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Abstract

Rationale: Infection with the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) causes coronavirus disease (COVID-
19), a predominantly respiratory illness. The first step in SARS-
CoV-2 infection is binding of the virus to ACE2 (angiotensin-converting
enzyme 2) on the airway epithelium.

Objectives: The objective was to gain insight into the expression of
ACE2 in the human airway epithelium.

Methods: Airway epithelia sampled by fiberoptic bronchoscopy
of trachea, large airway epithelia (LAE), and small airway epithelia
(SAE) of nonsmokers and smokers were analyzed for expression
of ACE2 and other coronavirus infection-related genes using
microarray, RNA sequencing, and 10x single-cell transcriptome
analysis, with associated examination of ACE2-related microRNA.

Measurements and Main Results: 1) ACE2 is expressed similarly
in the trachea and LAE, with lower expression in the SAE; 2) in the
SAE, ACE2 is expressed in basal, intermediate, club, mucus, and
ciliated cells; 3) ACE2 is upregulated in the SAE by smoking,
significantly in men; 4) levels of miR-1246 expression could play a
role in ACE2 upregulation in the SAE of smokers; and 5) ACE2 is
expressed in airway epithelium differentiated in vitro on air-liquid
interface cultures from primary airway basal stem/progenitor cells;
this can be replicated using LAE and SAE immortalized basal cell
lines derived from healthy nonsmokers.

Conclusions: ACE2, the gene encoding the receptor for SARS-
CoV-2, is expressed in the human airway epithelium, with variations
in expression relevant to the biology of initial steps in SARS-CoV-2
infection.
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The severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) is responsible
for coronavirus disease (COVID-19), a
global pandemic characterized by fever,
dry cough, dyspnea, lymphopenia, and a
significant mortality rate, which is primarily

due to respiratory complications (1-6). The
disease is spread primarily through person-
to-person transmission via respiratory

droplets and by contact with contaminated
surfaces (4, 5, 7, 8). Approximately 50% of
hospitalized patients with COVID-19 have

preexisting medical conditions, including
diabetes, cardiovascular disease, chronic
obstructive pulmonary disease, and
malignancy (1, 2, 5, 9, 10), and men have
increased susceptibility to infection, more
severe disease, and higher mortality (1-3, 5, 9).

(Received in original form March 6, 2020; accepted in final form May 19, 2020)

3This article is open access and distributed under the terms of the Creative Commons Attribution Non-Commercial No Derivatives License 4.0
(http://creativecommons.org/licenses/by-nc-nd/4.0/). For commercial usage and reprints, please contact Diane Gern (dgern@thoracic.org).

*These authors contributed equally to this work.

+Y.S.-B. and R.G.C. contributed equally as senior investigators for this study.

Supported by NIH grants HL134549, HL107882, HL107882-S, HL118857, and HL118541; the Department of Genetic Medicine at Weill Cornell Medical
College; Hoffmann-La Roche, Inc; and Boehringer Ingelheim Pharmaceuticals. M.R.R. was supported, in part, by NIH T32HL094284, and S.L.O’B. was
supported, in part, by the Pulmonary Fibrosis Foundation and the American Thoracic Society.

Author Contributions: H.Z., M.R.R., P.L.L., Y.S.-B., and R.G.C.: data analysis and manuscript writing. J.G.M.: statistical analysis. S.L.O’B.: subject recruitment
and phenotyping, bronchoscopy, and manuscript writing.

Correspondence and requests for reprints should be addressed to Ronald G. Crystal, M.D., Department of Genetic Medicine, Weill Cornell Medical College, 1300
York Avenue, Box 164, New York, NY 10065. E-mail: geneticmedicine@med.cornell.edu.

This article has a related editorial.

This article has an online supplement, which is accessible from this issue’s table of contents at www.atsjournals.org.
Am J Respir Crit Care Med Vol 202, Iss 2, pp 219-229, Jul 15, 2020

Copyright © 2020 by the American Thoracic Society

Originally Published in Press as DOI: 10.1164/rccm.202003-05410C on May 20, 2020

Internet address: www.atsjournals.org

Zhang, Rostami, Leopold, et al.: ACE2 Expression in Airway Epithelium

219


http://crossmark.crossref.org/dialog/?doi=10.1164/rccm.202003-0541OC&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:dgern@thoracic.org
mailto:geneticmedicine@med.cornell.edu
http://dx.doi.org/10.1164/rccm.202006-2151ED
http://www.atsjournals.org
http://dx.doi.org/10.1164/rccm.202003-0541OC
http://www.atsjournals.org

At a Glance Commentary

Scientific Knowledge on the
Subject: Coronavirus disease
(COVID-19), a viral disease with
severe respiratory morbidity, is caused
by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-
2). The major tropism determinant for
SARS-CoV-2 is the availability of
ACE2 (angiotensin-converting enzyme
2), the primary viral receptor expressed
on the surface of cells. The high
amount of contagion argues

that inhalation of airborne virus-
containing droplets is a major route
of exposure, so an understanding of
COVID-19 may benefit from the
characterization of ACE2 expression in
the airway.

