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Abstract

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a highly transmissible virus
with significant global impact, morbidity, and mortality. The SARS-CoV-2 virus may result in wide-
spread organ manifestations including acute respiratory distress syndrome, acute renal failure,
thromboembolism, and myocarditis. Virus-induced endothelial injury may cause endothelial activa-
tion, increased permeability, inflammation, and immune response and cytokine storm. Endothelial
dysfunction is a systemic disorder that is a precursor of atherosclerotic vascular disease that is
associated with cardiovascular risk factors and is highly prevalent in patients with atherosclerotic
cardiovascular and peripheral disease. Several studies have associated various viral infections including
SARS-CoV-2 infection with inflammation, endothelial dysfunction, and subsequent innate immune
response and cytokine storm. Noninvasive monitoring of endothelial function and identification of
high-risk patients who may require specific therapies may have the potential to improve morbidity and
mortality associated with subsequent inflammation, cytokine storm, and multiorgan involvement.

© 2021 Published by Elsevier Inc on behalf of Mayo Foundation for Medical Education and Research ® Mayo Clin Proc. 2021;96(12):3099-3108

he severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2) is a

virulent and highly transmissible vi-
rus that has caused the coronavirus disease
2019 (COVID-19) pandemic with millions
of infected patients.'” Mechanistically, exces-
sive inflammation, oxidation, and an exagger-
ated immune response have been thought to
be key players in the underlying pathophysi-
ology of COVID-19. Subsequent cytokine
storm and acute lung injury leading to acute
respiratory  distress  carries  significant
morbidity and mortality. The SARS-CoV-2 vi-
rus infection can result in respiratory, cardio-
vascular, gastrointestinal, and central nervous
system manifestations that have been well
described.” We postulate the role of virus-
induced endothelial injury and subsequent
widespread endothelial dysfunction in the
pathogenesis of SARS-CoV-2 infection.”
SARS-CoV-2, like other viruses, may directly
injure endothelial cells, causing a heightened
innate immune response, endothelial activa-
tion, loss of barrier function, and

microvascular leakage leading to dysfunction
in multiple organ beds.”""

Endothelial dysfunction is a systemic dis-
order that is an early phase of atherosclerotic
vascular disease and is thought to be due to
endothelial ~cell injury.'>"”  Endothelial
dysfunction has been found to be associated
with inflammation, coronary artery disease,
and peripheral artery disease, as well as
atherosclerotic risk factors including diabetes,
hypertension, and hyperlipidemia.'*"'* Physi-
ologically, abnormal endothelial function re-
sults in abnormal microvascular function
impairing microvessel tone and perfusion
regulation and may result in vascular wall
ischemia and neovascularization and subse-
quent recruitment of macrophages, inflam-
mation, and plaque formation. Endothelial
dysfunction has been associated with signifi-
cant adverse events, including both major
adverse cardiovascular events and nonvas-
cular disease such as cancer.'”'”'® Several
studies have associated inflammation,
including both  viral and nonviral
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ARTICLE HIGHLIGHTS

e Severe acute respiratory syndrome coronavirus 2 is a highly
transmissible virus that has led to a global pandemic.

e Severe acute respiratory syndrome coronavirus 2 may cause
viral infection and injury of endothelial cells leading to endo-
thelial dysfunction.

e Viral-induced endothelial dysfunction may cause inflammation, a
heightened immune response, and cytokine storm.

e Endothelial injury and dysfunction may lead to widespread
multiorgan manifestations of this disease.

inflammatory disorders, with endothelial
dysfunction and clinical sequelae spanning
multiple organ systems.'>'"'®

VIRAL ENDOTHELIAL DYSFUNCTION

Although endothelial dysfunction is often a
chronic process, in acute infection, viral
endothelial cell injury can lead to diffuse
and systemic endothelial dysfunction and
activation of multiple immune-mediated,
thrombogenic and inflammatory pathways
that can lead to severe multiorgan involve-
ment and subsequent morbidity and mortal-
ity (Figure 1).'°?” Figure 2 depicts viral
endothelial dysfunction and its potential ef-
fect on disrupting the vascular barrier
responsible for homeostasis, well described
in other viral infections. A similar patho-
physiologic mechanism beginning at the
endothelium is likely responsible for the
widespread systemic effects of SARS-CoV-2
infection. Further understanding of the role
of viral endothelial dysfunction may play a
role in optimizing our understanding of the
pathophysiology of SARS-CoV-2 infection
while improving our ability to risk-stratify
and predict increased morbidity and mortal-
ity in individuals with chronic impaired
endothelial function. The endothelium plays
a key role in maintaining a vascular barrier
and thereby controlling platelet and immune
cell interactions, mediating arteriolar capil-
lary tone, and endothelial cell adherence.
Viral infection of the endothelium may cause
impaired microvascular perfusion, capillary
injury, thrombocytopenia, and vascular

