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Objectives: COVID-19 has caused a large global pandemic. Patients with COVID-19 exhibited considerable
variation in disease behavior. Pervious genome-wide association studies have identified potential genetic
variants involved in the risk and prognosis of COVID-19, but the underlying biological interpretation re-
mains largely unclear.
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IFNAR2 that were pleiotropically associated with the risk and various outcomes of COVID-19, including severe
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respiratory confirmed COVID-19 and hospitalized COVID-19.
Results: In blood, we identified 2 probes, ILMN_1765146 and ILMN_1791057 tagging IFNAR2, that showed
pleiotropic association with hospitalized COVID-19 (8 [SE]=0.42 [0.09], P=4.75 x 10-% and B [SE]=-0.48
[0.11], P=6.76 x 10-%, respectively). Although no other probes were significant after correction for mul-
tiple testing in both blood and lung, multiple genes as tagged by the top 5 probes were involved in in-
flammation or antiviral immunity, and several other tagged genes, such as PON2 and HPS5, were involved
in blood coagulation.
Conclusions: We identified IFNAR2 and other potential genes that could be involved in the susceptibility
or prognosis of COVID-19. These findings provide important leads to a better understanding of the mech-
anisms of cytokine storm and venous thromboembolism in COVID-19 and potential therapeutic targets
for the effective treatment of COVID-19.

© 2020 The British Infection Association. Published by Elsevier Ltd. All rights reserved.

fore, there is pressing urgency to further identify the pathological
mechanisms underlying COVID-19.

Introduction

Coronavirus disease 2019 (COVID-19), which is caused by the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has
created a large global pandemic and poses a serious threat to pub-
lic health.!'? As of August 7, 2020, there were more than 19.3
million confirmed cases worldwide, with the total deaths exceed-
ing 719,830.3 SARS-CoV-2 is a highly pathogenic and transmissi-
ble coronavirus that primarily spreads through respiratory droplets
and close contact.* Seeking solutions to control the spread of
COVID-19 and exploring effective treatments are of utmost impor-
tance to address the global challenge posed by COVID-19. There-
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Patients with COVID-19 exhibited considerable variation in dis-
ease behavior. Recently, genome-wide association studies (GWAS)
have been performed to identify genetic variants associated with
diagnosis and prognosis of COVID-19,>:° but biological interpreta-
tion of their findings remains largely unclear. Previous research
found that approximately 88% of trait-associated genetic variants
detected by GWAS resided in non-coding regions of the genome
and might have regulatory functions on gene expression.” In the
context of COVID-19 research, it is therefore important to explore
genes whose expressions were pleiotropically/potentially causally
associated with susceptibility or the development of COVID-19.

Different from conventional randomized controlled trials (RCTs),
Mendelian randomization (MR), which uses genetic variants as
the proxy to randomization,® is a promising tool to search for

0163-4453/© 2020 The British Infection Association. Published by Elsevier Ltd. All rights reserved.
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pleotropic/potentially causal effect of an exposure (e.g., gene ex-
pression) on the outcome (e.g., COVID-19 susceptibility). MR min-
imizes confounding and reverse causation that are commonly en-
countered in traditional association studies,®® and has been suc-
cessful in identifying gene expression sites or DNA methylation loci
that are pleiotropically/potentially causally associated with various
phenotypes, such as cardiovascular diseases, BMI, and rheumatoid
arthritis.'0-13

In this paper, we applied the summary data-based MR (SMR)
method integrating summarized GWAS data for COVID-19 and cis-
eQTL (expression quantitative trait loci) data to prioritize genes
that are pleiotropically/potentially causally associated with the risk
and prognosis of COVID-19.

Methods
Data sources

eQTL data

In the SMR analysis, cis-eQTL genetic variants were used as
the instrumental variables (IVs) for gene expression. We performed
SMR analysis for gene expression in blood and lung separately.
For blood, we used the CAGE eQTL summarized data,'* which in-
cluded 2765 participants. For lung, we used the V7 release of the
GTEx eQTL summarized data,’® which included 278 participants.
The eQTL data for blood and lung can be downloaded at https:
//cnsgenomics.com/data/SMR/#eQTLsummarydata.