What This Study Adds to the Field:
We report ACE2 gene expression in
the small airway, large airway, and
trachea, using microarray, bulk RNA
sequencing, and single-cell RNA
sequencing data sets. Broad expression
of ACE2 was found throughout the
airway, with higher expression in
proximal segments. In addition, all
major epithelial cell types expressed
ACE2. Smoking was associated with
higher ACE2 mRNA expression in the
small airway. Male smokers had the
highest ACE2 expression levels,
potentially providing a partial
explanation for elevated COVID-19
incidence among men compared with
women. ACE2 expression might be
influenced by low miR-1246
expression in smokers. These data may
provide insight into the pathogenesis
of COVID-19 and risk factors in the
population.

The SARS-CoV-2 virus is a novel
coronavirus distinct from the coronaviruses
causing human severe acute respiratory
syndrome (SARS) and Middle East
respiratory syndrome (7, 11-13). Like other
closely related coronaviruses, SARS-CoV-2
interacts with cells through the virus spike
protein, an envelope glycoprotein that
binds to the host cell receptor, ACE2
(angiotensin-converting enzyme 2), and
mediates viral entry (14-17). After binding,
lineage B coronavirus spike proteins are
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modified by one or more cellular proteases,
either at the cell surface or after
endocytosis. At the cell surface, the
transmembrane serine protease TMPRSS2
(transmembrane serine protease 2) can
cleave the SARS-CoV-2 spike protein,
leading to the exposure of a fusion peptide
that can guide direct fusion of the
coronavirus envelope with the plasma
membrane of the target cell, as observed in
other coronaviruses (14, 16). Alternatively,
either cathepsin L or furin, which are
intracellular proteases, can activate spike-
mediated coronavirus envelope fusion with
internal cellular membranes (14, 18).
Secondary activation of the SARS-CoV-2
by either cathepsin L or furin, both widely
expressed in airway epithelium, has not yet
been demonstrated, but the sequence of the
SARS-CoV-2 spike protein contains two
furin cleavage sites (15). Coronavirus fusion
is also affected by the activity of an enzyme,
PI4KB (phosphatidylinositol 4-kinase
IIIB), a gene expressed in the airway
epithelium (19). PI4KB phosphorylates
phosphatidylinositol in a pathway leading
to generation of inositol triphosphate, an
intracellular signaling molecule. Both
pharmacological inhibition of PI4KB
activity and siRNA-mediated knockdown
of PI4KB inhibited the infection of cells

in vitro with a SARS-CoV spike
protein-pseudotyped virus (19).

On the basis of the knowledge that
SARS-CoV-2 infection is primarily a
respiratory illness, that SARS-CoV-2 has
been isolated from respiratory epithelial
lining fluid, and that SARS-CoV-2 infects
human airway epithelium (4, 7, 12), it is
highly likely that the cells mediating the
entry of SARS-CoV-2 in the majority of
cases can be found in the respiratory
epithelium. In this context, we searched our
extensive airway epithelial transcriptome
data of healthy nonsmokers and smokers
for evidence of the expression of ACE2,
with a focus on the extent of expression,
which cell types express the receptor,
whether sex and/or cigarette smoking
influence ACE2 expression in airway
epithelium, and biologic processes in the
human airway epithelium that may be
linked to ACE2 expression. Finally, we
observed that the immortalized BCi-NS1.1
cell line (an immortalized airway basal cell
[BC] line derived from BCs collected from
the large airway epithelium [LAE] of a
healthy nonsmoker) (20) and the hSABCi-
NS1.1 cell line (an immortalized airway BC

line derived from BCs collected from the
small airway epithelium [SAE] of a healthy
nonsmoker) (21) both express ACE2 and,
when cultured on an air-liquid interface
(ALI), the differentiated progeny express
ACE2. In the context that the airway
epithelium is a likely entry site for SARS-
CoV-2, these cell lines should be useful
investigative tools for studying SARS-
CoV-2 interactions with the human airway
epithelium and assessing therapeutic agents
to treat the infection.

