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Abstract

Rationale: ACE2 (angiotensin-converting enzyme 2), the entry
receptor for severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), is expressed in type 2 alveolar epithelial cells (AT2) that may
play key roles in postinjury repair. An imbalance between ACE2 and
ACE has also been hypothesized to contribute to lung injury.

Objectives: To characterize the expression and distribution of
ACE2 and ACE and to compare AT2 with endothelial cell
expression in coronavirus disease (COVID-19)-related or —unrelated
acute respiratory distress syndrome (ARDS) and controls.

Methods: Lung tissue stainings (using multiplex
immunofluorescence) and serum concentrations of ACEs were
determined retrospectively in two different cohorts of patients.
AT2 and endothelial cells were stained in lung tissue for ProSPC
(pro-surfactant protein C) and CD31, respectively.

Measurements and Main Results: Pulmonary ACE2 expression
was increased in patients with COVID-19-related and —unrelated

ARDS (0.06% of tissue area and 0.12% vs. 0.006% for control
subjects; P=0.013 and P < 0.0001, respectively). ACE2 was
upregulated in endothelial cells (0.32% and 0.53% vs. 0.01%;
P=0.009 and P < 0.0001) but not in AT2 cells (0.13% and 0.08% vs.
0.03%; P=0.94 and P=0.44). Pulmonary expression of ACE was
decreased in both COVID-19-related and —unrelated ARDS
(P=0.057 and P=0.032). Similar increases in ACE2 and decreases in
ACE were observed in sera of COVID-19 (P = 0.0054 and

P < 0.0001) and non-COVID-19 ARDS (P < 0.0001 and P=0.016).
In addition, AT?2 cells were decreased in patients with COVID-
19-related ARDS compared with COVID-19-unrelated ARDS
(1.395% vs. 2.94%, P=0.0033).

Conclusions: ACE2 is upregulated in lung tissue and serum of
both COVID-19-related and —unrelated ARDS, whereas a loss of
AT2 cells is selectively observed in COVID-19-related ARDS.
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At a Glance Commentary

Scientific Knowledge on the
Subject: ACE1 and 2 (angiotensin-
converting enzyme 1 and 2) are
thought to play important roles in
COVID-19-related acute respiratory
distress syndrome (ARDS). In
particular, ACE2 is the entry receptor
for severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) and is
expressed in type 2 alveolar epithelial
(AT2) cells, which may play key roles
in postinjury repair. However, the
expression of ACEs and of AT2 cells in
patients with ARDS, related or not to
COVID-19, has never been quantified.

What This Study Adds to the Field:
In this monocentric retrospective
study, we found a significant shift in
the expression of ACEs, from ACE to
ACE2, that is seen both in the lung
and in the serum of patients with
ARDS, related or not to COVID-19,
compared with control subjects. In
contrast, a decrease in the expression
of AT2 cells was selectively observed
in COVID-19-related ARDS.

ACE:s (angiotensin-converting enzymes) are
parts of the renin-angiotensin (Ang) system
(RAS) pathway that play important roles in
the regulation of blood pressure as well as
electrolyte and fluid homeostasis. ACE
cleaves Ang I into Ang II, a vasoconstrictive
peptide with profibrotic and
proinflammatory effects; ACE2 degrades
Ang II into smaller peptides (mainly Ang
[1-7]), which, via the Mas receptor (1),
antagonize the action of Ang IL

Severe acute respiratory syndrome
coronaviruses (SARS-CoV) use ACE2 as host
receptors for cell entry (2, 3). Alterations in
the ACE and/or ACE2 pathways may also
contribute to the pathophysiology of both
SARS-CoV (2, 4) and SARS-CoV-2 (5) lung
infection. Animal and experimental models
of SARS-CoV showed that, after binding to
ACE2, the viral complex is endocytosed and
surface ACE2 is downregulated, probably
through proteolytic cleavage (4). Although
formally unproven, similar mechanisms are
thought to take place during SARS-CoV-2
infection (3, 6). This decrease in ACE2
expression in tissues could lead to an
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imbalance in the ACE/Ang II-ACE2/Ang
(1-7) ratio, which has been linked with acute
lung and cardiovascular injury (7). In
addition, ACE2 has been shown to exert
protective effects against experimental acute
respiratory distress syndrome (ARDS)
caused by a variety of experimental insults
(7-11). Altogether, current evidence suggests
that ACE/ACE2 (im)balance could
contribute to acute lung injury owing to
SARS-CoV-2 infection and could influence
coronavirus disease (COVID-19) course.
However, so far, few human studies have
assessed the role of ACE and ACE2 in
patients with ARDS (12, 13), and none have
compared the expression of ACE and ACE2
among COVID-19-related ARDS, ARDS
from other causes, and control lung tissue.
Alveolar epithelial type II cells (AT2)
play important roles in postinjury repair of
the alveolar surface (14), frequently express
ACE?2 (15), and are thought to be a main
target of SARS-CoV-2 (16). However, their
expression has never been compared among
lung samples from patients with COVID-
19-related ARDS, patients with COVID-
19-unrelated ARDS, and control patients
without ARDS. We investigated distribution
and intensity of expression of ACE2 and
ACE and density of AT2 cells in lung
samples from these three groups of
patients—those with COVID-19-related
ARDS, those with COVID-19-unrelated
ARDS, and control patients without ARDS.
We also measured ACE and ACE2 levels
(and their respective metabolites) in sera
from large cohorts of patients with severe
SARS-CoV-2 infection, patients with ARDS
unrelated to SARS-CoV-2 infection, and
control subjects with no SARS-CoV-2
infection and no other respiratory disease.

