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Abstract

Angiotensin-converting enzyme 2 (ACE2) has been identified as the functional receptor of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) and a target for disease prevention. However, the relationship between ACE2
expression and its clinical implications in SARS-CoV-2 pathogenesis remains unknown. Here, we explored the loca-
tion and expression of ACE2, and its correlation with gender, age, and cigarette smoke (CS), in a CS-exposed mouse
model and 224 non-malignant lung tissues (125 non-smokers, 81 current smokers, and 18 ex-smokers) by
immunohistochemistry. Moreover, the correlations of ACE2 with CS-induced oxidative stress-related markers,
hypoxia-inducible factor-1a (HIF-1a), inducible nitric oxide synthase (iNOS), and 4-hydroxynonenal (4-HNE) were
investigated. Chromatin immunoprecipitation and luciferase reporter assays identified the cause of ACE2 overex-
pression in human primary lung epithelial cells. We demonstrated that ACE2 was predominantly overexpressed on
the apical surface of bronchial epithelium, while reduced in alveolar epithelium, owing to the dramatically decreased
abundance of alveolar type Il pneumocytes in CS-exposed mouse lungs. Consistent with this, ACE2 was primarily sig-
nificantly overexpressed in human bronchial and alveolar epithelial cells in smokers regardless of age or gender.
Decreased ACE2 expression was observed in bronchial epithelial cells from ex-smokers compared with current
smokers, especially in those who had ceased smoking for more than 10 years. Moreover, ACE2 expression was pos-
itively correlated with the levels of HIF-1a, iNOS, and 4-HNE in both mouse and human bronchioles. The results were
further validated using a publicly available dataset from The Cancer Genome Atlas (TCGA) and our previous inte-
grated data from Affymetrix U133 Plus 2.0 microarray (AE-meta). Finally, our results showed that HIF-1a transcrip-
tionally upregulates ACE2 expression. Our results indicate that smoking-induced ACE2 overexpression in the apical
surface of bronchial epithelial cells provides a route by which SARS-CoV-2 enters host cells, which supports clinical
relevance in attenuating the potential transmission risk of COVID-19 in smoking populations by smoking cessation.
© 2020 The Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Introduction

Since late December 2019, the emergence of coronavi-
rus disease 2019 (COVID-19) caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)
and its rapid international spread have posed a global
health threat [1]. As of 4 September 2020, the pandemic
accounts for 26 121 999 cases and 864 618 deaths
worldwide [2]. SARS-CoV-2 greatly resembles SARS-
CoV, but is distinguished by its strikingly higher repro-
ductive number and human-to-human transmission
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potential, targeting epithelial cells of the respiratory tract
for its entry and replication [3]. The highly aggressive
and contagious SARS-CoV-2 was identified by the furin
activation sites in SARS-CoV-2 spike proteins and key
receptors on host cells [4]. A novel metallopeptidase
named angiotensin-converting enzyme 2 (ACE2) has
recently been identified as the functionally sufficient
cell-entry receptor for SARS-CoV-2, the same receptor
as that for SARS-CoV and human respiratory coronavi-
rus NL63-CoV [5,6]. SARS-CoV-2 attaches to ACE2,
which mediates the subsequent fusion between the viral
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envelope and the host cell membrane through receptor-
mediated endocytosis, thereby allowing viral entry into
host cells. ACE2 is believed to be a prime target to deter-
mine cell susceptibility of SARS-CoV-2, as well as dis-
ease pathogenesis and clinical intervention.

ACE2 was physiologically defined as a negative reg-
ulator of the renin—angiotensin system (RAS), a facilita-
tor of amino acid transport, and a functional receptor for
SARS-CoV-2 and SARS-CoV [7]. ACE2 mRNA was
reported to be expressed in 72 healthy human tissues
by using RT-PCR [8], and in all major cell types along
normal airway epithelium using single-cell RNA-
sequencing (RNA-seq) [9]. Zhao et al demonstrated that
ACE2 was mainly expressed in human alveolar type II
(ATII) cells, alveolar type I (ATI) cells, bronchial epithe-
lial cells, fibroblasts, endothelial cells, and macrophages
in the respiratory system [10]. Using immunohistochem-
istry (IHC) assays, ACE2 was detected in human tissues
from 15 different organs, with marked immunostaining
in ATT and ATII cells of normal lungs, and weak positive
staining in the cytoplasm of bronchial epithelial cells
[11]. Duclos et al found much higher expression of
ACE2 in airway mucus cells than in other epithelial
cells, including alveolar cells [12]. However, factors
inducing the expression of ACE2 and its potential clini-
cal implications and mechanisms remain largely unclear.
The latest transcriptomic database analysis revealed cig-
arette smoking (CS) or nicotine-induced upregulation of
ACE2 expression, indicating its pathogenic role in facil-
itating virus entry [13—16]. Cai et al found that smoking
remodeled cells in the bronchial epithelium, with loss of
club cells and extensive hyperplasia of goblet cells;
ACE?2 is mainly expressed in goblet cells in smokers
and club cells in never-smokers [17,18]. Conversely,
several studies have demonstrated ACE2 downregula-
tion after infection, implying its protective role in allevi-
ating inflammation and disease severity [19,20], via its
multifaceted role in ACE/ACE2 homeostasis within the
RAS, which converts angiotensin II to angiotensin-
(1-7) [21,22]. Aveyard et al concluded that CS and/or
nicotine might downregulate ACE2 in certain lung cells
[23]. Therefore, a systematic investigation of the levels
of functional ACE2 protein and its possible regulatory
mechanisms in human lung samples and its potential
clinicopathological significance in the current COVID-
19 pandemic is of paramount importance.

