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It has been reported that angiotensin-converting enzyme 2
(ACE2) and transmembrane serine protease 2 (TMPRSS2)
are the main cell entry proteins for severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) and play a critical role in
causing coronavirus disease 2019 (COVID-19). To investigate
the expression level of these SARS-CoV-2 host cell entry genes
in the lung airway, we used public gene expression datasets. We
have found a differential expression of ACE2 and TMPRSS2 in
nasal and bronchial airways relative to age and diseases status.
Children were found to have significantly lower expression of
COVID-19 receptors in the upper and lower airways (nasal
and bronchial). Moreover, the lung airway expression of both
ACE2 and TMPRSS2 was found to be significantly upregulated
in smokers compared with non-smokers, and in patients with
chronic obstructive pulmonary disease (COPD) compared
with healthy subjects. No difference was observed in the blood
expression levels of ACE2 and TMPRSS2 between children and
adults, or in COPD or diabetic patients. However, a significant
increase in blood expression levels of these genes was observed
in patients with essential hypertension, whereas only ACE2 was
upregulated in the blood of asthmatics. These results suggest
that the observed difference in COVID-19 severity between
children and adults could, in part, be attributed to the differ-
ence in ACE2 and TMPRSS2 airways tissue expression levels.

INTRODUCTION

Over the last two decades, three waves of coronavirus outbreaks
among humans have erupted, severe acute respiratory syndrome co-
ronavirus (SARS-CoV) in 2002," Middle East respiratory syndrome
(MERS) in 2012,” and the latest novel SARS-CoV-2 in December
2019. The disease caused by these coronaviruses has pneumonia-
like symptoms, such as fever and dry cough, and leads to progressive
respiratory failure and even death.” SARS-CoV' and MERS-CoV*
caused epidemics in different countries, while the high rate of trans-
missibility and infectivity of SARS-CoV-2 resulted in a quick escala-

tion of the number of infected cases worldwide, leading to the trans-
formation of this outbreak into a worldwide pandemic (World Health
Organization [WHO] situation report 50; https://www.who.int/docs/
default-source/coronaviruse/situation-reports/20200310-sitrep-50-covid-
19.pdf?sfyrsn=55e904fb_2). As of the preparation of this report, the
number of worldwide infections of the virus (SARS-CoV-2) causing
coronavirus disease 2019 (COVID-19) is estimated to be 3,267,184,
while the fatalities reported exceeded 200,000 deaths, according to
WHO (WHO situation report 103; https://www.who.int/docs/
default-source/coronaviruse/situation-reports/20200502-covid-19-
sitrep-103.pdf?sfvrsn=d95e76d8_4).

The new SARS-CoV-2 was found to share 79.6% sequence identity
with SARS-CoV.” Besides, the virus uses the same cell receptor as
SARS-CoV, angiotensin-converting enzyme 2 (ACE2), to enter the
cell. It was also found to need transmembrane serine protease 2
(TMPRSS2) for priming of the viral spike protein.® The level of
expression of the viral receptor (ACE2) and TMPRSS2, especially in
the nasal tissue, may be critical for the ability of the virus to transmit
and replicate.”

SARS-CoV-2 is believed to have a much higher rate of transmission
compared with SARS-CoV and MERS-CoV.® The majority of people
infected were of older age (approximate age range, 30-79 years) and
developed mild symptoms, whereas around 19% developed severe
conditions and needed critical care.” Many of the patients who
developed critical conditions had, in fact, chronic diseases such as car-
diovascular diseases and diabetes.'” Throughout the three epidemics,
low rate of infection was reported in infants and children, with mostly
a milder disease profile.'' "' The reason behind that is still a mystery.
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Figure 1. Microarray Expression Levels of ACE2 and TMPRSS2 in PBMCs, Upper and Lower Respiratory Tract of Children and Adults

(A) There was no difference in expression levels of ACE2 and TMPRSS2 in PBMCs of adults versus children. (B) Nasal and bronchial expression levels of ACE2 and TMPRSS2
were significantly lower in children versus adults. (C) Expression levels of ACE2 and TMPRSS2 were significantly higher in nasal versus bronchial tissue of children. (D) In
adults, the expression levels of ACE2 and TMPRSS2 decreased moving from upper to lower airways. The nasal expression of these genes was significantly higher in nasal
versus bronchial and in nasal versus small airways. “p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. Results are presented as mean (+ SEM) mRNA expression.

