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a b s t r a c t
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) leads to multi-system dysfunction with
emerging evidence suggesting that SARS-CoV-2-mediated endothelial injury is an important effector of
the virus. Potential therapies that address vascular system dysfunction and its sequelae may have an
important role in treating SARS-CoV-2 infection and its long-lasting effects.

SARS-CoV-2 infection and vascular dysfunction
In health, the vascular endothelium maintains homeostasis
through regulation of immune competence, inﬂammatory equilibrium, tight junctional barriers, hemodynamic stability as well as
optimally balanced thrombotic and ﬁbrinolytic pathways. In the
novel coronavirus disease of 2019 (COVID-19) caused by the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), dysregulation of many of these pathways has emerged as a mediator of severe disease. The constellation of clinical and biomarker derangements seen in COVID-19 can be classiﬁed into disruption of the
immune, renin-angiotensin-aldosterone (RAA), and thrombotic balance, all of which converge on the vascular endothelium as a common pathway. Accumulating evidence from basic science, imaging
and clinical observations, has clariﬁed the picture of COVID-19 as
a vascular disease. Understanding the disease in this context may
provide novel avenues of understanding COVID-19 and lead to critically needed improvements in therapeutic strategies.
SARS-CoV-2 uses the angiotensin converting enzyme 2 (ACE2)
to facilitate entry into target cells and initiate infection. This viral entry into the cell is further mediated by transmembrane serine protease 2 (TMPRSS2) and cathepsin L which cleave the S protein on the viral particle to permit engagement with ACE2 [1]. Endothelial cells (ECs) in general and cardiac pericytes in particular
express abundant ACE2, making them a direct target of SARS-CoV2 infection (Fig. 1) [2]. Examination of the pulmonary vascular bed
shows severe derangements in COVID-19, compared to control and
inﬂuenza patients, particularly with widespread thrombosis and
microangiopathy, endothelial activation and extensive angiogenesis
[3]. These studies and pervasive ﬁndings establish the role of viral
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injury to the vascular system with resulting vascular dysfunction
in COVID-19 patients [4].
COVID-19, immune dysregulation and endothelial injury
The vascular endothelium has an intricate role in immune regulation and inﬂammation, an axis that SARS-CoV-2 infection disturbs. Reports from hospitalized COVID-19 patients reveal an activation of the immune system that displays ﬁndings consistent with
cytokine storm, macrophage activating syndrome and subsequent
immune exhaustion, most severe in the sickest patients [5,6]. This
hyper-inﬂammatory state has deleterious effects on the vascular
system with resulting EC dysfunction. In the presence of circulating
inﬂammatory mediators such as interleukin (IL)-1, IL-6, damageassociated molecular patterns and pathogen-associated molecular
patterns, ECs undergo transition to an activated state that participates in host defenses [7]. Activated ECs promote localized inﬂammation by inducing proinﬂammatory gene expression, attracting immune cells, promoting recruitment of inﬂammatory cells to
injured or infected tissues, vascular leak by increasing endothelial
permeability, and altering the thrombotic potential of the local intimal surface. Activation of neutrophils leads to formation of neutrophil extracellular traps (NETs), a process sometimes referred to
as NETosis, which may contribute to responses to pathogens and
thrombosis [8]. Additionally, EC injury is compounded by toll-like
receptor (TLR) activation by viral RNA recognition, with resulting
increased reactive oxidative species (ROS) production [9].
In a regulated and self-limited immune response, these mechanisms help to quell the local insult, with subsequent healing and
return to a resting EC state. In contrast, states of a heightened innate immune response and a prothrombotic state elicited by innate
immune mediators such as that seen in COVID-19 lead to an escalating cascade of these pathways that promote profound microand macrovascular EC dysfunction and damage, with impairment
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Fig. 1. SARS-CoV-2 Induced Endothelial Injury
Legend: A schematic of SARS-CoV-2 infection and proposed resulting endothelial injury, involving immune activation, pro-thrombotic milieu, and RAAS dysregulation. These
insults interact with each other to cause end-organ dysfunction that is manifest in many COVID-19 patients.
TMPRSS2 = Transmembrane protease serine 2; ADAM17 = A disintegrin and metalloproteinase 17; TNF = Tumor necrosis factor; TNFr = Tumor necrosis factor receptor;
TLR = toll-like receptor; DAMPs = Damage-associated molecular patterns; PAMPs = Pathogen-associated molecular patterns; PAI-1 = plasminogen activator inhibitor-1;
vWF = von Willebrand factor; eNOS = endothelial nitric oxide; tPA = tissue plasminogen activator; AT1R = angiotensin 1 receptor; ARDS = acute respiratory distress
syndrome
Created with BioRender.com.
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of other important functions of the endothelium (Fig. 1). Recent
reports of a hyperinﬂammatory syndrome similar to Kawasaki disease shock syndrome in children, with elevated biomarkers of cardiac injury, development of arrythmia and progression to giant
coronary aneurysms in some cases further sheds light on one
manifestation of a macrovascular-focused immune phenomenon in
COVID-19, an area that warrants further study [10]. The EC dysregulation imposed by COVID-19 extends beyond the circulatory
system. Pulmonary ECs have an important role in immune surveillance, maintaining alveolar integrity and ensuring appropriate oxygen exchange. In COVID-19, direct viral infection and the systemic
inﬂammatory response likely lead to severe dysfunction of these
important ECs, compounding the resulting picture of severe hypoxia and acute respiratory distress syndrome frequently reported
in hospitalized patients.