leakage.”’ Endothelial cells regulate vascular
permeability and normally permit fluid
transfer through a series of checks and bal-
ances to prevent lethal capillary leakage.”
Additionally, endothelial cell adherence
plays a critical part in maintaining proper
endothelial function. Figure 2 depicts the ef-
fect of viruses on the endothelium if these
pathways are bypassed, with resulting
vascular leakage, immune cell activation,
and cytokine storm."'%**

Several viruses previously have been
found to cause endothelial injury, vascular
dysfunction, and widespread manifestations
across multiple organ systems by disrupting
normal endothelial homeostasis as described
in Figure 2. These viruses include dengue fe-
ver virus, hantavirus, HIV, and influenza vi-
rus, which have all been associated with
endothelial injury leading to an inflamma-
tory response, cytokine release, and vascular
leakage with varying multiorgan
involvement,*"*>%>%°

The dengue virus is thought to be associ-
ated with endothelial injury, which in turn
leads to widespread vascular leakage evident
at day 3 to 6 after the onset of illness.””**
This timing is similar to the onset of severe
illness after SARS-CoV-2 infection. The
dengue virus targets dendritic cells and
monocytes/macrophages,  which  after
becoming infected induce release of chemo-
kines and cytokines that activate endothelial
cells, increase vascular permeability, and
impair vascular function and perfusion
(Figure 2). In vitro studies have documented
direct infection of endothelial cells by the
dengue virus leading to production of in-
flammatory mediators and widespread endo-
thelial dysfunction. Additionally, excessive
endothelial activation is also responsible for
activation of nuclear factor kB, another
important mediator of vascular permeability.
This in turn has been reported to lead to
reduced multiorgan failure and morbidity
and mortality.”’ "

Chronic HIV infection also is widely
known to be associated with endothelial
dysfunction, but there is evidence that even
in the acute setting HIV can result in endo-

thelial injury and dysfunction.”””**! In a
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study by Bush et al,’” early HIV infection
was associated with early endothelial
dysfunction that was reversed with the initi-
ation of antiretroviral therapy. Moreover,
persistent endothelial dysfunction was asso-
ciated with delays in initiation of antiretrovi-
ral therapy, further supporting a role of
endothelial dysfunction in early HIV infec-
tion. Mechanistically, HIV type 1 proteins
have been found to dysregulate reactive oxy-
gen species—generating enzymatic systems
in the vasculature, inducing microvascular
impairment. HIV infection has also been
associated with increased expression of
adhesion molecules and inflammatory cyto-
kines including tumor necrosis factor
(INF) o and interleukin (IL) 6.2°%°
Increased oxidative stress in the vascular
wall may lead to an imbalance in the produc-
tion of reactive oxygen species and vascular
inflammation (Figure 2),22:25:32,3%

A less commonly known tick-borne viral
disease, severe fever with thrombocytopenia
syndrome has also been associated with
endothelial injury and dysfunction as evi-
denced by enhanced levels of several bio-
markers of endothelial activation.””’
Moreover, markers of endothelial dysfunc-
tion have been significantly associated with
severity of disease and mortality.”

Hantavirus, like COVID-19, is also char-
acterized by sudden flulike symptoms, fever,
and often a hypotensive phase in which
endothelial injury, impaired vasomotor func-
tion, and vascular permeability may result in
severe elevation in inflammatory markers,
cytokine storm, and subsequent low albumin
levels, high serum creatinine concentrations,
and cardiopulmonary/renal manifestations
and shock.” Zika virus has also previously
been associated with microvascular dysfunc-
tion and may cause downstream neurologic
clinical sequelae by infection of human brain
microvascular endothelial cells leading to
enhanced release of inflammatory cytokines
and increased vascular permeability.*

Clinical manifestations of SARS-CoV-2
infection suggest that it too may act directly
on the endothelium, eliciting a diffuse im-
mune and inflammatory response, cytokine
storm, impaired vascular function, and

SARS-CoV-2 infection

|

Endothelial injury

|

Endothelial dysfunction

|

Inflammation
Immune cell infiltration
Increased vascular permeability
Abnormal vasomotor function
Cytokine production and storm

|

Multiorgan involvement

|
! ! !

