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Summary

Severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2) enters the host cell
by binding to angiotensin‐converting enzyme 2 (ACE2) receptor. Other important
proteins involved in this process include disintegrin and metalloproteinase domain‐
containing protein 17 (ADAM17) also known as tumour necrosis factor‐α‐
converting enzyme and transmembrane serine protease 2. ACE2 converts angio-

tensin II (Ang II) to angiotensin (1–7), to balance the renin angiotensin system.

Membrane‐bound ACE2 ectodomain shedding is mediated by ADAM17 upon viral
spike binding, Ang II overproduction and in several diseases. The shed soluble ACE2

(sACE2) retains its catalytic activity, but its precise role in viral entry is still unclear.

Therapeutic sACE2 is claimed to exert dual effects; reduction of excess Ang II and

blocking viral entry by masking the spike protein. Nevertheless, the paradox is why

SARS‐CoV‐2 comorbid patients struggle to attain such benefit in viral infection
despite having a high amount of sACE2. In this review, we discuss the possible

detrimental role of sACE2 and speculate on a series of events where protease

primed or non‐primed virus–sACE2 complex might enter the host cell. As extra-
cellular virus can bind many sACE2 molecules, sACE2 level could be reduced

drastically upon endocytosis by the host cell. A consequential rapid rise in Ang II

level could potentially aggravate disease severity through Ang II‐angiotensin II re-
ceptor type 1 (AT1R) axis in comorbid patients. Hence, monitoring sACE2 and Ang II

level in coronavirus disease 2019 comorbid patients are crucial to ensure safe and

efficient intervention using therapeutic sACE2 and vaccines.
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1 | INTRODUCTION

The pandemic coronavirus disease 2019 (COVID‐19), caused by se-
vere acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2), enters
cells via host angiotensin‐converting enzyme 2 (ACE2) receptor.1–5

ACE2 is a key component of renin–angiotensin system (RAS) to

maintain delicate balance of health and disease.6,7 It counterbalances

the angiotensin II (Ang II)–angiotensin type 1 receptor (AT1R)

mediated harmful effects by catalytic cleavage of Ang II.8–11 In Ang II

rich environment, ACE2 extracellular catalytic domain is shed by

disintegrin and metalloproteinase domain‐containing protein 17
(ADAM17) as feedback mechanism. This shed soluble ACE2 (sACE2)

retains its catalytic activity and can access Ang II easily.12–14

During viral entry, virus takes membrane ACE2 (mACE2) inside

host cell, reducing mACE2 which impairs the Ang II balance.3,4,15,16

During infection, binding of viral surface spike (S) glycoprotein to

mACE2 also triggers ACE2 shedding.17,18 In some disease conditions

and with ageing, ACE2 expression starts to fall and elevated sACE2 is

considered a disease biomarker.19–21 The amount of mACE2 can be

correlated with SARS‐CoV‐2 binding and entry; however, very little is
known about the role of sACE2 in the overall infection process.

The ACE2‐virus binding and subsequent fusion involve a group of
enzymes to prime S protein followed by several conformational

rearrangements.5,22,23 Several studies have reported the beneficial

and preventive role of therapeutic sACE2 in COVID‐19.21,24–28

Surprisingly, clinical data suggest that patients with low mACE2 and

high sACE2 faced more disease severity and fatality.25,28 This con-

trasts with the protective role of therapeutic sACE2 claimed in

literature. In this perspective, we briefly reviewed the biochemical

and structural features of key enzymes and viral S protein in binding

and fusion processes. We propose a virus entry mechanism where

sACE2–virus complex achieves cellular entry resulting in depletion of

both sACE2 and mACE2. This in turn possibly increases Ang II level

leading to cytokine storm29 and other pathological complications.30

2 | RENIN–ANGIOTENSIN SYSTEM AND ACE2

Diversified functions of RAS in different tissues are identified and

established so far.31,32 RAS network is a fundamental regulator of

many physiological systems and plays a vital role in the pathophysi-

ology of different organ activities. The sole precursor protein,

F I GUR E 1 Renin–angiotensin system (RAS)
in health and disease. Ang II, being the key
molecule, can mediate AT1R‐mediated harmful
events. ACE2 can balance the effect of excess
Ang II by catalysing it to Ang 1–7. ACE2 can also
catalyse Ang I in two‐step process to produce
Ang 1–7. Different derivatives of Ang II can

confer protective role through AT2R, AT4R,
MasR and MrgD receptors. Amino acid
configuration of major peptides in the RAS

system are shown inset. ACE, angiotensin‐
converting enzyme; ACE2, angiotensin‐
converting enzyme 2; Ang I, angiotensin I; Ang

