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At a Glance Commentary

Scientific Knowledge on the Subject

COVID-19, a viral disease with severe respiratory morbidity, is caused by the SARS-CoV-2
coronavirus. The major tropism determinant for SARS-CoV-2 virus is availability of
angiontensin converting enzyme 2 (ACE2), the primary viral receptor expressed on the surface
of cells. The high level 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

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 seq, miRNA, 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.
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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 angiotensin converting enzyme 2 (4CE?2) on the

airway epithelium.

Objectives: The objective was to gain insight into the expression of ACE?2 in the human airway

epithelium.

Methods: Airway epithelium sampled by fiberoptic bronchoscopy of trachea, large airway
epithelium (LAE) and small airway epithelium (SAE) of nonsmokers and smokers was analyzed
for expression of ACE?2 and other coronavirus infection-related genes using microarray, RNA-
seq and 10x single cell transcriptome analysis, with associated examination of 4 CE2-related

miRNA.

Measurements and Main Results: (1) ACE? is expressed similarly in the trachea and LAE with
lower expression in the SAE; (2) in the SAE, ACE?2 is expressed in basal, intermediate, club,
mucus and ciliated cells; (3) ACE?2 is up-regulated in the SAE by smoking, significantly in
males; (4) levels of miR-1246 expression could play a role in ACE2 up-regulation in the SAE of
smokers; and (5) ACE?2 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: ACE?2, 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-

AJRCCM Articlesin Press. Published May 20, 2020 as 10.1164/rccm.202003-05410C
Copyright © 2020 by the American Thoracic Society



Page 5 of 58

CoV-2 infection.

Abstract word count: 236
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Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is responsible for
coronavirus disease 2019 (COVID-19), a global pandemic characterized by fever, dry cough,
dyspnea, lymphopenia and a significant mortality rate, 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 COVID-19 patients have pre-existing medical conditions, including diabetes,
cardiovascular disease, chronic obstructive pulmonary disease (COPD) and malignancy (1, 2, 5,
9, 10) and males have increased susceptibility to infection, more severe disease and higher

mortality (1-3, 5, 9).

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
(MERS) (7, 11-13). Like other closely related coronaviruses, SARS-CoV-2 interacts with cells
through the virus spike protein, an envelope glycoprotein which binds to the host cell receptor,
angiotensin converting enzyme 2 (4CE?2), and mediates viral entry (14-17). Following binding,
lineage B coronavirus spike proteins are modified by one or more cellular proteases, either at the
cell surface or following endocytosis. At the cell surface, the transmembrane serine protease,
TMPRSS?2, can cleave the SARS-CoV-2 spike protein, leading to 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,
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
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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, phosphatidylinositol 4-kinase I1Ip (P/4KB), 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 infection of cells in vitro with a SARS-CoV spike protein pseudotyped virus (19).

Based on the knowledge that SARS-CoV-2 infection is primarily a respiratory illness,
SARS-CoV-2 has been isolated from respiratory epithelial lining fluid, and SARS-CoV-2 infects
human airway epithelium (4, 7, 12), it is highly likely that the cells mediating 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 expression of ACE2, with a focus on the extent of expression, which cell types
express the receptor, whether sex and/or cigarette smoking influence ACE?2 expression in airway
epithelium, and biologic processes in 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 BC 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 BC collected from the small airway epithelium (SAE) of a healthy nonsmoker (21),
both express ACE2 and, when cultured on air-liquid interface (ALI), the differentiated progeny
express ACE?2. 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 interaction with

the human airway epithelium and assessing therapeutic agents to treat the infection.
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Methods

The assessment of expression of ACE?2 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 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 Supplemental Methods, as are the details
regarding sample processing and analysis. Expression was assessed by microarray, RNA-seq or
10x single cell analysis (23-27) and comparisons were made between nonsmokers and smokers;
p value <0.05 was considered significant. The majority of the ACE2 transcriptome data is from
our previously published datasets. The study population, samples, and transcriptome
quantification methodology for each table and figure are detailed in Table E1, along with
references and GEO 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.” The quantification of SAE microRNAs that could bind to ACE?2
mRNA is based on our publication by Wang et a/ (27). In addition to the published databases we
used: (1) microarrays (Affymetrix HG-U133 Plus 2.0, Affymetrix, Santa Clara, CA) to assess the
expression of ACE2 on a well-differentiated airway epithelium cultured at ALI using primary
trachea BC from healthy nonsmokers; (2) RNA-seq (Illumina HiSeq 2500, San Diego, CA) to
assess ACE2 expression in 2 immortalized BCi-NS1.1 (large airway epithelium) and hSABCi-

NSI1.1 (small airway epithelium) cell lines (20, 21); and (3) single cell RNA sequencing (10x
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Genomics, Pleasanton, CA) to analyze the expression of ACE?2 in SAE from 5 nonsmokers and 5
smokers. In addition to expression of ACE2, we assessed the expression of genes that have been
identified to participate 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 et al (25) for effects, if any, of New York City pollution levels

over time on small airway epithelium ACE?2 levels.

Results

Expression of ACE2 in Normal Airway Epithelium

Analysis of trachea, LAE and SAE demonstrated ACE?2 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). Assessment of primary
trachea basal stem/progenitor cells of healthy nonsmokers differentiating on ALI showed that BC
express ACE2, as do, to a greater extent, the differentiated progeny of the BC (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 % 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 et a/ (29) derived from the lung parenchyma of individuals without

lung disease demonstrated that alveolar type 2 cells and other epithelial cells express ACE?2
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(Figure E2A). The similar percentages of epithelial cells that were observed to express ACE2 in
the Reyfman study (29) compared with this study support the observation that ACE?2 is expressed
in a broad array of epithelial cells. Similarly, an analysis of data from Duclos et al. (30), who
obtained bronchial epithelium via bronchoscopic brushing in a similar manner to this study,
reveals the presence of ACE?2 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 small airway epithelia analyzed in this study. From this data, we
conclude that the ACE?2 receptor for SARS-CoV-2 is distributed throughout the lung epithelial
surface, and the site of infection would be dictated by the size of the inhaled droplet and

respiration parameters (31).

