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SUMMARY
Variability in SARS-CoV-2 susceptibility and COVID-19 disease severity between individuals is partly due to
genetic factors. Here, we identify 4 genomic loci with suggestive associations for SARS-CoV-2 susceptibility
and 19 for COVID-19 disease severity. Four of these 23 loci likely have an ethnicity-specific component.
Genome-wide association study (GWAS) signals in 11 loci colocalize with expression quantitative trait loci
(eQTLs) associated with the expression of 20 genes in 62 tissues/cell types (range: 1:43 tissues/gene),
including lung, brain, heart, muscle, and skin aswell as the digestive system and immune system.Weperform
genetic finemapping to compute 99%credible SNP sets, which identify 10GWAS loci that have eight or fewer
SNPs in the credible set, including three loci with one single likely causal SNP. Our study suggests that the
diverse symptoms and disease severity of COVID-19 observed between individuals is associated with vari-
ants across the genome, affecting gene expression levels in a wide variety of tissue types.
INTRODUCTION

The SARS-CoV-2 virus has infected more than 220 million indi-

viduals worldwide between December 2019 and August 2021,

and its associated disease (COVID-19) has reportedly caused

>4.5 million deaths (Worldometer, 2021). Several risk factors

associated with SARS-CoV-2 infection and COVID-19 disease

severity have been identified, including older age; sex; ethnicity;

blood type; and cardiovascular, respiratory, and kidney diseases

(Atkins et al., 2020; Cummings et al., 2020; Guan et al., 2020;

Horowitz et al., 2021; Mackey et al., 2021; Richardson et al.,

2020; Zhou et al., 2020). Most of these risk factors have a well-

known genetic component (Aragam et al., 2018; Kulminski

et al., 2018; Sakornsakolpat et al., 2019), suggesting that risk

of SARS-CoV-2 infection and/or disease severity may also be

influenced by the genetic background of an individual. The

COVID-19 Host Genetics Initiative (COVID-19 HGI, https://

www.covid19hg.org/) is currently leading a public effort world-

wide to analyze COVID-19 information for millions of individuals

in conjunction with genotype data in order to identify genetic var-

iants associated with SARS-CoV-2 infection as well as COVID-

19 hospitalization and disease severity (COVID-19Host Genetics

Initiative, 2020, 2021). To date, the COVID-19 HGI has conduct-

ed meta-analyses on one SARS-CoV-2 susceptibility phenotype
Ce
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(C2, COVID-19 patients versus population) and three COVID-19

disease severity phenotypes (A2, very severe respiratory

confirmed COVID-19 versus population; B1, hospitalized versus

non-hospitalized COVID-19 patients; and B2, hospitalized

versus population) by combining 46 studies worldwide. Of

note, B1 and B2 are both COVID-19 hospitalization phenotypes

and differ only in their controls. Given that the controls for B1

included only non-hospitalized COVID-19 patients, it has less

power to detect associations compared with the A2 and B2 dis-

ease severity phenotypes. For each phenotype, four distinct

meta-analyses were performed by either including only individ-

uals from European descent (referred to as European-only here-

after) or individuals frommultiple ethnicities (referred to as multi-

ethnic hereafter) and by either including or excluding individuals

from the UK Biobank (UKBB) as controls. Recently published

meta-analyses on the A2, B2, and C2 phenotypes by the

COVID-19 HGI identified 13 genomic loci that are significantly

associated with SARS-CoV-2 infection and/or COVID-19

severity (COVID-19 Host Genetics Initiative, 2021), confirming

that this disease has a strong underlying genetic component.

While putative target genes for several of the SARS-CoV-2 sus-

ceptibility and COVID-19 disease severity genome-wide associ-

ation study (GWAS) loci have been identified (Pairo-Castineira

et al., 2021; Schmiedel et al., 2020; Ellinghaus et al., 2020;
ll Reports 37, 110020, November 16, 2021 ª 2021 The Author(s). 1
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Zeberg and Pääbo, 2021; Zhou et al., 2021), a large-scale ge-

netic fine-mapping effort to identify causal regulatory variants,

along with the tissue types in which they are functional and their

associated genes, has yet to be conducted.

Colocalization is a widely used approach to investigate

whether two genetic traits, such as an expression quantitative

trait locus (eQTL) for a specific gene located within the same lo-

cus as a GWAS signal, share the same causal variants (Giambar-

tolomei et al., 2014; Wallace, 2020). This Bayesian method uses

pvalues of the variants tested for two traits to calculate the pos-

terior probabilities (PPs) of five hypotheses at a specific locus: (1)

H0, neither trait has a significant association at the tested locus;

(2) H1, only the first trait is associated; (3) H2, only the second

trait is associated; (4) H3, both traits are associated but the

causal variants are different; and (5) H4, both traits are associ-

ated and share the same causal variants. Therefore, by con-

ducting colocalization between GWAS and eQTL signals in the

same interval, it is possible to detect gene(s) with expression

profiles that are associated with SARS-CoV-2 infection or

COVID-19 disease severity. Furthermore, this approach can be

used to perform genetic fine mapping (Mahajan et al., 2018) of

each GWAS locus, which results in the identification of variants

that have a high likelihood for causality. In this manner, it is

possible to exploit large collections of eQTL analyses, which

have assessed the associations between genetic variation and

gene expression in many human tissues (Bonder et al., 2021;

GTEx Consortium, 2020; DeBoever et al., 2017; Kerimov et al.,

2021), to identify causal variants in the COVID-19-associated

loci and determine the tissues in which they are functional.