Methods

More details regarding study protocols,
patient selection, data collection, sampling
processing, immunostaining, and imaging
can be found in the online supplement.

Patients

This is a retrospective monocenter study that
included pulmonary autopsy specimens from
patients who died at the Cliniques
universitaires Saint-Luc (Brussels, Belgium)
between March 19 and May 4, 2020, with a
diagnosis of COVID-19 and who fulfilled the
Berlin definition for ARDS (17). The
COVID-19 cases were defined as the

combination of a positive RT-PCR for SARS-
CoV-2 (details in the online supplement) in a
nasopharyngeal swab or in BAL specimens
and consistent abnormalities on chest X-ray
or computed tomography. Among the 19
patients who died in our ICU with proven
SARS-CoV-2 infection, autopsy was
performed on 16 patients (84%). One
specimen was rejected because of poor
quality of the lung tissue, so postmortem
samples from 15 patients with SARS-CoV-2
ARDS were analyzed in this report. COVID-
19-unrelated ARDS and control human lung
biopsies were selected from our biobank.
Patients included in the COVID-
19-unrelated ARDS group were
retrospectively selected from a database of
patients with a diagnosis of ARDS (17, 18)
and for whom lung tissue had been sampled
with open-lung biopsy between 2008 and
2020. To match the COVID-19 cohort, these
patients were selected based on severity of
ARDS (Pag,/Fip, < 200 mm Hg) and on the
presence of diffuse alveolar damage on
histopathological examination. Samples of
lung tissue from 13 patients were selected
and included in the analysis. The control
group consisted of lung tissue from 15
patients who had undergone lobectomy for a
solitary lung tumor, with sections taken at
distance from the tumor lesions, between
2018 and 2019. For COVID-19-unrelated
ARDS and for control subjects, the negative
status for COVID-19 was reasonably
assumed for patients who had undergone
lung biopsy before November 2019 and was
proven by at least two negative RT-PCR tests
on nasopharyngal swabs for patients who
underwent lung biopsy after November 2019.
For quantification of serum ACE and
ACE2 expression, we retrospectively
reviewed all patients with PCR-proven severe
SARS-CoV-2 infection, admitted in the ICU
of Cliniques universitaires Saint-Luc
(Brussels, Belgium) between March 12 and
October 15, 2020 (1 =95), and for whom
serum had been prospectively collected
within 48 hours of ICU admission (owing to
enrollment in another prospective
observational study, n = 87). We included all
patients aged >18 years for whom the reason
for ICU admission was acute respiratory
failure (n = 82). Sera from these patients with
severe SARS-CoV-2 were compared first
with sera from patients with moderate or
severe ARDS unrelated to COVID-19, who
had been prospectively enrolled in an
observational study between 2016 and 2020
(unpublished data) and for whom serum had
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to be sampled, per protocol, within the 24
hours of the diagnosis of ARDS (n =24). Sera
from the two ARDS patient cohorts were
then compared with serum samples from
subjects with no evidence of either SARS-
CoV-2 infection or respiratory disease
(n=18). Sera from the same patients were
used for Ang (1-7) and Ang I
quantification, but because of limited sample
availability, measurements were performed
in 35 out of 82 patients in the COVID-19
group (and in all control subjects and
patients with COVID-19-unrelated ARDS).

Data Collection

Clinical data were retrospectively retrieved
from Electronic Medical Recording (Qcare
PDMS, HIM Health Information
Management GmBH). All details appear in
the online supplement.

Multiplex Fluorescence
Immunohistochemistry in

Lung Tissue

Formalin-fixed, paraffin-embedded tissue
processing and Tyramide signal
amplification-based multiplex fluorescence
immunohistochemistry were performed for
ACE2 and ACE, CD31, ProSPC (pro-
surfactant protein C), CD45, Ki-67, and
HTII-280, as detailed in the online
supplement.

Immunofluorescent probes were
selected based on their specificity as follows:
CD31 for endothelial cells (also staining
immune cells such as macrophages), ProSPC
for AT2 cells, CD45 for leukocytes (all
hematopoietic cells except erythrocytes and
platelets), Ki-67 as a generic marker of cell
proliferation, and HTTI-280 for apical
membrane of AT2 cells. Negative controls
stained with control IgG from the adequate
species were performed to assess nonspecific
binding of secondary antibodies.

Imaging and Quantitative Evaluation
of Inmunostaining in Whole

Tissue Sections

Multiplex immunostained slides were
digitalized in fluorescence using a
Pannoramic 250 FlashIII scanner
(3DHistech) at X 20 magnification. Stainings
were quantified on entire tissue sections with
software applications using the image
analysis tool Author version 2017.2
(Visiopharm). For the localization of ACE1
and ACE2 in endothelial or epithelial
compartments, ACE1, ACE2, CD31, and
proSPC-stained pixels were detected at high
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resolution (X20) using a thresholding
classification method on each fluorescence
channel. Results were expressed as
percentage of ACE1 or ACE2 costained
pixels among either CD31 or ProSPC-stained
pixels. The same procedure was applied to
investigate the localization of Ki-67 within
AT?2 cells. The detection parameters were
kept constant for all slides. All analyses were
performed by an experienced observer who
was blinded to the clinical categories of the
tissue samples. A further description of the
quantified imaging appears in the online
supplement.

