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Abstract

Background: The large airway epithelial barrier provides one of the first lines of defense against respiratory viruses,
including SARS-CoV-2 that causes COVID-19. Substantial inter-individual variability in individual disease courses is
hypothesized to be partially mediated by the differential regulation of the genes that interact with the SARS-CoV-2
virus or are involved in the subsequent host response. Here, we comprehensively investigated non-genetic and
genetic factors influencing COVID-19-relevant bronchial epithelial gene expression.
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TOPMed website (https://www.nhlbiwgs.org/genetic).
Variants passing all quality control (QC) filters were
retained.

Derivation of airway epithelial transcriptomic data in
SPIROMICS, SARP, and MAST
Cytological brushings of the airway epithelium were ob-
tained from lower lobe bronchi at the segmental or sub-
segmental carina. RNA was isolated with miRNeasy
extraction kits (Qiagen Inc., Valencia, CA). RNA quan-
tity and quality were evaluated using a NanoDrop Spec-
trophotometer (Thermo Fisher Scientific, Wilmington,
DE) and Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA), respectively. Library preparation with
multiplexing was performed using Illumina TruSeq
Stranded Total RNA with Ribo-zero GOLD kit (SPIRO-
MICS, SARP) or Human/Mouse/Rat kit (MAST) per
manufacturer’s protocol. Samples were sequenced using
one-hundred-fifty base-pair (SPIROMICS) or one-
hundred base-pair (SARP, MAST) paired end reads via
the Illumina HiSeq platform at the UCSF Sandler Gen-
omics core. FASTQ files were quality filtered and
aligned to the Ensembl GRCh38 genome build using
STAR [19]. Read counts were normalized using the reg-
ularized logarithm transformation function of the
DESeq2 package in R [20] and batch corrected using the
Combat function in the SVA package in R [21]. Outlying
samples with low quality (low raw read counts, high per-
centage of reads mapped to multiple loci, high percent-
age of unmapped reads) were identified by hierarchical
clustering and principal component analyses and ex-
cluded from the final data sets.

Differential expression analysis of ACE2in relation to
host/environmental factors
Linear regression models were fitted to evaluate associa-
tions betweenACE2 expression (based on normalized
count) and clinical variables in the SPIROMICS, SARP,
and MAST cohorts with and without adjustments for
covariates (see Additional file1 for additional details).

Differential exon usage
Following alignment, we indexed and sliced the SPIRO-
MICS BAM files to include 51.6 kb of theACE2genomic
region (chrX:15,556,393-15,608,016 in the hg38 genome
build) using samtools [22]. GTF files were manually cu-
rated to include the three exons that contribute to differ-
ential isoform expression ofACE2 [23]. Of them, the
truncated ACE2 transcript (dACE2) that does not bind
the SARS-CoV-2 virus but is associated with an
interferon-stimulated gene response in experimental
models originates from Exon 1c. The exons were
counted using the ASpli package in R [24]. After correct-
ing for overall gene counts and differences in sequence

depth, linear models adjusting for batch were used to
analyze differences in exon usage in association with
interferon-stimulated gene signature and clinical covari-
ates. Interpretation of differential exon usage requires
consideration of the necessary adjustment for variation
in total transcript count. Thus, if overallACE2 expres-
sion is decreased in association with an outcome, a dif-
ferential increase in one exon adjusts the expression of
that isoform away from the overall negative association,
but does not necessarily mean that the isoform is not
negatively associated with the outcome to a lesser extent.
Further details are provided in Additional file1.

Gene set enrichment analysis of expression changes
induced by COVID-19
We built COVID-19-relevant gene sets from publicly
available differential gene expression data from partici-
pants who underwent nasal/oropharyngeal swab sam-
pling at the time of acute respiratory illness for COVID-
19 diagnosis (94 participants with COVID-19, 41 with
other viral illness, 103 with no virus identified, viruses
identified by metagenomic sequencing analysis) using
Supplementary File 1 from Mick et al. [25]. Biological
pathway gene sets were built by inputting the genes dif-
ferentially downregulated between SARS-CoV-2 infec-
tion and other viral illness (P< 0.05) into the Ingenuity
Pathway Analysis canonical pathway function. Gene set
enrichment analyses were then performed using FGSEA
[26] and the CAMERA function [27] in limma against
gene lists ranked by their log fold change differential ex-
pression in association with comorbid clinical risk fac-
tors. Barcode plots were made using CAMERA. Findings
were considered significant atP< 0.05 and false discov-
ery rate (FDR) < 0.05 if multiple corrections were neces-
sary. Additional details are provided in Additional file1.

COVID-19-related genes
We selected 514 candidate genes implicated in COVID-
19 from six different sources: Hoffmann et al. [28], Gor-
don et al. [29], Blanco-Melo et al. [30], COVID-19 Cell
Atlas (https://www.covid19cellatlas.org/), Gassen et al.
[31], and Wang et al. [32]. Of them, 496 genes were
expressed in bronchial epithelium in the SPIROMICS
cohort. Further details are provided in Additional file1.

Expression quantitative trait mapping
Expression quantitative trait locus (eQTL) mapping was
performed in 144 unrelated individuals from the SPIRO-
MICS bronchoscopy sub-study with WGS genotype data
from TOPMed and gene expression from bronchial epi-
thelium profiled with RNA-seq following the analysis
pipeline from the Genotype-Tissue Expression (GTEx)
Consortium [14]. In short, gene expression data was
normalized as follows: (1) read counts were normalized
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between samples using TMM [33] with edgeR [34], (2)
genes with TPM≥ 0.1 and unnormalized read count≥6
in at least 20% of samples were retained, and (3) expres-
sion values were transformed using rank-based inverse
normal transformation across samples.

