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Keywords

The severe acute respiratory syndrome coronavirus (SARS-CoV)-2, which is responsible for coronavirus
disease 2019 (COVID-19), uses angiotensin (ANG)-converting enzyme 2 (ACE2) as the entrance receptor.
Although most COVID-19 cases are mild, some are severe or critical, predominantly due to acute lung
injury. It has been widely accepted that a counter regulatory renin-angiotensin system (RAS) axis including
the ACE2/ANG [1-7]/Mas protects the lungs from acute lung injury. However, recent evidence suggests
that the generation of protective ANG [1-7] in the lungs is predominantly mediated by proinflammatory
prolyl oligopeptidase (POP), which has been repeatedly demonstrated to be involved in lung pathology.
This review contends that acute lung injury in severe COVID-19 is characterised by a) ACE2 down-
regulation and malfunction (inflammatory signalling) due to viral occupation, and b) dysregulation of the
protective RAS axis, predominantly due to increased activity of proinflammatory POP. It follows that a
reasonable treatment strategy in COVID-19-related acute lung injury would be delivering functional re-
combinant (r) ACE2 forms to trap the virus. Additionally, or alternatively to rACE2 delivery, the potential
benefits resulting from lowering POP activity should also be explored. These treatment strategies deserve
further investigation.

Coronavirus disease 2019 ® Renin-angiotensin system ® Acute lung injury

Introduction

An outbreak of coronavirus disease 2019 (COVID-19)
occurred in December 2019 due to severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), which is taxonomi-
cally a strain of SARS-CoV. COVID-19 was first discovered
in China and then rapidly spread worldwide [1]. Observa-
tional studies reported older age and the presence of

comorbidities as risk factors for increased disease severity in
COVID-19 [2]. However, it soon became clear that severe
COVID-19 could also occur in younger patients with or
without pre-existing medical conditions [3]. The patho-
physiology of severe COVID-19 is dominated by the pres-
ence of acute lung injury [4,5]. Higher levels of inflammatory
markers in blood, an increased neutrophil-to-lymphocyte
ratio and increased serum levels of several inflammatory
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cytokines and chemokines have been associated with acute
lung injury and mortality [6]. It has been widely accepted
that a counter-regulatory renin-angiotensin system (RAS)
axis including angiotensin (ANG)-converting enzyme 2
(ACE2)/ANG [1-7]/Mas protects the lungs from acute lung
injury. However, recent evidence suggests that ACE2
expression is significantly lower in the lungs compared with
other organs and tissues [7] and that generation of the pro-
tective ANG [1-7] is predominantly mediated by prolyl
oligopeptidase (POP), which has repeatedly been demon-
strated to be involved in human pathology [8].

This review contends that acute lung injury in severe
COVID-19 is characterised by a) ACE2 downregulation and
malfunction (inflammatory signalling) due to viral occupa-
tion, and b) dysregulation of the protective RAS axis, pre-
dominantly due to increased activity of proinflammatory
POP. It follows that a reasonable treatment strategy in
COVID-19-related acute lung injury deserving further
investigation would be delivering functional recombinant (r)
ACE2 forms to trap the virus. Additionally, or alternatively

to TACE2 delivery, the potential benefits resulting from
lowering POP activity should also be explored.

Renin Angiotensin System

Overview

Current understanding of the RAS has greatly evolved from
the classical renin/ ACE/ ANG II/ANG type 1 (AT1) receptor
and AT2 receptor axis and its physiological roles in the
regulation of cardiovascular and renal function, blood pres-
sure control, aldosterone biosynthesis and release, and salt
and fluid homeostasis [9]. It is now recognised that the clas-
sical renin/ACE/ANG II/AT1 and AT2 axis is no longer the
exclusive effector and signalling pathway for the system [10]
(Figure 1). One (1) of the new axes that have recently been
described is the ACE2/ANG [1-7]/Mas axis, which counter-
acts or modulates the effects of the classical axis [11]. How-
ever, recent evidence suggests that although this axis may be
active in other organs, this may not be the case in the lungs.
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Figure 2 Angiotensin-converting enzyme 2 (ACE2) and prolyl oligopeptidase (POP) proteins in wild-type (WT) serum, lung
and kidneys, and the effect of rACE2 and rPOP on Ang-(1-7) and phenylalanine formation.

A. ACE2 and POP proteins in WT serum, lung and kidneys by Western blot. ACE2 protein is abundant in kidneys, but not
in serum or lungs. POP protein is present in serum, lungs and kidneys.

B. In vitro Ang II (angiotensin II) to Ang-(1-7) conversion assessed by equivalent amounts of recombinant (r) ACE2 and

rPOP is higher with rACE2 than with rPOP (***p<<0.001).

C. Generation of free phenylalanine (Phe) from Ang II as a substrate by equivalent amounts of recombinant (r) ACE2 and
rPOP is higher with rACE2 than with rPOP (***p<0.001). For Western blot, different amounts of mouse recombinant protein
standards were loaded to estimate ACE2 and POP protein expression levels in serum (1 puL), lung and kidney lysates (50 pg

total protein) from two WT mice.
Serfozo P, et al. Hypertension. 2020;75(1):173-82 [15].

Synthesis of ANG [1-7] in the Lungs

The main enzymes involved in the production of ANG [1-7]
from ANG I are thimet oligopeptidase (THOP), neutral
endopeptidase (NEP) and POP [11,12]. In addition, ACE2,
POP and prolylcarboxypeptidase (PCP) can generate ANG
[1-7] from ANG II. The formation of ANG [1-7] from ANG I
by ACE2 involves production of the intermediate ANG [1-9]
and its subsequent cleavage by ACE or NEP. However, the
catalytic efficiency of this pathway is much lower than that of
the ACE2-dependent conversion of ANG II to ANG [1-7].
The degree of expression and biological relevance of ACE2
may vary depending on the tissue and clinical state [13,14].
The mRNA and protein expression of ACE2 in the lungs is
significantly lower compared with other organs and tissues
[7]. Moreover, a recent study that examined the relative
contribution to ANG [1-7] formation from ANG II by POP
and ACE2 ex vivo in serum, kidney and lung tissues
demonstrated that POP is the main enzyme responsible for
ANG II conversion to ANG [1-7] in the circulation and lungs,

whereas ANG [1-7] formation in the kidney is mainly ACE2-
dependent (Figure 2) [15]. This study also showed that POP
is less effective in converting the deleterious ANG II to the
protective ANG [1-7] compared with ACE2 (Figure 2) [15].