GWAS data for COVID-19

The GWAS summarized data were provided by the COVID-19
host genetics initiative® and can be downloaded at https://www.
covid19hg.org/results/. Three phenotypes were examined, includ-
ing severe respiratory confirmed COVID-19, COVID-19 and hospi-
talized COVID-19. Details on definition of the phenotypes can be
found in Table S1. The control groups were subjects from the
general population without the specific phenotype, subjects who
were COVID-19 negative based on prediction or self-report, or sub-
jects who had COVID-19 without hospitalization, making a total of
five comparisons: severe respiratory confirmed COVID-19 (n=536)
vs. population (n=329,391; hereafter severe COVID-19); COVID-
19 (n=6696) vs. population (n=1,073,072; hereafter COVID-19),
COVID-19 (n=3523) vs. COVID-19 negative (n=36,634; hereafter
COVID-19 negative); hospitalized COVID-19 (n=3199) vs. popu-
lation (n=897,488; hereafter hospitalized COVID-19), and hospi-
talized COVID-19 (n=928) vs. COVID-19 without hospitalization
(n=2028; hereafter COVID-19 without hospitalization). In addi-
tion, we repeated the SMR analysis for severe respiratory con-
firmed COVID-19 using GWAS summarized data from the Severe
COVID-19 GWAS Group® (hereafter severe COVID-19 NEJM). The
study included 1160 patients who had severe respiratory confirmed
COVID-19, and 2205 participants from the general population with-
out COVID-19 as the control (Table 1). The definition of severe
respiratory confirmed COVID-19 in this study was different from
the one as defined by the COVID-19 host genetics initiative (Ta-
ble S1). The GWAS summarized data can be downloaded at https:
//ikmb.shinyapps.io/COVID-19_GWAS_Browser/.

SMR analysis

MR was undertaken with cis-eQTL as the IV, gene expression as
the exposure, and each of the three phenotypes as the outcome (in
comparison with different control groups). MR analysis was done
using the method as implemented in the software SMR. Detailed
information regarding the SMR method was reported in a previ-
ous publication.!” In brief, SMR applies the principles of MR to
jointly analyze GWAS and eQTL summary statistics in order to test
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for pleotropic association between gene expression and a trait due
to a shared and potentially causal variant at a locus. The hetero-
geneity in dependent instruments (HEIDI) test was performed to
evaluate the existence of linkage in the observed association. Re-
jection of the null hypothesis (i.e., Pygp;<0.05) indicates that the
observed association might be due to two distinct genetic variants
in high linkage disequilibrium with each other. We adopted the de-
fault settings in SMR (e.g., Peqr. <5 x 1078, minor allele frequency
[MAF] > 0.01, removing SNPs in very strong linkage disequilibrium
[LD, r2 > 0.9] with the top associated eQTL, and removing SNPs in
low LD or not in LD [r? <0.05] with the top associated eQTL), and
used false discovery rate (FDR) to adjust for multiple testing.

Annotations of transcripts were based on the Affymetrix exon
array S1.0 platforms. To functionally annotate putative transcripts,
we conducted functional enrichment analysis using the functional
annotation tool “Metascape”!® for the top tagged genes in blood
and lung, separately. Gene symbols corresponding to putative
genes (P<0.05) were used as the input of the gene ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis.

Data cleaning and statistical/bioinformatical analysis was per-
formed using R version 4.0.0 (https://www.r-project.org/), PLINK
1.9 (https://www.cog-genomics.org/plink/1.9/) and SMR (https://
cnsgenomics.com/software/smr/).

Results

Basic information of the summarized data

The number of cases and controls varied dramatically among
different analyses. The number of probes were approximately 8500
and 5500 in the analysis for blood and lung, respectively. The de-
tailed information was shown in Table 1.

SMR analysis in blood

Information of the top 5 probes for each phenotype was
presented in Table 2. Using GWAS summarized data from
the COVID-19 host genetics initiative, we identified 2 probes,
ILMN_1,765,146 and ILMN_1,791,057 tagging IFNAR2, that showed
pleiotropic association with hospitalized COVID-19 (8 [SE]=0.42
[0.09], P=4.75x 1079 and B [SE]=—0.48 [0.11], P=6.76 x 1005,
respectively), but no significant pleiotropic association for other
phenotypes after correction for multiple testing (Fig. 1, Fig. S1-5).
The same two probes were also among the top 5 probes in the
analysis of severe COVID-19 NEJM and COVID-19, although they
did not reach statistical significance after correction for multiple
testing (Table 2). In addition, we found that multiple probes tag-
ging TRIM5 were among the top 5 probes in the analysis of severe
COVID-19 NEJM and hospitalized COVID-19 in blood.