II, angiotensin II; AT1R, angiotensin II receptor
type I; AT2R, angiotensin II receptor type II;
AT4R, angiotensin IV receptor; MasR, Mas
receptor; MrgD, Mas‐related G protein‐coupled
receptor D
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angiotensinogen (AGT), is cleaved by renin at the N‐terminal end and
converted into a 10‐amino acid peptide, angiotensin I (Ang I)33

(Figure 1). AGT belongs to serine protease inhibitor (SERPIN) family.

AGT sequences vary but the functional domain, Ang I, sequences are

fairly conserved. Ang I is cleaved by ACE to form Ang II. Ang III

and IV are formed by sequential removal of N‐terminal amino acid
by amino peptidase A and N (APA/N).11 Ang II is further cleaved

by ACE2 to produce Ang (1–7). ACE2 also cleaves Ang I to form

Ang (1–9).

AT1R is activated by binding Ang II which forms Ang I–(ACE)–

Ang II–AT1R axis.9 This axis is responsible for vasoconstriction,

inflammation, myocardial fibrosis, proliferations, hypertrophy and

oedema in different organs and tissues.34 The second axis is started

by the Ang II–(ACE2)–Ang (1–7)–MasR which acts as an antagonist of

the Ang I–Ang II–AT1R axis (Figure 1). The third axis is comprised of

Ang I–(ACE2)–Ang (1–9)–(ACE)–Ang (1–7)–MasR. Ang II–(APA)–Ang

III–(APN)–Ang IV–AT4R can be represented as a fourth axis.8,35 Ang

II is sometimes decarboxylated to produce Ang A. Ang A can

be cleaved again by ACE2 to generate alamandine which then acti-

vates MrgD‐mediated pathway. Through axes two to four, the
vasodilator, anti‐inflammatory, anti‐hypertrophic pathways are acti-
vated. Production of alamandine also antagonizes the first axis

(Figure 1).8

ACE2 is a transmembrane zinc‐containing metalloenzyme pre-
dominantly located in kidney, heart, intestines and lungs.4,10,36 ACE2

counteracts the action of ACE by converting a vasoconstrictor pep-

tide, Ang II into a vasodilator Ang (1–7).36–39 The ectodomain of

ACE2 contains extracellular N‐terminal peptidase that converts Ang
I, Ang II and Ang A into Ang (1–9), Ang (1–7) and alamandine,

respectively.10,35,38,39 The catalytic affinity of ACE2 for Ang II is 400

times higher than for Ang I.40 The C‐terminal domain contains a
homologue of a renal protein, collectrin, that regulates amino acid

transportation to the cell surface.10 These distinct enzymatic mech-

anisms of ACE2 help defend against cancer, inflammatory and car-

diovascular diseases. ACE and ACE2 counterbalance each other and

their ratio tightly regulates the overall RAS network.8,10

Raised Ang II activates AT1R and triggers downstream cascades.

One of these cascades terminates in the initiation of p38, MAPK and

ADAM17/ADAM10 phosphorylation by NADPH oxidase 2‐mediated
reactive oxygen species formation.41,42 Phosphorylation boosts the

enzymatic activity of ADAM17 which facilitates ACE2 ectodomain

shedding with a reduction of mACE2. This ensures easy access of

ACE2 to Ang II, which stabilizes the AT1R‐mediated pathological
effects in a positive feedback cycle.43,44 Elevated Ang II was also

found to internalize mACE2 via AT1R‐receptor‐mediated lysosomal
degradation.45

In addition to its normal functions, ACE2 also contains virus‐
binding motifs (VBMs) where the receptor‐binding domain (RBD) of
S protein binds and facilitates host membrane fusion.46,47 ACE2 acts

as receptor for several viruses, including SARS‐CoV‐2 and became a
major focus of scientific research.5,12,46 Ectodomain shedding does

not interfere the VBM, retains both virus‐binding and enzymatic ac-
tivities and can bind S protein in the extracellular floating state.12–14

3 | MOLECULAR INTERACTION BETWEEN SARS‐
CoV‐2 SPIKE PROTEIN AND HOST CELL

3.1 | S protein–ACE2 binding dynamics

The SARS‐CoV‐2 S protein is an envelope glycoprotein that creates
the distinctive 'corona shape' after which the virus family is named.

