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Abstract

Background

The recent outbreak of the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2),
which causes coronavirus disease 2019 (COVID-19), has led to a worldwide pandemic. A
subset of COVID-19 patients progresses to severe disease, with high mortality and limited
treatment options. Detailed knowledge of the expression regulation of genes required for viral

entry into respiratory epithelial cellsis urgently needed.

M ethods

Here we assess the expression patterns of genes required for SARS-CoV-2 entry into cells,
and their regulation by genetic, epigenetic and environmental factors, throughout the

respiratory tract using samples collected from the upper (nasal) and lower airways (bronchi).

Findings

Genes encoding viral receptors and activating protease are increased in the nose compared to
the bronchi in matched samples and associated with the proportion of secretory epithelial
cellsin cellular deconvolution analyses. Current or ex-smoking was found to increase
expression of these genes only in lower airways, which was associated with a significant
increase in the predicted proportion of goblet cells. Both acute and second hand smoke
exposure were found to increase ACE2 expression while inhaled corticosteroids decrease
ACE2 expression in the lower airways. A strong association of DNA- methylation with

ACE2 and TMPRSS2- mRNA expression was identified.

I nter pretation
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Genes associated with SARS-CoV -2 viral entry into cells are high in upper airways, but
strongly increased in lower airways by smoke exposure. In contrast, ICS decreases ACE2
expression, indicating that inhaled corticosteroids are unlikely to increase the risk for more

severe COVID-19 disease.
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| ntroduction

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) isanovel beta-coronavirus
that was first detected in an outbreak in Wuhan, China, in late 2019, followed by arapid
spread across the world™?. Infection with SARS-CoV -2 causes coronavirus disease 2019
(COVID-19) which was recognized as a global pandemic by WHO in March 2020. Common
symptoms of COVID-19 include fever, cough, fatigue, myalgia and diarrhea, with asubset of
patients developing severe disease approximately 1 week after initial symptom onset®*.
Severe disease is characterized by dyspnea and hypoxemia progressing to acute respiratory
distress syndrome (ARDS) and respiratory failure®. Most severe COVID-19 patients are
lymphopenic and show thrombosis, in particular in small vessels, while disorders of the
central or peripheral nervous system, acute cardiac, kidney and liver injury are seenin a
subset of the severe COVID-19 cases™®, Risk factors for developing severe disease are older
age, as well as anumber of pre-existing conditions such as cardiovascular disease,
hypertension, diabetes and obesity*®°. In addition, chronic lung disease aswell as active
cigarette smoking has been identified as a potential risk factor for disease progression and

adverse outcomes in COVID-19%.

The cellular and molecular mechanisms for the increased susceptibility for severe COVID-19
are currently incompletely understood. SARS-CoV-2 has been shown to enter the host cell by
binding of the viral spike (S) glycoprotein to the angiotensin converting enzyme-2 (ACE2) on
the cell surface™, with aslightly higher affinity compared to SARS-CoV*2. Alternative
receptors have aso been reported, including CD147(BSG), which has alower affinity
interaction with the S protein®®, and NPR1***°. Upon S protein binding to the ACE2 receptor,
proteolytic cleavage of the S protein by proteases such as TMPRSS2, FURIN and CTSL is

11,16

required for membrane fusion and cell entry of the virus—. Expression of these cell entry
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factors therefore identifies the cells that can be infected with SARS-CoV-2 upon exposure to
the virus. Consequently, differencesin gene expression of these cell-entry factorsas a
function of genetics, age, smoking and disease status might contribute to increased
susceptibility to viral infection and severe COVID-19". Analysis of gene expression patterns
within the Human Cell Atlas consortium™® in a range of tissues using single-cell RNA
sequencing has identified co-expression of ACE2 and TMPRSS2 in epithelia cellsin the
conjunctiva of the eye, the upper respiratory tract and the gastro-intestinal tract, with limited
expression in the lower respiratory tract and the lung parenchyma> 2. Recent analyses
within the Human Protein Atlas largely confirmed these RNA data, but also revealed that
protein expression of the ACE2 receptor is very low in the upper airways and almost absent
from the lower airways and lung parenchyma®. These data identify the epithelial cells of the
upper airways as the most likely site of entry for SARS-CoV-2 into the respiratory tract, but
fail to explain the differences in susceptibility for COVID-19 between different age groups,
after cigarette smoke exposure or in patients with pre-existing lung disease. M oreover, the
(epi)genetic regulation of the expression of these viral entry genes remains largely
uncharacterized. We hypothesize that cigarette smoking, increasing age and pre-existing lung
disease al increase the expression of the SARS-CoV-2 cell entry factors, thereby enhancing
the susceptibility for COVID-19. To test our hypothesis, we performed a comprehensive
analysis gene expression of ACE2, TMPRSS2, CTSL, BSG, NRP1 and FURIN in upper and
lower airway samples as a function of age, smoking history and disease, as well asthe

association with SNPs and CpG methylation.
Materials and M ethods

Complete methods, including description of study populations, sample management as well

as generation of genomic data are described in the online supplement.
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Geneexpresson analysis

Differential gene expression analysis was conducted across seven different cohort studies
(Table 1) using the R packages EdgeR and Limma for RNA-Seq and microarray studies,
respectively. Extensive details about each study can be seen in the online Supplement. All
analyses were corrected for age, sex and smoking status. Paired analyses were conducted
using limma blocking or EdgeR GLM models correcting for patient ID in microarray and
RNA-Seq datasets, respectively. All analyses were conducted as candidate gene functions

focusing on ACE2, TMPRS2, BSG FURIN, NRP1 and CTSL.

