demonstrated that SARS-CoV-2 was not 
able to infect mono-cultured ECs, it was epithelial cells rather than ECs 
being susceptible to SARS-CoV-2 inoculation in a human lung-on-chip 
model [17]. When ECs were cocultured with epithelial and mono
nuclear cells in a biochip, viral protein synthesis, robust interferon 
release, and cell death were only detected in epithelial cells in the 
beginning of infection, even though the epithelial-endothelial barrier 
displayed significantly higher permeability with the extended infection 
period [17]. Altogether, these evidences suggest that direct infection of 
ECs through ACE2 is less likely to occur. COVID-19 related endothelial 
injury could be mediated by other entry receptors or induced by the 
inflammatory factors released from infected cells such as epithelial cells 
adjacent to ECs. 

Fig. 1. Potential mechanisms by which SARS-CoV-2 activates endothelial cells. 
The virus could infect, enter or activate endothelial cells (EC) by (A) binding to 
the extracellular domain of ACE2 via S protein; (B) binding to neuropilin-1 
(NRP1) to promote the infection with the presence of ACE2 and TMPRSS2; 
(C) binding to high density lipoprotein (HDL) that facilitates viral entry through 
the HDL receptor SR-B1 in an ACE2-dependent manner; (D) endocytosis 
through CD147/peptidylprolyl isomerase B(A); and/or (E) activating the toll- 
like receptor (TLR) 2 signaling pathway. Solid lines indicate direct binding; 
and dash lines indicate interactions. 
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3.2. Possible infection of ECs by SARS-CoV-2 via cell surface receptors 
beyond ACE2 

The single transmembrane glycoproteins neuropilins (NRPs) are 
involved in diverse biological processes, such as angiogenesis, vascular 
permeability, immune regulation, and neuron development, through 
serving as co-receptors for various molecules [58]. Two studies identi
fied neuropilin-1 (NRP1) as a host factor that enhanced SARS-CoV-2 
uptake via interacting with a conserved C-terminal motif ([R/K]-XX- 
[R/K], CendR motif) of SARS-CoV-2 S1 generated by furin cleavage, 
based on the presence of ACE2 and TMPRSS2 [59,60] (Fig. 1B). Given 
that the furin cleavage site was possessed by SARS-CoV-2 S protein 
rather than SARS-CoV S protein, the above findings explained the 
enhanced spread of COVID-19 compared with SARS. More importantly, 
the tissue wide distribution and abundant expression levels of NRP1 
accounted for the extrapulmonary manifestations of COVID-19, as ACE2 
exhibited a rather low expression level in most tissues [61]. Though ECs 
were not included in the cell line experiments, the scRNA-seq data from 
human lung and olfactory epithelium emphasized the highest levels of 
NRP1 in ECs, implying that NRP1 may play a potential role in the 
reciprocal action between SARS-CoV-2 and endothelium [59]. In fact, 
NRP1 is a well-characterized co-receptor of vascular endothelial growth 
factor (VEGF) in ECs [62,63], its cell surface expression on ECs has been 
well acknowledged. 

Scavenger receptor B type 1 (SR-B1), a cell surface receptor of high- 
density lipoprotein (HDL) expressed by a variety of cell types including 
ECs [64], has also been reported to facilitate ACE2-mediated cell entry 
of SARS-CoV-2 [65] (Fig. 1C). Increased viral particles attaching to the 
cell surface and enhanced viral entry were observed with the presence of 
HDL. Mechanistically, SARS-CoV-2 S1 can bind to HDL, facilitating viral 
entry through SR-B1 in an ACE2-dependent manner [65]. In addition, 
CD147 (BSG) was demonstrated as a potential host cell receptor 
involved in the infection of SARS-CoV-2 (Fig. 1D). Wang et al first 
discovered that human T cells, which lack ACE2, could be infected by 
SARS-CoV-2 in a dose-dependent manner via CD147-mediated endocy
tosis [66]. CD147 was also identified to be expressed by ECs, and 
CD147/peptidylprolyl isomerase B(A) could be a potential pathway 
employed by SARS-CoV-2 to invade the endothelium [54]. Furthermore, 
Toll-like receptor 2 (TLR2) was also found to participate in endothelial 
activation in the context of SARS-CoV-2 infection without host cell entry 
(Fig. 1E). Qian et al reported that the nucleocapsid (N) protein of SARS- 
CoV-2 was able to trigger endothelial inflammation by activating NFκB 
and MAPK signal pathway via TLR2 [67]. Altogether, these evidences 
have demonstrated the possibility of host cell entry or activation 
through expression of EC surface receptors; however, more work is 
needed to validate these findings in vivo. Whether blocking these path
ways would prevent COVID-19 associated endothelial dysfunction re
quires future investigations. 