Serum Assays

For ACE and ACE2 quantification, we
performed ELISA according to the
manufacturer’s instructions with Human
ACE DuoSet ELISA (R&D, DY929) and
Human ACE2 DuoSet ELISA (R&D, DY933-
05). Ang (1-7) concentration was determined
by ELISA according to the manufacturer’s
instructions with MyoBioSource Angl-7
ELISA Kit, MBS084052. Ang II was
quantified using enzyme immunoassay
technique with RayBio Human/Mouse/Rat
Angiotensin II Enzyme Immunoassay Kit.

Statistical Analysis

Statistical analyses were performed using
SPSS 21 (IBM SPSS Statistics for Windows,
Version 21.0), and figures were created using
Graphpad Prism 8 (GraphPad Software).
Values were expressed as median
(interquartile range [IQR]) or mean (SD) for
continuous values and counts (per percent of
group) for qualitative variables. Categorical
and continuous variables were analyzed
using the chi-square test and Mann-Whitney
test, respectively. We compared tissue and
serum expression of relevant biochemical
variables between the three groups using
Kruskall-Wallis test with a Dunn’s post hoc
test to correct for multiple comparisons. To
find factors influencing survival and to assess
whether serum levels of ACE and ACE2 were
related to outcomes, a Cox proportional
hazards model was built as follows: all the
variables significant in the univariate analysis
(P < 0.25) were entered into a multivariate
logistic regression with a backward
elimination procedure based on likelihood
ratios. A second, simplified model (details in
the online supplement) was built to test the
findings. The results were expressed as
hazard ratios with 95% confidence intervals.
All tests were two-sided, with the significance
level set at 0.05.

Results

Expression of ACE2 Is Upregulated in
Severe COVID-19-Related and —-Unre-
lated ARDS

The demographic characteristics and use of
adjuvant treatments of the 15 patients with
COVID-19-related ARDS, 13 patients with
COVID-19-unrelated ARDS, and 15 control
subjects are summarized in Table 1.

ACE2 staining analysis revealed a
marginal presence of ACE2 in control lungs
(0.006% of total tissue area [IQR,
0.002-0.04]), mainly in proSPC expressing
AT2 (0.03% of AT2 area [0.02-0.15]) (Figure
1B). ACE2 expression was increased (Figure
1E) in both COVID-19-related (0.06% of
total tissue area [0.015-0.11]; P=0.013)
(Figures 1A and 1C) and COVID-
19-unrelated ARDS (0.12% of total tissue
area [IQR, 0.047-0.26]; P < 0.0001) (Figure
1D). The difference in ACE2 expression
between COVID-19-related and —unrelated
ARDS was not statistically significant
(P=0.55). Quantification in ProSPC-stained
AT?2 cells and CD31-stained endothelial cells
was performed (i.e.,, CD31", ACE2",and
proSPC+AEC2™ cells) and showed a
selective upregulation of ACE2 in pulmonary
endothelial cells in patients with COVID-19
and non-COVID-19 ARDS compared with
control subjects (0.32% of endothelial area
[0.05-0.52] and 0.53% [0.37-1.440] vs. 0.01%
[0.005-0.02]; P=0.009 and P < 0.0001)
(Figure 1F) but no upregulation in AT2 cells
(0.13% of AT2 area [0.01-0.42] and 0.08%
[0.025-0.16] vs. 0.03% [0.02-0.15]; P=0.94
and P =0.44, respectively) (Figure 1G).

In contrast to ACE2, pulmonary
expression of ACE (Figure 1C, lower
panel, with detailed immunostaining
provided in Figure E1 in the online
supplement) was decreased in COVID-
19-related (0.64% [0.27-1.64] of total
tissue area) and COVID-19-unrelated
ARDS (0.71% [0.057-1.54]) (Figure 1D)
compared with controls (2.11%
[0.84-5.14]; P=0.057 and P =0.0323,
respectively) (Figure 1B), although this did
not reach statistical significance for
COVID-19-related ARDS lungs (Figure
1E). Colocalization studies indicated that
ACE downregulation concerned both
endothelial (in which ACE was
predominantly expressed in controls) and
AT?2 epithelial cells (Figures 1F and 1G). In
addition, costaining for ACE, ACE2,
CD31, and CD45 (pan-leukocyte marker)
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Table 1. Baseline Characteristics, Adjunctive Treatments, and Tissue Sampling Characteristics in Control Subjects and Patients
with COVID-19-Unrelated ARDS and COVID-19-Related ARDS for Lung Tissue Analyses

Variables

Age, yr
Sex, M
Body mass index, kg/m?
Hypertension
Diabetes
Active smoking
RAS interacting drugs
Chronic obstructive pulmonary disease
Active cancer
APACHE Il score
SOFA score
Cause of ARDS
COVID-19
Pneumonia
Sepsis, extrapulmonary origin
Other
Adjunctive treatments before tissue sample
Invasive mechanical ventilation
Prone positioning
Inhaled nitric oxide
ECMO
Vasopressors
Renal replacement therapy
Corticosteroids
Type of tissue sampling
Postmortem autopsy
Open-lung biopsy
Surgical lobectomy

