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This review of current literature provides background to the COVID-19 pandemic, as well as an examination of
potential pathophysiologic mechanisms behind development of thrombosis and ischemic stroke related to
COVID-19. SARS-CoV-2 infection is well-documented to cause severe pneumonia, however, thrombosis and
thrombotic complications, such as ischemic stroke, have also been documented in a variety of patient demo-
graphics. SARS-CoV-2 infection is known to cause a significant inflammatory response, aswell as invasion of vas-
cular endothelial cells, resulting in endothelial dysfunction. These factors, coupled with imbalance of ACE2 and
RAS axis interactions, have been shown to create a prothrombotic environment, favoring thromboembolic
events. Ischemic stroke is a severe complication of COVID-19 andmay be a presenting symptom in somepatients.

© 2020 Elsevier Inc. All rights reserved.
1. Introduction

Coronaviruses are positive-sense single stranded RNA viruses of the
coronaviridae family [1]. The genome of coronaviruses contains
open reading frames for 16 non-structural proteins as well as for
spike (S), envelope, membrane, and nucleocapsid structural proteins
[1]. Four genera exist within the coronaviridae family based on phy-
logeny: alpha, beta, gamma, and deltacoronaviruses [1]. Only mem-
bers of the alpha and betacoronavirus genera are known to infect
humans and can cause clinical presentations ranging from the com-
mon cold to severe acute respiratory syndrome (SARS) [1]. Viruses
of particular note from the betacoronavirus genus are the SARS-
coronavirus (SARS-CoV) and Middle East respiratory syndrome coro-
navirus (MERS-CoV) [1]. SARS-CoV is the etiological agent of the
2002 to 2003 SARS epidemic beginning with zoonotic origin in South-
ern China and leading to over 8000 confirmed cases with an estimated
9–11% fatality rate [1,2]. MERS-CoV is currently endemic to the Ara-
bian Peninsula and has proven to be a dangerous virus of zoonotic or-
igin with an estimated 36% fatality rate [1].

December 2019 marked the discovery of a new coronavirus in
Wuhan, China after an outbreak of severe pneumonia of unknown ori-
gin [3]. Isolation and sequencing of this virus from human airway epi-
thelial cells allowed the characterization of the betacoronavirus
iotensin converting enzyme 2;
S-CoV-2, SARS coronavirus 2;
ductive number; RAS, renin-
named SARS coronavirus 2 (SARS-CoV-2) that is the etiologic agent of
coronavirus disease 2019 (COVID-19) [3,4]. Further characterization of
SARS-CoV-2 has demonstrated close genomic similarity to several
types of bat coronavirus, indicating bats as a likely reservoir for this
virus of zoonotic origin [4]. SARS-CoV-2 shares approximately 79% se-
quence identity with SARS-CoV, though SARS-CoV-2 has demonstrated
a higher rate of transmission than SARS-CoV [4]. Basic reproductive
number (R0) is used to represent the transmissibility of a disease and
is defined the average number of new cases caused by a single infective
person in anunexposed population [5]. The R0 of SARS-CoV-2 and SARS-
CoV are estimated at 2.9 and 1.85 for each virus, respectively [5,6]. This
is likely due to the presence of asymptomatic or mildly symptomatic
transmission of SARS-CoV-2, and its current prevalence in the human
population supports the infective potential of this novel coronavirus
[5,6]. Since its December 2019 emergence, SARS-CoV-2 has been de-
clared a global pandemic by the World Health Organization, and the
Centers for Disease Control and Prevention reports over 3 million infec-
tions resulting in over 130,000 deaths in the United States alone as of 10
July 2020 [7,8].