In this study, we systemically explored the expression
pattern of ACE2 in relation to gender, age, smoking his-
tory, and its potential clinical implications. We deter-
mined the effect of CS on ACE2 expression using IHC
analyses of a well-established CS-exposed mouse model
and 224 non-malignant human lung tissues. Further-
more, the expression of oxidative stress-related genes
and their correlation with ACE2 expression were inves-
tigated. On the basis of previous clinical case reports,
this study aimed to provide evidence for understanding
the impact of CS on ACE2 expression and to assess the
potential effect on smokers, who may be more suscepti-
ble to COVID-19 infection, in order to provide deeper
understanding of the population disparities and patho-
genesis of COVID-19 in smoking populations.
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Materials and methods

Patients and non-malignant human lung tissues

A total of 224 paraffin-embedded non-malignant human
lung tissues from 125 non-smokers, 81 current smokers,
and 18 ex-smokers were collected during bronchos-
copy, percutaneous lung biopsy or surgery at the Affil-
iated Jiangmen Hospital of Sun Yat-sen University
(Jiangmen, Guangdong, PR China) between January
2008 and December 2019. The 125 lung tissues from
non-smokers were defined as the relative healthy con-
trol group. Among current smokers, heavy smokers
(n =38) were defined as individuals with >20 pack-
years (1 pack year =1 pack per day for 1 year); light
smokers (n = 43) were defined as <20 pack-years. Ex-
smokers were divided into those who had ceased smok-
ing for more than 10 years (n = 8) and those who had
ceased for less than 10 years (n = 10). The tissue frag-
ments were from microscopically normal lung tissue,
sampled distant from lesion areas. Clinicopathological
features of the patients were defined by two pathologists
and are summarized in Table 1, including 191 pulmo-
nary bullae, 22 hamartomas, five congenital cystic ade-
nomatoid malformations (CCAMs), five pneumothoraces,
and one bronchopulmonary sequestration (BPS). Patient
consent and approval from the Institutional Research
Ethics Committee of the Affiliated Jiangmen Hospital of
Sun Yat-sen University were obtained (Approval number:
2020-13).

Immunohistochemistry (IHC)

IHC analysis was performed to examine ACE2, hypoxia-
inducible factor-la (HIF-1a), inducible nitric oxide
synthase (iNOS) expression, and 4-hydroxynonenal
(4-HNE) levels in mouse lung tissues and 224 paraffin-
embedded and archived non-malignant human lung tis-
sues, using specific antibodies from Abcam (ACE2:
ab108252, 1:400 dilution; HIF-1a: ab51608, 1:1600
dilution; iNOS: ab3523, 1:100 dilution; 4-HNE:
ab48506, 1:800 dilution; Abcam, Cambridge, MA,
USA). Human lung tissues were stained with cell type-
specific markers: surfactant protein C (SFTPC, ATII cell
marker, 10774-1-AP, 1:1600 dilution; Proteintech,
Wuhan, Hubei, PR China); CD68 (pulmonary alveolar
macrophage marker, 28058-1-AP, 1: 1500 dilution; Pro-
teintech); CC10 (club cell marker, 10490-1-AP, 1:400
dilution; Proteintech); and Ac-a-tubulin (ciliated cell
marker, ab179484, 1:2000 dilution; Abcam). The IHC
procedures and expression scoring were as described
previously [24,25]. Two experienced independent inves-
tigators blindly determined the staining index (SI); these
indexes were averaged for further comparative evalua-
tion of ACE2 expression. The detailed scoring criteria
for SI are presented in Table 2. Images were collected
under 10X and 40x objective magnification in human
lung tissues, and 20X and 63X magnification in mouse
lung tissues using M8 Digital Microscopy (PreciPoint,
Freising, Bavaria, Germany).

J Pathol 2021; 253: 17-30
www.thejournalofpathology.com


http://www.pathsoc.org
http://www.thejournalofpathology.com

ACE2 overexpression in lung epithelial cells is induced by cigarette smoke 19

Table 1. Clinical characteristics of 224 non-malignant human lung disease subjects available for IHC analyses.