Control
Subjects (n=15)

0
0
15 (100)

Duration between diagnosis and tissue sampling, d
Duration between MV initiation and tissue sampling, d
Diffuse alveolar damage on pathological examination 0

Non—COVID-19 COVID-19
ARDS (n=13) ARDS (n=15)
58 (40-70) 62 (54-67)

7 (54) 9 (60)
25.9 (22.6-33.9) 27.3 (23.6-30.8)
6 (46) 7 (43)
2 (15) 3 (20)
2 (15) 1(6.5)
2 (15) 6 (40)*
0 1 (6.5)
2 (15)* 0*
19 (17-25) 16 (10-21)
6.5 (5-9) 4 (4-9)
0 15 (100)*
7 (54) of
4 (31) of
2 (15) 0
13 (100) 14 (93)
5 (38) 14 (93)1
4 (31) 14 (93)1
0 4 (27)1
5 (38) 14 (93)1
4 (31) 4 (26)
0 0
0* 15 (100)*T
13 (100) 0
0 0
13 (8-17) 16 (10-25)1
11 (3-13) 13 (9-24)
13 (100)* 14 (93)*

Definition of abbreviations: APACHE Il = Acute Physiology and Chronic Health Evaluation Il; ARDS = acute respiratory distress syndrome;
COVID-19 = coronavirus disease; ECMO = extracorporeal membrane oxygenation; IQR =interquartile range; MV = mechanical ventilation;
RAS =renin—-angiotensin system; SOFA = Sequential Organ Failure Assessment.
Data are presented as count (%) or median (IQR).

*P < 0.05 compared with control subjects.
TP < 0.05 compared with ARDS.

was performed on a sample of four control
subjects and five patients with ARDS.
Examination for this representative
sample revealed no colocalization of ACE2
or ACE with CD45, confirming that
double positive CD31" ACE2™ (or
CD31" ACE™) cells were endothelial cells
(Figures E2 and E3).

The ACE-ACE?2 shift in patients with
ARDS, both COVID-19-related and
—unrelated, was witnessed by a drop of the
ACE/ACE2 ratio compared with control
subjects (7.99 [3.4-36.7] and 1.7 [0.35-17.5]
vs. 131 [91.2-514.2]; P=0.016 and
P=0.0002, respectively), whereas the
difference between ARDS groups was not
statistically significant (P =0.92) (Figure 1G).
No correlation of this altered ratio (or its
components) with classical risk factors of
severe COVID-19 (age, male sex, tobacco
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use, arterial hypertension, diabetes, obesity)
was observed within our lung samples from
patients with COVID-19 (Figure E4).

AT2 Cells Are Downregulated in
COVID-19-Related ARDS

The immunostaining for proSPC (Figures
2A-2C, upper panels) that reflects the
number of AT?2 cells was decreased in
COVID-19-related ARDS compared with
COVID-19-unrelated ARDS (1.395% of
total tissue area [0.1950-2.11] vs. 2.94%
[2.18-4.65]; P=0.0033) (Figure 2D). A
second staining with anti-HTII-280 (Figures
2A-2C, middle panels), a biomarker specific
of the apical plasma membrane of human
AT2 cells (19), confirmed the decrease in
AT?2 cells (Figure 2F) in patients with
COVID-19-related ARDS (0.44% of total
tissue area [0.25-0.61]) in comparison with

COVID-19-unrelated ARDS (1.2%
[0.83-1.7]; P=10.0028) but also with control
subjects (1.76% [0.85-1.9]; P=0.0004). In
contrast, no change in CD31, reflecting the
number of endothelial cells, was observed
(Figure 2E).

Finally, Ki-67 staining was used to
assess all proliferation (Figures 2A-2C, lower
panels). Ki-67 expression was increased in
both COVID-19-unrelated and COVID-
19-related ARDS compared with controls:
0.54% (of total lung tissue) and 0.29% versus
0.04% (0.02-0.11) (P < 0.0001 and
P=0.0005) for whole lung tissue and 0.46%
(of AT2 area) and 0.51% versus 0.13%
(0.06-0.32) (P=0.014 and P=0.046)
specifically for AT2 cells (Figure 2A-2C,
lower panels). There was, however, no
difference in this proliferative index between
samples from lungs with COVID-
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ACE2 (% total area)
ACEZ2, % endothelial

ACE2, % epithelial (AT2)

Controls  COVID-19 Non-COVID-19

Controls COVID-19 Non-COVID-19

Controls  COVID-19 Non-COVID-19

H

ACE (% total area)

Controls COVID-19 Non-COVID-19
ARDS ARDS

ACE, % endothelial

Controls COVID-19 Non-COVID-19
ARDS ARDS

ACE, % epithelial (AT2)