Here, we initially examined the 16 meta-analyses in the

COVID-19 HGI dataset and identified 23 loci that we classified

as having suggestive associations with either SARS-CoV-2 sus-

ceptibility or COVID-19 disease severity. Four of the loci showed

heterogeneous GWAS signals consistent with being ethnicity

specific. We exploited eQTL data for 48 human tissues in

GTEx and for 21 blood-related cell types in the eQTL catalogue

(GTEx Consortium, 2020; Kerimov et al., 2021) to investigate the

molecular mechanisms underlying the associations between ge-

netic variation and COVID-19 disease status. We performed fine

mapping identifying variants associated with the expression of

20 genes in 62 tissues/cell types (range: 1:43 tissues/gene)

that strongly colocalize with COVID-19-associated variants in

11 loci. Our study shows that SARS-CoV-2 susceptibility and

COVID-19 disease severity GWAS variants are associated with

the expression levels of many genes in a wide variety of tissue

types.

RESULTS

Genetic architecture of SARS-CoV-2 susceptibility
and COVID-19 disease severity
To characterize the similarities and differences of genetic asso-

ciations between SARS-CoV-2 infection and COVID-19 disease

severity phenotypes, we obtained the summary statistics of the

16 HGI COVID-19 meta-analyses from data freeze 5 (COVID-

19 Host Genetics Initiative, 2020, 2021). These meta-analyses

correspond to four distinct but overlapping phenotypes: C2

with SARS-CoV-2 susceptibility and A2, B1, and B2 with
2 Cell Reports 37, 110020, November 16, 2021
COVID-19 disease severity. For each phenotype, four meta-an-

alyses were conducted, of which two were European-only and

two were multi-ethnic (COVID-19 Host Genetics Initiative,

2021). We identified 23 unique loci with suggestive associations

(p < 13 10�7) in at least one of the 16 meta-analyses (Table S1),

of which only one locus on chromosome 3 was associated in all

16 studies (3:45137109-47151986). We assigned three loci as

associated with susceptibility because they had p values < 1 3

10�7 only for the C2 phenotype (Figure 1). Fourteen loci were as-

signed as associated with disease severity because they had p

values < 1 3 10�7 in one or more of the disease severity pheno-

types (A2, B1, or B2) but not the C2 phenotype. Six loci had p

values < 1 3 10�7 in both one or more of the disease severity

phenotypes (A2, B1, or B2) and the C2 phenotype, of which

five were assigned as associated with disease severity because

the C2 phenotype had substantially weaker p values and effect

sizes (Table S1) and one (9:135628546-136796530) was as-

signed as associated with susceptibility because it had stronger

p values in the C2 meta-analyses (p < 4.9 3 10�16) than in the

severity phenotypes (p > 4.4 3 10�9, Table S1). We performed

hierarchical clustering using binary association information (p <

1 3 10�7) for each of the 23 loci and identified seven clusters,

each of which represents unique information about COVID-19

associations: (1) cluster 1 includes three susceptibility-associ-

ated loci significant only for phenotype C2 and one severity-

associated locus significant for both B2 and C2 phenotypes,

but with substantially weaker p values for the C2 phenotype (Ta-

ble S1); (2) cluster 2 includes five severity-associated loci signif-

icant primarily for phenotype B2; (3) cluster 3 includes only one

severity-associated locus (3:45137109-47151986) that was

associated with all 16 studies but had substantially weaker p

values for the C2 phenotype; (4) cluster 4 includes five

severity-associated loci that are significant only for phenotype

A2; (5) cluster 5 includes four severity-associated loci significant

for both phenotypes A2 and B2; (6) cluster 6 includes one sus-

ceptibility-associated locus associated with phenotypes C2

and B2 (9:135628546-136796530) but with weaker p values for

the B2 phenotype; and (7) cluster 7 includes three severity-asso-

ciated loci significant for phenotypes A2, B2, and C2, but with C2

having substantially weaker p values and effect sizes (Table S1).

Six severity-associated loci showed heterogeneity in their asso-

ciations between the European-only and multi-ethnic meta-ana-

lyses for one ormore phenotypes (Figure 2), suggesting the pres-

ence of ethnicity-specific signals, but two were barely below the

threshold for association in the European-only meta-analyses

(p = 2.6 3 10�7 and p = 2.3 3 10�7, respectively) suggesting

that they are underpowered and likely not associated with

ethnicity. These analyses show that different intervals in the

genome are associated with SARS-CoV-2 susceptibility and

COVID-19 disease severity, and the genetic associations within

four of these intervals are likely ethnicity specific.

Colocalization with eQTLs and genetic fine mapping
of COVID-19 GWAS signals
To identify genes whose expression is associated with SARS-

CoV2 infection and COVID-19 disease severity, we examined

692 genes that map to the 23 GWAS loci. We obtained eQTL

data for the 692 genes in 48 GTEx tissues (GTEx Consortium,



Figure 1. GWAS signals across four COVID-

19 phenotypes

Heatmap showing, for each of the 23 COVID-19

loci, the studies with p values < 1 3 10�7 (black

squares). The 16 studies are sorted by phenotype

(A2, B1, B2, C2), ethnicity (dark blue is for Euro-

pean only, cyan is for multi-ethnic), and type of

controls (red indicates studies that included UK

Biobank [UKBB] individuals as controls, while gray

indicates studies that excluded UKBB individuals).

