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Angiotensin-converting enzyme 2 (ACE2) is a receptor for the spike protein of SARS-COV-2
that allows viral binding and entry and is expressed on the surface of several pulmonary and
non-pulmonary cell types, with induction of a “cytokine storm” upon binding. Other cell types
present the receptor and can be infected, including cardiac, renal, intestinal, and endothelial
cells. High ACE2 levels protect from inflammation. Despite the relevance of ACE2 levels in
COVID-19 pathogenesis, experimental studies to comprehensively address the question of
ACE2 regulations are still limited. A relevant observation from the clinic is that, besides the pro-
inflammatory cytokines, such as IL-6 and IL-1b, the anti-inflammatory cytokine IL-10 is also
elevated in worse prognosis patients. This could represent somehow a “danger signal”, an
alarmin from the host organism, given the immuno-regulatory properties of the cytokine. Here,
we investigated whether IL-10 could increase ACE2 expression in the lung-derived Calu-3 cell
line. We provided preliminary evidence of ACE2 mRNA increase in cells of lung origin in vitro,
following IL-10 treatment. Endothelial cell infection by SARS-COV-2 is associated with
vasculitis, thromboembolism, and disseminated intravascular coagulation. We confirmed
ACE2 expression enhancement by IL-10 treatment also on endothelial cells. The sartans
(olmesartan and losartan) showed non-statistically significant ACE2 modulation in Calu-3 and
endothelial cells, as compared to untreated control cells. We observed that the antidiabetic
biguanidemetformin, a putative anti-inflammatory agent, also upregulates ACE2 expression in
Calu-3 and endothelial cells. We hypothesized that IL-10 could be a danger signal, and its
elevation could possibly represent a feedback mechanism fighting inflammation. Although
further confirmatory studies are required, inducing IL-10 upregulation could be clinically
relevant in COVID-19-associated acute respiratory distress syndrome (ARDS) and vasculitis,
by reinforcing ACE2 levels.

Keywords: ACE2, IL-10, COVID-19 pro-inflammatory cytokines, SARS-COV-2, cytokine storm, metformin,
sartans, ARDS
org September 2021 | Volume 12 | Article 7181361

https://www.frontiersin.org/articles/10.3389/fimmu.2021.718136/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.718136/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.718136/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.718136/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.718136/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:albini.adriana@gmail.com
mailto:antonino.bruno@multimedica.it
https://doi.org/10.3389/fimmu.2021.718136
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.718136
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.718136&domain=pdf&date_stamp=2021-09-27


GRAPHICAL ABSTRACT | ACE2 enzyme is a negative regulator of RAAS providing a crucial link between immunity, inflammation, increased coagulopathy, and
cardiovascular disease, thereby serving as a protective mechanism against inflammation, heart failure, myocardial infarction, lung disease, hypertension, vascular
permeability, and diabetes. ACE2 function, following SARS-CoV binding, is reduced due to endocytosis and proteolytic cleavage and there are high levels of Ang II in
the blood of patients with COVID-19. Consequently, the upregulation of human ACE2 induced by IL-10 in SARS-CoV-2-infected patients could be clinically useful,
due to the protection elicited by the increased activity of ACE2 and possibly angiotensin(1–7).
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INTRODUCTION

Coronaviruses are animal viruses, but they mutate towards
strains that can infect directly humans (1, 2). A novel strain,
2019-nCoV or COVID-19, giving rise to SARS-CoV-2, has
emerged at the end of 2019 (1, 3). The understanding of
COVID-19 pathogenesis and the occurrence of high COVID-
19-associated death burden became an urgency within the
pandemic. Thousands of papers have been published, on
epidemiology, diagnosis, and cure. Vaccination appears to be
the most successful strategy against COVID-19 so far; however,
numerous pharmacological approaches are being studied.

In this scenario, challenging open questions for
immunologists remain partially unresolved.

Coronaviruses easily replicate in epithelial cells of the
respiratory tract, but not exclusively: there are a large number
of cells that can harbor the virus (4). Epithelial cell infection leads
to cytopathic changes of the mucosae, mostly respiratory and
enteric. Endothelial cells might be involved in the arterial as well
venous thrombotic events (4). Within the respiratory disease,
which can be mild or severe, human coronavirus infections can
induce inflammation and immune suppression with respiratory
tract infection and organ dysfunction, until acute respiratory
distress syndrome (ARDS) that can be lethal (3, 5, 6).

Virus pathogenesis is frequently associated with the intensified
production of proinflammatory cytokines in some patients andwas
evidentwith thepreviousSARS(7). Proinflammatory cytokinesand
chemokines act as the necessary early immune response against
Frontiers in Immunology | www.frontiersin.org 2
pathogens. However, an increased and non-controlled immune
response has been associated with the high virulence of SARS-CoV
(8, 9), indicated as “cytokine storm”. Peripheral blood and lungs of
SARS patients were characterized by elevated levels of
proinflammatory cytokines, such as IL-1, IL-2, IL-6, IL-8/CXCL8,
and chemokines, including CXCL10 and MCP-1/CCL2, which
were associated with disease severity (10–14).

SARS-CoV infects type 2 pneumocytes and ciliated bronchial
epithelial cells engaging angiotensin converting enzyme 2
(ACE2) as a receptor, which processes angiotensin II (Ang II)
to Ang (1–7). The novel SARS-CoV-2 virus employs ACE2 as a
receptor, similar to SARS-CoV (15–18). ACE2 is a membrane-
bound peptidase expressed in lungs, heart, kidneys, and intestine
as well as arterial and venous endothelial cells in all organs
studied (4, 19). Ang II is a key effector of the renin–angiotensin–
aldosterone system (RAAS) and exerts its biological functions
through type 1 and 2 receptors (AT1R and AT2R) (20). RAAS
has a key role in blood pressure homeostasis and electrolyte
balance, while Ang II through AT2R is also involved in the
development of inflammatory reactions and in the control of the
kinin–kallikrein system, with important implications for
the coagulation cascade. SARS-CoV infection decreases the
expression of ACE2 (21), with possible relevance for the
development of lung fibrosis reported in SARS patients months
after their clearance of the viral infection (22–26); in fact, ACE2
exerts an anti-inflammatory role.

COVID-19 patients in particular display elevated levels of IL-
6, and this is the cytokine so far mostly studied, with
September 2021 | Volume 12 | Article 718136
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investigations also on the possible therapeutic use of anti-IL-6
agents, such as tocilizumab (27). However, as reported above,
other cytokines are present in altered levels.

