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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) poses a serious threat to healthcare systems
worldwide. Binding of the virus to angiotensin-converting enzyme 2 (ACE2) is an important step in the infection
mechanism. However, it is unknown if ACE2 expression in patients with chronic lung diseases (CLDs), such as
chronic obstructive pulmonary disease (COPD), idiopathic pulmonary arterial hypertension (IPAH), or pulmonary
fibrosis (PF), is changed as compared to controls. We used lung samples from patients with COPD (n = 28), IPAH
(n = 10), and PF (n = 10) as well as healthy control donor (n = 10) tissue samples to investigate the expression
of ACE2 and related cofactors that might influence the course of SARS-CoV-2 infection. Expression levels of the
ACE2 receptor, the putative receptor CD147/BSG, and the viral entry cofactors TMPRSS2 (transmembrane serine
protease 2), EZR, and FURIN were determined by quantitative PCR and in open-access RNA sequencing datasets.
Immunohistochemical and single-cell RNA sequencing (scRNAseq) analyses were used for localization and
coexpression, respectively. Soluble ACE2 (sACE2) plasma levels were analyzed by enzyme-linked immunosorbent
assay. In COPD as compared to donor, IPAH, and PF lung tissue, gene expression of ACE2, TMPRSS2, and EZR
was significantly elevated, but circulating SACE2 levels were significantly reduced in COPD and PF plasma com-
pared to healthy control and IPAH plasma samples. Lung tissue expressions of FURIN and CD147/BSG were
downregulated in COPD. None of these changes were associated with changes in pulmonary hemodynamics. His-
tological analysis revealed coexpression of ACE2, TMPRSS2, and Ezrin in bronchial regions and epithelial cells.
This was confirmed by scRNAseq analysis. There were no significant expression changes of the analyzed molecules
in the lung tissue of IPAH and idiopathic PF as compared to control. In conclusion, we reveal increased ACE2 and
TMPRSS2 expression in lung tissue with a concomitant decrease of protective SACE2 in COPD patients. These
changes represent the possible risk factors for an increased susceptibility of COPD patients to SARS-CoV-2
infection.
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Introduction clinical manifestations of variable severity [1]. There

is evidence that patients with chronic lung diseases
Severe acute respiratory syndrome coronavirus (CLDs), such as chronic obstructive pulmonary dis-
2 (SARS-CoV-2) causes acute respiratory tract infec- ease (COPD), develop severe illness more frequently
tions, termed COVID-19, and leads to heterogeneous [2-4]. However, the underlying reasons and the
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contribution of pulmonary hypertension, a common
complication in CLD patients, have remained elusive.

Similar to the prior coronavirus subtypes, SARS-
CoV-1 and Middle East respiratory syndrome corona-
virus, SARS-CoV-2 uses angiotensin-converting
enzyme 2 (ACE2) as the main vehicle for cell entry
[5,6]. In the lungs, the receptor is reportedly expressed
on various cell types, including type I and type II alve-
olar cells, smooth muscle cells, or macrophages,
whereas reports on its expression on endothelial cells
are still controversial [7,8]. Alternatively, CD147 is
debated as a putative host factor, interacting with
SARS-CoV-2 [9,10]. In addition, specific host prote-
ases, such as Furin and transmembrane serine protease
2 (TMPRSS2), are needed to process the virus surface
spike (S)-protein in order for the virus to fuse with the
host cell membrane after engaging ACE2 [5,11]. Once
the virus has successfully infected an individual, the
clinical symptoms and severity of the COVID-19 dis-
ease can be manifold. The most common symptoms
are fever, cough, dyspnea, headache, and diarrhea [1].
The severity is very heterogeneous, ranging from no
symptoms to severe acute respiratory distress syn-
drome [12]. In addition, cardiovascular complications
and ‘endothelialitis’ have been described [13]. Patients
with preexisting CLDs, affecting either the airways,
the pulmonary parenchyma, or the vasculature, might
therefore be at high risk of severe COVID-19
pneumonia.

Although more detailed evaluations show a lower
prevalence of COVID-19 among asthma patients and
do not suggest asthma as an individual risk factor for
severe outcome, few studies have focused on the
assessment of SARS-CoV-2-associated genes in CLD
such as COPD, pulmonary fibrosis (PF), or idiopathic
pulmonary arterial hypertension (IPAH) [14-18]. A
detailed meta-analysis revealed COPD to be signifi-
cantly associated with mechanical ventilation, inten-
sive care unit (ICU) requirement, and death, although
infection numbers are similar to the broad population

[4]. Data on SARS-CoV-2 infections in IPAH patients
are very limited, although early reports point toward
an increased case fatality [19,20].

