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Endothelial cell (EC) dysfunction is a characteristic complication
of coronavirus-19 (COVID-19). This review discusses the role of
the endothelium during the pathogenesis of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), with a focus
on different vascular beds, possible routes of infectivity and the
impact of EC dysfunction across multiple organ systems. It is now
known that COVID-19 disease €licits a distinct transcriptomic and
molecular profile that is different to other viral infections, such as
Influenza A (H1N1). Interestingly, there is also a suggested
interplay between the heart and lungs that promotes the
amplification of inflammatory cascades, leading to an
exacerbation in disease severity. Multiomic studies have informed
common pathways that may be responsible for endothelial
activation while also highlighting key differences in COVID-19
pathogenesis between organ systems. At a pathological level,
endothelialitis is an endpoint result regardless of either a direct
viral infection or via indirect effects independent of infection.
Understanding if ECs are directly targeted by SARS-CoV-2 or are
collaterally damaged amid a cytokine storm originating from other
cells and organs can provide novel insights into disease
progression and may highlight possible new therapeutic
opportunities targeted at the damaged endothelium.
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Introduction

The emergence of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) and the resultant cor-
onavirus-19 (COVID-19) disease pandemic has caused
widespread mortality and disrupted life at an un-
precedented rate [1]. The pathophysiological con-
sequences of COVID-19 disease are still being gradually
uncovered through ongoing investigation; however, en-
dothelial cell (EC) dysfunction has been observed to play
a key role in disease progression and severity [2,3]. The
primary organ affected is the lung, with 42% of patients
hospitalised with COVID-19 pneumonia progressing to
acute respiratory distress syndrome (ARDS), and a further
61-81% requiring subsequent intensive care treatments
[4]. Although COVID-19 is primarily a pulmonary dis-
ease, systemic consequences that indicate the contribu-
tion of multiple organ systems are also now well
documented [5]. During COVID-19, endogenous in-
flammatory factors from the lung can be disseminated
from the pulmonary circulation into the systemic circu-
lation via the heart, leading to SARS-CoV-2 pathogenesis
in other parts of the body [6]. While systemic manifes-
tations are usually organ-specific, the dysregulated en-
dothelium itself can contribute to COVID-19 disease
exacerbation by promoting damage within the ubiquitous
vasculature through an increase in nitric oxide (NO)
bioavailability,  glycocalyx/barrier ~ disruption,  hy-
perpermeability, hypercoagulability and thrombosis [7,8].

Here, we discuss the pathophysiological understanding
of multi-systemic COVID-19 disease within the EC
compartment and how the ubiquity of the vascular en-
dothelium uniquely proposes a pan-organ model to
study disease outcomes across different vascular beds, as
well as proposed targets for therapeutic intervention [9].

Cardiovascular complications in the lungs
The leading cause of mortality in COVID-19 patients is
hypoxic respiratory failure as a result of ARDS and viral
pneumonia [4]. However, further pulmonary complica-
tions such as thromboembolism, deep vein thrombosis
and intussusceptive angiogenesis are also substantially
higher in patients following disseminated intravascular
coagulation, leading to widespread morbidity and mor-
talicy [10,11].
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At a transcriptional level, changes to the vascular
endothelium can inform wider manifestations of
COVID-19 disease through the identification of dysre-
gulated genes and pathways. Pulmonary ECs of de-
ceased COVID-19 patients showed an upregulation of
genes involved in cellular stress and interferon cascades,
and downregulation in immunomodulation and vessel
wall integrity markers. This suggests that viral exposure
may promote inflammation and cell permeability causing
immune cell infiltration that exacerbates disease and can
cause ARDS or viral pneumonia [12]. A study using
immunostained lung samples from patients with diffuse
alveolar damage (DAD) as a result of COVID-19 showed
a significant increase in the number of pneumocytes,
macrophages and CD3+ T cells compared with healthy
controls and non-DAD-COVID patients [13]. An in-
creased presence of macrophages and fewer CD8+ T
cells were further associated with poor outcomes in all
COVID-19 patients suggesting a role between the
overactivated innate immune system and disease ex-
acerbation [14]. This was similarly observed in a study
mapping the spatial landscape of the SARS-CoV-2-in-
fected lung, which showed a marked increase in the
interactions between macrophages, fibroblasts and den-
dritic cells, suggesting preferential macrophage interac-
tions with fibroblasts in the alveoli that may contribute
to subsequent fibrosis and the thickening of the alveolar
wall in late COVID-19 [15].