Increasing evidence supports the involvementof IL-10, although
few investigations have been addressed to this molecule. IL-10, the
main member of the IL-10 superfamily, plays a critical role in the
resolution of peripheral inflammation, thus being largely
investigated as anti-inflammatory cytokine (28, 29). Since its
initial discovery, it has been found that IL-10 is produced by
different leukocytic cell types, such as monocytes, granulocytes,
and non-immune cells, including epithelial cells and keratinocytes
(30, 31). Despite the numerous published papers, the ultimate role
of IL-10 in disease has not been fully determined, due to the
extremely heterogenous immunological contexts that regulate its
functions and thedocumentedcontroversial effects (32–34). Invivo,
IL-10 exerts dual effects on NK activities, with some reports
documenting increased cytolytic activities and others showing an
opposite effect (32, 35). The tissue microenvironment or in vitro
surroundings plays a role in IL-10 inhibition or activation of
immune cells (32).

In severe/critically ill patients, a dramatic increase of
interleukin IL-10 has been described as a crucial feature of
COVID-19. COVID-19 patients in the intensive care unit
(ICU) have been reported to exhibit increased systemic levels
of IL-10, as compared to non-ICU patients (3, 36, 37). Elevated
levels of IL-10 have strong correlations with those of IL-6 and C-
reactive protein (38). This clearly suggests the presence of IL-10
in COVID-19 severity.

Patients with severe and fatal disease had significantly
increased IL-6 and IL-10. These were strong discriminators in
Chinese cohorts (39) and Brazilian cohorts (40). The levels of IL-
10 are positively correlated with CRP amount (38). Elevation of
IL-6, IL-10, and C-reactive protein is a reliable indicator of severe
COVID-19 (41). IL-10 was elevated in severe but not mild cases
after the virus infection; IL-10 at week 1 may predict patient
outcomes (42). IL-10 and IL-10/lymphocyte count at emergency
department presentation were described as independent
predictors of COVID-19 severity (43). Moreover, elevated IL-
10 was more strongly associated with outcomes than pro-
inflammatory IL-6 or IL-8. IL-6 and IL-10 are found to predict
disease severity (38). Elevated serum levels of IL-6, IL-10, and
tumor necrosis factor alpha (TNFa) in non-survivors have been
detected, compared to those in the survivors (44). Also, a fatal
outcome has been observed in patients with severe COVID-19
with kinetic variations in IL-6, IL-8, and IL-10, independently of
sex, age, absolute lymphocyte count, direct bilirubin,
hypertension, and chronic obstructive pulmonary disease (44).
Two meta-analyses on IL-6 and IL-10 circulating levels found a
correlation between the disease severity and mortality in
COVID-19 patients (45, 46). Since IL-10 is reported as an anti-
inflammatory cytokine, elevated levels could represent a reaction
of the organism to curb inflammation, a sort of alarmin-like
signal (47).

We hypothesize that IL-10 could be a danger signal, and its
elevation could possibly represent a negative feedback
mechanism suppressing inflammation.
Frontiers in Immunology | www.frontiersin.org 3
Although spike-ACE2 binding in pneumocytes, as well as
other affected cells, is required for viral entry, paradoxically,
treatments that increase ACE2 may be beneficial in mitigating
the complications of COVID-19, by curbing inflammation.
Therefore, ACE2 expression seems to be a two-faced Janus for
the development of human COVID-19 disease severity. In the
RAAS, Angiotensin converting enzyme 2 (ACE2)–Ang 1-7–Mas
represents a protective arm to contrast the deleterious effect of
ACE1–Ang II, which induces systemic and pulmonary
hypertension. ACE2 activates anti-inflammatory pathways after
tissue injury (48). SARS-CoV-1 was found to decrease ACE2
expression after binding, and low levels of ACE2 have been
implicated in cardiovascular impairments and ARDS (20, 49).

Anti-inflammatory drugs may offer cardiopulmonary
protection in COVID-19 via enhanced ACE2 expression. The
paradoxical effect of stimulating SARS-COV-2 receptor ACE2
messenger expression could lead to both enhanced entry route in
the cells and, at the same time, reduced inflammatory cytokine
production and protection from further damage.

In this Brief Research Report, we show our preliminary data
on a possible role for IL-10 in trying to mitigate COVID-19
pathogenesis, by enhancing ACE2 expression in lung cells (see
Graphical Abstract). We show that treatment with IL-10 of Calu-
3, cells of lung epithelial origin, enhances mRNA expression of
ACE2, in a dose-dependent manner, as measured by quantitative
qPCR. Given the involvement of endothelial cells in COVID-19
pathogenesis, we also stimulated cultured human endothelial
cells to see if a similar scenario as in Calu-3 cells might occur.
We found that ACE2 is upregulated by IL-10 also on human
umbilical vein endothelial cells (HUVECs). Expression of ACE2
on Calu3 and HUVECs was also detected by Western blot, to
confirm it at the protein level.

Treatment with biguanide metformin, based on some
evidence of beneficial effects in SARS-CoV-2 (50, 51), was also
tested, and was found to upregulate ACE2 in lung and HUVECs.
Sartans, regulators of the RAAS system, did not induce increase
or reduction of ACE2 messenger to a significant extent.

We point that our preliminary data provide a hint to the
mechanism of a potential role of IL-10 in SARS-CoV-2-
associated disease severity and ARDS, by elevating ACE2
expression, and that IL-10 stimulation could have therapeutic
potential and therefore we propose our data here as a “rapid
preliminary report”.
MATERIALS AND METHODS

Cytokines, Angiotensin II Receptor and
ACE inhibitors, and Metformin
IL-1b and IL-10 cytokines were purchased from Miltenyi Biotec
(Bergisch Gladbach, Germany) and resuspended in sterile water.
TNFa was purchased from Peprotech (Rocky Hill, NJ, USA) and
resuspended in sterile water. Olmesartan, losartan, and enalapril
were purchased from Sigma-Aldrich and dissolved in sterile
water. Metformin was purchased by Sigma-Aldrich and
dissolved in sterile water.
September 2021 | Volume 12 | Article 718136
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Cell Line Culture and Maintenance
Calu-3 cells were purchased by American Type Culture
Collection (ATCC) and cultured in RPMI 1640 medium
(Euroclone, Pero, MI, Italy) supplemented with 10% of FBS, 2
mM L-glutamine (Euroclone), 100 U/ml penicillin, and 100 mg/
ml streptomycin (Euroclone).

HUVECs were purchased by ATCC and cultured in
endothelial cell basal medium (EBM, Lonza), supplemented
with endothelial cell growth medium (EGM™ SingleQuots™,
Lonza), 10% of FBS, 2 mM L-glutamine (Euroclone), 100 U/ml
penicillin, and 100 mg/ml streptomycin (Euroclone) and used
between three and five passages. Clau3 and HUVECs were
regularly tested for absence of mycoplasma contamination.