Here, our objective was to gain detailed insights into
gene expression, localization, and shedding of SARS-
CoV-2 relevant molecules ACE2, TMPRSS2, Furin,
Ezrin (EZR), and CD147 (Basigin [BSG]) in the lung
tissue and systemic circulation of COPD, IPAH, and
PF as compared to controls. We also aimed to deter-
mine whether there is an association with pulmonary
hemodynamics. By simultaneously analyzing this
comprehensive set of costimulatory molecules as well
as by correlating results with clinical parameters, we
aimed to link molecular properties to susceptibility for
severe COVID-19 pneumonia.

Materials and methods

Study population

Lung samples from patients with COPD (n = 28),
IPAH (n = 10), and PF (n = 10) as well as control
lung tissue from downsized donor lungs (n = 10) were
collected between 2011 and 2016. Patient and donor
lungs were achieved during lung transplantation
(LTX) at the Department of Surgery, Division of Tho-
racic Surgery, Medical University of Vienna, Austria.
The protocol and tissue usage were approved by the
institutional ethics committee and patient consent was
obtained before LTX. Patient characteristics included
age at the time of LTX, body mass index (BMI), sex,
smoking status, oxygen requirement, partial pressure
of CO, (pCO,), partial pressure of O, (pO,), mean
pulmonary arterial pressure (mPAP), and pulmonary
function tests, and are presented in Tables 1 and 2.
The study cohort was partially described in Refs
[21-23]. Healthy control samples were prospectively
collected and stored in the Biobank of the Medical
University of Graz between 2011 and 2015. Written

Table 1. Demographics and clinical characteristics of COPD, IPAH, and PF patients and donors used for qPCR analysis.

Donor
Subjects (N) 10
Sex (male:female) 4:6
Age at LTX (years) 41 £ 187
BMI (kg/m?) 25+ 43
Smoking status (never/former/active/unknown) NA
FEV, (% predicted) NA
FVC (% predicted) NA
mPAP (mmHg) NA
p0, (mmHg) NA

Values are shown as mean + SD.

© 2021 The Authors. The Journal of Pathology: Clinical Research published by The Pathological Society

of Great Britain and Ireland & John Wiley & Sons, Ltd.

COPD IPAH PF
28 10 9
13:16 37 6:3
57 £ 5.6 31+ 122 56 + 9.2
22425 20 + 3.1 25 + 4.2
1/23/0/5 NA NA
23 4112 73+ 7.0 433 + 107
48 +18.1 80 + 9.2 43+ 101
32+108 68 + 26.9 41+68
70 + 12.1 70 + 13.8 60 + 20.4
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Table 2. Demographics and clinical characteristics of COPD, IPAH, and PF patients and donors used for ELISA.

Donor
Subjects (N) 35
Sex (male:female) NA
Age at LTX (years) NA
BMI (kg/m?) NA
Smoking status (never/former/active/unknown) NA
FEV; (% predicted) NA
FVC (% predicted) NA
mPAP (mmHg) NA
pO, (mmHg) NA

Values are shown as mean + SD.

informed consent was obtained from all subjects. The
studies were approved by the Institutional Review
Board of the Medical University of Graz (23-408
ex 10/11).

Hemodynamics from right heart catheterization was
available for 28, 10, and 10 patients with COPD,
IPAH, and idiopathic PF (IPF), respectively.

Plasma samples from patients with COPD (n = 25),
IPAH (n = 15), and PF (n = 10) were collected pro-
spectively from an IPAH cohort of patients who were
treated at the Medical University of Graz (Graz, Aus-
tria) when undergoing diagnostic or follow-up right
heart catheterization as well as from end-stage trans-
plant patients (COPD, IPAH, and IPF) from the Depart-
ment of Surgery, Division of Thoracic Surgery,

COPD IPAH PF
24 15 10
8:16 4:11 7:3
224+ 3.2 237 + 28 26.7 + 3.7
2/22/1/0 NA NA
23.7 £9.38 76.8 + 10.1 459 £ 11.3
50.3 + 16.4 81.2 + 129 38.4+ 8.8
30.3 £ 9.7 56.2 £ 24.5 412 +93
66.3 £ 11.7 46.2 + 16.8 54.5 + 16.2

Medical University of Vienna, Austria. Patient charac-
teristics included age at LTX, BMI, sex, smoking sta-
tus, oxygen requirement, pCO,, pO,, mPAP, and
pulmonary function tests, and are presented in Table 3.
The samples from the healthy controls (n = 35) were
prospectively collected and stored in the Biobank of the
Medical University of Graz between 2011 and 2014.
Written informed consent was obtained from all sub-
jects. The studies were approved by the Institutional
Review Board of the Medical University of Graz
(23-408 ex 10/11) as well as by the Institutional Review
Board of the Medical University of Vienna (976/2010)
in accordance with national law. Sample usage was
approved by the institutional ethics committee and
patient consent was obtained before LTX.