4. Evidence of endothelial dysfunction in severe COVID-19 
patients as a result of the over-reactive immune responses 

Endothelial dysfunction generally refers to abnormal endothelial 
activation, and vascular endothelial balance shifting toward vasocon
striction and inflammation, causing endotheliitis, vessel leakage, and 
thrombosis [68,69]. Sustained endothelial dysfunction in COVID-19 was 
observed with an elevated level of CECs in convalescent patients [37]. 
Importantly, CEC counts and markers in convalescent patients were 
positively correlated with increased release of cytokines such as IL-18, 
C-X-C motif chemokine ligand 10 (CXCL10), and CXCL12, which are 
either related to the migration or activation of T cells and B cells [37]. In 
addition, expression of the receptors marking cytotoxic effector lym
phocytes including Integrin Subunit Alpha L (ITGAL), Selectin P Ligand 
(SELPLG), and C-X3-C Motif Chemokine Receptor 1 (CX3CR1) were also 
positively correlated with increased expression of their corresponding 
ligands such as ICAM, Selectin P (SELP) and C-X3-C Motif Chemokine 

Ligand 1 (CX3CL1), respectively, by CECs derived from peripheral blood 
mononuclear cells (PBMCs) of both mild and severe COVID-19 patients 
[37] (Fig. 2). These observations highlight a potentially causative rela
tionship between persistent immune activation and endothelial 
dysfunction in the pathological development of COVID-19. Neverthe
less, whether the reparative endothelial progenitor cells also expressed 
these markers and their activation following interaction with the acti
vated immune cells might impair the endothelial repair process leading 
to endothelial dysfunction; and/or they are activated cells released from 
the damaged endothelium after interaction with the activated immune 
cells remains to be determined. 

The progression of COVID-19 can be divided into three phases, the 
early infection phase exhibiting mild constitutional symptoms and 
lymphopenia, the pulmonary phase characterized by moderate pulmo
nary symptoms, and the severe phase showing elevated inflammatory 
markers resulted from respiratory failure and multiple organ dysfunc
tion [70]. Despite that hyperinflammation was most common in severe 
COVID-19 patients [70], it has been demonstrated that distinct cytokine 
patterns displayed by individual COVID-19 patients at different disease 
stages were associated with the disease severity [71]. For example, the 
levels of IFNα in early COVID-19 plasma predicted the duration of dis
ease course, and the continuously elevated expression levels of IL-6, IL- 
8, and IL-5 throughout the whole diseased period indicated high risk of 
mortality [71]. 

Infiltration of neutrophils and monocytes in air spaces, accumulation 
of cytokines and macrophages in the lungs, and the aggregations of T 
cells surrounding blood vessels implied widespread inflammation trig
gered by SARS-CoV-2 [3,14,72–74]. Correspondingly, the damage 
caused by SARS-CoV-2 to immune organs was second only to lung 
infection [75]. Enhanced expression levels of IL-1β, IL-7, IL-8, IL-9, IL- 
10, IFNγ, TNFα, along with granulocyte-colony stimulating factor 
(GCSF) were detected in the plasma collected from COVID-19 patients of 
varying disease severity [13]. Expression levels of IL-2, IL-7, IL-10, 
TNFα, and GCSF were also higher in ICU patients than that of non-ICU 
patients [13]. Additionally, hyperactivated T lymphocytes and high 
concentrations of cytotoxic granules in CD8+ T cells have been detected 
in COVID-19 cases [75]. Thus, an overreactive immune system was seen 
in patients with a severity correlated signature during COVID-19 
progression. 

The autopsies collected from patients succumbed to COVID-19 
revealed that diffuse alveolar damage, airway inflammation, and 

Fig. 2. Potential mechanisms by which circulating endothelial cells are acti
vated by lymphocytes or their cytokines during COVID-19 progression. The 
positive correlation between the expression of CEC activation markers such as 
(A) ICAM1, (B) SELP, and (C) CX3CL1 and their corresponding counter re
ceptors ITGAL, SELPLG, and CX3CR1 on lymphocytes collected from COVID-19 
PBMCs implicates the interaction of activated ECs and effector lymphocytes. 
The high frequency of cytotoxic effector cells in COVID-19 patients may also 
explain the susceptibility of COVID-19 patients to endothelial injury. 
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vascular endotheliitis were leading processes in all cases [3,4,14,74]. In 
multiple organs of patients who died from COVID-19, dead inflamma
tory cells were frequently observed to be accumulated around vessel 
wall and dead ECs [26]. The synchronization of hyperinflammation and 
endothelial dysfunction indicated the crosstalk between overreactive 
immune system and impaired endothelium at the severe stage of COVID- 
19. Generally speaking, the active innate and adaptive immune system 
could contribute to the direct exposure of vascular endothelium to cy
tokines following SARS-CoV-2 infection [76,77]. The ECs exposed to 
proinflammatory cytokines transformed to an active state with 
increased expression levels of cellular adhesive molecules, recruiting 
leucocytes and enhancing inflammation [76]. This amplifying cascade 
could result in disrupted endothelial integrity and function, even EC 
death, finally reflected by vascular permeability and thrombosis [76]. 
Moreover, the damaged ECs can in turn secret proinflammatory cyto
kines, boosting intense inflammation [78]. 