Methods

The assessment of expression of ACE2 and
associated genes in the airway epithelium of
nonsmokers and smokers was derived from
multiple databases of our laboratory’s
assessment of the transcriptome of
nonsmokers and smokers, representing
744 independent samples of airway
epithelium derived from 267 subjects. We
obtained airway epithelium by fiberoptic
bronchoscopy and brushing of the trachea,
large airway (1-5 generations, brushing
typically at 3-4 generations), and small
airway (6-23 generations, brushing
typically at 10-12 generations) (22-24)
from phenotypically normal nonsmokers
and smokers. Details regarding inclusion/
exclusion criteria for nonsmokers and
smokers are presented in the online
supplement, as are the details regarding
sample processing and analysis. Expression
was assessed by microarray, RNA
sequencing (RNA-seq) or 10x single-cell
analysis (23-27), and comparisons were
made between nonsmokers and smokers;
P <0.05 was considered significant. The
majority of the ACE2 transcriptome data
are from our previously published datasets.
The study population, samples, and
transcriptome quantification methodology
for each table and figure are detailed in
Table E1 in the online supplement, together
with references and Gene Expression
Omnibus accession numbers in the
public repository of data in the Gene
Expression Omnibus website (https://
www.ncbi.nlm.nih.gov/geo/) if relevant. If
the dataset is new, it is listed in Table E1 as
“unpublished results.” The quantification of
SAE microRNAs (miRNAs) that could bind
to ACE2 mRNA is based on our publication
by Wang and colleagues (27). In addition to
the published databases, we used the
following: 1) microarrays (HG-U133 Plus
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2.0; Affymetrix) to assess the expression of
ACE2 on a well-differentiated airway
epithelium cultured at the ALI

using primary trachea BC from healthy
nonsmokers; 2) RNA-seq (HiSeq 2500;
Ilumina) to assess ACE2 expression in two
immortalized BCi-NS1.1 (LAE) and
hSABCi-NS1.1 (SAE) cell lines (20, 21); and
3) single-cell RNA-seq (10x Genomics) to
analyze the expression of ACE2 in SAE
from five nonsmokers and five smokers. In
addition to the expression of ACE2, we
assessed the expression of genes that have
been identified as participating in the
initial steps of other similar coronaviruses,
with the likelihood that some of these
genes participate in the early events of
SARS-CoV-2 infection. Finally, we
assessed the data of O’Beirne and
colleagues (25) for the effects, if any, of
New York City pollution levels over time
on SAE ACE?2 levels.

Results

Expression of ACE2 in Normal Airway
Epithelium

Analysis of trachea, LAE, and SAE
demonstrated that ACE2 is expressed in
all regions of the tracheobronchial tree

of healthy nonsmokers, with higher
expression in the trachea and LAE than in
the SAE (Affymetrix HG-U133 Plus 2.0
microarray; Figure 1A). The assessment of
primary trachea basal stem/progenitor
cells of healthy nonsmokers differentiating
on ALI showed that BCs express ACE2, as
do, to a greater extent, the differentiated
progeny of the BCs (Affymetrix HG-U133
Plus 2.0 microarray; Figure 1B). Single-cell
transcriptome analysis identified all the
major cell types of the SAE of healthy
nonsmokers, including basal, intermediate,
club, mucus, and ciliated cells, as well as
ionocytes, macrophages, T cells, and mast
cells (10x, Figure E1). ACE2 expression
was noted mainly in epithelial cells,
including basal, intermediate, club, mucus,
and ciliated cells (Figure 1C). The low
percentage of positive cells is partially a
consequence of the technology that
samples a fraction of the transcripts in a
given cell (28). As a result, low abundance
transcripts are not detected in every cell
that expresses the gene. Of interest, the
single-cell data of Reyfman and colleagues
(29) derived from the lung parenchyma
of individuals without lung disease
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Figure 1. Expression of ACE2 (angiotensin-converting enzyme 2) in the human airway epithelium of
healthy nonsmokers. (A and B) Expression level is presented as relative gene expression compared
with all other genes on the array. See the online supplement for details on normalization. (A)
Comparison of ACE2 expression in trachea epithelium, large airway epithelium, and small airway
epithelium (SAE). Quantification was by Affymetrix HG-U133 Plus 2.0 microarrays. The data were
generated from the data sets of Gene Expression Omnibus accession numbers 13933, 10135, and
11784 (23, 24, 26) and were compared using a two-way ANOVA (sex was identified as a source of
variation). (B) ACE2 expression during in vitro differentiation of airway epithelium derived from primary
tracheal basal cells (BCs). RNA was collected by brushing from freshly isolated, purified tracheal BCs
and from cells derived from the BCs on an air-liquid interface culture at the initiation of the culture
(Day 0) and at Days 7—28 of culture. ACE2 levels (determined by Affymetrix HG-U133 Plus 2.0
microarrays) increased as BCs differentiated into airway epithelial cells (ACE2 levels at Day 28
compared with Day 0, P < 10~%). (C) Single-cell 10x analysis of ACE2 expression in the different cell
populations from the normal SAE of healthy nonsmokers. All the major cell types express ACE2,
including basal, intermediate, club, mucus, and ciliated cells. Each data point represents a single cell.
ACEZ2 was detected in a minority of epithelial cells from each cluster (detected in 1.2% of BCs, 2.6%
of intermediate cells, 1.7% of club cells, 2.4% of mucus cells, and 1.0% of ciliated cells). These values
are useful for comparison among the epithelial cell types but underestimate the actual percentage of
cells expressing the gene (28). See the online supplement for markers used to define each cell
type and for details on the calculation of scaled unique molecular identifiers and transformation for
data presentation. ***P < 0.001. ALI=air-liquid interface; LAE =large airway epithelium;