Several theories have been discussed for why children are less suscep-
tible to SARS-CoV-2 infection'*'* and less prone to develop severe
conditions following infection with SARS-CoV-2."® One possibility
is their young immune system, which could be more efficient in
clearing the infection compared with the adult immune system.
Another possibility is the presence of cross immunity due to a previ-
ous exposure to a milder widespread form of coronaviruses.'"”'” How-
ever, one possibility could also be that they express lower levels of the
viral receptors that could limit transmission to these young popula-
tions and the development of severe conditions. Hence we tested
the hypothesis that the expression of viral receptors, ACE2 and
TMPRSS2, in children is lower than that in adults. Moreover, because
ACE2 is known to be regulated by hypoxia, stress, and several inflam-
matory mediators,'® we have also tested whether its expression in-
creases because of smoking and chronic inflammatory diseases
affecting the lungs, such as asthma, chronic obstructive pulmonary
disease (COPD), and idiopathic pulmonary fibrosis (IPF), as well as
diabetes and hypertension (HTN).

RESULTS
In this study, we evaluated airway tissue gene expression levels of
SARS-CoV-2 receptors, ACE2 and TMPRSS2, using publicly avail-

able transcriptomic datasets of nasal and lung airway tissue, as well
as blood and saliva. The list of the extracted datasets that passed
the quality control (QC) and were included in our analysis is pre-
sented in Table SI.

We first evaluated the expression levels of ACE2 and TMPRSS2 in pe-
ripheral blood mononuclear cells (PBMCs) of adults versus children
and found no significant difference (Figure 1A). However, interest-
ingly, the expression levels of both ACE2 and TMPRSS2 were signif-
icantly lower in nasal as well as bronchial epithelial tissue of children
compared with those of adults (p < 0.0001; Figure 1B). Notably, these
receptors were found to be differentially expressed between upper and
lower airways. In children, the expression levels of ACE2 (p = 0.032)
and TMPRSS2 (p = 0.002) were both significantly higher in upper res-
piratory nasal tissue compared with the bronchial epithelial brushing
(Figure 1C). Similarly, in adults, we found significantly higher expres-
sion of these genes in upper nasal epithelial tissue compared
with bronchial and small airway epithelial brushings (p < 0.0001;
Figure 1D). Moreover, the expression of these two genes was found
to be significantly higher in nasal compared with blood or saliva of
adult subjects (p < 0.0001; Figure S2D). This significant differential
expression of both ACE2 and TMPRSS2 between children and
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Figure 2. ACE2 and TMPRSS2 Are Significantly Higher in Lungs of COPD Patients and PBMCs of Hypertension Patients

(A) Compared with healthy controls, the levels of ACE2 and TMPRSS2 were higher in lungs of COPD patients, as well as in lungs of smokers. (B) No difference was found in
expression levels of asthmatics bronchial tissue versus healthy controls. (C) Also, there were no differences in levels of these genes in lung tissue of idiopathic pulmonary
fibrosis versus healthy controls. (D) The levels of ACE2 and TMPRSS2 expression were found to be significantly elevated in PBMCs of hypertensive versus healthy controls.
*p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001. Results are presented as mean (+ SEM) mRNA expression.

adults could contribute to the lower infectivity and disease severity
observed in younger populations. In addition, the increased expres-
sion of these receptors in nasal compared with blood or saliva suggest
transmission could be higher through the nasal cavity compared
with the oral cavity.

We next determined whether the expression of ACE2 and TMPRSS2
increases in lung tissue in the presence of other comorbidities,
especially those associated with a more severe SARS-CoV-2 infection.
To do that, we compared the lung tissue expression levels of ACE2
and TMPRSS2 in patients with comorbidities compared with
healthy controls. Datasets of blood (PBMCs) were used for patients
with HTN and diabetes because no transcriptomic data of lung tissue
were available for these groups. Upon analyzing transcriptomic data-
sets of lung biopsies obtained from COPD adult patients, ACE2 (p =
0.003) and TMPRSS2 (p = 0.0002) were both found to be significantly
upregulated (Figure 2A). The expression of these two genes was also
significantly increased in the lung tissue of smokers compared with
healthy subjects (ACE2, p = 0.002; TMPRSS2, p < 0.0001; Figure 2A).
This suggested that the observed increase in the lung tissue of COPD
patients could mostly be attributed to the effect of smoking. No dif-
ference was observed in the blood expression levels of these genes
for COPD compared with healthy controls (Figure S1A).