Cell Treatments
Calu-3 cells (1×106 cells/dish)were seeded in100-mmPetri dishes in
RPMI 1640medium (Euroclone, Pero,MI, Italy) supplementedwith
10%of FBS, 2mML-glutamine (Euroclone), 100U/mlpenicillin, and
100 mg/ml streptomycin (Euroclone). Following cell adhesion, fresh
completemediumwith IL-10 (1, 5, and 25 ng/ml), TNFa (50 ng/ml),
IL-1b (25 ng/ml), olmesartan (10 µM), losartan (10 µM), and
metformin (10 mM) were added for 24 h at 37°C.

HUVECs (1 × 106 cells/dish) were seeded in 100-mm Petri
dishes in endothelial cell basal medium, 10% of FBS, 2 mM L-
glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin.
Following cell adhesion, fresh complete medium with IL-10 (1, 5,
and 25 ng/ml), TNFa (50 ng/ml), IL-1b (25 ng/ml), olmesartan
(10 µM), enalapril (10 µM), and metformin (10 mM) were added
for 24 h at 37°C. Following treatments, cells were used for further
analysis by qPCR, Western blot, and flow cytometry.

Real-Time PCR
ACE2 primers for qPCR and the housekeeping b-actin
(Supplementary Table S1) were designed using the NCBI Primer-
BLAST tool and purchased from Integrated DNA Technologies
(IDT, Coralville, IA, USA). Total RNA was extracted using TRIzol
method, following separation with chloroform precipitation of RNA
with isopropanol (Sigma-Aldrich).RNApelletwaswashed twicewith
75% ethanol (Sigma-Aldrich) and resuspended in nuclease-free
water. RNA concentration was determined using Nanodrop
Spectrophotometer ND-1000 (Thermo Fisher Scientific). Reverse
transcription was performed using the SuperScript VILO cDNA
synthesis kit (Thermo Fisher Scientific), starting from 1,000 ng of
total RNA. Quantitative real-time qPCRwas performed using SYBR
GreenMasterMix (AppliedBiosystems)onQuantStudio6FlexReal-
Time PCR System Software (Applied Biosystems). All reactionswere
performed in duplicate, and the experiment was repeated four times.
The relative gene expression was expressed relative to non-treated
cells normalized to thehousekeepinggene.Cyclesup to35were taken
into account.

Western Blotting Analysis
Cell lysates were obtained using RIPA buffer, supplemented with
protease and phosphatase inhibitor cocktails (Roche Diagnostics
GmbH). Proteins (30 µg) were loaded on NuPAGE Novex 4%–
12% Bis-Tris Gel (Life Technologies) and transferred to a PVDF
membrane Amersham Hybond (GE Healthcare Bio-Sciences,
Frontiers in Immunology | www.frontiersin.org 4
Pittsburgh, PA, USA). Membranes were incubated overnight at
4°C with the primary antibodies ACE2 (Invitrogen, dilution
1:1,000). Then, membranes were washed three times in TBS
with 0.05% Tween 20 (TBS-T, pH 7.4), and incubated for 1 h at
room temperature, with peroxidase-linked anti-rabbit IgG
secondary antibody (GE Healthcare Bio-Sciences, Pittsburgh,
PA, USA, dilution 1:2,000). Specific protein bands were
detected by acquisition with the Alliance Q9 Atom System
(Uvitec, Cambridge, UK). Protein expressions were normalized
to b-actin (Cell Signaling Technology, dilution 1:1,000). Western
blot data were analyzed using Q9 Alliance software (Uvitec,
Cambridge, UK) to determine the band optical density (OD).

Statistical Analysis
Statistical analysis was performed using the GraphPad Prism
software, v9. Results are shown as mean ± SEM, one-way or two-
way ANOVA, followed by Tukey’s post-hoc test. p values ≤ 0.05
were considered statistically significant.
RESULTS

IL-10 Treatment of Calu 3 (Lung) Cells
To investigate the effect of IL-10onACE2 expressiononCalu 3 cells
at the transcriptional level, we performed quantitative real-time
PCR (qPCR) analysis on cells treated with different doses of IL-10.
ACE2was found to be differentially expressed in IL-10-treated cells
as compared to non-treated ones, in a statistically significant
manner by using 25 ng/ml dosage (Figure 1A). We also
compared the effects of the inflammatory cytokines TNF-a and
IL-1b, at the same concentration, without observing an increase in
ACE2 expression (Figure 1B). The ACE2 levels in Calu3 treated
with IL-10 (25 ng/ml) were statistically significantly higher than in
control, TNF-a, and IL-1b in Calu 3 cells.

We also tested inhibitors of the ACE system, and a non-related
anti-diabetic, anti-inflammatory drug. No statistically significant
difference in ACE2 expression was detected in Calu3 cells treated
with the olmesartan and losartan (angiotensin II receptor
inhibitors), as compared to control untreated cells (Figure 1C).
Cells treated with the biguanide metformin exhibited statistically
significantly upregulation of ACE2 (Figure 1C).

To confirm at the protein level the presence of ACE2, ACE2
protein was detected by Western blot in Calu-3 cells (Figure 1A)
with specific antibodies. Notwithstanding the constitutive
presence of ACE2 on the membrane of these cells, modulation
at the protein level was observed following 24-h treatment of IL-
10 (Figure 2A). We found elevated ACE2 expression in Calu 3
cells treated with IL-10 (25 ng/ml) but not IL-1b (Figure 2A).
Metformin treatment also increased ACE2. Data of four
independent Western blot were quantified and reported in a
histogram (Figure 2B).

IL-10 Treatment of HUVE
(Endothelial) Cells
The ability of IL-10 (5 and 25 ng/ml) to induce ACE2 expression
in HUVECs was determined, following 24 h of stimulation, by
September 2021 | Volume 12 | Article 718136
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qPCR. IL-10 increased ACE2 expression and was statistically
significantly higher upon treatment with IL-10 at 25 ng/ml
(Figure 3A). The effects of IL-10 (25 ng/ml) on ACE2
expression in HUVECs was compared to those of olmesartan
(angiotensin II receptor inhibitors) and enalapril (ACE
inhibitor), by qPCR. Olmesartan and enalapril did not
enhance expression, they even induced a small but not
significant decrease in ACE2 (Figure 3B). Cells treated with
the biguanide metformin exhibited significantly upregulation of
ACE2 (Figure 3B).
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We also found a modulation in ACE2 protein expression in
HUVECs treated with IL-10 (25 ng/ml) by Western blot
(Figure 4) stained with specific antibodies, as compared to
cytokine IL-1b treatment and control untreated cells. We
observed that IL-10 (25 ng/ml) increased ACE2 in HUVECs,
while IL-1b decreased it (Figure 4A). Also, 5 ng/ml of L-10 were
able to show induction of ACE2 protein (Figure 4B). Bands of
eight Western blots were scanned, quantified, and reported in
graphic (Figure 4C). HUVECs treated with metformin also
exhibited upregulation of ACE2 (Figure 4B).
A B