Prolyl Oligopeptidase
Prolyl oligopeptidase is an oligopeptidase with endopepti-
dase activity. It has been shown to be localised in the
cytoplasm but given its ability to inactivate several neuro-
peptides in vitro by limited proteolysis, its involvement in
the in vivo generation of immunoactive peptides and its
presence in plasma it most likely also has an extracellular
role [8,16]. Membrane-bound POP has also been described
[17]. Peptides up to 30 amino acids long that contain a pro-
line are potential substrates of POP; examples of substrates
are substance P, ANGI, ANG II, and bradykinin.

However, POP is proinflammatory as it also contributes to
the generation of the matrikine proline-glycine-proline (PGP)
from collagen fragments, which has classically been described
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Figure 3 The generation of N-acetyl-prolyl-glycyl-proline (N-a-PGP), a product of prolyl oligopeptidase (POP) after injury
or infectious insult. Activated neutrophils secrete metalloproteinases (MMPs) and POP. MMP-8 and MMP-9 cleave collagen
to suitable fragments for POP cleavage to generate PGP. The PGP generated is a chemoattractant for neutrophils.
Penttinen A, et al. CNS Neurol Disord Drug Targets. 2011;10:340-8 [24].

as a neutrophil chemoattractant [18]. Generation of PGP from
collagen is a multistep enzymatic process that requires the
concerted action of specific matrix metalloproteinases (MMPs)
and POP. The initial cleavage of native collagen by MMPs
yields fragments that are a suitable substrate size for POP,
which subsequently acts to liberate PGP. PGP undergoes
acetylation and is converted to AcPGP, which is 4-7-fold more
potent [19]. MMPs can be derived from a variety of cellular
sources, whilst POP has been reported to be expressed by
neutrophils [20], airway macrophages [21] and epithelial cells
[21,22]. Since neutrophils are an abundant source of the pro-
teases that generate PGP, it is anticipated that this pathway can
drive a self-sustaining cycle of neutrophilic inflammation
[23,24] (Figure 3), which links POP to the pathology of many
chronic lung diseases [22].

Mas

Evidence for a specific binding site for ANG [1-7] was
demonstrated in 2003 with the finding that Mas is a receptor
for heptapeptide [25]. Nevertheless, ANG [1-7] has no effect
on Mas-transfected cells but exerts biased agonism or even
antagonism at the ANG type-1 receptor (ATIR) [26]. More-
over, biased signalling of Mas itself has been described and
heteromeric interactions of Mas with AT1R and AT2R, bra-
dykinin B2 and endothelin B receptors [26]. Therefore, future
studies need to clarify the relationship between Mas and
ANG [1-7].

In conclusion, POP is the main enzyme responsible for the
production of ANG [1-7] in the lungs. However, POP less

effectively converts the deleterious ANGII to the protective
ANG [1-7] and is proinflammatory.

ACE2 and Coronavirus Entry

ACE2 has been demonstrated as the receptor of entry for
SARS-CoV and for SARS-CoV-2 [27]. The major entry site of
SARS-CoV-2 is via the respiratory system. The type II
transmembrane serine proteases TMPRSS2 (Transmembrane
Protease Serine 2) and ADAMI17 (A Disintegrin and Metal-
loproteinase) promote SARS-CoV-2 entry by two separate
mechanisms: ACE2 cleavage, which might promote viral
uptake, and SARS-CoV-2 Spike cleavage, which activates the
Spike protein for membrane fusion [28]. A defined receptor-
binding domain of SARS-CoV-2 Spike specifically recognises
its host receptor ACE2, and host susceptibility to SARS-CoV-
2 infection is primarily determined by the affinity between
the viral binding domain and host ACE2 in the initial phase
of the disease [29]. The attachment of the viruses to cell
surface ACE2 protects them from immune surveillance
mechanisms, leaving them tagged to the host for relatively
longer periods, thus making them efficient carriers and
vulnerable hosts for future infections and spread [30]. In
addition to the full-length transmembranous form, ACE2
also exists in soluble form (sACE2) in the circulation. The
latter results from ADAMI7-mediated ectodomain “shed-
ding” from endothelial cells into the circulation, lacks the
membranous anchor and may act as the bait to neutralise the
Spike protein on the surface of SARS-CoV-2 [31].



790

F. Triposkiadis et al.

After viral Spike protein binding to the cellular receptor
ACE?2, the conformation change in the Spike protein facilitates
viral envelope fusion with the cell membrane through the
endosomal pathway [32]. ACE2 occupied with SARS-CoV-2is
engaged in inflammatory signalling. The expression of ACE2,
SARS-CoV Spike protein and some proinflammatory cyto-
kines in autopsy tissues from patients who died of SARS were
studied with immunohistochemistry and in situ hybridisation
assays [33]. SARS-CoV Spike protein and its RNA were only
detected in ACE2+ cells in the lungs and other organs, indi-
cating that ACE2-expressing cells are the primary targets for
SARS-CoV infection in vivo in humans. High levels of
proinflammatory cytokines were expressed in the SARS-CoV-
infected ACE2+ cells, but not in the uninfected cells,
suggesting that cells infected by SARS-CoV produce elevated
levels of proinflammatory cytokines, which may cause
immunomediated damage to the lungs, resulting in acute lung
injury [33]. The findings in another study were similar [34],
which showed that the high expression of ACE2 is related to
innate immune responses, adaptive immune responses, B cell
regulation, cytokine secretion, and an enhanced inflammatory
response induced by IL-1, IL-10, IL-6, and IL-8 [34].

