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Abstract

Coronavirus disease 2019 (COVID-19) caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) may
lead to life-threatening respiratory symptoms. Understanding the genetic basis of the prognosis of COVID-19 is important
for risk profiling of potentially severe symptoms. Here, we conducted a genome-wide epistasis study of COVID-19 severity
in 2243 patients with severe symptoms and 12,612 patients with no or mild symptoms from the UK Biobank, followed by
a replication study in an independent Spanish cohort (1416 cases, 4382 controls). Our study highlighted 3 interactions with
genome-wide significance in the discovery phase, nominally significant in the replication phase, and enhanced significance
in the meta-analysis. For example, the lead interaction was found between rs9792388 upstream of PDGFRL and rs3025892
downstream of SNAP25, where the composite genotype of rs3025892 CT and rs9792388 CA/AA showed higher risk of
severe disease than any other genotypes (P=2.77 x 107'2, proportion of severe cases =0.24~0.29 vs. 0.09~0.18, genotypic
OR=1.96~2.70). This interaction was replicated in the Spanish cohort (P =0.002, proportion of severe cases =0.30~0.36
vs. 0.14~0.25, genotypic OR=1.45~2.37) and showed enhanced significance in the meta-analysis (P=4.97 X 10~'4). Nota-
bly, these interactions indicated a possible molecular mechanism by which SARS-CoV-2 affects the nervous system. The
first exhaustive genome-wide screening for epistasis improved our understanding of genetic basis underlying the severity

of COVID-19.
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Introduction

The clinical manifestations of the Coronavirus disease 2019
(COVID-19) caused by SARS-CoV-2 infection range from
asymptomatic to severe and life-threatening. Indeed, most
infected people are asymptomatic or develop mild to mod-
erate illness and recover without hospitalization, whereas
severe patients develop acute respiratory distress syndrome,
sepsis, up to multi-organ failure.

The COVID-19 Host Genetics Initiative (COVID-19
HGI, https://www.covid19hg.org/) represents a global net-
work of academics to investigate the role of human genetics
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in SARS-CoV-2 infection and COVID-19 severity. To date, a
series of genome-wide association studies (GWASs), whole-
genome and whole-exome sequencing studies, as well as
meta-analyses have been conducted to map host genetic fac-
tors in susceptibility and/or severity of the SARS-CoV-2
virus pandemic [1]. These studies together pointed a num-
ber of loci, in many instances coding for protein involved
in all the stages of the SARS-CoV-2 infection (e.g., the
implication of ACE2) and in the subsequent disorder (e.g.,
SLC6A20 and LZTFLI) [2]. Among these loci, the associa-
tion at 3q21.31 represents the most significant and robust
finding, where the top-associated and likely causal single
nucleotide polymorphism (SNP) rs10490770 demonstrated
an allelic odds ratio (OR) up to 2.7 (95% confidence inter-
val (CI)=1.8-3.9) for the carriers of the C allele with an
age <60 years to progress into the severe form of the disease
[3, 4].
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Epistasis, also known as “gene—gene interaction”, is
a phenomenon in which different genetic variants jointly
contribute to the disease susceptibility, with the epistatic
effect departing from the sum of individual variants’ mar-
ginal effects. Here, we performed a genome-wide epistasis
study (GWES) for COVID-19 severity in British individuals
of the UK Biobank (UKBB) by considering 2,243 patients
hospitalized or dead within three months from the infection
as cases, and 12,612 infected individuals with no or mild
symptoms as controls. We conducted 1.57 trillion multiple
linear regressions to exhaustively test pair-wise interactions
between 1.77 million common variants over the genome,
followed by a replication study in 5798 European individuals
from a Spanish cohort (1416 severe cases and 4382 healthy
individuals).