The symbols on the right of each locus indicate

whether each locus is associated with suscepti-

bility (yellow circle) or severity (red square) or is

ethnicity specific (European only, dark blue trian-

gle; multi-ethnic, cyan triangle). Hierarchical clus-

tering was performed using the hclust and cutree

functions in R.
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2020) and 21 eQTL datasets from blood-derived cell types (Ala-

soo et al., 2018; Buil et al., 2015; Chen et al., 2016; Gutierrez-Ar-

celus et al., 2013; Kerimov et al., 2021; Lappalainen et al., 2013;

Nédélec et al., 2016; Quach et al., 2016; Schmiedel et al., 2018;

Theusch et al., 2020; Young et al., 2021) and performed a coloc-

alization analysis (Giambartolomei et al., 2014) between each

eQTL and GWAS signal. Eleven of the 23 loci had GWAS signals

in one or more of the four COVID-19 phenotypes that colocalized

(PP-H4 > 0.9) with eQTLs for 20 genes in total (Figure 3; Table

S2). The GWAS signals in four loci colocalized (PP-H4 > 0.9)

with an eQTL signal present in a single tissue for a single gene

(FOXP4, HLA-DPA2, PTPRS, FAM189B); three loci colocalized

with eQTL signals present in multiple tissues for a single

gene (TCF19, TYK2, ABO); and four loci colocalized with eQTL

signals for multiple genes (range: 2–4 per locus), of which

some eQTLs were present in a single tissue (OAS3, CEP97,

NXPE3, AP000295.10, IL10RB-AS1, NSFP1, ARL17B) and

others present in multiple tissues (OAS1, PDCL3P4, IL10RB,

IFNAR2, ALR17B, LRRC37A2, and LRRC37A) (range: 2–43 per

gene). Thus, for 11 of the 20 genes, the colocalized signal was

present in a single tissue, while for 9 genes, the colocalized

signal was present in multiple tissues. These findings show

that causal variants underlying 11 COVID-19 GWAS signals co-

localize with genetic variants associated with the expression

levels of 20 gene(s), of which some show tissue-specific associ-

ations and others show associations across many different tis-

sue types.

Of the 48 tissues and 21 blood-related cell types examined for

colocalization between eQTLs and COVID-19 GWAS signals, 62

had eQTLs that colocalized with at least one GWAS locus, of

which 31 colocalized with two or more (range: 2–7). These

include several tissues and cell types that are associated with
Cell
COVID-19 symptoms, such as lung (asso-

ciated with cough and shortness of

breath: FOXP4, LRRC37A, TCF19, and

TYK2), whole blood (immune response:

LRRC37A and TYK2), macrophages (im-

mune response: IFNAR2), neutrophils (im-

mune response: IL10RB), B cells (immune

response: IFNAR2), lymphoblastoid cell
line (LCL; immune response: ARL17B, LRRC37A, and IFNAR2),

monocytes (immune response: ABO, IL10RB, LRRC37A,

LRRC37A2, OAS1, and TYK2), T cells (immune response: IF-

NAR2), skeletal muscle (muscle fatigue and body aches: ABO,

IFNAR2, IL10RB, IL10RB-AS1, LRRC37A, LRRC37A2, and

TCF19), digestive system (nausea and diarrhea:ABO, LRRC37A,

PTPRS, AP000295.10, IL10RB, IFNAR2, and NXPE3), brain cor-

tex (loss of smell and taste, cognitive defects: LRRC37A and

LRRC37A2; Table S2), heart (myocarditis, cardiomyopathy,

and heart failure: ABO, FAM198B, LRRC37A, and PDCL3P4),

and skin (skin rashes: LRRC37A,OAS1, and TYK2). Surprisingly,

5 of the 11 (44.4%) GWAS signals did not colocalize with eQTLs

in blood or lung, the two tissues that have been described as be-

ing the most affected by COVID-19.

To identify putative causal variants, we performed genetic fine

mapping (Mahajan et al., 2018) in each of the 11 loci using the co-

localization results between the GWAS signal and the gene with

the best colocalizing eQTL signal (i.e., highest PP-H4). We calcu-

lated the posterior probability of each SNP tested in both the

GWAS and the eQTL analysis to be causal (PP of association

[PPA]). We next combined all the SNPs with the highest PPAs

to compute 99% credible sets, defined as the SNPs whose

sum of PPA is >99% (Figure 4; Tables S3 and S4). For 10

GWAS loci, we were able to determine 99% credible sets that

included eight or fewer SNPs, including three with a single

likely causal SNP. For the remaining GWAS locus, the 99%

credible set included 57 SNPs; the most likely causal SNP had

PPA = 0.58.

Genetic fine-mapped GWAS signals
Here, we report a description of each of the 11 fine-mapped

GWAS signals.
Reports 37, 110020, November 16, 2021 3



Figure 2. Ethnicity-associated signals

Four plots are shown for each of the six loci with heterogeneous signals between European-only andmulti-ethnic GWAS: (1) GWAS signal in European-only (lead

variant highlighted in red); (2) GWAS signal in multi-ethnic (lead variant highlighted in blue); (3) genes with eQTLs (Table S2) overlapping GWAS locus (genes

without eQTLs are not shown); and (4) scatterplot showing the -log10 (p value) calculated in the European-only (x axis) and multi-ethnic (y axis) GWAS. If the lead

variant is the same between the two studies, it is colored in magenta; otherwise, the lead variant for each study is shown (red, European only; blue, multi-ethnic).

For all six loci designated as heterogeneous between the ethnicities, at least two studies on the same ethnicity and phenotype (susceptibility or severity) had p

values < 1 3 10�7, and GWAS for the other ethnicity was not significant. For each locus, the following are reported: locus coordinates, phenotype, and the two

studies (study names as reported by the COVID-19 HGI).