Table 3. Detailed clinical characteristics of COPD patients (n = 28) used for correlation analysis of ACE2 expression.

Parameter Mean
Age (years) 58
Height (cm) 168
Weight (kg) 63
BMI (kg/m?) 22
Smoking status (pack-years) 45.2
6MWD (m) 211
FEV,/FVC (%) 39
RV/TLC (%) 73
FEV; (% predicted) 23
FVC (% predicted) 49
TLC (% predicted) 140
RV (% predicted) 311
DLCOCSB (% predicted) 23
p0, (mmHg) 68
pCO, (mmHg) 51
CRP (mg/l) 1
RDW (%) 14
NTproBNP (pg/ml) 210
mPAP (mmHg) 32
Uric acid (mg/dI) 5
Bilirubin (mg/dI) 1
Serum albumin (mg/dl) 4

SD Minimum Maximum
5.8 41 66.1
8.1 150 182
9.6 50 90
3 18 29.1

24.6 0 120

133.4 0 424
9.2 25.4 62
9.5 45.4 85.5

10.9 9 63

17.4 24 88

25.4 65.8 186.1

77.6 206 440.1

11.2 6.8 40.5

12.2 49 95.6

11.9 344 79.9
2.4 0 CL.7
1.2 12.9 18

606.1 9.2 2,398
9.9 16 62
1.4 2.8 7.2
0.4 0.2 2
4 33.4 49.6

6MWD, 6-min walking distance; CRP, C-reactive protein; DLCOcSB, single breath diffusion capacity for carbon monoxide; NTproBNP, N-terminal brain natriuretic
pro-peptide; RDW, red cell distribution width; RV, residual volume; TLC, total lung capacity.

© 2021 The Authors. The Journal of Pathology: Clinical Research published by The Pathological Society

of Great Britain and Ireland & John Wiley & Sons, Ltd.
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Gene expression and protein analysis

Tissue samples were collected and cryopreserved in
liquid nitrogen. Tissue was homogenized using mortar
and pestle prior to RNA isolation. RNA was isolated
using a peqGOLD Total RNA Kit (Peqlab, Erlangen,
Germany). cDNA synthesis was performed using the
gScript™ cDNA Synthesis Kit (Quantabio, Beverly,
MA, USA) according to the manufacturer’s
instructions. Quantitative real-time PCR (qPCR) was
performed using a LightCycler® 480 System (Roche
Applied Science, Vienna, Austria). The qPCRs were
set up using a QuantiFast® SYBR® Green PCR kit
(Qiagen, Hilden, Germany) using the following proto-
col: 5 min at 95 °C (5 s at 95 °C, 5 s at 60 °C, and
10 s at 72 °C) x 45. The specificity of the reaction
was confirmed based on melting curve analysis and
gel electrophoresis. Primer sequences were as follows
(5°—3’): EZR-fw GAGCACACGGAGCACTG, EZR-
v CCATGGTGGTAACTCGGACA;  ACE2-fw
CGAGTGGCTAATTTGAAACCAAGAA, ACE2-rv
ATTGATACGGCTCCGGGACA; TMPRSS2-fw CAC

GGACTGGATTTATCGACAA, TMPRSS2-rv
CGTCAAGGACGAAGACCATGT; CDI147/BSG-fw
CTGTTCGTGCTGCTGGGATT, CD147/BSG-rv

GGAGCCAAGGTCTTCTACGG; FURIN-fw GC
AAAGCGACGGACTAAACG, FURIN-rv TGCC
ATCGTCCAGAATGGAGA; B2M-fw CCTGGAGGC

TATCCAGCGTACTCC, B2M-rv TGTC
GGATGGATGAAACCCAGACA; and HMBS-fw
ACCCTAGAAACCCTGCCAGAGAA, HMBS-rv
GCCGGGTGTTGAGGTTTCCCC. B2M and

PBGD/HMBS served as reference genes. The ACt
values were calculated using the following formula:
ACt = Ct (reference gene) — Ct (gene of interest)

ACt values of donors and patients were normalized to
the mean gene expression of donors (AACt): AACt=
ACt diseased — mean ACt of all donors.

