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What do we know about the subject matter of this study? What does this study contribute to what is already known?
The SARS-CoV-2 pandemic has highlighted the important role of This article reviews previous experiences on Coronavirus and
the Renin Angiotensin System (RAAS) in viral infection at both SARS infection, and provides a physiopathological view of SARS-
the pulmonary and systemic levels, in particular the role played CoV-2 infection that helps to understand the relationship bet-
by Angiotensin Converting Enzyme 2 as a receptor for the Coro- ween ACE2 as a viral receptor and at the same time as a stabilizer
navirus. of the Angiotensin 2-mediated inflammatory cascade activated by
SARS-CoV-2.
Abstract Keywords:

The renin-angiotensin-aldosterone system (RAAS) is the main plasma volume regulator, which
maintains cardiovascular and hydrosaline homeostasis. In the classical pathway, the angiotensin-
converting enzyme (ACE) generates Angiotensin II (AnglI), which is powerfully inflammatory and
vasoconstrictive. This classical pathway is also regulated by ACE2, which converts Angl to Ang 1-9,
and degrades AngllI to Ang 1-7, whose vasodilatory and anti-inflammatory functions balance out the
effects of Angll. ACE2 has been associated with the pathogenesis of respiratory infections such as RSV
and severe acute respiratory syndrome coronavirus (SARS-CoV and SARS-CoV-2). Recent studies
have shown that ACE2 corresponds to the main SARS-CoV-2 receptor, which together with other
receptors such as the TMPRSS2, allows the virus to attach, fuse, and enter the host cell. These studies
have shown that in animals infected with coronavirus there is a drop in tissue concentration of ACE2
and Ang 1-7, leading to overexpression of Angll and its vasoconstrictive and inflammatory effects.
Experiments with recombinant ACE2 have shown a protective effect against overexpression of RAAS
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in coronavirus-infected animals, which is similar to that demonstrated with the use of AnglI receptor
blockers (AT1). Evidence on the protective role of ACE2 seems to support the recommendations re-
garding not discontinuing these drugs in COVID-19 infection. In this article, we present the current
knowledge about the role of RAAS in coronavirus infection, based on physiopathological concepts,

molecular bases, and experimental and clinical evidence.

Abbreviations

RAAS: Renin-Angiotensin-Aldosterone-System

Angl: Angiotensin |

Angll: Angiotensin |l

ACE: Angiotensin converting enzyme

ACE2: Angiotensin converting enzyme 2

AT1: Angiotensin Il type 1 receptor

AT2: Angiotensin Il type 2 receptor

Ang 1-7: Angiotensin 1-7

Ang 1-9: Angiotensin 1-9

RSV: Respiratory Syncytial Virus

SARS-CoV: Severe Acute Respiratory Syndrome Coro-
navirus

SARS-CoV-2: Coronavirus 2 COVID19

TMPRSS2: Serine Transmembrane Protease 2 Associated
with the Host Surface

RNA: Ribonucleic Acid

rACE2: Recombinant Angiotensin 2 Converting
Enzyme

KO: Knock Out

ICU: Intensive Care Unit

AKI: Acute Kidney Injury

RRT: Renal Replacement Therapy

FGF23: Fibroblast Growth Factor 23

Key Concepts

e The RAAS is closely linked to the body’s response to SARS-
CoV infection.

e ACE2 corresponds to the critical coronavirus receptor, whi-
ch acts in conjunction with the TMPRSS2 protease

e Increased Angll and decreased ACE2 are characteristic of
RSV and SARS-CoV infections.

o Deficiency of primary (ACE2 knockout animal model) or se-
condary (SARS-CoV and SARS-CoV-2 infection) aggravates
acute lung damage.

e ACE2 plays an important protective role against SARS-CoV
infection.

e The use of ACE2 has been shown to be protective against
inflammatory changes mediated by Angll.

e Blocking of the AT1 receptor by blockers such as Losartan
inhibits the inflammatory response to SARS-CoV infection

Introduction

The renin-angiotensin-aldosterone system (RAAS)
is the main regulator of plasma volume in mammals
and plays a central role in sodium and cardiovascular
homeostasis. The RAAS exerts vasoconstrictor and wa-
ter/sodium retentive actions, therefore derangements
in these physiological functions may result in hyper-
tension and cardiovascular diseases'.