We also analyzed cells recovered by bronchoalveolar lavage (BAL) for ACE2 expression.
Consistent with our analysis of the data from Reyfman et al (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. ACE?2 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
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nonsmokers of either sex (p<0.005, all comparisons, Figure 2B). RNA-seq analysis of a different
dataset confirmed that SAE ACE?2 levels were higher in smokers than nonsmokers (Illumina
HiSeq 2500, Figure 2C), with the ACE?2 levels in SAE of male smokers higher than male
nonsmokers (Figure 2D; a low n=3 in females obviated comparison of smokers vs nonsmokers
ACE?2 levels in females). Analysis of ACE?2 levels in the LAE showed no differences relevant to
sex or smoking, except that ACE?2 levels were significantly higher in male vs female nonsmokers

when assessed by Affymetrix HG-U133 Plus 2.0 microarray (Figure E3).

Pollution Effects on ACE2 Expression

Correlations between ambient pollution levels and COVID-19 cases have been reported
(33). To assess if low levels of air pollution might affect SAE ACE?2 expression, we analyzed the
dataset of O’Beirne et al (25), a study carried out 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; s) as reported by the United States Environmental Protection
Agency (EPA). While no differences were observed between SAE ACE?2 expression and PM, 5
levels (nonsmokers and smokers combined or separately; Figure E4), the peak 30-day mean
PM, 5 levels in New York City during this study was 18 ug/m?3, a level considered “safe” by the

EPA (25).

Possible Influences of microRNA Expression on ACE2

Our database was assessed for microRNAs homologous to the 3’ end of the ACE2 gene
that are significantly modulated by smoking. Of interest, miR-1246 has homology to ACE?2, and
miR-1246 is down-regulated in SAE of smokers compared to nonsmokers (27) (Affymetrix

miRNA 2.0 arrays, Figure 3). We have insufficient data to determine if this smoking-related
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decrease in miR-1246 plays a role in ACE?2 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 ACE?2, 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 ACE?2 levels can be regulated by ADAM10 and ADAM17, cell surface
disintegrins that mediate shedding of ACE?2 from the cell surface (34). Both ADAM 10 and
ADAM17 are expressed in the SAE (Figures 4A, B). TMPRSS2, TMPRSS11A4 and TMPRSS11D
are proteases that cleave the SARS-CoV spike protein at the cell surface to facilitate fusion of the
coronavirus envelope with the cell membrane, a critical step in transfer of the nucleocapsid to the
cytosol (16, 35). All 3 enzymes are expressed in SAE (Figures 4C-E). Interestingly, expression
of TMPRSS? is up-regulated in the SAE of smokers vs nonsmokers (Figure 4C). Furin and
cathepsin L, two proteases encoded by the genes FURIN and CTSL are found in the endo-
lysosomal 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 (Figures4F, G). Finally,
inhibition of PIK4B, an enzyme that phosphorylates phosphatidylinositol, results in inhibition of
SARS-CoV infection (19). PIK4B is also expressed in SAE (Figure 4H). Other than the up-
regulation of TMPRSS?2 in smokers, there were no other smoking-related changes in SAE

expression among the genes related to coronavirus infection. Separately, an analysis of single
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cell RNA sequencing 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 sequencing
and microarrays, ACE?2 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 is 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 due to RNA degradation are
greater for single cell RNA-seq than bulk RNA-seq or microarray analysis, which may lead
leading to a disproportionate increase in variability for low abundance transcripts like ACE2 in
single cell RNA-seq compared with bulk RNA-seq or microarray analysis. Finally, single cell
RNA-seq is also influenced by the relative size and shape of cells with larger, fragile,
differentiated cells exhibiting higher losses during recovery from the airway epithelium. For
example, ciliated cells are known to comprise 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 TMPRSS11A4 were detected by single cell RNA sequencing, all were widely expressed in

small airway epithelial cells, and none were significantly different in nonsmokers vs smokers
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(Figure 5B-H). CLEC4M-mediated expression of CD209L, a cell surface protein reported to
have binding activity for the SARS-CoV (38), was not detected in airway epithelial samples by
single cell RNA sequencing. For transcriptomic analyses including single cell RNA sequencing,
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 ACE?2 expression in 2 cell lines generated from basal cells of healthy
nonsmokers, including BCi-NS1.1 [derived from a single BC from the LAE of a healthy
nonsmoker (20)] and hNSABCi-NS1.1 [derived from a single BC from the SAE of a healthy
nonsmoker (21)]. With the caveat of 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 ACE?2 prior to differentiation. When allowed to differentiate on
an ALI, both cell lines expressed elevated levels of ACE2 (RNA-seq, [llumina HiSeq 4000,
Table 1). When queried for expression levels of other genes encoding proteins important to
coronavirus infection, relatively high levels of ADAM10, ADAM17, FURIN, CTSL, and PI4KB
were all detected and were maintained with differentiation. TMPRSS2 expression was low in
undifferentiated large airway basal cells but became much more pronounced in differentiated
large airway epithelium. In contrast, the level of TMPRSS2 was higher in the small airway
immortalized basal cell line, and expression was maintained at approximately the same
expression level following differentiation. Protease family members TMPRSS11A4 and
TMPRSS11D showed low expression at both stages of differentiation. These cell lines can be

grown indefinitely and should be useful for investigate the biology of SARS-CoV-2 infection,

including screening of therapies designed to inhibit the early stages of infection.
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Discussion