NS = nonsignificant; UMI = unigue molecular identifiers.

those in this study support the observation
that ACE2 is expressed in a broad array of
epithelial cells. Similarly, an analysis of
data from Duclos and colleagues (30), who
obtained bronchial epithelium via

demonstrated that alveolar type 2 cells and
other epithelial cells express ACE2 (Figure
E2A). The similar percentages of epithelial
cells that were observed to express ACE2

in the Reyfman study (29) compared with
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bronchoscopic brushing in a similar
manner to this study, reveals the presence
of ACE2 in cells in a variety of epithelial
cells (Figure E2B). Of note, ACE2 was
detected in a higher percentage of mucus
cells than other epithelial cells in the
Duclos study (30), possibly indicating a
difference between the large airway
bronchial epithelia analyzed in that study
compared with the SAE analyzed in this
study. From this data, we conclude that
the ACE2 receptor for SARS-CoV-2 is
distributed throughout the lung epithelial
surface and that the site of infection
would be dictated by the size of the
inhaled droplet and respiration
parameters (31).

We also analyzed cells recovered by
BAL for ACE2 expression. Consistent with
our analysis of the data from Reyfman
and colleagues (29) (Figure E2A), data
obtained using microarray, RNA-seq, and
10x single-cell transcriptome analysis
indicated that ACE2 expression was
undetectable or rarely detected in alveolar
macrophages, T cells, B cells, or dendritic
cells (data not shown).

Smoking and Sex Influence on ACE2
Expression

Based on the clinical data that SARS-CoV-2
lung infection is characterized in chest
imaging as distal infiltrates (32), it is likely
that the SAE is an important site of SARS-
CoV-2 binding. ACE2 expression was
higher in the SAE of smokers than
nonsmokers (Affymetrix HG-U133 Plus 2.0
microarray; P < 10~ °; Figure 2A). When
nonsmokers and smokers were divided by
sex, male smokers exhibited significantly
higher ACE2 expression levels than female
smokers or nonsmokers of either sex
(P<0.005, all comparisons; Figure 2B).
RNA-seq analysis of a different dataset
confirmed that SAE ACE2 levels were
higher in smokers than nonsmokers
(HiSeq 2500; Ilumina) (Figure 2C), with
the ACE2 levels in SAE of male smokers
higher than those of male nonsmokers
(Figure 2D; a low n =3 in females obviated
comparison of smoker versus nonsmoker
ACE?2 levels in females). Analysis of ACE2
levels in the LAE showed no differences
relevant to sex or smoking, except that
ACE?2 levels were significantly higher in
male versus female nonsmokers when
assessed by Affymetrix HG-U133 Plus 2.0
microarray (Figure E3).
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Figure 2. Effect of smoking and sex on ACE2 (angiotensin-converting enzyme 2) expression in the
small airway epithelium. (A and B) Expression level is presented as relative gene expression compared
with all other genes on the array. See the online supplement for details on normalization. (A) Healthy
smokers (gray symbols) versus nonsmokers (white symbols), with male and female sexes combined
(Affymetrix HG-U133 Plus 2.0 microarrays). The data were generated from the data set of Tilley and
colleagues (26), Gene Expression Omnibus accession number 11784. (B) Male sex versus female sex
for smokers versus nonsmokers (Affymetrix HG-U133 Plus 2.0 microarrays), using the same data set
as in A. (C) Smokers versus nonsmokers, male and female sexes combined, RNA sequencing (RNA-
seq) (HiSeq 2500; lllumina). (D) Male versus female sex for smokers versus nonsmokers (RNA-seq),
using the same data set as in C. A two-way ANOVA (sex was identified as a source of variation) was
used for analysis. *P < 0.05, **P <0.01, and ***P < 0.001. FPKM =fragments per kilobase of exon
per million fragments sequenced; NS = nonsignificant; SAE = small airway epithelium.