Activation of the so-called “classical pathway” of
the RAAS begins in the juxtaglomerular apparatus with
the release of preformed renin from its precursor pro-
renin, secondary to baroreflexes, beta-adrenergic or
molecular stimuli in the macula dense. Renin cleaves
the angiotensinogen precursor in the liver into Angl®.
This decapeptide, without specific biological action, is
converted to the octapeptide Angll (Ang 1-8) by the
effect of ACE, a metalloproteinase mostly located in
lung endothelial cells, as well as in other tissues. AnglI
exerts effects via the AT1 receptor producing systemic
vasoconstriction, increasing oxidative stress with sub-
sequent inflammatory and pro-fibrotic phenomena,
and releasing aldosterone from the adrenal cortex to
promote reabsorption of sodium and water in aldoste-
rone-sensitive segments of the nephron.

In recent years, it has become clear the existence of
an alternative arm within the RAAS to counterbalance
the classical pathway, as well as local RAAS pathways in
various organs that would function independently, via
autocrine and paracrine mechanisms*.

The RAAS and ACE2

The discovery and characterization of the Ang 1-7
peptide almost three decades ago, prompted the dis-
covery of the “non-classical” counter-regulatory sys-
tem of Angll actions. This heptapeptide is generated
by cleavage of Angl by a variant of ACE called ACE2°.
ACE is an essential component of the RAAS, produced
by the endothelium of various tissues, and constitutes
a transmembrane protein with two active catalytic do-
mains of the N and C type terminals. The cleavage of
the terminal C domain generates the soluble carboxy-
peptidase that removes the carboxiterminal di-peptide
from Angl, generating AnglI, while the hydrolysis of
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the vasodilator peptides bradykinins is produced by
the enzymatic action of both domains®. ACE2, iden-
tified simultaneously by Donoghue and Tipnis in
200078, is a monocarboxypeptidase homologue of
ACE, with a single transmembrane helix, with an in-
tracellular segment with N and C terminal domains,
but with a single active enzymatic site that provides
different characteristics from ACE. Its synthesis is re-
gulated by the ACE2 gene located on the X chromoso-
me (Xp22) which codes for its 805 amino acids’. When
initially described, its effect was to convert Angl into
Ang 1-9 by removing the terminal C residue’®, which
led through an enzymatic process to the production
of Ang 1-7. Later studies'®!! emphasized the impor-
tant action in the degradation of Angll towards Ang
1-7, which acts through the transmembrane receptor
coupled to a G protein ‘MAS’, and exerts the vasodi-
latory, anti-inflammatory and cardioprotective actions
mediated by nitric oxide (NO) that limit the vasocons-
trictive effect of Angll (Figure 1). The distribution of
ACE2 is more restricted than ACE, mostly located in
heart, kidney and testes, but Harmer et al. in 2002 de-
monstrated their transcriptional expression in the lung
(type 2 alveolar epithelial cells and pulmonary blood
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vessels), and in the gastrointestinal system'>'*. The de-
monstration of pulmonary expression was followed by
studies describing the associations and role of ACE2 in
the pathogenesis of respiratory infections such as RSV,
Influenza A (HIN1), SARS-CoV and recently SARS-
CoV-2",

Coronavirus and ACE2

More than a decade ago several authors'>!” studied
the ACE2 receptor using Vero E6 African monkey cells
that allowed replication of SARS-CoV naturally. By
infecting 293T host cells transfected with a plasmid
expressing ACE2 with SARS-CoV, they observed that
the SARS-CoV spike protein was specifically associa-
ted with cells expressing the ACE2 receptor but did not
with those transfected with a control vector. Further-
more, the authors observed that ACE2 interacted with
the S1 domain of the spike protein, but not with ACE,
and that the virus replication on Vero E6 cells was spe-
cifically inhibited by anti-ACE2 antibodies. Numerous
publications have shown that the entry of SARS-CoV-2
into the host cell depends on the interaction between
the spike protein and the ACE2 receptor'”?. There is