Cases (n) %
Histology Pulmonary bulla 191 85.3
Hamartoma 22 9.8
CCAM 5 2.2
Pneumothorax 5 2.2
BPS 1 0.5
Gender Female 91 40.6
Male 133 59.4
Age, years Younger (0-19) 32 14.3
Middle-aged (20-59) 132 58.9
Older (>60) 60 26.8
Smoking status Non-smoker 125 55.8
Current smoker 81 36.2
Ex-smoker 18 8.0
Smoking history (pack-years) <20 43 53.1
>20 38 46.9

BPS, bronchopulmonary sequestration; CCAM, congenital cystic adenomatoid malformation.

Table 2. Staining index (SI) score criteria for ACE2, HIF-1c, iNOS, and 4-HNE expression.

Expression level SI Positive epithelial cell proportion score (%) Staining intensity score
Low expression 0 0 (0) 0 (no staining)
(Sl <4) 1 1 (<10%) 1 (weak staining, light yellow)
2 2 (10-35%) 1 (weak staining, light yellow)
1 (<10%) 2 (moderate staining, yellow brown)
3 1 (<10%) 3 (strong staining, brown)
3 (35-70%) 1 (weak staining, light yellow)
High expression 6 2 (10-35%) 3 (strong staining, brown)
(SI > 6) 3 (35-700%) 2 (moderate staining, yellow brown)
8 4 (>70%) 2 (moderate staining, yellow brown)
9 3 (35-700%) 3 (strong staining, brown)
12 4 (>70%) 3 (strong staining, brown)

Sl was calculated by multiplying the positive epithelial cells proportion score by the staining intensity score. For lung bronchial epithelial cells, nine fields in each sample
were randomly selected, and the SI was calculated as the average of all scored fields. For lung alveolar epithelial cells, four integrated pulmonary alveoli were randomly
selected in each biopsy, and the SI was expressed as the average of all scored pulmonary alveoli of biopsies in every group.

Animal study

The animal study was approved by the Ethical Commit-
tee of Xiangya Hospital, Central South University
(Approval number: 201703654). Five- to 6-week-old
male C57BL/6 mice (20 £ 2 g) were randomly divided
into a CS group and a non-smoking group. CS group
mice were exposed to 20 commercial, non-filtered ciga-
rettes (each containing 14.0 mg of tar and 1.0 mg of nic-
otine), with five cigarettes each time, four times per day
with 30-min smoke-free intervals in a ventilated whole-
body smoking glass chamber (69 cm X 47 cm X 38 cm)
6 days per week for 1, 4, or 8 months. The control non-
smoking group was exposed to fresh air in a similar
chamber for the same duration. Mice were sacrificed
by cervical dislocation after 1, 4, or 8 months of expo-
sure. Lungs from each group were dissected and fixed
with 4% paraformaldehyde. All tissues were finally par-
affin wax-embedded for IHC analysis, following the
same protocol as the clinical samples.

Detailed methods for Cells and cell culture; Plasmids,
small interfering RNA, and transfection; Preparation of
cigarette smoke extract (CSE); Cell treatments; Western
blotting analyses; Chromatin immunoprecipitation
(ChiP); Dual luciferase reporter experiments; and
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High-throughput data processing and visualization are
presented in Supplementary materials and methods.
The list of primers used in cloning reactions is presented
in Table 4 and the primers used to detect DNA fragments
in ChIP assays are described in Table 5, respectively.

Statistical analyses

For variables with a normal distribution, Student’s
t-test was used to determine statistical differences
between two groups. One-way ANOVA was used to
determine statistical differences between multiple
groups. Spearman’s correlation analysis was used to
estimate the correlations between ACE2 expression
and HIF-1a, iNOS, and 4-HNE. For categorical data,
the chi-squared test was used to analyze the relation-
ship between ACE2 expression and clinicopathological
characteristics (gender, age, smoking status, and smok-
ing history). Continuous variables without normal dis-
tribution are presented as median and interquartile
range. Significance of differences was assessed using
a non-parametric test (Mann—Whitney U-test). In vitro
experiments were repeated three times, and data are
presented as the mean + SD. p < 0.05 was considered
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significant. All analyses were performed using SPSS
23.0 software (IBM Corp, Chicago, IL, USA) and dia-
grams were drawn using GraphPad Prism 8.0 software
(GraphPad Inc, San Diego, CA, USA).

Results

Smoking-induced ACE2 upregulation is
predominately expressed in bronchial, not alveolar,
epithelial cells