Expression Quantitative Trait Loci (eQTLS)

We assessed the association between gene expression of ACE2, TMPRSS2, BSG FURIN,
NRP1 and CTSL and SNPs located within IMB from the gene body, using the r package
matrixeQTL, correcting for age, sex and smoking status (and batch effect in the CRUKPAP
study). Meta-analysis of cis-eQTL analysis was performed for Nasal brush: CRUKPAP
(n=339), NORM (n=92) and PIAMA (n=303) and Bronchial brush CRUKPAP (n=215) and

NORM/TIP (n=150).

Expression Quantitative Trait Methylation (eQTMs)

We performed cis-eQTM analysis, with awindow of +/-1 MB from the gene body. The
methylation M value (log2 ratio of methylated versus unmethylated probe intensities) was
regressed on gene expression and adjusted for age, sex, and smoking status using the r
package matrixeQTL, correcting for age, sex and smoking status. EQTM analysis was
conducted on two tissue types; Nasal;- OLIVIA (n=50) and PIAMA (n=245); Bronchial

biopsy; INDURAIN (n=144) and GLUCOLD (n=55).

Meta-analysis
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The weighted Z-score method was used to meta-analyze the results of association analysis
and eQTL analysis from all cohorts, considering that different cohorts may use different

platforms in measuring gene expression data.

Cellular deconvolution using single-cell RNA sequencing (SCRNA-Seq) signatures

ScRNA-Seq signatures from the nose and bronchus were utilized from our previously-
published data to estimate differences in cell-type composition, using mRNA expression

levels™. Cellular deconvolution is explained in detail in the supplementary materials.

Results
SARS-CoV-2 cell entry genes are increased in expression in the nose compared to the

bronchus

We first investigated the expression of ACE2, TMPRSS2, BSG, FURIN, NRP1 and CTSL in
matched nasal and bronchial brushings in healthy individuals (NORM, n=77) and a second
cohort of patients with suspected cancer (CRUKPAP, n=162). Expression of all six genes
was higher in nasal compared to bronchial brushings in both independent datasets (Table 2
and Figure 1A-D). We next investigated the influence of smoking status, age, BMI and sex
on COVID related gene expression. A meta-analysis of the two datasets shows that smoking
significantly upregulates ACE2, TMPRSX2, FURIN, and BSG in bronchial but not in nasal
brushes (Figure 1E&F). In contrast, smoking was associated with lower expression of CTSL
in both nasal and bronchia brushings (Table 3). Sex had asmall, but significant effect on

BSG expression only in nasal brushes, while no effects were seen for age (Table S1&2). We
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next investigated the effect of smoking cessation on ACE2 expression. We observed
significantly decreased bronchial ACE2 expression as soon as after 1 month of smoking
cessation, within expression levels decreasing to the level of never smokers after 12 months

(Figure 1G).

We next performed cellular deconvolution to assess whether cellular composition of nasal
and bronchial samples was associated with expression of some of these genes. To this end,
scRNA-Seq data obtained from bronchial (n=9) and nasal brush (n=1) were used. The UMAP
plot of the data shows that goblet and secretory cells as well as ciliated(nasal) and
ciliated(bronchial) cells are well separated. Therefore, we proposed to use location-specific
annotations (uppers versus lower airways) for feature selection to capture differentiating
genes between these cell types. After feature selection, ciliated(nasal) and ciliated(bronchial)
were highly similar, so we combined their expression profiles for deconvolution (Figure
2A&B). Cell-type specific analysis revealed that ACE2 and TMPRSS2 were mainly found in
nasal goblet and ciliated cells with lower expression in the same cell typesin the bronchus %,
whereas BSG was ubiquitously expressed and NPR1 was mainly expressed in basal epithelial
cells (Figure 2C-H). Cellular devolution of ‘bulk’ RNA-seq data from matched nasal and
bronchial brushes samples resulted in similar results, with ACE2, TMPRSS?, BSG, FURIN,
NRP1 and CTSL expression strongly correlating with predicted goblet cell numbers (Figure
21&J). ACE2 specificaly was found to be highly correlated with goblet cell proportions
indicating possible selective expression in goblet cells (Figure 2F& G), this result is supported
by previously published sc-seq and scATAC-seq data from the human cell atlas®. As the
goblet cell fraction was found to be higher in the nose than bronchus in this and other
studies®. Finally, we compared the cellular deconvolution between current smokers and
never/ex smokers in matched nasal and bronchial samples. Here we showed a significant

increase in secretory cells (nasal + bronchial secretory cell signature combined) in bronchial
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but not nasal samples of current smokers compared to ex/never smokers in one of the two
studies, (Figure 2H&1). The lack of adifference in the bronchia samples of the NORM study
is likely due to the difference in performing cellular deconvolution with microarray data,
which is evident when we focus only on the bronchial secretary cell signature which is
significant in both datasets (Figure S1). These findings indicate that the bronchial specific
increase of ACE2 in response to smoke exposure is likely due to an increase in the proportion

of secretory cells in the bronchus, which was not observed in nasal samples.