Angiotensinogen
Ang 1(1-10)
[ 1
ﬁ Classical pathway N::;frllavi;':al % 7@)
e ace2(. t
somatic tissues| AQEE GI "D ’\D
Ang 11(1-8) Ang 1-9
AT1 receptor Receptor AT2 - '
Vasoconstriction Ang 1-7
SNSincrease Ang 111(2-8) I
A|d°5t‘i_’°"e Vasodilatory and N\:sc’d:atl?n
sEarir X | - anti-proliferative MAS receptor procuction
Na reabsortion AP B AP N and anti-fibrotic Natriuresis
Inflammation Ang IV (3-8) aiizes Diuresis
Oxidative stress
Pro-fibrotic B ‘

Figure 1. Renin angiotensin aldosterone system, classical and non-classical pathways and their principal actions. Ang: angiotensin.
SNS: sympathetic nervous system. Na: sodium. ACE: angiotensin converting enzyme. AP: antipeptidase. ACE2: angiotensin converting

enzyme 2. NO: nitric oxide.
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evidence that there are also other equally important re-
ceptors for the entry of SARS-CoV-2, in particular the
TMPRSS2 protein which has been identified as a se-
cond receptor necessary for this process. Its interaction
is essential for the priming of SARS-CoV-2 in the cell,
and its inhibition suppresses the entry of the virus into
the alveolar cell'®.

The first step in the viral invasion is the binding of
the virus spike protein to a high affinity receptor in the
cell, the ACE2 protein. A characteristic of the surfa-
ce proteins in SARS-CoV is their structure formed by
an N-terminal surface unit (S1), which houses the re-
ceptor-binding domain, and a C-terminal transmem-
brane unit (S2), which corresponds to the domain
required for fusion to the cell membrane. Proteolytic

CLINICAL OVERVIEW

cleavage of both S1 and S2 units by the ACE2 and TM-
PRSS2 proteases is critical for virus fusion to the cell
membrane, since the fixation segment of the S1 unit is
located at the C-terminal end, and the fusion segment
of the S2 unit is located at the N-terminal end. After
cleavage, the fusion segment of the S2 unit adheres to
the cell membrane allowing entry of viral RNA. The
location of proteases in the cell membrane determi-
nes whether this fusion and entry is via endosomes,
with release of viral genetic material mediated by L-
Cathepsin, or directly by interaction of the TMPRSS2
protease with ACE2'>?! (Figures 2 and 3). The inte-
grated genomic study by Guzzi et al.'” showed that the
pathogenic effect of the virus depended fundamentally
on the ACE2 receptor, which decreases its expression

N-terminal Unit

R667

R797

N —

$1: receptor
binding
domain

S2: Fusion
peptide

B Fusion peptide
I Heptad repeats

M Ssignal peptide
[J Cytoplasmic tail

@ Transmembrane domain

Figure 2. Domain organization of the SARS-
CoV-2 spike protein. The split of S1 surface unit
and S2 transmembrane unit because of host
cell proteases is prerequisite for fusion to the
membrane cell. Modified from?'. N y C: amin
and carboxylate terminal Unit. RBD: receptor
binding domain. R667 y R797: position of the

amino acids cleaved by cell proteases.

Entry via endosomes

TMPRSS2

T

Camostat
mesylate

Infection

Entry at plasma membrane

Infection

Figure 3. Routes employed by SARS-CoV-2 for
entry into host cells. Entry by ACE2 endosomes
and by proteases TMPRSS2-ACE2. Modified
from?'. ACE2: angiotensin converting enzyme 2.
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due to the effect of SARS-CoV-2, in agreement with
preclinical studies in which recombinant (r) rACE2
was administered to compensate for the loss of the en-
zyme, resulting in an attenuation of the inflammatory
effects associated with the viral infection®. Functiona-
lly there are 2 forms of ACE2, a complete amino acid
sequence enzyme with an extracellular domain that
functions as the spike protein receptor, and a soluble
form that lacks the domain of S1 binding to the cell
membrane and exists in small circulating quantities®.
This soluble form can act as a competitor-interceptor
of the virus, preventing the fixation of the spike pro-
tein to the cell membrane. The extracellular domain
of the enzyme fused to the Fc segment of immuno-
globulin has demonstrated neutralization capacity of
SARS-CoV-2 in vitro*.