Controls  COVID-19 Non-COVID-19
ARDS ARDS

ACE/ACE2
s
3
3

—_ —
o T T T

COVID-19

Controls Non-COVID-19

ARDS

Figure 1. Expression of ACE2 (angiotensin-converting enzyme 2) is upregulated and expression of ACE is downregulated in severe coronavirus
disease (COVID-19)-related and —unrelated acute respiratory distress syndrome (ARDS). (A) One representative picture of a lung section from a
patient with COVID-19-related ARDS, with corresponding high-magnification panels, is shown for distal lung tissue, costained with ProSPC
(pro-surfactant protein C) (type 2 alveolar epithelial cells, green), CD31 (endothelial cells, orange), and ACE2 (yellow) and counterstained with
DAPI (blue). (B-D) Sections from control subjects (B), patients with COVID-19-related ARDS (C), and patients with COVID-19-unrelated ARDS
(D) were costained with ACE2 (upper panels), ACE (lower panels), CD31, and ProSPC and counterstained with DAPI (blue). One representative
picture is shown for each staining. Scale bars, 50 um. (E-G, left) Quantification of the total ACE2 area (percentage of total tissue area) (E), of
the area coexpressing CD31 and ACE2 (percentage of the total CD31" area) (F), and of the area coexpressing ProSPC and ACE2 (percentage
of the total proSPC area) (G), comparing control subjects (n=15) with patients with COVID-19-related ARDS (n=14) and patients with COVID-
19-unrelated ARDS (n=13). (E-G, right) Quantification of the total ACE area (percentage of total tissue area) (E), of the area coexpressing
CD31 and ACE (percentage of the total CD31" area) (F), of the area coexpressing ProSPC and ACE (percentage of the total proSPC area) (G),
comparing control subjects (n=12) with patients with COVID-19-related ARDS (n=11) and patients with COVID-19-unrelated ARDS (n=12).
Because of technical issues with the staining, data regarding ACE2/ACE could be analyzed in 15/12 out of 15 control subjects, 14/11 out of 15

COVID-19-related ARDS, and 13/12 out of 13 COVID-19-unrelated ARDS. (H) Relative expression of ACE and ACE2 in control subjects (n=12),
patients with COVID-19-related ARDS (n=11), and patients with COVID-19-unrelated ARDS (n=12). The ACE/ACEZ2 ratio was calculated as the
ratio of the total areas stained for ACE and ACE2. Data were expressed as means = SD. Each dataset was compared separately using Kruskall-

Wallis test with a Dunn’s post hoc test. *P<0.05, **P<0.005, and ***P < 0.0005. AT2 =type 2 alveolar epithelial cells.

19-unrelated ARDS and COVID-19-related
ARDS: 0.54% of total lung tissue for
COVID-19-unrelated samples (0.25-0.70)
versus 0.29% for COVID-19-related samples
(0.16-0.58) (P=0.23). There was no
difference in the Ki-67 staining specifically
between AT2 cells in the two settings: 0.46%
of AT2 area (0.25-1.38) in COVID-
19-unrelated ARDS samples and 0.51% of
AT?2 area (0.12-0.67) in the COVID-
19-related ARDS samples (P = 0.63) (Figures
2G and 2H).
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Expression of ACE2 Is Increased and
Expression of ACE Is Decreased in
the Serum of Patients with Severe
COVID-19 and Non-COVID-19 ARDS
Demographic characteristics, use of adjuvant
treatments, and outcomes of 82 patients with
severe COVID-19, 24 patients with
non-COVID-19 ARDS, and 18 control
subjects are summarized in Table 2. In line
with findings in the lungs, circulating ACE
levels were significantly lower (30.4 ng/ml
[11.4-59.8] and 62.01 [36.2-79] vs. 113.2

[89-147.8]; P << 0.0001 and P=0.016,
respectively) (Figure 3A) whereas ACE2
concentrations were significantly higher in
patients with severe COVID-19 and in
COVID-19-unrelated ARDS compared with
control subjects (695.7 pg/ml [224.5-1565]
and 1,434 [688.2-2115] vs. 302.7
[24.8-398.8]; P=0.0054 and P < 0.0001,
respectively) (Figure 3B). These differences
led to decreased ACE/ACE2 ratios in both
ARDS groups (28.37 [7.69-73.95] and 45.15
[23.68-76.81] vs. 395.8 [220.2-1122];
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comparing control subjects (n=12) with patients with COVID-19-related ARDS (n= 14) and patients with COVID-19-unrelated ARDS (n=13).
(G and H) Quantification of the area expressing Ki-677 (total Ki67 area/total tissue area) (G) and of the area coexpressing Ki-67 and ProSPC
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compared separately using a Kruskall-Wallis test with a Dunn’s post hoc test. *P<0.05, **P<0.005, and ***P < 0.0005.

P <0.0001 and P=0.001, respectively)
(Figure 3E). We also found a statistically
significant increase in Ang (1-7)
concentrations in a subset of patients with
severe COVID-19 (whose characteristics are
summarized in Table E2) and in patients
with non-COVID-19 ARDS compared with
control subjects (208 pg/ml [136-295] and
170 [122-236] vs. 24 [15-40]; P < 0.0001 and
P=0.0002, respectively), whereas
concentrations of Ang II were below
detection levels in most samples from both
patients with ARDS and control subjects
(Figures 3C and 3D).

In a multivariate analysis conducted on
the 82 patients with severe COVID-19,
neither ACE, ACE2, nor their ratio were
associated with ICU mortality or with a
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composite of mortality or invasive
mechanical ventilation using two different
models (details in Tables E3-E6).

Discussion

To the best of our knowledge, this study is
the first to compare the expression of ACE
and ACE2 in the lung tissue and serum of
patients with severe COVID-19, patients
with ARDS, and control subjects. A
significant increase in ACE2 was observed,
mainly driven by its induction on endothelial
cells, both in COVID-19-related and
—unrelated ARDS. In contrast, ACE was
downregulated in the same patients both in
endothelial and type 2 epithelial cells. This

change in the ACE/ACE?2 ratio documents a
dramatic shift from ACE to ACE2 in all
ARDS, whether owing to SARS-CoV-2 or
not.

