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ARTICLE INFO ABSTRACT

Keywords: Several studies have described unusually high incidence of vascular thrombosis in coronavirus disease-2019
SARS-CoV-2 (COVID-19) patients. Pathogenesis of the vascular thrombosis in COVID-19 is least understood for now and
COVID-19 presents a challenge to the treating physicians. Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2),
ACE2 the causative pathogen for COVID-19, has been shown to bind to angiotensin converting enzyme 2 (ACE2)
TMPRSS2 P . . . o1s . . . . i .

Thrombosis protein in human epithelial cells which facilitates its entry in the organ and mediate tissue specific pathogenesis.

For ACE2 mediated cell entry of the SARS-CoV-2, co-expression of one more protein—Transmembrane protease
serine 2 (TMPRSS2) is essential. Existing studies suggested significant expression of ACE2 and TMPRSS2 in
human vascular endothelium. Vascular endothelial dysfunction can potentially activate coagulation cascade
eventually resulting in thrombosis. ACE2 has proven role in the maintenance of endothelial integrity inside the
vessels. Existing in situ evidence for SARS-CoV-1 (the causative agent for SARS pandemic of 2002, which shared
ACE2 as cell entry receptor) suggested that virus binding can downregulate ACE2, thus can induce endothelial
dysfunction. Recently, in situ evidence has been presented that SARS-CoV-2 can infect cells in engineered human
vascular endothelium, which can be effectively blocked by using clinical-grade recombinant human ACE2. Based
on the circumstantial evidence present in the literature, we propose a SARS-CoV-2 cell entry receptor ACE2
based mechanism for vascular thrombosis in COVID-19 patients.

Vascular endothelial dysfunction

Introduction Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), the

causative pathogen for COVID-19 has been shown to bind to angio-

Several studies have described high incidence of vascular throm-
bosis in coronavirus disease-2019 (COVID-19) patients [1-3]. Elevated
levels of prothrombotic markers including D-dimer and fibrin de-
gradation products (FDPs), thrombocytopenia, abnormalities in pro-
thrombin time and partial thromboplastin time are among the frequent
findings in COVID-19 patients [2] (Table 1), especially those with se-
vere symptoms and in ICU admission [1-4]. Though, probability of
vascular thrombosis remains relatively high in ICU admitted patients, in
COVID-19 it has been found to be unusually high [1,3]. Pathogenesis of
the vascular thrombosis in COVID-19 is rather obscure and hence
management of such cases presents a considerable challenge to the
treating physicians [1].

tensin converting enzyme 2 (ACE2) protein in human epithelial cells,
which facilitates its entry in the organ and mediate tissue specific pa-
thogenesis [5,6]. ACE2 is also known as a receptor for SARS-CoV-1
(causative agent for SARS epidemic of 2002) and human coronavirus
NL63 (HCoV-NL63) [7]. For ACE2 mediated cell entry of the SARS
viruses, co-expression of one more protein—Transmembrane protease
serine 2 (TMPRSS?2) is essential [5]. In this article, we propose a SARS-
CoV-2 cell entry receptor ACE2 based mechanism for vascular throm-
bosis in COVID-19 patients.
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Table 1

A literature study of blood coagulation markers status in COVID-19 patients*.

Qiu et al'® Shi et al'?

Dan et al®
(n = 30)

Chen et al® Huang et al* Peng et al®  Chan et al® Ming et al” Yan et al® (n = 9)
(n = 40) (n = 23)

Wang et al?

Fan et al'
(n = 67)

Blood coagulation markers

(n = 109)

(n = 153)

(n = 150)

(n = 58)

(n = 99)

(n = 26)

251.90

187 (137.56-236.44)

176 (91-292)

191.0 (156.8 - 2135 1645

250.3)

185

Platelets ( x 10°/L; normal range

(170.1-333.6)

(131-5-263-0)

2 (5%)

(148-259)
49 (73.1%)

100.0-300.0)

Increased in

22 (95.7%)

4 (4%)

4 (15.4%)

1 (4.3%)

38 (95%)

12 (12%)

Decreased in

11.06 (10.12-12)