Several cytokines and chemokines have been identified as the lead
ing causes of the inflammation that induced endothelial dysfunction of 
COVID-19 [79]. Mounting clinical evidences suggested that the acti
vated IL-6 signaling in COVID-19 patients was closely correlated with 
the poor clinical outcome [12,13,78,80–83]. In a cohort of 1,484 
COVID-19 patients in the New York city, their circulating IL-6, IL-8, and 
TNF-α levels were significantly higher than that of healthy donors and 
patients with cancer who did not develop cytokine release storm after 
chimeric antigen receptor-engineered T (CAR-T) cell therapies [12]. 
High serum IL-6 and TNF-α levels were identified to be predominant 
predictors of COVID-19 severity and death [12]. Consistently, Coomes et 
al demonstrated that the mean concentrations of IL-6 in patients with 
complicated COVID-19 was 2.9-fold higher than patients with 
noncomplicated COVID-19 [81]. Moreover, the administration of Toci
lizumab, which blocks IL-6 receptor, alleviated the infections brought by 
SARS-CoV-2 [80,84]. IL-6 triggers EC activation during the early phase 
of inflammation [85]. It has been shown that human ECs expressed a 
higher level of adhesion molecules when stimulated by IL-6, tending to 
attract more lymphocytes and transform to an active state [86]. In turn, 
the impaired ECs can produce IL-6 by themselves, exaggerating the 
inflammation and inflammation-based endothelial injury in COVID-19 
[78]. Consequently, IL-6 participates in the positive feedback loop 
promoting overreactive immune response and endothelial dysfunction 
in COVID-19. 

Another elevated circulating marker in severe COVID-19 patients is 
IL-1β [87]. IL-1β was released by activated alveolar macrophages and 
pulmonary epithelial cells due to the lung infection by SARS-CoV-2; and 
could stimulate vascular endothelium to promote the release of cell 
adhesion molecules by ECs [87]. Moreover, IL-1β has been found to 
down-regulate VE-cadherin, which is an element of endothelial cell-to- 
cell adherens junctions [88]. Xiong et al recently demonstrated that 
the increased levels of IL-1β in ARDS inhibited cyclic adenosine mono
phosphate (cAMP) generation and cAMP response element binding 
(CREB) mediated transcription of VE-cadherin, thereby impairing 
endothelial barrier integrity [88]. In addition, TNF-α and IFN-γ also play 
critical roles in inflammation-induced endothelial dysfunction [12,13]. 
Karki et al indicated that in COVID-19, TNF-α and IFN-γ acted syner
gistically to induce PANoptosis, which is an inflammatory programmed 
cell death process involving pyroptosis, apoptosis, and necroptosis [89]. 
PANoptosis caused by the combination of TNF-α and IFN-γ perpetuated 
cytokine storm, leading to COVID-19 related ARDS and multi-organ 
failure. It is noteworthy that co-treatment of TNF-α and IFN-γ on pri
mary umbilical vein endothelial cells (HUVECs) contributed to robust 
cell death, suggesting that TNF-α and IFN-γ not only mediated endo
thelial dysfunction through cytokine-storm, but also directly eliminated 
ECs [89]. Mechanistically, TNF-α could also regulate endothelial barrier 
integrity by mediating morphological remodeling of ECs through acti
vating Rho GTPases and reactive oxygen species (ROS), and by pro
moting the release of endothelial adhesion molecules [90]. Taken 
together, the above work has revealed that the activation and 

dysfunction of ECs in severe COVID-19 can be associated with over
reactive immune responses induced by SARS-CoV-2 infection. 

5. Signaling pathways possibly involved in COVID-19 associated 
endothelial dysfunction 

There are a number of review articles summarizing the potential 
mechanisms that could be involved in endothelial dysfunction as a result 
of SARS-CoV-2 infection [90–95], here, we focus on the ROS, VEGFA 
and HMGB1-RAGE/TLR4 pathways that are more recently identified as 
key signaling events potentially involved in COVID-19 mediated endo
thelial dysfunction (Fig. 3). 

5.1. ROS and oxidative stress 

ROS are byproducts of oxygen metabolism. At moderate concentra
tions, ROS are important signaling factors in maintaining tissue ho
meostasis [92]. However, uncontrolled ROS accumulation caused by 
either excessive production or inefficient elimination after infection by 
respiratory viruses leads to oxidative stress and endothelial dysfunction 
[92,96] (Fig. 3A). 

In patients contracting SARS-CoV-2, the elevated levels of pro- 
inflammatory factor TNF-α could greatly contribute to ROS generation 
[13,89]. TNF-α was demonstrated to induce oxidative stress by stimu
lating NADPH-oxidase in ECs, further up-regulating the expression of 
endothelial adhesion molecules such as ICAM-1 and increasing cell 
permeability in a NFκB-dependent manner [97,98]. Another potential 
trigger of excessive ROS production following COVID-19 is the defi
ciency of functional ACE2 after SARS-CoV-2 infection [99–101]. 
Although some evidences showed that ACE2 was up-regulated by IFN 
signaling in COVID-19 [45,102], it has recently been shown that the 
IFN-stimulated ACE2 was actually a truncated isoform with no function 
[103,104]. Thus, rather than being increased, the expression level of 
functional ACE2 could be reduced along with internalization of the 
SARS-CoV-2/ACE2 complex in COVID-19 [99–101]. As a consequence, 
the balance of RAS signaling could have been shifted to the accumula
tion of Ang II and AT1R that enhances the generation of ROS in ECs 
[105]. In addition to increased endothelial permeability, oxidative stress 
followed by SARS-CoV-2 infection could also disturb vascular tone 
[91,106]. Healthy vascular tone relies on the balance of vasodilators 
such as NO, and vasoconstrictors such as ROS [93]. The excessive gen
eration of ROS after viral infection could not only lead to the accumu
lation of vasoconstrictors, but also reduce the bioavailability of NO, 
thereby exacerbating the disruption of vascular tone [91]. 