sultingly pro-coagulable state in COVID-19. Multiple analyses and
systematic reviews have shown a substantial burden of venous
thromboembolism (VTE) in COVID-19 patients, with up to 25% incidence of VTE and 20% incidence of pulmonary embolism in hospitalized patients, particularly those with more severe illness requiring critical care and amongst those not on prophylactic or therapeutic anticoagulation [14,20–22]. Further support for macrovascular manifestations of endothelial dysfunction with an activation of
pro-thrombotic mechanisms comes from reports highlighting the
higher incidence of large-vessel stroke in COVID-19 patients as well
as well as a retrospective case-control analysis showing COVID-19
to be an independent risk factor for stroke [23,24].
Recent obstetric data also add evidence to SARS-CoV-2 acting
through endothelial and vascular mechanisms. In a case series of
42 pregnancies admitted with SARS-CoV-2 infection, 14% of all
women and 75% of women with severe COVID-19 symptoms manifested a constellation of symptoms similar to pre-eclampsia and
hemolysis, elevated liver enzymes, low platelet count (HELLP) syndrome, with spontaneous resolution after COVID-19 recovery [25].
Pre-eclampsia has considerable vascular and endothelial dysfunction in its central pathobiology, and the development of this disorder at a considerable rate in women with COVID-19 suggests endothelial involvement as a sequela of viral infection.

Endothelial injury and thrombosis in COVID-19
The endothelium, along with its key immunoregulatory functions, also plays an essential role in maintaining a dynamic interplay between the pro-coagulant and ﬁbrinolytic factors in the
vascular system. In the quiescent state, the endothelium forms a
barrier between the prothrombotic subendothelial layer and procoagulant factors in the blood. In times of stress, activated ECs
express more plasminogen activator inhibitor-1 (a key inhibitor
of endogenous ﬁbrinolysis), tissue factor (a potent procoagulant)
and release von Willebrand factor (a protein that forms multimers that promote thrombus growth). Activated ECs lower activity of thrombomodulin and tissue plasminogen activator, favoring
thrombus accumulation [11]. Furthermore, during stress, immune
effectors potentiate the thrombotic response, including NET formation, and thus can also propagate thrombosis [8]. These changes,
along with other complex regulatory pathways lead to endothelial
dysfunction, activation of the coagulation cascade and suppression
of ﬁbrinolytic mechanisms, with a resulting prothrombotic milieu
(Fig. 1) [11]. Such disturbances in the ﬁne balance of endothelial
health and the coagulation and ﬁbrinolytic systems lead to both
macrovascular and diffuse microvascular thrombotic disease in the
patient [12].
Clinical studies show that patients with COVID-19 have increased ﬁbrinogen, ﬁbrin degradation products, D-dimer and von
Willebrand factor, and these elevations appear to correlate with
severity of disease and thrombotic risk [13,14]. Early reports
showed a substantial burden of myocardial injury in patients who
were critically ill or died from COVID-19 [15]. Multiple mechanisms
may cause cardiac injury in COVID-19 [16]. While infection and
hemodynamic stresses of acute critical illness can trigger plaque
rupture and resulting myocardial infarction, recent reports indicate that some COVID-19 patients show biomarker and electrocardiographic ﬁndings of myocardial infarction without evidence of
acute plaque rupture on angiography [17]. Furthermore, a recent
case series reported a 78% prevalence of cardiovascular involvement and myocardial inﬂammation without apparent left ventricular impairment on cardiac magnetic resonance imaging in recovered COVID-19 patients without cardiac symptoms post-discharge
from the hospital [18]. This pattern of cardiac injury could result
from endothelial dysfunction and coronary microvascular thrombosis in these patients, rather than coronary macrovascular thrombosis.
Evidence of endothelial injury also comes from autopsy reports
that provide further support of this pan-vascular involvement in
COVID-19, with series showing compelling evidence of a high incidence of both deep venous thrombosis as well as in situ pulmonary arterial thrombosis [3,19]. Prominent ﬁndings in these autopsies included microvascular thrombi, particularly in the pulmonary circulation, pointing to a disrupted endothelium with a re-