A sandwich high-sensitivity enzyme-linked immu-
nosorbent assay (ELISA) kit was used to quantitatively
detect ACE2 (#SEB886Hu; Dianova GmbH, Ham-
burg, Germany) protein levels in plasma of COPD,
IPAH, and PF patients and corresponding controls.
The ELISA was performed according to the manufac-
turer’s instructions and absorption values were mea-
sured on a ClarioStar microplate reader (BMG
Labtech, Ortenberg, Germany).

Public dataset analysis

The microarray dataset GSE47460 using total RNA
extracted from transplant lung homogenates was
downloaded from GEO DataSets [24]. Expression
values for each gene (ACE2, TMPRSS2, FURIN, EZR,

© 2021 The Authors. The Journal of Pathology: Clinical Research published by The Pathological Society

of Great Britain and Ireland & John Wiley & Sons, Ltd.

and CDI147/BSG) were extracted for the different
disease states (COPD = 145, ILD = 193, CTRL =91).
In addition, the microarray datasets GSE8500
(COPD = 43, CTRL = 5; lung biopsy), GSE103174
(COPD = 44, CTRL = 21; lung explants), GSE37768
(COPD = 18, CTRL = 20; lung cancer resection),
GSE110147 (IPF = 22, CTRL = 11; lung cancer
resection), GSE53845 (IPF = 40, CTRL = 8; lung
biopsy/explants), and  GSE24988  (IPF-severe
PH = 17, IPF-intermediate PH = 45, IPF-no
PH = 22, validation set = 32; lung explants) were
downloaded from GEO DataSets and analyzed for the
respective gene set [25-29].

Single-cell RNA sequencing (scRNAseq) data from
Adams et al’s study [30] were downloaded from
GEO (GSE136831), and the Feature-Barcode Matri-
ces were imported and analyzed in Seurat 3.1.1 [31].
As previously described, lung tissue samples were
collected from explanted lungs and processed for
scRNAseq after removal of visible airway structures,
vessels, blood clots, and mucin [30]. Ten donor
(003C, 065C, 137C, 160C, 244C, 253C, 296C, 454C,
465C, and 483C) and 10 COPD samples (052CO,
056CO, 178CO, 186CO, 194CO, 207CO, 237CO,
238CO0, 23CO, and 8CO) were taken for further anal-
ysis; cells with high mitochondrial percentage > 10%
were removed and data were normalized using
default parameters. Dimension reduction was per-
formed by Principal Component Analysis (PCA) and
Uniform Manifold Approximation and Projection for
Dimension Reduction (UMAP) using default parame-
ters. Cells were clustered based on metadata as pro-
vided in Adams et al’s study [30]. To simplify
readouts, the following clusters were manually
concatenated to give dendritic cells (DC) (cDClI,
cDC2, DC_Langerhans, DC_ Mature), Fibroblast
(Fibroblast, Myofibroblast), innate lymphoid -cells
(ILC) (ILC_A, ILC_B), Monocyte (cMonocyte,
ncMonocyte), T_cell (T, T_Cytotoxic, T_Regula-
tory), and Vascular_Endothelium (VE_Aurterial,
VE_Capillary_A, VE_Capillary_B, VE_Peribronchial,
VE_Venous), all others retained original identity.

Histology

Formalin-fixed and paraffin-embedded lung tissue
samples were cut into 2.5-um thick serial sections for
histological analysis. Sections were deparaffinized in
ROTICLEAR® (Carl Roth, Arlesheim, Switzerland),
followed by decreasing concentrations of ethanol.
Antigen retrieval was performed using citrate buffer
(pH 9) in a 95 °C hot water bath for 20 min. Follow-
ing blocking with 3% BSA in PBS for 1 h, sections

J Pathol Clin Res 2021; 7: 446458
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were incubated with antibodies to ACE2 (1:100,
#HPAO000288; Sigma Aldrich, St Louis, MO, USA),
TMPRSS2 (1:800, #bs-6285R; Biossusa, Woburn,
MA, USA), Ezrin (1:100, #3145S; Cell Signaling
Technology, Boston, MA, USA), Furin (1:100, #sc-
133 142; Santa Cruz, Dallas, TX, USA), or CD147
(1:100, #AF972; R&D Systems, Minneapolis, MN,
USA) at 4 °C overnight. The primary antibodies were
detected with the immPRESS anti-rabbit, anti-goat, or
anti-mouse polymer detection kit using NovaRed per-
oxidase (HRP) substrate (Vector Laboratories, Burlin-
game, CA, USA). Hemalaun was used for nuclear
counterstaining. Images were obtained using an Olym-
pus VS120 slide scanning microscope (Olympus,
Tokyo, Japan) at x40 magnification.