Pathogenesis of Severe COVID-19

Most of the patients with COVID-19 who become critically ill
tend to have minor symptoms in the early stages of the
disease. The condition of these patients suddenly de-
teriorates in the later stages of the disease or in the process of
recovery, usually due to acute lung injury [35]. Although the
mechanisms of COVID-19-induced acute lung injury are still
being investigated, the term cytokine storm syndrome,
which is characterised by an uncontrolled activation and
proliferation of T lymphocytes and macrophages, has
become synonymous with its pathophysiology [36]. Based on
this presumption, dexamethasone [37] and colchicine [38]
have been tested in severe COVID-19 with encouraging
initial results in selected patients.

However, increased levels of plasma biomarkers -
including markers of systemic inflammation, epithelial injury
and dysregulated coagulation — are frequently observed in
acute lung injury, regardless of aetiology [39]. Moreover, as
the median IL-6 levels in patients with the hyper-
inflammatory phenotype of acute respiratory distress syn-
drome (ARDS) are 10-fold to 200-fold higher than levels in
patients with severe COVID-19, it seems that severe viral
pneumonia from COVID-19 primarily produces severe lung
injury, without the same magnitude of systemic responses in
most patients with COVID-19 [40]. This has been corrobo-
rated by the findings of a recent post-mortem study of pa-
tients with COVID-19 ARDS, which reported that severe
vascular injury, including alveolar microthrombi, was nine
times more prevalent than that found in post-mortem studies
of patients with influenza ARDS [41].

Based on the above it is evident that the two major com-
ponents of acute lung injury in severe COVID-19 are

inflammatory and thrombotic. Development of both com-
ponents is compatible with downregulation and malfunction
(inflammatory signalling) of the virus-occupied ACE2 as
well as dysregulation of the counter-regulatory RAS axis in
the lungs, predominantly due to increased activity of
proinflammatory POP.

ACE2 and Acute Lung Injury

ACE2 downregulation has been implicated in diverse
models of acute lung injury by inducing an imbalance in the
RAS. It has been proposed that in acute lung injury: (i) a
decrease in pulmonary ACE2 and increase in ANG II levels
occur; (i) supplementation with ACE2 or inhibition of ANG
II improves outcomes; and (iii) a lack or decrease of pul-
monary ACE2 aggravates viral-induced acute lung injury
[42]. These conclusions are predominantly based on experi-
mental studies evaluating pulmonary involvement in the
setting of pulmonary hypertension and fibrosis [43,44],
bleomycin-induced lung injury [45], smoke inhalation-
induced ARDS [46], and lipopolysaccharide-induced lung
injury in piglets [47]. However, a decrease in ACE2 was also
observed in the mouse model of acid aspiration-induced
acute lung injury, in which injection of SARS-CoV Spike
further worsened acute lung failure, which could be attenu-
ated by blocking the renin-angiotensin pathway with los-
artan [48]. Shedding of ACE2 upon binding of the viral Spike
protein seems to be responsible for the markedly reduced
ACE2 expression in the context of SARS-CoV infection;
however, trapping and subsequent degradation of ACE2 in
the constitutive secretory pathway of infected cells might
also contribute to this [49].

Thus, ACE2 downregulation is a universal finding in acute
lung injury, regardless of the underlying cause, and favours
the progression of inflammatory and thrombotic processes
triggered by local ANG II hyperactivity. Specifically, in acute
lung injury in the COVID-19 setting, ACE2 is additionally
occupied by SARS-CoV-2 and is engaged in inflammatory
signalling.

POP and Acute Lung Injury

POP levels, in contrast to ACE2, increase in acute lung
injury. Intrathecal administration of lipopolysaccharide in
mice has been found to induce the release of POP containing
exosomes [22]. Neutrophilic airway inflammation induced
by cigarette smoke exposure in mice was associated with
elevation of POP activity and PGP levels [21]. POP was
highly expressed in the epithelial and inflammatory cells
(macrophages and neutrophils) of lung tissue. After ciga-
rette smoke exposure removal, neutrophil influx, POP ac-
tivity and PGP levels decreased or returned to normal.
Neutrophil influx was also significantly decreased in
bronchoalveolar lavage fluid after administration of
L-arginine-threonine-arginine, (RTR), an inhibitor of PGP
that is synthesised by the action of POP, indicating the
importance of POP and PGP in neutrophil migration to the
lungs [21]. In the same study the increase in POP expression
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was attributed to inflammatory cell influx in the lungs, since
the inflammatory cells (macrophages and neutrophils)
highly express POP. However, the authors did not exclude
the possibility that POP could also be released as a result of
airway epithelial necrosis or necrosis of other inflammatory
cells. Likewise, in mice, in which Pseudomonas aeruginosa-
derived lipopolysaccharide was intratracheally instilled to
induce acute lung injury, pre-treatment with RTR signifi-
cantly inhibited lipopolysaccharide-induced acute lung
injury by attenuating lung neutrophil infiltration, pulmo-
nary permeability and parenchymal inflammation [50].
Finally, another experimental study provided evidence that
PGP may be important in the pathogenesis of chronic
obstructive pulmonary disease (COPD), especially when
disease progress is related to neutrophilic inflammation, and
that administration of RTR may prevent or ameliorate the
clinical manifestations of COPD [51].

Rosmarinic acid is a natural POP inhibitor, which increases
superoxide dismutase activity, suppresses ERK/MAPK sig-
nalling and inhibits complement cascade [52]. In mice
with acute lung injury induced by lipopolysaccharide,
rosmarinic acid significantly decreased the production of
lipopolysaccharide-induced TNF-a, IL-6 and IL-1B [53].
Moreover, rosmarinic acid significantly decreased the lung
wet-to-dry weight ratio as well as the number of total cells,
neutrophils and macrophages in the bronchoalveolar lavage
fluid. Finally, rosmarinic acid exerted strong anti-
inflammatory and antioxidative effects and induced
amelioration of lung pathological insults comparable to that
of dexamethasone in sensitised and asthmatic rats [54-56].