(A–F) Two cases where only the multi-ethnic studies have p values passing the 13 10�7 threshold, suggesting that these two GWAS signals are likely associated

with non-European populations. (A–C) 8:124836564-125836564 locus; B2 phenotype (hospitalized COVID-19 patients versus population): COVID19_HGI_

B2_ALL_eur_leave_23andme and COVID19_HGI_B2_ALL_leave_23andme; (D–F) 6:40997035-42005196 locus; B2 phenotype (hospitalized COVID-19 patients

versus population): COVID19_HGI_B2_ALL_eur_leave_ukbb_23andme and COVID19_HGI_B2_ALL_leave_UKBB_23andme.

(G–L) Three cases where European-only and multi-ethnic studies share the same lead variant, but only the European-only passes the threshold, suggesting

that although the multi-ethnic studies include more individuals, they are less powered to detect the COVID-19 association. Therefore, these signals are

likely associated with Europeans, rather than other ethnicities. (G–I) 7:54147894-55147894 locus; B2 phenotype (hospitalized COVID-19 patients versus

population): COVID19_HGI_B2_ALL_eur_leave_23andme and COVID19_HGI_B2_ALL_leave_UKBB_23andme; (J–L) 7:107107902-108107902 locus; A2

phenotype (very severe respiratory confirmed COVID-19 versus population): COVID19_HGI_A2_ALL_eur_leave_ukbb_23andme and COVID19_HGI_A2_ALL_

leave_UKBB_23andme.

(M–R) Two loci (1:154605882-155673527 and 3:196626406-197627009) for which the multi-ethnic study passes the threshold, but the European-only GWAS is

barely below the threshold (p = 2.6 3 10�7 and p = 2.3 3 10�7, respectively) suggesting that they are underpowered; therefore, these are likely false negative

associations for the European-only, and the locus is not associated with ethnicity. (M–O) 1:154605882-155673527 locus; B2 phenotype (hospitalized COVID-19

(legend continued on next page)
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Figure 3. Colocalization of COVID-19 GWAS signals and eQTLs

Heatmap showing tissue eQTLs that colocalized with GWAS signals in 11 loci. Shown are (1) on the left, each locus and its association with susceptibility or

severity; (2) in the middle, a heatmap showing the posterior probability of association (PP-H4) between eQTLs in the indicated tissue and the GWAS signal in each

locus (black = PP-H4 R 0.9); (3) on the right, barplots indicating the PP-H4 of the indicated eQTL and GWAS signals and of the lead variant tested for each

colocalization. ‘‘PP-H4’’ indicates the PP of the GWAS and eQTL signals to have the same underlying causal variant: since all associations shown have PP-H4 >

0.9, the x-axis scale is from 0.9 to 1. PPA (SNP) indicates the PPA for the indicated SNP to be causal for each colocalization. The corresponding RS ID is shown on

the right. For each of the four loci with eQTL signals for more than one gene, and only the associations for the gene with the highest PP-H4 (indicated by red bars)

were used to fine map the locus. The colocalization data are shown for one phenotype (C2, A1, B1, or B2) per locus and are indicated on the left before the

chromosome number and locus coordinates. At one severity-associated locus (1:154605882-155673527), we found that FAM189B colocalized with high PPA

(PPA = 0.94) only with the C2 phenotype, but not with any of the severity phenotypes (PPA < 0.67; Table S2).
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6:40997035-42005196 and lung-specific eQTL for

FOXP4

The 6:40997035-42005196 locus was associated with COVID-

19 disease severity in multi-ethnic meta-analyses, but not with

European-only meta-analyses (Figures 1 and 2D–2F). Interest-

ingly, the lead GWAS variant in this locus (rs1886814) is less

common in Europeans (gnomAD allele frequency = 2.4%) than

in East Asians (37.3%), Admixed Americans (18.9%), or South

Asians (11.8%) (Karczewski et al., 2020) and was found to be

associated with COVID-19 in East Asians by the COVID-19

HGI (COVID-19 Host Genetics Initiative, 2020, 2021). We found

that this GWAS signal colocalized with a lung-specific eQTL for

FOXP4, a transcription factor associated with neurodevelop-

mental disorders and congenital abnormalities with lung cancer

(Snijders Blok et al., 2021; Yang et al., 2015). Fine mapping with

this lung-specific eQTL signal for FOXP4 identified rs1886814 as
patients versus population): COVID19_HGI_B2_ALL_eur_leave_ukbb_23andm

197627009 locus; A2 phenotype (very severe respiratory confirmed COVID-19

ID19_HGI_A2_ALL_leave_23andme.
the variant with the highest likelihood of causality (PPA = 0.870,

Figure 4A), which is located �10 kb upstream of FOXP4 and is

likely a regulatory variant whose alternative allele is associated

with increased FOXP4 expression (effect size b = 0.46; Table

S3). rs1886814 has previously been described as the lead variant

in this locus for COVID-19 hospitalization (COVID-19 Host Ge-

netics Initiative, 2021) and is in linkage disequilibrium (LD) with

an emphysema-associated variant (rs2894439, r2 = 0.7) (Mani-

chaikul et al., 2017; Yang et al., 2015). These data suggest

increased expression of FOXP4 in lung tissue is causally associ-

ated with COVID-19 disease severity.

6:32555355-33555355 and cerebellum-specific eQTL

for HLA-DPA2

The 6:32555355-33555355 locus overlapped the major histo-

compatibility complex (MHC). The GWAS signal in this locus

was associated with COVID-19 disease severity and colocalized
e and COVID19_HGI_B2_ALL_leave_UKBB_23andme; (P–R) 3:196626406-

versus population): COVID19_HGI_A2_ALL_eur_leave_23andme and COV-

Cell Reports 37, 110020, November 16, 2021 5



Figure 4. Colocalizations between COVID-

19 GWAS and tissue eQTL signals

For each of the 11 fine-mapped loci, four panels

are presented: (1) GWAS p values for indicated

COVID-19 phenotype; (2) eQTL p values for indi-

cated gene; (3) posterior probability of colocaliza-

tion of each variant (coloc PP; calculated using

coloc) and color-coded based on linkage

disequilibrium in individuals of European descent

(r2) calculated using LDlinkR (Myers et al., 2020);

and (4) location of gene in locus. The p values of all

variants tested in the GWAS and eQTL studies are

shown; however, only variants tested in both

studies were used for colocalization.

