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The etiological agent of COVID-19 SARS-CoV-2, is primarily a pulmonary-tropic
coronavirus. Infection of alveolar pneumocytes by SARS-CoV-2 requires virus binding to
the angiotensin I converting enzyme 2 (ACE2) monocarboxypeptidase. ACE2, present on
the surface of many cell types, is known to be a regulator of blood pressure homeostasis
through its ability to catalyze the proteolysis of Angiotensin II (Ang II) into Angiotensin-(1-7)
[Ang-(1-7)]. We therefore hypothesized that SARS-CoV-2 could trigger variations of ACE2
expression and Ang II plasma concentration in SARS-CoV-2-infected patients. We report
here, that circulating blood cells from COVID-19 patients express less ACE2 mRNA than
cells from healthy volunteers. At the level of circulating cells, this ACE2 gene dysregulation
mainly affects the monocytes, which also show a lower expression of membrane ACE2
protein. Moreover, soluble ACE2 (sACE2) plasma concentrations are lower in prolonged
viral shedders than in healthy controls, while the concentration of sACE2 returns to normal
levels in short viral shedders. In the plasma of prolonged viral shedders, we also found
higher concentrations of Ang II and angiotensin I (Ang I). On the other hand, the plasma
levels of Ang-(1-7) remains almost stable in prolonged viral shedders but seems insufficient
to prevent the adverse effects of Ang II accumulation. Altogether, these data evidence that
the SARS-CoV-2 may affect the expression of blood pressure regulators with possible
harmful consequences on COVID-19 outcome.

Keywords: COVID-19, ACE2 (Angiotensin Converting Enzyme-2), Renin – Angiotensin – Aldosterone System,
SARS – CoV – 2, Hypertension
INTRODUCTION

Similarly to the severe acute respiratory syndrome coronavirus (SARS-CoV) that emerged in Asia in
2003, SARS-CoV-2 is a Betacoronavirus lineage 2b/Sarbecovirus which found its origin in a
coronavirus circulating in wildlife and to which humans are susceptible (1, 2). The SARS-CoV
and SARS-CoV-2 are genetically close and shared 79.5% nucleotide identity (3–6). SARS-CoV-2, is
the etiological agent of coronavirus disease 2019 (COVID-19). First described in Chinese patients
org June 2021 | Volume 12 | Article 6257321
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hospitalized in December 2019, COVID-19 cases were then
reported in many countries and the original virus as well as its
variants have actually spread worldwide (6–8). Although not
very symptomatic for the majority of those infected, the SARS-
CoV-2 can be responsible for severe forms of COVID-19
characterized by multiple organ dysfunction syndrome
(MODS) (9, 10) as well as acute respiratory distress syndrome
(ARDS), with high fatality risk (11). In 16 months, the COVID-
19 pandemic caused more than 3.4 million deaths and 164
million confirmed cases - (the COVID-19 Dashboard at Johns
Hopkins University May 18, 2021: https://coronavirus.jhu.edu/
map.html).

Venous thromboembolism is a relatively common side effect of
SARS-CoV-2 infection (up to one-third of critical COVID-19
cases), characterized by acute pulmonary embolism or
intravascular coagulopathy that predisposes the patients to
thrombotic events (12–14). Elevated D-dimers upon admission of
patients is a biomarker of pulmonary embolism and is associated
with increased mortality (15). Cytokines (such as IL-6) production
is increased in severe COVID-19 and contributes in the “cytokine
storm” leading to obstructive thrombo-inflammatory syndrome
(16–18). Anticoagulants are considered a possible therapy to
reduce the harmful circle of inflammation-coagulation-fibrosis
observed in severe forms of COVID-19 (19, 20). To further
explore the physiopathology of COVID-19, it is necessary to
focus research on the viral receptor, the ACE2 molecule, and its
function. The ACE2 expressed at the surface of human alveolar
pneumocytes is the receptor for the spike proteins (S1) of SARS-
CoV-2 (21–23). Cell surface expression of ACE2 is however not
limited to pneumocytes as the ACE2 gene is differentially expressed
in human tissues, offering a broad spectrum of cellular targets to the
virus including enterocytes and the arterial and venous endothelial
cells (24–27).

The interaction between S1 and ACE2 does not solely allow
viruses attachment to target cells, it could possibly disturb the
function of ACE2. Indeed, ACE2, a 805 amino acids type I cell-
surface zinc-dependent monocarboxypeptidase, catalyzes the
hydrolysis of the active vasoconstrictor octapeptide Ang II
[Asp-Arg-Val-Tyr-Ile-His-Pro-Phe] to the heptapeptide Ang-
(1-7) and free L-Phe, thus controlling blood pressure (28–31).
Therefore, ACE2 antagonizes the vasoconstrictor and profibrotic
effects of Ang II both by reducing the synthesis of Ang II and by
catalyzing the transformation of Ang II into Ang-(1-7) (32).
ACE2 can also exert its functions through cleavage of Ang I
(the precursor of Ang II) into Ang-(1-9), which can get further
metabolized into Ang-(1-7) (33). Characterizing possible
dysregulation of the renin angiotensin aldosterone system
(RAAS) in SARS-CoV-2 infected patients, could help explain
why one of the main comorbidities related to COVID-19 is
hypertension (HT) (34, 35). It may also encourage the use of
new classes of molecules such as soluble human recombinant
ACE2 (shrACE2) (36), in the treatment of COVID-19. Indeed, it
has recently been reported that the administration of shrACE2 to
severe COVID-19 patients quickly improved their condition (37).