!

ARDS Thrombosis R

dysfunction

Myocarditis

thrombosis, renal dysfunction, and myocarditis.

FIGURE 1. We postulate viral-induced endothelial dysfunction as the un-
derlying pathophysiologic mechanism leading to the multisystem involve-
ment seen with severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infection. The initial viral infection results in endothelial injury and
abnormal function of the endothelium that activates inflammatory pathways
with cytokine production and cytokine storm, immune cell infiftration,
increased vascular permeability, abnormal vasomotor function, and micro-
vascular ischemia, which in tum lead to multiorgan clinical manifestations
including development of acute respiratory distress syndrome (ARDS),

multiple organ involvement including, but
not limited to, acute respiratory failure,
acute renal failure, thrombosis, and myocar-
ditis as described in other viral infections.
Further investigation should be directed at
noninvasive assessment of endothelial func-
tion in patients with COVID-19 infection
and the role of endothelial biomarkers in
risk stratification and prognostication. Such
diagnostic interventions, if performed early,
may have the ability to predict impending
cytokine storm and clinical decompensation
and may elucidate new therapeutic targets
to reduce adverse events associated with
SARS-CoV-2 infection.

Recent studies in this area have provided
further support for this hypothesis that
endothelial injury by the SARS-CoV-2 virus
may be important in explaining the wide-
spread clinical manifestations. Dupont
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FIGURE 2. This central illustration schematically illustrates our proposed mechanism of viral endothelial injury. The virus may infect the
endothelial cell and monocytes, leading to cytopathic effects, increasing levels of cytotoxins including interleukin 6 (il-6) and tumor
necrosis factor a (tnf alpha), and cytokine dysregulation, and cause platelet activation and alterations in platelet binding, vascular
permeability, endothelial platelet interactions that may in turn cause widespread endothelial dysfunction, cytokine storm, heightened
immune response, and multiorgan system involvement and potentially failure. NET, neutrophil extracellular trap; PMN, poly-
morphonuclear; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TF, tissue factor; VE, vascular endothelial; VWEF, von
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et al’” have reported that excess soluble fms-
like tyrosine kinase 1, which is a soluble in-
hibitor of the vascular endothelial growth
factor pathway and a promoter of endothelial
dysfunction, is associated with organ failure
in patients with SARS-CoV-2 infection
Green’® has suggested increased endothelial
dysfunction and nitric oxide deficiency as a
key factor in COVID-19. Complement-medi-
ated extracellular vesicle release has also
been suggested as a measure of endothelial
dysfunction and may help establish a prog-
nosis for patients with COVID-19.””

INFLAMMATION/CYTOKINE STORM

Cytokine storm has been found to be a clin-
ical predictor of morbidity and mortality in
several viral infections including influenza.*’

3102

Cytokine storm is also associated with signif-
icant morbidity and mortality in patients
with COVID-19 infection, and this result
may be driven by initial endothelial injury.
Endothelial cells play a key role in orches-
trating both immune cell infiltration and
cytokine production leading to a cytokine
storm.”" Viral infection of monocytes may
lead to release of cytokines, which may in
turn activate the endothelium. Additionally,
viral infection may activate T cells or cause
lysis of immune cells, inducing release of
interferon vy and TNF-a, which in turn acti-
vate macrophages, dendritic cells, and other
immune cells/endothelial cells to release in-
flammatory cytokines. Endothelial cells and
macrophages can produce high levels of
IL-6, which is a key therapeutic target in
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the SARS-CoV-2 virus. This in turn activates
T cells and other immune cells, leading to a
positive feedback system and cytokine
storm, which is associated with significant
morbidity and mortality (Figure 1).”*%*>*

When endothelial cells undergo inflam-
matory activation secondary to viral infec-
tion or another cause, there is also
increased expression of vascular cell adhe-
sion molecule 1 and intercellular adhesion
molecule 1, which promote monocyte adher-
ence. Several proinflammatory cytokines
such as IL-1B and TNF-a, acute phase pro-
tein, and C-reactive protein produced in
response to IL-6 all play a key role in adhe-
sion molecule expression, which also are
thought to further contribute to develop-
ment of a cytokine storm.”