COVID-19 and the renin-angiotensin-aldosterone system
The renin-angiotensin-aldosterone (RAA) system that crucially
regulates vascular health and function also participates in COVID19. As ACE2 contributes critically to the biology of SARS-CoV-2
infection, much attention has focused on the interplay between
COVID-19 and the RAA system. Angiotensin II is the main vascular effector of the RAA system and exerts its deleterious effects on
the cardiovascular system via angiotensin-II type 1 (AT1) receptors
by activating vasoconstrictor, inﬂammatory and ﬁbrotic pathways.
Prior studies show that angiotensin II perturbs endothelial functions in multiple ways, including by monocyte recruitment, formation of ROS, activation of pro-inﬂammatory pathways including
through nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-κ B) regulation, as well as promoting plasminogen activator inhibitor-1 (PAI-1) production in ECs [26,27]. In health, ACE2
plays a counter-regulatory role in the RAA system by cleaving
angiotensin II to angiotensin 1-7. The enzyme also acts on angiotensin I to convert it to angiotensin 1-9. Both of these enzymatic
conversions yield peptides that have potent anti-inﬂammatory,
anti-oxidant and anti-ﬁbrotic properties.
Early data indicate that SARS-CoV-2 limits ACE2 expression by
promoting cleavage ACE2 by the specialized proteinase A disintegrin and metalloproteinase 17 (ADAM17) and shedding from the
cell surface, leading to a reduction in ACE2’s protective role on ECs
and other organs [28]. One study in COVID-19 patients showed a
markedly elevated level of serum angiotensin II, further implicating an activated RAA system in the manifestations of SARS-CoV2 infection [29]. One mechanism by which SARS-CoV-2 infection
may affect vascular dysfunction is through oxidative stress. Nox2,
regulated by angiotensin-II contributes to oxidative stress in the
endothelium via production of reactive oxidant species, and increases in severe COVID-19, adding to the potential deleterious effects of RAA dysregulation in SARS-CoV-2 infection [30]. Overall,
SARS-CoV-2 infection results in RAA system activation with its resulting proﬁle of injurious endothelial functions (Fig. 1). This dysregulation potentiates the innate immune stimulation, oxidative
stress and pro-thrombotic states previously described and fuels a
vicious cycle in the vascular disease of COVID-19 [26].
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Immunomodulatory therapy in COVID-19

artery disease. At the same time, the burden of VTE and a potentially hyper-coagulable state in some COVID-19 patients makes
anticoagulant therapy an attractive candidate therapy. The use of
antiplatelet and anticoagulant agents is an area of active investigation in COVID-19 with multiple trials in various stages including
a signiﬁcant investment by the National Institutes of Health Accelerating COVID-19 Therapeutic Interventions and Vaccines (ACTIV)
collaborative [34]. One of the goals of the ACTIV effort (ACTIV-4)
is to conduct three adaptive platform clinical trials of antithrombotics (comparing aspirin, apixaban and placebo) to better understand coagulopathy in COVID-19 patients and deﬁne optimal therapeutic strategies in this population [34]. These trials, along with
others currently in progress, will provide insight into this question. The use of biomarkers such as ﬁbrinogen, d-dimer and CRP
may help guide patient selection, agent, duration and dosing strategy for antithrombotic and anticoagulant therapy, since a “onesize-ﬁts-all” strategy may not be effective in this complex disease.
Trials of antithrombotic and anticoagulant therapies will also need
to examine the best point in disease progression and severity at
which to initiate these therapies, from ambulatory patients with
mild disease, to those entering critical illness, to those requiring
post-hospitalization prophylaxis. Novel agents, such as those that
target P-selectin, are also under consideration.

The three pathways outlined above through which COVID-19
disrupts the vascular endothelium may provide novel targets for
intervention, some using re-purposed drugs. Agents that limit
endothelial dysfunction may mitigate the pro-inﬂammatory, prothrombotic and/or RAA activated state induced by COVID-19 infection and could help quell the most serious sequalae of SARSCoV-2 infection. With the prominent role of systemic and localized inﬂammatory signals in disrupting vascular and EC function,
therapeutic agents that attenuate the hyperinﬂammatory response
in COVID-19 merit consideration. Several trials currently underway
examine immunomodulatory therapies such as antagonists of the
NLRP3 inﬂammasome (that generates active forms of IL-1 and IL18), IL-1, IL-6 and GM-CSF [31]. Trials are also examining the beneﬁt of the anti-inﬂammatory agent colchicine, shown to have cardioprotective effects in non-COVID-19 cohorts, in improving outcomes in COVID-19 patients.
Reducing the overall inﬂammatory drive in COVID-19 patients,
especially before entering the severe and critical stage of disease,
could alter the natural history and trajectory of illness [32]. If immunomodulatory intervention occurs too late, however, the potential infectious complications of such an approach might impact the
beneﬁt to risk ratio adversely, for example by predisposing to bacterial superinfections. It will thus be important that interventions
in the NLRP3 to IL-1 to IL-6 to C-reactive protein signaling axis be
initiated in those with severe enough disease to suggest early elevations in the target cytokines, but not among critically ill COVID
patients where the process is unlikely to be reversible or in those
without severe illness who will likely recover without intervention.
Finding this balance poses a substantive clinical challenge.