The spike glycoprotein is a large polypeptide consisting of S1 (residue

13–685) and S2 (residue 686–1273) subunits (Figure 2a).22 S1 and S2

both contain multiple domains and motifs that play vital roles

in attachment, fusion and entry of virus into target cells, and

are potential target for the development of neutralizing antibodies,

inhibitors and vaccines. Three S1/S2 heterodimers assemble to

form a trimer spike protruding from the viral envelope.48,49 Three S2

units form a central core and S1 units sit like a hat on the top with

RBDs. The domains of ACE2 and TMPRSS2 are also shown in

Figure 2a.

S1 subunit contains two structurally independent N‐terminal
(S1‐NTD) and C‐terminal (S1‐CTD) domains. The S1‐NTD (residue
14–105) contributes to the spike trimer interface. S1‐CTD contains
two subdomains: a core structure (RBD, residue 319–541) and a

receptor‐binding motif (RBM, residue 437–508) (Figure 2a).50 A five‐
stranded antiparallel β‐sheet is present in RBD. The two‐stranded
antiparallel β‐sheet along with two ridges forms a concave‐shaped
RBM which recognizes host receptor. Like SARS‐CoV, SARS‐CoV‐2
uses ACE2 membrane receptor to bind S protein for host cell entry

with the help of host proteases.51–54 Subdomain I of ACE2 in NTD

contains several VBMs on the outer surface of ACE2.50

A number of hydrophilic residues of both RBD and VBM form a

compact link of H‐bond and salt bridge interactions that facilitate the
binding of S protein to ACE2. This binding does not interfere with the

enzymatic activity of ACE2.55 The virus–receptor attachment is

dominated by polar interactions facilitated by the hydrophilic resi-

dues.50 SARS‐CoV‐2 RBD has a higher affinity for ACE2 compared to
SARS‐CoV; on the other hand, the paradox is that the affinity of its S
protein to ACE2 is similar or lower than SARS‐CoV S protein.22,51

The reasons for this opposing behaviour are the dynamic state of

SARS‐CoV S protein RBD mostly stay in standing‐up position. In
contrast, the SARS‐CoV‐2 RBD can stay in lying‐down state51 making
the RBD inaccessible to ACE223 and host immune cells as this posi-

tion is angled towards the core of the trimer.22 However, structural

studies show that SARS‐CoV‐2 S proteins RBD go through hinge‐like
conformational rearrangements.22,23,50,55–57 It transiently hides itself

from receptor binding which is thought to be less stable and exhibits

spontaneous standing‐up and lying‐down positions.22,57 It can be
speculated that four different scenarios can be adopted by a trimer:

(a) all RBDs of a trimer are in lying‐down position, (b) one RBD in
open position, (c) two RBDs in open positions, and (d) all three RBDs

are in standing‐up positions. Structural studies of Benton et al.23

demonstrated the aforementioned four possibilities by structural

biology experiments. However, as like many coronaviruses, S protein

contains S1/S2 cleavage site, proteolysis at this site triggers the

affinity of RBD towards ACE2.22,23,51,56–58
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3.2 | Proteolysis of S protein

S protein of some viruses are primed at S1/S2 site by proteolytic

action during packaging once inside cell; however, some are often

primed later in entry process, sometimes after receptor bindings.23,56

Proteolysis facilitates the membrane fusion process.55 Coronaviruses

use host proteases in four different phases of virus infection cycle; (a)

furin‐like protein convertases during packaging or during cell entry,
(b) extracellular proteases, that is, elastase after exocytosis, (c) cell

surface proteases like TMPRSS2 just after RBD binds to receptor,

and (d) lysosomal protease like cathepsin L, B after endocytosis.