Biology of SARS-CoV-2 Infection

Respiratory disease is the dominant manifestation of SARS-CoV-2 which is both
acquired and transmitted by inhalation of airborne droplets and by contact routes (4, 5, 7, 8).
SARS-CoV-2 expressed the spike protein that binds to angiotensin converting enzyme 2 (ACE2)
on the surface of airway epithelial cells (7, 13, 15-17). In order 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 ACE?2 in healthy nonsmokers and smokers. The data demonstrates
widespread expression of 4CE2 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 data as well as re-analysis of single cell RNA-seq
data from Reyfman et al. and Duclos et al. presented in the Supplementary data (29, 30). It is
important to note that while the absolute number of cells identified with ACE?2 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 due to
technical details of the single cell RNA-seq method (28). In support of our data, Harmer et al.
(39) found ACE2 mRNA by qRT-PCR at several levels of the airway. Using data from Duclos et
al. (30), following 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 ACE?2 is expressed in a broad array of epithelial cells at various positions along
the airway (40, 41). At the protein level, Hamming et al. (42) observed ACE? staining in alveolar

epithelial cells and in the basal layer of airways. A previous report by Jia el al. localized the
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majority of ACE?2 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 ACE?2
expression in this differentiated large airway epithelial culture was sufficient to measure
ADAM10- and ADAM 17-dependent ACE2 shedding (34). Data from Jia et al. (43) and from our
analysis of undifferentiated and differentiated immortalized airway basal cells suggest that in

vitro cultures of airway epithelium may be useful in studying SARS-CoV-2 infection.

Of interest, expression of the TMPRSS2 gene is up-regulated in the SAE of smokers.
Other members of the transmembrane serine protease family, including TMPRSS11A4 and
TMPRSS11D (also known as human airway tryptase, HAT), share the ability to activate the
fusion peptide in the spike protein via proteolysis (35). While TMPRSS11A4 was not detected in
the single cell transcriptome data, both TMPRSS2 and TMPRSS11D were detected in basal,
intermediate, club, mucus, and ciliated cells. TMPRSS?2 exhibited strong expression through the
airway epithelium, while 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, intracellular proteases furin and cathepsin L were also widely expressed,
suggesting that SARS-CoV-2 could be induced to escape from an endosome following 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 [FITM family
of interferon-inducible anti-viral proteins has previously been shown to have anti-SARS activity
although the mechanism of action has not yet been determined (44). Of interest, the fact that
cigarette smoke blocks interferon signaling might provide yet another link between cigarette

smoking and SARS-CoV-2 infection.
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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 ACE?2 expression in the small airway, but not
in the large airway or trachea, is of interest, as it suggests potential differences in airway
epithelial susceptibility. Depending on droplet size, inhalation of droplets can lead to 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 in mice,
caused by a closely related coronavirus, showed that airway infection preceded alveolar
involvement, 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 ACE?2 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 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 et al. (49) noted a disproportionate number of men reported with
COVID19 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
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smoking in that population. Whether the disproportionate incidence among men can be attributed
to smoking-induced changes in gene expression, smoking-associated co-morbidities, or some
other factor, remains to be determined. A mechanistic explanation for explaining the variations

in ACE?2 gene expression in this study has not yet been established.

Our data also showed that miR-1246, a microRNA with homology to ACE?2, is down-
regulated 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 ACE?2 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 the 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 like SARS-
CoV-2 is establishing an in vitro cell culture system that reflects, as close as possible, the
interaction of the virus with the human respiratory epithelium. In the context that the primary
human airway basal cells express ACE2, and then when differentiated on ALI, the differentiated
progeny express ACE?2, basal cell differentiation provides an in vitro culture model to assess
SARS-CoV-2-airway epithelium interaction. While primary normal human airway epithelium
cannot be maintained more than 3-4 passages in vitro, we have immortalized 2 cell lines, BCi-
NS1.1 and hRSABCi-NS1.1, each derived from a single basal cell of a healthy nonsmoker from
large or small airway epithelium, respectively (20, 21). Genes encoding ACE2, TMPRSS2, and

the other cellular factors that collaborate to create a successful SARS-CoV-2 infection were

AJRCCM Articlesin Press. Published May 20, 2020 as 10.1164/rccm.202003-05410C
Copyright © 2020 by the American Thoracic Society

Page 18 of 58



Page 19 of 58

found to be expressed in vitro in airway epithelium differentiated from the immortalized the 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 SAE and 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.
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Figure Legends

Figure 1. Expression of ACE2 in the human airway epithelium of healthy nonsmokers. A, B.
Expression level is presented as relative gene expression compared to all other genes on the
array. See Supplemental Methods for details on normalization. A. Comparison of ACE2
expression in trachea epithelium, large airway epithelium (LAE) and small airway epithelium
(SAE). Quantification by Affymetrix HG-U133 Plus 2.0 microarrays. The data was generated
from the datasets of GEO accession numbers 13933, 10135 and 11784 (23, 24, 26) and compared
using a 2-way ANOVA (gender was identified as a source of variation). B. ACE?2 expression
during in vitro differentiation of airway epithelium derived from primary tracheal basal cells
(BC). RNA was collected by brushing from freshly isolated, purified tracheal BC and from cells
derived from the BC on an air-liquid interface (ALI) culture at initiation of the culture (day 0)
and at days 7 to 28 of culture. ACE?2 levels (determined by Affymetrix HG-U133 Plus 2.0
microarrays) increased as BC differentiated into airway epithelial cells (ACE2 levels at day 28
compared to day 0, p<10-). C. Single cell 10x analysis of ACE2 expression in the different cell
populations comprising the normal SAE of healthy nonsmokers. All the major cell types express
ACE?2, including basal, intermediate, club, mucus and ciliated cells. Each data point represents a
single cell. ACE2 was detected in a minority of epithelial cells from each cluster (1.2% of basal
cells, 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 Supplemental Methods for markers
used to define each cell type and for details on calculation of scaled UMI and transformation for

data presentation. NS = non-significant; * = p<0.05, ** = p<0.01, and *** = p<0.001.
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Figure 2. Effect of smoking and sex on ACE2 expression in the small airway epithelium (SAE).
A, B. Expression level is presented as relative gene expression compared to all other genes on
the array. See Supplemental Methods for details on normalization. A. Healthy smokers vs
nonsmokers, male and female combined, Affymetrix HG-U133 Plus 2.0 microarrays. The data
was generated from the dataset of Tilley et al (26), GEO accession number 11784. B. Male vs
female for smokers vs nonsmokers, Affymetrix HG-U133 Plus 2.0 microarrays, same dataset as
in panel A. C. Smokers vs nonsmoker, male and female combined, RNA-seq (Illumina HiSeq
2500). D. Male vs female for smokers vs nonsmokers, RNA-seq, same dataset as in panel C. A 2-
way ANOVA (sex was identified as a source of variation) was used for analysis. NS = non-
significant; * = p<0.05, ** = p<0.01, and *** = p<0.001. Open circles — nonsmokers, gray

circles — smokers.