5.2. VEGFA/VEGFR2 pathway 

In patients with COVID-19, it is possible that the elevated levels of 
cytokines during inflammation could up-regulate and activate the 
vascular endothelial growth factor-A (VEGFA) signaling pathway 
through binding to its main receptor vascular endothelial growth factor 
receptor2 (VEGFR2) [107]. VEGFA/VEGFR2 is a predominant ligand- 
receptor complex in the VEGF system, which promotes angiogenesis 
by regulating EC proliferation, migration, and survival [94]. Neverthe
less, VEGFA/VEGFR2 signaling can also contribute to endothelial 
inflammation by increasing vascular permeability potentially related to 
endothelial dysfunction in COVID-19 [94,107] (Fig. 3B). 

Mechanistically, VEGFA/VEGFR2 could lead to increased endothe
lial permeability of the lungs after SARS-CoV-2 infection through 
mediating the phosphorylation states of endothelial adhesion proteins 
and the activation of NO production [107–114]. VE-cadherin is an 
important component of endothelial adherens junctions, the phosphor
ylation of which is closely associated with the endothelial barrier 
integrity [108]. The binding of VEGFA to VEGFR2 leads to the phos
phorylation of human VEGFR2 at Y951, allowing the interaction of T 
cell specific adaptor (TSAd) and Src kinase to promote the 
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phosphorylation of VE-cadherin at Y658 and Y685 [108]. In addition to 
VE-Cadherin, VEGFA also regulates the tyrosine phosphorylation of 
endothelial adhesion molecule β-catenin [109,110]. It has been 
demonstrated that VEGFA/VEGFR2 signaling can activate focal adhe
sion tyrosine kinase (FAK), resulting in the FAK mediated phosphory
lation of β-catenin at Y142 and the dissociation of β-catenin from VE- 
Cadherin that disrupts EC junction [109]. Besides, phosphorylation 
and destabilization of other endothelial junctional proteins such as 
occludin and connexin 43 can also be resulted from the activated 
VEGFA/VEGFR2 signaling [111,112]. Furthermore, endothelial NO 
synthase (eNOS) was suggested to be activated by Akt phosphorylation 
is induced by VEGFA [113,114]. Increased NO production during 
inflammation could then contribute to impaired vessel barrier integrity 
[115]. 

5.3. HMGB1/RAGE/TLR4 pathway 

The high mobility group box 1 protein (HMGB1) is a damage- 
associated molecular pattern (DAMP) [116]. HMGB1 released by 
dying or stressed cells functions as proinflammatory molecule through 
interacting with multiple receptors based on its redox state, including 
the receptor for advanced glycation endproducts (RAGE) and toll like 
receptor 4 (TLR4) [116]. The activation of the HMGB1-RAGE/TLR4 
axis, which is common in pulmonary inflammation [95], causes endo
thelial dysfunction mainly by directly inducing EC death [117], 
increasing endothelial permeability [118], and exaggerating inflam
mation [119,120]. 

RAGE is predominantly expressed by type 1 alveolar epithelial cells 
[121], as well as inflammation-activated vascular ECs and leukocytes 
[122]. The interaction between HMGB1 and RAGE is involved in 
inflammation and cell migration by activating pathways such as NFκB 
and MAPK [119,123], and increasing the levels of adhesion molecules 
ICAM and VCAM [118], as well as chemokine CXCL12 [120]. Disulfide 
HMGB1, a redox isoform of HMGB1, can bind to TLR4 co-receptor MD-2 
[124]. In macrophages, the HMGB1-dependent activation of the TNF 
release relies on the interaction of HMGB1 and TLR4, suggesting that the 
pro-inflammatory response could be triggered by the HMGB1/TLR4 axis 
[124]. Moreover, there is an interplay between RAGE and TLR4 in the 
regulation of HMGB1-induced inflammation. Specifically, activation of 
the HMGB1/TLR4 axis enhances the expression of RAGE, while the 
interaction between HMGB1 and RAGE increases the cell surface dis
tribution of TLR4 [125]. 