It has previously been reported that SARS-CoV, which uses
ACE2 for binding to cells as does SARS-CoV-2, modulates the
Frontiers in Immunology | www.frontiersin.org 2
expression of ACE2 (38–40). We have recently hypothesized (41)
that a SARS-CoV-2-induced decrease in ACE2 expression and/
or inhibition of ACE2 peptidase function could result in a
feedback control leading to increased production of Ang II
expected to aggravate the severity of COVID-19. To investigate
this hypothesis we studied the expression of ACE2 mRNA, ACE2
cell-surface protein, as well as the plasma concentrations of
soluble ACE2 (sACE2), Ang I, Ang II, and Ang-(1-7), in 44
patients (30 prolonged viral shedders - and 14 short viral
shedders) compared to 15 healthy volunteers. We found here
that the concentrations of these biomarkers are significantly
affected during COVID-19 and we suggest that these changes
are likely conducive to worsening the patient’s condition.
MATERIALS AND METHODS

Study Population
This prospective pilot study included 44 patients with a
confirmed diagnosis of SARS-CoV-2 infection diagnosed at the
IHU Méditerranée Infection in Marseille. These patients have all
been tested positive for SARS-CoV-2 in their nasopharyngeal
samples as evidenced by a quantitative reverse transcriptase-
polymerase chain reaction (qRT-PCR) which uses specific
primers for the E gene of this virus. The qRT-PCR were
considered positive when the cycle threshold (Ct) was below
30, as previously reported (42). The severity of the disease was
determined according to the WHO classification (43). Before
inclusion, the patients were all subjected to a clinical examination
including a pulmonary examination by low dose scanner and
their blood pressure was recorded. The inclusion period began
on 3 June 2020 and continued until the authorized number of
patients was reached. Patients were distributed in two groups: i)
prolonged viral shedders (nasopharyngeal SARS-CoV-2 PCR
≥10 days from the first consultation) and, ii) short viral
shedders (nasopharyngeal SARS-CoV-2 PCR<10 days from the
first consultation). A control group was composed with healthy
volunteers. All patients included in this study received 600 mg of
hydroxychloroquine (HCQ) daily during 10 days (plus or minus
1 day) and azithromycin was added to their treatment during the
first 5 days. This therapy, routinely used at the IHUMéditerranée
Infection, as previously described (44, 45), was initiated with the
informed consent of the patient and after verification of the
absence of contraindications. A follow up of the patients’ viral
load was performed to monitor the effectiveness of treatment and
the course of the disease at days 0, 3, 6 and 10. Deidentified
clinical information was collected from the standard clinical care
units of the IHU Méditerranée Infection, in accordance with
regulations in force in France. Most of the patient samples used
in this study were collected between 1 and 3 days after the
treatment had been stopped (with exception of two samples
collected 5 days after the end of treatment, and samples from 2
other patients collected 7 days and 10 days respectively after the
end of treatment). Samples (10 mL Paxgene tube and 5mL EDTA
tube), were collected and divided into the predefined two patients
groups and control group, respectively. All healthy volunteers
June 2021 | Volume 12 | Article 625732
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(students and non-nursing staff with no symptoms) were tested
negative for SARS-CoV-2 by qRT-PCR (Ct>34).

Ethical Approval
This research protocol registered as ANSM N° 2020-a00864-35,
was submitted to ethical review by the French Participants
Protection Committee (CPP East III; CPP president: Dr. P.
Peton) - and received ethical approval prior to participant’s
enrolment (CPP 20.04.09/N°:20.04.01.83219/N°7626; Principal
investigator, C. Devaux, Research Director at CNRS; Assay
promotor: IHU Méditerranée Infection: Prof Didier Raoult,
Director). All patients were informed of the nature of the
study and provided written consent. The volume of peripheral
blood sampled agreed with the volume authorized in type 2
human biological research (RIPH type 2) and was approved by
the ethics committee for this study. All clinical data were
deidentified before being made available to the principal
investigator and collaborators in respect with the European
General Data Protection Regulation (GDPR).

Plasma Collection
5 mL of blood samples was collected from patients and healthy
donors into an Ethylenediaminetetraacetate (EDTA) tube (Sigma
Aldrich, Saint-Quentin Fallavier, France), and allowed to clot at
room temperature. The plasma was collected, then centrifuged at
1500g for 10 min and stored at -20°C until use.

PBMCs and Adherent Cells
(Monocytes) Isolation
Peripheral blood mononuclear cells (PBMCs) were recovered
from blood samples using Ficoll (Eurobio, Les Ulis, France)
density gradient centrifugation followed by harvesting of
PBMCs. Monocytes were isolated by adherence to culture
dishes for 2 hours at 37°C and directly lysed for qRT-PCR
without being harvested.

Ribonucleic Acid (RNA) Extraction and
Quantitative-Reverse Transcription
Polymerase Chain Reaction (qRT-PCR)
RNAs were extracted from whole blood using PAXgene blood
RNA kit (QIAGEN SA) with a DNase I step to eliminate DNA
contaminants, according to the manufacturer instructions. The
quantity and quality of the RNA was evaluated using a Nanodrop
1000 spectrophotometer (Thermo Science). The first-strand
cDNA was obtained using oligo(dT) primers and Moloney
murine leukemia virus-reverse transcriptase (MMLV-RT kit;
Life Technologies), using 200 ng of purified RNA. The
amplification cycles were performed using a real time PCR
Mastercycler gradient (Eppendorf, Montesson, France). The
qPCR exper iments were per formed us ing spec ific
oligonucleotide primers (Specific primers were designed using
the Primer3 software) and hot-start polymerase (SYBR Green
Fast Master Mix; Roche Diagnostics). The specific primers
used were Angiotensin Convertase Enzyme (ACE2) primers
(forward primer: CAGGGAACAGGTAGAGGACATT and
reverse primer: CAGAGGGTGAACATACAGTTGG) and the
Frontiers in Immunology | www.frontiersin.org 3
housekeeping b-Actin primers (forward: AGGAAGGAAGGCT
GGAAGAG and reverse: GGAAATCGTGCGTGACATTA).
The amplification cycles were performed using a C1000 Touch
Thermal cycler (Biorad, Marnes-La-Coquette, France). The
results of qRT-PCR were normalized using the housekeeping
gene b-Actin (ACTB) and expressed as Relative Quantity (RQ=
2-DCT), where DCt = (CtTarget − CtActin). The threshold cycle (Ct)
was defined as the number of cycles required to detect the
fluorescent signal.