Although there was no difference in the level of ACE2 expression in
asthmatic bronchial epithelial cells compared with healthy controls,

the level of TMPRSS2 (p = 0.002) was found to be significantly
elevated (Figure 2B). The same pattern was observed upon the assess-
ment of transcriptomic data obtained from the bronchial epithelial
cells of asthmatic children. The expression levels of ACE2 were
not different compared with healthy controls, but the levels of
TMPRSS2 (p = 0.0002) were significantly higher (Figure S2A). This
pattern of expression was reversed in the blood of asthmatics,
where ACE2 expression was significantly elevated, but no difference
in the levels of TMPRSS2 was observed (Figure S1B). In addition,
no difference was observed in the expression levels of ACE2
and TMPRSS2, neither in bronchial tissue of patients with IPF (Fig-
ure 2C) nor in lung tissue of patients with sarcoidosis (Figure S2B) or
scleroderma-associated interstitial lung disease (ILD) (Figure S2C).

Interestingly, the levels of ACE2 and TMPRESS2 were found to be
significantly elevated in the blood (PBMCs) of patients with HTN
compared with healthy controls (p < 0.0001; Figure 2D). However,
no difference in the receptors gene expression was detected in the
blood (PBMCs) of patients with diabetes (Figure S1C).

After determining the baseline expression of ACE2 and TMPRSS2
in children, adults, and different COVID-19 high-risk patient
groups, we examined how coronavirus infection may affect the
expression of ACE2 and TMPRSS2. We hence compared the
expressions of these genes in SARS-CoVl-infected lung epithelial
cells (Calu-3) compared with Mock-infected Calu-3 controls at
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Figure 3. Effect of SARS-CoV Infection in
Expression Levels of ACE2 and TMPRSS2 in Lung
Epithelial Cells (Calu-3)

(A) ACE2 expression was significantly decreased at 24-
and 48-h time points following infections. (B) However, no
T significant change in the expression of TMPRSS2 was
= observed following infection with SARS-CoV-1. *p < 0.05,
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different time points. ACE2 expression was significantly decreased at
24- (p < 0.001) and 48-h (p < 0.001) time points following infections.
However, no significant change in the expression of TMPRSS2 was
observed following infection with SARS-CoV1 (Figure 3).

DISCUSSION

In this study, using several public gene-expression datasets, we have
shown that the SARS-CoV-2 receptor, ACE2, and TMPRSS?2 are ex-
pressed at significantly higher levels in nasal epithelium compared
with blood and saliva, and this expression decreases significantly in
lower lung airway tissue. Importantly, the expression of ACE2 and
TMPRSS2 in nasal tissue of children is significantly lower than that
of adults. Likewise, the bronchial tissue expression of these genes
was also lower in children compared with adults. To the best of our
knowledge, this is the first study to report lower ACE2 and TMPRSS2
expression in nasal and bronchial epithelial cells of children
compared with adults.

The reported rate of SARS-CoV-2 infection and spectrum of symp-
toms is lower in children than in adults."® Considering that SARS-
CoV-2 cell entry depends on the expression of ACE2 and TMPRSS2
entry genes,’ one can speculate that the transmissibility/clinical
manifestations of SARS-CoV-2 could be affected by the levels of
ACE2 and TMPRSS2 expression on the cell surface. In fact, by
analyzing 7,375 contacts, Zhang et al."”” found that children are less
susceptible to SARS-CoV-2 infection than adults. Therefore, the
reduced airway tissue expression of ACE2 and TMPRSS2 reported
here may contribute to the lower risk for infection'®'> and the
reduced disease severity observed in the younger population.

In light of the potentially increased transmissibility of SARS-Cov-2
in smokers and adults with other comorbidities,'®'**° ACE2 and
TMPRSS2 lung airway expression was found to be upregulated upon
smoking and in COPD patients, and slightly increased in asthmatics.
Of all the chronic lung diseases tested, smokers and COPD had the
highest increase in these genes compared with healthy lung tissue.
This indicated that smoking could be the reason behind the increased
expression observed in COPD, and not the inflammatory mediators. In
fact, while preparing this manuscript, Brake et al.*' reported an increase
in ACE2 in the lung airways of smokers using immunohistochemistry.
Hypoxia is known to regulate ACE2 expression,'** which could
explain the mechanism by which smoking increases these receptors.

The increased expression of ACE2 in smokers may hence justify the
observed increase in rate of infection and severity of disease observed
. . 23

in smokers compared with non-smokers.

No difference in receptors gene expression was observed in lung
tissue of patients with IPF, or with sarcoidosis or scleroderma-associ-
ated ILD. In addition, no difference in the blood levels of ACE2
and TMPRSS2 expression between children and adults was observed.
However, a significant level in blood expression of ACE2 and
TMPRSS2 was observed for patients with HTN, while only ACE2
was upregulated in the blood of asthmatics. This may explain the
increased risk of these patients for SARS-CoV-2 infection. The
absence of difference in blood expression levels of patients with
chronic diseases such as diabetes does not exclude the possibility of
increased expression of these entry genes in the lung tissue of these
patients; however, we had no available data to investigate that. It
would hence be interesting to determine the lung expression levels
of SARS-CoV-2 receptors in these patients.