C

FIGURE 1 | Effects of IL-10 on ACE2 expression in Calu-3 cells by qPCR. (A) The ability of IL-10 (1 to 10 ng/ml) to induce ACE2 expression in Calu-3 cells was
determined, following 24 h of stimulation, by qPCR. IL-10 increased ACE2 expression in a dose-dependent manner; N = 5–7. (B) The effects of IL-10 (25 ng/ml) to
induce ACE2 expression in Calu-3 cells were compared to the pro-inflammatory cytokines TNFa (50 ng/ml) and IL-1b (25 ng/ml), following 24 h of treatment; N = 5.
IL-10 (25 ng/ml) increased ACE2 expression as compared to TNFa (50 ng/ml), IL-1b (25 ng/ml), and control untreated cells. (C) The effects of IL-10 (25 ng/ml) on
ACE2 expression in Calu-3 was determined by qPCR, as compared to olmesartan (10 µM) or losartan (10 µM); olmesartan (10 µM) or metformin, (10 mM), by qPCR.
N = 5. Non-significant effects was seen with sartans but metformin (10 mM) increased ACE2 expression. Data are shown as mRNA relative expression, normalized
to b-actin and control, mean ± SEM, one-way ANOVA, **p < 0.01, ***p < 0.001, Control: control vehicle cells.
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DISCUSSION

Ang-II stimulates the expression of pro-inflammatory mediators,
including IL-6, through receptor subtypes (20). Ang II can be
hydrolyzed from ACE2 to Ang1–7, which can bind to MAS [G
protein-coupled receptor (GPCR)] receptors to act as an
antagonist of Ang-II receptors to mediate physiological
processes (20). An increase in the activation of ACE2, which
produces Ang-1-7 that binds to MAS receptors, prevents local
and systemic dysfunctions and reduces inflammation (20, 52); it
is a shared opinion that ACE2 plays a protective role in acute
lung injury (20, 52). A reduced expression of ACE2 caused by
Frontiers in Immunology | www.frontiersin.org 6
SARS-CoV-2 infection could contribute the SARS inflammatory
effect (53). In SARS-CoV2 infection, ACE2 plays a dual role. On
the one hand, it is the principal SARS-CoV-2 receptor and
previous studies have interrelated the susceptibility of human
airway epithelia to SARS-CoV-2 infection through the presence
of ACE2 (15–17). On the other hand, the expression of mRNA
and the enzymatic activity of ACE2 can decrease the
inflammatory activity and exert a protective role in acute lung
injury (20). In a rat model, resorcinolnaphthalein, which
increases the activity of ACE2, improved endothelia-dependent
vasorelaxation and increased the anti-inflammatory cytokine IL-
10 (54, 55).
A B

FIGURE 3 | Effects of IL-10, sartans, and metformin on ACE2 expression in HUVECs. The ability of IL-10 (5 and 25 ng/ml) to induce ACE2 expression in HUVECs
was determined, following 24 h of stimulation, by qPCR. (A) IL-10 increased ACE2 expression in a dose-dependent manner. (B) The effects of IL-10 (25 ng/ml) on
ACE2 expression in HUVECs was determined by qPCR, olmesartan (10 µM), enalapril (10 µM), or metformin (10 mM). Metformin shows a trend in increasing ACE2
expression in HUVECs. Data are shown as mRNA relative expression, normalized to b-actin and control, mean ± SEM, one-way ANOVA, *p < 0.05, **p < 0.01.
Control, control vehicle cells. ns, not significant.
A B

FIGURE 2 | Expression of ACE2 protein in Calu-3 cells. ACE2 expression on Calu-3 cells was evaluated following 24-h exposure to IL-1b (25 ng/ml) and IL-10 (5
and 25 ng/ml) and metformin (10 mM) by Western blot (A). Band intensities were denistometrically quantified (B) and normalized to b-actin and control; N = 4. Data
are shown as mean ± SEM. Control, control vehicle cells.
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A recent Nature Medicine paper shows that manipulation of
RAAS and supraphysiological levels of ANGII in swine induce a
pathological phenotype that shares several features of COVID-19
(56). In swine, blocking ACE2 leads to increased coagulation,
disturbs lung perfusion, induces diffuse alveolar damage,
increases pulmonary artery pressure, and reduces blood
oxygenation differently compared to control animals (56).

A decrease in ACE2 can be involved in ARDS. An increased
and exacerbated immune response has been associated with the
high virulence of SARS-CoV (8, 9), indicated as “cytokine
storm”. Peripheral blood and lungs of SARS patients are
characterized by elevated levels of proinflammatory cytokines,
such as IL-1, IL-2, IL-6, IL-8/CXCL8, and chemokines associated
with disease severity (10–14).

Several reports show in particular that high serum levels of
not only of the pro-inflammatory IL-6, IL-1b and TNFa but also
anti-inflammatory cytokine IL-10 are associated with the severity
of the disease and a higher comorbidity index among adults with
COVID-19 (38, 39, 41–46, 57). Changes in serum IL-6 and IL-10
levels act as a predictive biomarker to determining severe patient
COVID-19 (44).
Frontiers in Immunology | www.frontiersin.org 7
Two meta-analyses of IL-6 and IL-10 circulating levels found
a correlation between the disease severity and mortality in
COVID-19 patients (45, 46). Since IL-10 is reported as an
immune-modulating cytokine, elevated levels could represent a
reaction of the organism to curb inflammation, a sort of alarmin-
like signal (47).

Our working hypothesis was that the IL-10 action could be
mediated by regulation of ACE2 receptor expression. Our
preliminary data, which could have implication in fostering
novel studies in this direction, show that IL-10 increases ACE2
mRNA expression in lung-derived Calu-3 cells, and this could be
involved in ARDS regulation. Recently, it has been shown that a
simple natural IL-10-inducing small molecule can ameliorate a
chronic inflammatory disease (58).

A high frequency of thrombosis and thromboembolism has
been additionally reported in COVID-19-affected patients [16–
18] (Figure 1). ACE2 expression has been demonstrated in
endothelial cells from arterial and venous vessels [5], and there
is clear-cut evidence that endothelial cells can acquire SARS-
CoV-2 infection [19], with development of endotheliitis,
endothelial cell damage, systemic vasculitis, and disseminated
A B

C

FIGURE 4 | Expression of ACE2 protein in HUVECs. ACE2 expression by HUVECs was evaluated following 24-h exposure to IL-1b (25 ng/ml) or IL-10 (25 ng/ml)
(A), IL-10 (5 ng/ml), IL-1b (25 ng/ml) and metformin (10 mM) (B) by Western blot. Eight Western blots were quantified, normalized to b-actin and control, and
reported in a histogram (C).
September 2021 | Volume 12 | Article 718136
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intravascular coagulation (DIC). Our group has reported a case
of biventricular thrombosis in a COVID-19 patient with
ischemic dilated cardiomyopathy (59).