Quantification of Plasma solubleACE2,
Angiotensin I, Angiotensin II,
and Angiotensin-(1-7)
The quantity of soluble ACE2, Angiotensin I, Angiotensin II, and
Angiotensin-(1-7) in the plasma of healthy volunteers and
COVID-19 patients was determined using Elisa kits (FineTest,
Wuhan, China) that require small sample volume and obviate
the need for prior sample extraction or enrichment. Plasma
samples were rapidly processed and kept at -20°C until used, as
suggested by Chappell et al. (46, 47). All studied samples were
tested on the same day. The experiments were performed
according to the manufacturer’s instructions, using 100 µL of
plasma per assay. The minimal detectable concentration of
human soluble ACE2, Angiotensin I, Angiotensin II,
Angiotensin-(1-7) were 391 pg/mL, 125 pg/mL pg/mL, 31.2
pg/mL, and 15.6 pg/mL, respectively. The concentrations in
each molecule were calculated by comparison to standard curves.

Flow Cytometry
Flow cytometry was used to study the membrane expression of
ACE2 as well as specific biomarkers on PBMCs. Cells were analyzed
according to fluorescence intensity using an anti-ACE2-monoclonal
antibody (mAb) labeled with Alexa Fluor 488 (R&D Systems,
Minneapolis, USA) and mAb anti-CD3-PC5, anti-CD20-PC7,
anti-CD16-PE, and anti-CD14-APC purchased from Beckman
(Beckman coulter, Villepinte, France). Fluorescence intensity was
measured using a Canto II cytofluorometer (Becton Dickinson,
Biosciences, Le Pont de Claix, France) and the results were analyzed
using a BD FACSDiva software v.6. 1.3 (Becton Dickinson, New
Jersey, USA).

Statistical Analysis and
Correlation Analysis
Data were analyzed using a non-parametric Mann-Whitney U
test to compare healthy donors, patients with COVID-19 and
healed COVID-19 individuals. The results are presented as the
median with confidence interval. A p value <0.05 was considered
statistically significant. The data were submitted to multivariate
principal component analysis (PCA) biplot (score plot + loading
plot) (RStudio) and hierarchical clustering heatmap analysis
(ClustVis). The R studio program (RStudio, USA) was used to
generate the correlation matrix for the biomarkers of interest
after a Pearson’s test that measuring the linear correlation for
two variables or Spearman’s test for the not normally
distributed correlation.
June 2021 | Volume 12 | Article 625732
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RESULTS

Characteristics of Patients
All COVID-19 patients included had mild to moderate disease
and recovered from COVID-19 infection. Patients were divided
into two groups. The first group, hereafter named prolonged viral
shedders (patients with viral persistence 10 days after diagnosis
of infection), was composed of 30 patients having difficulties to
clear the virus, among whom 5 men and 25 women (mean age:
46 ± 13 years). The second group, hereafter named short viral
shedders (patients with rapid viral clearance at day 6 after
diagnosis of infection), included 14 patients -, among whom 7
men and 7 women (mean age: 41 ± 12 years) (Table 1). Most
samples (40/44) were collected between 11 and 13 days after
SARS-CoV-2 diagnosis (i.e. less than 5 days after the test turned
negative on the nasopharyngeal sample for the prolonged viral
shedders and more than 5 days after qRT-PCR turned negative
on nasopharyngeal sample for the short viral shedders group),
whereas 4 samples were collected between 15 and 20 days post-
Frontiers in Immunology | www.frontiersin.org 4
diagnosis due to the unavailability of patients. A group of 15
healthy volunteers was included in this study as control among
which 7 males - and 8 females (mean age: 34.8 ± 14 years).

Lower ACE2 mRNA Expression in Circulating Blood
Cells From COVID-19 Patients
In order to assess the effect of SARS-CoV-2 on the ACE2 gene
expression in patients with COVID-19, we used qRT-PCR to
compare the ACE2mRNA expression in circulating cells from 30
prolonged viral shedders and 14 short viral shedders with 15
healthy volunteers (Figure 1A). When the median values of
ACE2 mRNA expression were compared among groups, a lower
expression of ACE2 mRNA was observed in the prolonged viral
shedders compared to the healthy volunteers (median values
0.722 x 10-3 versus 1.433 x 10-3). Yet, this result appeared not
statistically significant according to Mann-Whitney test
(p=0.0577). This lower ACE2 gene expression was also
observed in the short viral shedders compared to the healthy
volunteers (median values 0.540 x 10-3 versus 1.433 x 10-3), and
TABLE 1 | Patients/clinical data.

Clinical characteristics Prolonged viral shedders (nasopharyngeal
SARS-CoV-2 shedding ≥10 days) N=30

Short viral shedders (nasopharyngeal
SARS-CoV-2 shedding <10 days) N=14

Healthy volunteers (nasopharyngeal
SARS-CoV-2 negative) N=15

Sex ratio (M/F) 5/25 7/7 7/8
Age (Mean ± SD) 46 ± 13 41 ± 12 34.8 ± 14
Comorbidities
-Arterial hypertension 4 2 0
-Diabetes melitus 1 1 0
-Diabetes type 1 0 1 0
-Unique kidney 0 1 0
-Pituitary adenoma 0 1 0
-Obesity 2 0 0
-Arrythmia 2 0 0

Anti hypertensive
treatment/cardiac therapy

1 0 0

-Sartan 1 0 0
-Beta-blocking 3 0 0
-Calcic inhibitors 1 0 0
-Flecain 1 0 0

Other medication
-Tryptan 1 0 0
-levothyrox 1 0 0
-ostro-progestatuve 1 0 0
-Ventoline 1 0 0
-Beclometasone/

formoterol inhalated
1 1 0

-Paroxetine/duoxetine 2 0 0
-Insuline 0 1 0

SARS-CoV-2 infection
-Positive qRT-PCR

(Ct**mean ± SD)
100% (21.7 ± 5) 100% (24 ± 8.1) 0

-Serology (positive/
tested)