Relationship of nasal and bronchial genes associated with SARS-CoV-2 entry with

smoking, sex, ageand BM|

We next expanded our analyses to include larger non-matched cohorts of airway samples. As
the nose is thought to be the primary site of COVID infection, we first investigated the
relationship between nasal expression of SARS-CoV-2 cell entry genes and factors that have
been epidemiologically linked to COVID severity (smoking, sex, age and BMI). We ran our
analysis on five populations with RNA-Seq data: adult, NORM/OLIVA (n=76), CRUKPAP
dataset (n=405), UBIOPRED (n=89), and INER-Ciencias Mexican Lung Program (INCI)
(n=79); children, PIAMA (n=291); ameta-analysis was then run on the five studies. Through
meta-analysis TMPRS2 expression was found to be significantly increased by current
smoking in two of the five cohorts but this finding was inconsistent across all five cohorts,
while CTSL expression was decreased in al cohorts. In all studies, no association was found
with ACE2 expression in al variables tested (smoking, sex, age and BMI)(Table 4). Overall
little association was found for the expression of COVID related genes with

epidemiologically linked factorsin the nose.
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We next repeated this analysis in samples obtained from bronchial brushes and bronchial
(forceps) biopsies. Weran our analysis on five adult populations: bronchial biopsies;
INDURAIN (n=184), UBIOPRED (n=108) and GLUCOLD (n=56) and bronchial brushes
CRUKPAP dataset (n=228) and NORM/TIP (n=167); ameta-analysis was then run on the
bushes and biopsies separately (Table 5). Analysis of these samples shows a clear
upregulation of ACE2, TMPRSS2, FURIN, and BSG in current versus never/ex-smokersin
both bronchial biopsies and bronchial brushes (Figure 3A-F). While CTSL expression was
found to be lower in bronchial biopsies but unchanged in bronchial brushes. Cellular
deconvolution of these samples shows an association of these genes with secretory cells

across two of four cohorts (Figure 3G).

Acute smoke exposur e and second hand smoke in children is associated with ACE2

expression

Although chronic exposure to smoke increases genes associated with SARS-CoV-2 entry, we
next investigated whether acute smoke exposure (24 hours) is sufficient to have asimilar
effect. Here we investigated “social smokers” who were asked to abstain from smoking for 2
days, followed by either smoking or not smoking of three cigarettes over 1 hour. A bronchial
brush was then taken 24 hours later. We saw a significant increase (p=1.029E-02) in ACE2
expression following acute smoke exposure and a trend towards an increase was found for the
alternative receptor NRP1 (p=6.592E-02) (Figure 4A, Table S3), while no change was seen in
the other four genes. These results provide evidence that acute smoking can increase ACE2
expression without altering structural cellular composition which is unlikely to change over a
24 hours period. We also investigated the effects of second-hand smoke in infants of parents

who smoke. In infants (aged 13.5 + 6.9 months) exposed to second-hand smoke (n=9)
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compared to controls (n=13), we observed a significantly higher expression of ACE2 and
FURIN, while no significant difference in the expression of CTSL, TMPRSS2, NRP1 and BSG
(Figure 4B, Table 6). These results indicate that second-hand smoke may be sufficient to
increase gene expression in children, however due to the low number of samplesin the

current analysis these results need to be viewed with caution.

Inhaled corticosteroid treatment decr eases ACE2 expression in bronchial biopsies

Previous cross-sectional studies have provided suggestive evidence that inhaled
corticosteroids (ICS) decrease ACE2 receptor expression in sputum cells in asthmatics™?’.
To determine whether ICS can influence ACE2 and other SARS-CoV-2 cell entry genesin
bronchial biopsies, we investigated the influence of 6- months treatment with ICS with or
without added Long-Acting Beta-Agonists (LABA) on longitudinal bronchial biopsy samples
in steroid naive COPD patients. We found that ACE2 was significantly decreased by ICS +/-
LABA treatment (p=0.009), irrespective of smoking status, while BSG and FURIN were
increased (p=0.012 and p=0.046, respectively, Table 7). In addition, NRP1 was also
significantly decreased (p=0.009), however, we found a significant effect with the same
direction in the placebo group indicating a placebo effect on expression of this gene (Figure
4C-F). Interestingly these changes were not associated with relative cell proportions (data not

shown).

The presence of asthma and COPD does not influence the expression of COVID-19

related genes

It has been a concern that the presence of chronic lung disease may increase of the

susceptibility for COVID-19 via changesin SARS-CoV-2 cell entry gene expression.
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Therefore, we tested the influence of disease (COPD or mild Asthma) on gene expression in
nasal and bronchial biopsies. The presence of Asthmawas investigated in two datasets with
nasal tissue (PIAMA and OLIVA/NORM) and one dataset with bronchial tissue
(INDURAIN). No effect of asthmawas found on the expression levels of SARS-CoV-2 cell
entry genes in single-cohort analyses or in meta-analysis Next, we investigated the effect of
COPD status (stratified into “none”, “mild”, “moderate” and “severe”’ categories) on the
expression of the 6 COVID related genes both in nasal (n=343) and bronchial (n=184)
samples from the CRUCKPAP cohort. We found decreased expression of TMPRSS2 in nasal
samples (p=1.95E-03, logFC=-0.105) and of CTSL in bronchial samples (p=8.06 E-04,

logFC=-0.307) in relation to the severity of COPD.