Here, we present preliminary evidence that anti-inflammatory
cytokine IL-10 treatment induces ACE2 mRNA enhancement in
endothelial cells. Regulation is opposite of the one induced by pro-
inflammatory signal IL-1b. The sartans (olmesartan and losartan)
have no significant modulation over the control groups.

Another molecule that has been suggested to be able tomitigate
COVID-19 inflammatory syndrome is metformin (50, 51). A few
retrospective analyses of observational studies in COVID-19
patients with type 2 diabetes mellitus, with and without
metformin, have shown a reduction in mortality for metformin
(50, 51). In a retrospective US large cohort, metformin was
significantly linked to reduced death in women (51). A small
Chinese cohort also examined metformin effects (56). Metformin
has hypothetically been suggested for the treatment of patients with
COVID-19 at risk of developing severe illness (60). In our report,
metformin appears to act in the same direction as IL-10, by
enhancing ACE2 mRNA expression. Metformin activates the
NAD+-dependent deacetylase silent information regulator T1
(SIRT1), which regulates expression of ACE2 (61, 62) and
cardiopulmonary protection in COVID-19 (62–64).

An early induction of anti-inflammatory mediator IL-10
upon SARS-CoV-2 infection might function as a mediator that
serves as a countermeasure to inflammation and coagulopathy
(40); given the dual IL-10 (32, 35) caution is mandatory. The
initial evidence is limited, and further studies are warranted to
confirm the role IL-10 in COVID-19.
CONCLUSIONS

Treatments that increase ACE2 may be beneficial in mitigating
the complications of COVID-19 by curbing inflammation. Our
evidence shows that IL-10 is upregulating ACE2 in lung-derived
cells and endothelial cells. We believe that IL-10, by enhancing
ACE2, could be a body attempt to reduce inflammation.
Although more investigations are required, it could be
hypothesized that treatment with agents increasing IL-10, by
reinforcing ACE2 expression or production of Ang 1–7 peptide,
may represent a novel way to treat COVID-19-associated ARDS.
Frontiers in Immunology | www.frontiersin.org 8
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.
AUTHOR CONTRIBUTIONS

AA developed the hypothesis, designed the experiments,
cultured cells, and wrote the manuscript. LC and VC
performed the main experiments on Calu3 and HUVEC cells.
NB performed additional experiments. ML discussed and wrote
the clinical relevance of the results obtained. AB analyzed data,
drafted protocols, and contributed to the manuscript writing.
DN outlined and organized the studies and wrote the
manuscript. All authors contributed to the article and
approved the submitted version.
FUNDING

This research was funded by a grant from the Ministero della
Salute COVID-2020-12371849 to DMN. Studies are partially
supported by the Italian Ministry of Health Ricerca Corrente—
IRCCS MultiMedica. AB has received funds from the Italian
Association for Cancer Research (AIRC-MFAG id-22818) and
the Cariplo Foundation (id- 2019-1609).
ACKNOWLEDGMENTS

We like to thank Dr. Paola Corradino for bibliography and Dr.
Marco Festa for help in preliminary experiments.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
718136/full#supplementary-material
REFERENCES

1. Chen B, Tian EK, He B, Tian L, Han R, Wang S, et al. Overview of Lethal
Human Coronaviruses. Signal Transduct Target Ther (2020) 5(1):89.
doi: 10.1038/s41392-020-0190-2

2. Corman VM, Muth D, Niemeyer D, Drosten C. Hosts and Sources of
Endemic Human Coronaviruses. Adv Virus Res (2018) 100:163–88.
doi: 10.1016/bs.aivir.2018.01.001

3. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical Features of
Patients Infected With 2019 Novel Coronavirus in Wuhan, China. Lancet
(2020) 395(10223):497–506. doi: 10.1016/S0140-6736(20)30183-5

4. Albini A, Di Guardo G, Noonan DM, Lombardo M. The SARS-CoV-2
Receptor, ACE-2, Is Expressed on Many Different Cell Types: Implications
for ACE-Inhibitor- and Angiotensin II Receptor Blocker-Based
Cardiovascular Therapies. Intern Emerg Med (2020) 15(5):759–66.
doi: 10.1007/s11739-020-02364-6
5. Long QX, Tang XJ, Shi QL, Li Q, Deng HJ, Yuan J, et al. Clinical and
Immunological Assessment of Asymptomatic SARS-CoV-2 Infections. Nat
Med (2020) 26(8):1200–4. doi: 10.1038/s41591-020-0965-6

6. Price-Haywood EG, Burton J, Fort D, Seoane L. Hospitalization and Mortality
Among Black Patients and White Patients With Covid-19. N Engl J Med
(2020) 382(26):2534–43. doi: 10.1056/NEJMsa2011686

7. DeDiego ML, Nieto-Torres JL, Jimenez-Guardeno JM, Regla-Nava JA,
Castano-Rodriguez C, Fernandez-Delgado R, et al. Coronavirus Virulence
Genes With Main Focus on SARS-CoV Envelope Gene. Virus Res (2014)
194:124–37. doi: 10.1016/j.virusres.2014.07.024

8. Baas T, Roberts A, Teal TH, Vogel L, Chen J, Tumpey TM, et al. Genomic
Analysis Reveals Age-Dependent Innate Immune Responses to Severe Acute
Respiratory Syndrome Coronavirus. J Virol (2008) 82(19):9465–76.
doi: 10.1128/JVI.00489-08

9. Smits SL, de Lang A, van den Brand JM, Leijten LM, van IWF, Eijkemans MJ,
et al. Exacerbated Innate Host Response to SARS-CoV in Aged Non-Human
September 2021 | Volume 12 | Article 718136

https://www.frontiersin.org/articles/10.3389/fimmu.2021.718136/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.718136/full#supplementary-material
https://doi.org/10.1038/s41392-020-0190-2
https://doi.org/10.1016/bs.aivir.2018.01.001
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1007/s11739-020-02364-6
https://doi.org/10.1038/s41591-020-0965-6
https://doi.org/10.1056/NEJMsa2011686
https://doi.org/10.1016/j.virusres.2014.07.024
https://doi.org/10.1128/JVI.00489-08
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Albini et al. ACE2 Expression Modulated by IL-10
Primates. PloS Pathog (2010) 6(2):e1000756. doi: 10.1371/journal.
ppat.1000756

10. Cameron MJ, Ran L, Xu L, Danesh A, Bermejo-Martin JF, Cameron CM, et al.
Interferon-Mediated Immunopathological Events Are Associated With
Atypical Innate and Adaptive Immune Responses in Patients With Severe
Acute Respiratory Syndrome. J Virol (2007) 81(16):8692–706. doi: 10.1128/
JVI.00527-07

11. Chien JY, Hsueh PR, Cheng WC, Yu CJ, Yang PC. Temporal Changes in
Cytokine/Chemokine Profiles and Pulmonary Involvement in Severe Acute
Respiratory Syndrome. Respirology (2006) 11(6):715–22. doi: 10.1111/j.1440-
1843.2006.00942.x