However, sometimes, receptor bindings and change in adjacent pH

perhaps facilitate proteolysis.55,58 SARS‐CoV‐2 S protein possesses
additional four amino acids (PRRA) at S1/S2 junction that chemically

changes the site to polybasic or multibasic site. This polybasic site

creates a unique cleavage site (RRAR) for furin proteases that is

absent in SARS‐CoV.5,22,57 Proteolytic cleavage at S1/S2 junction

results in the unstable up conformations of all three RBDs that can be

more exposed for ACE2 binding. It also facilitates shedding of S1

subunit and initiates refolding of S2.57 Conversely, in case of standing

up of single RBD, cleavage at S1/S2 site dose not separate the sub-

units fully that remain attached together through non‐covalent in-
teractions.55 Even though S1/S2 cleavage is not mandatory for cell

entry, having a polybasic cleavage site could expand SARS‐CoV‐2
tropism and/or transmissibility and/or altered pathogenicity

compared to other coronaviruses.5,23,57

3.3 | Restructuring of S protein

RBD binding with ACE2 results in a substantial structural rear-

rangement from a metastable prefusion conformation.22,23,57,59 RBD

domain changes its positions after binding by a rigid‐body rotation.
The centre of mass of the domain shifts from trimer axis along with

F I GUR E 2 Domains of important proteins
and ACE2 binding mediated virus spike protein

conformational shift: (a) domains of ACE2,
SARS‐CoV‐2 spike protein and TMPRSS2;
(b) spike protein trimer of SARS‐CoV‐2 (PDB ID
6XM3) with one monomer open (yellow), and
two closed (blue and red). Two superimposed
images shown to depict S20 cleave site residue
arginine 815. Closed (blue, PDB ID 6ZGE) and

open (pink, PDB ID 6XM3) spike protein
monomer superimposed both without ACE2
bound (right top). Open no‐ACE2‐bound spike
protein (pink, PDB ID 6XM3) was superimposed
on open with ACE2 bound (cyan, PDB 7A96)
(right bottom). Discovery Studio Visualizer

v17.2.0 and Chimrea v1.13.1 were used to
visualize and superimpose S proteins,
respectively. Inkscape v0.92.3 was used to

compile the figure. CP, cytoplasmic; CS,
autocatalytic site; EC, extracellular; FP, fusion
peptide; HR, heptad repeat; TM,
transmembrane
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the NTD‐ and RBD‐associated subdomains. This structural rear-
rangement changes the position of NTDs of all the three S1 of the

trimers. Interestingly, binding of ACE2 with two or all RBDs does not

produce significant changes in average RBD position.23 In addition,

ACE2 binding with one standing‐up RBD induces a more standing‐up
conformation than fully closed conformation of other RBDs sug-

gesting the possibility of binding more ACE2s to other RBDs. The

rearrangements of the RBD and NTD domains facilitate the trimeric

ring of S1 append to the S2 core and twist the S2 structures. The

arginine 815 of S20 junction is extended outside when ACE2 is bound

to the open RBD, but not in non‐bound case (Figure 2b). This alter-
ation eases the S20 and makes the cleavage site accessible to pro-

teases. The attached S1 trimer is required to be primed at S20

cleavage site (upstream of S2 fusion peptide) for the further rear-

rangements for host cell fusion.23

3.4 | Proteolysis at S2′ site

Studies have demonstrated the proteolytic role of furin protease,

TMPRSS2 and cathepsins at S20 cleavage site.5,49,60 Several studies

on SARS‐CoV and MERS‐CoV along with influenza viruses revealed
that activation of S protein and subsequent attachment and fusion

with host cell membrane involve multiple cleavage of events at S1/S2

junction and S20 location.47,52,54 TMPRSS2 showed more activity on

SARS‐CoV‐2 S protein in vitro compared to cathepsin L and furin.53

Furin is a membrane‐associated protease predominantly expressed in
the Golgi bodies of all cells, which can reach plasma membrane as

well and generally been internalized and targeted back to the trans‐
Golgi network.61 The predominant location of furin lies in cytoplasm

and its presence on extracellular matrix helps SARS‐CoV‐2 to
convert S protein conformation to fuse with host cell membranes.53

Cathepsins, in contrast, are classically found in lysosomes and

endosomes and take part in several degradative and antigen‐
presenting progressions.62 As both furin and cathepsins predomi-

nantly work in cytoplasm, it is postulated that serine protease

TMPRSS2 is mainly involved in S1/S2 and S20 cleavage; however, in

the absence of TMPRSS2, viruses take advantages of the presence of

furins and cathepsins on extracellular matrix to facilitate fusions to

host membrane. In addition, extracellular presence of furins may

accelerate the membrane attachment by exposing S20 cleavage site

to TMPRSS2 for subsequent irreversible cleavage at that site.