Presence of SNPs do not influence the expression of ACE2 and other COVID related

genesin the nose and the bronchus.

A number of recent publications report genetic polymorphisms that are associated with
SARS-CoV-2 cell entry gene expression levels. We were able to perform eQTL analysesin
both bronchial and nasal samples. In nasal RNA-Seq datasets from NORM (n=93),
CRUKPAP dataset (n=339) and PIAMA (n=303) we identified an eQTL for NRP1
(rs10763962, beta=0.378, pvalue=1.03E-06, FDR= 0.002) in only a single cohort (Table $4),
while no significant eQTLs were identified for all other COVID related genesin nasal
brushing, in contrast to a previous publication . In bronchial brushings from NORM
(n=150) and CRUKPAP (n=215), asingle eQTL was identified for FURIN (rs401549,
beta=0.423, pvalue=2.48E-05, FDR=0.049), only in asingle cohort, while no significant

eQTLswereidentified for all other genes.
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DNA methylation modulates the expression of genes associated with SARS-CoV-2 entry

in the upper and lower airways

To investigate the possible effect of DNA methylation on genes associated with SARS-CoV -
2 cell entry, an expression Quantitative Trait Methylation (eQTM) analysis was run on nasal
and bronchia samples. Nasal eQTM was run on PIAMA samples (n=245), for which
CTSL,BSG, NRP1, FURIN and TMPRSS2 expression were associated with CpG
methylation levels (Table S5). Bronchial eQTMs were analyzed in INDURAIN (n=169).
Here, we identified 143 eQTMs with all the different SARS-CoV-2 related genes hainge one
or more significant methylation sites associated with their gene expression levels (Figure 5A-
C, Table S5). The nasal eQTMs were influenced by age and sex, while smoking status had no
effect (Table S6). The bronchial eQTMs for TMPRSS2 were found to be associated with
smoking status and age (Table S7). Interestingly, three of the five ACE2 eQTMs were
associated with sex, however the most significant ACE2 eQTM was not associated with any
clinical variable. Finally we associated the identified methylation sites with cellular
deconvolution profiles to determine if they were cell-type driven. Here we found that the
majority of the top eQTMs were strongly negatively associated with ciliated cell proportions
(Figure 5D). ACE2 was found to be associated with 6 CpG sites with 2 sitting in the promoter
region of the adjacent gene TMEM27 in bronchial biopsies (Figure 5E). Direct correlation
between ACE2 and TMEM27 showed a significant positive regulation (Figure 5F). The same
CpG site was found to be an eQTM for TMEM27 (cg20473453) (Figure 5G), indicating a
possible co-regulation of ACE2 and TMEM27 genes. This finding identifies a possible new

mechanism for the regulation of ACE2.
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Discussion

The current study investigated the expression of genes required for COVID-19 entry (ACE2,
TMPRS2, BSG, FURIN, NRP1 and CTSL ) in cells of the upper and lower airways and
provided evidence of molecular mechanisms that modify their expression in these
compartments. In matched samples from the upper and lower airways, we observed an
overall higher expression of these SARS-CoV-2 cell entry genes in the nose. Current
smoking was found to be associated with higher gene expression, but only in the lower
airways. Both baseline expression in nose and smoke-enhanced expression in the bronchi was
found to be associated with goblet cell proportions estimated using cell-type deconvolution.
We did not observe an influence of chronic respiratory diseases on COVID related gene
expression, but inhaled corti costeroids were found to significantly decrease ACE2 after 6
months treatment in steroid naive COPD patients. AsICS is a common therapy for asthma
and COPD the lack of disease association may be confounded by their current treatment.
Finally, we did not observe any significant eQTL effects for the mgjority of these gene
including ACE2, in contrast to a recent publication %, However, we do observe that DNA
methylation was strongly associated with expression levels of ACE2, TMPRS2 and CTSL.
Furthermore, we find that ACE2 is co-expressed with an adjacent gene TMEM27 and is
highly associated with a methylation site in the TMEMZ27 promoter indicating a possible co-

regulation or interaction of the two genesthat isindependent of smoking status.

The results from our cell-type deconvolution across several independent cohorts reproducibly
find that SARS-CoV-2 cell entry genes are most strongly associated with mucus producing
cell proportions while no association with ciliated cells, which isin line with single cell
RNA-sequencing results reporting expression of these receptors in secretory cells?*?. A key

observation in this study was the lack of association of smoking with the expression of ACE2
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and other COVID related genesin the nose. The explanation for this finding istwofold 1) the
selective expression of ACE2 and the other COVID related genesin goblet cells, indicated a
possible lack of goblet cell hyperplasiain the nose of current smokers; 2) as the expression of
these genes is much higher in nose than in bronchus there is possibly a plateau effect with the
level of expression. Our current study highlights the importance of sampling of different
tissues. Notwithstanding the relevance of goblet cell metaplasiafor induction of ACE2 gene
expression by smoke, acute exposure is sufficient to increase ACE2 expression within 24
hoursin vivo, indicating that increased expression within the epithelial cells might also

contribute.