Another potential proinflammatory mechanism involving HMGB1, 
RAGE, and TLR4 depends on the detergent property of HMGB1 to per
meabilize the phospholipid bilayer under acidic conditions [126,127]. 
With the help of cell surface RAGE and TLR4 located at the endosomal 
membrane, DAMPs containing extracellular HMGB1 are able to trans
locate into lysosomes. However, instead of being degraded in the lyso
somes, DAMPs may translocate to the cytosol through HMGB1 mediated 
degradation of the lysosomal membrane in the acidic lysosome. This 
process could further amplify the inflammatory cascades and induce 
pyroptosis [126–128]. Indeed, evidences from Kawasaki disease sug
gested that the lysosomal rupture triggered by HMGB1/RAGE activates 
NLRP3 inflammasome in ECs causing pyroptosis [117]. Thus, the acti
vation of HMGB1/RAGE/TLR4 axis might provide an explanation un
derlying the overactivated immune response and endothelial 
dysfunction in COVID-19 [95]. Importantly, it has been proposed that 
targeting HMGB1 could alleviate its proinflammatory activities in 
exaggerated pulmonary inflammation [95]. Particularly, chloroquine 
that can neutralize the acidic environment of the endolysosomal system 
was shown to improve the outcome of COVID-19 infections [129]. 
Nevertheless, the therapeutic efficacy targeting this pathway in larger 
controlled clinical studies requires further investigations. 

Fig. 3. Potential mechanisms underlying the pathogenesis of SARS-CoV-2 
induced endothelial dysfunction. (A) Reactive oxygen species (ROS) and 
oxidative stress: in COVID-19 patients, the stimulated NADPH oxidase induced 
by TNF-α leads to ROS accumulation. Additionally, elevated IFN reduces 
expression of functional ACE2 leading to imbalanced RAS signaling and 
increased ROS. Excessive ROS generation then disturbs vascular tone and in
creases endothelial permeability; (B) The VEGFA/VEGFR2 pathway: inflam
matory cytokines can activate the VEGFA/VEGFR2 signaling that promotes the 
phosphorylation of endothelial adhesion molecules and eNOS by activating the 
corresponding kinases, thereby increasing vascular permeability; or (C) The 
HMGB1-RAGE/TLR4 pathway: the binding of HMGB1 to RAGE or TLR4 up- 
regulates adhesion molecules and chemokines mainly through MAPK and 
NFκB pathway, respectively, thereby promoting vascular leakiness. In addition, 
the property of HMGB1 to rupture lysosomal membrane could activate 
inflammasome that eventually leads to pyroptosis of ECs. Black solid lines 
indicate direct binding or interaction, pink solid or dash lines indicate activa
tion or stimulation, green solid or dash lines indicate inhibition, and black dash 
lines indicate a consequence. 
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6. Endothelial dysfunction and thrombosis in COVID-19 patients 

Abnormal coagulation and thrombotic complications are perceived 
as dominant manifestations of endothelial dysfunction in severe COVID- 
19. For instance, thrombotic vessel occlusions and high levels of circu
lating coagulant markers have been detected in specimen of patients 
suffered from COVID-19, highlighting the coagulant activation 
following SARS-CoV-2 infection [130–132]. D-dimer, produced by 
cleaved cross-linked fibrin, was an indicator for coagulation [133]. 
Plasma D-dimer levels in patients with severe COVID-19 were usually 
higher than that of mild patients [132,134,135]. And D-dimer continued 
to increase with the disease exacerbation in patients who did not survive 
COVID-19 [132,135–137]. These clinical observations suggested that 
coagulation activation was positively correlated with COVID-19 severity 
and mortality. Indeed, the propensity of SARS-CoV-2 to cause vascular 
complications such as stroke, ischemia, and thrombosis was always a 
leading threat of COVID-19 [138]. 

At the cellular level, dysregulated ECs, platelets, and immune system 
are currently perceived as the primary causes of COVID-19 associated 
coagulopathy. Healthy endothelium possesses antithrombotic ability 
through preventing platelet aggregation and fibrin formation via 
expressing tissue factor pathway inhibitors, recruiting anticoagulant 
molecules, and activating anticoagulant factors [139–141]. However, 
under pathological conditions, ECs can be activated by proinflammatory 
cytokines and pathogen-associated molecular patterns (PAMPs), thereby 
releasing procoagulant factors and contributing to both the initiation 
and propagation of thrombus generation [139]. The adhesion glyco
protein vWF stored in Weibel-Palade bodies of ECs plays a critical role in 
thrombosis [142]. Mechanistically, vWF serves as a mediator for platelet 
adhesion and aggregation primarily by shaping into large multimers that 
form high-strength bonds with platelets via platelet receptors [143]. Of 
note, clinical observations highlighted considerably elevated levels of 
vWF in COVID-19 patients, particularly in the critically ill patients 
admitted to ICU, reflecting the hypercoagulable milieu caused by 
infection-mediated endothelial injury due to SARS-CoV-2 invasion 
[142,144–159]. Besides vWF, the impaired endothelium also released 
tissue factor and adhesion molecules such as ICAM, P-selectin, and E- 
selectin, all of which supported the development of thrombosis 
[160–162]. 