13/28 8/13 0/15

Potassium
High >4.5 mmol/L 2 2 NA*
Low <3.5 mmol/L 4 0 NA

Delay between the
diagnosis and sampling
(days)

14 ± 2.9 13 ± 4.2 NA
Ju
*NA, Not applicable.
**Ct, Cycle threshold (positive qRT-PCR: Ct <30).
ne 2021 | Volume 12 | Article 625732
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even more accentuated then in the prolonged viral shedders
group. The lower expression of ACE2 mRNA in short viral
shedders was statistically significant - (p=0.0307). In addition,
there were no significant differences between the two groups of
patients (p=0.2771). We confirmed these results by investigating
the expression of ACE2 mRNA in PBMCs, instead of the whole
blood circulating cells (the difference resides in the lack
polynuclear cells in PBMCs) (Figure 1B). Out of the 44 people
from the patients’ groups, 17 patients were tested (we had not
enough cells in all samples collected to test the 44 patients).
Under these new experimental conditions, the results were very
similar to the previous ones with a lower ACE2 mRNA
expression in the two groups of COVID-19 patients -
compared to healthy volunteers (median values 0.561 x 10-3

and 1.28 x 10-3 versus 2.18 x 10-3 for the prolonged viral
Frontiers in Immunology | www.frontiersin.org 5
shedders, the short viral shedders, and the healthy volunteers,
respectively). This lower ACE2 gene expression in the prolonged
viral shedders group (n=10), was found significant compared to
the group (n=8) of healthy volunteers (p=0.0343). Although a
comparison of the median values of short viral shedders with
those in the healthy volunteers group (median values 1.28 x 10-3

versus 2.18 x 10-3), showed a slightly lower ACE2 gene
expression, this result is not statistically significant (p=0.0752)
for this second group of patients.

Since ACE2 mRNA expression was found lower in circulating
blood cells from COVID-19 - patients, we investigated whether
this could be correlated with the amount of ACE2 protein
expressed at the surface of PBMCs. To this end, after
incubation with Alexa Fluor 488-labeled anti-ACE2 mAb,
PBMCs from COVID-19 patients and healthy volunteers were
A B

C

FIGURE 1 | ACE2 mRNA expression in blood cells and PBMCs, and monocytes from COVID-19 patients and healthy volunteers. (A) Expression of ACE2 mRNA in
circulating blood cells (both mononuclear and polynuclear cells) from the prolonged viral shedders (n = 30) and the short viral shedders (n = 14) groups, compared to
a healthy volunteers control group (n= 15). The results (presented as median with confidence interval) are expressed as log10 RQ were RQ = 2(−DCT). (B) Expression
of ACE2 mRNA in peripheral blood mononuclear cells (PBMCs) samples from the three different groups studied: prolonged viral shedders (n = 10), short viral
shedders (n = 7), and healthy volunteers (n= 8). The data are expressed as log10 RQ were RQ = 2(−DCT). (C) Flow cytometry analysis of ACE2 expression at the
surface of total blood cells from prolonged viral shedders (n=16) and short viral shedders (n=12) versus total blood cells from healthy volunteers (n=12). The left
panels show the gating parameter chosen (from individual to individual, between 8 and 40% of the total blood cells express ACE2 at their surface); the upper right
panel indicates the percent of cells expressing ACE2 while the lower right panel is an histogram representing the mean fluorescence intensity (MFI) The Mann–
Whitney test was used for the statistical analysis of all the data. The result was considered significant when the p value < 0.05: *; ns for not significant result.
June 2021 | Volume 12 | Article 625732

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Osman et al. Blood Pressure Regulators in COVID-19 Patients
examined by flow cytometry. Between 8 and 40% of PBMCs
expressed detectable ACE2 at their surface. ACE2 expression at
the surface of PBMCs from the prolonged viral shedders (n=16)
and the short viral shedders (n=12), was quantified and
compared to that of PBMCs from the healthy volunteers
(n=12) (Figure 1C). Surprisingly, the percentage of PBMCs
expressing membrane-bound ACE2 was almost stable or even
slightly higher in the two groups of patients compared to the
healthy volunteers.

Lower ACE2 Protein Expression in
CD14+/HLADR+ Monocytes From
COVID-19 Patients
Although ACE2 mRNA expression was lower in PBMCs from
COVID-19 patients than in PBMCs from healthy volunteers, this
does not result in a lower expression of the ACE2 protein on the
total population of PBMCs. To try to understand this apparent
paradox, the expression of ACE2 on the surface of separated cell
populations was studied. The modulation of ACE2 cell-surface
expression differed from one cell population to another as
illustrated by the significantly higher number of CD3+ T cells
expressing ACE2 in the COVID-19 patients groups, while there
was an absence of modulation in the CD20+ B cells and CD16+/
HLA-DR+ monocytic/dendritic cells expressing ACE2 compared
to cell populations from healthy volunteers (Figure S1;
Supplementary Data). However, we observed (Figure 2A) a
slight but significantly lower number of CD14+/HLA-DR+

monocytes that expressed membrane-bound ACE2 in the
prolonged viral shedders (n=16). This lower expression of
ACE2 in monocytes was confirmed using qRT-PCR
(Figure 2B). A significantly lower ACE2 mRNA expression -
was found in monocytic cells from the prolonged viral shedders
(n=6; p=0.0043) and the short viral shedders (n=6; p=0.0087),
compared to the same cell type in healthy volunteers (n=6).