Figure 3. Possible relationship of miR-1246 levels to modulate the levels of ACE?2 in the small
airway epithelium (SAE). Assessment of the dataset of Wang et al (27) (GEO accession number
53519) of healthy nonsmokers (n=9) and healthy smokers (n=10) for smoking-related significant
changes in levels of miRNA in the SAE for miRNA-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 (bottom) analyzed by TargetScanHuman 7.2

(http://www.targetscan.org/vert 72/). B, C. miR-1246 levels are decreased in the SAE of

smokers compared to nonsmokers. A 2-way ANOVA (age was identified as a source of
variation) was used for analysis. NS = non-significant; * = p<0.05, ** = p<0.01, and *** =
p<0.001. B. Assessment by Affymetirx miRNA 2.0 arrays. Expression of miRNA is presented as

relative miRNA expression compared to all other human mature miRNA. See Supplemental
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Methods for details). C. Assessment by TagMan PCR. Data is from Wang et al (27). Open

circles — nonsmokers, gray circles — smokers.

Figure 4. Assessment of the small airway epithelium (SAE) of healthy nonsmokers (n=20) and
smokers (n=23) for expression of genes that may be relevant to SARS-CoV-2 infection. See text
for details regarding the possible relevance of these genes to SAE infection by SARS-CoV-2.
Quantification by RNA-seq (Illumina HiSeq 2500). A 1-way ANOVA was used for analysis. NS
= non-significant; * = p<0.05, ** = p<0.01, and *** = p<0.001. Open circles — nonsmokers, gray

circles — smokers.

Figure 5. Single cell 10x transcriptome analysis of the small airway epithelium (SAE) of healthy
nonsmokers (n=5) and smokers (n=5) for expression of genes that may be relevant to SARS-
CoV-2 infection of the SAE. A total of 18,263 cells from nonsmokers and 16,678 cells from
smokers were analyzed. ACE?2 cells were detected in a minority of epithelial cells from both non-
smokers and smokers (NS%/S%: 1.2%/0.6% of basal cells, 2.6%/2.1% of intermediate cells,
1.7%/1.3% of club cells, 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 TMPRSS11A4 was detected by bulk
RNA-seq (Illumina HiSeq 2500, Figure 4D) but not detected by single cell RNA sequencing
(10x). For all comparisons of gene expression in all cell types, the differences in expression
levels in nonsmokers (NS) and smokers (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. See Supplemental Methods for
markers used to define each cell type and for details on calculation of scaled UMI and

transformation for data presentation.
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Table 1. Expression of ACE2 and other Genes that may be Relevant to SARS-CoV-2
Infection in the BCi-NS1.1 and hSABCi-NS1.1 Immortalized Large and Small Airway
Epithelium Basal Cell Lines at Baseline and after Differentiation on Air-Liquid Interface’
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BCi-NS1.12 hSABCi-NS1.13
Basal cell Air-liquid Basal cell Air-liquid

Gene baseline interface day 28 baseline interface day 28
ACE?2 0.4 1.7 0.4 2.8
ADAM10 23.8 13.6 23.4 21.8
ADAMI17 9.6 6.9 14.0 11.8
TMPRSS2 33 25.4 12.2 15.2
TMPRSS114 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

! Expression assessed by RNA-seq (Illumina HiSeq 4000); data is presented in FPKM.

2

3

The BCi-NS1.1 line was derived from large airway epithelium basal cell 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 cell of a healthy nonsmoker and

differentiated on air-liquid interface for 28 days (21).
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Online Supplemental Methods
Study Population Inclusion / Exclusion Criteria Inclusion/Exclusion Criteria
Healthy nonsmokers

Inclusion criteria

e Capable of providing informed consent

e Willingness to participate in the study

e Men and women, age 18 or older

e Negative HIV

¢ Not pregnant (women)

¢ Good overall health without history of chronic lung disease, including asthma, and without re-
current or recent (within 3 months) acute pulmonary disease

¢ No history of allergies to medications to be used in the bronchoscopy procedure

¢ Not taking any medications relevant to lung disease or having an effect on the airway epitheli-
um

e Normal physical examination

e Normal routine laboratory evaluation, including general hematologic studies, general sero-
logic/immunologic studies, general biochemical analyses, and urine analysis

e Normal electrocardiogram

e Normal chest X-ray (PA and lateral)

e Normal serum al-antitrypsin levels

e Self-reported never smokers, with smoking status validated by the absence of nicotine and co-
tinine in urine (nicotine<2 ng/ml, cotinine<5 ng/ml) (1)

¢ Normal lung function, including forced expiratory volume in 1 second (FEV1) >280% predict-
ed, forced vital capacity (FVC) 280% predicted, FEV1/FVC >0.7 based on pre-bronchodilator
spirometry, total lung capacity (TLC) >90% predicted and DLCO >80% predicted

Healthy smokers

Inclusion criteria

e Capable of providing informed consent

e Willingness to participate in the study

e Men and women, age 18 or older

e Negative HIV

¢ Not pregnant (women)

e Good overall health without history of chronic lung disease, including asthma, and without re-
current or recent (within 3 months) acute pulmonary disease