As is well known, ACE2 has been extensively reported to
be the sufficient cell-entry receptor for several corona-
viruses, including SARS-CoV-2, SARS-CoV, and
NL63-CoV [5,6], and smoking is a well-established risk
factor for respiratory infection by various pathogens
[26-29]. However, evidence for a correlation between
ACE2 expression and smoking remains scant. First, a
CS-exposed mouse model was established based on our
previous project to examine the effects of CS on ACE2
expression. As shown in Figure 1 A, apparent emphysema
changes were observed in the lung sections as character-
ized by enlargement and destruction of the alveolar walls,
and infiltrated inflammatory cells marked with CD68 in
the alveolar septum and alveolar cavity following 4 and
8 months of CS exposure. Notably, we found that
ACE2 staining intensity was increased in mouse alveolar
epithelial cells after 4 and 8 months in the CS group
(Figure 1A and supplementary material, Figure S1A),
but ACE2 expression was significantly downregulated
in alveolar epithelial cells in the 8-months CS group com-
pared with the non-smoking group (p = 0.032), which
was not found in the alveolar epithelial cells from the
1-month and 4-months mouse groups (Figure 1A,B). Fur-
thermore, we found that the SFTPC marker in ATII pneu-
mocytes was reduced in alveolar epithelial cells after at
least 4 months duration of CS exposure (Figure 1C). This
finding suggests that CS-induced ACE2 downregulation
in alveolar epithelial cells may be caused by the
decreased quantity of ATII cells.

Since the extent and location of ACE2 in lung tissues
under physiological and pathological conditions
remain controversial, we performed a systematic inves-
tigation of ACE2 protein levels in lung tissues. In-depth
analysis of ACE2 expression in lung tissues revealed
that ACE2 expression was remarkably upregulated in
bronchial epithelial cells marked with CC10 for club
cells and Ac-a-tubulin for ciliated cells from the CS-
exposed mice, even in the bronchial epithelial cells
from the 1-month CS-exposed mouse groups
(Figure 2A,B). These findings indicated that the net
result of CS enables the upregulation of ACE2,
although reduced ACE2 expression was found in alve-
olar epithelial cells after longer durations of CS expo-
sure (8 months). Collectively, our results indicate that
ACE2 upregulation induced by smoking is predomi-
nantly in bronchial cells, rather than in alveolar epithe-
lial cells in mouse lung tissues.

© 2020 The Pathological Society of Great Britain and Ireland.
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ACE2 expression positively correlates with the
expression of the CS-induced oxidative stress-
related markers HIF-1qa, iNOS, and 4-HNE in mouse
bronchioles, rather than in mouse alveoli

CS contains a considerable number of reactive oxygen
species, which accelerate apoptosis of alveolar epithelial
cells and enhance inflammatory responses by causing
oxidative stress [30]. To further explore CS-induced
oxidative stress and its association with ACE2 expres-
sion, we examined the expression of several oxidative
stress biomarkers, including HIF-1a, iNOS, and
4-HNE, in mouse bronchioles and alveoli. HIF-1a
and iNOS expression was continuously increased in
bronchial epithelial cells from 4 months to 8 months
in the CS group, and 4-HNE levels were steadily upre-
gulated from 1 month to 8 months in the CS group
(Figure 3A, supplementary material, Figure S1B-D).
In mouse alveoli, HIF-1a expression was continuously
increased from 4 months to 8 months in the CS group,
and iNOS and 4-HNE expression was significantly
increased at 8 months in the CS group (supplementary
material, Figure S2A-D). Furthermore, we found that
HIF-1a and 4-HNE levels were differentially upregu-
lated in bronchioles with high ACE2 expression com-
pared with those with low ACE2 expression
(Figure 3B-D). However, due to the downregulation
of ACE2 expression in CS-exposed alveolar epithelial
cells, levels of HIF-1a, iNOS, and 4-HNE were not signif-
icantly different in alveoli with high ACE2 expression
compared with those with low ACE2 expression (supple-
mentary material, Figure S2E-G). Spearman’s correlation
analysis showed that the staining index (SI) of ACE2 was
positively correlated with that of HIF-la (= 0.478,
p =0.001), iNOS (r=0.312, p =0.039), and 4-HNE
(r=0.584, p <0.001) (Figure 3E-G) in bronchioles. In
alveoli, ACE2 expression showed no correlation with
levels of HIF-la, iNOS, and 4-HNE (supplementary
material, Figure S2H,I). These results suggest that ACE2
expression is positively correlated with the levels of
HIF-1«a, iNOS, and 4-HNE in mouse bronchioles in the
context of CS exposure.

ACE2 is significantly overexpressed in human lung
epithelial cells of non-malignant lung tissues with a
smoking history

The clinical correlation of ACE2 expression with smok-
ing history was validated by evaluating ACE2 expres-
sion in 224 non-malignant lung tissues, including
125 non-smokers, 81 current smokers, and 18 ex-
smokers, using IHC. As shown in Figure 4A,B and
Table 3, ACE2 expression was significantly increased
in bronchial epithelial cells both in current smokers and
in ex-smokers compared with non-smokers, and was sig-
nificantly correlated with pack-years of smoking. More-
over, ACE2 expression was significantly decreased in
human bronchial epithelial cells from ex-smokers com-
pared with that from current smokers, particularly in
those who had ceased smoking for more than 10 years
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Figure 1. Overall expression of ACE2 is downregulated in lung alveolar epithelial cells of mice exposed to CS. (A) Representative images of
ACE2, SFTPC, and CD68 immunostaining of lung alveolar sections from mice in non-smoking (1 month, n = 8; 4 months, n = 8; 8 months,
n = 8) and cigarette smoke-exposure (CS, 1 month, n = 8;4 months, n = 7; 8 months, n = 5) groups. (B) Staining index of ACE2 in lung alve-
olar epithelial cells from different exposure groups. (C) The percentage of ATII cells as assessed by SFTPC staining of alveolar epithelial cells.
Exact Pvalues are shown above each graph. n.s., not significant. Scale bars: upper panel, 100 um; lower panel, 20 pm.