GO enrichment analysis of biological process and molecular
function showed that the genes tagged by the top 5 probes
were involved in four GO terms, including regulation of type I
interferon-mediated signaling pathway (GO: 0060338), regulation
of vesicle-mediated transport (GO: 0060627), response to endo-
plasmic reticulum stress (GO: 0034976); and response to oxidative
stress (GO:0006979). Multiple genes as tagged by the top 5 probes,
including IFNAR2, TRIM5, NLRC5, MCTP1, PTPN1, FCER1G, ATF4 and
PON2, were involved in inflammation or antiviral immunity (Table
S2).

SMR analysis in lung

We didn’t identify any significant pleiotropic association after
correction for multiple testing (Figure S6-11). Information of the
top 5 probes for each phenotype was presented in Table 3. We
found that 3 probes tagging AP006621 were among the top probes
in the analysis of severe COVID-19 NEJM (Table 3). In addition,
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Table 1
Basic information of the GWAS data and eQTL data in the SMR analyses*.
Number of probes Number of probes
in the SMR analysis in the SMR analysis
Phenotype Cases Control for blood for lung
Severe COVID-19 536 329,391 8457 5531
Severe COVID-19 NEJM # 1610 2205 8431 5467
COVID-19 6696 1073,072 8499 5653
COVID-19 negative? 3523 36,634 8499 5628
Hospitalized COVID-19 3199 897,488 8495 5628
COVID-19 without 928 2028 8492 5625

hospitalization®

* The GWAS summarized data were provided by the COVID-19 host genetics initiative® unless otherwise noted. The
eQTL data for blood™ and lung'® can be downloaded at https://cnsgenomics.com/data/SMR/#eQTLsummarydata.

# The GWAS summarized data were provided by the Severe Covid-19 GWAS Group.’

9 The control is the non-predicted and non-self-reported COVID-19.

§ The control is COVID-19 without hospitalization, including laboratory confirmed or self-reported COVID-
19.COVID-19, coronavirus disease 2019; SMR, summary data-based Mendelian randomization.