These findings raise the following question: what
is the evidence linking a system that regulates salt and
water balance and exerts vasopressor properties with
the pathophysiology of SARS-CoV-2 infection? A re-
cent study published by Gu et al.” contributed to the
understanding of the role of SARS and ACE2 in a RSV
model. Based on the hypothesis that SARS and ACE2
mediated RSV-induced lung damage, they evalua-
ted RAAS levels and the inflammatory response in a
preclinical model of ACE2 KO neonatal rats and stu-
died children with RSV. They showed that in 34 RSV-
infected children the plasma concentration of AngllI
significantly exceeded that of 20 controls, a difference
that disappeared in the regression phase of the disease,
suggesting that Angll may be involved in the virus-
induced inflammatory response. Following the intra-
nasal injection of RSV into healthy rats, they observed
similar peak levels of Angll as previously noted in
children on the third day of infection, concluding that
the RAAS plays a pathogenic role in the lung infection
by RSV. To determine the possible role of ACE2 as a
mechanism responsible for the observed rise in AnglI,
they measured ACE2 levels obtained from pulmonary
homogenates of RSV-infected rats and showed signifi-
cantly decreased ACE2 levels coinciding with the rise
in circulating AnglI in the infected rats, strengthening
the pathophysiologic links associating ACE2 with viral
pathogens.

The molecular mechanisms underlying the role of
ACE2 as a viral receptor for SARS-CoV had already
been confirmed by different authors. Kuba et al.' stu-
died ACE2 KO rats and healthy controls, which were
infected with SARS-CoV, subsequently quantifying the
viral load and the number of copies of the spike mo-
lecules in lung tissue. Both viral load and spike mole-
cule copy numbers were significantly decreased in the
group of mutant rats lacking ACE2, concluding that
the presence of ACE2 is essential for SARS-CoV to in-
vade and replicate in alveolar epithelial cells. Downre-
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gulation of the ACE2 receptor has been associated with
a more severe course of the acute respiratory condi-
tion*, leading to the hypothesis of a protective role of
ACE2 on lung damage. This hypothesis has been con-
firmed in experimental models in ACE2 KO rats expo-
sed to acute lung damage induced by acid aspiration, a
classic model of acute lung injury, that received rACE2.
The observed decreased in lung damage in this model
confirmed the protective effects of ACE2 in vivo. Sig-
nificant increases of lung inflammation markers such
as edema due to increased vascular permeability and
leakage of albumin, water and electrolytes, were ob-
served in ACE2 KO rats by measuring vascular leakage
with IV Evans blue and Dextran markers in acute lung
damage models. These effects were significantly atte-
nuated in AT1 -/- strains of rats, which cannot express
the effects of Angll. Of note, similarly to other obser-
vations®, a significant increase in the expression of
pulmonary tissue Angll was observed by inducing lung
inflammation. The observed Angll increase in models
of lung inflammation, suggested a dysregulation of the
normal balance between both RAAS pathways as a re-
sult of the lung injury, linked to the fall in the levels
of ACE2. These authors demonstrated that, during the
acute inflammation phase, ACE2 levels decrease while
those of ACE remain unchanged, suggesting that the
AnglI pathway is enhanced. These observations as well
as the reduced ANGII levels following genetic inactiva-
tion of ACE in both control and ACE2 KO mice, have
served as the basis for therapies that block the RAAS in
acute lung injury.