The increased expression of ACE2 and TMPRSS2 in the upper respi-
ratory tract compared with blood and lower respiratory tract could
contribute to the increased replication of SARS-CoV-2 in this tissue.
Recently, Zou et al.” reported that SARS-CoV-2 viral load is higher in
nasal compared with throat swabs. Based on our finding, the reason
for that could be the higher expression of ACE2 and TMPRSS2 in
nasal compared with throat swaps. In fact, the level of these genes
in saliva was significantly lower than that of nasal epithelium (Fig-
ure S2D). Interestingly, TMPRSS2 was found to be expressed in nasal
and bronchial epithelial cells along with ACE2. SARS-CoV-2 needs
this host serine protease for spike protein priming, allowing for
viral fusion and cellular entry.”** These findings of co-expression
of ACE2 and TMPRSS2 on the nasal epithelial cells might provide
further insights into the reason for increased infectivity and transmis-
sibility of SARS-CoV-2, and may pave the way for novel therapeutic
interventions. It is worth mentioning that serine protease inhibitors
such as camostat mesylate, which blocks TMPRSS2 activity, could
be used for treatment of SARS-CoV-2-infected patients,*** or as a
preventive approach, especially for patients identified as high risk
based on ACE2 nasal screening.

Of note, infecting human airway epithelial cells with SARS-CoV was
found to downregulate ACE2 and TMPRSS2 expression compared
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with the mock-infected cells. This was in line with a previous similar
observation.”*® The fact that the level of expression of ACE2 is not
increased following infection indicates that the baseline level of
ACE2 may play a critical role in determining the level of disease
severity. Moreover, a dramatic decrease in lung tissue expression of
ACE2 was shown to be associated with acute respiratory distress syn-
drome (ARDS).”” The downregulation of ACE2 expression observed
with SARS-CoV infection would hence play a role in the development
of ARDS, a common clinical phenotype for patients with COVID-19.

Our results are mainly based on public gene expression datasets. It is
warranted that further histological methods and protein validation
are performed to confirm our findings. The observed differential level
of expression of ACE2 and TMPRSS2 may contribute, at least
partially, to our understanding of why elderly adults and patients
with other comorbidities are prone to develop a more severe disease
compared with children and other younger populations.

MATERIALS AND METHODS

In this study, bioinformatic analyses were conducted to evaluate the
expression levels of ACE2 and TMPRSS2 gene signatures in blood,
upper and lower respiratory tract tissue, and saliva for children and
adults. The expression was also evaluated in the lung tissue of smokers
and patients with chronic conditions, such as COPD, asthma, HTN,
diabetes, IPF, sarcoidosis, and scleroderma-associated ILD.>>%®

Publicly available gene expression datasets deposited in National
Center for Biotechnology Information Gene Expression Omnibus
(NCIB GEO; https://www.ncbi.nlm.nih.gov/geo/) and the European
Bioinformatics Institute (EMBL-EBL; https://www.ebi.ac.uk) were
used. Among the selected studies, all were Affymetrix microarray
platforms, and only one study (GEO: GSE118761) was Illumina
RNA sequencing (RNA-seq), which was analyzed separately, and
it was not used in the microarray comparisons. Before data prepro-
cessing, all data were evaluated for QC, and all poor-quality data
were removed.”””" The details of the final datasets are presented in
Table S1, which includes 4 datasets for children groups (healthy
and asthmatics), 15 datasets for adults with different comorbidities
(asthmatics, COPD, IPF, HTN, diabetes, systemic sclerosis [SSc]-
related ILD and sarcoidosis), and 1 dataset to assess the in vitro effect
of SARS-CoV infection on lung epithelial cells.

The raw Affymetrix data were normalized and log transformed. Micro-
array data (CEL files) were pre-processed with Robust Multi-Array
Average (RMA) technique using R software.”’ The probe set ID with
the largest interquartile range (IQR) of expression values was selected
to represent the gene. Before including a dataset in the analyses, the
expression level of housekeeping genes was used to evaluate whether
the batch effect has a significant impact on the results. For the RNA-
seq study, the data were pre-processed using the Bioconductor package
limma-voom™ and presented as log2 counts per million (log cpm).