Statistics

Statistical analysis was performed in R (version number
4, www.r-project.org). Data are expressed as single data
points with boxplot overlay indicating median and inter-
quartile range. Multiple groups were compared using a
nonparametric Kruskal-Wallis test. P values of <0.05
were considered as statistically significant.

Results

Local and systemic ACE2 levels in CLDs

We investigated a total of 49 explanted lungs and
10 donor lungs. While COPD and PF patients had
major lung function limitation with a forced vital
capacity (FVC) of 48 + 18.1 and 43 + 10.1, respec-
tively, IPAH patients’ lung function was more pre-
served (80 & 9.2% predicted). As expected, IPAH

patients had a severe increase of mPAP to
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68 + 27 mmHg. In COPD and PF, mPAP was ele-
vated to 32 + 11 mmHg in COPD and 41 £+ 7) mmHg
in PF patients. In all groups, hypoxemia was common
with mean arterial pO, of 67 = 12 mmHg in COPD,
70 £ 14 mmHg in IPAH, and 60 + 20 mmHg in PF
patients. General patient demographics and clinical
characteristics are given in Table 1.

Despite differences regarding age and sex (Table 1),
gene expression analysis of the SARS-CoV-2 receptor,
ACE2, and interacting molecules showed a clear
grouping within each patient cohort, indicating that
expression of SARS-CoV-2-interacting molecules was
highly group-dependent (Figure 1A). A striking
increase of ACE2 and TMPRSS2 expression and a con-
comitant decrease of FURIN were detected in COPD
patients compared to donor samples, while in IPAH
and PF the expression levels were comparable to
donor (Figure 1A). Similarly, EZR expression was
highest in COPD compared to all other groups, but
was also elevated in IPAH and PF compared to donor
samples (Figure 1A). CD147/BSG, another suggested
SARS-CoV-2 receptor, was significantly down-
regulated in COPD compared to donor, IPAH, and
PF. ACE2 can be cleaved from the cell membrane
and circulate in the plasma. As soluble ACE2 (sACE2)
has been proposed to be beneficial in the fight against
COVID-19 via neutralization of SARS-CoV-2 [32],
we investigated SACE2 levels in the plasma of COPD,
IPAH, and PF patients and healthy controls
(Figure 1B). COPD and PF patients showed signifi-
cantly decreased circulating sACE2 compared to
healthy controls. In IPAH, sACE2 levels were
unaltered and comparable to controls (Figure 1B).
Patient’s clinical characteristics are shown in Table 2.

To strengthen our investigations, we analyzed gene
expression levels in publicly available microarray
datasets of COPD lung tissue (GSE8500, GSE103174,

EZR BSG/CD147 B SACE2
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Figure 1. Local and systemic levels of SARS-CoV-2 receptors and processing enzymes in patients and controls. (A) Quantitative real-time
PCR analysis of ACE2, TMPRSS2, Furin (FURIN), Ezrin (EZR), and CD147/Basigin (BSG) expression levels in lung homogenates of donors
and transplant patients with COPD, IPAH, and PF. (B) sACE2 levels measured by ELISA in plasma samples of healthy controls (Ctrl), COPD,
IPAH, and PF patients. Boxplots with single data points are shown. Statistical analysis was performed using a nonparametric Kruskal-
Wallis test with post hoc comparison of multiple groups. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001.
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Figure 2. Expression profiling of SARS-CoV-2 receptors and processing enzymes in publicly available datasets of COPD and control lungs.
Expression profiling in lung biopsy tissue (A, dataset GSE8500), lung explant tissue (B, D, datasets GSE103174 and GSE47460, respec-
tively), and lung cancer resection tissue (C, dataset GSE37768) compared between COPD patients and donors. Boxplots with single data
points are shown. Statistical analysis was performed using a nonparametric Kruskal-Wallis test with post hoc comparison of multiple
groups. *p < 0.05, ®p < 0.01, ™p < 0.001, **p < 0.0001.

GSE37768, and GSE47460) and PF lung tissue = ACE2 expression was significantly elevated in COPD
(GSE110147, GSES53845, and GSE24988) compared  patients compared to control sample in three of the
to control lung tissue. In accordance with our data,  four analyzed COPD datasets, whereas BSG did not
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of Great Britain and Ireland & John Wiley & Sons, Ltd.