Table 2
The top five probes identified in the SMR analysis for blood.
Phenotype* CHR  Probe ID Gene Top eQTL PeqrL Powas Beta SE Psmr PhEm! Nsnp
Severe COVID-19 7 ILMN_1,751,051  C7orf25 rs630191 2.00x10°"2  136x10% 039 010 1.68x10% 155x10°°" 20
5 ILMN_1,654,685  MCTP1 rs306578 1.11x10°16  189x10% 035 0.09 216x107% 272x107°" 20
15 ILMN_1,778,734  FANI rs2240101 3.65x10°122  1.85x10°%  0.42 011  223x10%  654x10° 20
7 ILMN_1,749,432  MRPL32 rs601057 1.82x 10733 1.60x10% —0.75 021 3.14x10% 124x10° 20
15 ILMN_2,152,178  FAN1 rs11070620 7.48 x 10765 3.86x107% 0.5 0.16 512x107%  7.02x107° 20
Severe COVID-19 21 ILMN_1,765,146  IFNAR2 1s2252639 557 x 10~44 423x107%  0.69 0.18 854x10%  752x10°92 15
NEJM *# 21 ILMN_1,791,057  IFNAR2 52252639 5.21 x 1034 423x107% —0.78 020 1.04x10% 1.61x10°" 16
11 ILMN_1,704,972  TRIM5 rs35253098 5.68 x 1085 793x107%  —045 012 1.09x10% 786x10° 20
16 ILMN_1,716,704  NLRC5 rs1684577 2.30 x 10733 3.80x10°%  0.71 021 638x107% 500x10"92 20
11 ILMN_2,404,665  TRIM5 rs34080219 3.47 x 10717 232x107%  _-1.03 030 7.44x10% 1.15x10°97 20
COVID-19 20 ILMN_1,681,591  PTPN1 rs117437913  4.76 x 106 129%x107%  —-021 006 199x10°% 623x10°9 20
21 ILMN_1,765,146  IFNAR2 52252639 5.57 x 10~ 2.68x107%4  0.20 0.06 423x107% 119x10°" 15
21 ILMN_1,791,057  IFNAR2 rs2252639 5.21x1034 268x107%  —023 007 481x10% 167x10° 17
5 ILMN_1,757,106  MARCH6  rs2589667 449x10°1%  508x10% -0.10 003 566x10% 697x10° 20
16 ILMN_1,681,945  ITGAD s2454911 6.71x 1013 8.85x10°% 041 012 579x107%  1.10x10°°" 20
COVID-19 1 ILMN_2,123,743  FCERIG rs2070901 1.89x10°30 216x10°% —-0.15 004 254x10°% 543x10°° 20
negative’ 15 ILMN_1,783,956  ATPSB4 rs7172615 9.53 x 1092 1.86x10°% 020 0.05 237x10% 306x10°" 20
3 ILMN_1,654,612  ZNF589 rs11720622 2.51 x 1052 324x107% —027 008 466x10% 938x1092 20
19 ILMN_1,760,858  RABSA rs35848422 1.99 x 1089 438x10% —0.19 005 533x10% 6.88x10°" 15
22 ILMN_1,672,128  ATF4 rs710192 5.43 x 1070 6.49x107%  _024 007 846x10% 3.05x10°9" 20
Hospitalized 21 ILMN_1,765,146  IFNAR2 rs2252639 5.57 x 10~44 1.26 x107%  0.42 0.09 475x10% 148x10 15
COVID-19 21 ILMN_1,791,057  IFNAR2 rs2252639 5.21 x10-34 1.26x10-% _048 011 6.76x10% 1.68x10-°" 17
7 ILMN_1,770,030  C7Zorf43 rs6975031 1.96 x 1034 158 x 1074 0.40 0.11 3.06x107% 352x107° 20
14 ILMN_1,675,391  SLC24A4  rs61977314 1.84 x 1079 457 x107% 023 0.07 5.87x107%  1.78x107°" 20
11 ILMN_1,704,972  TRIM5 rs35253098 5.68 x 1083 6.14x10°%  _—021 006 7.41x10% 873x10°°% 20
COVID-19 without 11 ILMN_2,060,652  BETIL rs4980320 2.50 x 10-16 9.91x107% 1,55 040 1.00x107%  634x107°" 20
hospitalization® 18 ILMN_1,671,693  C180rf10  rs3909692 3.43 x107% 280x107% —066 019 4.02x10% 458x10° 20
1 ILMN_1,741,801  CDC7 rs13447526 1.13 x 10783 6.07x 10794 0.50 015 736x107%  371x107°" 20
7 ILMN_1,714,158  PON2 rs2374993 1.45 x 104 520x107%  —0.71 021 756x107% 209x10° 20

14 ILMN_1,675,391 SLC24A4 rs61977314 1.84 x 10-%° 6.03x10°% 054 016 7.61x10°% 173x10°° 20

* The GWAS summarized data were provided by the COVID-19 host genetics initiative® and the control is the population unless otherwise noted. The eQTL data for blood™*
can be downloaded at https://cnsgenomics.com/data/SMR/#eQTLsummarydata.

# Summary data were provided by the Severe Covid-19 GWAS Group.

9 The control is the non-predicted and non-self-reported COVID-19.

8 The control is COVID-19 without hospitalization, including laboratory confirmed or self-reported COVID-19.Pqr; is the P value of the top associated cis-eQTL in the eQTL
analysis, and Pgwas is the P value for the top associated cis-eQTL in the GWAS analysis. Beta is the estimated effect size in SMR analysis, SE is the corresponding standard
error, Psyr is the P value for SMR analysis, Pygp; is the P value for the HEIDI test and Nsnp is the number of SNPs involved in the HEIDI test.CHR, chromosome; COVID-19,
coronavirus disease 2019; HEIDI, heterogeneity in dependent instruments; SNP, single-nucleotide polymorphism; SMR, summary data-based Mendelian randomization; QTL,
quantitative trait loci.Bold font means statistical significance after correction for multiple testing using false discovery rate.

multiple genes, including C7orf25, ITGAD, FCER1G and ZNF589, were Discussion
tagged by the top 5 probes in both blood and lung.