Pollution Effects on ACE2 Expression
Correlations between ambient pollution
levels and COVID-19 cases have been
reported (33). To assess whether low levels
of air pollution might affect SAE ACE2
expression, we analyzed the dataset of
O’Beirne and colleagues (25), a study
performed to evaluate the relationship
between gene expression in the SAE of

healthy nonsmokers and smokers in New
York City with average monthly pollution
levels (PM,5) as reported by the U.S.
Environmental Protection Agency.
Although no differences were observed
between SAE ACE2 expression and PM, 5
levels (nonsmokers and smokers combined
or separately; Figure E4), the peak 30-day
mean PM, s concentration in New York
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miR-1246 and ACE2
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Figure 3. Possible relationship of miR-1246 levels to modulate the levels of ACE2 (angiotensin-
converting enzyme 2) in the small airway epithelium (SAE). Assessment of the data set of Wang and
colleagues (27) (Gene Expression Omnibus accession number 53519) of healthy nonsmokers (n=9;
white circles) and healthy smokers (n=10; gray circles) for smoking-related significant changes in
levels of microRNA (miRNA) in the SAE for miR-1246 with sequences that complement the sequence
of the 3" untranslated region (3'UTR) of ACE2 mRNA. (A) Predicted pairing of target region in ACE2
3'UTR (top) and human miR-1246 (hsa-miR-1246, bottom) analyzed by TargetScanHuman 7.2
(http://www.targetscan.org/vert_72/). (B and C) miR-1246 levels are decreased in the SAE of
smokers compared with those of nonsmokers. A two-way ANOVA (age was identified as a source of
variation) was used for analysis. (B) Assessment by Affymetirk miBRNA 2.0 arrays. Expression of
miRNA is presented as relative miRNA expression compared with all other human mature miRNA.
See online supplement for details. (C) Assessment by TagMan PCR. Data are from Wang and

colleagues (27). **P < 0.01 and ***P < 0.001.

City during this study was 18 pg/m”, a level
considered safe by the U.S. Environmental
Protection Agency (25).

Possible Influences of miRNA
Expression on ACE2

Our database was assessed for miRNAs
homologous to the 3’ end of the ACE2 gene
that are significantly modulated by
smoking. Of interest, miR-1246 has
homology to ACE2, and miR-1246 is
downregulated in SAE of smokers
compared with nonsmokers (27)
(Affymetrix miRNA 2.0 arrays, Figure 3).
We have insufficient data to determine if
this smoking-related decrease in miR-1246
plays a role in ACE2 expression in the SAE,
but this is a possible mechanism to be
assessed in future studies.

Expression of Genes Related to the
Initial Steps of Coronavirus Infection
In addition to evaluating the expression of
ACE2, the gene encoding the primary
SARS-CoV-2 receptor, we assessed the SAE
mRNA expression levels of other cellular
proteins reported to be related to the early
steps in infection pathway based on lineage
B coronaviruses and, thus, possibly relevant
to airway epithelial infection by SARS-
CoV-2.

Cell-surface ACE2 levels can be
regulated by ADAM10 and ADAM17, cell-
surface disintegrins that mediate shedding
of ACE2 from the cell surface (34). Both
ADAM]I10 and ADAM]17 are expressed in
the SAE (Figures 4A and 4B). TMPRSS2,
TMPRSS11A, and TMPRSS11D are
proteases that cleave the SARS-CoV spike
protein at the cell surface to facilitate the
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fusion of the coronavirus envelope with
the cell membrane, a critical step in the
transfer of the nucleocapsid to the cytosol
(16, 35). All three enzymes are expressed
in the SAE (Figures 4C-4E). Interestingly,
expression of TMPRSS2 is upregulated in
the SAE of smokers compared with those
of nonsmokers (Figure 4C). Furin and
cathepsin L, two proteases encoded by the
genes FURIN and CTSL, are found in the
endolysosomal pathway and can cleave the
coronavirus spike protein, leading to
intracellular fusion of the envelope with
the organelle membrane relevant to
infection by SARS and other coronaviruses
(18, 36, 37). Both proteins are expressed in
the SAE (Figures 4F and 4G). Finally,
inhibition of PI4KB an enzyme that
phosphorylates phosphatidylinositol,
results in the inhibition of SARS-CoV
infection (19). PI4KB is also expressed in
the SAE (Figure 4H). Other than the
upregulation of TMPRSS2 in smokers,
there were no other smoking-related
changes in SAE expression among the
genes related to coronavirus infection.
Separately, an analysis of single-cell
RNA-seq data showed that coronavirus
infection-related genes were broadly
expressed in airway epithelium, including
basal, intermediate, club, mucus, and
ciliated cells in both healthy nonsmokers
and smokers (Figure 5). As reported
above, ACE2 expression was observed in
all of the epithelial cell types; however, in
contrast to data from RNA-seq and
microarrays, ACE2 did not exhibit a
smoking-dependent increase in gene
expression in the single-cell transcriptome
data (Figure 5A). The absence of an
observed difference in ACE2 expression
among nonsmokers and smokers in the
single-cell RNA-seq dataset compared
with the bulk RNA dataset and microarray
dataset likely reflects the technical details
inherent in the three types of analysis.
Single-cell RNA-seq data are derived from
a smaller number of individuals and a
smaller number of cells per individual
compared with bulk RNA-seq or
microarray analysis. The preparation