1.1. Angiotensin Converting Enzyme 2 (ACE2) as the functional receptor of
SARS-CoV-2

Viral entry into cells by coronaviruses is mediated through the inter-
action between a cell-surface receptor protein and the viral S-protein
[9]. Cellular tropism of coronaviruses is dependent on the S-protein-
receptor interaction [9] and understanding the tropism of SARS-CoV-2
is the beginning to elucidating the myriad effects this virus may have
on human physiology.
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Fig. 1. An illustration of the pathway leading from ANGI to ANGII and ANG1–7, as well as
their receptor-mediated effects. Bold arrows indicate the major pathway toward
metabolite accumulation and their effects. ANGII production leads to increased blood
pressure and endothelial dysfunction, while ANG1–7 production leads to decreased
blood pressure and improved endothelial function. Abbreviation: ACE – angiotensin
converting enzyme, ACE2 – angiotensin converting enzyme 2, ANGII – angiotensin II,
ANG1–7 – angiotensin-(1–7), AT2-R – angiotensin II receptor.
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SARS-CoV-2 shares 73% to 76% amino acid sequence identity in the
receptor binding domain of its S-protein with SARS-CoV [4,10], and
the amino acid sequence directly interacting with the cell receptor is
highly conserved between the viruses [4,10]. SARS-CoV has been previ-
ously determined to use the human transmembrane protein angioten-
sin converting enzyme 2 (ACE2) as its receptor for viral entry, and
SARS-CoV-2 had been speculated to use ACE2 for viral entry as well
[9,10]. Several studies have confirmed that ACE2 is the functional recep-
tor for SARS-CoV-2 [11-13].

1.2. ACE2: its location and role in the renin-angiotensin system (RAS)

Human ACE2 is a transmembrane zinc metalloprotease that acts as
a carboxypeptidase in the metabolic degradation of angiotensin I and
angiotensin II (ANGII) [14]. ACE2 mRNA is expressed in most tissues
of the body, with highest expression in the GI tract, kidney, testes,
heart, and lungs [15]. ACE2 protein is found expressed on the surface
of lung alveolar epithelial cells, enterocytes of the small intestine, arte-
rial smooth muscle cells, and both arterial and venous endothelial
cells, including intracranial vessels [16]. While soluble ACE2 exists
after cleavage of ACE2 from the apical cell surface, it plays little to
no physiologic role [16].

ACE2 primarily catalyzes the conversion of ANGII into angiotensin-
(1–7) (ANG1–7), a metabolite that opposes the actions of ANGII and
the RAS axis through activation of the Mas receptor [17]. Generation
of ANG1–7 can take a more circuitous route through ACE2 catalyzation
of angiotensin I into angiotensin-(1–9) followed by ACE catalyzation of
angiotensin-(1–9) into ANG1–7 [17]. Increased circulating levels of
ANG1–7 have been demonstrated to lower blood pressure, improve en-
dothelial function, and attenuate the effects of ANGII in spontaneously
hypertensive rats [17]. Additionally, ANG1–7 administered to spontane-
ously hypertensive rats treatedwith a nitric oxide synthase inhibitor at-
tenuated the inhibitor's effects on MAP, as well as demonstrated
cardioprotective effects in the setting of global cardiac ischemia [18].
ACE2 and ANG1–7 play an essential physiologic role in vasodilation
and regulation of endothelial function in opposition to the effects of
ANGII. Fig. 1 summarizes the production of ANGII and ANG1–7, as
well as their effects. Imbalance of ACE and ACE2 products has the poten-
tial to cause significant dysfunction and has been implicated as playing a
role in the pathogenesis of SARS [19]. Downregulation of ACE2 expres-
sion has been demonstrated after SARS-CoV pulmonary andmyocardial
infection [19,20] and is linked to the acute pulmonary injury seen in
SARS [19].

1.3. Hypercoagulability in SARS-CoV-2 infection

COVID-19 symptomology is diverse, including shortness of breath,
cough, and fatiguewithmany cases progressing into pneumonia requir-
ing oxygen therapy [21,22]. COVID-19 has also been demonstrated to
have detrimental effects on extra-pulmonary systems, including the
heart and systemic vasculature [20-24]. SARS-CoV-2 infection has
been linked to increased risk for venous thromboembolism and arterial
thrombosis [23]. Several markers of coagulopathy, including thrombo-
cytopenia, elevated D-dimer and fibrin degradation products, elevated
PT and PTT, and fibrinolysis shutdown, were associated with increased
rates of thromboembolic events and mortality in COVID-19 [23,25-27].
Anticoagulation given to COVID-19 patients with coagulopathy showed
improved mortality whereas patients with non-COVID-19 disease with
similar coagulopathy measurements did not have improved survival
[27]. This serves to further implicate coagulation defects as a cause of
death in COVID-19, though the underlying mechanism has yet to be
confirmed.