Platelet activation also participates in coagulation and clot forma
tion. Increasing evidences showed activated platelets in COVID-19 pa
tients [163,164]. Dysfunctional ECs possessing the coagulant potential 
could stimulate platelets and accelerate thrombosis during SARS-CoV-2 
infection [139]. Moreover, in the case of COVID-19, platelet activation 
may also be directly stimulated by SARS-CoV-2. Zhang et al reported 
that platelets expressed endogenous ACE2 and TMPRSS2, which allowed 
SARS-CoV-2 to activate platelets [164]. However, a recent study argued 
that the ACE2 mRNA was not detected in platelets, even though the 
SARS-CoV-2 gene was found in platelets of 2 of 25 patients with COVID- 
19 [163]. Although it remains unclear whether platelets expressed 
ACE2, platelets were endowed with a spectrum of receptors that can 
recognize single-stranded RNA virus [165]. Like in encephalomyocar
ditis, platelets can be directly stimulated by encephalomyocarditis virus 
(EMCV) via platelet TLR-7, promoting the interaction between platelets 
and neutrophils [166]. Thus, it is reasonable to assume that the direct 
activation of platelets by SARS-CoV-2 also contributed to the initiation 
of thrombosis in COVID-19. 

In patients with COVID-19, elevated neutrophil counts and the major 
neutrophil chemotactic factor IL-8 were linked to poor prognosis 
[72,74,136,162,167–170]. A notable feature of neutrophils is to form 
neutrophil extracellular traps (NETs), which are extracellular de- 
condensed DNA in complex with histones and granule proteins 
released from activated neutrophils [171]. NETosis, the process of NETs 
formation, has been initially identified as a defense event to entrap 
pathogens [171]. Nevertheless, accumulating studies emphasize the 
pivotal contribution of NETs to atherosclerosis and thrombosis [171]. 

Currently, NETs have been known as the driver of thrombus initiation 
and progression in severe COVID-19 [72,167,168,172–175]. The infil
tration of NETs was ubiquitously detected in the postmortem lung bi
opsies from patients succumbed to COVID-19, involving airway, 
interstitial, and vascular compartments [72,173]. In the sera collected 
from COVID-19 patients, the levels of cell-free DNA and the well-defined 
markers of NETs including myeloperoxidase-DNA (MPO-DNA) and cit
rullinated histone H3 (Cit-H3) were increased with the disease severity 
[174]. Mounting evidence suggested that the milieu promoted NETosis 
following SARS-CoV-2 infection. Middleton et al showed that not only 
MPO-DNA and Cit-H3 were increased in sera of COVID-19 patients, but 
also platelet factor 4 (PF4), RANTES (regulated on activation, normal T 
cell expressed and secreted), and platelet-neutrophil aggregates, all of 
which could trigger NETosis [172]. Moreover, higher titers of anti
phospholipid antibodies (aPL) presented in COVID-19 patients pro
moted NETosis [176]. The injection of anticardiolipin IgG purified from 
COVID-19 patient intensified venous thrombosis in mice, demonstrating 
the procoagulant feature of aPL antibodies induced by SARS-CoV-2 
[176]. Mechanistically, Skendros et al proved that NETs dependent 
thrombosis in COVID-19 was based on platelet-neutrophil interaction, 
the release of tissue factor, and complement activation [162]. Of note, 
Skendros et al also proved the interaction of NETs with platelets and ECs 
in the context of COVID-19 by showing that the human arterial endo
thelial cells (HAECs) treated with the NETs generated from neutrophils 
which have been exposed to platelet-rich plasma (PRP) from COVID-19 
patients exhibited thrombotic potential [162]. Conclusively, COVID-19 
associated thrombosis could be a comprehensive reflection of injured 
endothelium, dysregulated platelets, and disordered immune system 
resulted from SARS-CoV-2 infection. 

7. Current clinical trials targeting COVID-19 related endothelial 
disorders 

As aforementioned, it has been generally acknowledged that COVID- 
19 related endothelial dysfunction could be attributed to direct infection 
of SARS-CoV-2 through the entry receptors such as ACE2; and/or indi
rect consequences following over-reactive immune responses against 
SARS-CoV-2 infection. Treatment options targeting the entry receptors 
or uncontrolled inflammation could be effective in relieving endothelial 
disorders following SARS-CoV-2 infection. Moreover, there was a posi
tive correlation between the initiation/progression of thrombosis and 
the survival rate of severe COVID19 cases; therefore, anti-coagulation 
therapy has been tested. In this section, we discuss about the clinical 
management and outcomes of trials addressing the causes of endothelial 
disorders with pros and cons of each approach (also see Table 2). 

Given that ACE2 is the main cell entry receptor of SARS-CoV-2, it has 
suggested as a COVID-19 drug target. The therapeutic potential of 
hrsACE2 in COVID-19 was demonstrated by inhibition of SARS-CoV-2 
infection to human blood vessel organoids [16] (Fig. 4). Clinically, in 
a case of 45-year-old woman with severe COVID-19, a marked reduction 
of Ang-2, IL-6, IL-8, and inflammation marker ferritin was observed 
following the administration of hrsACE2 [177]. Indeed, hrsACE2 was 
able to neutralize SARS-CoV-2 through binding to the viral S protein, 
protecting organs from injury due to the overactivated RAS signal in 
COVID-19 [177–179]. Nevertheless, ACE2 targeting is still an under
explored strategy in clinical setting. The drawbacks of this approach 
include the short half-life of soluble ACE2 and the potential of contrib
uting to an unbalanced RAS after an excessive administration of rhACE2. 