Many patients with COVID-19 may have
mild symptoms or even be asymptomatic;
however, a significant proportion of patients
with COVID-19 may experience severe res-
piratory illness requiring intensive care
admission for management of multiorgan
failure, driven by severe inflammation. Risk
factors for more severe infection include un-
derlying cardiovascular risk factors that may
be associated with underlying preexisting
endothelial dysfunction, potentially further
increasing risk of severe presentation.“
Clinically, inflammatory markers have been
used to herald impending clinical decom-
pensation and have been closely affiliated
with impending multiorgan failure. The in-
flammatory cytokine storm characteristic of
COVID-19 infection is a key component of
the disease and is being studied as a thera-
peutic target.””*® Several medical therapies
targeting cytokine release are being used,
with some data suggesting clinical improve-
ment as inflammatory markers decline.
Further studies are necessary to identify
the role of routine monitoring of endothelial
function and endothelial markers in stable
patients to predict impending cytokine
storm. At this time, inflammatory markers
are used as a harbinger of impending cyto-
kine storm and clinical decompensation.
These biomarker elevations often play a
role in diagnosing underlying cytokine
storm, but by then, it may be too late to

reverse the wunderlying inflammatory
pathway. Early identification of patients
with impending cytokine storm and clinical
decompensation using markers of endothe-
lial injury and function may help guide novel
therapies. Moreover, therapies targeted
upstream may potentially have increased
therapeutic benefit when compared with
downstream therapies targeting
inflammation.”’
ACUTE RESPIRATORY DISTRESS
SYNDROME
Clinically, acute respiratory distress syn-
drome (ARDS) is a key component of SARS-
CoV-2 infection and is characterized by short-
ness of breath, hypoxemia, and diffuse pul-
monary edema, with most patients requiring
mechanical ventilation.”*** Acute respira-
tory distress syndrome has been reported to
be caused by pulmonary endothelial
injury.” ' The pulmonary endothelium is a
dynamic layer of cells that is a semipermeable
barrier between pulmonary blood flow and
the lung interstitium that regulate lung ho-
meostasis, gas exchange, leukocyte adhesion,
vasomotor tone, intravascular coagulation,
and fluid trafficking and permeability.”'>*
Pulmonary endothelial injury and dysfunc-
tion of this layer of key cells can result in
ARDS, characterized by inflammation of the
gas exchange surface of the lung and
abnormal microvascular function and reac-
tivity.”” This can cause increased endothelial
permeability due to the formation of intercel-
lular gaps between endothelial cells causing
vascular leakage and pulmonary edema.’”
Moreover, the pulmonary endothelium is
a key regulator in the development of the
cytokine storm in these patients and may
similarly play an important role in patients
with COVID-19 infection. Although endothe-
lium in the normal lung plays a key role in
preventing inflammation, injury can convert
the endothelium to an activated proinflam-
matory phenotype that induces parenchymal
inflammation.”*” Infection with a virus can
activate cytokines and induce a proinflamma-
tory milieu and loss of normal endothelial
homeostasis. Clinically, this results in a
diffuse process affecting the entire lung
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parenchyma as a whole, as seen with
SARS-CoV-2 infection and subsequent
ARDS, as opposed to a localized insult from
a bacterial pneumonia.'®*"*">*

THROMBOSIS
The endothelium plays an important role in
thrombosis by discouraging
attachment of clotting proteins, as it ex-
presses antiplatelet and anticoagulant agents
that prevent platelet aggregation and fibrin
formation. A wealth of data has previously
shown that endothelial dysfunction is associ-
ated with increased risk of thrombosis.””°
Thrombosis has been an important complica-
tion noted in patients admitted with COVID-
19 pneumonia, and this too may be second-
ary to endothelial injury and subsequent
endothelial dysfunction.””” Vascular injury
to the endothelium in the setting of infection
and significant subsequent inflammation may
activate platelets, further damaging the endo-
thelium and resulting in fibrin deposition and
thrombus formation, often called thromboin-
flammation.'>>® Injury to the endothelium
results in loss of protective molecules and
expression of procoagulant activities, adhe-
sive molecules, and mitogenic factors that
can result in smooth muscle cell migration,
proliferation, and thrombosis.”®
Infection-induced thrombosis has been
well described in the literature and is associ-
ated with macrovascular and microvascular
complications including stroke, myocardial
infarction, disseminated intravascular coagu-
lation, and other forms of both arterial and
venous thrombosis.”® The chance of devel-
opment of thrombosis is thought to be
directly correlated with the degree of inflam-
mation, and thus cytokine storm and sys-
temic inflammatory response syndrome are
associated with increased risk of develop-
ment of disseminated intravascular coagula-
tion, in which a procoagulant milieu
contributes to microthrombus formation in
multiple microvascular beds in multiple or-
gans. Infection has also been linked to post-
hospital thrombotic events including deep
venous thrombosis and pulmonary embo-
lism.” Multiple cytokines including IL-1,
IL-6, and IL-8 are all thought to play a key

preventing

role in COVID-19 infection as well, as they
recruit interferons and TNF, induce platelet
activation, and create a proinflammatory
and prothrombotic milieu.