TMPRSS2 contains a type II transmembrane domain, a receptor

class A domain, a scavenger receptor cysteine‐rich domain and a
protease domain, and belongs to the trypsin‐like serine protease
family (Figure 2a). They can interact with other proteins on cell

surface, several soluble proteins, matrix components and proteins on

other cells or particles.63–65 Serine proteases are well characterized

and known to take part in many cellular, physiological, molecular and

pathological processes. Activation of protease domain occurs by

autocatalytic cleavage and released from the rest of the part of

TMPRSS2.66 The presence of Ca2+ binding site might be involved in

autocatalysis, activation and release of serine protease domain like

many serine zymogens. Release of active serine protease can float,

reach and act on distant tissues known as trans technique.67–69 In

addition, activation of AT1R receptors raise Ca2+ concentrations in

the cytoplasm through AT1R–Gαq/11–PLC–IP3–IP3R axis.70 Cal-
cium signalling triggers when Ca2+ ions are released from intracel-

lular stores and/or it enters cells through plasma membrane ion

channels.71 Sudden increase of extracellular concentration of Ca2+

may activate several calcium‐dependent enzymes on outer mem-
brane. As mentioned above, the presence of Ca2+‐binding sites68 on
TMPRSS2 are perhaps involved in Ca2+‐dependent autocatalysis and
release of activated serine proteases in the extracellular space. There

is evidence of released serine proteases in circulatory systems

too.63,64,72 Cleavage at S20 location by TMPRSS2 is very important

for virus entry as this event can prime and expose fusion peptide at

ready to fuse state.23,58 Inhibitors of TMPRSS2 mostly block viral

entry into host cells.5,60,65

4 | SARS‐CoV‐2 UPTAKE AND FUSION PROCESS

4.1 | Membrane fusion process

Upon cleavage at S20 cleavage site, remaining S2 subunit is detached

(partially or fully) from S1.5,23,46,60,73 The S2 subunit contains a hy-

drophobic fusion peptide (residue 816–837) and two heptad repeat

regions, HR‐1 (residue 912–984), and HR‐2 (residue 1163–1213). In
addition, S protein contains transmembrane (residue 1214–1234)

and cytoplasmic (residue 1235–1273) domains.50 S20 cleavage site is

present just adjacent to fusion peptide; consequently, cleavage at this

site exposes the internal fusion peptide along with dramatic confor-

mational changes in S2 subunits. This conformational change exposes

and facilitates HR‐1 and HR‐2 to interact with each other to form a
six‐helix bundle structure helping host membranes and the virus to
fuse.74 The general mechanism of SARS‐CoV‐2 binding to mACE2
and cellular entry under normal physiological condition is shown in

Figure 3.

4.2 | Uptake of virus (endocytic route)

Clathrin‐ and non‐clathrin‐mediated endocytic route of virus entry
has also been observed for SARS‐CoV‐2.75–79 These processes
are protease independent and facilitate entry at membrane surface

in the absence of membrane‐bound or extracellular proteolytic
enzymes. After endocytosis, several options are available; budd-

ing of clathrin‐coated vesicle, flotillin‐1‐associated endocytosis,
caveolae, macropinocytosis, clathrin‐independent carrier and glyco-
sylphosphatidylinositol‐anchored protein‐enriched endosomal comp-
artment. The virus passes through the endocytic pathways towards

cell core reducing pH in the endosome.24,76 The acidic environment

activates several endosomal proteases like CatB and CatL. These

cysteine proteases then act on S protein to facilitate the fusion as

mentioned above.49,80,81
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5 | PROPOSED MECHANISM OF sACE2 IN VIRAL
ENTRY, SEVERITY AND THERAPEUTICS