Lower Plasma Concentrations of sACE2 in
COVID-19 Patients
The release of soluble ACE2 (sACE2) in plasma was investigated
using an ELISA assay (Figure 3A). Plasma samples from two
patients were not available; thus, only 29/30 patients from the
prolonged viral shedders group and 13/14 patients from the
short viral shedders group were tested. The expression of sACE2
was found heterogeneous among the healthy control group. In
the healthy controls group, 3 individuals were found with higher
concentrations of sACE2 than the other group members, among
which a 32 years old man characterized by a high expression of
ACE2 mRNA. In the prolonged viral shedders, there was also a
strong heterogeneity with 5 patients - for whom the expression
was much higher than for the 25 other members of the group. All
5 patients were women, including two with high blood pressure,
but none of them had elevated expression of ACE2 mRNA.
Regarding the short viral shedders, the results were more
homogeneous. Despite these individual variations, what is
remarkable according to a Mann-Whitney test, is that the
plasma concentration of sACE2 was found to be significantly
lower in the prolonged viral shedders, compared to the healthy
Frontiers in Immunology | www.frontiersin.org 6
volunteers’ group (19396 pg/mL versus 22600 pg/mL; p=0.0156).
It should also be noted that the short viral shedders had a plasma
concentration of sACE2 of 22141 pg/mL, which was not
significantly different from the healthy control group (p=0.153).

Higher Plasma Concentrations of Ang I
and Ang II in COVID-19 Patients
Since ACE2 is a key peptidase that regulates the - RAAS, it was of
major importance to investigate the plasma concentration of the
main peptides of this system. The quantification of Ang I, a
peptide resulting from the cleavage of the angiotensinogen by
renin was performed as it serves as upstream precursor for Ang II
production following hydrolysis by the ACE peptidase. In
addition, since ACE2 mRNA expression was found to be lower
in patients with COVID-19, it was of interest to study whether
this modification affected the plasma concentrations of
Angiotensin metabolites. For this purpose, we used Ang I and
Ang II ELISA kits. The comparison of Ang I concentrations
found in healthy volunteers (median=1496 pg/mL), with that
from COVID-19 patients showed a significantly higher Ang I in
both prolonged viral shedders (median= 2979 pg/mL; p=0.0029)
and short viral shedders (median= 3603 pg/mL; p=0.0001)
(Figure 3B). Next, Ang II was quantified in the patient’s
plasma and that of the healthy volunteers. This study showed
that the - Ang II concentration was higher in the prolonged viral
shedders (median= 921 pg/mL; p=0.0338) and short viral
shedders (median= 1038 pg/mL; p=0.0158), than in the healthy
volunteers (median=746 pg/mL) (Figure 3C). The differences
between the two groups of patients and the healthy volunteers
were found to be significant according to a Mann-Whitney test -
It is noteworthy that the plasma concentration of Ang II was
extremely high in two patients from the prolonged viral shedders
group, two women (49 years old and 54 years old, respectively) -
without documented history of high blood pressure and anti-HT
treatment. Their kalemia values were also in the normal range
(4.06 mmol/L and 4.1 mmol/L, respectively).

Stable Plasma Concentrations of Ang-(1-7)
in COVID-19 Patients
The finding that Ang II accumulated in the plasma of COVID-19
patients prompted us to study the plasma concentrations of Ang-(1-
7), the downstream molecule of the RAAS pathway. We studied the
Ang-(1-7) plasma concentrations in the 3 studied groups
(Figure 3D). Indeed we found a slightly higher plasma
concentrations of Ang-(1-7) in the prolonged viral shedders
(median: 554 pg/mL) than in the short viral shedders (median:
436 pg/mL).We noted in particular a strong expression of Ang-(1-7)
in three prolonged viral shedders, one being the patient with the
highest plasma concentration of Ang II in this group, the second
patient was a 81 years old woman with HT (candesartan medication;
kalemia: 3.68 mmol/L), while the third patient was a 52 years old
man with no known history of HT (kalemia: 3.82 mmol/L).
However, compared to the Ang-(1-7) plasma concentrations
found with samples from healthy volunteers (median: 510 pg/mL),
the higher Ang-(1-7) concentrations measured in samples from
prolonged viral shedders was not statistically significant.
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Principal Component Analysis and
Hierarchical Clustering of Data
Regarding the differences of angiotensin metabolites
concentrations between the two groups of patients and the
healthy volunteers they were found to be significant according
to a Mann-Whitney test and were also confirmed by the
principal component analysis and hierarchical clustering
heatmap (Figure 4 and Figure S2; Supplementary Data)
which show that the two groups of COVID-19 patients behave
differently from the control group for all parameters studied. In
fact, it appears that higher concentrations in Ang I correlate with
higher concentrations in Ang-(1-7) (r=0.49, p <0.006 in
prolonged viral shedders and r=0.74, p=0.0036 in short viral
shedders). Regarding Ang II, we found that higher concentrations
Frontiers in Immunology | www.frontiersin.org 7
in Ang II also correlate with higher concentrations in Ang-(1-7)
and this effect was statistically significant (r=0.60, p <0.001 in
prolonged viral shedders and r=0.89, <0.001 in short viral
shedders). Yet, as shown in Figure 3D, we also found a
statistically significant decrease in Ang-(1-7) between prolonged
viral shedders (median: 554 pg/mL) and short viral shedders
(median: 436 pg/mL; p=0.00402).
DISCUSSION

During the past year, in vitro and in silico studies allowed to
analyze interactions between SARS-CoV-2 and ACE2 (48–50).
This has led many clinical research teams to hypothesize that
A