¢ No history of allergies to medications to be used in the bronchoscopy procedure

¢ Not taking any medications relevant to lung disease or having an effect on the airway epitheli-
um

e Normal physical examination

e Normal routine laboratory evaluation, including general hematologic studies, general sero-
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logic/immunologic studies, general biochemical analyses, and urine analysis

e Normal electrocardiogram

e Normal chest X-ray (PA and lateral)

e Normal serum al-antitrypsin levels

e Self-reported current daily smokers with pack-yr >5, validated by urine nicotine > 30 ng/ml
and cotinine > 50 ng/ml (1)

e Normal lung function, including FEV1 >80% predicted, FVC >80% predicted, FEV1/FVC
>(.7 based on pre-bronchodilator spirometry, TLC >90% predicted and DLCO >80% predicted

All Subjects

Exclusion criteria

¢ Unable to meet the inclusion criteria

e Current active infection or acute illness of any kind
¢ Evidence of malignancy within the past 5 years

e Alcohol or drug abuse within the past 6 months

Study Population and Biologic Samples

Normal nonsmokers and phenotypic normal smokers were recruited using local print and
online media. Research subjects were evaluated at the Weill Cornell Medical College Clinical
Translational and Science Center and the Department of Genetic Medicine Clinical Research Fa-
cility under IRB-approved protocols. After providing written consent, all subjects underwent a
detailed screening visit and assessment of medical history, physical exam, complete blood count,
coagulation studies, liver function tests, urine analysis, chest X-ray, high resolution chest CT
scan, EKG and pulmonary function tests and determined to be phenotypically normal (see Inclu-
sion/Exclusion criteria).
Sampling trachea, large and small airway epithelium

After evaluation, all individuals who met inclusion/exclusion criteria underwent either
tracheal brushing without conscious sedation to obtain trachea epithelial cells as previously de-
scribed (2) or sampling of the small or large airway epithelium using brushing under mild seda-
tion and anesthesia of the vocal cords as previously described (3, 4). Smokers were asked not to

smoke the evening prior to the procedure. For trachea sampling, a fiberoptic bronchoscope (Pen-
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tax, Tokyo, Japan, EB-1530T3) was used to collect tracheal epithelial cells. A 2 mm cytology
brush (Kimberly Clark, Roswell, GA) was advanced through the working channel of the bron-
choscope and tracheal epithelial cells were obtained by gently gliding the brush back and forth
20 times on tracheal epithelium in at least five different locations (2).

To sample the large or small airway epithelium, the fiberoptic bronchoscope was posi-
tioned proximal to the opening of a desired lobar bronchus. A 2 mm diameter brush was used for
gentle brushing of the 3™ to 4™ order bronchi [large airway epithelium (LAE) (4)] or 10 to 12
generation branch [small airway epithelium (SAE) (3)] of the right lower lobe. Cells were col-
lected by gently gliding the brush back and forth on the epithelium 5 to 10 times in 8§ to 10 dif-
ferent locations in the same general area.

There was an overlap of a subset of the individuals used for analysis by the different
methods as detailed per figure: Figure 1A, nonsmoker microarray analysis of n=60 nonsmokers
with SAE samples, n=8 had LAE samples, additional n=12 had trachea samples, and additional
n= 9 had both LAE and trachea samples. Figure 1B, ALI culture of trachea samples from
nonsmokers: there is no overlap of the nonsmokers with any other data sets used for analysis in
the manuscript. Figure 2A-D and Figure 4, SAE microarray and RNA-seq: there is no overlap of
any of the subjects analyzed using microarray and RNA-Seq. Figure 3, SAE miRNA: of n=9
nonsmokers, n=2 were also analyzed for SAE RNA-Seq (Figure 2C-D). None of the n=10
smokers were used in any other analyses in this manuscript. Figure 1C, 6 and E2 — there is no
overlap of any subjects with single cell samples with any other data sets used analyzed in this
manuscript.

Trachea, Large and Small Airway Sample Processing
Collected cells were processed as previously described (2-4). Briefly, cells were dis-

lodged from the cytology brush by flicking into 5 ml of ice-cold Bronchial Epithelium Basal
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Medium (BEBM, Lonza, Basel, Switzerland) and kept on ice until processed. A 0.5 ml aliquot
was used for differential cell count and the remaining 4.5 ml were immediately processed for
RNA extraction. Total cell number was determined by counting on a hemocytometer and cell
morphology and differential cell count (percentage of inflammatory and epithelial cells as well
as proportions of ciliated, basal, secretory, and undifferentiated epithelial cells) were assessed on
sedimented cells prepared by centrifugation (Cytospin 11, Shandon instruments, Pittsburgh, PA)
and stained with Diff -Quik (Dade Behring, Newark, NJ).
Microarray Assessment of Expression of ACE2

Total RNA was prepared for microarray transcriptome analysis using the 3’IVT Express
kit (Affymetrix, Santa Clara, CA) and assessed using Affymetrix HG-U133 Plus 2.0 microarrays
(Affymetrix), as previously described (5, 6). Briefly, RNA quantity was assessed by Nanodrop
ND-1000 (Thermo Scientific, Wilmington, DE) and RNA quality by Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA) (7, 8). Total RNA (1 to 2 pg) was used to synthesize double stranded
cDNA and Affymetrix kits were used to quantify the biotin-labeled cDNA yield (5). RNA was
hybridized on the arrays with probes for >54,000 genome-wide transcripts, using Affymetrix
protocols, hardware and software (8). Microarray quality was verified by signal intensity ratio of
GAPDH 3'to 5' probe sets < 3.0 and multi-chip normalization scaling factor < 10.0 (7). The
MASS algorithm (GeneSpring version 7.3, Affymetrix Microarray Suite Version 5) was used to
normalize the data per array to the median expression value of each sample. ACE2 gene was rep-
resented by one probe (219962 _at) selected based on highest specificity and sensitivity scores
(Affymetrix) and expression level is presented as relative gene expression compared to all other
genes on the array (n=14,465, each represented by one probe set/gene). The image files from the
microarrays were processed in Partek Genomics Suite software version 6.6, 2012 (Partek, St.