While gene expression data from our study as well as anumber of single-cell and bulk RNA-
sequencing analyses indicate expression of SARS-CoV 2 entry genesin the secretory cells of
the airway epithelium (club and goblet cells), recent data from IHC stainings for ACE2 and
analysis of the presence of viral RNA during SARS-CoV -2 infections seem to indicate that
ciliated cells, rather than secretory cells express ACE2 protein and are infected by the virus,
whereas this has been observed for secretory cells in some studies to a lesser extent™. The
infection of lower airway epithelial cells as observed by?* might be explained by an induction
of ACE2 expression in these cells as part of an interferon-induced response (Ziegler et al)
after initial upper airway infection. Our dataindicate baseline expression levels, and these
might rapidly change upon initial infection with SARS-CoV-2 that is thought to occur most
likely in the upper, not the lower airways™. Also, such differencesin RNA and protein
expression levels between cell types might indicate a difference in turnover of the protein,
leading to higher RNA expression levelsin cells with high protein turnover and less in those
with more stable protein. Further studies will need to reveal the relative contribution of

secretory and ciliated cellsin the upper airways during initial infection.
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In the current study, we did not find a relationship between disease status (mild to moderate
asthma and COPD) and SARS-CoV-2 cell entry genes. However, a recent study found that
ACE2 was increased in severe asthma as compared to healthy, mild and moderate asthma™,
indicating that disease severity may play an important role in COVID-19 infection, while a
recent epidemiological study showed that COPD patients with COVI1D-19 who were current
smokers were at greater risk of severe complications and higher mortality rate, compared to

COPD patients who were former and never smokers™.

Of clear concernin the current study is the finding that second hand smoke exposure early in
lifeis sufficient to increase the expression of ACE2 and FURIN in the airways of children.
This result suggests that children living with smoking parents may be more susceptible to
SARS-CoV-2 infection, in addition to the concern of increased exposure due to second hand
smoke particles and droplets containing viral loads once their smoking family member
becomes infected. It has already been well established that children exposed to secondhand
smoke are more susceptible to common respiratory infections and are predisposed to
developing chronic inflammatory airways diseases ***. Although COVID-19 symptoms are
usually mild in children, our findings underline the importance of smoking cessation in

caregivers of young children.

Corticosteroids play an important role in the suppression of inflammation in chronic
inflammatory diseases such as asthma and COPD. Previous cross-sectiona studies have
provided evidence that inhaled corticosteroids are associated with lower ACE2 receptor

expression in sputum samples derived from asthmatic patients™*’

. We now extend these
findings in alongitudinal study by showing that inhaled corticosteroids aso decrease ACE2
receptor MRNA expression in bronchial biopsies of patients with COPD. Our findings

support the notion that inhaled corticosteroids are unlikely to increase the risk for more
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severe COVID-19 disease and should be continued in patients with obstructive pulmonary
diseases. However we did find the expression level of FURIN and BSG (SARS-CoV-2

aternative receptor) to be increased with ICS treatment.

The methylation results in the current manuscript provide a novel mechanism for the
regulation of SARS-CoV-2 cell entry gene expression. Most eQTMs were negatively
correlated with ciliated cell proportions, indicating a reduced methylation levels of the
corresponding CpG sites, which would possibly lead to an upregulation of the associated
genes. This would match protein data, which shows high expression of ACE2 in ciliated cells
as discussed above. Furthermore, we found a possible co-regulation or interaction of ACE2

with the promoter for TMEM 27 (an adjacent gene).

There were a number of limitations associated with the current study. In the current study we
found anumber of associations of COVID related genes with epidemiological factors and
current treatment at a gene expression level. However, RNA does not always equal protein
levels and extensive immunohistochemical stainings for these genes needs to be done to
confirm a number of these findings. Furthermore, the current data provides only a snapshot
pre-infection, and many of these genes will change rapidly following a COVID-19 infection.
The current study provides the first longitudinal evaluation of ACE2 expression in bronchial

biopsies on alimited number of samples which deserves expansion in subsequent studies.

In conclusion we find that genes required for COVID-19 entry into cells are highly expressed
in the upper airways compared to the lower airways by analysis of matched samples. Both
first and second hand smoke exposure were found to be associated with higher expression of
genes required for SARS-CoV-2 entry into cells. Methylation was found to influence the

expression of a number of these genesin the bronchus and nose, which appeared to be
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regulated by age, gender and smoking status. Finally ICS were found to decrease the

expression of ACE2 expression in bronchial biopsies.

Figures

Figure 1. Expression of COVID related genesin nasal and bronchial brushesand

relationship with goblets cells.

Heatmaps and plots of COVID related genesin matched nasal and bronchial brushes A&C)
NORM (n=77) and B& D) CRUKPAP (n=162). Plots comparing ACE2 and TMPRSS2
expression in current and ex/never smokers in nasal and bronchial brushes, E) NORM and F)
CRUKPAP. Plots comparing ACE2 expression in current and ex/never smokers separated
based on duration of smoke cessation in nasal and bronchia brushes, G) CRUKPAP.