113 111 (101-12-4) - 11.5 18.6

12.6

Prothrombin time (s; normal

(12.7-20.8)

(10.1-12.9)

2 (1%)

(9.4-13.2)
5 (5%)

(12.2-13.1)
2 (7.7%)

range 11.0-14.0)

Increased in

30 (30%)

1 (3.9%)

Decreased in

25.39

36.5

270 (24-2-341)

273 (102)

28.7

Activated partial thromboplastin

(19.21-31.57)

(23.3-58.0)

(25.5-33.5)

time (s; normal range
22.0-38.0)

Increased in

6 (6%)

2 (7.7%)
2 (7.7%)

16 (16%)

Decreased in

0.22 1.89

0.68 (0.74)

0.50

0-45

05 (0-3-1-3)

09 (0-5-2-8)

0.3 (0.2-0.4)

D-dimer (ug/mL; normal range

(0.16-0.37)

(0.30-1.00)

(0-3-1-3)

0.0-1.0)

Increased in

45 (77.5%)

36 (36%)

1 (3.9%)

Decreased in

*References provided as supplementary information. Parameters primarily indicating prothrombosis have been marked in red.
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Hypothesis

SARS-CoV-2 binding to the cell entry receptor ACE2 downregulates
receptor expression that in turn induces vascular endothelial dysfunc-
tion, which activates prothrombotic cascade and eventually leads to
vascular thrombosis observed in COVID-19 patients.

Evaluation of the hypothesis

SARS-CoV-2 cell entry receptor ACE2 and entry associated receptor
TMPRSS2 are co-expressed across various tissue and cell types in hu-
mans [5]. ACE2 expression is known in endothelial cells of human
blood vessels and microvasculature [8,9]. Though, studies are limited,
TMPRSS2 expression has been noted in human vascular endothelium
[10,11]. ACE2 is an analogue of angiotensin converting enzyme
(ACE)—a key regulator of renin angiotensin system regulating hemo-
dynamic homeostasis in body [12]. An ACE/ACE2 balance appears to
be crucial in maintaining the RAS and a dysregulation of this ratio is
associated with vascular thrombosis [13,14]. An ACE/ACE2 balance is
also critical for maintenance of endothelial integrity in vessels, a breach
of which can potentially induce thrombosis [15,16]. Although, any
SARS-CoV-2 specific evidence is lacking for now, existing in vitro stu-
dies for SARS-CoV1 and HCoV-NL63 binding on ACE2 in lung tissue
indicate that virus binding downregulates ACE2 (but not ACE) creating
ACE/ACE2 imbalance and thereby promotes tissue injury which po-
tentially can activate prothrombotic cascades inside the vessels [7,17].
A lower ACE/ACE2 ratio in the vascular endothelium prevents pro-
thrombotic cascade from activation by catalyzing degradation of an-
giotensin II to angiotensin 1-7. Angiotensin 1-7 also induces antith-
rombotic effects through binding to G-protein coupled Mas receptors
[18]. Conversely, a higher ACE/ACE2 ratio will allow binding of an-
giotensin II to AT1 receptors which will induce vasoconstriction, in-
flammation, and eventually thrombosis [15,18]. SARS-CoV-2 mediated
ACE2 downregulation in vascular endothelium also can activate the
kallikrein-bradykinin pathway inducing platelet aggregation and
leaking of the vessels which can further contribute to thrombosis
[15,19].

Fig. 1 gives a schematic description of proposed mechanism for
ACE2 mediated dysfunction of vascular endothelium leading to
thrombotic incidences in COVID-19 patients.)

Empirical data

Studies describing the effect of SARS-CoV-2 binding on ACE2 sig-
naling in vessels are lacking. Knock-out of ACE2 gene in mice was found
to induce vascular endothelial dysfunction leading to release of che-
mokines and pro-inflammatory markers [20]. ACE2 knock-out medi-
ated release of chemokine like CCL2 and other pro-inflammatory cy-
tokines and interleukins are known to induce platelet aggregation and
adhesion to the vascular endothelium, which consequently leads to
increased propensity for thrombosis [20,21]. Conversely, activated
ACE2 has been found to protect against vascular thrombosis [14].
SARS-CoV-2 infection of vascular endothelium is mediated by ACE2
was proven by a recent study. Monteil et al provided in situ evidence
that SARS-CoV-2 can infect engineered human vessels which can be
prevented by application of clinical grade recombinant human ACE2
[8].