Another key to successful treatment of COVID-19 related endothelial 
dysfunction is the control of systemic inflammation. Tocilizumab, a 
monoclonal antibody blocking the binding of IL-6 to IL-6 receptor (IL- 
6R), has been utilized for the treatment of COVID-19 (Fig. 5A). A cohort 
study of 4,485 adults admitted to ICUs due to severe COVID-19 sug
gested that the early treatment with tocilizumab could lower the in- 
hospital mortality of critical COVID-19 [180,181]. Known for anti- 
inflammation, glucocorticoids have been widely used in the 
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management of SARS and Middle East respiratory syndrome (MERS), 
both of which are also RNA viruses [182]. In an open-label Randomized 
Evaluation of COVID-19 Therapy (RECOVERY) trial involving 6,425 
patients, dexamethasone displayed its benefits in mitigating inflamma
tion and reducing the incidence of death among patients receiving res
piratory support [183] (Fig. 5B). Given the critical roles of NETs and 
complement activation in the progression of severe COVID-19 and 
COVID-19 related immunothrombosis, drugs targeting NETosis and 
complement activation have also become the attractive candidates with 
a goal for managing dysregulated immune systems following SARS-CoV- 
2 infection (Fig. 5C). Recombinant DNase I (dornase alfa), which clears 
extracellular DNA fragments and NETs, has been demonstrated to 
improve the ventilation of COVID-19 patients in two small scale clinical 
investigations [184,185]. Moreover, neonatal NET-inhibitory factor 
(nNIF) that impedes NETosis has been found to block in vitro NET for
mation induced by plasma from COVID-19 patients, even though the 
mechanisms of actions require further investigations [172]. Therefore, 
more studies are required to demonstrate the clinical outcomes of using 

NETs inhibitors on potential treatment against COVID-19. Furthermore, 
complement inhibitor eculizumab that blocks the generation of C5a 
from C5 has been approved by the FDA for administrating on patients 
with COVID-19, contributing to mitigated inflammation and improve
ment on the overall survival rate [186,187] (Fig. 5D). Nonetheless, anti- 
inflammatory regimen would need to be tightly regulated to avoid side 
effects including systemic immunosuppression that could lead to 

Table 2 
Advantages and disadvantages of the proposed clinical approaches in the prevention and management of COVID-19 associated endothelial dysfunction  

Approach Advantages Disadvantages Ref 

rhACE2  - Directly restrain the infection of host cells by 
SARS-CoV-2  

- Exert protective effects in multiple organs by 
modulating RAS  

- Well-tolerated without serious adverse effect  

- Short half-live of soluble ACE2 in vivo  
- An excessive amount of rhACE2 may upset the balance of RAS  
- High-frequency of drug administration 

[179] 

Anti-inflammation 
therapies  

- Effective to avoid serious complications during 
viral infection  

- Most drugs are affordable in price and easy to be 
administrated  

- Risk of side effects associated with systemic immunosuppression including 
infections and allergic reactions 

[180–186] 

Cell-based therapies  - Alleviate viral infection  
- Anti-inflammation  
- Promote endogenous repair  

- Immunogenicity with non-autologous implantation  
- Limited cell sources  
- Tumorigenicity associated with MSCs  
- Ethical issues associated with hESCs  
- High-cost 

[188–192] 

Anti-coagulation 
therapies  

- Prevent COVID-19 associated coagulation 
disorders  

- Reduce the risk of thromboembolism  

- Bleeding  
- disturb the protective process in the lungs 

[197–203]  

Fig. 4. Therapeutic strategies targeting the entry of SARS-CoV-2 into endo
thelial cells by competitive binding through recombinant soluble ACE2. Soluble 
human recombinant ACE2 (hrsACE2) neutralizes SARS-CoV-2 through binding 
to the viral S protein. 

Fig. 5. Therapeutic strategies targeting over-activation of the immune re
sponses during COVID-19 progression. Over-activated immune response caused 
by SARS-CoV-2 infection could be mitigated by (A) blocking the interaction 
between IL-6 and IL-6R through Tocilizumab; (B) controlling cytokine release 
storm from leukocytes through dexamethasone; (C) inhibiting formation of 
neutrophil extracellular traps (NETs) and promoting clearance of NETs through 
DNase I (Dornase alfa) or neonatal NET inhibitory factor (nNIF); (D) sup
pressing complement activation through Eculizumab; or (E) controlling 
inflammation after infection by implantation of mesenchymal stem 
cells (MSCs). 
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infections and allergic reactions. 
Cell-based approaches have also gained attention as a potential 