*=pvalue<0.05, ***=pvalue<0.001 Abbreviations. M= microarray intensity

Figure 2. Celular deconvolution of nasal and bronchial samplesa) UMAP of merged
bronchial biopsy and nasal brush single cell datasets. b) Heatmap of selected genes associated
with each epithelia cell type. UMAPfor c) ACE2, d) TMPRSS2, €) CTSL, f) BSG, g)
FURIN and h) NRPL. Correlation heatmap of cellular deconvolution cell proportions
compared to COVID related genes, i) NORM and j) CRUKPAP. Association of cellular
deconvolution of Goblet cells with ACE2 expression, k) NORM and ) CRUKPAP.
Goblet/secretory cell fraction separated based on tissue type and smoking status, m) NORM
and n) CRUKPAP. Statistics for deconvolution results were conducted using Mann-Whitney

test. *=p<0.05
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Figure 3. Meta-analysis of COVID related genesin nasal and bronchial brushes.
Expression of a8) ACE2, b) TMPRSS2, ¢) CTSL, d) BSG, €) NRP1, f) FURIN in bronchial
biopsies; INDURAIN (n=207), UBIOPRED (n=108) and GLUCOLD (n=56) and bronchial
brushes CRUKPAP dataset (n=228) and NORM/TIP (n=167), separated based on smoking
status. g) cellular deconvolution of bronchial brushing and biopsies separated based on
smoking status. Cellular deconvolution was statisitcs was done using a unpaired t-test.

*=p<0.05

Figure 4. Influence of | CS and acute/ second hand smoke exposure on COVID related
genes The effect of acute smoke exposure on a) ACE2 and NRP1 in bronchial brushings 24
hours after smoking and not smoking 3 cigarettes. b) The influence of second hand smoke in
children of COVID related genes in bronchial biopsies. The influence of 6 month ICS and
Placebo compared to baseline from bronchial biopsies of COPD patients, c) ACE2, d) NRP1

€) BSG and f) FURIN. *=p<0.05

Figure 5. Influence of epigenetics on the expression of COVID related genes. Top eQTM
for a) TMPRSS2, b) NRP1 and c) ACE2. d) Correlation matrix of TOP CpG sites and
deconvolution of structural cells. €) Diagram of the top CpG site associated with ACE2
expression. f) Correlation of ACE2 and TMEM27. g) EQTM for TMEM 27 and the top CpG

site associated with ACE2 expression.
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Table 1. Clinical characteristics of datasets

Study NORM CRUKPAP UBIOPRED PIAMA Finnish TIP OLIVA GLUCOLD Mexico INDURAIN
City
Samplestype nasal brush bronchial nasal bronchial nasal bronchial nasal bronchial bronchial nasal bronchial nasal bronchial
brush scoop brush brush biopsy brush biopsy brush brush biopsy curettage biopsy

n 92 92 405 228 89 108 325 22 79 57 56 79 184

age mean (SD) 36.4(16.6) 39.3(17.2) 65.3 67.4(9.9) 43.0(14.9) 45.1(14.2) 16.4 1.1(0.6) 41.1(18.5) 457(11.9) 60.6(7.7) 57.2(185) 44.1(14.9
(10.7) (0.2)

sex malen(%) 49(53.2) 52(56.5) 249 155 (68.0) 46(51.7) 54(50) 141 20(90.9) 61(77.2) 27(47.4) 50(89.3) 21 (26.6) 95(51.6)
(61.5) (43.9)

smoking status 48(52.1) 45(48.9) 122 77(33.8) 68(76.4) 82(75.9) 23(7.1) 0(0) 77(100) 27(47.4) 38(67.9) 26(33.0) 59(32.1)

current smoking (30.1)

n(%)

Platform Microarray, Microarray RNA RNA Seq Microarray ~ Microarray RNA RNA Seq Microarray RNA Seq RNA Seq RNA Seq RNA Seq

RNA Seq Seq Seq
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Table 2. Comparison of nasal and bronchial brushesfor COVID-19 related genesin match samples.

NORM (n=77) CRUKPAP(n=162) M eta-analysis =

>

3

Y

o)

Gene logFC P.Value logFC  P.Value Metazvalue Metapvalue Direction 2

.

[y

jog

[}

ACE2 0.417 6.847E-12 0539 858E-15  10.282 8.499E-25 ++ g

[9]

V)

8

TMPRS®2 0.770 6.903E-34 0.691 3.77E-27 15.773 4.803E-56 ++ w

_<

z

O

B>

CTa1 0.337 1.075E-05 0198  0.020 4.413 1.019E-05 ++ ©

>

5]

5

2

FURIN 1723 1522E-87 2220 3.701E-68 25.621 8.904E-145 ++ g

g

®

)

3

NRP1 0.652 7.958E-20 0516  5.178E-10 10.289 7.930E-25 ++ .
BSG 0.434 2.338E-36 0.46 2.060E-11 11.763 6.027E-32 ++
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Table 3. Influence of current smoking on COVID-19 related genesin matched nasal and bronchial brushes

Bronchial brush

Nasal brush

Gene logFC  PVdue logFC  P.Vdue Metazvalue Metapvadue logFC  P.Value logFC P.Vaue Metazvalue Metapvdue
ACE2 0295 1.588E-03 0599 1.719E-06 5731 9.992E-09 -0.052 4.189E-01  0.059 0.575 0.003 0.998
TMPRSS2  0.227 2.830E-04 0.223 4.293E-05 5.429 5.668E-08 0.014 8569E-01 0.223 0.053 1.695 0.090
CTS1 -0.294  2408E-02 -0.412 0.102 -2.627 8.626E-03 -0.172  2921E-02 -0.142 0.0768 -2.695 0.007
FURIN 0.266  1.161E-06 0.196 0.0705 4.249 2.147E-05 0.000 9.984E-01 0.158 0.134 1.232 0.218
NRP1 0111 2.675E-01 0.0162 0.923 0.708 4.788E-01 0.091 2.182E-01 0.200  0.0780 2.150 0.032
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8.141E-03 -0.129 1.650E-04  0.053 0.606 -1.714 0.087