B

FIGURE 2 | ACE2 expression in HLA-DR+/CD14+ monocytes from COVID-19 patients and healthy volunteers. (A) Flow cytometry analysis of ACE2 protein
expression at the surface of different cell populations during COVID-19. The figure illustrates the results obtained with the HLA-DR+/CD14+ population while data
obtained with respect to other cell populations are presented in the Supplementary Figure S1. The gating (left panels) was performed using different cluster
differentiation-specific mAb (CD14, HLA-DR). The right panels show the percent of monocytes expressing ACE2 (upper right panel) and their ACE2 mean
fluorescence intensity (lower right panel). (B) Analysis of ACE2 mRNA expression in monocytic cells (simply selected by adherence to tissue culture plates) using
qRT-PCR. Monocytic cells from prolonged viral shedders (n = 6), short viral shedders (n = 6), and healthy donors (n = 6), were tested for ACE2 mRNA expression.
The data are expressed as log10 RQ were RQ = 2(−DCT). Mann–Whitney test was used for the statistical analysis of all data. *p value < 0.05; ns, not significant.
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soon after infection of people, SARS-CoV-2 is likely to trigger a
dysfunction of ACE2 and subsequently variations in the balance
between Ang II and Ang-(1-7), contributing to worsening
hypertension and releasing of proinflammatory cytokines,
especially IL-6, thereby accelerating - atherogenesis (35, 51).
ACE2 is thought to act in an opposing manner to its homologue,
angiotensin‐converting enzyme (ACE), by inactivating the
vasoconstrictor peptide Ang II and generating the vasodilator
fragment, Ang-(1–7) (52). As illustrated by Figure 5, we report
here - evidence that ACE2 mRNA and ACE2 protein expression,
as well as sACE2, Ang I, Ang II and Ang-(1-7) plasma
concentrations are modulated during COVID-19.

Because the size of the studied cohort is small to meet the
recommendations of the ethical committee, this impacted our
statistical analyses. This work should later be reproduced with a
larger cohort of patients, including patients with severe forms of
COVID-19. Moreover, in order to conduct this study, we only
had access to blood samples, because it is a simple medical act,
not particularly invasive, and it can be performed with the
informed consent of the patient in agreement with the ethics
committee’ instructions. Although the ACE2 gene is usually
considered poorly expressed in immune cells, the expression of
ACE2 mRNAs was previously reported in a subset of CD14+
Frontiers in Immunology | www.frontiersin.org 8
CD16- human monocytes (53), opening to us the possibility of
conducting a study using circulating blood cells. However, - it
should be kept in mind that it is mainly at the level of the
pulmonary, vascular, renal, and cardiac epithelial tissues that the
impact of the SARS-CoV-2 should be the greatest - (54–56).
There is not such limitation for the quantification of plasma
compounds (sACE2, Ang I, Ang II and Ang-(1-7). Regarding the
cohort of 44 patients we studied, there is a possible bias due to
sex ratio, genetic polymorphism, age, and treatment. In our
studied, men represented only 16.6% of the COVID-19 patients
group while, in general, about two-thirds of symptomatic
COVID-19 are men. Moreover, we did not get information on
the sequences of the ACE and ACE2 genes of the patients while
ACE and ACE2 ethnic polymorphisms were reported (57–62).
Regarding the plasma concentration of sACE2, literature reports
that males express little higher ACE2 than females (54, 63, 64).
In the two groups of COVID-19 patients, among 44 individuals,
seven were known to have a history of hypertension and two
more were found with high blood pressure at the time of clinical
examination. In the prolonged viral shedders group, 4 patients
showed hypokalemia while 2 patients showed hyperkalemia, and
in the short viral shedders group, 2 patients showed
hyperkalemia. Finally, it cannot be excluded that the treatment
A B

DC

FIGURE 3 | ELISA quantification of the sACE2 protein, and angiotensin metabolites Ang I, Ang II, and Ang-(1-7), in different groups of COVID-19 patients and
healthy volunteers. Quantification of sACE2 (A), Ang I (B), Ang II (C), and Ang-(1-7) (D) in the plasma of prolonged viral shedders (n=29) and short viral shedders
(n=13) compared to the healthy volunteers control group (n=15), using antigen-specific ELISA. The results are presented as median with confidence interval. The
Mann–Whitney test was used for the statistical analysis. ns, not significant.
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taken by the patients might modify the ability of the virus to bind
to the ACE2 since hydroxychloroquine - was suggested to
mediate a deficit in the glycosylation of ACE2 (65, 66).

Despite the high heterogeneity of ACE2 mRNA expression
from individual to individual within each group, we observed a -
lower ACE2 mRNA expression in both COVID-19 patient
groups compared to the healthy volunteers. It is worth noting
that the level of ACE2 mRNA expression in the healthy
volunteers group was highly heterogeneous, particularly
regarding three volunteers, a 63-years-old male, a 26-years-old
female, and a 32-years-old male, who had high basal ACE2
mRNA expression. The difference in ACE2 mRNA expression in
peripheral blood cells was significant between the healthy control
group and the short viral shedders (p=0.0307), as if the
Frontiers in Immunology | www.frontiersin.org 9
expression of ACE2 retained the imprint of the infection for
some time after nasopharyngeal SARS-CoV-2 qRT-PCR has
turned negative. In the COVID-19 patient groups, one patient -
with an ACE2 expression significantly higher than the mean value
for this group was a 47-years-old obese woman on analgesic
therapy. Her COVID-19 history was marked by an extended viral
carriage during 21 days. In the group of short viral shedders, the
three patients with the slightly higher ACE2 mRNA expression
were male patients, a 57-years-old patient with hypertension
(196/85) and hyperkalemia (4.65 mmol/L) a 66-years-old
patient also with above-normal blood pressure (159/95) and a
normal kalemia of 3.97 mmol/L, both patients were on anti-HT
treatment, - and a 35-year-old male patient (kalemia: 3.91 mmol/
L), treated for allergy and inflammatory bronchial obstruction.
A

B

FIGURE 4 | (A) Representation of the principal component analysis (PCA) biplot (score plot + loading plot). All patient codes and clinical results were deidentified
before being made available to the principal investigator (B) Hierarchical clustering heatmap analysis (each colored cell on the map corresponds to a concentration
value) of the different angiotensin metabolites in each group.
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A