Viral infection specifically has been
robustly studied and found to induce inflam-
mation and a procoagulant milieu that may
result in stroke, myocardial infarction, and
other forms of arterial and/or venous throm-
bosis and may explain the thrombotic com-
plications associated with SARS-CoV-2
infection.”””*? The Ebola virus has been
found to activate tissue factor in mononu-
clear phagocytes, leading to an up-
regulation of the coagulation system with ev-
idence of fibrin deposits in multiple organs
and proximity of the infected cells and viral
proteins to activated macrophages.”’ In the
mouse model of ARDS, the influenza virus
was also found to be associated with
increased platelet aggregation, abnormal
vasomotor function, microvascular pulmo-
nary thrombosis, endothelial damage, cyto-
kine storm, and microvessel occlusion with
clinical thrombosis noted.””®" Trypanosoma
cruzi—infected mice and dogs have been
found to have occlusive thrombi and fibrin
deposits in small epicardial and intramyocar-
dial vessels as well as intramural thrombi.

SARS-CoV-2 infection has been associated
with increased thrombosis, which has led to
significant morbidity and mortality.”*’
Infection-induced thrombosis may be associ-
ated with preexisting risk factors including
smoking, hyperlipidemia, and hypertension,
but whether there is direct causation is un-
known.”” In certain individuals, however, it
appears that infection is especially associated
with thrombosis, and further identification
of these risk factors may help in risk stratifica-
tion and prognostication to help answer
important clinical questions involving the
use of anticoagulation in patients infected
with COVID-19. Moreover, the degree to
which thrombosis is associated with endothe-
lial injury and inflammation is important to
further elucidate the role of clinical moni-
toring of endothelial injury in predicting
future thrombosis. This advance may in
turn help identify therapeutic targets and
enhance understanding of indications for
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anticoagulation and/or other agents to reduce
the risk of thrombosis.’’

RENAL DYSFUNCTION
Acute renal failure is highly prevalent in pa-
tients with COVID-19 infection and is
another important major cause of morbidity
and mortality.”’ Especially in patients with
critical illness secondary to COVID-19 infec-
tion, it has been reported that many patients
require renal replacement therapy.””°"%
The kidney has a rich and diversified pop-
ulation of endothelial cells because the renal
endothelium is an important part of transpor-
tation across the nephron, and the endothe-
lium must extremes  of
oxygenation and osmolality.”” The renal
vascular endothelium may be targeted in
several inflammatory processes including
nephritis vasculitis and ischemic acute renal
failure. Viral-induced endothelial dysfunc-
tion in the kidney may result in vasoconstric-
tion, endothelial leakage, and increased
vascular permeability, tissue edema, leuko-
cyte adhesion to the endothelial cells, and
microthrombosis, leading to increased renal
vascular resistance that in turn alters global
and regional blood flow.”®°%%7 Thus, during
sepsis with cytokine storm, an increase in
renal vascular resistance may alter global
and regional blood flow, contributing to
changes in renal function.”*>®® Therefore,
endothelial dysfunction secondary to viral
infection with COVID-19 may also explain
the high prevalence of acute renal failure
and the need for renal replacement therapy
noted in many patients with COVID-19 infec-
tion, especially in the setting of cytokine
storm.” Such a phenomenon has been previ-
ously described in patients presenting with
hantavirus infection, which leads to disrupted
endothelial cells and loss of barrier function
and vascular leakage causing hemorrhagic fe-
ver with renal syndrome characterized by
acute renal failure with massive proteinuria.”’

survive in

MYOCARDITIS AND MICROVASCULAR
INJURY

Myocarditis is yet another well-described
manifestation of COVID-19 infection and is
also likely driven by cardiomyocyte viral

infection, endothelial injury, and inflamma-
tion.”” Myocardial thrombosis presenting as
myocardial infarction has also been
described. Myocarditis and myocardial
thrombosis may be 2 separate entities or
may be pathophysiologically intertwined.**