Given the similar clinical presentation of COVID-19 and SARS, aswell
as use of the same receptor for viral entry, patient data collected during
the SARS epidemic provides a framework to begin studying SARS-CoV-2
mechanisms of pathogenesis. Endothelial dysfunction has been
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considered to likely contribute to the coagulation abnormalities seen
in COVID-19. Post-mortem studies of SARS patients have demonstrated
systemic polyangiitis, vasculitis, and infiltration of inflammatory cells
with accompanying thrombi in the microcirculation of several organ
systems, including the lungs and kidneys [28,29]. An autopsy series of
3 COVID-19 patients indicated systemic viral infection of the endothe-
lium with inflammatory cells associated with virally infected cells [30].
The vascular endotheliumhas come to be seen as an integral participant
in the regulation of vascular homeostasis. Endothelial dysfunction is
strongly associated with a pro-coagulant state [31]. The inherent tro-
pism of SARS-CoV-2 for ACE2-expressing tissues, such as the vascular
endothelium, raises the possibility that systemic viral infection of the
vascular endothelium is a strong contributing factor to COVID-19-
related thromboembolism.

Inflammatory and immune effects further compound endothelial
dysfunction in the creation of a pro-coagulant state in COVID-19. Im-
mune cell infiltration of virally-infected tissue is evident in both SARS-
CoV and SARS-CoV-2 infection [20,28-30]. Immunity and coagulation
systems are deeply intertwined, and activation of the immune system
during infection will invariably result in a lower threshold for the for-
mation of thrombi [32]. Clinical features of SARS-CoV-2 include in-
creased production of several inflammatory cytokines that are able to
predispose thrombus formation, and infiltration of inflammatory cells
into the vascular endotheliummay lead to endothelial and platelet acti-
vation, further increasing the risk of thromboembolic events [22,32].
Antibody responses may also play a role in COVID-19-related coagula-
tion. A series of patientswithmultiple cerebral infarctionswithmarkers
of coagulopathy demonstrated production of antiphospholipid antibod-
ies after SARS-CoV-2 infection [33]. Another COVID-19 patient devel-
oped immune thrombocytopenic purpura after heparin treatment was
begun [34]. Heparin treatment was ceased after thrombocytopenia de-
veloped, though antibody testing for antiplatelet factor 4 and antiplate-
let antibodies was negative [34]. These events suggest SARS-CoV-2
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infection as the precipitating event for the thrombocytopenia in this
case, though causative studies are necessary.

The complement system has also been implicated in the pathophys-
iology of SARS-CoV-2 infection. A series of patients with severe COVID-
19 were determined to have significant deposits of terminal comple-
ment proteins and signs of systemic complement activation were pres-
ent [35]. Complement was also co-localized with SARS-CoV-2 S-protein
in these patients, indicating complement targeting of virally-infected
endothelium [35]. Previous studies of complement activation in SARS-
CoV infection indicated endothelial dysfunction as the source of com-
plement activation, and murine C3 protein knockout models demon-
strated less severe infection with SARS-CoV [36]. Activation of the
complement system has the potential to increase the risk of thrombus
formation, both through C3a stimulation of platelets and insertion of
terminal complement components into membranes [37].

Imbalance of the interactions between ACE2 and the RAS axis may
also contribute to the thromboembolic events seen in SARS-CoV-2 in-
fection. ANG1–7, themajor product of ACE2, and ANGII have competing
effects on blood pressure and endothelial activation: where ANGII
serves to increase blood pressure and activate the endothelium,
ANG1–7 reverses these actions through the Mas receptor (Fig. 1)
[17,38]. ANG1–7 has also been shown to decrease thrombus formation
Fig. 2. A theoretical pathway beginning from SARS-CoV-2 to the activation of the coagulatio
infection, and downregulation of ACE2. Hypercoagulable states then lead to ischemic stroke th
angiotensin II, ANG1–7 – angiotensin-(1–7).
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through the production of nitric oxide and prostacyclin by both platelets
and endothelial cells [39-41]. This is contrasted by the actions of ANGII,
which has been shown to accelerate thrombus formation through in-
duction of tissue factor production and generation of free radicals that
scavenge free nitric oxide [42,43]. Downregulation of ACE2 by SARS-
CoV-2 infection [20] may result in an imbalance of these systems, lead-
ing to predisposition to thromboembolic events.