time and, therefore, potential changes
because of RNA degradation are greater
for single-cell RNA-seq than bulk RNA-
seq or microarray analysis, which may
lead to a disproportionate increase in
variability for low abundance transcripts
such as ACE2 in single-cell RNA-seq
compared with bulk RNA-seq or
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Figure 4. Assessment of the small airway epithelia of healthy nonsmokers (n=20; white circles) and
smokers (n=23; gray circles) for expression of genes that may be relevant to severe acute respiratory
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microarray analysis. Finally, single-cell
RNA-seq is also influenced by the relative
size and shape of cells, with larger, fragile,
and differentiated cells exhibiting higher
losses during recovery from the airway
epithelium. For example, ciliated cells

are known to constitute 60-70% in cell
differentials of epithelium taken from
small airway but make up less than 20%
of live single cells that survive to be
included in single-cell analysis. Despite
these caveats, single-cell RNA-seq
provides an opportunity to gain expression
data on single cell types in a mixed
population, which is not possible using
bulk RNA-seq or microarray analysis.
Among the other host factors related

to coronavirus infection, all except for
TMPRSS11A were detected by single-
cell RNA-seq, all were widely expressed
in SAE cells, and none were significantly
different in nonsmokers versus

smokers (Figures 5B-5H). CLEC4M-
mediated expression of CD209L, a
cell-surface protein reported to have
binding activity for SARS-CoV (38),
was not detected in airway epithelial
samples by single-cell RNA-seq. For
transcriptomic analyses, including
single-cell RNA-seq, microarray analysis,
and bulk RNA sequencing, it is important
to remember that mRNA levels do not
always precisely predict protein levels

in tissues and that correlative studies

to assess protein levels need to be
performed.

Finally, we assessed ACE2 expression
in two cell lines generated from BCs of
healthy nonsmokers, including BCi-NS1.1
(derived from a single BC from the LAE of
a healthy nonsmoker) (20) and hSABCi-
NS1.1 (derived from a single BC from
the SAE of a healthy nonsmoker) (21).
With the caveat of a small n, these data
were derived from RNA-seq data on a
single sample of each cell line at each stage
of differentiation and are subject to
validation; both cell lines expressed low
levels of ACE2 before differentiation.
When allowed to differentiate on an
ALL both cell lines expressed elevated
levels of ACE2 (RNA-seq, HiSeq 4000;
[lumina, Table 1). When queried for
expression levels of other genes encoding
proteins important to coronavirus
infection, relatively high levels of
ADAMI10, ADAM17, FURIN, CTSL,
and PI4KB were all detected and
were maintained with differentiation.
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Figure 5. Single-cell 10x transcriptome analysis of the small airway epithelia of healthy nonsmokers (NS) (1 =5) and smokers (S) (n = 5) for expression of
genes that may be relevant to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection of the small airway epithelium. A total of 18,263
cells from NS and 16,678 cells from S were analyzed. ACE2 (angiotensin-converting enzyme 2) cells were detected in a minority of epithelial cells from
both NS and S (percentage of cells in NS/percentage of cells in S: 1.2%/0.6% of basal cells, 2.6%/2.1% of intermediate cells, 1.7%/1.3% of club cells,
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TMPRSS2 expression was low in
undifferentiated large airway BCs but
became much more pronounced in
differentiated LAE. In contrast, the

level of TMPRSS2 was higher in the
small airway immortalized BC line,

and expression was maintained at
approximately the same expression level
after differentiation. Protease family
members TMPRSS11A and TMPRSS11D
showed low expression at both stages of
differentiation. These cell lines can be
grown indefinitely and should be useful for
investigating the biology of SARS-CoV-2
infection, including the screening of
therapies designed to inhibit the early
stages of infection.

Discussion

Biology of SARS-CoV-2 Infection
Respiratory disease is the dominant
manifestation of SARS-CoV-2, which is
both acquired and transmitted by the
inhalation of airborne droplets and by
contact routes (4, 5, 7, 8). SARS-CoV-2
expressed the spike protein that binds to
ACE2 on the surface of airway epithelial
cells (7, 13, 15-17). To provide additional
insights into the biology of this initial
interaction of SARS-CoV-2 with the airway
epithelium, we assessed our published and
unpublished transcriptome databases of
human airway epithelium to assess the
extent of expression of ACE2 in healthy
nonsmokers and smokers. The data
demonstrates widespread expression of
ACE2 throughout the respiratory epithelial
surface. In the SAE, a likely site of entry of
SARS-CoV-2, all major epithelial cell types
express the ACE2 gene, as indicated by
analysis of our single-cell RNA-seq data as
well as reanalysis of single-cell RNA-seq
data from Reyfman and colleagues and
Duclos and colleagues, which is presented
in the online supplement (29, 30). It is
important to note that although the
absolute number of cells identified with
ACE2 is very low in this study and in the
Reyfman and Duclos studies, the