(p = 0.024, Figure 4A,B). Consistent with this, analyses
of The Cancer Genome Atlas (TCGA) and Affymetrix
U133 Plus 2.0 microarray (AE-meta) datasets showed
that ACE2 expression was increased in the whole lung
tissues of smokers compared with non-smokers, and
was significantly decreased in ex-smokers who had
ceased smoking for more than 10 years compared with
that in current smokers (Figure 4C,D). Further analysis
revealed that smoking history was also associated with
a significantly elevated level of ACE2 expression in both
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male and female subgroups, and in different-aged groups
of patients, compared with that in non-smokers (supple-
mentary material, Figure S3A,B). However, neither non-
smokers nor smokers showed significant differences in
ACE2 expression between separate female and male
groups (supplementary material, Figure S3A and
Table 3), or between young, middle-aged, and elderly
groups (supplementary material, Figure S3B and
Table 3), which was further supported by the findings of
two independent datasets from the TCGA and AE-meta
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Figure 2. ACE2 is significantly overexpressed in bronchial epithelial cells of mice exposed to CS. (A) Representative images of ACE2, CC10, and
Ac-a-tubulin immunostaining of lung bronchial tissues from mice in non-smoking (1 month, n = 8; 4 months, n = 8; 8 months, n = 8) and
cigarette smoke-exposure (CS, 1 month, n = 8;4 months, n = 7; 8 months, n = 5) groups. (B) Staining index of ACE2 in bronchioles from the
different groups. Exact P values are shown above each graph. Scale bars: upper panel, 100 pm; lower panel, 20 pm.

(supplementary material, Figure S3C-F). Additionally,
ACE2 expression showed a generally upward trend in
human alveoli in smokers, compared with non-smokers,
which was particularly marked with SFTPC and CD68
(supplementary material, Figure S4A,B). Surprisingly,
we found that smoking had no significant influence on
the number of alveolar epithelial cells (supplementary
material, Figure S4C), which was contradictory to the find-
ings presented in Figure 1 in smoke-exposed mouse AT2
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cells. Further analysis revealed that neither non-smokers
nor smokers showed significant differences in ACE2
expression between separate female and male groups
(supplementary material, Figure S4D), or between
young, middle-aged, and elderly groups (supplementary
material, Figure S4E) in human alveoli. Furthermore,
the expression of ACE2 in primary human small airway
epithelial (PHSAE) cells and primary human type II alve-
olar epithelial (PHATII) cells was examined in the
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Figure 3. ACE2 expression positively correlates with the levels of CS-induced oxidative stress-related markers HIF-1c, iNOS, and 4-HNE in
mouse bronchioles. (A) Representative images of ACE2, HIF-1a, iNOS, and 4-HNE immunostaining in lung bronchial tissues in non-smoking
(n=8)and CS (n = 5) mouse groups exposed for 8 months. (B-D) Levels of HIF-1a (B), iINOS (C), and 4-HNE (D) in ACE2-low (n = 29) and
ACE2-high (n = 15) tissues. (E-G) Correlation of ACE2 expression with the levels of HIF-1a (E), iINOS (F), and 4-HNE (G) in mouse bronchioles.
Exact Pvalues are shown above each graph. n.s., not significant. Scale bars: upper panel, 100 pm; lower panel, 20 pm.

presence and absence of CSE treatment by western blot-
ting. As shown in supplementary material, Figure S5,
ACE2 expression was upregulated in both cell lines after
CSE treatment. Therefore, our results show the clinical
positive correlation of smoking with ACE2 expression
in human non-malignant lung tissues regardless of age
or gender status.

ACE2 expression positively correlates with the
expression of CS-induced oxidative stress-related
markers in human lung epithelial cells of non-
malignant lung tissues

Consistent with the above relationships between ACE2
and oxidative stress-related biomarkers in mice, the
levels of HIF-1a, iNOS, and 4-HNE were significantly
elevated in smokers compared with non-smokers in
human bronchial epithelial cells of non-malignant lung
tissues (Figure SA-D). The levels of HIF-1la, iNOS,
and 4-HNE were upregulated in bronchial tissues with