Roflumilast is a phosphodiesterase 4 inhibitor (PDE4i)
used as add-on therapy to suppress inflammation for a
subgroup of patients with severe COPD and persistent
symptoms or exacerbations, despite optimal management
[57]. Roflumilast reduces the number of neutrophils and
eosinophils in induced sputum of patients with COPD [58].
Also, the levels of soluble interleukin-8, neutrophil elastase,
eosinophil cationic protein, and a2-macroglobulin are
significantly reduced with roflumilast [59]. Although the
detailed mechanism of how roflumilast suppresses inflam-
mation in COPD patients is not well understood, the self-
propagating AcPGP pathway is involved and it seems that
the mechanism with which roflumilast reduces pulmonary
inflammation includes lowering POP activity [60]. Roflumi-
last has proven to be effective in experimental models of
acute lung injury, including inhalation of lipopolysaccharide
[61], repetitive saline lung lavage [62] and pulmonary air
embolism [63].

Thus, there is evidence suggesting that increased POP ac-
tivity regularly occurs in acute lung injury. Most impor-
tantly, it seems that POP itself contributes to acute lung
injury development, as indicated by the beneficial effects
resulting from lowering its activity. Therefore, it is likely that
both ACE2 downregulation and malfunction as well as
increased activity of proinflammatory POP contribute to the
severity of COVID-19 (Figure 4).

Therapeutic Implications

Altering the ACE2 and POP lung levels may prove to be
beneficial in the management of severe acute lung injury due
to COVID-19.

Delivery of Soluble Form of ACE2

Soluble recombinant ACE2 (srACE2) prevents lung injury
not only by neutralising the virus but also by releasing
cellular ACE2 and enhancing its activity [64,65]. Human
srACE2 has been found to reduce SARS-CoV-2 recovery
from Vero cells by a factor of 1,000-5,000, whereas an
equivalent mouse srtACE2 had no effect. Moreover, human
srACE2 S inhibited infection by SARS-CoV-2 of engineered
human blood vessel organoids and human kidney organoids
[66]. Beneficial effects of exogenous rACE2 protein injection
have also been observed in severe acute lung injury and
acute ANG II-induced hypertension [67-69]. Moreover, the
administration of rACE2 in mouse models has also been
shown to inhibit myocardial remodelling and attenuate ANG
II-induced cardiac hypertrophy and cardiac dysfunction [70],
as well as renal oxidative stress, inflammation and fibrosis
[71,72].

The encouraging results of experimental studies are
corroborated by studies in humans, which have demon-
strated that rACE2 is safe, with no adverse effects in patients
with acute lung injury and healthy volunteers [73,74]. It is
noteworthy that the results of a pilot study showed that the
infusion of rhACE2 tends to decrease the interleukin-6 (IL-6)
concentration in patients with ARDS [73]. A limitation of
both human and mice rACE2 is that it exhibits a fast clear-
ance rate, with a half-life of only hours. Recently, a fusion
protein consisting of murine rACE2 with a Fc fragment
(rACE2-Fc) showed long-lasting effects [75]. Findings in a
recent study were similar, which used a recombinant protein
generated by connecting the extracellular domain of human
ACE2 to the Fc region of the human immunoglobulin IgG1
and a fusion protein containing an ACE2 mutant with low
catalytic activity [76]. Both fusion proteins demonstrated a
high binding affinity for the receptor-binding domains of
SARS-CoV and SARS-CoV-2. Thus, rACE2 exhibiting desir-
able pharmacological properties have been constructed,
which may have potential applications in the diagnosis,
prophylaxis and treatment of SARS-CoV-2.

Lowering of POP Activity

Experimental data indicate that lowering of POP activity
effectively protects the lungs against oxidative stress and
inflammation damage of diverse aetiology, and may serve as
a useful treatment modality in severe COVID-19 by sup-
pressing airway inflammation and oxidative stress, and
subsequently preventing acute lung injury. Admittedly, en-
zymes like POP are “catalytic machines” performing chem-
ical reactions on substrates. Evolution optimised the speed of
enzyme reactions, but excessive enzyme production under
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Figure 4 Presumed mechanism of acute lung injury in coronavirus disease 2019 (COVID-19) and therapeutic implications.
Angiotensin-converting enzyme 2 (ACE2) serves as the severe acute respiratory syndrome coronavirus (SARS-CoV)-2 re-
ceptor. Moreover, compared with ACE2, proinflammatory prolyl oligopeptidase (POP) less effectively converts the dele-
terious angiotensin (ANG) II to protective ANG [1-7]. COVID-19 is associated by a downregulation and malfunction
(inflammatory signalling) of ACE2 and increased POP activity. As a result, deleterious signalling (inflammation, thrombosis
and fibrosis) dominates overprotective (vasodilation, vasoprotection and tissue protection) signalling in patients with severe
COVID-19, culminating in acute lung injury. Lung delivery of recombinant ACE2 retaining its functionality and/or
lowering of POP activity are reasonable treatment modalities that deserve further testing.

Abbreviations: AT1R, angiotensin receptor type 1; AT2R, angiotensin receptor type 2.

pathologic conditions could lead to non-controlled and
accelerated activity, which must be blocked to avoid a
product that promotes disease. As a result, many inhibitors
of enzymatic activity became drugs blocking the production
of the aberrant product. However, most enzymes have
several substrates, and inhibitors may block the other sub-
strates too. It is encouraging that the available PDE4 in-
hibitors also lower POP activity and generally appear to be
well tolerated; some of them have been tested in humans and
one (roflumilast) is included in the guidelines for the anti-
inflammatory treatment of COPD [58,77].

Conclusion

The devastating complications of COVID-19 are related to a
hyperinflammatory and thrombotic response culminating in
acute lung injury. The specific underlying mechanism(s) still
need(s) to be further clarified, and a deeper understanding of
the pathogenesis will result in better management and an
improvement in outcome. However, there is evidence to
suggest that inflammatory signalling is initiated by the
binding of SARS-CoV-2 with the ACE2 receptor and is most
likely reinforced by the proinflammatory POP, the substitute
for ACE2 in the conversion of the deleterious ANG II to the

protective ANG [1-7] in the lungs. As ACE2 facilitates
coronavirus entry and POP is proinflammatory, both have
deleterious effects contributing to the development of
hyperinflammation and thrombosis in severe COVID-19. It is
speculated that restoration of lung ACE2 levels with rACE2,
which retains the functional properties of ACE2 but addi-
tionally traps SARS-CoV-2, may become one of the most
promising approaches for future treatment of patients with
COVID-19. A reasonable add-on or alternative strategy
would be the targeted lowering of lung POP activity, which
has been proven effective in experimental models of acute
lung injury as well as in human studies including patients
with severe COPD.