Methods
The UKBB discovery cohort

The UKBB is a prospective cohort study that collected
deep phenotype and genotype data from 500,000 individu-
als aged 40-69 years between 2006 and 2010 [5]. During
the COVID-19 pandemic, Public Health England offered
COVID-19 nucleic-acid testing weekly for UKBB partici-
pants living in England. Our samples were obtained from
14,855 individuals having suffered from SARS-CoV-2 infec-
tion and included in the UKBB (accessed on June 26, 2021).
To avoid confounding factors, we only analyzed British-
ancestry samples with imputed genotype data (GRCh37).
Health outcomes for these individuals, such as cancer
diagnoses, are continuously accumulated through the UK
National Registry and hospital records. According to the
International Classification of Diseases, Tenth Revision,
we collected seven main comorbidities i.e., ischemic heart
diseases, heart failure, cerebrovascular diseases, hyperten-
sive diseases, diabetes mellitus, chronic kidney diseases, and
malignant neoplasms (Supplementary material Table S1).
We considered the 2243 patients hospitalized or dead within
three months of infection as severe cases and the remaining
12,612 infected patients with no or mild symptoms as con-
trols. The female-male ratio in cases was 0.63, with an aver-
age age of 72.43 (standard deviation (SD)=7.48; age range:
51-83); the female-male ratio in controls was 1.20, with an
average age of 64.57 (SD=28.38; age range: 50-83). All par-
ticipants provided the UKBB with informed consent. Details
on genome-wide genetic data collection are described in [5].
In brief, genotype calling was carried out by two closely
related purpose-designed arrays, the UK BiLEVE Axiom
array and the UK Biobank Axiom array. Then genotypes
were imputed using the IMPUTE4 program (https://jmarc
hini.org/software/) combined with the Haplotype Reference
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Consortium (HRC) and UK 10K haplotype resources. After
removing SNPs with INFO < 0.8, minor allele frequency
(MAF) <0.01, call rate < 0.97 and Hardy—Weinberg equi-
librium test (HWE) P<1x 107, a total of 7,873,610 SNPs
were available for subsequent genetic association analysis.
All cases and controls passed individual-wise quality con-
trols, i.e., relatedness check using the genomic relationship
matrix (GRM) and individual-level call rate (> 0.97).

The Spanish replication cohort

The replication cohort contained 5,798 individuals from
the ancestry-matched Spanish cohort (1416 cases, 4382
controls). Here, cases were recruited from intensive care
units and general wards at 6 different centers from Spain
and were defined as hospitalization only (mild patients) or
with respiratory failure (severe cases). They all had a con-
firmed SARS-CoV-2 viral RNA polymerase-chain-reaction
(PCR) test from relevant biologic fluids. Controls were col-
lected from 3 centers and were healthy blood donors. Details
regarding sample characteristics and microarray genotyping
can be found in [3].

GWAS

The GWAS was conducted using a logistic regression
approach in PLINK v1.9 using as covariates: biological
sex, age, age X age, the first five genomic principal compo-
nents, and the seven main comorbidities (i.e., ischemic heart
diseases, heart failure, cerebrovascular diseases, hyperten-
sive diseases, diabetes mellitus, chronic kidney diseases,
and malignant neoplasms). Allelic ORs and 95%CI for the
minor allele were reported. We considered 5x 107 as our
genome-wide significance threshold, and 1x 107 as our
genome-wide suggestive significance threshold. To exam-
ine the overlap between our GWAS signals and previously
established COVID-19 loci, we downloaded “B1_ALL_
leave_23andme” file from HGI, which is the GWAS sum-
mary statistics for “Hospitalized covid vs. not hospitalized
covid”, released in round 7 containing 16,512 Hospitalized
COVID-19 cases and 71,321 not hospitalized COVID-19
controls.

GWES

For GWES, we focused on 1,770,996 SNPs with
MAF > 0.02 to avoid false positives due to rare com-
posite genotypes in the epistasis analysis. The ini-
tial screening for interactions was carried out in an
exhaustive manner testing potential epistasis between
1.57 trillion pairs of SNPs based on linear regression,
Y ~ p,SNP, + B,SNP, + p3SNPSNP, + covariates, where
Y represents the case—control status but treated as a


https://jmarchini.org/software/
https://jmarchini.org/software/

Genome-wide epistasis study highlights genetic interactions influencing severity of COVID-19

continuous variable to reduce the computation burden of
logistic regression, and SNPs were coded as the number of
minor alleles plus one. We test if g is significantly devi-
ated from zero. We considered P <5 x 107!2 as our study-
wide suggestive significance threshold, and P < 1x107!3
as our study-wide significance threshold.

The initial screen was carried out in a heterogeneous
supercomputing environment. The analysis was programed
in Heterogeneous Interface for Portability (HIP) on GPU
and used the Radeon Open Computing platform (ROCm) to
call Basic Linear Algebra Subprograms (BLAS) to acceler-
ate the matrix solving process. The computational efficiency
was optimized by using Multipoint Interface (MPI) master/
slave mode to adaptively split the computing tasks and allo-
cate them to CPUs and GPUs on multiple computing nodes
for asynchronous execution. This analysis was conducted
using 80 compute nodes, 2560 % 86 CPU cores and 320 GPU
accelerators and was completed in 21.3 h with a double pre-
cision computation performance of 15.5 Tera Floating-point
Operations Per Second (TFLOPS).