Similar increases in ACE2 and decreases
in ACE were observed in the serum of
patients with COVID-19 and ARDS and
were associated with increases in Ang (1-7).

In our study, a low tissue expression of
ACE?2 (albeit higher in patients with
COVID-19-related or —unrelated ARDS)
was observed, with the ACE2-positive area
accounting for less than 0.2% of the total
tissue area. The exact distribution of
pulmonary ACE2 remains to be definitely
determined, as several studies have
attempted to map ACE2 expression, relying
mainly on mRNA data, but have returned
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Table 2. Baseline Characteristics, Adjunctive Treatments, and Outcomes for
Patients with COVID-19-Unrelated ARDS, Patients with Severe COVID-19, and
Control Subjects for Serum ACE (1/2) Assays

Variables

Age, yr
Sex, M
Body mass index, kg/m?
Hypertension
Diabetes
Active smoking
RAS interacting drugs
Chronic obstructive pulmonary disease
Active cancer
APACHE Il score
SOFA score
Cause of ARDS
COVID-19
Pneumonia
Sepsis, extrapulmonary origin
Other
Delay ICU admission, sampling, d
Delay hospital admission, sampling, d
Mode of ventilation (day of sampling)
HFNC/NIPPV
Invasive MV
Pao,/Fio, ratio (day of sampling),
mm Hg
Adjunctive treatments
Invasive mechanical ventilation
Prone positioning
ECMO
Vasopressors
RRT
Corticosteroids
30-d mortality
ICU mortality
ICU LOS
VFDays D28

Control
Subjects (n=18)

1

ARDS
(n=24)

COVID-19
(n=82)

55-66)
24)—32)
58)

6)
2)
6)
)

48-74.5) 62.5

64
3.9-31) 27.6
51

54-68.5)
78)

24.5-31)
1)
4)
)
0
)

*

—_
©
-

60.5 (
1
26.4 (
47 (
3 (1
4(2
2(6
1(5

W
0N Ww
PN AN TN AN AT TN N AN N AN N

W=2=wWhrPLPNOO®D

2
5
1
1
3
8
0 1
1

|
om
=)
=2}
-
=)
S
N
o
X
Z,

(
(75
(
(
(
(
(
(
(
(
(4~

10) -5

[oe]
-

(100)t

- O
LL
22
S

~ I\)—loool\) NS
—_~—

~

(94
(100)
(104-170)

)]
—
(&)
-

85 (61-117)"

NN = A =2BDO
Q0 01O UTN NN
—_—==
—+ —+ —+

MoOoOoENMNOVAD
e e s

OWWWW=—=01—=010
TLesdan
0 W

T
N
o
-
w
NN

Definition of abbreviations: ACE = angiotensin-converting enzyme; APACHE Il = Acute
Physiology and Chronic Health Evaluation Il; ARDS = acute respiratory distress syndrome;
COVID-19 = coronavirus disease; ECMO = extracorporeal membrane oxygenation;

HFNC = high-flow nasal canula; IQR =

interquartile range; LOS =

length of stay;

MV = mechanical ventilation; NIPPV = noninvasive positive pressure ventilation;

RAS = renin—angiotensin system; RRT =

renal replacement therapy; SOFA = Sequential Organ

Failure Assessment; VFDays D28 = ventilatory-free days at Day 28.
Data are presented as count (%) or median (IQR).

*P < 0.05 compared with control subjects.
TP<0.05 compared with ARDS.

contradictory results (20-23). Few
publications have addressed the expression of
ACE2 at the protein level (15, 24-26). In the
largest series to date, pulmonary ACE2
expression was very limited, being mainly
confined to a small subset of AT2 cells (15). In
our control sections, ACE2 appeared mostly
in AT2 cells, with only occasional localization
to endothelial and airway lining cells.
Furthermore, this study is one of the few
efforts so far to quantify ACE expression and
distribution in lung tissue, whether diseased or
healthy. In our control sections, ACE

1030

appeared predominantly in endothelial cells as
it usually does in microvascular-rich tissues.
Data regarding changes in ACE and
ACE2 expression in lung tissue during ARDS
or during coronavirus infection is limited.
Nonetheless, previous work in murine
models showed that ACE2 expression was
decreased during ARDS (8) or following
SARS-CoV infection (presumably because of
viral-induced endocytosis or increased
cleavage by the metalloproteinase ADAM17)
(4), whereas ACE pulmonary expression was
unaltered (4). This evidence seems in

apparent contradiction with our study,
showing an increase in ACE2 expression
(and no change of ACE2 expression by AT2
cells) and a decrease of ACE expression.
However, recent work comparing ACE2
expression in patients with COVID-19 or
influenza and control subjects showed
similar results, reporting a significant
increase of ACE2 expression in the first two
groups (27), more specifically within the
endothelial cell compartment. Discrepancies
between experimental animal models and
human data might be explained by ACE2
species-related regulatory mechanisms. Thus,
analysis of multiple single-cell RNA
sequencing datasets has revealed that, within
specific subsets of human epithelial cells,
ACE2 expression is stimulated by IFN (28,
29), and human epithelial cells treated with
IFN-a2 and IFN-y show an upregulation of
ACE2 expression (28). In contrast, this
response is absent in mice (28), suggesting a
species-specific mechanism. Despite
conflicting evidence, robust IFN-I response
has been linked with severe forms of SARS-
CoV-2 infection (30-33) or with ARDS of
various origins (34-37). Of note, the loss of
ACE2 expression observed in murine models
during acute lung injury or SARS-CoV
infection seems to take place early in the
pathogenesis, whereas the dysregulated IFN-I
response, and subsequent ACE2
upregulation, could appear later in the
disease course (33). As lung tissue sampling
occurred late in our study (after a median of
16 days in patients with COVID-19 vs. 13
days in patients with ARDS), the observed
upregulation of ACE2 expression could
therefore be the consequence of a prolonged
exposure to a dysregulated IFN-I response.