Funding Sources

None.

Declaration of Interest

FT has received research support and honoraria from
Amgen, Bayer, Boehringer Ingelheim, Elpen, Lilly, Menarini,
Merck, Novartis, Sanofi, Servier, Vianex, and WinMedica.
RCS has research funding from Covia, Amgen, advisory



The Counter Regulatory Axis of the Lung Renin-Angiotensin System in COVID-19 793

board Medtronic, advisor and steering committee Cardiac
Dimensions, and steering committee Novartis. AX has
received honoraria from Novartis. JB has received research
support from the National Institutes of Health, Patient
Centered Outcomes Research Institute and the European
Union. He serves as a consultant for Amgen, Array, Astra
Zeneca, Bayer, Boehringer Ingelheim, Bristol-Myers Squibb,
CVRx, G3 Pharmaceutical, Innolife, Janssen, LinaNova,
Luitpold, Medtronic, Merck, Novartis, NovoNordisk,
Relypsa, Roche, Sanofi, StealthPeptide, V-Wave Limited,
Vifor, and ZS Pharma. HB has no disclosures.

Conflict of Interest

There are no conflicts of interest to disclose.

References

[1] Wu Z, McGoogan JM. Characteristics of and important lessons from the
coronavirus disease 2019 (COVID-19) outbreak in China: summary of a
report of 72314 cases from the Chinese Center for Disease Control and
Prevention. JAMA. 2020;323(13):1239-42.

[2] Williamson EJ, Walker A]J, Bhaskaran K, Bacon S, Bates C, Morton CE,
et al. OpenSAFELY: factors associated with COVID-19 death in 17 million
patients. Nature. 2020;584(7821):430-6.

[3] de Souza TH, Nadal JA, Nogueira RJN, Pereira RM, Brandao MB. Clinical

manifestations of children with COVID-19: a systematic review. Pediatr

Pulmonol. 2020;55(8):1892-9.

Dolhnikoff M, Duarte-Neto AN, de Almeida Monteiro RA, da Silva LFF,

de Oliveira EP, Saldiva PHN, et al. Pathological evidence of pulmonary

thrombotic phenomena in severe COVID-19. ] Thromb Haemost.
2020;18:1517-9.

Carsana L, Sonzogni A, Nasr A, Rossi RS, Pellegrinelli A, Zerbi P, et al.

Pulmonary post-mortem findings in a series of COVID-19 cases from

northern Italy: a two-centre descriptive study. Lancet Infect Dis.

2020;20(10):1135-40.

Merad M, Martin JC. Pathological inflammation in patients with COVID-

19: a key role for monocytes and macrophages. Nat Rev Immunol.

2020,20:355-62.

[7] Dai Y], Hu F, Li H, Huang HY, Wang DW, Liang Y. A profiling analysis
on the receptor ACE2 expression reveals the potential risk of different
type of cancers vulnerable to SARS-CoV-2 infection. Ann Transl Med.
2020;8:481.

[8] Vliegen G, Raju TK, Adriaensen D, Lambeir AM, De Meester 1. The
expression of proline-specific enzymes in the human lung. Ann Transl
Med. 2017;5:130.

[9] Zhuo JL, Ferrao FM, Zheng Y, Li XC. New frontiers in the intrarenal
renin-angiotensin system: a critical review of classical and new para-
digms. Front Endocrinol (Lausanne). 2013;4:166.

[10] Otto CM. Heartbeat: renin-angiotensin system blockade for prevention of
cardiovascular disease. Heart. 2017;103:1305-7.

[11] Santos RAS, Sampaio WO, Alzamora AC, Motta-Santos D, Alenina N,
Bader M, et al. The ACE2/angiotensin-(1-7)/MAS axis of the renin-
angiotensin  system: focus on angiotensin-(1-7). Physiol Rev.
2018;98:505-53.

[12] Trask AJ, Ferrario CM. Angiotensin-(1-7): pharmacology and new per-
spectives in cardiovascular treatments. Cardiovasc Drug Rev.
2007;25:162-74.

[13] Li MY, Li L, Zhang Y, Wang XS. Expression of the SARS-CoV-2 cell re-
ceptor gene ACE2 in a wide variety of human tissues. Infect Dis Poverty.
2020,9:45.

[14] Zumla A, Chan JF, Azhar EI, Hui DS, Yuen KY. Coronaviruses - drug
discovery and therapeutic options. Nat Rev Drug Discov. 2016;15:327-47.

[15] Serfozo P, Wysocki J, Gulua G, Schulze A, Ye M, Liu P, et al. Ang II
(angiotensin II) conversion to angiotensin-(1-7) in the circulation is POP
(prolyloligopeptidase)-dependent and ACE2 (angiotensin-converting
enzyme 2)-independent. Hypertension. 2020;75:173-82.

[4

[5

[6

[16] Waumans Y, Baerts L, Kehoe K, Lambeir AM, De Meester I. The dipeptidyl
peptidase family, prolyl oligopeptidase, and prolyl carboxypeptidase in
the immune system and inflammatory disease, including atherosclerosis.
Front Immunol. 2015;6:387.

[17] Tenorio-Laranga ], Venalainen JI, Mannisto PT, Garcia-Horsman JA.
Characterization of membrane-bound prolyl endopeptidase from brain.
FEBS J. 2008;275:4415-27.

[18] Patel DF, Snelgrove R]. The multifaceted roles of the matrikine Pro-
Gly-Pro in pulmonary health and disease. Eur Respir Rev.
2018;27:180017.

[19] Gaggar A, Jackson PL, Noerager BD, O'Reilly PJ, McQuaid DB, Rowe SM,
et al. A novel proteolytic cascade generates an extracellular matrix-
derived chemoattractant in chronic neutrophilic inflammation.
J Immunol. 2008;180:5662-9.