After the initial screen, study-wide suggestively signifi-
cant interactions were re-examined using logistic regression.
The signals remaining study-wide suggestively significant
were further passed to the Spanish cohort for replication.
We used sex, age, age X age, and the first five principal com-
ponents of ancestry as covariates in the replication analysis.
Then a meta-analysis of UKBB and Spanish association data
was carried out for study-wide suggestively significant inter-
actions using the METAL package (http://csg.sph.umich.
edu/abecasis/metal/).

Gene ontology (GO) enrichment analysis

Focusing on the 220 pairs of potentially interacting SNPs
identified from our GWES, we obtained a set of 363 nearest
genes (overlap a 1-kb upstream and downstream region),
which was passed to the GO enrichment analysis consid-
ering all genes over the genome as the background using
the Metascape web service (https://metascape.org). The
enriched GO terms were identified by cumulative hypergeo-
metric test and then hierarchically clustered into a tree based
on Kappa-statistical similarities among their gene member-
ships. Then 0.3 kappa score was applied as the threshold to
cast the tree into term clusters. For the two SNPs (19792388
and rs3025892) with the strongest evidence of epistasis
effect, we identified their nearest genes (PDGFRL, SNAP25)
and obtained 20 additional genes showing interactions with
these two genes using GeneMANIA (http://genemania.org/).
GO enrichment analysis of the 22 genes was conducted con-
sidering all interacting genes with GO annotations over the
genome as the background. GO terms and g-values for FDR-
corrected hypergeometric enrichment tests are reported.

Results

The discovery GWAS included a total of 14,855 SARS-
CoV-2 infected British individuals present in the UKBB
database updated on 26 June 2021. We considered 2243
patients hospitalized or dead within three months of infec-
tion as cases and the remaining 12,612 infected patients
with no or mild symptoms as controls (Supplementary
material Table S1). The association analysis confirmed
the previously well-established locus at 3q22.1, with 32
SNPs in the region surpassing the genome-wide signifi-
cance (lead SNP rs73064425 near LZTFLI, allelic OR
for T allele =1.49, 95%CI 1.31-1.68, P=4.27x 107,
Supplementary material Figure S1 and Table S2). No
other locus was genome-wide significant. The lead SNP
rs10490770 from COVID-19 HGI was in high LD with
1s73064425 (> =0.99) and resulted genome-wide signifi-
cant also in this study (P=5.76 x 107'°). Besides 3q22.1,
36 SNPs at three loci (2q13, top hit rs75302730; 6q15,
top hit rs4321803; 15q25.1, top hit rs102807) were sug-
gestively significant (P < 1 x 107°) with largely consistent
allele effects as COVID-19 HGI (Supplementary material
Figure S1).

The GWES exhaustively tested 1.57 trillion interactions
between 1.77 million SNPs (MAF >2%) in a pair-wise
manner and identified 10 study-wide significant interac-
tions between 20 SNPs from 18 distinct loci (> 600kbp)
(P <1x107"%), as well as 220 study-wide suggestively sig-
nificant interactions between 440 SNPs from 182 distinct
loci (P <5x107'?) (Fig. 1a and Supplementary material
Table S3). Notably, all identified interactions were deter-
mined by two SNPs far apart from each other (> 1Mbp) or
located on different chromosomes. The most significant
interaction (P =7.18 x 107!°) was found between 7q21.13
rs117337366 (mapping within the CDKI4 gene) and
9p13.3 15192517877 (located in a genomic region host-
ing many genes, the closest to rs192517877 being TLN1,
CREB3, GBA2, RGP1, MSMP, NPR2, SPAGS8, HINT?2,
TMEMSB, and FAM221B, in a range of only 100 kb).

A GO analysis focusing on the 363 genes surround-
ing the 440 interacting SNPs(< 1kbp) revealed signifi-
cant functional enrichments (P < 10™) for “modulation of
chemical synaptic transmission”, “behavior”, “regulation
of neurotransmitter levels”, and “cell-cell adhesion via
plasma-membrane adhesion molecules” terms (Fig. 1b),
the last term being possibly related to COVID-19[6].