In light of the increase of ACE2 in both
COVID-19-related and —unrelated ARDS,
the shift in the ACE/ACE2 balance seems to
be a generic response of the lung to acute
injury rather than a specific feature of severe
COVID-19. Likewise, the shift of the ACE/
ACE2 balance is probably a time-sensitive
phenomenon, as illustrated by the interplay
with IFN-, and could potentially be
influenced by many confounding factors.

We also observed an increase in serum
ACE2 combined with a decrease in ACE in
patients with COVID-19-related and
COVID-19-unrelated ARDS compared with
control subjects, which we could not connect
with any changes in clinical outcomes.

In addition, Ang (1-7) was increased in
a subset of patients with COVID-19 and
ARDS compared with control subjects,
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Figure 3. Quantification of ACE (angiotensin-converting enzyme), ACE2, angiotensin Il (Ang II),

T T
Controls COVID-19

T
ARDS

and Ang (1-7) serum concentrations and of the relative expression of ACE to ACE2 in patients
with coronavirus disease (COVID-19)-unrelated acute respiratory distress syndrome (ARDS),
patients with severe COVID-19, and control subjects. (A and B) Serum concentrations of ACE
(A) and ACE2 (B) were determined using ELISA in control patients (n=18), patients with
severe COVID-19 (n=82), and patients with COVID-19-unrelated ARDS (n=24). (C) Serum
concentrations of Ang Il were compared using enzyme immunoassay in control patients
(n=18) and those with severe COVID-19 (n=35). Most values were below the detection
threshold (0.3 pg/ml according to manufacturer’s instructions). (D) Serum concentrations of
Ang (1-7) were compared using ELISA in control patients (n=18), patients with severe COVID-
19 (n=35), and patients with ARDS (n=24). Because of sample availability, Ang (1-7) and
Ang Il could be quantified in only 35/82 patients with severe COVID-19, and no quantification
of Ang Il could be made in COVID-19-unrelated ARDS. (E) ACE/ACE?2 ratio was calculated as
the ratio of the concentrations of ACE and ACE2 (means = SD). Each dataset was compared
separately using Kruskall-Wallis test with a Dunn’s post hoc test. *P<0.05, **P<0.005, and

***P<0.0005.

probably reflecting an increase in the
conversion of Ang II (whose concentrations
could not reliably be determined in the
present study) by ACE2, whose lung tissue
expression and serum concentrations were
shown to be increased. However, the increase
of Ang (1-7) might also reflect a more global
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RAS dysregulation, as it was suggested
recently that conversion from Ang II to Ang
(1-7) in the circulation was mainly
independent from ACE2 (38). ACE and
ACE2 concentrations have been recently
characterized in patients with severe
COVID-19 with consistent results. Reindl