(A) Locus 6:40997035-42005196, phenotype B2

GWAS (B2_ALL_leave_23andme), and FOXP4

eQTL in lung.

(B) Locus 6:32555355-33555355, phenotype A2

GWAS (A2_ALL_leave_23andme), and HLA-DPA2

eQTL in brain cerebellum.

(C) Locus 19:4184642-5224734, phenotype B2

GWAS (B2_ALL_eur_leave_ukbb_23andme), and

PTPRS eQTL in colon sigmoid.

(D) Locus 1:154605882-155673527, phenotype

C2 GWAS (C2_ALL_eur_leave_23andme), and

FAM189B eQTL in heart atrial appendage;

although this signal is severity associated, only the

C2 phenotype colocalized with an eQTL.

(E) Locus 6:30620729-31621958, phenotype

B2 GWAS (B2_ALL_leave_UKBB_23andme), and

TCF19 eQTL in lung.

(F) Locus 19:9927721-10977067, phenotype A2

GWAS (A2_ALL_eur_leave_23andme), and TYK2

eQTL in adrenal gland.

(G) Locus 9:135628546-136796530, phenotype C2

GWAS (C2_ALL_leave_23andme), and ABO eQTL

in adipose visceral omentum.

(H) Locus 12:112850796-113925679, phenotype

B2 GWAS (B2_ALL_leave_23andme), and OAS1

eQTL in adipose subcutaneous.

(I) Locus 3:100646362-102035347, phenotype

C2 GWAS (C2_ALL_eur_leave_23andme), and

PDCL3P4 eQTL in cerebellum; since the FOXP4

locus was associated with non-European in-

dividuals, LD is shown for East Asians.

(J) Locus 21:34089811-35134878, phenotype B2 GWAS (B2_ALL_eur_leave_ukbb_23andme), and IFNAR2 eQTL in muscle skeletal.

(K) Locus 17:43205356-45363133, phenotype B1 GWAS (B1_ALL_leave_23andme), and LRRC37A eQTL in pancreas.
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with a cerebellum-specific eQTL for HLA-DPA2 (Figure 4B), a

member of the MHC class II with unknown function (Jones

et al., 2006; Roche and Furuta, 2015). Fine mapping identified

a single variant (rs9501257, PPA > 0.99) as likely causal for

both genetic signals, associated with increased HLA-DPA2

expression (effect size b = 1.08; Table S3) and located in the 30

UTR of the neighboring HLA-DPB1 gene. This variant is in mod-

erate LDwith a hepatitis B infection GWASSNP (rs3128923, R2 =

0.47 in Africans) and is in high Dʹ (Dʹ = 1 in multiple populations)

with variants associated with liver cancer following hepatitis B

infection (rs2295119) and autoimmune diseases (rs2295119

and rs2281388: immunoglobulin A glomerulonephritis and

Graves’ disease) (Chu et al., 2011; Li et al., 2020; Sawai et al.,

2018; Zeng et al., 2021; Zhao et al., 2019). These data suggest

increased expression of HLA-DPA2 in the cerebellum is causally

associated with COVID-19 disease severity.
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19:4184642-5224734 and sigmoid-colon-specific eQTL

for PTPRS

The 19:4184642-5224734 locus was associated with COVID-19

disease severity and colocalized with a sigmoid colon-specific

eQTL (rs2277732) for PTPRS (effect size b = 0.29; Table S3;

Figure 4C), which encodes a phosphatase with three immuno-

globulin-like domains whose knockdown results in ulcerative co-

litis in mice (Muise et al., 2007). The eQTL is 481 kb downstream

ofPTPRS (which is transcribed on the reverse strand) and, hence

is likely in a distal regulatory element. Interestingly, the protein

product of PTPRS was shown to interact with the membrane

(M) protein of SARS-CoV-2 (Laurent et al., 2020; Samavarchi-

Tehrani et al., 2020), which likely glycosylates the spike protein

(Thomas, 2020). These data suggest that increased expression

of PTPRS in the sigmoid colon is causally associated with

COVID-19 disease severity.
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1:154605882-155673527 and atrial-appendage-

specific eQTL for FAM189B

In the 1:154605882-155673527 locus, the GWAS signal colocal-

ized with an eQTL for FAM189B in cardiac tissues (atrial

appendage, effect size b = �0.23; Figures 3 and 4D; Table S3).

Although this gene’s function has not been well characterized,

it has been shown that rare coding variants in its sequence are

associated with increased triglyceride levels in the blood (Gilly

et al., 2018). Of note, high triglyceride levels prior to infection

serve as a prognostic marker for severe COVID-19 outcomes

(Fan et al., 2020; Hu et al., 2020; Wang et al., 2020; Wei et al.,

2020). Recent evidence showed that the FAM189B protein prod-

uct can bind to the SARS-CoV-2 envelope (E) protein (Laurent

et al., 2020; Samavarchi-Tehrani et al., 2020), which modulates

maturation and retention of the spike protein and thereby con-

tributes to virus assembly and pathogenicity (Mandala et al.,

2020). These observations suggest that decreased FAM189B

expression in cardiac tissues contributes to COVID-19 disease

severity potentially through altered FAM189B binding to the

SARS-CoV-2 envelope (E) protein.