The replication analysis was conducted for the 220 sug-
gestive interactions in a Spanish cohort consisting of 1,416
patients with severe symptoms and 4,382 healthy controls.
Eight interactions were replicated at nominal significance
(P <0.05) although none survived strict Bonferroni cor-
rection (P <4 x 10, Supplementary material Table S3). A
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Fig.1 Genome-wide epistasis study identified 220 pairs of interac-
tions. A The redness in the outermost circle denotes the significance
of the 220 pairs of SNP interactions (P <5 x 107'2) and closest genes
are annotated outside of the circle. The innermost circle approximates
the chromosomal positions where the interacting SNPs are located.
Three interactions which showed enhanced significance in the meta-
analysis are highlighted in red. B Enriched terms from GO analysis
of 363 genes surrounding the 220 pairs of interacting SNPs. C The

meta-analysis of UKBB and Spanish cohorts highlighted
3 interactions with enhanced statistical significance
(Fig. 1a). The interaction between 8p22 rs9792388 and
20p12.2 rs3025892 had the most significance in replication
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regional association patterns between 8p22 rs9792388 and 20p12.2
rs3025892. Both SNPs individually were non-significant (the left and
down panels) while the composite genotype of the two SNPs showed
highly significant association with the severity of COVID-19 (the
middle panel). D The functional interaction network of 22 genes from
the GeneMANIA analysis of protein interactions between PDGFRL
and SNAP25

analysis and the enhanced significance in the meta-analysis
(Powes=2.77x 107", P, =0.003, Pypry =4.97 x 10719,
Both SNPs individually were not associated with COVID-
19 in the discovery dataset (rs9792388 P=0.14, rs3025892
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P=0.85; Fig. 1¢) and had high allele frequencies in UKBB
(rs9792388 f=0.14, rs3025892 f=0.07). In UKBB, the
composite genotype of rs3025892 CT and rs9792388
CA/AA showed higher risk of severe disease (proportion
of severe cases =0.24 ~0.29) than any other genotypes
(0.09 ~0.18; genotypic OR=1.96 ~2.70; Table 1). This
pattern was replicated in the Spanish cohort, i.e., the com-
posite genotype of 13025892 CT and rs9792388 CA/AA
showed higher risk of severe disease (0.30 ~0.36) than any
other genotypes (0.14 ~0.25; genotypic OR=1.45~2.37,;
Table 1). The 8p22 rs9792388 is located upstream of PDG-
FRL which is related to platelet activating factor receptor
activity (PDGFR) and platelet-derived growth factor beta-
receptor (PDGFRp) activity. Previous study has reported
PDGFRp as a brain pericyte-specific marker, and the level
of soluble PDGFRf was significantly reduced in the cer-
ebrospinal fluid of SARS-CoV-2 patients involving the
nervous system [7]. The other interacting SNP, 20p12.2
rs3025892, is located downstream of SNAP25, which is an
important regulator involved in neurotransmitter release.
Affinity Capture-MS and yeast two-hybrid experiments
found that SNAP25 has physical interactions with NSP4,
ORF3A, ORF7B of SARS-CoV-2 in the Biological Gen-
eral Repository for Interaction Datasets (BioGRID, https://
thebiogrid.org/). PDGFRL and SNAP25 are co-expressed
[8, 9] and significantly enriched in neurotransmitter trans-
port with their related genes (STXBPI, SLCIS8A3, SYTI
and STXIB, FDR =1.72x 107%¢; Fig. 1d). The interaction
of PDGFRL and SNAP25 suggests a possible infection
pathway of SARS-CoV-2 in brain pericytes.

The second enhanced interaction was found between
2q31.3 rs116209839, located in the intergenic region of
UBE2E3 and ITGA4, and 8p23.3 rs146082916, which
resides near DLGAP2 (Pys=3.02x 107", Pp, =0.01
Pypra = 3.62x 1071%; Supplementary material Table S3).
The genetic interaction of DLGAP2 and UBE2E3 has
also been identified by radiation hybrid genotypes [10].
DLGAP2 encodes a membrane-associated protein impor-
tant for synapse organization and signaling in neuronal
cells. UBE2E3 is a member of the E2 ubiquitin-conjugat-
ing enzyme family, which targets abnormal or short-lived
proteins for degradation. Both SNPs individually were
not associated with COVID-19 in UKBB (P > 0.05). The
composite genotype of 15116209839 AG and rs146082916
GA/AA showed a higher risk of severe disease than other
genotypes in UKBB (0.42~0.67 vs. 0.14~0.24; geno-
typic OR=4.25~11.03; Table 1) as well as in the Spanish
cohort (genotypic OR > 1.85; Table 1). The third interac-
tion was between chr2:17,627,669 (Reference allele R: AC,
Risk allele D: deletion of C) near PSMCI1P10 and 12q23.3
154015524 in C1207f42 (Pgyps=8.84x 10713, Prep=0.01,
Pyera=1.91x107"%). The double heterozygosity for these
two SNPs showed a higher risk of severe disease than other
genotypes, both in the discovery (genotypic OR =6.42;
Table 1) as well as in the Spanish cohort (genotypic
OR=3.11; Table 1).