The genes tagged by the top 5 probes were involved in two GO In the present study, we integrated GWAS and eQTL data
terms, including stimulatory C-type lectin receptor signaling path- in the MR analysis to explore putative genes that showed
way (GO: 0002223) and leukocyte activation involved in immune pleiotropic/potentially causal association with the susceptibil-
response (GO: 0002366). Multiple genes as tagged by the top 5 ity/prognosis of COVID-19. We identified 2 probes tagging IF-
probes, including ARSA, FCER1G, X0SC6 and PSMD13, were involved NAR2 showing pleiotropic association with hospitalized COVID-19
inflammation or antiviral immunity (Table S3). in blood. Multiple genes as tagged by the top 5 probes were in-

volved in inflammation and antiviral immunity in both blood and
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Fig. 1. Prioritizing genes around IFNAR2 in association with hospitalized COVID-19 in blood. Top plot, gray dots represent the -log,o(P values) for SNPs from the GWAS
of hospitalized COVID-19, and rhombuses represent the -logio(P values) for probes from the SMR test with solid rhombuses indicating that the probes pass HEIDI test and
hollow rhombuses indicating that the probes do not pass the HEIDI test. Middle plot, eQTL results in blood for two probes, ILMN_1,765,146 and ILMN_1,791,057 probes,
tagging IFNAR2. Bottom plot, location of genes tagged by the probes. Highlighted in maroon indicates probes that pass SMR threshold. COVID-19, coronavirus disease 2019;
IFNAR?2, interferon alpha and beta receptor subunit 2; GWAS, genome-wide association studies; SMR, summary data-based Mendelian randomization; HEIDI, heterogeneity in

dependent instruments; eQTL, expression quantitative trait loci.

lung. Several genes tagged by the top probes were in blood coag-
ulation. Our findings provided important leads to a better under-
standing of the mechanism of cytokine storm and venous throm-
boembolism in COVID-19 and revealed potential therapeutic targets
for the effective treatment of COVID-19.

Interferons (IFNs) refer to a group of signaling proteins made
and released by the host cells in response to viral invasion.!” There
are three types of IFNs: type I IFNs (IFN-«/8), type II IFNs (IFN-y)
and type III IFNs (IFN-A).!3-20 JENAR2 (interferon alpha and beta
receptor subunit 2), located at 21q22.11, encodes one of the two
type 1 IFNs.”! In the cascade of host's response to coronavirus,
IFNs play an essential role in the establishment of antiviral state
and in intensifying the antiviral response.?? It was found that IFNs
could have both beneficial and detrimental effect on SARS-Cov-2
replication.?> A recent retrospective study of 77 adults found that
IFN-a2b treatment with or without arbidol significantly reduced
the duration of detectable virus in the upper respiratory tract of
COVID-19 patients.?* However, the COVID-19 Treatment Guidelines
Panel recommend against the use of interferons for the treatment
of patients with severe and critical COVID-19, except in a clinical
trial, due to insufficient data to support the beneficial or detri-
mental effects of interferons.2> Because IFNAR2 was tagged by the
top 5 probes for multiple phenotypes, we think that it is likely in-
volved in determining COVID-19 severity and could be a potential
therapeutic target for the treatment of COVID-19. More studies are
needed to elucidate the mechanisms underlying the dual role of
IFNs during SARS-Cov-2 and whether/how IFNAR2 is involved in
this process.

We found that multiple genes as tagged by the top 5 probes
were involved in inflammation. ATF4 (activating transcription fac-
tor 4) is an endoplasmic reticulum stress sensor that defends lungs
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via induction of heme oxygenase 1.26 ATF4 were decreased in in-
flamed intestinal mucosa from patients with active Crohn’s dis-
ease or active ulcerative colitis, and ATF4 deficiency promotes in-
testinal inflammation in mice.?’” ATF4 was downregulated in the
alveolar type II cells of the elderly, compared with the young.28
ATF4 has more than 20 candidate downstream factors, with the
majority of them being significantly downregulated in the elderly,
who demonstrated compromised ATF4-dependent ability to re-
spond to endoplasmic reticulum stress. Lung-specific delivery of
ATF4-related antioxidants has the potential to work in synergy
with promising antiviral drugs to further improve COVID-19 out-
comes in the elderly.?® Some of the tagged genes, such as TRIM5,
NLRC5, MCTP1, PTPN1, ARSA and FCERI1G, are also involved antiviral
immunity.2?-3> These genes have not been reported to be associ-
ated with COVID-19 in previous studies.