12. Jiang Y, Xu J, Zhou C, Wu Z, Zhong S, Liu J, et al. Characterization of
Cytokine/Chemokine Profiles of Severe Acute Respiratory Syndrome. Am J
Respir Crit Care Med (2005) 171(8):850–7. doi: 10.1164/rccm.200407-857OC

13. Tang NL, Chan PK, Wong CK, To KF,Wu AK, Sung YM, et al. Early Enhanced
Expression of Interferon-Inducible Protein-10 (CXCL-10) and Other
Chemokines Predicts Adverse Outcome in Severe Acute Respiratory Syndrome.
Clin Chem (2005) 51(12):2333–40. doi: 10.1373/clinchem.2005.054460

14. Wong CK, Lam CW, Wu AK, Ip WK, Lee NL, Chan IH, et al. Plasma
Inflammatory Cytokines and Chemokines in Severe Acute Respiratory
Syndrome. Clin Exp Immunol (2004) 136(1):95–103. doi: 10.1111/j.1365-
2249.2004.02415.x

15. Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T, Erichsen S,
et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is
Blocked by a Clinically Proven Protease Inhibitor. Cell (2020) 181(2):271–80.
doi: 10.1016/j.cell.2020.02.052

16. Yan R, Zhang Y, Li Y, Xia L, Guo Y, Zhou Q. Structural Basis for the
Recognition of the SARS-CoV-2 by Full-Length Human ACE2. Science (2020)
367(6485):1444–8. doi: 10.1126/science.abb2762

17. Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, et al. A Pneumonia
Outbreak Associated With a New Coronavirus of Probable Bat Origin. Nature
(2020) 579(7798):270–3. doi: 10.1038/s41586-020-2012-7

18. Wang Q, Zhang Y, Wu L, Niu S, Song C, Zhang Z, et al. Structural and
Functional Basis of SARS-CoV-2 Entry by Using Human ACE2. Cell (2020)
181(4):894–904. doi: 10.1016/j.cell.2020.03.045

19. Hamming I, Timens W, Bulthuis ML, Lely AT, Navis G, van Goor H. Tissue
Distribution of ACE2 Protein, the Functional Receptor for SARS Coronavirus.
A First Step in Understanding SARS Pathogenesis. J Pathol (2004) 203
(2):631–7. doi: 10.1002/path.1570

20. Forrester SJ, Booz GW, Sigmund CD, Coffman TM, Kawai T, Rizzo V, et al.
Angiotensin II Signal Transduction: An Update on Mechanisms of Physiology
and Pathophysiology. Physiol Rev (2018) 98(3):1627–738. doi: 10.1152/
physrev.00038.2017

21. 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(8):875–9. doi: 10.1038/nm1267

22. Ketai L, Paul NS, Wong KT. Radiology of Severe Acute Respiratory Syndrome
(SARS): The Emerging Pathologic-Radiologic Correlates of an EmergingDisease.
J Thorac Imaging (2006) 21(4):276–83. doi: 10.1097/01.rti.0000213581.14225.f1

23. Li AM, Chan CH, Chan DF. Long-Term Sequelae of SARS in Children.
Paediatr Respir Rev (2004) 5(4):296–9. doi: 10.1016/j.prrv.2004.07.012

24. Li TS, Gomersall CD, Joynt GM, Chan DP, Leung P, Hui DS. Long-Term
Outcome of Acute Respiratory Distress Syndrome Caused by Severe Acute
Respiratory Syndrome (SARS): An Observational Study. Crit Care Resusc
(2006) 8(4):302–8.

25. Ng CK, Chan JW, Kwan TL, To TS, Chan YH, Ng FY, et al. Six Month
Radiological and Physiological Outcomes in Severe Acute Respiratory
Syndrome (SARS) Survivors. Thorax (2004) 59(10):889–91. doi: 10.1136/
thx.2004.023762

26. Wu X, Dong D, Ma D. Thin-Section Computed Tomography Manifestations
During Convalescence and Long-Term Follow-Up of Patients With Severe
Acute Respiratory Syndrome (SARS). Med Sci Monit (2016) 22:2793–9.
doi: 10.12659/msm.896985

27. Buonaguro FM, Puzanov I, Ascierto PA. Anti-IL6R Role in Treatment of COVID-
19-Related ARDS. J Transl Med (2020) 18(1):165. doi: 10.1186/s12967-020-02333-9

28. Headland SE, Norling LV. The Resolution of Inflammation: Principles and
Challenges. Semin Immunol (2015) 27(3):149–60. doi: 10.1016/j.smim.
2015.03.014
Frontiers in Immunology | www.frontiersin.org 9
29. Hutchins AP, Diez D, Miranda-Saavedra D. The IL-10/STAT3-Mediated
Anti-Inflammatory Response: Recent Developments and Future Challenges.
Brief Funct Genomics (2013) 12(6):489–98. doi: 10.1093/bfgp/elt028

30. Moore KW, de Waal Malefyt R, Coffman RL, O’Garra A. Interleukin-10 and
the Interleukin-10 Receptor. Annu Rev Immunol (2001) 19:683–765.
doi: 10.1146/annurev.immunol.19.1.683

31. Mosser DM, Zhang X. Interleukin-10: New Perspectives on an Old Cytokine.
Immunol Rev (2008) 226:205–18. doi: 10.1111/j.1600-065X.2008.00706.x

32. Mannino MH, Zhu Z, Xiao H, Bai Q, Wakefield MR, Fang Y. The Paradoxical
Role of IL-10 in Immunity and Cancer. Cancer Lett (2015) 367(2):103–7.
doi: 10.1016/j.canlet.2015.07.009

33. Saraiva M, O’Garra A. The Regulation of IL-10 Production by Immune Cells.
Nat Rev Immunol (2010) 10(3):170–81. doi: 10.1038/nri2711

34. Iyer SS, Cheng G. Role of Interleukin 10 Transcriptional Regulation in
Inflammation and Autoimmune Disease. Crit Rev Immunol (2012) 32
(1):23–63. doi: 10.1615/critrevimmunol.v32.i1.30

35. Saxena A, Khosraviani S, Noel S, Mohan D, Donner T, Hamad AR.
Interleukin-10 Paradox: A Potent Immunoregulatory Cytokine That has
Been Difficult to Harness for Immunotherapy. Cytokine (2015) 74(1):27–34.
doi: 10.1016/j.cyto.2014.10.031

36. Diao B, Wang C, Tan Y, Chen X, Liu Y, Ning L, et al. Reduction and
Functional Exhaustion of T Cells in Patients With Coronavirus Disease 2019
(COVID-19). Front Immunol (2020) 11:827. doi: 10.3389/fimmu.2020.00827