Moreover, fibrosis has also proven to be a key driver in
the establishment of severe COVID-19 disease, as seen
through shared similarities in patients with late-stage
Idiopathic pulmonary fibrosis (IPF). Melms et al. identi-
fied fibroblast subtypes that were present in higher
proportions in the lungs of the COVID-19 cohort com-
pared with controls [16]. The hallmark genes that de-
fined these cells were Collagen type I alpha 1 chain
(COLIAT) and Collagen type I1I alpha 1 chain (COL3AT)
that are known key drivers of lung fibrosis in mouse
models and in patients with Idiopathic pulmonary fi-
brosis (IPF) and scleroderma [17]. This was further
stratified by de Rooij et al., through the identification of
30 genes that were common between circulating ECs in
COVID-19 and IPF patients, cumulatively these genes
were representative of pathways promoting increased
stress, altered immune signalling fibrosis and perturbed
barrier integrity in both disease groups [18]. A further
EC-interactome analysis by the group identified per-
turbed crosstalk between vascular and non-vascular
compartments suggesting an infiltration of immune cells
into pulmonary tissue types, as discussed earlier, which
may be indicative of disease exacerbation as well as
possible compensatory-induced repair mechanisms [19].
Findings from the group also suggest a role of fibroblasts,
as well as ECs, in COVID-19- induced pulmonary fi-
brosis and explain the underlying similarities between
patients with COVID-19 disease and IPF.

Coronavirus-19 and H1N1 have different transcriptional
profiles and pathogenesis

While similar in terms of its fibrotic manifestation in
IPF, SARS-CoV-2 infection is markedly different in
terms of its pathological and transcriptional presentation
compared with other severe respiratory infections such
as HIN1. A comparative examination of patients with
lethal COVID-19 disease and HINI1 showed only
COVID-19 autopsies to present with severe endothelial
injury and a marked presence of intracellular virus
within ECs. The group also reported a higher incidence
of thrombosis and macroangiopathy in the COVID-19
disease cohort — thrombi were 9 times more frequent in
lungs of COVID-19 patients with intussusceptive an-
giogenesis being 2.7 times more likely, suggesting
thrombogenesis to be a unique characteristic in SARS-
CoV-2 compared with other viral infections [20].

At spatial resolution, Margaroli et al. compared pulmonary
regions that showed advanced ARDS in HIN1 and SARS-
CoV-2-infected lungs [21]. The SARS-CoV-2-infected
lung showed increased expression of the extracellular
matrix and coagulation pathways compared with upregu-
lated immune signalling pathways in HIN1. Specifically,
genes related to complement activation, platelet biology
and endothelial injury were greatly upregulated in SARS-
CoV-2 vascular beds demonstrating transcriptionally regu-
lated responses to promoting hypercoagulopathy and in-
flammasome activation. Similarly, spatial transcriptomics
analysis of SARS-CoV-2 compared with HIN1 identified a
group of 7 genes that were specific to the SARS-CoV-2
transcriptome, 3 of which were responsible for the activa-
tion of type-1 interferon responses Lymphocyte antigen 6
complex, locus E, Interferon alpha subtype 127, Interferon
alpha inducible protein 6 (LY6E, IF127 and IFI6) [22]. A
common interferon upregulation has been further reported
by several other groups, including aforementioned Mar-
garoli et al., suggesting hyperinflammation and hypercoa-
gulation to play a more deterministic role in COVID-19
disease outcomes compared with HINT1 [23,24].

Cardiovascular complications in the heart

COVID-19 is also well known to induce significant car-
diac complications, even in patients with no underlying
cardiovascular disease. The burden of cardiac comorbid-
ities such as myocardial infarction has been shown to in-
crease COVID-19 progression to ARDS at a rate of 57.7%
compared with 11.9% in patients without cardiac com-
plications [25]. A single-centre retrospective study ana-
lysed demographic data of patients hospitalised with
COVID-19 disease to find 27.8% of patients had acute
myocardial injury (MI), which subsequently resulted in
cardiac dysfunction and arrhythmias [25]. MI also had a
significant association with fatal outcomes in COVID-19,
while the prognosis of patients without MI seemed more
favourable. Instances of cardiac sequelae following
COVID-19 infection have been shown to persist and lead
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to secondary outcome events, including heart failure [26],
myocarditis [27] and dysrhythmias [28].