Louis, MO). All compared groups were matched for ethnicity and pack-yr (among smoker males
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and females). A 1-way ANOVA was used to compare the LAE (age showed a trend towards be-
ing a source of variation) and a 2-way ANOV A was used to compare the trachea vs large vs SAE
of nonsmokers and to compare the SAE of smokers and nonsmokers as sex was identified as a
source of variation (Partek). When compared on a genome-wide basis, ACE2 was found to be
differentially expressed in trachea vs SAE and LAE vs SAE of nonsmokers, and in SAE of
smokers vs nonsmokers [p<0.05, with Benjamini-Hochberg correction for multiple testing (9)].
RNA-seq Assessment of Expression of ACE2 and Related Genes

RNA was purified, amplified and loaded onto an Illumina flowcell for paired-end se-
quencing reactions using the Illumina HiSeq 2500 or [llumina HiSeq 4000 (Illumina, San Diego,
CA), as previously described (10). The library was prepared using (0.5 pg total RNA) TruSeq
RNA Library Prep Kit v2. Illumina HiSeq paired-end reads were aligned to GRCh37/hg19 hu-
man reference genome and RefSeq gene definitions (2014-06-02) using STAR (2.3.1z13 r470).
Cufflinks (2.2) was used to convert aligned reads into fragments per kilobase of exon per million
fragments sequenced (FPKM) using RefSeq gene definitions. All compared groups were
matched for ethnicity and pack-yr (among smoker males and females). A 1-way ANOVA was
used to compare the LAE (age showed a trend towards being a source of variation) and a 2-way
ANOVA was used to compare the SAE as sex was identified as a source of variation (Partek).
When compared on a genome-wide basis, ACE2 was found to be differentially expressed in the
SAE of smokers vs nonsmokers [p<0.05, with Benjamini-Hochberg correction for multiple test-
ing (9)].
10x Single Cell Assessment of Expression of ACE2 and Related Genes

Small airway epithelial cells were obtained via brushing at the level of the 10 to 12"
airway fiberoptic bronchoscopy (3). Brushed cells were treated with ACK lysing buffer to re-

move red blood cells and treated with 0.05% trypsin-ethylenediaminetetraacetic acid (GIBCO,
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ThermoFisher, Waltham, MA) (5 min) to release single cells from clumps. Trypsin activity was
stopped by addition of 15% fetal bovine serum (GIBCO) in HEPES buffered saline solution
(Lonza, Morristown, NJ). Cells were washed by centrifugation at 500xg in PBS supplemented
with 0.04% IgG free, protease free bovine serum albumin (Jackson ImmunoResearch, West
Grove, PA), filtered through a 100 um cell strainer filtered through a 100 um Falcon cell strainer
(Fisher Scientific, Waltham, MA) and a 35 um Falcon cell strainer into a flow cytometry staining
tube (Fisher Scientific), and stained with DAPI (Sigma Chemical, St. Louis, MO) to identify
dead cells. Fluorescence activated cell sorting was used to collect live, single cells for analysis
by single cell RNA sequencing (10x Genomics, Pleasanton, CA).

Downstream single cell analysis of small airway epithelial cells was performed using
Seurat package V3 and R 3.5 (11). Genes were eliminated from the analysis if they were detected
in less than 10 cells. Cells were eliminated from the data set if they contained less than 200 de-
tected genes or if mitochondrial genes accounted for more than 25 of expressed genes. A total of
38,173 cells was recovered from the 10 samples. The IntegrateData function was used to inte-
grate the datasets from individual subjects, and anchors between data sets were identified using
FindIntegrationAnchors. Normalization of 18,990 identified genes was performed by the total
number of unique molecular identifiers (UMI) per cell, multiplying by a scale factor (10,000)
and then applying a log transformation. Principal Component Analysis (PCA) was carried out for
the top 2,000 variable genes and used first 15 principal components (PCs) to project cells onto a
two-dimensional map using Uniform Manifold Approximation and Projection (UMAP) dimen-
sional reduction method using the RunUMAP function. To identify cell types from small airway
epithelium, all the cells from the 10 subjects were clustered using K-nearest neighbor (KNN)
graph-based clustering algorithm and FindNeighbors function. Finally, FindClusters function

(resolution parameter=0.2) was used to establish cell clusters. Following unsupervised clustering
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of cells, cluster signature genes were identified as genes present in at least 10% of the cells in the
population and showing significantly elevated gene expression (0.25 log scale) in one cluster
compared with expression of the marker in the total population all other clusters using Wilcoxon
rank sum test with Bonferroni correction (p adj <0.05) (12). Clusters were characterized by their
top 20 signature genes based on a ranking of most significant p values. The basal cell cluster was
identified by the expression of cytoskeletal signature genes KRT5, KRT15, and TP63. The club
cell cluster was characterized by expression of host defense genes SCGBI1A41, SCGB3A41, and C3,
and the absence of MUCS5A4C. Mucous cells signature genes include host defense genes
MUCS5AC, MUCS5B, and TFF3. The ciliated cell cluster was characterized by signature genes re-
lating to cilia structure and function, including FOXJI, DNAIl, and TUBB4B. The intermediate
cell cluster was identified by expression of signature genes shared with other clusters albeit at
lower levels, including the basal cell markers (KRTS5, KRT15, and KRT19), club cell markers
(KRT19 and SLPI) and the mucous cell marker (CEACMG6). Other smaller clusters, identified as
ionocytes, proliferating basal cells, and precursor ciliated cells, did not contain a sufficient num-
ber of cells to make an analysis of ACE2-positive cells within the clusters to be informative. Sta-
tistical comparisons were performed using the Wilcoxon rank sum test with p values adjusted
using the Bonferroni correction. No parameters were identified a source a variation.