© 2020 The Pathological Society of Great Britain and Ireland.
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high ACE2 expression compared with those with low
ACE2 expression (Figure SE-G). Consistent with this,
Spearman’s correlation analysis showed that the
4-HNE staining had the strongest positive correlation
with ACE2 staining (p < 0.001, r = 0.683) compared
with that for HIF-1a (p < 0.001, r=0.583) or iNOS
(» <0.001, »=0.389) (Figure 5H-J). Moreover, the
levels of HIF-1a, iNOS, and 4-HNE were significantly
elevated in smokers compared with non-smokers in
human alveolar cells of clinical non-malignant lung tis-
sues (supplementary material, Figure S6A-D). While
HIF-1la was differentially upregulated, iNOS and
4-HNE levels were not significantly different in human
alveoli with high ACE2 expression compared with those
with low ACE2 expression (supplementary material,
Figure S6E-G), and ACE2 expression was positively
correlated with that of HIF-1a (r = 0.391, p < 0.001)
and showed no correlation with iNOS or 4-HNE (supple-
mentary material, Figure S6H,I). These results indicate
that ACE2 expression is positively correlated with the
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each graph. n.s,, not significant. Scale bars: upper panel, 200 pm; lower panel, 50 pm.
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Table 3. Relationship between ACE2 expression level and clinicopathological characteristics in 224 adjacent normal lung tissues from benign

human lung disease subjects.

Parameters Total
Gender (humber of cases)
Female 92
Male 132
Age (number of cases)
Younger 32
Middle-aged 132
Older 60
Smoking status (number of cases)
Non-smoker 125
Current smoker 81
Ex-smoker 18
Smoking history (pack-years)
Mean (SD)
<20 11.9 (5.7)
>20 35.4 (7.8)

Data for gender, age, and smoking status are presented as number of cases.

ACE2 IHC expression P values*'
Low (n = 130) High (n = 94)
56 36 0.473
74 58
16 16 0.069
85 47
29 31
94 31 <0.0001"
26 55
10 8
9 (5.3) 14.0 (5.1) 0.003"
295 (7.8) 37.0 (7.1) 0.022°

*Significant differences (p < 0.05) were determined using non-parametric (Mann-Whitney U) testing. Pvalues in bold are statistically significant.
FSignificant differences (p < 0.05) were determined using the chi-square test. Data for smoking history (pack-years) are presented as mean + SD.

expression of HIF-1a in both human bronchial and alve-
olar cells, and is positively correlated with the levels of
iNOS and 4-HNE in human bronchial epithelial cells in
the context of CS exposure (Table 4).

HIF-1a contributes to ACE2 overexpression in
primary human lung epithelial cells

The above results showed that HIF-1a, iNOS, and 4-HNE
were differently correlated with ACE2 overexpression. To
determine which of these were particularly involved in
upregulation of ACE2, we used CoCl,, cytomix, and
4-HNE treatments, respectively, to mimic the increased
levels of HIF-1a, iNOS, and 4-HNE in both PHSAE and
PHATII cells. As shown in Figure 6A—C, upregulating
HIF-1laa by CoCl, treatment dramatically enhanced
ACE2 expression, while cytomix and 4-HNE treatment
did not affect ACE2 expression. To further determine the
underlying mechanism mediating the role of HIF-1a in
ACE2 upregulation, we exogenously overexpressed and
endogenously silenced HIF-1a in PHSAE and PHATII
cells. Western blotting assays showed that upregulating
HIF-1a elevated, while inhibiting HIF-loe reduced,
ACE2 expression (Figure 6D). Through UCSC bioinfor-
matics analysis and JASPAR2018 algorithms [31], we
found five HIF-1a binding motifs in the putative promoter
region of ACE2 (Figure 6E). A ChIP assay showed that
HIF-1o had high affinity for the P2-3 and P5 binding sites
in the promoter region of ACE2 in PHSAE and PHATII
cells (Figure 6F). Consistently, enhanced luciferase
activity of the ACE2 promoter was observed in HIF-1a-
overexpressing primary lung cells (Figure 6G). Further-
more, we observed that the luciferase activity of ACE2
promoter fragments F2-3 and F5 was increased by HIF-
la overexpression, but was not significantly influenced
by fragments F1 and F4 (Figure 6G). Taken together, our
results demonstrated that HIF-1a transcriptionally upregu-
lates ACE?2 expression (Table 5).

© 2020 The Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org

Discussion

The critical findings of the current study provide novel
insights into the potential cell entry route of virus during
the pathogenesis of SARS-CoV-2 infection, mediated
by ACE2 overexpression at the apical surface of bron-
chial epithelial cells in smokers. Here, we found that
CS induced remarkable ACE2 overexpression on the
apical surface of bronchial epithelial cells but reduced
expression by alveolar epithelial cells in mouse lung tis-
sues. Importantly, ACE2 was preferentially overex-
pressed in human bronchial and alveolar epithelial cells
of non-malignant lung tissues from patients with a smok-
ing history. Our results further demonstrated that oxida-
tive stress-related indicators including HIF-1a, 4-HNE,
and iNOS were increased in bronchial epithelium with
high ACE2 expression, both in CS-exposed mice and
in tissues from human subjects. Moreover, we demon-
strated that ACE2 was transcriptionally upregulated by
HIF-1a in PHSAE and PHATII cells. Collectively, our
results may reveal the potentially increased risk of
COVID-19 infection among smoking populations.