6:30620729-31621958 and TCF19

The 6:30620729-31621958 locus disease-severity-associated

GWAS signal colocalized with TCF19 eQTLs in lung, skeletal

muscle, pituitary gland, and testis (effect size b = 0.34; Figures

3 and 4E; Table S3). This transcription factor is ubiquitously ex-

pressed, regulates inflammation and DNA damage response

(Yang et al., 2021), and is involved in lung cancer (Zhou et al.,

2019). A previous study identified COVID-19 GWAS variants

located in the TCF19 promoter and associated with altered

expression in immune cells (Schmiedel et al., 2020). Our fine

mapping identified four variants with PPAs between 0.22 and

0.25, all in high LD (R2 = 1, cumulative PPA = 0.93) located �6

kb upstream of TCF19 in an intron of the neighboring CCHCR1

gene. Given the presence of multiple variants in high LD, we

were not able to identify one single likely causal variant, but

finemappingwas able to reduce the number of potentially causal

variants to four. Our results suggest that increased expression of

TCF19 in multiple tissues may be associated with COVID-19 dis-

ease severity, potentially due to alterations in the immune

response regulating inflammation.

19:9927721-10977067 and TYK2

The 19:9927721-10977067 locus disease-severity-associated

GWAS signal colocalized with eQTLs for TYK2 in seven GTEx tis-

sues, including adrenal gland, tibial artery, breast, lung, mono-

cytes, skin, and whole blood (effect size b = 0.45; Figures 3

and 4F; Table S3). TYK2 encodes for a tyrosine kinase involved

in the immune response, whose inhibition has been described

as a potential treatment for multiple autoimmune diseases

(Ghoreschi et al., 2021). The variant with the highest likelihood

of causality (rs11085727, PPA = 0.89) was also the lead variant

in GWAS signals for neutrophil percentage, systemic lupus ery-

thematosus, and thyroid medication (Astle et al., 2016; Bentham

et al., 2015; Wu et al., 2019). These findings suggest that

increased expression of TYK2 inmultiple tissuesmay be causally

associated with inflammation and the cytokine storm observed

in severe COVID-19 cases (Huang et al., 2020; Pedersen and

Ho, 2020) and further suggest TYK2 inhibitors could have thera-

peutic potential for treating COVID-19 symptoms.
9:135628546-136796530 and ABO

The ABO gene is expressed in many tissues (Larson et al., 2016;

Oriol et al., 1992). Two coding variants in the ABO gene

(rs8176746 and rs8176719) confer the O, A, B, and AB blood

types (Melzer et al., 2008). Although multiple studies previously

described this locus as associated with COVID-19 and blood

type as a risk factor (COVID-19 Host Genetics Initiative, 2021;

Pairo-Castineira et al., 2021; Ellinghaus et al., 2020), there is still

controversy about the causal variant. We observed that eQTLs

for the ABO gene in 21 GTEx tissues and two blood-related

cell types colocalized with COVID-19 susceptibility (Figures 3

and 4G; Table S3). The variant with the highest likelihood of cau-

sality (PPAz1) was rs8176719, which distinguishes the O blood

type (reference allele) from the A and B blood types (C insertion).

This variant is in high LD with rs912805253 (R2 = 0.732), a distal

variant previously proposed to be causal at this locus (COVID-19

Host Genetics Initiative, 2021). Our results suggest that the cod-

ing variant rs8176719 is likely causal for the association between

the 9:135628546-136796530 locus and SARS-CoV-2 suscepti-

bility, which is consistent with previous studies showing that in-

dividuals with blood type O have a reduced risk for SARS-CoV-2

infection (Barnkob et al., 2020).

12:112850796-113925679 and OAS1

The 12:112850796-113925679 locus encodes a cluster of three

20–50-oligoadenylate synthetases (OAS1, OAS2, and OAS3) and

harbors eQTLs for OAS1 in six tissues including adipose, tibial

artery, tibial nerve, skin, and monocytes (effect size b = �0.25

in adipose tissue; Figures 3 and 4H; Table S3) and for OAS3 in

transformed fibroblasts. All three OAS genes play a critical role

in cellular innate antiviral response (Birdwell et al., 2016), and

OAS1 is known to inhibit viral infection by activating RNase L,

which promotes viral RNA degradation (Banerjee et al., 2019).

While fine mapping with OAS1 results in a single likely causal

variant (rs10774671) with PPA = 0.997, fine mapping with

OAS3 is unresolved because we found 59 variants in the 99%

credible set, and the variant with the highest likelihood of causal-

ity (rs6489879) had a PPA = 0.051. Our data suggest that

decreased expression levels of OAS1 are likely causally impli-

cated in COVID-19 disease severity and are in agreement with

previous studies showing that high plasma OAS1 levels are

associated with reduced susceptibility and COVID-19 severity

(Zhou et al., 2021).

3:100646362-102035347 and PDCL3P4, CEP97 and

NXPE3

The GWAS signal for SARS-CoV-2 susceptibility in locus

3:100646362-102035347 colocalized with an eQTL signal of

three genes in six distinct tissues (PDCL3P4: cerebellum,

hippocampus, nucleus accumbens basal ganglia, and atrial

appendage; CEP97: testis; and NXPE3: esophagus muscularis

[effect size b = 0.74 for PDCL3P4 in cerebellum]; Figures 3 and

4I; Table S3). Although we observed large 99% credible sets

for each of these three genes (57, 73, and 28, respectively), the

lead variant for PDCL3P4 (rs10936744) had a moderately high

PPA (PPA = 0.579). The lead variants for the other two genes

were in high LD with rs10936744 (rs34457525 for CEP97 and

rs11714278 for NXPE3, R2 > 0.97), suggesting that a single

eQTL signal likely affects the expression of all three genes.