With respect to the cardiac system, in vitro systems
using stem cell-derived cardiomyocytes (hiPSC-CM)
and EC models have been used to describe the impact
of SARS-CoV-2 directly on the cardiac vasculature. One
study has shown when hiPSC-CMs were infected with
SARS-CoV-2; a marked dysregulation was observed,
such as an increase in levels of cardiac troponin. This
suggests high cardiac stress and damage responses, dis-
organisation of myofibrils implying muscular weakness
and deterioration and alterations in co-ordinated beating
[29]. Similarly, another group tested the effects of SARS-
CoV-2 on cardiac tissue using a cardiosphere model — a
3D co-culture system comprising of ECs, CM and fi-
broblasts — as well as endomyocardial biopsies of pa-
tients with COVID-19 [30,31]. The results from the
cardiosphere models showed spheroid shrinkage five
days post viral induction, which was indicative of
spheroid death and apoptosis. In the biopsied sections,
virus particles were detected within CM and associated
with visible cytotoxic effects, such as the loss of myofi-
brils showing muscle deterioration in fresh tissue as a
result of severe COVID-19 disease [30].

The crosstalk between the heart and lungs may be
essential in understanding coronavirus-19

COVID-19 can directly affect cardiac and pulmonary
function by promoting damage to both organs. Liu et al.
suggested that a decrease in barrier function paired with
cytokine storms may lead to acute coronary syndrome,
which may permeate into the systemic circulation
causing intravascular blockage and thrombosis [32].
"This, in turn, is thought to promote circulatory disorders
and dead space ventilation, further exacerbating pul-
monary hypoxia in a constant loop. While this knowl-
edge is still being slowly decoded in the literature in the
context of COVID-19 disease, Puri et al. have described
several pathways that may inform the crosstalk between
the heart-lung axis as seen in other severe infections.
The first is due to a disruption of the electrolyte balance
as a result of the angiotensin-converting enzyme-2 re-
ceptor (ACE2) complex binding competitively to SARS-
CoV-2. This dysregulation can lead to high blood pres-
sure and vasoconstriction promoting fluid imbalance
within the heart and lungs to cause disease exacerbation.
The group then identified hypoxia and immune dysre-
gulation to play a pivotal role in understanding the in-
terplay between the lungs and heart. Hypoxaemia
caused by acute respiratory illness results in decreased
oxygen in cardiac tissues directly impairing cardiofunc-
tion. When further paired with the high cardiometabolic
demand of the body during severe illness and added
stress due to immune cell infiltration, an imbalance of
myocardial oxygen may be a key contributor to
ischaemia and further systemic vascular dysfunction.

Moreover, the crosstalk between the heart and lung has
been transcriptionally supported by compelling evidence
from a multi-organ single-cell study by Delorey et al., that
profiled the cardiac and pulmonary compartments during
SARS-CoV-2 infection [33]. The group reported several
pathways upregulated in the heart during COVID, such as
oxidative stress-induced apoptosis, cell adhesion, im-
munomodulation and cell differentiation, which were si-
milar to findings from the lung that showed higher
expression levels for pathways responsible for apoptosis,
adaptive immune responses and cell differentiation.

Cardiovascular complications in the systemic
vasculature

Several other organ systems are also susceptible to both
acute and long-term pathological consequences of COVID-
19 (Figure 1). For example, in the brain, numerous neu-
rological symptoms have been documented throughout the
pandemic with the most common being a loss of taste and
smell, headaches and dizziness in acute cases; with ataxia,
seizures, stroke, encephalopathy in more severe cases and
also in persistent long-COVID cases [34]. RNA sequencing
of human brain microvascular endothelial cells (HBMEC)
following SARS-CoV-2 infection revealed upregulation of
multiple cytokines Tumor necrosis factor, Interleukin 1
beta, Interleukin 6, Interleukin 32 (e.g. TNF, ILIB,
116 and 11.32) and chemokines Chemokine (C-X-C) ligand
8, Chemokine (C-X-C) ligand 1, Chemokine (C-C) ligand
1 (e.g. CXCLS, CXCLI and CCLI) that might associate with
dysfunction in the blood—brain barrier by causing increased
vascular permeability through the downregulation and re-
modelling of intercellular tight junctions to increase neu-
roinflammation [35]. This is supported by in vitro and in
vivo characterisation of SARS-CoV-2-infected HBMEC:s,
which showed an increase in the presence of string vessels
— empty basement membrane tubes formed as a result of
HBMEC death — due to cleavage by the SARS-CoV-2
proteases leading to disruption of the blood—brain barrier
and allowing viral entry into the brain [31].