The extent and location of ACE2 in lung tissues under
physiological and pathological conditions remain con-
troversial, despite the various studies published recently.
Physiologically, ACE2 protein is reported to be
expressed mainly by alveolar epithelial cells, especially
ATII pneumocytes [10], while bronchial epithelial cells
showed only minimal staining [11]. Another study dem-
onstrated that ACE2 is expressed largely in tracheal and
large airway epithelium, and minimally expressed in
small airway epithelium [9]. Sungnak et al found
ACE2 expression in multiple epithelial cell types across
the airway, including ATII cells and notably high levels
in nasal epithelial cells by using single-cell RNA-seq,
with co-expressed genes being involved in innate immu-
nity, highlighting the potential role in initial viral
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Figure 5. ACE2 expression positively correlates with the levels of CS-induced oxidative stress-related markers HIF-1a, iNOS, and 4-HNE in
human bronchial epithelial cells of lung tissues. (A) Representative images of ACE2, HIF-1a, iNOS, and 4-HNE immunostaining of human lung
bronchial tissues in non-smoker (n = 125) and smoker (n = 99) groups are shown. (B-D) Levels of HIF-1a (B), iNOS (C), and 4-HNE (D) in non-
smoker (n = 125) and smoker (n = 99) tissues. (E-G) Levels of HIF-1a (E), iNOS (F), and 4-HNE (G) in ACE2-low (n = 130) and ACE2-high
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sues with smoking history. Exact P values are shown above each graph. Scale bars: upper panel, 200 pm; lower panel, 50 pm.

infection, spread, and clearance [32]. Recently, studies
have shown that the location and expression of ACE2
were dramatically affected by smoking status. Zhang
et al demonstrated that ACE2 was transcriptionally upre-
gulated by smoking in small airway epithelial cells,
including basal, intermediate, club, mucus, and ciliated

© 2020 The Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org

cells, while showing no correlation with smoking in tra-
cheal and large airway epithelia [9]. Smith ef al showed
that CS causes a dose-dependent upregulation of ACE2
in secretory club and goblet cells, ciliated cells, and ATII
cells in rodent and human lungs by using single-cell
sequencing [33]. Controversially, after smoking
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Table 4. List of primers used in the PCR reactions for cloning.

Gene primer name Sequence (5'-3")
ACE2-up gccGCTAGCgccATGGACTACAAGGACGACGATGACAAGTCAAGCTCTTCCTGGCTCCT
ACE2-dn gccTCTAGACTAAAAGGAGGTCTGAACAT
HIF-1a-up gccGCTAGCgccATGGACTACAAGGACGACGATGACAAGAGCTCCCAATGTCGGAGTTT
HIF-10-dn gccTCTAGATCAGTTAACTTGATCCAAAG
ACE2-FL-up gccGCTAGCgecAACAGGTCTTCGGCTTCG
ACE2-FL-dn gccAAGCTTCACTGTAGACTATTCTCCCT
ACE2-F1-up gccGCTAGCgecAACAGGTCTTCGGCTTCG
ACE2-F1-dn gccAAGCTTTTCCGTGTATCTTTAACAGC
ACE2-F2-3-up gccGCTAGCgcecTTCCGTGTATCTTTAACAGC
ACE2-F2-3-dn gccAAGCTTTGACCTGTGGAGTGGAGA
ACE2-F4-up gccGCTAGCgccTGACCTGTGGAGTGGAGA
ACE2-F4-dn gccAAGCTTAGGAAAAGCAGTGGACAT
ACE2-F5-up gccGCTAGCgeccAGGAAAAGCAGTGGACAT
ACE2-F5-dn gccAAGCTTCACTGTAGACTATTCTCCCT
A B C
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Figure 6. HIF-1a contributes to ACE2 expression in primary human lung epithelial cells. (A-C) Western blotting for ACE2 expression after
treatment of PHSAE and PHATII cells with (A) CoCl,, (B) cytomix, and (C) 4-HNE. (D) Western blotting for ACE2 in PHSAE and PHATII cells
with different expression of HIF-1a. (E) HIF-1a-binding motifs in the putative promoter region of ACE2 in the UCSC genome browser.
(F) ChIP analysis of the binding sites of HIF-1a in the promoter region of ACE2 in PHSAE and PHATII cells. IgG was used as a negative control.
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Table 5. List of primers used in the reactions for ChIP assay.