Log-transformed normalized intensities were used in the final ana-
lyses where all comparisons between two independent groups (chil-

dren versus adults and healthy versus diseased) were carried out using
unpaired Student’s t test.”” Statistical analyses were performed using
Prism (v.8; GraphPad Software). For all analyses, p <0.05 was consid-
ered significant.
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Figure S1. Normalized mRNA expression levels of ACE2 and TMPRSS2 genes in PBMCs of
different diseases. (A) There was no significant difference in expression levels of ACE2 and
TMPRSS2 in PBMCs of chronic obstructive pulmonary disease (COPD) compared to the
healthy controls. (B) Comparisons of PBMCs of asthmatic versus control showed that while
level of ACE2 was significantly higher in asthmatics there was no difference in PBMCs levels
of TMPRSS2. (C) There was no difference in both the levels of ACE2 and TMPRS2 in PBMCs
of type 1 diabetes compared to healthy controls. * P<0.05, ** P<0.01, *** P<0.001, ****
P<0.0001.
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Figure S2. Normalized mRNA expression levels of ACE2 and TMPRSS2 genes in PBMCs
and respiratory tissues. (A) Expression in counts per million (CPM) of ACE2 and TMPRSS2
genes in bronchial epithelial cells in healthy versus asthmatic children. There was no difference
in expression levels of ACE2 between these two groups. (B and C) No difference was detected
in levels of ACE2 and TMPRSS2 in biopsies of Scleroderma-associated Interstitial Lung
Disease (SSc-ILD) versus healthy controls as well as in comparisons of gene levels in lung
biopsies of sarcoidosis versus control. (D) We detected a significant difference in comparison

of ACE2 and TMPRSS?2 in nasal versus saliva as well as in comparison of nasal versus PBMCs.
* P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.



Groups

Children

Adult

GEO
accession

GSE18965

GSE103166

GSE118761

GSE19743

GSE56341

GSE41861

GSE30063

GSE16008

E-MTAB-
1690
GSE16538

GSE24206

GSE76808

GSEg81292

GSE64951
GSE19743

GSE69683

Platform

GPL96

GPL23961

GPL11154

GPL570

GPL6244

GPL570

GPL570

GPL5175

GPL570

GPL570

GPL570

GPL571

GPL18991

GPL570
GPL570

GPL13158

Table S1 Gene expression datasets used in this study.

Cell type

Bronchial
epithelial cells
Nasal swabs

Bronchial
epithelial cells
PBMCs

Small airway
epithelial cells
Bronchial
epithelial cells
Nasal airway
epithelium
Small airway
epithelial cells
Bronchial
epithelial cells
Nasal airway
epithelium
Bronchial
biopsy
Bronchial
biopsy
Bronchial
biopsy

Bronchial
biopsy

Bronchial
biopsy

Saliva
PBMCs

PBMCs

Condition 1

Healthy (n=7)
Healthy (n=21)
Healthy (n=22)
Healthy (n=34)
Healthy (n=15)
Healthy
Bronchial (n=29)
Nasal (n=17)
Healthy (n=11)
Healthy
Bronchial (n=13)
Nasal (n=21)
Healthy (n=14)
Healthy (n=06)

Healthy (n=06)

Healthy (n=4)

Healthy (n=5)

Healthy (n=63)
Healthy (n=29)

Healthy (n=80)

Condition 2

Asthmatic (n=9)
Asthmatic (n=19)

Asthmatic (n=32)

Asthmatic
Bronchial (n=52)

COPD (n=21) and
Smokers (n=27)
Sarcoidosis (n=6)

Idiopathic
Pulmonary Fibrosis
Early IPH (n=8)
and advanced
IPH(n=9)
Systemic sclerosis
(SSc)-related
interstitial lung
disease (ILD)
(n=14)

Systemic sclerosis
(SSc)-related
interstitial lung
disease (ILD)
(n=15)

Asthmatic (n=338)



GSE70528
GSE55098

GSE42057
In vitro
GSE17400

GPL570
GPL570

GPL570

GPL570

PBMCs
PBMCs

PBMCs

Human
Bronchial
Epithelial
Cells (Calu-3)

Healthy (n=10)
Healthy (n=42)

Mock-infected
Calu-3

12 hr (n=3), 24 hr
(n=3), and 48 hr
(n=3)

Hypertension (n=8)
Type 1 diabetes
(n=12)

COPD (n=94)

SARS-CoV-
infected

Calu-3

12 hr (n=3), 24 hr
(n=3), and 48 hr
(n=3)

COPD, Chronic obstructive pulmonary disease; PBMC, peripheral blood mononuclear cell;
SARS-CoV, Severe acute respiratory syndrome coronavirus.
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