2.646

4.629E-03  0.126 0.207

0.111

BSG
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Table 4. Influence of patient characteristicson COVID related genes measured in nasal brushes

NORM/OLIVA PIAMA CRUKPAP INCI UBIOPRED Meta-analysis
(n=76) (n=291) (n=405) (n=79) (n=89)
Variable Gene logFC P Value logFC P Value logFC PVaue IlogFC PValue logFC PValue Metazvalue Metapvalue Direction
Smoking ACE2 -0.23 7.39E-02 0213 0.176 -0.0439 0.645 0.063 0.6 -0.0192 0.901463 -0.044 0.965 --t-
TMPRSS2 -0.031 8.17E-01 0.18 0.108 0.211 0.00343 -0.056 0.728 0.0133 0.8883 2.632 0.008 -+
CTSL -0.217  5.30E-02 -0.057  0.607 -0.0941 0.07 -0.204 0.35 -0.2493 0.01244  -3.120 0.002 -
FURIN -0.099 3923E-01 -0.078 0.494 0.115 0.0800 -0.226  3.743E-02 0.0377 0.74395 -0.025 0.980 -t
NRP1 0.030 8.169E-01 0.19 0.204 0.197 0.00436 -0.234 2.550E-01 -0.1244 0.23411 1.615 0.106 +++--
BSG -0.034 6.71E-01 -0.039 0.746 0.0818 0.189 -0.005 0.928 -0.1006 0.0468 -0.099 0.921 -—t--
Age ACE2 -0.001 8.91E-01 0.188  0.442 -0.00283  0.279 -0.001 0.822 -0.0023 0.6089 -0.542 0.588 -+---
TMPRSS2 -0.005 3.58E-01 -0.034 0.831 -0.00898 0.00459 0.009 0.034 0.0033 0.2297 -1.286 0.199 -t
CTSL 0.007 1.00E-01 -0.217 0.181 -0.00151  0.499 0.001 0.814 0.0028 0.331123 -0.256 0.798 +--t++
FURIN 0.002 6.611E-01 -0.315 0.053 -0.00394  0.173 0.005 8.416E-02 0.0027 0.423019 -1.056 0.291 +--++
NRP1 0.002 6.721E-01  -0.018 0.937 0.00352 0.241 -0.005 3.669E-01 0.001 0.73322 0.701 0.483 +-+-4+
BSG 0 8.68E-01 -0.201 0.236 -8.98E-05 0.974 0.002 0.146 0.00078  0.5901 -0.147 0,883 +--t++
Sex ACE2 -0041 7.38E-01  -0.103 0.239 0.0307 0.581 0158  0.223 00971 044363  0.179 0.858 ———
TMPRSS2 -0.036 7.81E-01 -0.064 0.304 0.0972 0.146 -0.109 0.516 -0.00532  0.9449 0.077 0.939 -
CTSL 0.166 1.26E-01 0.112  0.066 -0.00815  0.866 -0.728 0.001 0.1268 0.11422 0.949 0.342 ++--+
FURIN 0.084 4.566E-01 -0.004 0.945 0.0270 0.658 -0.148 1.859E-01 0.0689 0.46404  0.341 0.733 +-+-+
NRP1 0.301 1.868E-02 -0.031 0.71 0.0437 0.507 -0.035 8.690E-01 0.025 0.7669 1.054 0.292 +-+-+
BSG 0.032 6.83E-01 0.099 013 0.0266 0.644 -0.004 0.951 -0.0178 0.66226 1114 0.265 +t--
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BMI ACE2 NA

TMPRSS2 NA

CTSL NA
FURIN NA
NRP1 NA
BSG NA

NA

NA

NA

NA

NA

NA

-0.003

0.025

0.006

0

-0.002

-0.005

0.865

0.039

0.627

0.97

0.914

0.701

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

-0.0093

-0.0103

-0.00604

0.0018

0.0077

-0.0014

0.38438  -0.569

0.114385 1.045

0.3695 -0.009

0.82064  0.077

028295  0.425

0.69259  -0.527

0.569

0.296

0.993

0.939

0.671

0.598

NA-NANA-

NA+NANA-

NA+NANA-

NA+NANA+

NA-NANA+

NA-NANA-

*direction: thedirection of effect in both cohorts

Tableb. Influence of patient characteristicson COVID related genes measured in bronchial samples