In the kidney, microvascular dysfunction can manifest as
thrombotic microangiopathy resulting from COVID-19
disease [36]. Renal inflammation and immune cell infiltra-
tion can lead to the development of acute kidney injury
(AKD) in patients with SARS-CoV-2 infection [37]. The
results from a multicentre retrospective study showed that
approximately 20.6% of critically ill COVID-19 patients
admitted for intensive care developed AKI, with the risk of
mortality increasing with the need for kidney replacement
therapy and cardiovascular comorbidities [38].

Coronavirus-19 disease and the endothelium
From the aforementioned discussion, it is clear that
endothelial damage is a key hallmark of COVID-19
disease pathogenesis across multiple body systems.
However, there is still contention over how the damage
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Figure 1
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Systemic sequelae as a result of COVID-19 infection described in the brain, lung, heart, liver, skin and kidney.

to the endothelium is mediated [39]. Dupont et al. as-
sessed markers of endothelial damage (e.g. Von Will-
ebrand factor, syndecan-1, complement etc.) and
histologically profiled thrombi from patients hospitalised
with severe COVID-19 disease. The results showed
significantly higher levels of damage-associated markers
and neutrophil extracellular traps in COVID thrombi
compared with controls [40]. There remains disparity
regarding whether SARS-CoV-2 infects the endothelium
in a direct or indirect manner, or possibly both. While
the eventual outcome from either route is EC dysfunc-
tion and the establishment of a pro-inflammatory and
pro-coagulative state, through systemic toxicity such as
cytokine storms leading to EC damage, a better under-
standing of primary entry points and the mechanism of
viral action may better inform disease modelling and
therapeutic opportunities [41,42] (Figure 2).

The route of action in determining severe acute
respiratory syndrome coronavirus 2 pathogenesis
Direct viral action refers to the active uptake of SARS-
CoV-2 into ECs through binding with the ACE2 and co-
receptors: transmembrane serine protease 2, cathepsin
L1 or neuropilin 1 [43,44]. ACE2 is the cell receptor
responsible for SARS-CoV-2 entry, with binding affinity
being 10-20-fold higher when compared with SARS-
CoV-1 binding to ACE2 [45]. ACE2 is the most re-
presentative bioactive peptide in the renin—angiotensin
system (RAS) that participates in the progression of
cardiovascular diseases such as hypertension and MI
[46]. Meanwhile, the RAS is a complex network that

plays an important role in the maintenance of blood
pressure and electrolyte homoeostasis across the body.
Hence, the formation of an ACE2-SARS-CoV-2 com-
plex may cause dysregulation across the entire RAS
system resulting in a disruption of cardiovascular
homoeostasis. On the other hand, an indirect mechanism
of action suggests endotheliopathy is a result of cyto-
kine-mediated storms that originate from virally infected
cells, either locally or peripherally at areas of acute in-
fection, that possess the receptors and co-receptors for
active viral uptake [47].

It has been shown through transcriptional profiling that
cells within the naso-oral and pulmonary mucosa — such
as alveolar cells and bronchial epithelial cells — are di-
rectly infected by the virus through uptake by ACE2
[48,49]. However, reports regarding direct infection of
ECs tend to be inconsistent. RNA sequencing and epi-
genomic data analysed through Encyclopedia of DNA
Elements (ENCODE) by McCracken et al. showed
minimal or no expression of ACEZ in ECs across arterial,
venous or microvascular beds, neither at the onset of
infection nor activated later upon exposure to in-
flammatory cytokines in the plasma of patients with se-
vere COVID-19 [50]. Such studies suggest that infected
neighbouring cells are responsible for initiating a cyto-
kine cascade following direct infection with SARS-CoV-
2 causing damage to the endothelium downstream [47].

Conversely, the presence of live virus has been observed
within the endothelium through histopathological
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Endothelial dysfunction following SARS-CoV-2 infection. (a) Direct action of viral particles infecting ECs. (b) Indirect action through cytokine-mediated

storm originating from infected neighbouring cells.

examination of autopsied pulmonary tissues from
COVID-19 patients [51,52]. This could potentially be
due to the advanced disease state of these patients
where increased cell permeability may have facilitated
viral entry into ECs regardless of the cell type possessing
receptor and co-receptor activity [47,53].