treatment strategy targeting COVID-19 related endothelial dysfunction. 
By virtue of its anti-viral properties and the lack of expression of ACE2 
and SARS-CoV-2 priming enzymes make mesenchymal stem cells 
(MSCs) a suitable candidate as a potential treatment option [188–190] 
(Fig. 5E). In particular, MSCs can enhance pathogen engulfment, assist 
in the clearance of infected host cells, and release anti-inflammatory 
factors that improve the inflammatory conditions after viral infection 
[191]. Besides, most MSCs are present in the pulmonary vascular bed 
following intravenous delivery to the patients, thus restoring endothelial 
integrity while mitigating inflammation [192]. Clinical trials using 
MSCs against SARS-CoV-2 have been conducted worldwide. The initial 
trial was launched in China including 7 COVID-19 patients diagnosed 
with varied disease severities. After being transplanted with MSCs 
originated from undisclosed tissues, all patients showed significantly 
improved pulmonary function and alleviated symptoms as evident by 
decreased inflammatory markers and increased numbers of regulatory T 
cells and regulatory dendritic cells [190]. Moreover, another report also 
documented that implantation of allogeneic MSCs derived from umbil
ical cord (hUCMSCs) successfully led to remission of severe inflamma
tion in a 65-year-old woman who eventually recovered from COVID-19 
[193]. MSC derivatives including its conditioned media and exosomes, 
which retain the bioactivity of factors secreted by MSCs and even 
contain organelles such as mitochondria, were also applied in the MSC- 
based trials targeting COVID-19 [194]. MSC derivatives provide similar 
protective effects as MSCs to the patients with an added benefit of 
reduced tumorigenicity that is associated with living MSCs [195]. In 
addition to MSCs, Wu et al also demonstrated the safety use of clinical- 
grade immunity- and matrix-regulatory cells (IMRCs) differentiated 
from hESCs in the improvement of fibrosis and inflammatory lung dis
orders in animal studies, indicating the potential of hESCs in the treat
ment of COVID-19 and its complications [196]. 

Due to the fatal threat of thrombotic complications after SARS-CoV-2 
infection, anticoagulation therapy has been utilized for the treatment of 
COVID-19 (Fig. 6). The majority of clinical evidences showed that 
therapeutic and prophylactic anticoagulation led to lower in-hospital 
mortality and the need for intubation among patients with COVID-19, 
suggesting that anticoagulation could be associated with better prog
nosis [197]. Heparin was recommended to be a potential therapeutic 
strategy for COVID-19 related coagulation. A clinical study involving 
449 patients with severe COVID-19 indicated that anticoagulant therapy 
mainly through low molecular weight heparin (LMWH) contributed to 
decreased mortality of patients with sepsis-induced coagulopathy (SIC) 
and significantly elevated D-dimer, suggesting that LMWH was benefi
cial to COVID-19 patients with thrombotic symptoms [198]. Moreover, 
the feature of LMWH to inhibit IL-6 and the replication of coronavirus 
may also contribute to its beneficial function as an anticoagulation drug 
[199–201]. Although unfractionated heparin and LMWH were consid
ered as promising drugs targeting COVID-19 related coagulopathy, the 
adverse effects should be taken seriously. One primary concern is 
bleeding [202]. Besides, heparin may disturb the protective process in 
the lungs as the coagulation within alveoli and airways was believed to 
improve the survival of COVID-19 patients [203]. Thus, how to keep the 
balance between the benefits and potential risks of using anti
coagulation therapies is a key question regarding the treatment strategy 
for COVID-19 related coagulopathy. 

8. Conclusions and future perspectives 

Taken together, there are some evidences to suggest that targeting 
the host cell entry pathway or the control of over-reactive immune re
sponses following SARS-CoV-2 infection could provide some clinical 
benefits to COVID-19 patients. Further research is needed to study the 
therapeutic efficacy of these approaches in a larger population with 
multicenter trials. Moreover, given that it is controversial in the 

expression levels and/or contribution of endothelial ACE2 to SARS-CoV- 
2 induced endothelial dysfunction, future research direction should 
focus on alternative pathways by which the virus can directly induce 
endothelial pathologies independent of ACE2. Currently, the emergence 
of various SARS-CoV-2 variants raise some concerns over the preventive 
measures as well as therapeutic treatment strategies targeting COVID-19 
and its associated complications.. Essentially, the therapeutic efficiency 
and efficacy targeting COVID-19 associated endothelial pathologies 
induced by different strains of SARS-CoV-2 also require future in
vestigations. Furthermore, one of the major concerns limiting research 
progress on understanding the COVID-19 related endothelial patho
genesis is the lack of animal models that can recapitulate all aspects of 
COVID-19 in humans especially the unusual features including endo
thelial dysfunction after SARS-CoV-2 infection in vivo [7]. Moreover, 
hamsters might represent a better animal model than mouse to study 
human physiological responses after SARS-CoV-2 infection but deeper 
mechanistic investigations are limited by the lack of commercially 
available tools such as specific detection antibodies for immunohisto
chemistry studies. Therefore, future efforts are required to build more 
animal models that display a similar degree of susceptibility and im
mune responses following SARS-CoV-2 infection compared to human; 
and to develop and share reagents that allow researchers for conducting 
more basic research into investigation of the COVID-19 related endo
thelial pathogenesis. 
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Fig. 6. Therapeutic strategies targeting thrombosis during COVID-19 progres
sion. Low molecular weight heparin (LMWH) has been used as an antith
rombotic drug to inhibit thrombin that is essential in blood clot formation; to 
inhibit the release of IL-6 from activated leukocytes; and to inhibit the repli
cation of SARS-CoV-2. 
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