[20] O'Reilly P, Jackson PL, Noerager B, Parker S, Dransfield M, Gaggar A,
et al. N-alpha-PGP and PGP, potential biomarkers and therapeutic targets
for COPD. Respir Res. 2009;10:38.

[21] Braber S, Koelink PJ, Henricks PA, Jackson PL, Nijkamp FP, Garssen J,
et al. Cigarette smoke-induced lung emphysema in mice is associated
with prolyl endopeptidase, an enzyme involved in collagen breakdown.
Am J Physiol Lung Cell Mol Physiol. 2011;300:1.255-65.

[22] Szul T, Bratcher PE, Fraser KB, Kong M, Tirouvanziam R, Ingersoll S,
et al. Toll-like receptor 4 engagement mediates prolyl endopeptidase
release from airway epithelia via exosomes. Am ] Respir Cell Mol Biol.
2016;54:359-69.

[23] O'Reilly PJ, Hardison MT, Jackson PL, Xu X, Snelgrove R], Gaggar A,
et al. Neutrophils contain prolyl endopeptidase and generate
the chemotactic peptide, PGP, from collagen. ] Neuroimmunol.
2009;217:51-4.

[24] Penttinen A, Tenorio-Laranga J, Siikanen A, Morawski M, Rossner S,
Garcia-Horsman JA. Prolyl oligopeptidase: a rising star on the stage of
neuroinflammation research. CNS Neurol Disord Drug Targets.
2011;10:340-8.

[25] Santos RA, Simoes e Silva AC, Maric C, Silva DM, Machado RP, de
Buhr I, et al. Angiotensin-(1-7) is an endogenous ligand for the G protein-
coupled receptor Mas. Proc Natl Acad Sci U S A. 2003;100:8258-63.

[26] Bader M, Alenina N, Young D, Santos RAS, Touyz RM. The meaning of
Mas. Hypertension. 2018;72:1072-5.

[27] Wrapp D, Wang N, Corbett KS, Goldsmith JA, Hsieh CL, Abiona O, et al.
Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation.
Science. 2020;367:1260-3.

[28] Liu M, Wang T, Zhou Y, Zhao Y, Zhang Y, Li J. Potential role of ACE2 in
coronavirus disease 2019 (COVID-19) prevention and management.
J Transl Int Med. 2020;8:9-19.

[29] Xia S, Liu M, Wang C, Xu W, Lan Q, Feng S, et al. Inhibition of SARS-
CoV-2 (previously 2019-nCoV) infection by a highly potent pan-
coronavirus fusion inhibitor targeting its spike protein that harbors a
high capacity to mediate membrane fusion. Cell Res. 2020;30:343-55.

[30] Brake SJ, Barnsley K, Lu W, McAlinden KD, Eapen MS, Sohal SS.
Smoking upregulates angiotensin-converting enzyme-2 receptor: a po-
tential adhesion site for novel coronavirus SARS-CoV-2 (Covid-19). J Clin
Med. 2020;9:841.

[31] Iwata M, Greenberg BH. Ectodomain shedding of ACE and ACE2 as
regulators of their protrin functions. Curr Enzym Inhib. 2011;7(1):42-55.

[32] Shereen MA, Khan S, Kazmi A, Bashir N, Siddique R. COVID-19 infec-
tion: origin, transmission, and characteristics of human coronaviruses.
J Adv Res. 2020,24:91-8.

[33] He L, Ding Y, Zhang Q, Che X, He Y, Shen H, et al. Expression of elevated
levels of pro-inflammatory cytokines in SARS-CoV-infected ACE2+ cells
in SARS patients: relation to the acute lung injury and pathogenesis of
SARS. ] Pathol. 2006;210:288-97.

[34] Li G, He X, Zhang L, Ran Q, Wang J, Xiong A, et al. Assessing ACE2
expression patterns in lung tissues in the pathogenesis of COVID-19.
J Autoimmun. 2020;112:102463.

[35] Ye Q, Wang B, Mao J. The pathogenesis and treatment of the ‘cytokine
storm’ in COVID-19. J Infect. 2020;80(6):607-13.

[36] Bracaglia C, Prencipe G, De Benedetti F. Macrophage activation syn-
drome: different mechanisms leading to a one clinical syndrome. Pediatr
Rheumatol Online J. 2017;15:5.

[37] Mahase E. Covid-19: demand for dexamethasone surges as RECOVERY
trial publishes preprint. BMJ. 2020;369:m2512.

[38] Deftereos SG, Giannopoulos G, Vrachatis DA, Siasos GD, Giotaki SG,
Gargalianos P, et al. Effect of colchicine vs standard care on cardiac and
inflammatory biomarkers and clinical outcomes in patients hospitalized


http://refhub.elsevier.com/S1443-9506(20)31538-9/sref1
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref1
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref1
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref1
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref2
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref2
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref2
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref3
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref3
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref3
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref4
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref4
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref4
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref4
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref5
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref5
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref5
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref5
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref6
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref6
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref6
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref7
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref7
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref7
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref7
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref8
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref8
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref8
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref9
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref9
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref9
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref10
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref10
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref11
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref11
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref11
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref11
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref12
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref12
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref12
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref13
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref13
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref13
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref14
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref14
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref15
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref15
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref15
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref15
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref16
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref16
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref16
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref16
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref17
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref17
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref17
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref18
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref18
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref18
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref19
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref19
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref19
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref19
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref20
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref20
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref20
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref21
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref21
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref21
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref21
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref22
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref22
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref22
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref22
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref23
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref23
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref23
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref23
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref24
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref24
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref24
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref24
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref25
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref25
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref25
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref26
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref26
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref27
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref27
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref27
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref28
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref28
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref28
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref29
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref29
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref29
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref29
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref30
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref30
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref30
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref30
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref31
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref31
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref32
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref32
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref32
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref33
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref33
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref33
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref33
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref33
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref34
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref34
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref34
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref35
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref35
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref36
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref36
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref36
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref37
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref37
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref38
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref38
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref38

794

F. Triposkiadis et al.

with coronavirus disease 2019: the GRECCO-19 randomized clinical trial.
JAMA Netw Open. 2020;3:e2013136.