Cis-eQTL mapping was performed using tensorQTL
[35] across 22,738 genes and 6,605,907 variants with
minor allele frequency (MAF)≥ 0.05 and variant call rate≥
0.9 within ± 1 Mb from the transcription start site (TSS)
of the gene. As covariates in the model, we used 15 PEER
factors [36], 4 genotype principal components and sex im-
puted from genotype data. To control for multiple testing,
10,000 permutations were performed and FDR < 0.05 was
used to identify genes with statistically significant eQTLs
(eGenes). Leadcis-eQTL effect size was quantified as al-
lelic fold change (aFC) [37], ratio of expression of the
haplotype carrying the alternative allele to expression of
the haplotype carrying the reference allele of an eQTL.

Additionally, cell type interacting eQTLs (ieQTLs)
were mapped using an interaction model:p ~ g+ i +
g× i + C, where p is the expression vector (normalized
as described above),g is the genotype vector,i is the
normalized cell type enrichment score from xCell
[38], g × i is the interaction term, andC is the covari-
ates matrix as used in standard eQTL mapping. Only
variants with MAF > 0.1 in the samples belonging to
the top and bottom halves of the distribution of cell
type abundance were included in the analyses. Mul-
tiple testing correction was done at the gene level
using eigenMT [39], followed by Benjamini-Hochberg
procedure across genes at FDR 5%. Additional details
are provided in Additional file1.

Replication of cis-eQTLs and pathway analysis
We performed replication of cis-eQTLs (gene-variant
pairs) found from bronchial epithelium in 49 tissues from
the GTEx project v8 release [14] based on the proportion
of true positives [40], π1, and concordance rate, the pro-
portion of gene-variant pairs with the same allelic direc-
tion for variants with nominal P value < 1 × 10−4 in the
given GTEx tissue. Then, we analyzed the replication and
concordance measure as a function of sample size and
median cell type enrichment scores for seven cell types
[41]. Further details are provided in Additional file1.

Also, we performed gene-level lookup in GTEx v8 and
eQTLGen Consortium [42] and used the functional pro-
filing webtool g:GOSt from g:Profiler [43] to perform
pathway analysis of the 492 significant eGenes in
SPIROMICS not tested in GTEx v8 Lung.

pheWAS of lead COVID-19 cis-eQTLs in SPIROMICS and
querying PhenoScanner
We performed a phenome-wide association study (phe-
WAS) in 1980 non-Hispanic White and 696 individuals

from other ethnic and racial groups from SPIROMICS
for the 108 leadcis-eQTLs to evaluate for phenotypic as-
sociations with spirometric measures, cell count differ-
entials, and other variables. PheWAS regression-based
models were performed using PLINK 2/0 adjusting for
principal components of ancestry, sex, body mass index
(BMI), age, and smoking pack-years. Significance thresh-
old was set for the number of eQTLs tested across phe-
notypes (P< 4.63 × 10−4).

Additionally, PhenoScanner v2 [44, 45] was used to
lookup phenotype associations of thecis-eQTL variants
from large-scale genome-wide association studies
(GWAS) with associationP value < 10−5. The phenos-
canner R package (https://github.com/phenoscanner/
phenoscanner) was used to perform the queries. Add-
itional details are provided in Additional file1.

Colocalization analysis
To assess evidence for shared causal variant of acis-
eQTL and a GWAS trait, we used the Bayesian statistical
test for colocalization, coloc [46], with conditioning and
masking to overcome one single causal variant assump-
tion. Coloc was run on a 500-kb region centered on the
lead cis-eQTL with priors set to p1 = 10−4, p2 = 10−4,
p3 = 5 × 10−6. We used the coloc.signals() function with
mode = iterative, method = mask for GWAS traits with
linkage disequilibrium (LD) data from the 1000 Ge-
nomes Project, and method = single for the eQTLs. Pos-
terior probability for colocalization (PP4) > 0.5 was used
as evidence for colocalization (see Additional file1 for
further details).

Results
Smoking, obesity, and hypertension are associated with
increased airway epithelial expression of functional ACE2
isoforms
We first analyzed expression levels ofACE2, the recep-
tor of the SARS-CoV-2 Spike protein that is the key host
gene for viral entry [28, 47], in relation to non-genetic
host factors (Additional file2: Table S1). Corroborating
previous reports [11, 48–50], we found that current
smoking, when compared to non-smoking, had the lar-
gest overall effect onACE2expression of any phenotypic
feature studied in SPIROMICS, before and after adjust-
ments for covariates (log2 fold change (FC) = 0.30 ± 0.06,
P= 1.7 × 10−7, Fig. 2a). This effect was absent in former
smokers. In similarly adjusted models, we found no asso-
ciation betweenACE2levels and COPD (Additional file3:
Figure S1a), nor with asthma in MAST [50] (Additional
file 3: Figure S1c). In SARP,ACE2 levels were slightly
lower in asthmatics compared to healthy controls (Add-
itional file 3: Figure S1b), which was largely driven by
decreased expression ofACE2only in asthmatics on oral
steroids (Additional file3: Figure S1d). African American
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