and colleagues found an increase in
enzymatically active plasma ACE2
concentrations in patients with severe
COVID-19 from early to late time points
during the disease course, with no difference
in early ACE2 concentrations between severe
COVID-19 and a control cohort of patients
with severe influenza under invasive
mechanical ventilation (39). In two other
retrospective studies, ACE2 activity was
shown to be markedly increased in critically
ill patients with COVID-19 compared with
healthy control subjects (40, 41). On the
other hand, ACE activity was found to be
decreased in patients with severe and
nonsevere COVID-19 compared with
control subjects, with the lowest level in the
severe group (42). However, conflicting
results have been reported regarding the
main RAS peptides, Ang I and Ang (1-7).
Whereas an increase in plasma Ang II levels
in patients with COVID-19 was found in
early reports (43, 44), the opposite was
shown in recent work using gold-standard
assays (40). Finally, Ang (1-7) was recently
shown to be increased in severe COVID-19
compared with controls (40, 45) or
compared with mild COVID-19 (39),
supporting our results. Other mechanisms
that could influence the expected correlation
between ACE expression and Ang II/Ang
(1-7) levels are the cleavage/shedding of
ACE2 (by ADAM17), dynamic changes in
ACE/ACE?2 expression and activity, and
influence of receptor occupancy by the virus.
The second main finding of our study
is a selective decrease of AT2 cells in
COVID-19-related ARDS compared with
both controls and COVID-19-unrelated
ARDS. Animal models have shown that
AT?2 cells play a major role in regeneration,
through proliferation and differentiation
into alveolar type I cells (14, 46). In man,
regeneration processes after lung injury are
still poorly characterized, but proliferation of
AT? cells has been shown during both
COVID-19-related and COVID-
19-unrelated ARDS (47, 48). However,
single-cell analysis of the lungs of a COVID-
19 autopsy cohort recently revealed that
AT?2 cells were significantly decreased in
patients with COVID-19 compared with
control subjects, suggesting extensive virally
induced cell death (16). We found increased
expression of indicators of cell proliferation
in AT?2 cells (increased coexpression of
ProSPC and Ki-67) to a similar extent in
both COVID-19-related and COVID-
19-unrelated ARDS. This suggests that the
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decrease in AT2 cells in COVID-19 ARDS
cannot be attributed to defective AT2
proliferation but likely also involves
accelerated cell death. Increased apoptosis or
necroptosis of AT2 cells, possibly virally
induced, has been reported (49) and could
take part in the observed decrease in AT2
cells. However, it cannot be excluded that
this finding could relate, at least in part, to
technical issues related to postmortem
protein degradation or to a difference in
kinetics, as proliferation of AT2 cells mainly
takes place during late stages of ARDS (47).
Some limitations of our study need to
be acknowledged. First, whereas COVID-19
samples were obtained through autopsy,
ARDS and control tissues were taken using
open-lung biopsy and surgical lobectomy,
respectively, and the different nature of the
specimens (and kinetics in disease processes)
may have influenced some findings. The
delay between death and tissue sampling was,
however, kept short, and the quality of the
lung tissue was rigorously evaluated by an
experienced pathologist before inclusion in
the analysis. Second, regarding tissue
quantification, because of the limited
number of patients in each group, the study
was underpowered to detect small but
relevant differences between COVID-
19-related and —unrelated ARDS. For the
same reason, it cannot be excluded that,
within the COVID-19-unrelated ARDS
group, the different etiologies may have
influenced the expression of ACE/ACE2.
Third, the use of adjunctive treatment was
different between COVID-19-related and
—unrelated ARDS, with more prone
positioning, nitric oxide, extracorporeal
membrane oxygenation, and an unusually
high proportion of vasopressors in the
COVID-19 group despite similar baseline
severity as measured with Acute Physiology
and Chronic Health Evaluation IT and
Sequential Organ Failure Assessment scores.
Many of those differences are probably
related to the fact that all patients with
COVID-19-related ARDS evolved toward
greater severity and eventually died, whereas
50% of patients with COVID-19-unrelated
ARDS ultimately survived. It is unclear

whether this higher severity at the time of
tissue sampling in the COVID-19-related
ARDS group could have influenced our
results. Besides, because we compared
COVID-19-related ARDS to a historical
cohort of COVID-19-unrelated ARDS, we
cannot exclude that temporal changes in
ARDS management could partly explain this
different use of adjunctive treatments and,
somehow, could have influenced our
findings. Fourth, regarding ACE/ACE2
serum measurements, sampling
methodologies were slightly different
between COVID-19-related and —unrelated
ARDS, resulting in a difference in the delay
between ICU admission and serum sampling
(median of 1 d in the COVID-19 group vs.
2 d in the COVID-19-unrelated ARDS
group). Differences in disease severity (use of
invasive mechanical ventilation and Pa /Fio,
ratio) at the time of sampling may also have
influenced serum concentrations.
Furthermore, because of limited sample
availability, Ang (1-7) quantification could
only be performed in a subset of all patients
with COVID-19. However, baseline
characteristics, use of adjunctive treatment,
and outcomes were similar in this subset of
patients and in the population of all patients
with COVID-109. Fifth, the retrospective
nature of the study prevented measurements
of ACE2 enzymatic activity and of Ang II and
Ang (1-7) in optimized conditions (in fresh
plasma samples). Therefore, no direct
correlation between enzyme levels and
activities could be made, as large
discrepancies between Angll/Ang (1-7)
concentrations measured by ELISA or
radioimmunoassays have been reported (50).
However, as highlighted above, similar
findings regarding ACE/ACE2 activities and
Ang II/Ang (1-7) concentrations were found
in recent reports and, in this study, were
consistent with lung tissue data. Finally, the
observational nature of this study prevents
investigation of causative mechanisms.
Despite these limitations, this study is
the first to compare lung tissue expression of
both ACE and ACE2 using
immunohistochemistry in well-characterized
and relatively large cohorts of COVID-

19-related or —unrelated ARDS and controls.
In addition, we used a cutting-edge,
semiautomated quantification technique on
entire tissue sections, which limited observer
bias and increased the accuracy of
quantification. The retrospective analysis of
ACE and ACE2 expression in lung tissue was
also combined with measurements of serum
ACE and ACE2 (and Ang [1-7])
concentrations in prospective series of
patients, with consistent results.

Altogether, in a retrospective analysis
of human lung tissue and of prospectively
collected serum of severe COVID-19 and
ARDS, we observed a significant shift in
the expression of ACEs from ACE to
ACE2 that is seen both in the lung and in
serum from patients with ARDS and
suggest that this pathological trait is part
of the generic response of the lung to
acute injury rather than a specific feature
of severe COVID-19. In contrast, a
decrease in AT2 cells may distinguish
COVID-19-related from COVID-
19-unrelated ARDS, whose underlying
mechanism may possibly involve
increased cell death induced by the SARS-
CoV-2. Putative effects of the decreased
AT2 cells on the risk of pulmonary fibrosis
should, in particular, be addressed. Those
hypothesis-generating results should be
confirmed in contemporary series of
patients with similar ARDS severity,
tissue sampling mode, and use of
adjunctive treatments. H
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