Gene primer name Sequence (5'-3")

ACE2-P1 Forward AACAGGTCTTCGGCTTCG
Reverse GAGGTTTTAGTCTAGGGA
ACE2-P2-3 Forward GCTGGGACTACAGGTGCC
Reverse CATGGAAATTAAAACTGATCA
ACE2-P4 Forward AAACTCAGTCAAGGTCAC
Reverse TACATACACTCTGGCAAT
ACE2-P5 Forward CCACATTCCAGGAAACCT
Reverse TITGGACTACTCCCATTT

exposure in a mouse model, ACE2 was found to be
downregulated in alveolar epithelial cells in several
independent studies [21,22], as well as in ours, as indi-
cated by the reduced ACE2 expression of alveolar epi-
thelial cells due to the decreased number of ATII
pneumocytes. Our results revealed that smoking dramat-
ically upregulates ACE2 in the secretory club cells of the
bronchial epithelium, which expressed a relatively low
level of ACE2 under physiological conditions. Impor-
tantly, cigarette smoking exacerbates several pathologi-
cal changes including oxidative stress, hypoxia, and
inflammation, which may lead to the accumulation of
HIF-1a, iNOS, and 4-HNE. In our study, we demon-
strated that HIF-1a transcriptionally upregulated ACE?2
expression through binding its promoter. Consistent
with this, Joshi et al identified that ACE2 was increased
in a HIF-1a-dependent manner in CD34" cells, which
may contribute to vascular repair [34]. Therefore, the
differential expression pattern of ACE2 in lung epithelial
cells between physiological conditions and smoking sta-
tus suggests that smoking-induced overexpression of
ACE2 may be inherently linked with smoking-related
disease and, consistent with that, COVID-19 lung infil-
trates located in distal small airways [35-37]. Impor-
tantly, our further subgroup analysis showed higher
ACE2 expression in current smokers than in ex-
smokers, which may indicate the beneficial effect of
smoking cession regarding reducing COVID-19
susceptibility.

Recently, Hikmet et al presented a systematic evalua-
tion of ACE2 protein expression in various tissue sam-
ples and cell lines, and revealed that ACE2 expression
was lower in the normal respiratory tract than in other
barrier tissues [38]. Nawijn and Timens further com-
mented that although low protein expression level of
ACE2 in upper airway epithelial cells maintains the
infection potential of SARS-CoV-2, virus infection-
mediated interferon upregulation inducing a rapid
increase of ACE2 expression in lower airways and lung
parenchyma dramatically increased the infection risk
and, meanwhile, set the stage for viral spread across
the respiratory mucosa contributing to severe COVID-
19 [39]. This conclusion supported the idea that external
factors, such as smoking, virus infection, and pre-
existing lung disease, might be considered to affect
ACE?2 location and expression, which are inherently
associated with the increased infection risk of SARS-

© 2020 The Pathological Society of Great Britain and Ireland.
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CoV-2. Thus, exploration of prevalent external factors
that increase the infection risk of SARS-CoV-2, such
as smoking identified in this study, will be beneficial
for COVID-19 prevention. Here, we found that ACE2
expression was limited in normal lung tissues without a
smoking history, which was consistent with the finding
from Hikmet et al [38]. However, smoking significantly
triggered upregulation of ACE2. Mechanistic investiga-
tion further demonstrated that ACE2 overexpression
was dependent on transcriptional upregulation of HIF-
la. Therefore, our results might provide a clue that the
smoking population may show increased risk for
SARS-CoV-2 infection, though a more solid conclusion
regarding the correlation of smoking with ACE2 expres-
sion and SARS-CoV-2 infection should be investigated
in prospective studies.

The risk of SARS-CoV-2 infection was significantly
increased in patients with pulmonary emphysema.
Obstructive ventilation may very likely cause prolonged
exposure of alveolar epithelial cells to virus-containing
air, even with reduced numbers of ACE2-positive cells
due to a decrease in ATII cells in CS-exposed mice in
our study. Very interestingly, we found that smoking
had no significant influence on the number of human
ATII cells, which was contrary to the finding in smoke-
exposed mouse ATII cells. Furthermore, smoking
differentially increased expression of ACE2 in alveolar
epithelial cells and macrophages in human lung tissues.
Therefore, in the clinical scenario, it is conceivable that
the risk of SARS-CoV-2 infection was markedly higher
in patients with pulmonary emphysema, due to pro-
longed exposure of alveolar epithelial cells to possible
virus-containing inhaled air combined with the increased
presence of ACE2-positive cells.

Limitations of our study should be highlighted
when interpreting and extrapolating our data. A more
solid conclusion regarding the correlation of smok-
ing with SARS-CoV-2 should be investigated in pro-
spective studies in the future. Additionally, the
absence of a smoking cessation mouse model, due
to temporal limitations, needs to be considered fur-
ther. We gained insight into the effects of smoking
cessation by studying 224 non-malignant human
lung tissues and demonstrated that ACE2 expression
was significantly decreased in human bronchial epi-
thelial cells in ex-smokers who had ceased smoking
for more than 10 years compared with less than
10 years.

In summary, our study demonstrated that smoking is
significantly correlated with ACE2 overexpression on
the apical surface of bronchial epithelial cells both in
the smoke-exposure mouse model and in the human
clinical lung tissue samples. Since smoking is one of
the six important indexes in the MuLBSTA score for
predicting mortality in viral pneumonia [40,41], our
findings in the current study have great clinical relevance
for attenuating the potential transmission risk of
COVID-19 in the smoking population by highlighting
the importance of smoking cessation.
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