452

A ,
p=0.43,p=0.032
80 1
e}
)
O
T 604
o
o
(@]
@
o\o 40 A
20 1
3 4
ACE2 (AACt)

E Fliesser, A Birnhuber et al

B

604 p=0.097,p=062
—~ 50
()]
T
S
£ 40+
o
<
o
£ 30-

201

3 4
ACE2 (AACt)

Figure 3. ACE2 expression in the lung correlates with lung function, but not with mPAP in COPD. Spearman's rank correlation of FVC
(% predicted) (A) or mPAP (mmHg) (B) with ACE2 expression levels (AACt).

show any significant changes between COPD patients
and donors (Figure 2). Minor differences in the expres-
sion of TMPRSS2, FURIN, and EZR were inconsistent
across different COPD cohorts (Figure 2). Further-
more, the comparison of gene expression levels
between nonsmokers, smokers, and COPD patients
(GSE37768) did not show any significant expression
differences, except for EZR (Figure 2C).

By comparing expression levels between IPF
patients and donors, we did not reveal consistent
changes across the analyzed datasets GSE110147 and
GSES53845 (see supplementary material, Figure S1A,
B); however, significant gene expression regulation
was observable for all analyzed genes. ACE2 expres-
sion was found to be opposite in the two datasets. Dif-
ferent types of control (donor transplant tissue versus
cancer resection tissue) and IPF lung tissue from dif-
ferent disease stages (biopsy versus lung transplant) as
well as region of sampling could represent key param-
eters for this contrary gene expression result. Impor-
tantly, no significant changes in gene expression levels
were observed when different stages of PH were com-
pared in PF patients (see supplementary material,
Figure S1C).

Due to the strong expression changes of ACE2 and
TMPRSS?2 observed in our COPD cohort and the con-
sistent changes of ACE2 expression in the analyzed
datasets, we decided to focus further investigations on
this disease.

ACE2 correlations with clinical characteristics

ACE?2 expression levels showed a significant positive
correlation with FVC in COPD patients (p = 0.43,
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p = 0.032; Figure 3A). However, correlations with
hemodynamic parameters, such as mPAP, were not
significant (Figure 3B). Detailed characteristics of lung
function, hemodynamic, and clinical parameters of
patients are shown in Table 3.

Cellular sources and localization

As SARS-CoV-2 receptor ACE2 and diverse proteases
facilitating virus entry have to be in very close prox-
imity or on the same target cell to allow viral entry,
we investigated a publicly available scRNAseq dataset
from Adams et al’s study [30] (GSE136831) for cell
type-specific expression levels in control samples and
COPD patients (Figure 4A). ACE2 expression was
mostly below the detection limit in control and COPD
samples, indicating low expression levels which were
not captured by the depth provided by the 10X Geno-
mics (Pleasanton, CA, USA) platform; therefore, more
sensitive analytical methods are required. Neverthe-
less, other genes investigated by scRNAseq were suffi-
ciently captured and analyzed: TMPRSS2 expression
was observed almost exclusively in epithelial cells of
the lung, such as alveolar type (AT) II cells, ATI, and
club cells (Figure 4B,C). FURIN was expressed ubiq-
uitously (also in epithelial cells) with the strongest sig-
nal in macrophages and monocytes in both COPD and
control lungs (Figure 4C). EZR was expressed by most
cell types but the average expression was most promi-
nent in epithelial cells (ATI, ATII, goblet, club, and
ciliated cells) and in inflammatory cell subsets
(e.g. dendritic cells and monocytes) (Figure 4C).

We next substantiated these findings at the protein level
using immunohistochemistry. ACE2 immunoreactivity

J Pathol Clin Res 2021; 7: 446458
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Figure 4. scRNAseq reveals cell type-specific expression of SARS-CoV-2 receptors and processing enzymes in COPD and control lungs.
(A) Uniform Manifold Approximation and Projection for Dimension Reduction (UMAP) representation of cell clusters in control and COPD
lungs. Dots represent single cells. AT, alveolar type | cells; ATII, alveolar type Il cells; B_Plasma, plasma cells; DC, dendritic cells; ILC,
innate lymphoid cells; Lymphatic, lymphatic endothelium; Mast, mast cells; NK, natural killer cells; pDC, plasmacytoid dendritic cells;
PNEC, pulmonary neuroendocrine cell; SMC, smooth muscle cell. (B) Expression of ACE2, TMPRSS2, BSG (CD147), FURIN, and EZR in sin-
gle cells of control and COPD lungs. Cell clusters are shown as indicated in (A). (C) Dot plot representation of ACE2, TMPRSS2, BSG
(CD147), FURIN, and EZR expression in specific cell populations within control and COPD lungs. Dot sizes represent the percent of cells

within each cluster with positive gene expression and color intensity indicates the average expression of within one cluster.