37. Huang R, Zhu L, Xue L, Liu L, Yan X, Wang J, et al. Clinical Findings of
Patients With Coronavirus Disease 2019 in Jiangsu Province, China: A
Retrospective, Multi-Center Study. PloS Negl Trop Dis (2020) 14(5):
e0008280. doi: 10.1371/journal.pntd.0008280

38. Han H, Ma Q, Li C, Liu R, Zhao L, Wang W, et al. Profiling Serum Cytokines in
COVID-19PatientsReveals IL-6 and IL-10 areDisease SeverityPredictors.Emerg
Microbes Infect (2020) 9(1):1123–30. doi: 10.1080/22221751.2020.1770129

39. Henry BM, de Oliveira MHS, Benoit S, Plebani M, Lippi G. Hematologic,
Biochemical and Immune Biomarker Abnormalities Associated With Severe
Illness and Mortality in Coronavirus Disease 2019 (COVID-19): A Meta-
Analysis. Clin Chem Lab Med (2020) 58(7):1021–8. doi: 10.1515/cclm-2020-0369

40. Luporini RL, Rodolpho JMA, Kubota LT, Martin A, Cominetti MR, Anibal FF,
et al. IL-6 and IL-10 are Associated With Disease Severity and Higher
Comorbidity in Adults With COVID-19. Cytokine (2021) 143:155507.
doi: 10.1016/j.cyto.2021.155507

41. Tan M, Liu Y, Zhou R, Deng X, Li F, Liang K, et al. Immunopathological
Characteristics of Coronavirus Disease 2019 Cases in Guangzhou, China.
Immunology (2020) 160(3):261–8. doi: 10.1111/imm.13223

42. Zhao Y, Qin L, Zhang P, Li K, Liang L, Sun J, et al. Longitudinal COVID-19
Profiling Associates IL-1RA and IL-10 With Disease Severity and RANTES
With Mild Disease. JCI Insight (2020) 5(13):e139834. doi: 10.1172/
jci.insight.139834

43. Henry BM, Benoit SW, Vikse J, Berger BA, Pulvino C, Hoehn J, et al. The
Anti-Inflammatory Cytokine Response Characterized by Elevated
Interleukin-10 is a Stronger Predictor of Severe Disease and Poor Outcomes
Than the Pro-Inflammatory Cytokine Response in Coronavirus Disease 2019
(COVID-19). Clin Chem Lab Med (2021) 59(3):599–607. doi: 10.1515/cclm-
2020-1284

44. Li J, Rong L, Cui R, Feng J, Jin Y, Chen X, et al. Dynamic Changes in Serum IL-
6, IL-8, and IL-10 Predict the Outcome of ICU Patients With Severe COVID-
19. Ann Palliat Med (2021) 10(4):3706–14. doi: 10.21037/apm-20-2134

45. Dhar SK, K V, Damodar S, Gujar S, Das M. IL-6 and IL-10 as Predictors of
Disease Severity in COVID-19 Patients: Results From Meta-Analysis and
Regression. Heliyon (2021) 7(2):e06155. doi: 10.1016/j.heliyon.2021.e06155

46. Udomsinprasert W, Jittikoon J, Sangroongruangsri S, Chaikledkaew U.
Circulating Levels of Interleukin-6 and Interleukin-10, But Not Tumor
Necrosis Factor-Alpha, as Potential Biomarkers of Severity and Mortality
for COVID-19: Systematic Review With Meta-Analysis. J Clin Immunol
(2021) 41(1):11–22. doi: 10.1007/s10875-020-00899-z

47. Yang, Han Z, Oppenheim JJ. Alarmins and Immunity. Immunol Rev (2017)
280(1):41–56. doi: 10.1111/imr.12577

48. 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(1):505–53.
doi: 10.1152/physrev.00023.2016
September 2021 | Volume 12 | Article 718136

https://doi.org/10.1371/journal.ppat.1000756
https://doi.org/10.1371/journal.ppat.1000756
https://doi.org/10.1128/JVI.00527-07
https://doi.org/10.1128/JVI.00527-07
https://doi.org/10.1111/j.1440-1843.2006.00942.x
https://doi.org/10.1111/j.1440-1843.2006.00942.x
https://doi.org/10.1164/rccm.200407-857OC
https://doi.org/10.1373/clinchem.2005.054460
https://doi.org/10.1111/j.1365-2249.2004.02415.x
https://doi.org/10.1111/j.1365-2249.2004.02415.x
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1126/science.abb2762
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1016/j.cell.2020.03.045
https://doi.org/10.1002/path.1570
https://doi.org/10.1152/physrev.00038.2017
https://doi.org/10.1152/physrev.00038.2017
https://doi.org/10.1038/nm1267
https://doi.org/10.1097/01.rti.0000213581.14225.f1
https://doi.org/10.1016/j.prrv.2004.07.012
https://doi.org/10.1136/thx.2004.023762
https://doi.org/10.1136/thx.2004.023762
https://doi.org/10.12659/msm.896985
https://doi.org/10.1186/s12967-020-02333-9
https://doi.org/10.1016/j.smim.2015.03.014
https://doi.org/10.1016/j.smim.2015.03.014
https://doi.org/10.1093/bfgp/elt028
https://doi.org/10.1146/annurev.immunol.19.1.683
https://doi.org/10.1111/j.1600-065X.2008.00706.x
https://doi.org/10.1016/j.canlet.2015.07.009
https://doi.org/10.1038/nri2711
https://doi.org/10.1615/critrevimmunol.v32.i1.30
https://doi.org/10.1016/j.cyto.2014.10.031
https://doi.org/10.3389/fimmu.2020.00827
https://doi.org/10.1371/journal.pntd.0008280
https://doi.org/10.1080/22221751.2020.1770129
https://doi.org/10.1515/cclm-2020-0369
https://doi.org/10.1016/j.cyto.2021.155507
https://doi.org/10.1111/imm.13223
https://doi.org/10.1172/jci.insight.139834
https://doi.org/10.1172/jci.insight.139834
https://doi.org/10.1515/cclm-2020-1284
https://doi.org/10.1515/cclm-2020-1284
https://doi.org/10.21037/apm-20-2134
https://doi.org/10.1016/j.heliyon.2021.e06155
https://doi.org/10.1007/s10875-020-00899-z
https://doi.org/10.1111/imr.12577
https://doi.org/10.1152/physrev.00023.2016
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Albini et al. ACE2 Expression Modulated by IL-10
49. Reddy R, Asante I, Liu S, Parikh P, Liebler J, Borok Z, et al. Circulating
Angiotensin Peptides Levels in Acute Respiratory Distress Syndrome
Correlate With Clinical Outcomes: A Pilot Study. PloS One (2019) 14(3):
e0213096. doi: 10.1371/journal.pone.0213096