It was estimated that approximately 40% of COVID-19 patients
were considered as having a high risk of venous thromboembolism
risk, and 11% of them developed venous thromboembolism with-
out prophylaxis.36 Abnormal coagulation in patients with COVID-
19 was associated with an increased risk of death.?’” Recent re-
search indicated that dysregulated platelets and neutrophils co-
operated to drive a systemic prothrombotic state in SARS-CoV-
2 infection.’® However, the underlying mechanisms in general,
and genetic contributions in particular, remain to be further ex-
plored. In our study, we found two genes, as tagged by the top
five probes, that were involved in blood coagulation: PON2 and
HPS5 in the analysis of COVID-19 without hospitalization in blood
(Table 2) and severe COVID-19 in lung (Table 3), respectively. PON2
(paraoxonase 2) encodes a member of the paraoxonase gene fam-
ily, and acts as a cellular antioxidant, protecting cells from ox-
idative stress.>® It was shown that deregulated redox regulation
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Table 3
The top five probes identified in the SMR analysis for lung.
Phenotype* CHR Probe ID Gene Top eQTL Peqrt Powas BETA  SE Psmr PHEipt Nsnp
Severe 7 ENSG00000136197.8 C7orf25 rs583301 153x1073 159x10°% —0.82 023 3.13x10% 1.62x10°" 20
COVID-19 11 ENSG00000110756.13  HPS5 rs4150641 315%x1076  923x10°% —-1.02 029 421x10% 388x10° 20
15 ENSG00000244879.3 GABPB1-AS1 rs504781 1.55x 109" 423 x10% —0.27 0.08 514x10% 549x10°92 20
15 ENSG00000259715.1 CTD-3110H11.1 rs504781 239%x10°72 423x10°% —-029 0.08 541x10°% 129x10° 20
15 ENSG00000259845.1 HERC2P10 rs75874589 8.76 x 103 343 x10°% 035 0.10 556x107% 8.18x10°°" 20
Severe 11 ENSG00000177236.3 AP006621.1 rs4963156 2.04x10°8% 1.88x10°9 0.32 0.08 290x107% 133x10°°" 20
COVID-19 11 ENSG00000255284.1 AP006621.5 rs4963156 131x10°7" 1.88x10°% 0.42 0.10 3.14x10°% 193x10°°" 20
NEJM # 11 ENSG00000255142.1 AP006621.6 rs4963156 1.51x10733 1.88x10°% 0.47 0.12 547x107% 292x10°°" 20
22 ENSG00000100299.13  ARSA rs6151429 6.98x10°% 522x10°% 0.32 010 7.74x107% 7.45x107°" 20
20 ENSG00000231742.1 RP11-112L6.4 rs6122883 9.14x 1072 4.94x10°% 0.36 0.11 883x10% 247x10°" 20
COVID-19 21 ENSG00000241837.2 ATP50 1s12627646 8.98 x 10736 3,78 x107%  0.26 0.07 9.11x107% 268x107°" 20
10 ENSG00000214435.3 AS3MT rs4919690 7.09x 10741 430x10"% —0.11 0.03 6.61x10°% 135x10°°" 20
10 ENSG00000166275.11  C10o0rf32 1s9527 1.76 x 1073  6.56x107% —-0.13 0.04 9.93x10°% 425x10°°" 20
16 ENSG00000156886.11  ITGAD rs2454911 141x107% 885x107% 0.19 0.06 1.00x107 630x10°" 9
16 ENSG00000223496.1 EXO0SC6 rs4985407 8.47x 1075 8.08x10°% —0.13 0.04 1.05x10°% 3.14x10°" 20
COVID-19 3 ENSG00000164048.9 ZNF589 rs6787500 2.81x10736 255%x10°% —0.24 0.07 445x10% 337x10°92 20
negative? 1 ENSG00000158869.6 FCER1G rs2070901 1.54x107% 216x10°% —-1.03 030 5.12x10°% 1.11x10° 9
3 ENSG00000229759.1 MRPS18AP1 rs11130163 1.66x 1047 576x107% —-0.13 0.04 8.11x107% 1.80x10°" 20
11 ENSG00000242689.1 CNTF 1s73470773 1.67x107'% 426x10"% 0.30 009 136x107%% 1.70x10°92 20
17 ENSG00000261996.1 CTC-281F24.1 1s745057 1.79x 107 6.84x10°% 0.27 0.09 191x107% 472x10° 20
Hospitalized 6 ENSG00000175967.3 RP11-544L8__B.4 1511965077 1.78x 102! 4.95x10°% 0.40 0.11 1.89x10% 936x10° 5
COVID-19 16 ENSG00000103226.13 NOMO3 rs55709104 7.52x 10734 2.07x107% —021 0.06 3.88x10°% 7.94x10°°" 20
11 ENSG00000117983.13 MUC5B rs12802931 7.44x10°1° 419x10°% -044 0.13 648x10* 1.11x10% 9
11 ENSG00000225101.3 OR52K3P rs890417 1.50x 1073  438x10°% 0.23 0.07 9.10x10°% 3.83x10°°" 20
4 ENSG00000181381.9 DDX60L rs6845647 8.95x 10716 3.31x10"% 0.38 011 1.05x107% 4.02x10°" 20
COVID-19 11 ENSG00000185627.13 PSMD13 rs1533825 9.92x10°%* 1.85x10°% 143 036 8.18x10°% 4.04x10°°" 20
without hos- 6 ENSG00000204536.9 CCHCR1 rs1265087 516x 1073 9.10x 109 0.72 019 191x107% 147x10°" 20
pitalization® 11 ENSG00000142082.10  SIRT3 rs6421986 6.61x10"13 2.09%x10°% 1.99 054 251x107% 259x10°°" 20
18 ENSG00000134779.10  TPGS2 rs80033842 1.24x1072° 425x10% -0.69 020 7.67x10"% 213x10°°" 20
22 ENSG00000100106.15  TRIOBP rs5750494 746x 10711 145x10°% 1.24 038 1.03x10°9 497x10° 20