5.1 | Virus–sACE2 complex mediated entry, RAS
imbalance and distant infection

Severe COVID‐19 patients often have underlying health issues, like
diabetes, cardiovascular disease, hypertension, obesity, chronic lung

disease, are more likely to need ventilation and die.19,20,27 Besides,

sACE2 has been reported as a biomarker in several diseases.82 In a

study with two large international cohorts comprising more than

5000 elderly with atrial fibrillation, the level of sACE2 was tightly

coupled to age, male sex, cardiovascular disease and diabetes.21

ACE2 ectodomain or sACE2 can bind viral S protein in the similar

fashion as mACE2 does, indicating native sACE2 can bind S protein in

extracellular space with same affinity.23,27 COVID‐19 comorbid pa-
tients have high sACE2, yet are still prone to severity. Based on the

present molecular and structural data of virus–ACE2 interaction

mechanism, we extend the following possible events of sACE2‐
mediated COVID‐19 severity, especially in comorbid patients

(Figure 4).

(a) S proteins of newly entered virus can bind sACE2 in extracellular

space to form virus–sACE2 complex. Binding‐induced confor-
mational shifting can allow free floating catalytically active

domain of TMPRSS2 or furin to prime S protein for membrane

fusion (Figure 4b). Binding of sACE2 to one S protein monomer

also facilitates opening of neighbouring S protein monomer for

ACE2 binding. Upon priming, the fusion peptide zone of viral S

proteins of the complex becomes ready to fuse to host mem-

brane in pH‐dependent mechanism. The virus–sACE2 complex
with some free S protein in open state may roll over the mem-

brane through random walk and can bind available ACE2. This

could fuse and bring its RNA inside host cell, but post fusion fate

of virus‐bound sACE2 needs to be experimentally evaluated.
(b) Endocytosis mediated viral entry can take both receptor‐
dependent and ‐independent pathways (Figure 4c,d). In the
similar fashion mentioned above, virus partially covered with

sACE2 can bind to limited mACE2 present in comorbid patients.

This may follow receptor‐mediated endocytosis of virus–sACE2
complex via clathrin‐dependent or ‐independent, cholesterol‐
rich caveolae or lipid raft mechanism. In such case, virus–sACE2

complex will get inside the host cell. Again, the replication

F I GUR E 3 SARS‐CoV‐2 entry in normal
physiological condition: (a) virus enter by

membrane fusion, (b) through receptor‐
dependent endocytosis, (c) through receptor‐
independent endocytosis, (d) virus is uptake by

host membrane‐bound vesicle where mACE2 is
lost. When patient is non‐comorbid, virus can
take its entry reducing surface ACE2; however,
the Ang II‐mediated severity is thought to be
moderate due to the high expression and
regeneration of mACE2 and immune capacity of
host. ACE2, angiotensin‐converting enzyme 2;
Ang II, angiotensin II; mACE2, membrane ACE2;
SARS‐CoV‐2, severe acute respiratory
syndrome coronavirus 2
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potential of such internalized complex is still unclear. Although

not predominant, macropinocytosis, a receptor‐independent
filopodia‐mediated endocytosis process, can also happen and
virus–sACE2 can be internalized.83,84

(c) We speculate that primed virus–sACE2 complex is also able to

manifest the same host cell entry mechanism in any distant organ

once delivered by the circulatory system (Figure 4d). Even cells

with no floating proteases and with low or no membrane‐bound

proteases can uptake this complex via endocytosis. The coating

of sACE2 on virus does not interfere with host immune cells,

making it easy to travel to distant organ avoiding immune attack.