[39] Thompson BT, Chambers RC, Liu KD. Acute respiratory distress syn-
drome. N Engl ] Med. 2017,377:1904-5.

[40] Sinha P, Matthay MA, Calfee CS. Is a “cytokine storm” relevant to
COVID-19? JAMA Intern Med. 2020;180(9):1152—4.

[41] Ackermann M, Verleden SE, Kuehnel M, Haverich A, Welte T, Laenger F,
et al. Pulmonary vascular endothelialitis, thrombosis, and angiogenesis in
Covid-19. N Engl ] Med. 2020;383:120-8.

[42] Gheblawi M, Wang K, Viveiros A, Nguyen Q, Zhong JC, Turner A]J, et al.
Angiotensin converting enzyme 2: SARS-CoV-2 receptor and regulator of
the renin-angiotensin system. Circ Res. 2020;126(10):1456-74.

[43] Shenoy V, Kwon KC, Rathinasabapathy A, Lin S, Jin G, Song C, et al. Oral
delivery of angiotensin-converting enzyme 2 and angiotensin-(1-7) bio-
encapsulated in plant cells attenuates pulmonary hypertension. Hyper-
tension. 2014;64:1248-59.

[44] Rigatto K, Casali KR, Shenoy V, Katovich MJ, Raizada MK. Diminazene
aceturate improves autonomic modulation in pulmonary hypertension.
Eur J Pharmacol. 2013;713:89-93.

[45] Rey-Parra GJ, Vadivel A, Coltan L, Hall A, Eaton F, Schuster M, et al.
Angiotensin converting enzyme 2 abrogates bleomycin-induced lung
injury. ] Mol Med (Berl). 2012;90:637-47.

[46] Yilin Z, Yandong N, Faguang J. Role of angiotensin-converting enzyme
(ACE) and ACE2 in a rat model of smoke inhalation induced acute res-
piratory distress syndrome. Burns. 2015;41:1468-77.

[47] Treml B, Neu N, Kleinsasser A, Gritsch C, Finsterwalder T, Geiger R, et al.
Recombinant angiotensin-converting enzyme 2 improves pulmonary
blood flow and oxygenation in lipopolysaccharide-induced lung injury in
piglets. Crit Care Med. 2010;38:596-601.

[48] Kuba K, Imai Y, Rao S, Gao H, Guo F, Guan B, et al. A crucial role of
angiotensin converting enzyme 2 (ACE2) in SARS coronavirus-induced
lung injury. Nat Med. 2005;11:875-9.

[49] Glowacka I, Bertram S, Herzog P, Pfefferle S, Steffen I, Muench MO, et al.
Differential downregulation of ACE2 by the spike proteins of severe
acute respiratory syndrome coronavirus and human coronavirus NL63.
J Virol. 2010;84:1198-205.

[50] Sharma NS, Lal CV, Li JD, Lou XY, Viera L, Abdallah T, et al. The
neutrophil chemoattractant peptide proline-glycine-proline is associated
with acute respiratory distress syndrome. Am ] Physiol Lung Cell Mol
Physiol. 2018;315:L653-61.

[51] van Houwelingen AH, Weathington NM, Verweij V, Blalock JE,
Nijkamp FP, Folkerts G. Induction of lung emphysema is prevented by L-
arginine-threonine-arginine. FASEB J. 2008;22:3403-8.

[52] Patel V], Biswas Roy S, Mehta HJ, Joo M, Sadikot RT. Alternative and
natural therapies for acute lung injury and acute respiratory distress
syndrome. Biomed Res Int. 2018;2018:2476824.

[53] Chu X, Ci X, He]J, Jiang L, Wei M, Cao Q, et al. Effects of a natural prolyl
oligopeptidase inhibitor, rosmarinic acid, on lipopolysaccharide-induced
acute lung injury in mice. Molecules. 2012;17:3586-98.

[54] Liang Z, Wu L, Deng X, Liang Q, Xu Y, Deng R, et al. The antioxidant
rosmarinic acid ameliorates oxidative lung damage in experimental
allergic asthma via modulation of NADPH oxidases and antioxidant
enzymes. Inflammation. 2020;43(5):1902-12.

[55] Shakeri F, Eftekhar N, Roshan NM, Rezaee R, Moghimi A,
Boskabady MH. Rosmarinic acid affects immunological and inflamma-
tory mediator levels and restores lung pathological features in asthmatic
rats. Allergol Immunopathol (Madr). 2019;47:16-23.

[56] Eftekhar N, Moghimi A, Boskabady MH. Prophylactic effect of rosmar-
inic acid on tracheal responsiveness, white blood cell count and oxidative
stress markers in lung lavage of sensitized rats. Pharmacol Rep.
2018;70:119-25.

[57] Janjua S, Fortescue R, Poole P. Phosphodiesterase-4 inhibitors for chronic
obstructive pulmonary disease. Cochrane Database Syst Rev.
2020;5:CD002309.

[58] Rhee CK, Kim DK. Role of phosphodiesterase-4 inhibitors in chronic
obstructive pulmonary disease. Korean J Intern Med. 2020;35:276-83.

[59] Grootendorst DC, Gauw SA, Verhoosel RM, Sterk PJ, Hospers JJ,
Bredenbroker D, et al. Reduction in sputum neutrophil and eosinophil
numbers by the PDE4 inhibitor roflumilast in patients with COPD.
Thorax. 2007;62:1081-7.

[60] Wells JM, Jackson PL, Viera L, Bhatt SP, Gautney J, Handley G, et al.
A randomized, placebo-controlled trial of roflumilast: effect on proline-
glycine-proline and neutrophilic inflammation in chronic obstructive
pulmonary disease. Am ] Respir Crit Care Med. 2015;192:934-42.