These replication signals were generally weaker com-
pared with those observed in traditional GWAS. Although
the LD patterns at the significant loci were largely similar
between UKBB and the Spanish cohort (Supplementary
material Figure S2), minor variations in allele frequencies

Table 1 Risk of severe COVID-
19 as a function of composite

UKBB N=14,855

Spanish N=5798

genotype of interacting SNPs

1s9792388 CcC
8p22 PDGFRL CA
AA
rs116209839 AA
2q31.3 UBE2E3/ITGA4 AG
GG
2:17,627,669 RR
2p24.2 PSMCI1P10 RD
DD

1rs3025892 20p12.2 SNAP25/MKKS

cc CT TT cc CT TT
0.159174)  0.12(1425) 0.09(45) 0.25(3676) 0.22(400) 0.22(10)
0.152794)  0.24(442)  0.18(23) 0.24(1317) 0.30(124) 0.14(8)
0.13231)  029(42)  —(0) 0.25(112)  0.36(14)  —(0)
15146082916 8p23.3 DLGAP2

GG GA AA GG GA AA
0.15(12,414)  0.14(622)  0.14(8)  0.25(4684) 0.22(378) 0.40(10)
0.14(1250)  0.42(67)  0.67(3) 0.23(522) 0.35(46)  1.00(1)
0.24(30) ~0) ~0) 0.1520)  —(0) ~0)
154015524 12q23.2 C1201f42

AA AC cc AA AC cc
0.15(12,787) 0.15(934)  0.05(20) 0.24(5396) 0.23(209) 0.50(2)
0.13(693)  0.51(46)  —(0) 0.23(248)  0.46(14)  —(0)
0.20(5) -(0) -(0) -(0) -(0) -(0)

Each cell displays the proportion of severe cases among carriers of the composite genotype. Sample size is

displayed in brakets

R represents the reference allele of AC and D represents the risk allele where C is deleted
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may affect the replication results due to the statistical nature
of epistasis analysis, which warrant further investigations in
future studies.

Finally, given that the 3q22.1 rs73064425 polymorphism
showed a significant genome-wide significant association
with COVID-19 severity, we also looked up in our results
whether any SNPs across the genome could interact with
rs73064425. No significant interactions were found at the
genome-wide significance level (P <5x 1078, Supplemen-
tary material Figure S3).

Discussion

In this work, we show the very first attempt to systematically
screen for genetic interactions in COVID-19, pointing to a
list of 220 pairs of SNP interactions potentially affecting the
severity of the disease. In addition, we highlight 3 interac-
tions that showed highly consistent and significant patterns
in an independent Spanish cohort.

As a general consideration, we obtained strong evi-
dence for brain-related pathological changes in COVID-19
although the exact pathways remain elusive. We mapped a
set of gene interactions enriched in brain pathology path-
ways and highlighted a strong interaction between PDGFRL
and SNAP25, potentially involved in SARS-CoV-2 infec-
tion pathways in brain pericytes. These findings add to our
understanding of the etiology and provide avenues for the
management of COVID-19 severity.

We acknowledge some limitations of our work, mainly
associated to the relative strength of epistatic signals evi-
dence in the replication stage. This is likely explained by a
combination of genetic factors, such as allelic heterogeneity,
variation in allele frequencies, and different LD structures
between the analyzed populations. The manifestation of
genetic interactions in disease risk may also be diluted due
to cumulative noises introduced by intermediate factors at
epigenomic, proteomic, metabolomic, and other molecular
layers. Systematic and integrated analysis of multi-omics
data at the genome-wide scale should be carried out in future
studies. To perform robust risk profiling for severe forms of
COVID-19, fast, trace and mobile DNA genotyping tech-
niques need to be developed besides the current methods
that are commonly employed for DNA testing of the virus.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10654-023-01020-5.
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