Although we were able to determine associations between the
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GWAS and eQTL signals in the 3:100646362-102035347 locus,

further experiments will be needed to understand how increased

expression of one or more of the genes in this interval is impli-

cated in SARS-CoV-2 susceptibility.

21:34089811-35134878 and IFNAR2, IL10RB, IL10RB-

AS1, and AP000295.10

The21:34089811-35134878 locuswasassociatedwithCOVID-19

disease severity and colocalized with eQTLs for four genes (IF-

NAR2, IL10RB, IL10RB-AS1, and AP000295.10) in seven GTEx

tissues (skeletal muscle, esophagus mucosa, gastresophageal

junction, frontal cortex, nucleus accumbens basal ganglia, tibial

nerve, transformed fibroblasts) and 14 blood-related cell types

(Figures 3 and 4J; Table S2). IFNAR2, IL10RB, and IL10RB-AS1

are associated with immune response (Duncan et al., 2015;

Shouval et al., 2014), while the function of AP000295.10 is un-

known. While IFNAR2 had a slightly higher colocalization PPA

than IL10RB (Figure 3), its fine mapping resulted in five variants

with posterior probability of being causal between 0.1 and 0.3,

whereas IL10RB resulted in one single variant as likely causal

(rs6517156, PPA = 0.99). The lead eQTL variants for all four genes

are in high LD (R2> 0.75), and their effect sizeswere negative, sug-

gesting that one single eQTL signal likely reduces the expression

of all four genes. Both IFNAR2 and IL10RB have been previously

described as associated with COVID-19 (Ahn and Prince, 2020;

Meyts and Casanova, 2021). While our genetics analysis deter-

mined that decreased expression of at least one of the four genes

in this locus is likely causally associated with COVID-19 disease

severity, we are unable to pinpoint the exact gene(s).

17:43205356-45363133 and LRRC37A

The 17:43205356-45363133 locus showed colocalization be-

tween eQTLs in multiple tissues and COVID-19 disease severity

(Figures 3 and 4K). This GWAS signal colocalized with LRRC37A

eQTLs in 41 GTEx tissues and two blood-derived cell types; with

LRRC37A2 in anterior cingulate cortex, monocytes, skeletal

muscle, and testis; with ARL17B in cerebellum and LCL; and

with NSFP1 in hypothalamus (Table S2). All eQTLs had positive

effect sizes (Table S3), indicating that they were associated

with increased expression. Although the credible sets for each

of the four genes included three or four variants, the lead variant

for LRRC37A (rs7221167) had the highest PPA (PPA = 0.93) and

was in moderate LD (R2 = 0.49) with the lead variant for the other

three genes (rs7225002) only in Europeans. These findings sug-

gest the presence of a complex relationship among the geno-

types of multiple variants, the expression of four genes, and their

effects on COVID-19 disease severity. Understanding the asso-

ciations between this locus and COVID-19 is further complicated

by the fact that multiple structural polymorphisms (deletions and

inversions) are common, difficult to assay, and have been pro-

posed to potentially affect both gene expression and predispo-

sition to other diseases including Koolen-De Vries syndrome,

mental challenge, progressive supranuclear palsy, Parkinson’s

disease, and Alzheimer’s disease (Baker et al., 1999; Koolen

et al., 2006; Myers et al., 2005; Skipper et al., 2004; Webb

et al., 2008). Therefore, although our genetic analyses suggest

that increased expression of one of the four genes in this locus

is associated with COVID-19 disease severity, the interval is

genetically complex, and the association could be due to molec-

ular mechanisms that we did not assay.
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DISCUSSION

The COVID-19 pandemic has united the focus of the broad

biomedical scientific community to improve our understanding

of the mechanisms underlying disease susceptibility and

severity. The COVID-19 HGI has collected genetic and COVID-

19 status information from �2 million individuals across 46

studies (COVID-19 Host Genetics Initiative, 2020, 2021), making

COVID-19 one of the best-powered GWAS studies ever con-

ducted. Standard approaches to characterize GWAS summary

statistics focus on obtaining all of the genomic loci where vari-

ants have p value < 5 3 10�8 and identifying the most likely

causal gene by proximity to the lead variant. Here, we compared

16 meta-analyses for four COVID-19 disease phenotypes to

investigate the similarities and differences in their genetic sig-

nals. We identified four genomic loci with suggestive associa-

tions for SARS-CoV-2 susceptibility and 19 for COVID-19 dis-

ease severity. Loci where the European-only or the multi-ethnic

meta-analyses, but not both, had p values < 1 3 10�7 were

labeled as ‘‘ethnicity specific.’’ Using these annotations, we

were able to confirm the findings by the COVID-19 HGI at multi-

ple loci and discover novel associations at previously uncharac-

terized loci. Overall, our analyses showed that different intervals

in the genome are associated with SARS-CoV-2 susceptibility

and COVID-19 disease severity, and the genetic associations

within four of these intervals are likely ethnicity specific. We

next applied a colocalization method (Giambartolomei et al.,

2014) to compare the COVID-19 GWAS and eQTLs signals in

the same intervals, based on the assumption that the molecular

underpinning of genetic variants associated with disease could

be that they alter the expression of specific genes. GTEx and

the eQTL catalogue (GTEx Consortium, 2020; Kerimov et al.,

2021) provided us with the unique opportunity to investigate

the associations among genotype, gene expression, and

COVID-19 in 48 tissues and 21 blood-related cell types. While

the association between COVID-19 and altered gene expression

in blood or lung may seem obvious, this disease affects many

other tissues and organs, suggesting that associations between

genetic variation and gene expression in a wide variety of tissues

may result in differential disease susceptibility and severity. Our

colocalization analysis identified 11 GWAS loci whose causal

variants overlapped regulatory and coding variants associated

with the expression of 20 genes, of which some showed tis-

sue-specific associations and others showed associations

across many different tissue types. By exploiting the colocaliza-

tion between GWAS and eQTL signals, we were able to perform

genetic fine mapping (Mahajan et al., 2018) at all 11 COVID-19

loci and prioritize variants based on their likelihood for being

causal.