Recent studies noted remarkable similarities in clinical presenta-
tions in SARS and COVID-19 (apart from sharing of the virus entry
receptor). Cases of vascular thrombosis were also reported in SARS
patients [22]. SARS-CoV-1:ACE2 binding analogy to COVID-19 can
explain the pathogenesis of vascular thrombosis with articulate co-
herence.

ACE2 is secreted in blood and expresses in the endothelium of the
small vessels [9,23,24]. The histopathological examination of autopsy
tissues in SARS, and now in COVID-19, showed presence of the virus
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Fig. 1. Schema of ACE2 mediated mechanisms of vascular thrombosis in COVID-19 patients. (Binding of SARS-CoV-2 to ACE2 receptor present at the vascular
endothelial cell surface leads internalization and replication of the virus inside the cell, and consequently cellular disintegration which activates prothrombotic
cascade. Additionally, SARS-CoV-2 binding induces downregulation of ACE2 inturn imbalances ACE/ACE2 ratio favoring prothrombosis. Both of these stated
mechanisms in consequence also induce activation and aggregation of the platelets, altogether culminating in intravascular thrombosis.)

and cellular damage in ACE2 expressing tissues [22,25,26]. Damaged
tissue also displays presence of pro-inflammatory markers and cyto-
kines, (e.g. C-reactive protein, D-dimer, ferritin and interleukin-6),
which can induce thrombosis [1,22,27]. Viral inclusion structures, an
accumulation of inflammatory cells associated with endothelium, as
well as apoptotic bodies were evidenced in vascular endothelial cells of
multiple organs in autopsied patients [28], indicating for the wide-
spread endothelial dysfunction as the etiology for the vascular throm-
bosis in COVID-19 [29].

Consequences of the hypothesis and discussion

Widespread thrombosis, more specifically in microvasculature, was
found present in majority of the autopsied patients [30]. In some cases,
thrombosis was observed despite full anticoagulation and regardless of
timing of the disease course of the duration of onset of the disease,
which indicated that it could be a key pathology in COVID-19 [30].
Thrombus rich in megacaryocytes and platelets was detected in lung,
and many other viscera like liver, heart, kidney, and brain, and also in
skeletal tissue like bone [30]. Pulmonary vessels were found most se-
verely affected where distinctive vascular features, consisting of severe
endothelial injury associated with the presence of intracellular virus
and disrupted cell membranes, and perivascular T-cell infiltration were
observed [31]. Presence of vascular thrombosis was associated with
multi organ injury and higher fatality. Formations of clots were unu-
sually high in patients who were critical and admitted in ICU. Clini-
cally, early appearances of thrombotic symptoms predicted a more se-
vere course of disease [30]. Uniquely, purple or red lesions in toes and
skin rashes have been reported in some patients [27], which are sup-
posedly caused by inflammation of the dermal micro-vessels and are
complement system mediated [25].

The optimum conditions leading to thrombosis like presence of
proinflammatory markers, reduced clotting time, activated platelets
and fibrin degradation products, and complement cascades were ob-
served in the blood samples of COVID-19 patients (Table 1). Existing
studies for SARS and MERS, and now emerging evidence from autopsy
studies in COVID-19 provide clear indications that increased throm-
bosis is propagated by virus mediated tissue injury [28,31]. An early
presence of vascular thrombosis at systemic scale can be appropriately
explained by ACE2 mediated dysfunction of vascular endothelium and

consequent activation of prothrombosis cascade [15,18,29]. SARS-CoV-
2 binding mediated downregulation of ACE2 signaling in vascular en-
dothelium and consequent imbalance of ACE/ACE2 ratio and dysre-
gulation of RAS, can potentially activate prothrombotic cascade at a
scale matched to that observed in COVID-19 [15,18,29] (Fig. 1).