RAA system inhibition in COVID-19
Given the involvement of the RAA system in COVID-19, the use
of ACE inhibitors (ACEi) in COVID-19 has raised questions of hypothetical beneﬁt as well as harm. Preclinical studies suggested that
blockade of the RAA system could cause a counterregulatory augmentation in ACE2, the virus’ receptor, possibly raising the susceptibility to SARS-CoV-2 infection. Newly published data provide reassurance that there is not a higher risk of SARS-CoV-2 infection
or progression to severe disease as a result of ACEi or angiotensin
receptor blocker (ARB) use [35]. Furthermore, recent experimental
data in states of cardiovascular stress show an important effect of
ARBs in attenuating vascular dysfunction by reducing AT1 induced
inﬂammatory effects on the endothelium [27]. While convincing
data on therapeutic beneﬁt in COVID-19 are lacking, those already
prescribed these therapies for pre-existing cardiovascular disease
should continue their prior regimens in the setting of SARS-CoV-2
infection, a position supported by multiple global societies [36].

Antithrombotic and anticoagulant therapy in COVID-19
Antithrombotic and anticoagulant therapy might mitigate the
thrombotic risk in COVID-19. It is unclear if the hyperinﬂammatory state coupled with vascular injury in SARS-CoV-2 infection
leads to a higher rate of thromboembolic complications compared
to other acute infectious and critical illnesses. The multiple antemortem and postmortem reports of frequent microthrombi as well
as venous and arterial thromboembolism leading to morbidity and
mortality in COVID-19 suggest a role of agents that target the coagulation and thrombotic cascade [14,19–21,23,24]. While any decision on choice and dosing of antithrombotic or anticoagulant
agents must be accompanied by an individualized risk assessment
of the bleeding proﬁle, the reported high prevalence of thrombotic
complications in COVID-19 patients highlights the potential beneﬁt
of these agents.
This concept derives further support from a recent single-center
observational study which showed signiﬁcantly lower mortality
and risk of intubation in 4,389 hospitalized COVID-19 patients
treated with anticoagulation, with no incremental beneﬁt of therapeutic dosing over prophylactic dosing [33]. However, therapeutic dose anticoagulation was associated with an increased risk of
bleeding compared to prophylactic dosing. The wide menu of options which can be tested for prevention of thromboembolic disease in SARS-CoV-2 infection includes antithrombotic agents such
as aspirin, dipyridamole and P2Y12 receptor inhibitors as well as
anticoagulants such as heparin, direct thrombin inhibitors and direct oral anticoagulants. With reports of persistent thrombosis despite prophylactic anticoagulation, the optimal dosing and most effective agents to use in this setting requires close study [14].
The use of antiplatelet agents such as aspirin merits consideration in the setting of endothelial injury and microvascular inﬂammation, given the anti-inﬂammatory and anti-thrombotic effects of these agents from the collective experience in coronary

Statins in COVID-19
Another class of commonly used cardiovascular medications that have anti-inﬂammatory and vasculoprotective effects
include 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase inhibitors (statins). Given their pleiotropic and anti-inﬂammatory effects [37–39], some have suggested a role for statins in treatment
of COVID-19. To date, a propensity matched study showed a reduction in all-cause mortality in COVID-19 in Chinese patients, while
most other observational studies do not show a beneﬁt of statins
in reducing COVID-19 infection or severity [40]. Prior studies on
statins in acute respiratory distress syndrome have not shown beneﬁt in this broader context.
As new data and clinical evidence emerge about this disease,
the vascular nature of COVID-19 has come into focus. Understanding the key dysregulated cascade triggered by COVID-19 in the vascular system provides us with a framework to inform interventions
on key mediators of the pathologic process, and in this way reduce
the short- and long-term morbidity and mortality of this pandemic
disease. The picture presented here supports the view that the vasculature proves pivotal in the pathogenesis and is a potential target
of therapy in COVID-19.
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