B

FIGURE 5 | Schematic representation of the possible dysfunction of the angiotensin metabolites pathway in COVID-19 patients. (A) Modelization of the
concentration of angiotensin metabolites in plasma of healthy volunteers, prolonged viral shedders, and short viral shedders. For each group, the individual circles
indicate the metabolite median concentrations, shown in pg/mL. The arrows between the circles mark the catalyzing reactions mediated by the indicated enzymes.
(B) Schematic diagram of the renin-angiotensin system (RAS) cascade in a normal physiological state and in COVID-19 patients. Renin cleaves Angiotensinogen to
Ang I which is further processed to the vasoconstrictor Ang II peptide by ACE. The upper left panel illustrates the Ang II pathway of Ang-(1-7) biosynthesis where
ACE2 converts Ang II to Ang-(1-7) and also Ang I to Ang-(1-9) next converted in Ang-(1-7) by ACE peptidase, leading to protective signal through MAS-receptor.
This is the physiological state. The upper-right panel illustrates the possible dysfunction of signals when SARS-CoV-2 is attached to its ACE2 receptor. Under this
condition Ang-(1-7) synthesis through ACE2 is likely decreased, Ang II accumulates and, increased Ang II binding to AT1R - leads to proinflammatory signals that
ultimately will trigger both tissues damage (in particular lungs and heart) and hypertension. The lower - panel illustrates that during COVID-19, the ACE2 mRNA
expression is reduced leading to low surface expression of ACE2 (and plasma sACE2), Ang II is in excess in plasma, yet Ang-(1-7) remains synthesized through the
NEP/TOP alternative pathway where neprilysin (NEP) and thimet oligopeptidase (TOP) convert Ang I to Ang-(1-7).
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However, the median value of ACE2 mRNA expression in those
patients groups remained lower than the median value of ACE2
mRNA expression in the healthy control group, which is
consistent with earlier data obtained in vitro - with
Sarbecovirus (39). In the absence of Sarbecovirus infection,
reduced levels of ACE2 expression were previously reported in
cardiac tissues linked to HT, dyslipidemia and/or heart failure
(67, 68). The lower ACE2 mRNA expression observed in
COVID-19 patients could also be the result of a feedback
regulation loop orchestrated by Ang II. It was previously
reported that the over-expression of Ang II decreased ACE2
mRNA production in rat cardiac myocytes and fibroblasts (69).
This ACE2 mRNA down-regulation was blocked by losartan, an
Ang II receptor blocker (ARB), and by inhibitors of MAP kinases,
suggesting that Ang II triggers AT1 receptor signaling that leads
to Erk1/Erk2 activation and modulation of ACE2 gene
expression (69).

During the quantitative analysis of membrane ACE2 by flow
cytometry, no decrease in expression of this molecule was
observed on PBMCs and populations of T-cells, B-cells and
CD16+ monocytic/dendritic cells from COVID-19 patients. This
was surprising given that there is a decrease in the expression of
the ACE2 transcript in PBMCs of COVID-19 patients. It may be
due to a lower sensitivity of flow cytometry compared to qRT-
PCR. In addition, the mean expression of ACE2 on the surface of
PBMCs does not exceed 35%, which is perhaps too low to
measure detectable variations at the protein level. Yet we found
a significantly lower membrane-bound ACE2 in a population of
CD14+/HLA-DR+ monocytes from prolonged viral shedders,
that corroborates with the down regulation of ACE2
transcription in monocytic cells. It is consistent with a
previous report indicating that in symptomatic COVID-19
patients the percentage of CD14+/HLA-DR+ monocytes
increase in the PBMCs while the CD14lowCD16+ inflammatory
monocytes decrease as they leave the bloodstream and homing
tissues (70). Moreover, we found lower plasma concentrations of
sACE2 in the prolonged viral shedders consistent with the
reduction of ACE2 mRNA expression. Indeed, similarly to
other Sarbecoviruses (71, 72) it can be hypothesized that the
binding of the SARS-CoV-2 spike to cell-membrane anchored
ACE2 modulates ACE2 expression. In a murine animal model, it
was observed that Ang II-mediated decrease of ACE2 at the
surface of cardiomyocyte was accompanied by the concomitant
increase in cell-surface expression of the ADAM17 sheddase (73,
74), suggesting a possible cleavage of membrane-bound ACE2
and shedding of sACE2. It was also previously reported that a
recombinant SARS-CoV expressing the HCoV-NL63 spike,
another human coronavirus using ACE2 for cell entry, trigger
shedding of sACE2 (75). The sACE2 molecule could be
considered a possible candidate for monitoring the evolution
of COVID-19.

Here we found that the plasma concentrations of Ang I and
Ang II are significantly higher in the COVID-19 patients - than
in healthy volunteers. It might have seemed reasonable to
hypothesize that if, in COVID-19 patients, ACE2 expression
was decreased and the Ang II plasma concentration became high,
Frontiers in Immunology | www.frontiersin.org 11
the risk of hypertension could be high. In the prolonged viral
shedders group, 7 out of 30 patients had a history of HT and 4
showed evidence of HT during the clinical examination. Two
cases (2/23, 8.7%) of HT were discovered at the time of their
clinical examination (a patient with blood pressure of 180/30 and
hypokalemia at 3.45 mmol/L, and another with blood pressure of
137/65 and a kalemia of 4.1 mmol/L). In the short viral shedders
group,- 2 - patients had HT but they were already known for HT
prior to the discovery of their COVID-19. It is worth noting that
both Ang I and Ang II remained very high in plasma samples of
short viral shedders even after the specific SARS-CoV-2 qRT-
PCR on nasopharyngeal samples has turned negative. The
medical management of hypertension involves the use of
RAAS inhibitors, such as angiotensin converting enzyme
inhibitors (ACEis) and Ang II Receptor Blockers (ARBs),
considered to up-regulate the cell surface expression of ACE2,
with the possible adverse effects of increasing the susceptibility to
SARS-CoV-2 of patients who receive these treatments (76, 77).
Recently we found that ARBs (azilsartan, eprosartan, irbesartan,
olmesartan, losartan, telmisartan, and valsartan) trigger a down-
regulation of the AT1R mRNA and an over-expression of ACE2
mRNA synthesis in Vero E6 cells that correlates with increased
SARS-CoV-2 production (78). However, using a model of mice
treated with captopril (ACEi) or telmisartan (ARB), Wysocki
and colleagues reported a profound decrease in kidney ACE2
protein and increase in cytosolic ACE2 protein, but this effect
was not found in lung (79). Nonetheless, another study reported
that ACEis reduced ACE2 expression in lungs (80). In previous
opinion papers, we and others (32, 76, 81–83) strongly
encouraged to rapidly evaluate whether the - RAAS inhibitors
are more beneficial than harmful in severe COVID-19 patients.
This question was - the source of intense debate among
cardiologists - (41, 74, 84), with supporters of the temporary
discontinuation of the treatment during COVID-19 to avoid
viral over-replication and rapid cell-to-cell propagation of the
virus, while others considered that discontinuing treatment
could also worsen the general health status of patients and that
maintaining treatment could have a favorable effect by acting as a
vasodilator, antioxidant and anti-inflammatory through the
action of Ang-(1-7) on MAS-receptors. Although we had not
enough patients with HT medication to draw definitive
conclusion, our preliminary observation suggests that being on
HT medication could promote a faster return to normal ACE2
gene expression. It corroborates recent data indicating that
maintaining therapy against HT improve the clinical outcome
of COVID-19 patients (85–87).