[61] Konrad FM, Bury A, Schick MA, Ngamsri KC, Reutershan J. The unrec-
ognized effects of phosphodiesterase 4 on epithelial cells in pulmonary
inflammation. PLoS One. 2015;10:e0121725.

[62] Kosutova P, Mikolka P, Kolomaznik M, Rezakova S, Calkovska A,
Mokra D. Effects of roflumilast, a phosphodiesterase-4 inhibitor, on the
lung functions in a saline lavage-induced model of acute lung injury.
Physiol Res. 2017;66:5237-45.

[63] Peng CK, Huang KL, Wu CP, Wu YK, Tzeng IS, Lan CC. Phosphodies-
terase-4 inhibitor roflumilast attenuates pulmonary air emboli-induced
lung injury. J Surg Res. 2019;241:24-30.

[64] Roshanravan N, Ghaffari S, Hedayati M. Angiotensin converting
enzyme-2 as therapeutic target in COVID-19. Diabetes Metab Syndr.
2020;14:637-9.

[65] Guo J, Huang Z, Lin L, Lv J. Coronavirus disease 2019 (COVID-19) and
cardiovascular disease: a viewpoint on the potential influence of
angiotensin-converting enzyme inhibitors/angiotensin receptor blockers
on onset and severity of severe acute respiratory syndrome coronavirus 2
infection. ] Am Heart Assoc. 2020;9:e016219.

[66] Monteil V, Kwon H, Prado P, Hagelkruys A, Wimmer RA, Stahl M, et al.
Inhibition of SARS-CoV-2 infections in engineered human tissues using
clinical-grade soluble human ACE2. Cell. 2020;181:905-913.e7.

[67] Gu H, Xie Z, Li T, Zhang S, Lai C, Zhu P, et al. Angiotensin-converting
enzyme 2 inhibits lung injury induced by respiratory syncytial virus. Sci
Rep. 2016;6:19840.

[68] Imai Y, Kuba K, Rao S, Huan Y, Guo F, Guan B, et al. Angiotensin-con-
verting enzyme 2 protects from severe acute lung failure. Nature.
2005;436:112-6.

[69] Zou Z, Yan Y, Shu Y, Gao R, Sun Y, Li X, et al. Angiotensin-converting
enzyme 2 protects from lethal avian influenza A H5N1 infections. Nat
Commun. 2014;5:3594.

[70] Huentelman M]J, Grobe JL, Vazquez ], Stewart JM, Mecca AP,
Katovich M]J, et al. Protection from angiotensin II-induced cardiac hy-
pertrophy and fibrosis by systemic lentiviral delivery of ACE2 in rats.
Exp Physiol. 2005;90:783-90.

[71] Zhong J, Guo D, Chen CB, Wang W, Schuster M, Loibner H, et al. Pre-
vention of angiotensin II-mediated renal oxidative stress, inflammation,
and fibrosis by angiotensin-converting enzyme 2. Hypertension.
2011;57:314-22.

[72] Chen LJ, Xu YL, Song B, Yu HM, Oudit GY, Xu R, et al. Angiotensin-
converting enzyme 2 ameliorates renal fibrosis by blocking the activation
of mTOR/ERK signaling in apolipoprotein E-deficient mice. Peptides.
2016;79:49-57.

[73] Khan A, Benthin C, Zeno B, Albertson TE, Boyd J, Christie JD, et al.
A pilot clinical trial of recombinant human angiotensin-converting
enzyme 2 in acute respiratory distress syndrome. Crit Care.
2017;21:234.

[74] Zhang H, Baker A. Recombinant human ACE2: acing out angiotensin II
in ARDS therapy. Crit Care. 2017;21:305.

[75] Liu P, Wysocki J, Souma T, Ye M, Ramirez V, Zhou B, et al. Novel ACE2-
Fc chimeric fusion provides long-lasting hypertension control and organ
protection in mouse models of systemic renin angiotensin system acti-
vation. Kidney Int. 2018;94:114-25.

[76] Lei C, Qian K, Li T, Zhang S, Fu W, Ding M, et al. Neutralization of SARS-
CoV-2 spike pseudotyped virus by recombinant ACE2-Ig. Nat Commun.
2020;11:2070.

[77] Global Initiative for Chronic Obstructive Lung Disease. Global Strategy
for the Diagnosis, Management, and Prevention of Chronic Obstructive
Pulmonary Disease 2020 REPORT.


http://refhub.elsevier.com/S1443-9506(20)31538-9/sref38
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref38
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref39
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref39
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref40
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref40
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref41
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref41
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref41
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref42
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref42
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref42
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref43
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref43
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref43
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref43
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref44
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref44
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref44
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref45
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref45
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref45
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref46
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref46
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref46
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref47
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref47
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref47
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref47
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref48
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref48
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref48
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref49
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref49
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref49
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref49
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref50
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref50
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref50
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref50
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref51
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref51
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref51
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref52
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref52
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref52
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref53
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref53
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref53
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref54
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref54
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref54
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref54
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref55
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref55
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref55
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref55
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref56
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref56
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref56
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref56
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref57
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref57
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref57
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref58
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref58
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref59
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref59
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref59
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref59
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref60
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref60
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref60
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref60
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref61
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref61
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref61
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref62
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref62
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref62
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref62
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref63
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref63
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref63
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref64
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref64
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref64
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref65
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref65
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref65
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref65
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref65
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref66
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref66
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref66
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref67
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref67
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref67
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref68
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref68
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref68
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref69
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref69
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref69
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref70
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref70
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref70
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref70
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref71
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref71
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref71
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref71
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref72
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref72
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref72
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref72
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref73
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref73
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref73
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref73
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref74
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref74
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref75
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref75
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref75
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref75
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref76
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref76
http://refhub.elsevier.com/S1443-9506(20)31538-9/sref76