With viral infection, endothelial cells
become injured and express adhesion mole-
cules, antigen-presenting major histocompati-
bility complex molecules, and mount a cellular
immune response leading to cardiac microvas-
cular damage and dysfunction, diffuse myocar-
dial inflammation, thrombus formation, and
sometimes myocardial infarction.”” In autopsy
reports, several viruses including dengue vi-
rus, hantavirus, herpes simplex virus, parvo-
virus B19, cytomegalovirus, coxsackievirus,
and T cruzi have been found to infect the
microvascular endothelial cells of the heart.
Recently, it has also been seen with SARS-
CoV-2 infection in several patients in whom
histology revealed viral involvement of the
endothelium.”” Thus, viral infection may lead
to endothelial activation, damage, injury, and
increased permeability, causing downstream
macrovascular and microvascular manifesta-
tions.”” The increase in proinflammatory cyto-
kines leads to an increase in endothelial
adhesion molecules as well, which through a
positive feedback mechanism may further
exacerbate the infection. Ultimately, the
severity of the autoimmune response to these
cellular mechanisms may determine long-
term prognosis. The inflammatory response
secondary to SARS-CoV-2 viral infection may
also cause increased vascular permeability
due to enlarged intercellular gap junctions
and extensive recruitment and extravasation
of immune cells into the myocardium leading
to myocardial edema.

In the acute phase of viral infection, viral
replication occurs followed by a subacute
phase during which an immune response re-
sults in a significant increase in cytokines
and immune cell infiltration.** As the chronic
phase occurs, the virus is often cleared,
myocardial inflammation resolves, and the
myocardium remodels. Thus, myocardial
damage secondary to viral myocarditis may
be secondary to the virus itself or due to the
activated immune system.42

Mayo Clin Proc. ® December 2021:96(12):3099-3108 ®m https://doi.org/10.1016/j.mayocp.2021.06.027

www.mayoclinicproceedings.org


https://doi.org/10.1016/j.mayocp.2021.06.027
http://www.mayoclinicproceedings.org

MAYO CLINIC PROCEEDINGS

POTENTIAL CLINICAL IMPLICATIONS

Our understanding of SARS-CoV-2 infection
continues to evolve since the beginning of
the pandemic. However, morbidity and mor-
tality remain high with high rates of infection,
and we continue to strive to understand risk
factors that may predict increased risk. Addi-
tional risk factors for endothelial dysfunction
including a history of cardiovascular disease,
race, family history, and genetics may play a
role in endothelial dysfunction. Like other vi-
ruses shown to involve the endothelium,
there is evidence that SARS-CoV-2 may infect
the endothelium and lead to impaired endo-
thelial function, disruption of normal homeo-
stasis of the endothelial barrier, and
widespread endothelial dysfunction and sys-
temic disease.''”"? Although currently diag-
nosis, risk stratification, and treatment focus
on the downstream systemic clinical manifes-
tations, assessment of endothelial function
and identification of individuals with endo-
thelial dysfunction through noninvasive
endothelial function testing and additional
biomarker evaluation may help identify
high-risk individuals who may benefit from
different prevention and treatment strategies.

CONCLUSION

The SARS-CoV-2 virus results in a severe
infection with multiple organ system mani-
festations, leading to severe morbidity and
mortality. Acute viral-induced endothelial
dysfunction may be an underlying, unifying
mechanism responsible for the widespread
systemic manifestations seen with SARS-
CoV-2 infection. Further investigation is
necessary to better understand the roles of
endothelial dysfunction, noninvasive assess-
ment of endothelial function, and bio-
markers of endothelial injury that may
contribute to risk stratification and identi-
fying patients prone to clinical decompensa-
tion. Although our current clinical approach
is to target downstream therapeutic targets
and temporize with renal replacement ther-
apy, ventilator-assisted respiratory support,
and medications, it is important to identify
upstream pathways as therapeutic targets to
be able to predict and manage harbingers

of morbidity and mortality. Although few
robust therapies for endothelial dysfunction
exist, as a field we must work to devise treat-
ments that can not only treat and prevent se-
vere complications of viral infections but
also manage the multitude of other macro-
vascular and microvascular diseases that
are associated with an initial endothelial
injury.

Abbreviations and Acronyms: ARDS, acute respiratory
distress syndrome; COVID-19, coronavirus disease 2019; IL,
interleukin; SARS-CoV-2, severe acute respiratory syn-
drome coronavirus 2; TNF, tumor necrosis factor
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