was present in epithelial cells with the most prominent
staining in bronchial and alveolar epithelial cells in
COPD lungs (see supplementary material, Figure S2).
Detailed analysis of ACE2, TMPRSS2, Furin, Ezrin,

and CDI147 localization was
corresponding serial sections (Figure 5). In healthy
donor tissue, ACE2 almost exclusively localized to the
bronchial epithelial layer (black arrowheads) with light
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Figure 5. Immunostaining reveals cellular localization of SARS-CoV-2 receptors and processing enzymes in COPD and donor lung tissue.
High-magnification images showing ACE2, TMPRSS2, Furin, Ezrin, and CD147 immunostaining in bronchial, parenchymal, and vascular
compartments on corresponding serial sections of donor and COPD tissue. Scalebar = 20 pm. Black arrowhead, bronchial epithelium;
black arrow, alveolar epithelial type Il cells; white arrowhead, vascular endothelium; gray arrowhead, erythrocytes; asterisks, inflamma-
tory cells.

staining in ATII cells (black arrows), but no detectable  vascular regions in both donor and COPD lungs
staining in the vascular compartment. In COPD, a  (Figure 5). Similar to our scRNAseq analysis, very
clear signal was visible in bronchial and ATII cells, as few cells stained positive for Furin, and immunoreac-
well as very weak staining in vascular endothelial cells  tivity was almost undetectable in structural cells, while
(white arrowhead) which was in contrast to healthy monocytes and macrophages showed clear immunore-
donor tissue. Immunoreactivity against TMPRSS2 was activity (Figure 5, parenchymal panel, inset). Ezrin
observed ubiquitously in bronchial, parenchymal, and  was localized to the bronchial epithelium and in

© 2021 The Authors. The Journal of Pathology: Clinical Research published by The Pathological Society J Pathol Clin Res 2021; 7: 446—458
of Great Britain and Ireland & John Wiley & Sons, Ltd.



Linking COVID-19 severity and chronic obstructive pulmonary disease 455

perivascular regions. CD147 localized mostly to
inflammatory cells, such as macrophages (asterisks),
and on the surface of erythrocytes (gray arrowheads).
In the airway epithelium and submucosal cells, CD147
was partially observable. Cumulatively, our data point
toward predominant expression of ACE2 and
TMPRSS2 in bronchial as well as alveolar epithelial
cells in COPD lungs.

Discussion

Although knowledge about SARS-CoV-2 and related
COVID-19 is growing, there are limited data on the
expression of genes interacting with the virus and their
effects on disease susceptibility and severity in CLD
patients. In addition to binding to its main receptor
ACE2 [5,6], SARS-CoV-2 entry additionally depends
on the proteases Furin and TMPRSS2 and cofactor
EZR [5,33-35]. Besides ACE2, CD147 (BSG) has been
proposed as a possible SARS-CoV-2-binding receptor
in endothelial cells, but with contradictory and incon-
clusive results [9,10]. In line with published data, we
did not observe any detectable expression of CD147
protein in vascular or microvascular endothelium [9].
RNA expression levels were unaltered in IPAH and PF
and decreased in COPD, indicating that altered CD147
expression may not explain any potential increase of
SARS-CoV-2 infection risk in patients with CLDs. Fur-
thermore, Neuropilin-1 (NRP1) has been debated as a
putative host factor, interacting with SARS-CoV-2
[36,37]. However, we did not observe any regulation of
NRP1 in any of the investigated diseases in our cohorts
or publicly available datasets (data not shown).

Several studies have used publicly available
scRNAseq datasets to investigate SARS-CoV-2 viru-
lence gene expression in healthy and diseased tissue.
One common factor of all used datasets and also
observed in this study is very limited detection of the
main virus receptor ACE2 in scRNAseq datasets
[38,39]. While use of such datasets may have a huge
potential for more abundant genes, detection of ACE2
is limited by the method’s depth. To understand the
actual viral interactions possibly occurring in the lungs
of CLD patients, more sensitive methods, such as
gPCR or analysis of protein levels, as performed in
our study, are required. Using these methods, we
observed a striking increase of ACE2 in COPD, as
was also observed recently by other research groups
[40,41]. As viral infections are particularly relevant in
this disease, where they can lead to systemic inflam-
mation and recurrent exacerbations with slow recovery
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of symptoms [42], it is highly relevant to further inves-
tigate new susceptibility factors to SARS-CoV-2 infec-
tions in COPD patients.