A genome-wide analysis did not identify ACE?2 as differentially expressed in smokers vs non-

smokers.
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Air-liquid Interface Cultures

Primary tracheal basal cells (BC) isolated from brushed trachea epithelium cell were
maintained in culture Bronchial Epithelium Growth Medium (BEGM, Lonza, Walkersville, MD)
as previously described (13). BC were seeded onto human type IV collagen-coated transwell fil-
ters and induced to differentiate into airway epithelial cells on air-liquid interface (ALI) in a 1:1
mixture of DMEM and Ham’s F12 medium with supplements including 2% Ultroser G (Bi-
oSerpa S.A., Cergy-Saint-Christophe, France) (13). An ALI culture was introduced two days af-
ter establishing the culture by removal of medium from the apical chamber. The medium was
changed every 2 to 3 days and the apical surface was rinsed with Search Results
Web results phosphate-buffered saline (PBS) once per week to clear accumulating mucus. Cul-
tures were maintained up to 28 days.

Immortalized cell lines derived from the large airway epithelium BC (BCi-NS1.1) and
small airway epithelium BC (hSABCi-NS1.1) were propagated on collagen IV-coated plastic in
PneumaCult Ex Plus medium (Stemcell Technologies, Inc., Vancouver, BC), transferred to col-
lagen IV-coated tissue culture filter inserts, and differentiated at ALI to develop a pseudo-
stratified airway epithelium in PneumaCult-ALI medium (Stemcell Technologies) as previously
described (14). Briefly, 24 hr after seeding BC onto the filter, the medium was changed from
PneumaCult Ex Plus growth medium to PneumaCult-ALI differentiation medium (15). After ad-
ditional 24 hr, medium was removed from the apical chamber to create ALI conditions. Medium
was replaced in the basal chamber every 2 to 3 days, and the apical surface was washed with
PBS once per week to remove mucus. In all cases, the establishment of an epithelial barrier was
confirmed by measuring trans-epithelial electrical resistance (TEER), which achieved >200
Ohms per cm? by ALI day 7 and was maintained at that level through ALI day 28. RNAseq (Il-

lumina HiSeq 4000) was performed on RNA extracted from ALI cultures using Trizol (13) on
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the day indicated in the text.
miRNA

Following RNA extraction and sample quality assessment, miRNA microarray analyses were
performed using Affymetrix miRNA 2.0 arrays (Affymetrix) as previously described (16). Briefly,
total RNA was extracted using miRNeasy mini kit (Qiagen, Valencia, CA) and RNA integrity
was assessed on an Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA) and determined
as >5.5 for all samples. Total RNA was then hybridized to Affymetrix miRNA 2.0 arrays (Affy-
metrix) and miRNA QC tool (Affymetrix) was used for quality control. The image files from
Affymetrix miRNA 2.0 arrays were processed in Partek Genomics Suite software version 6.6,
2012 (Partek). Affymetrix Robust Multi-array Average (RMA) algorithm was used to normalize
the data per array to the median expression value of each sample. There were a total of 1,100
human mature miRNA and the expression of miRNA is presented as relative miRNA expression
compared to all other human mature miRNA. A two-way ANOVA (age was identified as a
source of variation) was used to compare smokers and nonsmokers. Our previous analysis of
1100 mature human miRNA in smokers compared to nonsmokers (16) identified 34 miRNA dif-
ferentially expressed (p<0.05, fold-change >1.5). Of those, miR-1246 is the only one that regu-
lates ACE?2 expression. It was the most down-regulated miRNA in smokers compared to non-
smokers (p<107, fold change = 3.8). Confirmation of levels of miR-1246 was carried out by
TaqMan PCR as previously described (16). MicroRNA let-7a was used as endogenous control.
Correlation of ACE2 Expression with New York City (NYC) Pollution Levels

ACE?2 expression levels were analyzed for correlation with 30-day mean levels (particu-
late matter <2.5 pum; PM2.5) in nonsmoker and smoker SAE samples obtained by bronchoscopy
from the same subject several times over 1 yr (total n=98 nonsmoker samples and n=176 smoker

samples). NYC air quality was assessed using daily mean PM2 s levels recorded in the United
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States Environmental Protection Agency (EPA) Air Quality System’s Database
(https://www.epa.gov/outdoor-air-quality-data) for sites around the city and averaged per month
as previously described (17). In all cases, parameter code 88502 (acceptable PM2.5s AQI and spe-
ciation mass) data was utilized. The mean PM> 5 concentration for the 30 days prior to each
bronchoscopy was calculated and used for analysis as it reflects the effects of subacute PM; 5 ex-
posure on the SAE transcriptome rather than daily PM> 5 levels where analysis could be influ-
enced by brief fluctuations in PM2 5 concentrations and daily variations in individuals’ exposure

to outdoor air.
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Table E1. Databases Used for Quantification of Expression of ACE2 and Associated Genes
in the Airway Epithelium of Nonsmokers and Smokers