Other than SARS-CoV-2 induced vascular endothelial dysfunction
ACE2 mediated injury of liver tissue can also contribute to vascular
thrombosis. Liver cell injury and functional impairment are usual fea-
tures in COVID-19 patients [32]. Owing to low expression of ACE2 in
hepatocytes, it is not clear if liver cell injury is mediated through this
molecule; howbeit, high expression of ACE2 (and TMPRSS2) is known
in common bile duct and gallbladder epithelium [5]. Literature suggests
that acute liver injury should be considered as an independent risk
factor for developing vascular thrombosis [33].

Clinical outcomes in COVID-19 were found depending on multiple
factors specific to the virus and host [34], that may apply to thrombotic
incidences as well. Apart from direct SARS-CoV-2 inflicted tissue injury,
vascular thrombosis can also be a resultant of cell toxicity by viral
proteins, pro-inflammatory markers released after viral tissue injury,
sepsis, or cellular stress caused by critical illness [35]. Additionally,
host specific factors like old age and associated comorbid conditions
which induce endothelial dysfunction like diabetes, hypertension,
obesity, coronary artery diseases, atherosclerosis, chronic liver, renal or
lung diseases, cancers, pregnancy, disorders related to clotting factors,
and genetic predisposition (which are known risk factors for increase in
vascular thrombosis) [15,16,36], or auto-immune reactions against
viral protein component or viral receptor, virus-receptor complex [37],
may have contributory roles in thrombotic incidences in COVID-19
patients.

Currently, the therapeutic approaches which are being suggested to
prevent vascular thrombosis in COVID-19 patients are primarily di-
rected at inhibition of coagulation cascade at certain steps or pre-
venting thrombus formation [38]. Chief anticoagulants which are being
used are low molecular weight heparin (LMWH) as prophylaxis and
treatment, unfractionated heparin (UH) where disseminated in-
travascular coagulation (DIC) is threatened, or fibrinolytics like tissue
plasminogen activation (tPA) inhibitors (as a salvage therapy). Anti-
thrombotic drugs primarily being used are that inhibiting platelet ag-
gregation and glycoprotein IIb/IIla receptor [38]. Existing evidence for
the antiviral properties of heparin against coronaviruses like SARS-CoV-
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1 and human coronavirus NL63 (HCoV-NL63) suggested comparative
benefits of using this (however any direct proof for the antiviral prop-
erty of heparin against SARS-CoV-2 is lacking for now) [39,40].

Targeting SARS-CoV-2 binding to ACE2 receptor may potentially
prevent endothelial dysfunction and consequent initiation of throm-
botic cascade [41], however, application of this approach in COVID-19
is scarce in literature. In vitro/in vivo testing of the molecules which can
counter SARS-CoV-2 mediated downregulation of ACE2 and conse-
quently endothelial dysfunction, e.g., clinical grade recombinant
human ACE2 [8] or an ACE2 activator [42] may signify therapeutic
implications of our hypothesis. (Diminazene aceturate (DIZE), an ACE2
activator [42], is currently being used as an anti-protozoan veterinary
drug (an active ingredient of ‘Berenil’), however, in clinically effective
doses it has serious toxicity risk for vital organs such as liver and
kidney, and more particularly for the central nervous system (CNS) and
heart. Adequate safety testing, and determination of safe dose, in
human subjects, will be necessary, before it can be repurposed in
COVID-19 patients.)

Based on the circumstantial evidence present in the literature, we
propose that thrombosis in organ vasculature and dermal micro-vessels
in COVID-19 are primarily caused by virus binding mediated dysregu-
lation of ACE2 signaling in vascular endothelium and consequent cel-
lular injury and activation of hemostatic factors. However, contributory
role of other prothrombotic factors (related to both virus and host)
cannot be denied.

Further in vivo/in vitro studies investigating SARS-CoV-2 binding
influence on ACE2 signaling and consequently on molecular cascade
involved in clotting in vascular endothelium will be necessary to es-
tablish ACE2 based mechanisms in thrombotic incidences in COVID-19.
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