Bronchial biopsy

Bronchial brush
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INDURAIN GLUCOLD UBIOPRED(n=108) M eta-analysis CRUKPAP NORM/TIP M eta-analysis
(n=56) (n=228) (n=171)
(n=184)
Variable Gene logFC P Value logFkC PValue logFC P Value Metaz Metap Direction logFC PValue IlogFC PValue Meaz Metap Direction
value value value value
Smoking ACE2 0.625 6.357E- 0423  7.47E- 0.149 6.460E-02 5.878 4.143E-09 +++ 0495 2.78E- 0216  7.41E- 6.093 1.111E-09 ++
08 03 07 04
TMPRSS2 0.334  9.776E- 0.489  4.90E- 0.074 9.634E-02  4.619 3.849E-06 +++ 0.218  9.00E- 0172  2.86E- 6.088 1.142E-09 ++
04 04 07 04
CTSL -0.211  6.800E- -026  1.89E- -0.078 5216E-01 -3.148 1.642E-03 0.084  0.655 0.02 8.62E- 0.452 6.516E-01 ++
03 02 01
FURIN 0.195  7.434E- -0.299 1.54E- 0.088 3.731E-01 1.852 6.409E-02 +-+ 0.293  7.11E- 0.25 191E- 5.968 2.396E-09 ++
03 01 04 07
NRP1 0.037  7.371E- -0414  7.79E- 0.014 8.283E-01 -0.644 5.19E-01 +-+ 0.249  0.0665 0.173  2.68E- 2.837 4.556E-03 ++
01 03 02
BSG 0.186  6.347E- -0.03  8.66E- 0.150 8.660E-01 1.917 5.519E-02 +-+ 0231 000326 0117 6.59E- 4.836 1.322E-06 ++
03 01 05
Age ACE2 -0.003  4.792E- -0.016 1.08E- 0.000 8.998E-01 -1.174 2.402E-01 -+ -0.007 0.139 -0.006  9.86E- -3.275 1.056E-03 --
01 01 04
TMPRSS2 0.001 8.375E- -0.006 5.32E- 0.000 7.276E-01 -0.312 7.552E-01 +-+ 0.000 0.956 0.001  4.68E- 0.433 6.647E-01 ++
01 01 01
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CTSL -0.001 5.906E- -0.001 8.71E- -0.008  3.574E-02 -1.731 8.344E-02 --- -0.003 0.772 -0.002 5.87E- -0.575 5.655E-01 -
01 01 01

FURIN -0.002 2.851E- -0.016 2.11E- -0.001  7.337E-01 -1.420 1.555E-01 - 0.003 0.414 0 7.30E- 0.392 6.954E-01 ++
01 01 01

NRP1 0.002  6.331E- 0.006  5.15E- 0.003 2.007E-01  1.367 1.717E-01 +++ -0.005 0.486 0.003 1.10E- 0.520 6.033E-01 -+
01 01 01

BSG -0.002 2.658E- -0.004 7.27E- 0.001 7.851E-01 -0.729 4.662E-01 -+ 0.008 0.0313 -0.001 4.15E- 1.094 2.739E-01 +-
01 01 01

Sex ACE2 0.107  3.154E- -0.262 2.89E- 0.099 1.626E-01 1.152 2.493E-01 ++ 0109 0.243 0059 3.72E- 1.467 1.424E-01 ++

01 01 01

TMPRSS2 0.202  3.718E- 0212  3.10E- 0.092 2.040E-02 3.253 1.141E-03 +++ 0.053 0.226 -0.023 6.27E- 0.597 5.504E-01
02 01 01

CTSL 0.093  2.032E- -026  1.45E- 0.020 8.500E-01  0.440 6.602E-01 +-+ -0.076 0.686 0.045  7.08E- -0.060 9.518E-01 -+
01 01 01

FURIN -0.037 5.955E- -0.003 9.93E- 0.216 1.397E-02 1.153 2.490E-01 -+ 0.100 0.253 -0.054 2.65E- 0.134 8.931E-01 +-
01 01 01

NRP1 -0.012 9.095E- -0.188 4.31E- -0.036  5.179E-01 -0.777 4.374E-01 --- -0.221  0.0966 -0.011 8.95E- -1.342 1.795E-01 -
01 01 01

BSG 0.142  2.799E- 0212  4.45E- 0.064 2.823E-01 2.467 1.363E-02 +++ 0.074 0.347 -0.036 2.25E- -0.083 9.335E-01 +-
02 01 01

BMI ACE2 0.007  5.792E- NA NA 0.004 5.236E-01  0.839 0.402 +NA+ NA NA -0.005 6.27E- NA NA NA

01 01

+
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Table6 I nfluence of second hand smoke on expression of COVID related genesin

bronchial biopsies

Gene logFC PValue

ACE2 0.876 4.448E-02

TMPRSS2 0.252 2.277E-01

CTSL 0.554 6.861E-02

BSG 0.284 1.229E-01

FURIN 0.616 9.946E-04

NRP1 0.344 2.372E-01

Table 7 Influence of ICS+/-L ABA on expression of COVID related genesin bronchial

biopsies

6-month | CS+/- LABA Placebo
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Gene logFC logCPM PValue logFC logCPM PValue
ACE2 0339 2376 888E03 3n3 2463 2121E.0L
TMPRSS2 0078 6018 361E01 (159 5972 3.714E-01
CTSL1 0109 4747 223E01 g7 4718 1.310E.03
BSG 0499 66% 124E-02 4507 600 1.222F-01
FURIN 0326 5411 466E-02 5,08 5561 3121E.01
NRP1 0238 6782 9.77E03 40

6.843 2.211E-02

Abbreviations FC =Fold Change, CPM= counts per million, ICS= inhaled corticosteroids

and LABA= long-acting beta agonists
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