COPD appears to be underrepresented in the
comorbidities reported for patients infected with
COVID-19 [40,43], although several studies show an
increased risk for a severe COVID-19 infection and
increased mortality in patients with COPD [2,40,44].
Recent meta-analyses of early COVID-19 cohorts and
more robust COVID-19 registry data from bigger cen-
ters [45-47] confirm that, although the infection rates
do not differ between COPD and non-COPD, the risk
of severe COVID-19 is increased in COPD, as indi-
cated by increased hospitalization rates, ICU admis-
sion, and need for mechanical ventilation [45-47].
Interpretation of such studies is difficult because the
general health status and comorbidities of COPD
patients may be strongly associated with the outcome
of SARS-COV-2 infection [48,49].

It has been suggested that increased COVID-19
mortality might be due to increased levels of ACE2
expression in the smaller airways of COPD patients
and smokers [41]. Increased ACE2 expression was
supported by our analysis, where a marked increase
was found in various publicly available datasets of dif-
ferent COPD patient cohorts. In our explanted lung tis-
sue, we could expand on these findings and show that
not only ACE2 levels, but also TMPRSS2 and EZR
are elevated in the lung tissue of COPD patients com-
pared to control donor samples. Moreover, we could
show increased ACE2 and TMPRSS2 expression
levels not only in airway epithelial cells, but also in
the lung parenchyma, including alveolar epithelial
cells. While Leung et al [41] reported an inverse corre-
lation of ACE2 levels with forced expiratory volume
in 1 s (FEV;) % predicted, our data indicated a posi-
tive correlation. This discrepancy might be due to the
fact that Leung er al used ACE2 protein levels of
small airway epithelium only, while we investigated
ACE?2 expression in the whole lung tissue.

The importance of the renin—angiotensin—aldosterone
system (RAAS) in the pathophysiology of various
pulmonary diseases has been established in recent
years [50-55]. In COPD, a dysbalance of vasoactive
components of the RAAS has been postulated and
therapeutically shifting the balance toward ACE2
provides beneficial effects in the patients [55,56].
By binding angiotensin II, a key regulatory component
of the RAAS, ACE2 acts in a vasodilative and
anti-inflammatory  manner, counterbalancing the
proinflammatory, vasoconstrictive, and profibrotic
ACE-angiotensin I axis [7]. The exact role of the
ACE2-angiotensin II axis in the pathogenesis of
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COPD however remains unexplored. While an
increase in pulmonary ACE2 might be a protective
mechanism in response to the COPD-associated
changes [57], it could contribute to a worse COVID-
19 outcome. Increased availability of SARS-CoV-
2-susceptible cells expressing ACE2 together with
TMPRSS?2 and Ezrin in the distal bronchioles and lung
parenchyma of COPD patients could facilitate more
efficient entry and spread of SARS-CoV-2 viral parti-
cles within the distal parts of the lung, leading to
severe disease progression. Therefore, administration
of inhaled corticosteroids, an immunomodulatory med-
ication, is currently being investigated to reduce dis-
ease susceptibility and mortality by downregulating
ACE2 expression in COPD patients [58,59].

In addition, ACE2 can be released from the cell sur-
face via proteases, including Adaml17 and Adam10
[60,61]. The soluble ectodomain of ACE2 (sACE2)
maintains systemic protective effects and further binds
and neutralizes SARS-CoV-2, thereby limiting virus
propagation [60,62]. The significant decrease of circu-
lating SACE2 in COPD patients might therefore nega-
tively influence disease outcome. The possible
application of recombinant SACE2 is currently under
investigation [32,63,64]. Taken together, our data
showing increased local expression and decreased
circulating levels of sSACE2 could explain an eleva-
ted risk of severe COVID-19 pneumonia in COPD
patients.

ACE2 expression did not correlate with mPAP or
other hemodynamic parameters in COPD patients,
indicating that the presence of PH per se might not be
a risk factor for severe COVID-19. The analysis of a
publicly available dataset of IPF patients with different
degrees of PH did not show differences in the expres-
sion of any of the genes in our set between different
PH levels. Recently, Sandoval et al investigated the
ACE2-Ang(1-7) axis in human PAH and found
increased serum ACE2 levels with a concomitant loss
of ACE2 activity compared to healthy controls,
suggesting a dysregulated RAAS in these patients
[65]. However, in our IPAH patient group both locally
in the lung or systemically in the plasma, we could not
observe differences in expression levels regarding
genes relevant for SARS-CoV-2 susceptibility and
plasma ACE2 levels as compared to healthy controls.

In conclusion, our data offer a potential explanation
for the increased risk of worse COVID-19 outcome in
COPD patients, through increased expression levels of
SARS-CoV-2 relevant genes ACE2 and TMPRSS2 in
the distal lung with a concomitant decline of protective
SACE2 levels in the circulation, independent of the
presence or absence of PH.
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