1.4. Cerebrovascular events in COVID-19

Cerebrovascular events can be a significant consequence of uncon-
trolled thrombotic states, and represent a global burden to both quality
of life and national economics [44,45]. Ischemic stroke due to occlusion
of large arteries has been a documented complication of SARS-CoV in-
fection in patients with minimal to no risk factors [46]. SARS-CoV-2 in-
fection seems to also increase risk of developing ischemic stroke, among
other neurological consequences. 78 of 214 patients in a retrospective
case series of hospitalized patients in Wuhan, China demonstrated ner-
vous system dysfunction (CNS, peripheral nervous system, and/or skel-
etal muscle dysfunction) [47]. Of these 78 patients, 6 developed
ischemic strokes; 5 of these patients had been categorized as severe
COVID-19 and 1 had been categorized as non-severe [47]. Unexplained
n cascade through several mechanisms, including immune activation, direct endothelial
rough both embolus formation and thrombosis formation in-situ. Abbreviations: ANGII –
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encephalopathic features in 13 of 58 patients were seen in another case
series of COVID-19 patients [48]. Ischemic stroke was diagnosed in 3 of
these 13 patients (2 small acute and 1 sub-acute strokes) [48]. A 40-
year-old womanwithout significantmedical history diagnosedwith se-
vere COVID-19 pneumonia was noted to develop significant left middle
cerebral artery territory stroke after ICU hospitalization [49].

Concerningly, severe respiratory disease is not necessarily requisite
to the development of cerebral ischemia. In a retrospective case review
at NYU LangoneHealth, 17 patients undergoing neurologic imaging (CT,
MRI, angiography) for reasons unrelated to COVID-19 tested positive for
SARS-CoV-2 infection; 4 of these 17 patients had been presenting for
symptoms of stroke [50]. Further, stroke has been a presenting or com-
plicating factor in mild COVID-19 disease of young patients. Separate
case series involving a total of 11 COVID-19 patients all under 55-
years-old withminimal respiratory involvement developed large vessel
ischemic stroke [51,52]. A 33-year-oldmale presenting to the ED for oc-
cipital headache, nausea/vomiting, andbalance disorderwas discovered
to have thrombosis of his left vertebral artery with concomitant SARS-
CoV-2 infection [53]. A 52-year-old male with history of hypertension
was discharged from the ED after being given antibiotics for a presumed
respiratory infection before returning days later for stroke symptoms
caused by occlusion of the left internal carotid artery [54].

2. Conclusions

While hypertension is known to produce a prothrombotic state [55],
lack of many typical stroke risk factors seems to indicate a need for sur-
veillance of stroke in COVID-19 patients, as well as the consideration of
SARS-CoV-2 infection in patients presenting with cerebrovascular
events. Elevated D-dimer, as well as other markers of coagulopathy,
has been noted as a potential prognostic factor for COVID-19 [23,25-
27], and these series of case reports provide anecdotal evidence further
supporting the use of D-dimer [47,49,51-54]. Ischemic stroke is an un-
common, though severe, complication of SARS-CoV-2 infection, and
Fig. 2 details the theoretical progression and contributing factors lead-
ing from viral infection to stroke. Thrombus formation is a risk that can-
not be completely ruled out in COVID-19 patients given the
prothrombotic milieu precipitated by this viral syndrome. Whether as
a result of embolization of distant thrombus or thrombus formation in
situ, ischemic stroke in the setting of COVID-19 is a significant sequalae
thatwarrants further research on its pathophysiologic origins, aswell as
clinical consideration in patients of diverse demographic origins and
risk factor profiles.
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