In summary, our study examines the associations among

COVID-19 disease phenotypes, genetic variation, and gene

expression in 48 human tissues and 21 blood-derived cell types

and provides novel insights into the molecular mechanisms un-

derlying inherited predispositions to SARS-CoV-2 infection and

COVID-19 disease severity. While previous studies have mostly

focused on associations betweenCOVID-19 and lung or immune

cell types, here, we emphasize that associations between ge-

netic variation and gene expression in diverse tissue and cell
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types contribute to the observed differences in susceptibility and

COVID-19 disease severity between individuals and indicate that

genetic variation likely plays an important role in determining the

systemic effects of COVID-19 disease.

Limitations of the study
Although colocalization is a powerful tool to characterize the as-

sociations between GWAS and eQTL signals and to fine map, it

is limited by the fact that it assumes one single causal variant un-

derlying both genetic signals per region. In regions with multiple

independent signals, this approach likely results in an underesti-

mation of the colocalization between GWAS and eQTLs. There-

fore, our results do not exclude that multiple GWAS signals with

independent molecular underpinnings may be present in some

of the 11 fine-mapped loci.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

This is a computational study that only used publicly available data. Therefore it does not include any experimental models.

METHOD DETAILS

GWAS summary statistics processing
We downloaded the summary statistics on GRCh37 coordinates of 16 meta-analyses from the COVID-19 HGI data freeze 5 (January

18, 2021, https://www.covid19hg.org/). These studies include four phenotypes: 1) A2 = Very severe respiratory confirmed COVID-19

versus population; 2) B1 = Hospitalized versus non-hospitalized COVID-19 patients; 3) B2 = Hospitalized COVID-19 patients versus

population; and 4) C2 = COVID-19 patients versus population. For each phenotype, four meta-analyses were performed, including

two on individuals from European descent and two on multiple ethnicities. All the studies from three phenotypes (A2, B2 and C2)

include more than 1 million controls, whereas one (B1), which tested hospitalized and non-hospitalized patients, included < 6,000

cases and < 16,000 controls.

For each study, we identified all variants with p value < 10�7 (considered to have ‘‘suggestive associations with COVID-19’’) from

the filtered meta-analysis summary statistics (p < 13 10�5) provided by the COVID-19 HGI (https://www.covid19hg.org/results/r5/)

and expanded each variant’s position by 500 kb upstream and downstream. We used bedtools merge (Quinlan, 2014) to identify 23

unique loci.

To annotate a locus as associated with ethnicity, we required at least two studies on the same ethnicity to have p value < 13 10�7.

eQTL data
Wedownloaded all SNP-gene association tests (including non-significant test) in all GTEx V.7 tissues and gene-level information from

the GTEx Portal (https://www.gtexportal.org/home/datasets). We also obtained eQTL data from 21 blood-related tissues from the

eQTL Catalogue (https://www.ebi.ac.uk/eqtl/). The genomic coordinates from the eQTL Catalogue were converted from hg38 to

hg19 using liftOver.
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In each tissue, we extracted the eQTL information for 692 genes that overlapped the 23 COVID-19 genome-wide significant loci.

Colocalization
For each gene in the 23 COVID-19 loci, we performed colocalization between its eQTL signal in each of 48 GTEx tissues and 21

blood-related tissue and each of the 16 COVID-19 meta-analyses. We used the coloc.abf function from the coloc package in R

(Giambartolomei et al., 2014) to compare the p values between each pair of SNPs genotyped in both datasets. To determine the total

number of individuals genotyped in each meta-analysis, we used the ‘‘all_meta_sample_N’’ column in each summary statistics file.

We used default priors: p1 (prior probability that a SNP is associated with the eQTL) = 1 3 10�4; p2 (prior probability that a SNP is

associated with the GWAS trait) = 13 10�4; and p12 (prior probability that a SNP is associated with both GWAS trait and eQTL) = 13

10�5. We considered as each pair of signals ‘‘colocalized’’ if their PP-H4 was greater than 0.9. At the 11 loci that colocalized with

eQTLs, we selected the colocalization with highest PPA and used it for fine mapping. Genetic fine mapping was performed using

the coloc.abf function and extracting the PPA of each SNP tested in both COVID-19 and eQTL. We defined 99% credible sets by

selecting the variants that contribute to 99% of the cumulative PPA.

LD calculation
To obtain LD information for each of the most likely causal variants in the colocalization between GWAS and eQTLs (Figure 4),

we used LDlinkR (Myers et al., 2020). We obtained a token from https://ldlink.nci.nih.gov/?tab=apiaccess and interrogated the

1000 Genomes LD structure using the LDmatrix and LDproxy functions.

All LD information provided in the text and figures was generated using LDlinkR.

QUANTIFICATION AND STATISTICAL ANALYSIS

As described above, we identified all variants with p value < 10�7 (considered to have ‘‘suggestive associations with COVID-19’’) from

the meta-analysis summary statistics provided by the COVID-19 HGI (https://www.covid19hg.org/results/r5/). To conduct colocal-

ization we expanded each variant’s position by 500 kb upstream and downstream.

We considered an eQTL as colocalizing with a GWAS signal if their colocalization PPA was greater than 0.9.
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