Taken together, in our opinion, this pre‐primed virus–sACE2
complex has potential to create two main harmful effects; (a) if

travelled to distant organs where cells lack protease machineries, it

can enter cells. This may assist viral spreading from primary infection

F I GUR E 4 Proposed detrimental role of sACE2 in SARS‐CoV‐2 entry and subsequent disease severity in site of infection and distant cells:
(a) in sACE2 abundant condition, virus S protein may partially be covered with circulatory sACE2 forming virus–sACE2 complex and can be
primed by floating serine proteases; (b) it can enter its genetic material by membrane fusion; (c) few available mACE2 can bind the virus–
sACE2 complex and endocytosis can proceed through several mechanisms; (d) virus–sACE2 complex can be internalized by receptor‐
independent macropinocytosis; and (e) the complex can travel to distant cell where serine protease activity is low or absent. In all

internalization processes, the virus–sACE2 complex takes sACE2 inside creating rapid crisis of sACE2 and increase of Ang II. This may lead to
RAS imbalance and COVID‐19 severity. Ang II, angiotensin II; COVID‐19¸ coronavirus disease 2019; mACE2, membrane ACE2; sACE2, soluble
ACE2; SARS‐CoV‐2, severe acute respiratory syndrome coronavirus 2
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site to distant organ, especially in comorbid patients to mediate or-

gan failure, and (b) when this virus–sACE2 complex with a large

number of bound sACE2 is internalized to host cell, rapid decrease in

extracellular sACE2 and mACE2 may create serious imbalance in

host RAS homeostasis.

5.2 | S protein–ACE2–Ang II triad in using
therapeutic sACE2 and vaccination

The published reports claim and hypothesize that therapeutic sACE2

(hACE2) or engineered sACE2 decrease Ang II and block viral entry

in treated patients or in cellular experiments.85–88 We partially

disagree with this claim regarding the reduction of virus entry. As

native and therapeutic sACE2 both retain Ang II catalytic activity in

addition to virus RBD binding, it is obvious that therapeutic sACE2

can also catalyse Ang II. Experiment with retrovirus pseudo typed

with the SARS‐CoV S protein showed successful precipitation of
virus both with catalytic‐efficient and ‐deficient variants of sACE2,89

indicating that sACE2 can catalyse Ang II in its virus‐bound
form. However, regarding inhibition of viral entry, as comorbid

patients have more sACE2, native sACE2 should alleviate viral

entry by covering SARS‐CoV‐2 and preventing cellular entry.
In addition, continued Ang II conversion will protect Ang II

mediated severe cellular fates. However, the opposite is observed,

as comorbid COVID‐19 patients suffer more severe outcome
including death.

Zoufaly et al.86 reported intravenous infusion of recombinant

sACE2 to a single patient having comorbidity for 7 days and re-

ported decrease of Ang II and virus in serum. However, they were

uncertain whether the reduction of viral load was due to sACE2 or

natural course of disease. This case report of only a single patient

and lack of control parameters limited the findings. In another

report, Monteil et al.87 used kidney organoids to show that clinical

grade sACE2 can block SARS‐CoV‐2 entry in cell lysates. However,
they mentioned two limitations, not using lung organoids and their

set‐up reflected early‐stage infection only. In addition, the organoids
could not mimic the host cells with mACE2/sACE2 for which many

questions remain unanswered. In all in vitro experiments, sACE2

was pre‐incubated with SARS‐CoV‐2 and then the complex was
incubated with competent cell lines.85,87,88 This does not mimic real

competition between mACE2 and native or therapeutic sACE2 for

virus binding. Thus due to pre‐incubation with sACE2, saturated
virus cannot afford to bind mACE2, and subsequent endocytosis is

inhibited. We consider the short half‐life of native sACE2, relative
low amount and its host cell entry as virus–sACE2 complex might be

the reason why comorbid patients fail to gain protection. In case of

therapeutic sACE2, additional infusions of sACE2 refill the lost

sACE2 and help to balance RAS transiently. In case of comorbid

patients, internalized virus–sACE2 replication pattern is unex-

plained; at least the extracellular elevation of Ang II due to ACE2

down regulation (both mACE2 and sACE2) is thought to worsen the

prognosis.