Clinical
Table / pheno- GEO
Figure Cell source type n Methodology’ accession #2 Reference
Table I BCi-NS1.1  Nonsmoker 1 Ilumina HiSeq 4000 unpublished (15)
hSABCi- Nonsmoker 1 Illumina HiSeq 4000 unpublished (14)
NSI1.1
Figure 1A Trachea Nonsmoker 28 HG-U133 13933 (published) 2)
LAE Nonsmoker 21 HG-U133 10135 (published) 4)
SAE Nonsmoker 60 HG-U133 11784 (published) (6)
Figure 1B Trachea ALI Nonsmoker 4 HG-U133 unpublished unpublished
Figure 1C SAE Nonsmoker 5 10x single cell unpublished unpublished
Figure 2A,B  SAE Nonsmoker 60 HG-U133 11784 (published) (6)
SAE Smoker 73 HG-U133 11784 (published) (6)
Figure 2C,D SAE Nonsmoker 20 Illumina HiSeq 2500 133924 (pending) pending
SAE Smoker 23 Illumina HiSeq 2500 133924 (pending) pending
Figure 3 SAE Nonsmoker 9 miRNA 2.0 53519 (published) (16)
SAE Smoker 10 miRNA 2.0 53519 (published) (16)
Figure 4 SAE Nonsmoker 20 Illumina HiSeq 2500 133924 (pending) pending
SAE Smoker 23 Illumina HiSeq 2500 133924 (pending) pending
Figure 5 SAE Nonsmoker 5 10x single cell unpublished unpublished
SAE Smoker 5 10x single cell unpublished unpublished
Figure E1 SAE Nonsmoker 5 10x single cell unpublished unpublished
SAE Nonsmoker 5 10x single cell unpublished unpublished
Figure E2A Lung Control 8 10x single cell 122960 (published) (18)
Figure E2B LAE Nonsmoker 6 Illumina HiSeq 2500 131391 (published) (19)
LAE Smoker 6 Illumina HiSeq 2500 131391 (published) (19)
Figure E3A, B LAE Nonsmoker 21 HG-U133 10135 (published) 4)
LAE Smoker 31 HG-U133 10135 (published) 4)
Figure E3C,D LAE Nonsmoker 10 Illumina HiSeq 2500 101353 (pending) pending
LAE Smoker 10 Ilumina HiSeq 2500 101353 (pending) pending
Figure E4 SAE Nonsmoker 98 Illumina HiSeq 2500 108134 (published) (17)
SAE Smoker 176 Illumina HiSeq 2500 108134 (published) (17)

' HG-U133=Affymetrix HG-U133 Plus 2.0 microarrays; miRNA 2.0 = Affymetrix miRNA 2.0 arrays.
2 All detailed GEO # are GSE accession #.
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Supplemental Figure Legends
Figure E1. Representation of cell clustering in single cell RNA sequencing data. UMAP projec-
tion of unsupervised clustering with clusters identified based on marker gene expression. See
Supplemental Methods for marker genes for each cluster.
Figure E2. Expression of ACE?2 is alveolar epithelium type 2 (AT2) cells. A. Analysis of the
single cell 10x transcription data of Reyfman et a/ (18), GEO accession number 122960. The da-
ta was generated from samples of lung parenchyma from 8 control lung biopsies from lung do-
nors with no pulmonary pathology (5 nonsmokers, 2 smokers, and 1 ex-smoker). Data was pro-
cessed using the pipeline described in the Supplemental Methods. AT2 cells are the dominant
cell type expressing ACE?2, likely due to the high representation of this cell type in the analysis.
The level of detection of ACE2 was similar for all epithelial cell types including AT1, AT2, ba-
sal, club and ciliated cells. A total of 24,957 epithelial cells were analyzed of which 91% were
AT2 cells. ACE2 was detected in a minority of epithelial cells from each cluster (0.3% of AT1
cells, 1.2% of AT2 cells, 0.7% of club cells, and 1.2% of ciliated cells). Inflammatory/immune
cells did not express ACE2. B. Analysis of the single cell 10x transcription data of Duclos ef al.
(19), GEO accession number 131391. The data were generated from samples of bronchial airway
epithelium obtained by fiberoptic bronchoscopy from 6 never smokers and 6 current smokers.
Data was processed using the pipeline described in the Supplemental Methods. Cell clusters were
identified as basal/intermediate, mucus, club, ciliated, and ionocyte, although each cluster had
some intermediate cell character. The total number of epithelial cells analyzed was 1,105. ACE?2
cells were detected in a minority of epithelial cells from each cluster except ionocytes for which
only 13 cells were detected (1.1% of basal/intermediate cells, 1.1% of club cells, 11.5% of mu-

cus cells, and 1.2% of ciliated cells). Values indicating percentage of positive cells above are
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useful for comparison among the epithelial cell types in the data set but underestimate the actual
percentage of cells expressing the gene (20).

Figure E3. Expression of ACE?2 in the large airway epithelium (LAE) of nonsmokers compared
to smokers. A. LAE, nonsmokers (n=21) vs smokers (n=31), Affymetrix HG-U133 Plus 2.0 mi-
croarray, analysis based on the data of Vanni et a/ (4) GEO accession number 10135. B. LAE,
effect of sex and smoking. Affymetrix HG-U133 Plus 2.0 microarrays; same data as panel A. A-
B. Expression level is presented as relative gene expression compared to all other genes on the
array. See Supplemental Methods for details on normalization. C. LAE, nonsmokers (n=10) vs
smokers (n=10), RNA-seq (Illumina HiSeq 2500). D. LAE, effect of sex. RNAseq; same data as
in panel C. There was insufficient female data to determine significance. A 1-way ANOVA was
used to compare the groups. NS = non-significant; * = p<0.05, ** = p<0.01, and *** = p<0.001.
Open circles — nonsmokers, gray circles — smokers.

Figure E4. Effect of pollution in New York City on ACE?2 expression in the small airway epithe-
lium (SAE) of nonsmokers and smokers. Fiberoptic bronchoscopy was used to sample the SAE
from the same subject at different times over one year. ACE?2 levels in SAE samples were com-
pared to the air pollution levels in New York City in the month the SAE was sampled. The anal-
ysis of ACE?2 expression is based on the Affymetrix HG-U133 Plus 2.0 microarray data of
O’Beirne et al., (17), GEO accession number GSE108134. Open circles - nonsmokers, gray cir-
cles - smokers. A. healthy nonsmokers; B. healthy smokers; and C. combined healthy nonsmok-
ers and smokers. There is no correlation of SAE ACE? levels and the levels of air pollution in
New York City. Particulate matter <2.5 um (PM3s) levels did not exceed 18 pg/m: (units) during

the observation period. Open circles — nonsmokers, gray circles — smokers.
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A. ACE2 expression in lung (Reyfman et al.)
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Figure E2
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