percentage is necessarily an underestimate
of the proportion of cells in the airway
epithelium that are actually expressing
ACE2 because of technical details of the
single-cell RNA-seq method (28). In
support of our data, Harmer and colleagues
(39) found ACE2 mRNA by qRT-PCR at
several levels of the airway. Using data from
Duclos and colleagues (30), after supervised
clustering, ACE2 was apparent in large
airway basal/intermediate cells, club cells,
mucus cells, and ciliated cells. Finally,
several recently submitted manuscripts also
indicate that ACE2 is expressed in a broad
array of epithelial cells at various positions
along the airway (40, 41). At the protein
level, Hamming and colleagues (42)
observed ACE?2 staining in alveolar
epithelial cells and in the basal layer of
airways. A previous report by Jia and
colleagues localized the majority of the
ACE2 protein to ciliated cells in an in vitro
differentiated large airway cell culture
(43), contrasting with the broader
expression in epithelial cells we identified.
The level of ACE2 expression in this
differentiated LAE culture was sufficient
to measure ADAM10- and ADAM17-
dependent ACE2 shedding (34). Data
from Jia and colleagues (43) and from
our analysis of undifferentiated and
differentiated immortalized airway BCs
suggest that in vitro cultures of airway
epithelium may be useful in studying
SARS-CoV-2 infection.

Of interest, the expression of the
TMPRSS2 gene is upregulated in the SAE
of smokers. Other members of the
transmembrane serine protease family,
including TMPRSS11A and TMPRSS11D
(also known as HAT), share the ability to
activate the fusion peptide in the spike
protein via proteolysis (35). Although
TMPRSS11A was not detected in the single-
cell transcriptome data, both TMPRSS2 and
TMPRSS11D were detected in basal,
intermediate, club, mucus, and ciliated cells.
TMPRSS2 exhibited strong expression
through the airway epithelium, whereas
TMPRSS11D was less prevalent in fully

differentiated airway epithelial cells. Other
than TMPRSS2, smoking did not affect the
expression of other proteases of this class.
Furthermore, the intracellular proteases
furin and cathepsin L were also widely
expressed, suggesting that SARS-CoV-2
could be induced to escape from an
endosome after entry, and PI4KB was also
expressed, completing the complement of
cellular proteins needed to support a
productive infection of most airway
epithelial cell types. Additional host
proteins will surely be demonstrated to play
modifying roles in SARS-CoV-2 infection.
For example, the IFITM family of IFN-
induced transmembrane proteins has
previously been shown to have anti-SARS
activity, although the mechanism of this
action has not yet been determined (44). Of
interest, the fact that cigarette smoke blocks
IFN signaling might provide yet another
link between cigarette smoking and SARS-
CoV-2 infection.

Control of Airway Epithelium ACE2
Gene Expression

The relative contribution of smoking to the
acquisition and course of a SARS-CoV-2
infection has been a source of controversy
as the COVID-19 pandemic has developed
(45, 46). The finding of the smoking-
specific difference in ACE2 expression in
the small airway, but not in the large
airway or trachea, is of interest because

it suggests potential differences in airway
epithelial susceptibility. Depending on
droplet size, the inhalation of droplets
can lead to the deposition of materials
throughout the airway (31). At present,
the precise avenues of infection by SARS-
CoV-2 are not well understood, a point
highlighted by the revelation that

many contagious individuals are likely
asymptomatic, suggesting that they

may have active infection in the upper
airway without involvement of the lower
airway (47). A study of pulmonary
infections caused by a closely related
coronavirus in mice showed that airway
infection preceded alveolar involvement

Figure 5. (Continued). 2.4%/1.9% of mucus cells, and 1.0%/1.2% of ciliated cells). These values are useful for comparison among the epithelial cell types
but underestimate the actual percentage of cells expressing the gene (28). Expression of TMPRSS11A was detected by bulk RNA sequencing (HiSeq
2500; lllumina, Figure 4D) but was not detected by single-cell RNA sequencing (10x). For all comparisons of gene expression in all cell types, the
differences in expression levels in NS and S were <10%; no significant differences in gene expression were observed. Statistical comparisons were
performed using the Wilcoxon rank sum test, with P values adjusted using the Bonferroni correction. (A) ACE2. (B) ADAM10. (C) ADAM17. (D) TMPRSS2.
(E) TMPRSS11D. (F) FURIN. (G) CTSL. (H) PI4KB. See the online supplement for markers used to define each cell type and for details on calculation of
scaled unigue molecular identifiers and transformation for data presentation. UMI = unique molecular identifiers.
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Table 1. Expression of Host Proteins Potentially Relevant to SARS-CoV-2 Infection in Undifferentiated and Differentiated Airway