The lower expression of ACE2 was consistent with the
observed accumulation of Ang II in COVID-19 patients.
Therefore, it may be surprising to find no major difference
between the three groups studied with respect to the
quantification of the Ang-(1-7) in plasma samples. In
particular, we noted a higher Ang-(1-7) expression in three
prolonged viral shedders, a 49-years-old woman with HT
and the highest plasma concentrations of Ang II, a 81-years-
old woman with HT and a high plasma concentration of
sACE2, and a 52-years-old man with no known history of
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HT. A transcription of the ACE2 gene should result in a reduced
capacity of this peptidase to cleave Ang II -. However, Ang-(1-7)
production did not collapsed in COVID-19 patients and was
slightly higher than in healthy volunteers. It cannot be excluded
that ACE2 mRNA expression in PBMCs is valuable for this
tissues only and that ACE2 may remain expressed on other cell
types leading to cleavage of Ang II that is produced in excess in
COVID-19 patients, allowing synthesis of Ang-(1-7) (88).
However, it is much more likely that an alternative pathway
independent of ACE2, contributes to the biosynthesis of Ang-(1-
7). The comparison of intrarenal Ang I, Ang II and Ang-(1-7) in
wild type mice and tisACE-/- mice lacking the ACE, revealed that
the Ang I and Ang II levels were decreased by 80% in tisACE-/-

mice, whereas the Ang-(1-7) levels were sustained (89). It was
also reported that Ang-(1-7) can be formed directly from Ang I
through peptidases including the endopeptidases neprilysin
(NEP), a 95 kDa membrane-anchored metalloendopeptidase
located on the vascular surface of blood vessels and the thimet
oligopeptidase (TOP), a 80KDa soluble metalloendopeptidase,
which both hydrolyzes Ang I to form Ang-(1-7) (90–92). This
suggests that in COVID-19 patients the ACE2-independent
pathway of peptide generation is efficient to trigger Ang-(1-7)
biosynthesis from Ang I when the Ang-(1-7) production through
Ang II cleavage by ACE2 is impaired. This should be further
studied, as Ang-(1-7) generation was previously reported
capable to achieve protection against Ang II-mediated lung
injury and cardiovascular risks (84, 93, 94). However, the
plasma concentration of Ang II in COVID-19 patients is
probably too high so that its harmful effects are not offset by
the protective action of Ang-(1-7). As previously reported (95),
it is also likely that the high plasma concentration of Ang II
triggers overproduction of aldosterone through AT1 receptor
stimulation, which may be at least in part responsible of the
hypokaliemia observed in some COVID-19 patients.

In conclusion, we report evidence that during the COVID-19,
a decrease in the expression of ACE2 mRNA and cell-surface
ACE2 is observed and that prolonged viral shedders forms of
COVID-19 are associated with low plasma concentrations of
sACE2. As a result, Ang II is no longer metabolized by ACE2 and
its plasma concentrations increase. However, this has no direct
impact on the plasma concentrations of Ang-(1-7) which remain
stable in COVID-19 patients. This suggests that when the
ACE2 pathway is less efficient or totally ineffective, Ang-(1-7)
is produced by metabolism of Ang I likely by the neprilysin and/
or thimet oligopeptidase. The high plasma concentration of
Ang I in COVID-19 patients should favor this pathway.
Although the plasma concentration of Ang-(1-7) remains
stable in COVID-19 patients, it appears to be insufficient to
prevent the harmful effects of Ang II.
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Supplementary Figure 1 | Histogram summarizing the data of flow cytometry
analysis of ACE2 expression at the surface of T-cells, B-cells and monocytes.
Comparison of percent cells expressing ACE2 and ACE2 MFI on cell samples from
prolonged viral shedders (n=12), patients short viral shedders (n=12) and healthy
volunteers (n=12). The gating was performed using different cluster differentiation-
specific mAb allowing to select subpopulation of lymphocytes CD3+ T-cells,
CD20+ B-cells and HLA-DR+/CD16+ monocytic/dendritic cells. The left panels
indicate the percent of cells expressing ACE2 with respect to the cells
subpopulation analyzed while the right panels are the histograms of ACE2 cell
surface expression (MFI).
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Supplementary Figure 2 | Correlation matrix (R studio used to generate the
matrix) between sACE2 and angiotensin metabolites in different groups of COVID-
19 patients and healthy volunteers. The upper panels show the correlation matrix of
the different biomarkers of interest for the group of healthy volunteers (left) and
prolonged viral shedders (right), while the correlation matrix for the short viral
shedders is shown in the lower left panel. For the not normally distributed correlation
(Healthy control and prolonged viral shedders) we used Spearman’s correlation and
for the short viral shedders we used the Pearson’s correlation. The table at the lower
right part of the figure summarizes the correlation analyses (Pearson test) between
sACE2 and the different metabolites Ang I, Ang II, Ang-(1-7) in each group.
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