The impact of mACE2 and sACE2 down regulation in vacci-

nated individuals can also be explained in the light of the above

discussion. All the vaccines under clinical and preclinical trials have

RNA‐devoid virus S protein as final derivative to elicit immune
response inside our body.90 SARS‐CoV and SARS‐CoV‐2 S protein
alone or expressed in pseudovirus vehicle showed to bind and

internalize mACE2 but cannot replicate due to the absence of its

RNA.5,12,49,69 Accordingly, all vaccine ingredients can potentially

internalize mACE2 upon binding and trigger mACE2 shedding by

ADAM17 to release sACE2. Inactivated or weakened vaccines or

vaccines with S protein expressed on pseudovirus or virus‐like
particles can bind the available sACE2. Partially saturated vaccine–

sACE2 complex can bind to mACE2, and this internalization

may reduce the overall ACE2 availability. This will raise Ang II

level in the same way as original virus can do and pose additional

risk to comorbid and older individuals. Healthy individuals may

overcome this vaccine‐induced transient Ang II rise as they do in
viral infection. However, with already‐elevated sACE2 level, older
and comorbid individual taking vaccine may face sudden Ang II

spike mediated harmful effects which need to be carefully

observed.

5.3 | ACEIs, ARBs and Ang II interaction in COVID‐
19 comorbid patients

COVID‐19 severity is more prevalent among patients with the
existing comorbidities who use ACE inhibitors (ACEIs) and angio-

tensin receptor blockers (ARBs).91,92 In the initial phase of COVID‐
19, the use of ACEIs and ARBs were thought to be connected with

COVID‐19 severity. However, a very large cohort data with 8.2
million participants demonstrated no independent association of

using ACEIs and ARBs to COVID‐19 severity.93 Dalan et al.91

mentioned that with ageing and diseases the ACE–Ang‐II–AT1R axis
takes control over the ACE2–Ang (1–7)–MasR axis. SARS‐CoV‐2
infection further reduces ACE2 and the former axis mediated prog-

nosis takes place. The use of ACEIs and ARBs shift the balance to-

wards beneficial axis as Ang II production is inhibited and AT1R

mediated harmful cascade cannot progress. It was thought that the

use of ACEIs and ARBs also upregulates ACE2 and could be linked

with viral entry‐mediated severity.91 Critical review of published
literature showed no significant overexpression of ACE2 using these

drugs.94 As mentioned earlier, Ang II can mediate lysosomal degra-

dation of mACE2 through AT1R.45 COVID‐19‐infected comorbid
patients with the existing low mACE2 face further reduction of

mACE2 by virus‐mediated endocytosis resulting upsurge in Ang II,
which in turn triggers another round of mACE2 reduction via AT1R‐
mediated lysosomal degradation. Thus the use of ARBs and ACEIs

can reduce Ang II formation and AT1R‐mediated mACE2 loss can be
stopped. This rescued ACE2 was erroneously considered as ACE2

overexpression as a result of using ARBs and ACEIs. Thus, in co-

morbid patients, both Ang II and virus are able to downregulate

ACE2 shifting the RAS balance to harmful end. The pathological
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deleterious events are possibly not primarily due to ACE2‐mediated
viral entry, rather loss of overall ACE2 and increased Ang II could be

the main player behind COVID‐19 catastrophe. Thus, any therapeutic
which can reduce the level of Ang II can exert beneficial effects.

6 | SUGGESTED FUTURE WORKS

The interconnection between SARS‐CoV‐2, mACE2, sACE2 and Ang
II seems to play an important role in COVID‐19 severity in
comorbid and older patients. Thus, in vitro and in vivo experiments

should be designed to monitor their level. In therapeutic sACE2 and

vaccines, virus‐blocking capacity and antibody titre are usually
monitored, respectively. However, the level of endocytosis,

change of sACE2/mACE2 and Ang II, and extent of filopodia‐driven
macropinosome formation need to be evaluated side by side. This

will help to formulate safe and effective therapeutic intervention for

comorbid group maintaining RAS balance with reduced chance of

severity.

7 | CONCLUSION

In this review, we propose and discuss possible mechanisms by which

virus–sACE2 complex can interact with host cell in comorbid COVID‐
19 patients. The interaction can spread virus to distant organ and

create sACE2 and mACE2 depletion with negative impact on RAS by

increasing Ang II. We further discussed how the mechanism might

affect the use of therapeutic sACE2, ACEIs, ARBs and vaccines. These

considerations need to be addressed and checked experimentally to

understand the precise role of sACE2 in vitro and in vivo. This will

hopefully facilitate the design of safe and functional vaccines and

therapeutic sACE2 for comorbid people who are at high risk of

COVID‐19 infection and severity.
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