Basal Cell Lines*

BCi-NS1.1% hSABCi-NS1.1*

Gene Basal Cell Baseline Air-Liquid Interface Day 28 Basal Cell Baseline Air-Liquid Interface Day 28
ACE2 0.4 1.7 0.4 2.8
ADAM10 23.8 13.6 23.4 21.8
ADAM17 9.6 6.9 14.0 11.8
TMPRSS2 3.3 25.4 12.2 15.2
TMPRSS11A 0 0.5 0.5 0
TMPRSS11D 0.1 0.7 0.4 0.2
FURIN 14.9 12.5 46.8 29.5
CTSL 37.5 33.1 74.7 67.0
PI4KB 18.0 28.6 19.2 22.6

Definition of abbreviations: FPKM = fragments per kilobase of exon per million fragments sequenced; SARS-CoV-2 = severe acute respiratory syndrome

coronavirus 2.

*Expression assessed by RNA sequencing (HiSeq 4000; lllumina); data is presented in FPKM.
"The BCi-NS1.1 line was derived from large airway epithelium basal cells of a healthy nonsmoker and differentiated on air-liquid interface for 28 days (20).
*The hSABCI-NS1.1 line was derived from small airway epithelium basal cells of a healthy nonsmoker and differentiated on air-liquid interface for 28 days

(21).

and was worse in aged mice and that an
ACE2-knockout model was protected from
infection in the lung, all of which implicate
the airway epithelium as a critical element
of pathogenesis (48).

We observed that SAE ACE2
expression is higher in male smokers
compared with female smokers, all
nonsmokers, and male nonsmokers,
separately. Combined with the observation
that expression of the gene encoding the
infectivity activating protease, TMPRSS2,
was elevated in smokers, there are reasons
that smokers, and, in particular, male
smokers, would be at a greater risk of
propagating a SARS-CoV-2 infection.
However, whether smoking is a significant
risk factor for COVID-19 infection and/or
the intensity of the infection is not clearly
defined at the clinical level. Cai and
colleagues (49) noted a disproportionate
number of men reported with COVID-19
across several epidemiological studies
among Asian populations early during the
pandemic and postulated that the high
incidence in men was due to a higher
incidence of smoking in that population.
Whether the disproportionate incidence
among men can be attributed to smoking-
induced changes in gene expression,
smoking-associated comorbidities, or some
other factor remains to be determined. A
mechanistic explanation for the variations in

ACE2 gene expression in this study has not
yet been established.

Our data also showed that miR-1246, a
miRNA with homology to ACE2, is
downregulated in the SAE of smokers,
providing a potential mechanism for
smoking-related upregulation of ACE2.
Other notable aspects of ACE2 expression
imply that sex-specific gene expression
would be anticipated. Despite the fact that
ACE2 is located on the X chromosome and
is known to escape X inactivation, the gene
exhibits a variable sex- and tissue-specific
bias, with lower expression observed in
female lungs compared with male lungs
(50). ACE2 gene expression may be one of
several factors contributing to prevalence of
COVID-19 in men.

BCi-NS1.1 and hSABCi-NS1.1 Cell
Lines

One of the challenges in studying the early
steps in virulent coronaviruses such as
SARS-CoV-2 is establishing an in vitro cell
culture system that reflects, as closely as
possible, the interaction of the virus with
the human respiratory epithelium. In the
context that the primary human airway
BCs express ACE2 and then when
differentiated on ALIL the differentiated
progeny express ACE2, BC differentiation
provides an in vitro culture model to assess
SARS-CoV-2 and airway epithelium

Zhang, Rostami, Leopold, et al.: ACE2 Expression in Airway Epithelium

interaction. Although primary normal
human airway epithelium cannot be
maintained for more than three to four
passages in vitro, we have immortalized two
cell lines, BCi-NS1.1 and hSABCi-NS1.1,
each derived from a single BC of a
healthy nonsmoker from LAE or SAE,
respectively (20, 21). Genes encoding
ACE2, TMPRSS2, and the other cellular
factors that collaborate to create a successful
SARS-CoV-2 infection were found to be
expressed in vitro in airway epithelium
differentiated from the immortalized LAE
BCi-NS1.1 and SAE hSABCi-NS1.1 cell lines
(20, 21); these cells lines should be useful in
studying the early events of SARS-CoV-2
infection of the airway epithelium and the
assessment of potential therapies to prevent
the progression of COVID-19. Both lines
can be genetically manipulated, and both
can be passaged indefinitely. Both cell lines
are available to the coronavirus community
by contacting the senior author.

Author disclosures are available with the text
of this article at www.atsjournals.org.
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