ACE2 as a protector of lung injury

The role of the enzyme ACE2 as a protective fac-
tor against lung damage has been suggested by several
studies®* based on the demonstration that a deficit
of ACE2 increases the severity of RSV-induced lung
damage®. In KO rats for ACE2 compared to normal
RSV-infected rats, lung tissue inflammation and leu-
kocyte infiltration were significantly elevated, whi-
le survival was found to be significantly decreased in
those rats lacking ACE2 compared to controls. In KO
rats for ACE2, lung tissue viral load and AnglI expres-
sion were increased by up to five times compared with
RSV-infected control rats. As in previous experiments,
treatment of rats with rACE2 pre and post viral infec-
tion significantly attenuated, alveolar inflammatory
changes, lung tissue viral load, and the rise in Angll,
compared o with control rats treated with placebo.

Recent reviews have attempted to bring together
theories and explain the controversy that may be gene-
rated by considering ACE2 as a receptor and gateway
to viral infection, and ACE2 as a potential protective
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mechanism”?. SARS-CoV-2 would use the ACE2
receptor to enter and infect the cell, increasing pro-
inflammatory cytokines, developing a cytokine storm
and increasing viral replication, helped in the entry
process by TMPRSS2, but at the same time the cellu-
lar infection would generate an internalization and
decrease of the available ACE2 receptors, triggering
the decrease of the soluble enzyme ACE2, with dysre-
gulating of the RAAS leading to overexpression of the
AnglI pathway, generating the cascade of severe acute
lung damage as demonstrated in several studies.

Angiotensin II receptor blockade and lung
injury

A question of great clinical importance is whether
ACE-AnglI blockade can be protective against virus-
induced lung damage, and how AT1 blockers affect the
expression of ACE2%. Kuba et al.'® evaluated the role
of ACE2 in SARS-CoV infection by intraperitoneal in-
jection of the purified Fc spike fraction of the virus,
which was associated with a significant rise in Angll
in lung tissue of control rats. Therefore, to confirm
whether lung inflammation was dependent on SARS-
CoV-induced rise in Angll, an AT1 receptor blocker
was administered to previously treated animals, ob-
serving a significant decrease in pulmonary edema
and inflammation in treated rats, suggesting that the
inflammation and increase in Angll produced by the
virus was directly related to the drop in ACE2 levels
and overexpression of RAAS via ACE, with an increase
in AnglI-mediated effects. Since the decrease in ACE2
was related to an increase in mortality, with higher An-
gll levels and lung inflammation in ACE2 KO rats®,
the effect of AT1 blockade was investigated. Control
rats infected with RSV displayed overexpression of
AnglI and lung inflammation as previously described.
Losartan was administered at a dose of 15 mg/kg to
one group of animals, while another group, equally
infected, was treated with a placebo vehicle. The rise
in Angll, inflammatory changes and lung parenchy-
mal viral load were significantly decreased in rats trea-
ted with Losartan versus those treated with placebo.
When repeating this experiment in ACE2 KO rats, the
Losartan-treated group at day -1, 1 and 3 post-RSV in-
fection showed decreased viral loads, decreased AngllI
levels, and milder inflammatory changes in lung tissue,
in contrast to the severe damage documented in the
placebo animals, suggesting a strong protective effect
of AT1 blockade against viral infection®. Blocking the
TMPRSS?2 receptor with the drug Camostat Mesylate
(Figure 3), a serine protease inhibitor approved for the
treatment of some gastrointestinal diseases, has emer-
ged as a therapeutic option in SARS-CoV-2 infection'®.

CLINICAL OVERVIEW

Recently Khan et al.”® reported a phase 2 clinical trial
evaluating the efficacy of GSK258688, a human rACE2
drug in patients with SARS-CoV, demonstrating that
when applied 2 daily doses a rapid decrease in AnglI le-
vels was observed, along with an increase in Ang 1-7 in
the patients’ plasma. These initial studies should be co-
rroborated, particularly concerning safety issues. The-
re is a warning regarding the use of ACE2 as a potential
cardioprotective agent after myocardial injury, because
of the high incidence of arrhythmia and sudden death
in treated transgenic animals with overexpression of
ACE2'0%,