50. Scheen AJ. Metformin and COVID-19: From Cellular Mechanisms to
Reduced Mortality. Diabetes Metab (2020) 46(6):423–6. doi: 10.1016/
j.diabet.2020.07.006

51. Bramante CT, Ingraham NE, Murray TA, Marmor S, Hovertsen S, Gronski J,
et al. Metformin and Risk of Mortality in Patients Hospitalised With COVID-
19: A Retrospective Cohort Analysis. Lancet Healthy Longev (2021) 2(1):e34–
41. doi: 10.1016/S2666-7568(20)30033-7

52. Lelis DF, Freitas DF, Machado AS, Crespo TS, Santos SHS. Angiotensin-(1-7),
Adipokines and Inflammation. Metabolism (2019) 95:36–45. doi: 10.1016/
j.metabol.2019.03.006

53. Gheblawi M, Wang K, Viveiros A, Nguyen Q, Zhong JC, Turner AJ, et al.
Angiotensin Converting Enzyme 2: SARS-CoV-2 Receptor and Regulator of
the Renin-Angiotensin System. Circ Res (2020) 126(10):1456–74.
doi: 10.1161/CIRCRESAHA.120.317015

54. Li G, Liu Y, Zhu Y, Liu A, Xu Y, Li X, et al. ACE2 Activation Confers
Endothelial Protection and Attenuates Neointimal Lesions in Prevention of
Severe Pulmonary Arterial Hypertension in Rats. Lung (2013) 191(4):327–36.
doi: 10.1007/s00408-013-9470-8

55. Li G, Xu YL, Ling F, Liu AJ, Wang D, Wang Q, et al. Angiotensin-Converting
Enzyme 2 Activation Protects Against Pulmonary Arterial Hypertension
Through Improving Early Endothelial Function and Mediating Cytokines
Levels. Chin Med J (Engl) (2012) 125(8):1381–8. doi: 10.3760/cma.j.issn.0366-
6999.2012.08.004

56. Rysz S, Al-Saadi J, Sjostrom A, Farm M, Campoccia Jalde F, Platten M, et al.
COVID-19 Pathophysiology may be Driven by an Imbalance in the Renin-
Angiotensin-Aldosterone System. Nat Commun (2021) 12(1):2417.
doi: 10.1038/s41467-021-22713-z

57. Chen L, Hao G. The Role of Angiotensin-Converting Enzyme 2 in
Coronaviruses/Influenza Viruses and Cardiovascular Disease. Cardiovasc
Res (2020) 116(12):1932–6. doi: 10.1093/cvr/cvaa093

58. Tabares-Guevara JH, Jaramillo JC, Ospina-Quintero L, Piedrahita-Ochoa CA,
Garcia-Valencia N, Bautista-Erazo DE, et al. IL-10-Dependent Amelioration
of Chronic Inflammatory Disease by Microdose Subcutaneous Delivery of a
Prototypic Immunoregulatory Small Molecule. Front Immunol (2021)
12:708955. doi: 10.3389/fimmu.2021.708955
Frontiers in Immunology | www.frontiersin.org 10
59. Sonaglioni A, Albini A, Nicolosi GL, Rigamonti E, Noonan DM, LombardoM.
Case Report: An Unusual Case of Biventricular Thrombosis in a COVID-19
Patient With Ischemic Dilated Cardiomyopathy: Assessment of Mass
Mobility and Embolic Risk by Tissue Doppler Imaging. Front Cardiovasc
Med (2021) 8:694542. doi: 10.3389/fcvm.2021.694542

60. Chen X, Guo H, Qiu L, Zhang C, Deng Q, Leng Q. Immunomodulatory and
Antiviral Activity of Metformin and Its Potential Implications in Treating
Coronavirus Disease 2019 and Lung Injury. Front Immunol (2020) 11:2056.
doi: 10.3389/fimmu.2020.02056

61. Clarke NE, Belyaev ND, Lambert DW, Turner AJ. Epigenetic Regulation of
Angiotensin-Converting Enzyme 2 (ACE2) by SIRT1 Under Conditions of
Cell Energy Stress. Clin Sci (Lond) (2014) 126(7):507–16. doi: 10.1042/
CS20130291

62. McLachlan CS. The Angiotensin-Converting Enzyme 2 (ACE2) Receptor in
the Prevention and Treatment of COVID-19 Are Distinctly Different
Paradigms. Clin Hypertens (2020) 26:14. doi: 10.1186/s40885-020-00147-x

63. Malhotra A, Hepokoski M, McCowen KC, Shyy J Y-J. ACE2, Metformin, and
COVID-19. iScience (2020) 23(9):101425. doi: 10.1016/j.isci.2020.101425

64. Stone E, Kiat H, McLachlan CS. Atrial Fibrillation in COVID-19: A Review of
Possible Mechanisms. FASEB J (2020) 34(9):11347–54. doi: 10.1096/
fj.202001613

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Albini, Calabrone, Carlini, Benedetto, Lombardo, Bruno and
Noonan. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s) are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.
September 2021 | Volume 12 | Article 718136

https://doi.org/10.1371/journal.pone.0213096
https://doi.org/10.1016/j.diabet.2020.07.006
https://doi.org/10.1016/j.diabet.2020.07.006
https://doi.org/10.1016/S2666-7568(20)30033-7
https://doi.org/10.1016/j.metabol.2019.03.006
https://doi.org/10.1016/j.metabol.2019.03.006
https://doi.org/10.1161/CIRCRESAHA.120.317015
https://doi.org/10.1007/s00408-013-9470-8
https://doi.org/10.3760/cma.j.issn.0366-6999.2012.08.004
https://doi.org/10.3760/cma.j.issn.0366-6999.2012.08.004
https://doi.org/10.1038/s41467-021-22713-z
https://doi.org/10.1093/cvr/cvaa093
https://doi.org/10.3389/fimmu.2021.708955
https://doi.org/10.3389/fcvm.2021.694542
https://doi.org/10.3389/fimmu.2020.02056
https://doi.org/10.1042/CS20130291
https://doi.org/10.1042/CS20130291
https://doi.org/10.1186/s40885-020-00147-x
https://doi.org/10.1016/j.isci.2020.101425
https://doi.org/10.1096/fj.202001613
https://doi.org/10.1096/fj.202001613
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Preliminary Evidence for IL-10-Induced ACE2 mRNA Expression in Lung-Derived and Endothelial Cells: Implications for SARS-Cov-2 ARDS Pathogenesis
	Introduction
	Materials and Methods
	Cytokines, Angiotensin II Receptor and ACE inhibitors, and Metformin
	Cell Line Culture and Maintenance
	Cell Treatments
	Real-Time PCR
	Western Blotting Analysis
	Statistical Analysis

	Results
	IL-10 Treatment of Calu 3 (Lung) Cells
	IL-10 Treatment of HUVE (Endothelial) Cells

	Discussion
	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