* The GWAS summarized data were provided by the COVID-19 host genetics initiative® and the control is the population unless otherwise noted. The eQTL data for lung'

can be downloaded at https://cnsgenomics.com/data/SMR/#eQTLsummarydata.
# Summary data were provided by the Severe Covid-19 GWAS Group.’
9 The control is the non-predicted and non-self-reported COVID-19.

§ The control is COVID-19 without hospitalization, including laboratory confirmed or self-reported COVID-19.Peqry is the P value of the top associated cis-eQTL in the eQTL
analysis, and Pgwas is the P value for the top associated cis-eQTL in the GWAS analysis. Beta is the estimated effect size in SMR analysis, SE is the corresponding standard
error, Psyr is the P value for SMR analysis, Pygp; is the P value for the HEIDI test and Nsnp is the number of SNPs involved in the HEIDI test.CHR, chromosome; COVID-19,
coronavirus disease 2019; HEIDI, heterogeneity in dependent instruments; SNP, single-nucleotide polymorphism; SMR, summary data-based Mendelian randomization; QTL,

quantitative trait loci.

in PON2 deficiency caused vascular inflammation and abnormal-
ities in blood coagulation.®® HPS5 encodes a protein that is in-
volved in organelle biogenesis associated with melanosomes and
platelet dense granules.*! Mutations in HPS5 are associated with
Hermansky-Pudlak syndrome type 5 (HPS5), a subtype of a series
of disorders characterized by oculocutaneous albinism and pro-
longed bleeding.*? Although the pleotropic association was not sta-
tistically significant in the SMR analysis after correction for mul-
tiple testing (P=7.56 x 10~4 for PON2 and 4.21 x 10~% for HPS5),
our findings suggested potential involvement of these genes in the
pathogenesis of venous thromboembolism in COVID-19 patients.
More studies are needed to explore the functions of these two
genes in response to SARS-CoV-2 infection.

Our study has some limitations. The GWAS analyses did not
control confounding factors which might affect the outcome. It is
also unclear whether selection of the subjects in the GWAS stud-
ies was a representative of the exposure-outcome distributions in
the overall population, and therefore, the possibility of selection
bias, which can affect estimation accuracy, could not be ruled out.
The GWAS studies only examined the short-term effect of COVID-
19 due to the limited duration of the COVID-19 pandemic, and we
were unable to assess the long-term outcomes/lingering effects of
COVID-19. Similarly, we could not analyze the genetic contribution
of other interesting phenotypes, such as different disease behaviors
among children/teens, adults and the elderly patients, and asymp-

130

tomatic COVID-19, due to a lack of the corresponding GWAS sum-
marized data. We only performed analyses using blood and lung
eQTL data, more studies are needed to explore tissue- and cell-
type-specific genes involved in the host responses to COVID-19 in-
fection. Due to a lack of individual eQTL data, we could not quan-
tify the changes in gene expression in patients with COVID-19 in
comparison with the control.

Conclusion

We identified IFNAR2 and other potential genes that could be
involved in the susceptibility/prognosis of COVID-19. These findings
provide important leads to a better understanding of the mecha-
nism of cytokine storm in COVID-19 and reveals potential thera-
peutic targets for the effective treatment of COVID-19.
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