Coronavirus, ACE2 and kidney

Recent studies suggest that up to 10% of confir-
med cases for SARS-CoV-2 require hospitalization
in the ICU, and of this percentage 60% have eviden-
ce of AKI, 20-30% requiring RRT?, a statistic confir-
med by reports from Italy where 40% of hospitalized
patients have required ICU, and 20% of them RRT.
Recent reports of the current SARS-CoV-2 pandemic
have shown variable but significant percentages of re-
nal involvement®?*. Naicker et al. reported 34% ne-
phrotic range albuminuria in a cohort of 59 patients
infected with SARS-CoV-2 on admission to hospital,
63% of them with massive proteinuria during hospita-
lization®. Cheng et al. in a pre-print communication,
reported 701 patients hospitalized with SARS-CoV-2,
of which 43.9% presented proteinuria and 26.7%
hematuria on admission to the hospital, 15% of this
group presented increased blood urea nitrogen, with
acute renal failure being an independent predictor of
in-hospital mortality, reaching 12%7.

A series of etiopathogenic mechanisms have been
associated with AKI, hypovolemia, sepsis, cytokine
storm, hypoxia, cardiogenic shock, acute tubular ne-
crosis and direct renal damage caused by the virus.
ACE2 is highly expressed in the tubular, glomerular
and vascular epithelial cells of the kidney, where the
downregulation of ACE2 balance determines the ove-
rexpression of Angll, resulting in tissue inflammation,
and in this particular organ, through various possible
mechanisms of AKI such as ischemia-reperfusion, en-
dotoxemia and shock?. Changes in the ACE/ACE2
ratio, where their concentrations evolve in opposite di-
rections after viral infection, have been used as a mar-
ker for the degree of tissue injury, suggesting that an
increase in the ACE/ACE2 ratio may contribute to AKI
as a result of Angll accumulation®. In the context of
chronic kidney disease, it has been shown that there are
factors that can decrease the intrarenal concentration
of ACE2. The phosphaturic hormone FGF23, which
is elevated in AKI and associated in multiple studies
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with cardiovascular mortality, directly suppresses the
expression of ACE2 in the distal tubule and may thus
contribute to the activation of Angll and increased
renal damage*'. Therapies aimed at increasing the re-
nal concentration of ACE2 favoring the expression of
Ang 1-7, are being evaluated through the use of ACE2
in different models of nephropathy, including AKI*%.
These experiences are based on previous studies with
soluble rECA?2 in kidney tissues of SARS-CoV-2 in-
fected monkeys, which have shown inhibition of viral
replication®, as well as previous communications whe-
re treatment with rACE2 in RSV infected control rats
showed a significant decrease in alveolar inflammatory
changes, pulmonary tissue viral load, and increased
Angll, with respect to control rats treated with place-
bo?.

Unfortunately, there is currently no specific anti-
viral therapy or vaccine developed for SARS-CoV-2,
therefore intensive research is underway on different
therapies to control the infection. Patients recovering
from previous outbreaks of the SARS-CoV family
have a neutralizing antibody that can be detected up
to 24 months post-infection** specifically directed at

COVID-19 and ACE2 - F. Cano et al.

the spike protein, inhibiting its ability to recognize the
host cell receptor, or directly producing lysis of the vi-
ral particle. The importance and mechanisms of action
of neutralizing antibodies in SARS-CoV infection have
been the subject of multiple publications that discuss
this therapy in detail***°. Knowledge of the pathogenic
mechanisms of SARS-CoV infection, its close relation-
ship with RAAS and ACE2 -described in this review,
will allow us to evaluate in the future the rationale be-
hind the proposed therapies.

In the course of the current pandemic, concerns
have been raised about the risk that ACE inhibitor and
AT1 blocker therapies may represent a risk for more
severe disease progression. The accumulated evidence
on the protective role of ACE2 in slowing down the
overexpression of the classical pathway and the in-
crease of Angll seems to support the current recom-
mendations of the scientific community regarding the
non-suspension of these drugs against SARS-CoV-2
infection®. Future lines of research on the different
therapies mentioned in this article will help clinicians
chart the optimal therapeutic strategies based on the
best available evidence.
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