Potential treatment opportunities

While there is still much contention regarding the me-
chanisms underpinning SARS-CoV-2 effects on the
vascular endothelium, the major effect can be en-
dothelial dysfunction and the promotion of pro-throm-
botic, pro-coagulative and pro-inflammatory cascades
within the vasculature [54]. Currently, the literature
shows treatment efforts focused on supplying supple-
mental oxygen, a cocktail of antiviral drugs (ritonavir,
remdesivir etc.) and low doses of heparin to patients in
intensive care [55,56]. While this approach does directly
target the virus and attain a level of symptomatic man-
agement, further combination therapies that can target
inflammation, coagulopathy, thrombocytopathy and

endotheliopathy together may be advantageous in
tackling COVID-19-associated complications. Sriram
et al. have proposed that proteinase-activated and pur-
inergic receptors (PAPR) that are present on multiple
vascular cell types, including ECs, are key drivers of
inflammation and thrombosis in COVID-19 [57]. The
group has tabulated various drugs approved by the Food
and Drug Administration that target PAPR receptors
directly at the endothelium, which can be repurposed to
treat symptoms associated with COVID-19 disease. Two
examples of this are vorapaxar and dabigatran that target
the activation of platelets (during MI) and inhibit
thrombin (responsible for thromboembolism), respec-
tively. Both drugs are proposed to be active within the
vasculature and can be used in tandem to reduce the
contributions of inflammation and thrombogenesis in the
pathophysiology of severe COVID-19 disease.

Additionally, the endothelium has a pronounced role in
immune surveillance, which can be useful in the de-
termination of COVID-19 disease severity classification.
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Ma et al. ectopically expressed ACE2 in human ECs in
culture, and observed an increase in pro-inflammatory
markers that predominantly promoted monocyte adhe-
sion and NO production [58]. Single-cell RNA sequen-
cing by the group has revealed the toll-like receptor-4
(TLR4) pathway to be crucial in the endothelial response
to SARS-CoV-2. Treatment with TLR4 inhibitors, re-
satorvid (CLLI095) and dexamethasone, aborted virus-in-
duced monocyte adhesion and NO production in
HUVECs and showed a pronounced role in blocking p38
mitogen-activated protein kinase, nuclear factor kB
MAPK/NF-kB/ interleukin-1p in the endothelium.

Interestingly, TTL.R4 blockade via specific inhibitors, such
as CLLI095, could also minimise side effects from general
immunosuppression as a result of dexamethasone treat-
ment to great effect as seen by a reduction in 28-day
mortality in hospitalised patients receiving respiratory
support [59]. Furthermore, the use of in vitro models that
simulate endothelial dysfunction has numerous possibi-
lities to be modelled in the COVID-19 disease context,
such as through the use of ectopic ACE2 expression, ex-
posure to patient plasma or infection via pseudoviruses
[60,61]. Other than the usual benefits of using an in vitro-
based approach, added value can be found in the identi-
fication of prognostic biomarkers as well as transcriptional
profiling of pathways responsible for COVID-19 disease
pathogenesis. Furthermore, ECs may have a pronounced
role in the regulation of immune cascades and thrombosis,
especially during chronic inflammation, where ECs re-
spond to angiogenic factors to form new blood vessels that
are required to sustain inflammatory neo-tissue [62,63]. A
deeper understanding of the mediators and signalling
pathways that are involved in EC-mediated inflammatory
functions may allow for cell-specific targeting at an early
stage for the treatment of thrombosis and cytokine storms
in severe COVID-19 disease.

In conclusion, the endothelium is important in im-
proving our understanding of SARS-CoV-2 pathogenesis
and defining its effects on the systemic vasculature and
multi-organ injury. Here, we have summarised the role
of the endothelium in SARS-CoV-2 pathogenesis, modes
of infection and potential therapeutic targeting. Within
the literature, there is still a divide between the routes of
viral action through either direct infection or indirect
toxicity. Identification of receptors that may be re-
sponsible for endocytic or phagocytic uptake of virus and
virus particles may better drive therapeutic targeting and
prevent EC dysfunction downstream, however, there is
still uncompelling evidence of such receptors con-
tributing to disease pathogenesis. Furthermore, an ana-
lysis of current multiomic studies has shown a distinct
transcriptional signature in SARS-CoV-2 compared with
other viral infections, such as HIN1, but similar to other
severe pulmonary diseases, such as PAH. Moreover, we
have outlined how the interplay between the lungs and

heart contributes to the systemic dissemination of
SARS-CoV-2 and how the pulmonary and systemic cir-
culation may be responsible for disease exacerbation. It
is possible that a shared spatial niche exists between the
lungs and heart during COVID-19 disease as seen by the
common upregulation of key transcriptional signatures
in previous publications. Studying both organs at spatial
resolution may provide an indication of the pathways
and genes that contribute to the systemic pathogenesis
and widespread dissemination of COVID-19. However,
further investigation will be required to uncover the
exact nature and extent of the crosstalk between heart
and lung through both multiomic and functional char-
acterisation.
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